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P apers c o rre la tin g  th e  s tru c tu re s  and  m ass sp e c tra  o f lac tam s are  know n 
in  th e  lite ra tu re  [1, 2 ]. T he p re sen t co m m u n ica tio n  is concerned  w ith  th e  m ass 
sp e c tra l e x a m in a tio n  of 19-no r-6 -aza-B -hom ocho lesta-l,3 ,5 (10 )-trien -7 -one
(1) [3].

T he m ass sp e c tru m  of lac tam  1 gave th e  m o lecu la r ion  p eak  (1 ') a t  m/z 
381 (base peak), a lo n g  w ith  frag m en t ion  p eak s  (2 , 4 , 5) due to  th e  cleavage 
o f  rin g s C, D a n d  th e  side ch a in  [4]. Io n  p eak s (3, 6, 7 , 8) are  also o b ta in ed  
ow ing  to  ca rbony l d irec ted  fra g m e n ta tio n  [5, 6 ]. M odes a, b, c, d  an d  e exp la in  
th e  genesis o f th e se  ions u n d er e lec tro n  im p a c t.

Experimental

The mass spectrum  was recorded on an AEIM S-9 mass spectrom eter a t  70 eV, using 
the d irect insertion technique a t a source tem perature  of ab o u t 250 °C. The mass composition 
and relative abundance of the fragm ent ions are given in T able I.

Table I

Fragment ion m/z Composition Abundance, %

M+ 381 ^28^39^^ 100
M+ C II3 366 C*H«NO 7.9
M + — CO 353 C Ä N 6.5

2 226 CMIIleNO 5.3
3 184 CI3IIMN 9.1
4 172 C „H 10NO 7.9
5 167 C12Hl3 50
6 146 C„H3NO 15.7
7 120 c7h 0n o 17.1
8 118 CjH ^ O 28.9

* To whom correspondence should be addressed 
** In  final form  accepted novem ber 26, 1981
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Copper(II) complexes of the general composition Cu(ligand)2X 2 (X  =  Cl- , B r- , 
N O j, СЮ7, CH3COO-  and  0.5 S 0 4- ) have been synthesised w ith  cyclohexanone 
thiosem icarbazone. Complexes are characterized by elem ental analysis, magnetic 
m om ent, infrared, electronic and  electron spin resonance spectra l studies. Complex 
Cu(ligand),S04 is five-coordinate square pyram idal in geom etry hav ing  dxi_yi ground 
sta te , the others arc six-coordinate octahedral.

Introduction

Since D o m a g k ’ s  orig inal d iscovery  [ 1 ]  of th e ir  a n ti tu b e rc u la r  ac tiv ity , 
th io sem icarbazones h av e  b een  show n pharm aco log ically  a c tiv e  a g a in s t v iruses, 
p ro to zo a , sm all pox  an d  c e r ta in  k in d  o f tu m o u r [2]. I t  h as  b een  show n th a t  
th e  ac tiv e  species is n o t  th e  th io sem ica rb azo n e  itse lf  b u t  a m e ta l chela te  of 
th io sem icarbazones [3].

In  th is  p a p e r we d escribe  th e  p re p a ra tio n  an d  c h a ra c te r iz a tio n  o f Cu(II) 
com plexes of cy c lohexanone  th io sem icarb azo n e  (ch tsc) (I).

( I )

A ll th e  com plexes a re  o f  gen era l com position : C u(chtsc)2X 2 (X  =  C l- , B r - , 
NO;T, C10^~ an d  0.5 S 0 4~). C om plexes are  c h a rac te rised  b y  e le m e n ta l analysis, 
m ag n etic  m o m en t, e lec tro n ic , in fra red  and  e lec tro n  sp in  re so n an ce  spectral 
s tud ies. C u(ligand)2X 2 (X  =  C l- , B r - , NO3 , CIO7  an d  C H 3C O O - ) are six- 
co o rd in a te  o c tah ed ra l, w hile  C u(ligand)2S 0 4 is f iv e -co o rd in a te  sq u a re  py ram idal.

* To whom correspondence should be addressed 
** In final form accepted D ecember 4, 1981
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Experimental

P reparation o f cyclohexanone thiosemicarbazone
I t  is prepared by th e  m ethod  rep o rted  earlier [4].

P reparation  o f  complexes
H o t aqueous ethanolic so lu tions of respective h yd ra ted  m etal sa lt (0.05 mole) and 

the  lig an d  (0.1 mole) were m ixed in  m olar ratio  1 : 2. On cooling th e  complex separated  in 
each case . I t  was filtered, washed w ith  50%  ethanol and dried in an electric oven a t  ~ 6 0  °C.

P hysical measurements
T he m etal content of the com plexes, was determined as described earlier [4]. The micro

analyses o f carbon and hydrogen w ere perform ed in the d ep artm en ta l m icroanalytical labo
ra to ry . N itrogen  content was de te rm in ed  by  K je l d a h l ’s m ethod. R oom  tem perature  m agnet
ic su scep tib ility  measurements w ere m ade by  the Go u y  m ethod  using m ercury(II) te tra- 
th io cy n a to co b a lta te (II) as a ca lib ra ting  agent (Xg =  16.44 x 10 _e cgs un its). Electronic spectra 
were reco rd ed  on a Russian (C0 — 1O au tom atic  recording spectrophotom eter. Infrared spectra 
w ere reco rd ed  on a Perkin-E lm er 437 spectrophotom eter in K B r pellets. E sr m easurem ents 
on th e  polycrystalline samples were carried  ou t using a V arian E4-E P R  spectrom eter operating 
a t a b o u t 9.4 GHz w ith 100 K H z fie ld  m odulation and phase sensitive detections.

R esu lts and Discussion

A ll th e  com plexes h a v e  c o m p o sitio n  Cu(chtsc)2X 2, w h ere  X  =  C l- , B r~ , 
NO^~, C H 3C O O - , СЮ7  an d  0.5 S 0 4^ (Table I) . M ag n etic  m om en ts of all 
th e  c o m p le x e s  lie in  th e  ra n g e  1.8 — 2.0 В. M. (T able  I I ) .  Irre sp ec tiv e  o f th e  
s te re o c h e m is try  involved, b iv a le n t  copper(II) com plexes c o n ta in  one u n p a ired  
sp in  [5] p e r  copper a tom , u n le ss  th e re  is a n tife rro m ag n e tic  exchange in te ra c 
t io n  b e tw e e n  copper p a irs , in  w h ich  case low er m a g n e tic  m om en ts or even 
d ia m a g n e tis m  resu lt [19]. T h e  d a ta  for th e  p re sen t com plexes show  absence 
o f a n y  su c h  in te rac tio n  [6].

Table I

Colour and composition o f the complexes

Complex Colour
Analytical data, found (ealed.)

%M % c % H %N

Cu(chtsc)2Cl2 Yellowish
green

13.58
(13.32)

35.50
(35.25)

5.30
(5.45)

17.75
(17.62)

Cu(chtsc)2B r2 Green 11.30
(11.27)

29.30
(29.81)

4.58
(4.61)

14.82
(14.90)

Cu(chtsc)2(N 0 3)2 Yellowish
green

12.12
(11.99)

31.50
(31.72)

4.95
(4.91)

21.25
(21.15)

Cu(chtsc)2(C104)2 Blue 10.60
(10.50) —

— 13.70
(13.89)

Cu(chtsc)2( CH3COO)2 Blue 12.40
(12.12)

41.39
(41.26)

6.18
(6.11)

16.20
(16.04)

Cu(chtsc)2S 0 4 Blue 13.00
(12.66)

33.67
(33.49)

5.25
(5.18)

16.97
(16.70)

Acta C him . Acad. Sei. Hung. I l l , 1982
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Table II

Magnetic moments and electronic spectral bands (cm ')

Complex ßctt
(B.M.)

Electronic spectra, transition assignment energy (cm-1)

1 •B„ ’В„ -  'E,

Cu(chtsc)2CI2 1.81 13 200 13 2 0 0 -1 5  200 15 200
Cu(chtsc)2Br2 1.85 13 300 13 3 0 0 -1 5  500 15 500

Cu(chtse)2(N 03)2 1.95 13 500 13 5 0 0 -1 5  700 15 700

Сч(с1Пзс)2(СЮ4)2 1.81 13 600 13 6 0 0 -1 5  700 15 700

Cu(chtsc)2(CH3COO)2 2.01 14 000 14 0 0 0 -1 6  600 16 600

SB, - Charge transfer

Cu(chtse)2S04 1.87 — 14 000 23 800

M agnetic m o m en ts  of th e  com plexes h a v e  also been  s tu d ie d  a t  d iffe ren t 
te m p e ra tu re s .

373.2 343.2 303.2 264.7 186.1 109.1 80.4

Cu(chtsc)2Cl2 1.31 1.81 1.81 1.80 1.80 1.79 1.79
Cu(chtsc)2Br2 1.86 1.86 1.85 1.84 1.84 1.82 1.82

Cu(chtse2(N 03)2 1.95 1.95 1.95 1.94 1.94 1.93 1.93

Cu(chtsc)2(C104)2 1.81 1.81 1.81 1.80 1.80 1.79 1.78

Cu(chtsc)2(CII3COO)3 2.01 2.01 2.01 2.00 2.00 ^ 2.00 1.99

The d a ta  show  th a t  th e  m a g n e tic  m o m en t o f th e  com plexes do  n o t  depend  
o n  te m p e ra tu re .

C u(chtsc)2Cl2, Cu(chtsc)2B r2, C u(chtsc)2( N 0 3)2, C u(chtsc)2(C104)2 and
C u(chtsc)2(C H 3COO)2 m ay  be co n sid e red  to  have  te tra g o n a l s t ru c tu re  w ith  
p la n a r  a rra n g e m en t o f tw o ch tsc  m olecu les a ro u n d  co p p e r(II)  a n d  th e  an ions 
occupy ing  axial positions. I n  th e  th io sem ica rb az id e  (tsc) com plex  o f  co p p e r(II)  
n i t r a te ,  C u(tsc)2( N 0 3)2, for w h ich  th e  c ry s ta l  s tru c tu re  is k n o w n  [7], th e  
tw o  tsc  m olecules are che la ted  in  tran s-co n fig u ra tio n  to  give a  n e a r  p lan a r 
g roup ing , th e  s ix -co o rd in a tio n  b e in g  co m p le ted  b y  tw o oxygen  a to m s  fro m  th e  
tw o  tr a n s -n itra te  groups.

T he a b so rp tio n  spectra  o f  s ix -co o rd in a te  co p p er(II)  co m p lex es show 
D^h or Civ sy m m e try , the  dy a n d  dt levels o f  th e  2D  free io n  te rm  w ill fu r th e r  
sp li t  in to  B lg, A lg and  B2g, Eg levels , re sp ec tiv e ly . T hus th re e  sp in  allow ed 
tra n s itio n s  a re  ex p ec ted  in  th e  v is ib le  an d  n e a r  IR  region, b u t  o n ly  few  com 
plexes are  k n o w n  in  w hich such  b a n d s  a re  reso lved  e ith e r by  G au ss ian  analysis  
o r single c ry s ta l  p o la risa tio n  s tu d ie s  a n d  a re  assigned to  th e  2B lg —*• 2A lg

Acta Chim. Acad. Sei. H ung. I l l ,  1982



8 CHANDRA, SHARMA: COPPER(II) COMPLEXES

(dz —<• dx " B,g * ~B2g (dxy —*■ dxt_yt) a n d  ~Blg —► ~Eg (dxy, dyz -*■ dx,_yt) 
tra n s it io n s  in  th e  o rd e r  o f  increasing energy . T h e  energy  level sequence w ill 
d ep en d  o n  th e  a m o u n t o f  d is to rtio n  due to  lig an d  fie ld  and J a h n  T e l l e r  effect
[9]. T he e lectron ic  s p e c tra  o f th e  com plexes, C u(ligand)2;X 2 (X  =  C l- , B r - , 
N 0 3 , CIO]" and  C H 3C O O - ) d isp lay  a sh a rp  h and  in  the  range 15 200— 16 950 
cm  1 an d  w ell-defined  sh o u ld er m ay be assigned  to  th e  2B lg —. 2E g and  
2_Blg -*■ 2A lg tra n s it io n s , re sp ec tiv e ly . B ecause  o f  th e  low in ten s ity  o f 2B \g —*• 
-> 2B 2„, th is  b an d  is u su a lly  n o t observab le  as a se p a ra te  b an d  in  th e  te t r a g o 
n a l fie ld . T he s p littin g  o f  th e  2Eg s ta te  is th e  m easu re  o f p lane and axial fie lds 
a n d  since the p lane  fie ld  is c o n s ta n t in  all th e  p re se n t cases, th e  change o f  th e  
p o s itio n  of th e  b a n d s  w o u ld  be due to  axial f ie ld  only . In  these  c o p p e r(II)  
com plexes 2B2g —► 2A lg tra n s i t io n  is sh ifted  to  h ig h e r energies in  th e  o rd e r, 
Cl - <  B r -  <  N O 3- <  C 107 <  CH3C O O -.

All th e  com plexes show  aniso trop ic  esr s p e c tra  ch a rac te ris tic  of te t r a g o 
na l co p p e r(II)  co m plexes. g -T ensor values h a v e  b e e n  ca lcu la ted  by  th e  K n e u - 
b i j h l  [10] m eth o d  a n d  th e  re su lts  are show n  in  T ab le  I I I .  The g v a lu es  of 
c o p p c r(II)  com plexes a re  g iven  by  th e  fo llow ing  expressions [11 —13].

g\\ — 2

81. — 2

81 
A E 2

21
Л Ё 7

S tro n g e r  in te ra c tio n  a lo n g  th e  2 axis is to  be acco m p an ied  by  an  increase  in  
th e  g|| v a lue . S tro n g er axial b ond ing  leads to  a n  in c rea se  in  th e  len g th  o f  th e  
b o n d  in  th e  xy  p lan e , w h ich  resu lts  in  a d ecrease  o f  b o th  in -p lane co v a len cy  
an d  th e  energy  of dx,_ vi ► dxy tra n s itio n  [14]. B o th  of these  effects are  th e  
fa c to rs , w hich te n d  to  in c rea se  th e  value o f g^. T h e  £ц va lu es  for th e  com plexes 
s tu d ie d  (Table I I I )  fo llow  th e  order, C u(ch tsc)2(N 03)2 Cu(chtsc)2Cl2 >  
.>  C u(ch tsc)2(C H 3COO)2. T a k in g  th is  to  be th e  o rd e r  o f  th e  s tren g th  o f m e ta l-  
an io n  in te rac tio n s  fo r ch lo rid e , n itra te  and  a c e ta te , th e  re su lt is in  ag reem en t 
w ith  th e  respective  p o s it io n  o f  th e  anions in  th e  spec trochem ica l series [15]. 
A co m p ariso n  of th e  g - te n so r  values o f C u(ch tsc)2(N03)2i w ith  th o se  of 
C u(tsc)2( N 0 3)2 (tab le  below ) reveals  th e  b o n d in g  in  th e  tw o com plexes to  be 
o f s im ila r n a tu re .

Complex g* %« gz Ref.

Cu(chtsc)2(N 03)2 2 .0 2 9 2 .0 4 3 2.156 This work
Cu(tsc)2(N 0 3)2 2 .0 2 6 9 2 .0 4 7 4 2.1525 [16]

Acta Chim. Acad. Sei. Hung. I l l ,  1982
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Table III

Bonding coefficient parameters

Complex g\\ g . L g a . v *11 k ± a <• Л G R

Cu(chtsc),Clj 2 .1 3 3 2 .0 4 3
2 .0 2 9

2 .0 6 8 0 . 5 1 - 0 . 5 5 0 .4 9 0 .5 1  0 .5 5 0 . 8 9 - 0 . 9 7 1 3 .6 9 -

Cu(chtsc),Brj 2 .1 3 2 2 .0 4 0
2 .0 2 6

2 .0 6 6 0 . 5 1 — 0 .5 5 0 .5 4 0 .5 1  — 0 .5 5 0 . 9 8 - 1 . 0 1 4 .0 0 —

Cu(chtsc),(N03), 2 .1 5 6 2 .0 4 8
2 .0 2 9

2 .0 7 7 0 . 5 6 - 0 . 6 0 0 .5 9 0 . 5 6 - 0 . 6 0 0 . 9 8 - 1 . 0 1 4 .0 5 —

Cu(chtsc),(C104)j 2 .1 3 8 2 .0 5 2
2 .0 3 0

2 .0 7 3 0 . 4 9 - 0 . 5 3 0 .6 1 0 .4 9  0 .5 3 1 .1  — 1 .2 1 3 .6 8 —

Cu(chtsc),(CH,COO), 2.121 2 .0 8 2
2 .0 4 1

2 .0 8 1 0 . 5 7 - 0 . 6 1 0 .7 6 0 . 5 7 - 0 . 6 1 1 .2  — 1 .3 1 1 .9 8 —

Cu(chtsc),S04 2 .1 5 8 2 .0 5 0
2 .0 2 9

2 .0 7 9 — — — — — 0 .1 8 5

о
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in CHANDRA, SHARMA: COPPER(II) COMPLEXES

T h e  S ch iff base  [17] fo rm a tio n  is ex p ec ted  to  cau se  low ering in  th e  e le c tro n  
d e n s ity  o n  th e  h y d ra z in ic  n itro g e n  and  hen ce  a  low ering  in  its  donor a b ility . 
T h is e ffec t shou ld  lead  to  a  co m p ara tiv e ly  s tro n g e r  ax ial bon d in g  as also 
re f le c te d  in  th e  re la tiv e  v a lu es  of £ц for th e  tw o  com plexes.

F u r th e r  in  a n  axial sy m m e try  g va lu es  a re  re la te d  b y  th e  ex p ress io n  [9] 
G =  (g || — 2)/(g± — 2), w h ich  m easure th e  ex ch an g e  in te rac tio n  b e tw e e n  
co p p e r cen tres  in  th e  p o ly c ry s ta llin e  solid. A cco rd in g  [18—21] to  H a t h a w a y  
i f  th e  v a lu e  o f G is ab o v e  fo u r exchange in te r a c t io n  is negligible if, h o w ever, 
th e  v a lu e  o f G is less th a n  fo u r th is  in d ica tes  a consid erab le  exchange in te r a c 
t io n  in  th e  solid com plexes. T he ca lcu la ted  G v a lu e s  are given in  T ab le  I I I .  
G v a lu e s  for all th e  com plexes s tud ied  follow  th e  o rd e r, Cu(chtsc)2(C H 3COO)2<  
<  C u(ch tsc)2( N 0 3)2 <  C h(chtsc)2B r2 <  C u(ch tsc)2Cl2. This ind icates t h a t  th e  
a c e ta to  com plex  e x h ib its  a low er G value a n d  h en ce  la rger exchange in te ra c tio n  
a n d  th e  ch loro  co m p lex  e x h ib its  higher G v a lu e  an d  hence sm aller ex ch an g e  
in te ra c tio n .

T h e  o rb ita l re d u c a tio n  fac to rs, an d  K ± w h ich  are th e  m easu re  o f  th e  
sp in -o rb it coup ling  c o n s ta n t  A0 =  823 c m -1  fo r  free  copper(II) io n  in  th e se  
c o p p e r( I I )  com plexes a re  o b ta in ed  using th e  exp ressio n s [22, 23]

g2 =  g,| =  2.0023 -  8K 2 A0 1 A E (*B lg -* *B2g)

0.5 (gx +  gy) =  g x =  2.0023 -  Ж 2± Au I A E (2B]g -  2E g).

T h e  K\\ an d  K ± p a ra m e te rs  (Table I I I )  h a v e  been  re la ted  v a rio u s ly  as 
p u re ly  o rb ita l coeffic ien ts  a n d  are re la ted  b y  Кц =  ca • a.ß, and K ± =  ca • oc/S, 
w h ere  a , ßt  an d  ß  a re  th e  coeffic ien ts o f dx,_y dxy an d  dxz, dyz o rb ita ls  in  th e  
M O ’s to  w hich  th e y  c o n tr ib u te ;  th u s  a  m e a su re s  cr-bonding, ßx a n d  ß  are 
in -p la n e  я -bond ing  an d  ou t-o f-p lane  я  b o n d in g  coefficien ts re sp ec tiv e ly . B y  
a ssu m in g  ß̂  — 1 (since th e  ligand  has no lo n e  p a ir s  availab le  on th e  N  a to m  
for b o n d in g  w ith  dxy) th e  v a lu es  of a and  ß  a re  c a lc u la te d  for c o p p e r(II)  co m 
p lex es in  th is  p a p e r. T h e  e s tim a te d  а -coefficient fo r  all th e  com plexes in d ic a te  
fa ir ly  co v a len t cr-bonding, w hereas ß co effic ien ts  suggest very  l i t t le  b o n d in g  
o f  dxz, dyz w ith  o rb ita l o f axial an ions in  th e se  com plexes.

C u(chtsc)2S 0 4: In f ra re d  spectrum  o f th e  co m p lex  under s tu d y  show s six  
in f ra re d  b an d s  due to  th e  su lp h a te , in d ic a tin g  m o n o d en ta te  su lp h a te  [24].

Vt Vi

950 s 430 m 1020 1030 s 630 m

1120-1140  s
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CHANDRA, SHARMA: COPPER(II) COMPLEXES 11

A fiv e -co o rd in a te  s tru c tu re  is th u s  r e a d ily  suggested  for th is  co m plex . 
T here a re  tw o  basic c o n fig u ra tio n s  [25] t h a t  c a n  he ad o p ted  b y  co m p lex  
com pounds o f co o rd in a tio n  num ber f iv e , th e  tr ig o n a l b ip y ram id a l a n d  th e  
square  p y ra m id a l. I n  p ra c tic e  th is a p p e a rs  to  be a v e ry  little  d iffe ren ce  in  
energy [26] be tw een  th e  tw o  co n fig u ra tio n s.

T he tw o  co n fig u ra tio n s , square p y ra m id a l  an d  trig o n a l b ip y ra m id a l, are 
c h a ra c te riz e d  by  th e  g ro u n d  s ta te  dx,_y, a n d  dz,, respec tive ly  [27, 28 ]. E sr 
sp ec tra  o f  co p p er(II)  com plexes prov ide a  v e ry  good basis for d is tin g u ish in g  
b e tw een  th e se  tw o g ro u n d  s ta te s . F o r  sy s te m s  w ith  g3 >  g2 >  g 4 th e  ra tio  
[29] o f  (g2 — gi)/(g3 — g2) (hereafter ca lled  as p a ra m e te r  R) is a  v e ry  usefu l 
p a ra m e te r  fo r th is  p u rp o se . I f  th e  g ro u n d  s ta te  is p red o m in an tly  dz, th e  v a lu e  
of R  is g re a te r  th a n  one. O n  th e  o ther h a n d  fo r th e  g round  s ta te  p re d o m in a n tly  
dx, , th e  v a lu e  [29] o f R  is less th a n  o n e . F o r  th e  com plexes u n d e r  s tu d y  R  
is less th a n  one in d ica tin g  th e  dx,_y, g ro u n d  s ta te .

T h u s  for Cu(chtsc)2S 0 4, a fiv e -co o rd in a te  sq u a re -p y ram id a l s t ru c tu re  m ay  
be suggested  in  an ,alogy  w ith  the  co rresp o n d in g  th iosem icarbazide  (tsc ) com 
plex, C u(ch tsc)2S0 4 for w h ich  the  m olecu lar s tru c tu re  has been d e te rm in e d  [30] 
by  th e  sing le  cry sta l m e th o d . The c o p p e r  a to m  is fiv e -co o rd in a te ; th e  tsc  
m olecules a re  bonded  in  a  c is-co n fig u ra tio n , th e  tw o  su lphur an d  tw o  h y d ra -  
zinic n itro g e n  atom s fo rm in g  th e  co rn e rs  o f  th e  base of a sq u a re -p y ra m id  
and th e  su lp h a te  group . T h e  Си—0  b o n d  is re la tiv e ly  sh o rt (2.34 Á) show ing  
th a t  th is  bo n d  is q u ite  s tro n g . A c o m p a riso n  ( ta b le  below) o f g  v a lu e s  for 
C u(chtsc)2SO )4 and  for six -coo rd ina te  te t r a g o n a l  C u(chtsc)2X 2 co m p lex es is 
in te re s tin g . A lthough  th e  fo rm er is f iv e -c o o rd in a te  th e  axial Cu — О bo n d  
is a p p a re n tly  s trong  en o u g h  to  overcom e th e  to ta l  axial in te ra c tio n s  fro m  th e  
tw o axial ligands in  th e  s ix -coo rd inate  te t r a g o n a l  com plexes.

Complex %X %г Ref.

Cu(chtsc)2S 04 2.050 2.050 2.158 This work
Cu(chtsc)2(N 0 3)2 2.029 2.048 2.156 This work
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D e sp ite  th e  consid erab le  in te re s t [1 — 9] in  th e  su lp h u r liga ted  co m p lex es, 
v e ry  l i t t le  has b een  re p o rte d  on  ra re  e a r th  m e ta l ions [10—13]. This is p ro b a b ly  
due to  th e  la rg e r ion ic  rad ii o f these  m e ta l ions a n d  th e  lower e le c tro n e g a tiv ity  
o f th e  su lp h u r a to m , w hich  re su lt in  th e  fo rm a tio n  o f w eak com plexes. T h e  
p re se n t p ap e r describes th e  iso la tion  and  c h a ra c te r iz a tio n  o f ra re  e a r th  m e ta l 
com plexes w ith  iV-benzoyl-iV’-phenyl (B P T H 2), iV-benzoyl-iV’-orthochloro- 
pheny l (B C P T H 2), IV-benzoyl-JV’-o rt/ron itropheny l (B N P T H 2), and  JV-benzoyl- 
-iV’-o rt/to m eth o x y p h en y l (B M PT H 2) th io c a rb a m id e s .

Preparation of the Complexes

T h e com plexes w ere p rep ared  in  aq u eo u s e th an o lic  so lu tion  b y  m ix in g  
m eta l ch lo ride  an d  th e  a p p ro p ria te  ligand  in  1 : 1 mole ra tio . The p H  o f  th e  
v ig o ro u sly  s tir re d  so lu tio n  w as ad ju s ted  b y  d ro p w ise  add itio n  o f a v e ry  d ilu te  
am m o n iu m  h y d ro x id e  e than o lic  so lu tion  to  ju s t  below  th a t  for h y d ro u s  h y 
d ro x id e  or o x id e p re c ip ita tio n  over a period  o f  2 h o u rs . The so lu tion  w as th e n  
re flu x ed  for 6 — 8 h o u rs . T he p re c ip ita te  th u s  o b ta in e d  was filte red , w ash ed  
w ith  w a te r  and  e th a n o l, d ried  in  v acu u m  o v e r ca lc ium  chloride.

T h e  e lem en ta l ana lyses and  physica l m e a su re m e n ts  were p e rfo rm ed  as 
describ ed  ea rlie r [14].

Results and D iscussion

T h e  e le m e n ta l analyses (T a h ié i)  in d ic a te  1 :1  m e ta l to  ligand  s to ic h io m 
e try  fo r th ese  com plexes. T he com plexes a re  in so lu b le  in  all com m on o rg an ic  
so lv en ts . T he p resence  o f co o rd in a ted  w a te r  m olecu le  in  all these  co m p lex es 
has b een  co n firm ed  b y  th e rm o g ra v im e try .

* In  final form  accepted December 7, 1981
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Table I

Analytical and magnetic data o f  the complexes*

Complex
Found (Calcd.) %

C N N s M Cl (300 °K)

1 2 3 4 5 6 7 8

La(BPT)Cl ■ H20 37.3
(37.6)

2.4
(2.6)

6.0
(6.2)

6.8
(7.1)

31.0
(31.1)

7.6
(7.9)

Diamag.

La(BCPT)Cl • H20 34.6
(34.9)

2.0
(2.2)

5.5
(5.8)

6.4
(6.6)

28.6
(28.8)

14.5
(14.7)

Diamag.

La(B N PT)C l ■ H20 34.0
(34.1)

1.9
(2.2)

8.2
(8.5)

6.1
(6.5)

28.0
(28.2)

7.0
(7.2)

Diamag.

La(BM PT)Cl ■ H 20 37.4
(37.7)

2.5
(2.9)

5.5
(5.8)

6.4
(6.7)

29.0
(29.1)

7.1
(7,4)

Diamag.

Pr(B PT )C l • H20 37.1
(37.5)

2.4
(2.6)

6.0
(6.2)

7.0
(7.1)

31.1
(31.2)

7.6
(7.9)

3.59

Pr(BCPT)Cl ■ H20 34.1
(34.8)

2.0
(2.2)

5.3
(5.8)

6.4
(6.6)

29.0
(29.0)

14.5
(14.7)

3.58

Pr(BN PT)C l • H20 34.0
(34.1)

2.1
(2.2)

8.3
(8.5)

6.2
(6.4)

28.0
(28.4)

7.0
(7.2)

3.60

Pr(BM PT)Cl • H20 37.2
(37.6)

2.5
(2.9)

5.5
(5.8)

6.3
(6.7)

29.2
(29.3)

7.3
(7.4)

3.60

N d(B PT)Cl • II20 37.0
(37.1)

2.2
(2.6)

6.0
(6.1)

6.7
(7.0)

31.4
(31.9)

7.6
(7.8)

3.49

N<1(BCPT)C1 • H20 34.4
(34.5)

2.2
(2.2)

5.5
(5.7)

6.4
(6.5)

29.6
(29.6)

14.6
(14.6)

3.50

N d(B N PT)C l • H20 33.4
(33.8)

2.1
(2.2)

8.1
(8.4)

6.2
(6.4)

28.7
(29.0)

6.9
(7.1)

3.50

Nd(BM PT)Cl • I120 37.1
(37.3)

2.6
(2.9)

5.7
(5.8)

6.4
(6.6)

29.5
(29.9)

7.0
(7.3)

3.50

Sm(BPT)CI • h 2o 36.4
(36.6)

2.4
(2.6)

6.0
(6.1)

6.5
(6.9)

32.6
(32.8)

7.4
(7.7)

1.50

Srn(BCPT)Cl • H20 33.7
(34.0)

2.0
(2.2)

5.4
(5.6)

6.3
(6.4)

30.2
(30.5)

14.3
(14.4)

1.48

Sm (BNPT)Cl • II20 33.1
(33.4)

2.0
(2.1)

8.0
(8.1)

6.0
(6.3)

29.5
(29.9)

6.7
(7.0)

1.50

Sm(BM PT)Cl • II20 36.4
(36.8)

2.7
(2.8)

5.6
(5.7)

6.2
(6.5)

30.5
(30.8)

7.0
(7.2)

1.49

G d(BPT)Cl ■ I I20 36.0
(36.1)

2.2
(2.5)

6.0
(6.0)

6.4
(6.8)

33.5
(33.8)

7.5
(7.6)

7.87

Gd(BCPT)Cl • H20 33.4
(33.6)

2.0
(2.2)

5.3
(5.6)

6.1
(6.4)

31.0
(31.4)

14.0
(14.2)

7.85

G d(BNPT)Cl ■ H20 32.8
(32.9)

2.1
(2.1)

8.0
(8.2)

6.1
(6.2)

30.6
(30.8)

6.9
(6.9)

7.84

Gd(BM PT)Cl • H20 36.0
(36.3)

2.5
(2.8)

5.2
(5.6)

6.3
(6.4)

31.5
(31.7)

7.1
(7.1)

7.87

* where BPTH 2 = C14I I12N2SO, BCPTH2 =  C14H n N2SOCl, BNPTH„ =  C14I I „ N 2SO .N 02, 
B M P T II2 C14H n N2SO or.n3.

A cta  Chim . Acad. Sei. Hung. I l l , 1982



SENGUPTA: RARE EARTH CHELATES 15

Magnetic moments and electronic spectra

T he v a lu es  o f  th e  m ag n etic  m om en ts a n d  e lec tro n ic  sp ec tra l d a ta  a re  
g iv en  in  T ab les  I  a n d  I I .  T he m ag n etic  m o m e n ts  o f  th e  com plexes m easu red  
a t  room  te m p e ra tu re  show  li t t le  d e v ia tio n  fro m  V an  V l e c k  values [15] in d ic a t
ing  t h a t  th e  4 f  e lec tro n s do n o t p a r tic ip a te  in  b o n d  fo rm a tio n . Since e lec tro n s 
in  th e  4 f  o rb ita ls  a re  w ell sh ie lded  from  th e  l ig a n d  b y  th e  in te rv e n in g  5s25p° 
o c te t, th e  o rd e r o f  p e r tu rb a tio n s  for a la n th a n id e  io n  is: c ry s ta l fie ld  sp in  
o rb it  coup lin g  in te re lec tro n ic  repu lsions. T h u s  th e  line like ab so rp tio n  sp e c tra  
ap p ea rin g  in  th e  sp e c tra  o f com plexes arise f ro m  e lec tron ic  tra n s itio n s  w ith in  
th e  4 f  lev e ls .T h u s  th e  a b so rp tio n  han d s  o f p ra s e o d y m iu m (II I ) ,n e o d y m iu m (II I ) , 
s a m a r iu m (II I ) ,  a n d  g ad o lin iu m (III)  a p p e a r d u e  to  th e  tra n s itio n s  [16] from  
th e  g ro u n d  levels 3JT4, 4J 9/2, 8 6H s/2, 8S V2 to  th e  exc ited  J  levels o f 4 f  co n 
fig u ra tio n , re sp ec tiv e ly .

Infrared spectra

T he e lec tro n ic  sp ec tra  o f  th e  ligands show  one b a n d  a t ca. 36 000—35 000 
c m -1  w hich  is c h a ra c te r is tic  of a c o n ju g a te d  co m p o u n d  an d  p ro v id e  ev idence 
in  fav o u r o f  th e  s t ru c tu ra l  form  A.

H
iv J *^if

OH in
X

(A)

(X =  H, Cl, OMe, N Oa)

T he b a n d s  ap p ea rin g  a t  ca. 3400— 3200 c m - 1 and  2460 — 2440 c m -1 
d u e  to  r(O H ) an d  i>(SH) v ib ra tio n s  [17] in  th e  I R  sp ec tra  o f th e  ligands d isa p 
p e a r in  th e  com plexes. T he co o rd in a tio n s th ro u g h  phenolic oxygen  an d  th io lo  
su lp h u r h a v e  fu r th e r  been confirm ed  b y  th e  ap p ea ran ce  o f new  b a n d s  a t  ca. 
540 — 500 an d  390 — 340 c m - 1 in  th e  s p e c tra  o f  com plexes assignab le  [18] to  
v(M —O) an d  i»(M— S) v ib ra tio n s , re sp e c tiv e ly . T he ligands also show  one 
b ro ad  h a n d  a t  ca. 1620 —1610 c m - 1 w hich  m a y  be assigned  [19] to  i»(C =N ). 
I n  th e  com plexes th is  h a n d  sh ifts  to  low er f re q u e n c y  ~ ( 3 0 —25 c m -1 ) in d ic a t
in g  th e  c o o rd in a tio n  o f th e  azom eth ine  n itro g e n  to  th e  m e ta l a to m . T he b an d s  
d u e  to  v(M —N ) ap p e a r [18] a t  ca. 450 — 420 c m -1 .

T h u s , on  th e  basis o f above d iscussion , i t  c an  be concluded  th a t  each  
lig an d  h as  fo u r p o te n tia l co o rd in a tin g  s ite s ; tw o  azom eth ine  n itro g en , one 
su lp h u r a to m  a n d  one phenolic oxygen  a to m . T he possib ility  o f c o o rd in a tio n  
b y  b o th  th e  n itro g e n  a tom s o f th e  az ine  g ro u p  to  th e  sam e m e ta l a to m  is 
u n lik e ly . C o o rd in a tio n  o f these  tw o  n itro g e n  a to m s to  tw o  d iffe ren t m e ta l
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Table П

Electronic spectral bands (cm -1) o f the complexes

Complex Baade Assignments Complex Bands Assignments

1 2 3 4 5 6

Pr(B PT )C l.H 20 5 300 3Я 4 -  3f 2 Nd(BPT)CI.IIjO 11 400 3h n  -  *H3h
5 990 - 3F 3 12 200 -  4 P 5I2
6 500 -  'Gt 12 600 -  2Я ,/2

16 500 -  'D 2 13 200 -  4P ,h
20 000 - * 3Po 13 600 -  zs3/2
24 800 - 3P2 17 000 -  4G6/2
35 200 In te rna l ligand 18 900 4G7/2

transition
19 200 -  2G9/2
20 500 -*■ 4G9/2
23 000 -  2Л /з
36 000 In ternal ligand

transition

Pr(B C PT )C l.H 20 5 150 Nd(BCPT)Cl.H20 11 200
6 000 12 000
6 400 12 500

17 000 -do- 13 000
20 800 17 200 -do-
23 900 18 000
35 800 19 100

21 000
23 200
35 800

Pr(BN PT)C l. HjO 5 380 Nd(BNPT)C.l.IIjO 11 500
6 010 12 100
6 480 12 200

16 800 -do- 13 200
21 000 17 000 -do-
24 000 18 100
35 000 19 000

Pr(BM PT)Cl.H 20 5 200 21 200
6 000 23 000

64 500 -do- 35 500
17 000
20 200
24 200
36 000

Sm (BPT)C l.H 20 8 200 eH 5/2-  8 F-ih Nd(BMPT)Cl.HjO 11 700
9 300 4-^9 /2 12 000

17 500 — *Gs/2 12 800
18 800 13 500 -do

200 000 -  4g 7/i 13 700
20 500 17 100
21 500 4Лз/г 18 000
23 000 -  вРб/г 19 200
24 500 -  ‘Psh 21 000
25 000 -  4Р Я/2 23 200

36 000
36 000 In ternal ligand

transition

A cta  C hinv  Acad. Sei. Hung. I l l , 1982
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Table I I  (Continued)

Complex Bands Assignments Complex Bands Assignments

1 2 3 4 5 6

Sm(BCPT)Cl. 8 100 G d(BPT)Cl.II20 31 000 8S7/2 — eP 7/2
.11,0 9 000 35 200 In ternal ligand

transition
17 000
18 500 36 400 -  * h h
20 200 37 000 -  "Л,/*
21 300
23 200
24 200
25 100 
35 800

40 200 -  °Dbh

Sm(BNPT)Cl. 8 000 Gd(BCPT)Cl.H20 31 200 -do-
.11,0 9 100 35 800

17 200 37 500
18 300 -do- Gd(BM PT)Cl.lI20 31 850
20 100 35 500
20 500 36 370 -do-
21 000 37 250
22 800
24 000
25 000

40 900

35 000

Sm(BMPT)Cl. 8 300
,H 20 9 000

17 000
18 100 
20 000
20 400
21 000 
22 000
24 200
25 100 
35 300

-do-

a to m s are  possib le  in  w hich  th e  —O H  an d  — S H  groups should  be t r a n s  w ith  
re sp ec t to  th e  C = N —C =  N  sk e le ton  a n d  each  o f th em  com bine w ith  tw o 
d iffe ren t m e ta l a to m s ; i f  th e  tw o  groups a re  in  cis positio n  an d  a t ta c h e d  to  
th e  sam e m eta l a to m , i t  w ill involve a  s tra in e d  ring . T hen  in so lu b ility  o f  th e  
com plexes in  a ll com m on  organic so lven ts c a n  also be exp la ined  b y  th e  ex is
te n c e  o f a p o ly m eric  s tru c tu re .
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Two novel dibasic triden ta tes have been synthesised by the condensation of 
pyrrole-2-carboxaldehyde w ith /1-amino acids. Complexes of the tr id en ta te s  w ith Cr(II), 
M n(II), F e(II), Co(II), N i(II) and C u(II) have been isolated. The new ly synthesized 
m olecular adducts of 1 : 1 stoichiom etry have been characterized th ro u g h  elem ental 
analysis, molecular mass, conductance, potentiom etric, magnetic and  spectroscopic 
d a ta . Various spectroscopic param eters, viz. 10 Dq, B, v1lvl and A, for these  complexes 
have also been evaluated. The IR  studies reveal th a t the ligand coordinates through 
pyrrole nitrogen, azom ethine nitrogen and  the sulphonate group besides th ree  water 
molecules to form a chelate, displaying octahedral stereochem istry. I t  is expected th a t 
th e  two ligands are structurally  sim ilar and  behave as dibasic tr id en ta te s .

Introduction

E a rlie r  we h av e  re p o rte d  [1 — 3] o n  com plexes of various t r a n s i t io n  m etals 
w ith  a v iew  to  s tu d y  th e ir  th e rm o d y n a m ic  an d  e lec trom etric  sign ificance.

• I n  th e  p re se n t p ap e r we re p o rt o n  tr a n s i t io n  m eta l com plexes o f  d ib a s ic  tr id e n 
ta te s  w ith  oxygen  an d  n itro g en  donor a to m s. T heir spec tro sco p ic , m agnetic , 
c o n d u c ta n c e  an d  p o ten tio m e tric  s tu d ie s  w ere carried  o u t a n d  s tru c tu re s  
e s tab lish ed .

M aterials and Methods

0-(JV-oc-pyrrolideneimino)benzene sulphouic acid (II2PB) and 2-(JV-a-pyrrolideneimino) 
e thane  sulphonic acid (H 2PE ) were synthesized by  the condensation of pyrrole-2-carboxal- 
dehyde w ith  orthanilic acid and tau rine , respectively, by the method a lready  reported  pre
viously [4].

O rthan ilic  acid contains a phenyl ring while taurine contains an  open chain  molecule. 
The au th en tic ity  of the com pounds were established on the basis of elem ental analysis molecular 
m ass and  IR  spectra [H2PB, m .p. 172 °C and  H 2P E , m .p. 210 °C]. The m etal n itra te s  (BDH) 
and  o th e r solvents were reagent grade chemicals.

The following general procedure was used for the isolation of C r(II), M n(II), Fe(II), 
Co(II), N i(II) and  Cu(II) complexes. H2PB or H 2P E  (0.005 mole) was dissolved in 40 60 mL
of 80%  ethanol. A solution of m etal n itra tes  (0.005 mole) in 10 - 20 m L of 80%  ethanol was

2*

* To whom correspondence should be addressed 
** In  final form accepted N ovem ber 27, 1981
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20 GOTTA et al.: TRANSITION METAL COMPLEXES

trea ted  exactly  in the same m anner. Ligand and metal n itra te  solutions were mixed and refluxed 
in n itrogen  atm osphere to  p rev en t the  oxidation of m etal ion , on a steam -hath for 3 —4 hrs. 
Crystalline solid was ob tained  w hich was filtered, w ashed w ith  ethanol and recrystallised.

The C, H , N and S were determ ined m icroanalytically  and  th e  m etal content in  the 
complexes were estim ated [5] b y  ED TA  titra tion  using E riochrom e Black T as an ind icator 
after destroying the organic p a r t firs t w ith aqua regia and  th en  w ith concentrated H 2S 0 4.

Conductance m easurem ents were made on a Toshniw al conductivity  bridge. A digital 
pH -m eter, type  DPH-77 (U nitec) equipped w ith a glass-calom el electrode assembly was used 
to determ ine the pH . The po ten tiom etric  studies were carried  o u t by  the Calv in  B je r r u m  
ti tra tio n  technique [6] a t  35 °C in  aqueous media (fi =  0.1 M  NaC104). Molecular m asses 
were determ ined ebulliom etrically in  dioxan. Magnetic m easurem ents a t room tem peratu re  
were m ade on a G o u y  m agnetic balance using Hg[Co(NCS)4] as a calibrant, d iam agnetic 
corrections were applied using P a sca l’s constants [7]

A Y EB  Carl-Zeiss, Jen a , V SU -2P spectrophotom eter w as used to record the electronic 
spectra. The IR  spectra in  N ujol were recorded on a P erk in -E lm er spectrophotom eter using 
NaCl prism .

R esults and D iscussion

T h e p K x and  p K 2 o f H 2P B  an d  H 2P E  w ere  d e te rm in ed  p o ten tio m e tri-  
ea lly . T h e  values a re : 3 .00, 10.00, and 7-50, 9 .00 , respective ly , a t  35 °C 
(p =  0.1 M  N aC104). T h ese  va lu es  suggest th e  b ip ro tic  n a tu re  of th e  lig an d s 
w hich  a re  com ple te ly  d e p ro to n a te d . The fo rm a tio n  curves of th e  lig an d s  
(H 2P B  a n d  H 2P E ) a re  sh o w n  in  F ig . 1. The p K 4 a n d  p K 2 values co rrespond  to  
th e  l ib e ra tio n  o f p ro to n s  o f  th e  sulphonic (—S 0 3H ) a n d  im ino  (—N H ) g roups,

Fig. 1. F o rm ation  curves of H2PB and H 2P E  a t  35 °C

Acta Chim. Acad. Sei. Hung. I l l ,  1982
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Table I

Dissociation constants o f  H2PB and H jPE* and stability constants o f their transition metal 
complexes at 35 °C (ft =  0.1 M  NaCIO,,)

Ligand/ 
Metal Complex I'KJlog X, pK,/l°g K,

H 2PB 3.00 10.00

h 2p e 7.50 9.00

O (II) 3.90
(7.85)

2.60
(5.10)

Mn(II) 4.15
(8.40)

2.75
(5.65)

Fe(II) 4.70
(8.75)

3.00
(6.05)

Co(II) 5.20
(9.40)

3.35
(6.60)

N i(II) 6.25
(10.20)

4.25
(7.05)

Cu(II) 7.20
(10.60)

5.40
(7.90)

* Values in parenthesis for H 2PE  complexes

re sp ec tiv e ly . T h e  s ta b ili ty  c o n s ta n ts  (T ab le  I) o f  C r(II), M n(II), F e ( I I ) ,  C o(II), 
N i( I I )  and  C u (II)-co m p lex es o f  H 2P B  a n d  H 2PK  suggest th e  fo rm a tio n  of 
1 : 1 (m eta l-ligand ) com plexes. T he s ta b il i ty  o rd e r C r(II) <T M n (II) <( F e ( I I )  <( 
<  C o(II) <  N i(II)  <" C u (II) is in ag reem en t wi t h  I rving  W il l ia m ’s ru le  [8 J.

In  o rder to  a sc e rta in  th e  n u m b er o f  w a te r  m olecules p re se n t in  th e  
com plexes, th e se  m a te ria ls  w ere su b je c te d  to  th e rm o g rav im e tric  analyses. 
I n  all cases i t  rev ea led  a w eight-loss e q u iv a le n t to  th ree  w a te r  m olecules. 
I t  m eans th a t  e ach  m eta l ion  in  its  com plexes m olecule is c o o rd in a te d  to  
th re e  w a te r m olecules.

The solid com plexes w ere an a ly zed  a n d  th e ir  m olecular m ass  d e te rm in ed  
(T ab le  I I ) .  1 : 1 m e ta l to  ligand  s to ic h o m e try  w as found.

O n th e  b as is  o f  e lem en ta l an a ly ses , m olecular m ass and  th e rm o g ra v i
m etric  d a ta , th e  co m p o sitio n  o f  th e  m e ta l com plexes m ay  he ex p re ssed  as 
[M L X 3] or [M L’X 3] w here M -  C r(II) , M n (II) , F c (II) , C o (II) , N i( I I )  and  
C u (II) ; L H 2 =  (C u H 1()N 2S 0 3) or L ’H 2 =  (C7H 10N2SO3) an d  X  =  H 20 .  T hus 
th e  d e p ro to n a te d  fo rm s o f  th e  ligands a n d  1 : 1 (m eta l to  ligand) s to ic h io m e try  
o f  th e  com plexes are also ev id en t from  th e  p o ten tio m e tric  s tu d ie s  (T ab ic  I).

T he m olar co n d u c tan ces  in  M eO H  (1 0 -3  M  solution) a re  in  th e  ranges 
3.8 —10.2 o h m -1  cm 2 m o le -1  suggesting  t h a t  th e  com plexes a re  n o n io n ic  in  
n a tu re  [9 ]

These co m p o u n d s do n o t possess s h a rp  m .p ., b u t w hen  h e a te d  b e tw een  
290 and  340°, th e y  decom pose to  give th e ir  m e ta l oxides.
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Table П

Molecular mass, elemental analyses and conductance 
data o f transition metal complexes o f  H 2PB and  H2PE

Compound Mol. mass 
Found (Calcd.)

Found (Calcd.) % Am Ohm-1 
cm* mole - 1N s Metal

[CrLX3] 342 7.80 8.93 14.49 5.6
(355) (7.89) (9.01) (14.65)

[M nLX3] 348 7.81 8.84 15.20 6.7
(357) (7.84) (8.96) (15.40)

[FeL X 3] 348 7.80 8.80 15.46 4.2
(358) (7.82) (8.93) (15.66)

[CoLX3] 350 7.70 8.72 16.21 9.5
(362) (7.75) (8.86) (16.34)

[N iLX 3] 351 7.73 8.73 16.16 8.3
(361) (7.76) (8.87) (16.25)

[CuLX3] 355 7.61 8.64 17.19 7.1
(369) (7.66) (8.75) (17.36)

[CrL’X 3] 295 9.07 10.38 16.86 3.8
(306) (9.15) (10.46) (16.99)

[MnL’Xg] 296 8.94 10.21 17.60 8.0
(309) (9.06) (10.35) (17.77)

[FeL’X 3] 297 8.93 10.20 17.90 6.5
(310) (9.03) (10.31) (18.02)

[CoL’X 3] 300 8.09 10.14 18.62 10.0
(313) (8.94) (10.22) (18.82)

[NiL’Xg] 302 8.90 10.15 18.58 10.2
(313) (9.95) (10.23) (18.75)

[CuL’Xg] 306 8.75 9.96 19.78 9.3
(318) (8.81) (10.08) (19.98)

L H 2 =  (Ca H 10N2SO3) and L’H  =  (C7H 10N2SO3)

T h e  m agnetic  m o m en ts  o f C r(II) com plexes lie be tw een  4.81 a n d  4.85
В. M. a t  room  te m p e ra tu re  w hich  are h igher th a n  th o se  rep o rted  [10] fo r h igh  
sp in  s ix -co o rd in a ted  C r(II)  com plexes.

S ince h igh-sp in  M n (II) com plexes h av e  an  o rb ita lly  n o n -d eg en era te  6S  
g ro u n d  te rm , th e  sp in -o n ly  m ag n e tic  m om en t o f  5.92 В . M. is expected  w h ich  
w ill be  in d e p e n d e n t o f  th e  te m p e ra tu re  a n d  s te reo ch em is try . T he p re se n t 
co m p lex es show  p eff v a lu es  in  th e  range 5.82 — 5.86 В . M. a t  room  te m p e ra tu re  
w h ich  a re  co n sis ten t w ith  th e  h igh-sp in  n a tu re  o f  th e  com plexes an d  p resence  
o f f iv e  u n p a ire d  e lec trons in  o c tah ed ra l e n v iro n m e n t. T he F e(II)  com plexes 
d isp la y  m ag n etic  m o m en t in  th e  range 5.42 — 5.49 В . M. suggesting th e  o c ta 
h e d ra l g eo m etry  fo r th e se  com plexes.

T h e  peff value of C o(II) com plexes lie b e tw e e n  4.84 — 5.70 В. M ., w h ich  
are  h ig h e r  th a n  th e  sp in -o n ly  value . These c a n  be ex p la in ed  on th e  basis  of 
Oh sy m m e try  invo lv in g  a h ig h  degree of o rb ita l c o n tr ib u tio n  due to  th e  th r e e 
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fo ld  o rb ita l degeneracy  o f  th e  4T lg g ro u n d  s ta te . I t  is n o t su rp r is in g  th a t  the  
lig an d s in  th e  e q u ito ria l p o s itio n  b e ing  less h indered , fa v o u r  o n  0 h sym m etry  
[ I I ] .  T he m agnetic  m o m en t va lu es  o f  N i(II)  com plexes are  in  th e  ran g e  3.15 — 
3.35 В . M. in  c o n fo rm ity  w ith  th e  h igh-sp in  c o n fig u ra tio n  o f  o c tahed ra l 
N i( I I )  com plexes. T he o b se rv ed  рец values (1.82 —1.85 В . M.) or C u(II) com 
plexes are  very  close to  th e  sp in -o n ly  va lu e  (1.73 В . M.) fo r one u n p a ire d  electron. 
I t  su p p o rts  a d is to r te d  o c ta h e d ra l geom etry  in  te rm s  o f  J a h n  —T eller  
e ffec t [12].

Electronic Spectra

T he e lectron ic  sp e c tra  ty p ic a l for o c tah ed ra l c o o rd in a tio n , observed  for 
C r(II)  com plexes, co rresp o n d  to  th e  tra n s it io n  bE g —*■ sT2g.

T he sp ec tra  o f  M n (II) com plexes, w hich co rrespond  to  th e  tran sitio n s
9 A lg ->■ 4T lg(G), 9A lg — 4T2g(G) an d  9A lg — *Alg{G) viz vv  v2 an d  v3, respec
tiv e ly , are  c h a ra c te ris tic  o f  o c ta h e d ra l geom etry  a ro u n d  th e  m e ta l ion.

A h and  o bserved  in  th e  sp e c tru m  o f F e (II)  com plexes m a y  be  a ttr ib u te d  
to  th e  tra n s itio n  5Eg(D) w h ich  suggests n ea rly  o c ta h e d ra l stereo
ch em is try  of F e (I I )  com plexes.

T h e  electron ic  sp e c tra  o f  C o(II) com plexes give th re e  d is tin c t tra n s i
tio n s  *Tlg(F) 43 2g( F), vp, 4T lg( F )  ^  M 2g(F ) , and  4T lg( F ) -* 4T2g(P ), r 3. 
T hese b an d s are  ty p ic a l for h ig h -sp in  o c tah ed ra l C o(II) co m plexes. The sp lit
t in g  o f v3 b and  in to  tw o  or m ore  com pounds in  C o(II) co m p lex es, m ay  he due 
to  liftin g  of d egeneracy  o f  4T lg level e ith e r by  th e  sp in -o rb ita l coup ling  or by 
th e  presence o f a low sy m m e try  com ponen t in  th e  lig an d  f ie ld . H ow ever, 
th e  f2/Vj, ra tio  (1 .7 5 — 1.95) an d  choco la te  red  colour of th e se  com plexes support 
a n  o c tah ed ra l geom etry .

S pectra  o f all N i(II)  com plexes are ty p ica l of o c ta h e d ra lly  [10] coordi
n a te d  N i(II) in  as m uch  as th e y  ex h ib it th ree  d — d t r a d it io n s  b an d s viz. 
3A 2g 47’,g(F ) , 3A 2g -»  1E g(D) and  3A 2g -  3T lg(P) c o rre sp o n d in g  to  vv  v2 and 
v3 b an d s. The yellow ish-g reen  co lour o f th e  tr ia q u a  com plexes also supports 
th e  Oh sy m m etry .T h ese  sp e c tra l d a ta  are  u tilized  to  co m p u te  th e  im p o rtan t 
ligand  fie ld  p a ra m e te rs  10 Dq, В  an d  A using th e  ligand  f ie ld  th e o ry  of spin- 
allow ed tra n s itio n s  in  d 8-co n fig u ra tio n . C om parison o f  10 Dq and  В  values 
fo r th e  com plexes in d ic a te s , t h a t  th e  ligands give rise  to  re a so n a b ly  strong 
lig an d  fields an d  lead  to  re a so n a b ly  s tro n g  cov a len t b o n d s. T h e  h igh  values of
10 Dq an d  В  a re  c o n s is te n t w ith  th e  n itro g en  c o o rd in a tio n  o f  th e  azom ethine 
g roup  [13]. The ra tio  o f  v2/iq lies be tw een  1.91 and  1.93 as e x p e c te d  for oc ta 
h ed ra l N i(II) com plexes.

T he sp ec tra  of C u (II)  com plexes correspond to  th e  tr a n s i t io n s  2B X —► 2A lg, 
2B 1 —>-2F g and C —► T  (ch a rg e -tra n sfe r  hand) viz. vv  v2 an d  v3 a n d  th e se  hands 
a re  q u ite  in ten se  w ith  e o f  th e  o rd er o f 102 —103. T he b ro a d n e ss  o f  th e  hands 
a n d  th e ir  p o sitio n  in d ic a te  te tra g o n a lly  d is to rted  o c ta h e d ra l sy m m etry  for
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th e s e  com plexes. J o r g e n s e n  [14] has used th e  r a t io  PcuA'ní b e tw een  th e  
w a v e  n u m b e r  of th e  p rin c ip a l b a n d  of C u(II) co m p lex  a n d  th e  w ave n u m b er 
o f  f i r s t  sp in-allow ed b a n d  o f  th e  h igh-spin  o c ta h e d ra l N i(II)  com plex, w ith  
th e  s a m e  ligand , as a m e a su re  o f  te tra g o n a lity  o f  th e  C u (II)  com plexes. The 
r a t io  Pcu/^Ni forH 2PB and  H 2P E  a re  found to  be 1.24 a n d  1.31, re spec tive ly , 
in d ic a t in g  th a t  [C u(P E )X 3] co m p lex  is m ore te tr a g o n a lly  d is to rted  th a n  
[C u (P B )X 3] com plex. T he l a t t e r  also  shows a sh o u ld e r o n  th e  low energy  side, 
th is  m a y  be due to  t r a n s i t io n  fro m  dz,, th e  a a n tib o n d in g  from  th e  w eakly  
b o u n d  lig an d s  on г-axis, to  t h e  h o le  in  dx,_y„

I . R . Spectra

I n  th e  i. r. spectra  o f  H 2P B  or H 2P E  th ree  b a n d s  w ere observed  in  th e  
r a n g e s  3200 — 3240 c m -1 , 1 1 6 0 — 1180 c m -1 and  1610— 1630 c m -1 assignable 
to  b o n d e d  rN H , ras(S 0 3H ) a n d  rC  =  N, re sp ec tiv e ly . I t  ap p ea rs  th a t  im ine 
n i t r o g e n  is hydrogen b o n d e d  to  th e  lone pa ir o f  th e  azo m eth in e  n itro g e n  
a to m . T h e  absence of rN H  in  th e  spectra  of m e ta l com plexes in d ica tes  th e  
r u p tu r e  o f  hydrogen  bond  a n d  in v o lv em en t of th e  im in e  n itro g e n  in  com plexa- 
t io n . T h e  b and  in th e  ra n g e  1160 —1180 c m ' 1 also d isa p p e a re d  suggesting  
c o o rd in a t io n  th rough  th e  s u lp h o n a te  group. r C = N  o f H 2P B  or H 2P E  around  
1610 — 1630 c m -1 was sh if te d  to  th e  lower freq u en cy  side on  com plexa tion  
su g g e s tin g  th e  p a r tic ip a tio n  o f  azom eth ine n itro g e n  in  co o rd in a tio n . The 
a p p e a ra n c e  o f tw o new b a n d s  in  th e  regions 530 — 560 cm  1 a n d  410—450 c m ' 1 
in  m e ta l  com plexes suggest M-—О an d  M—N b o n d in g s  [15] in  th e m , respec
t iv e ly .  A ll th e  com plexes g ive  o n e  b ro ad  band in  th e  reg io n  3450 — 3470 c m ' 1 
d u e  to  rO H  of w ater m o lecu le  p re se n t.

Tabic III
Electronic transition (in  c m -1) and relevant spectroscopic parameters o f 

transition metal complexes o f H2PB and  H 2PE*

Compound Vl v z
10 D q
(cm’ 1)

В
(cm ») v 2/ v J 10 D q /B X

(cm-1)

C r(Il) 16 550
(16 240) ~ — — — — -

M n(II) 20 430 23 700 26 240 3300 756.6 1.168 4.36 618
(20 100) (23 600) (26 450) (2500) (683.3) (1.174) (5.12) (527)

F e(Il) 10 960 ___ — ___ — ___

(11 100) - —

C o(ll) 9 870 17 340 21 470 7470 613.3 1.756 12.18 216
(8 960) (17 520) (21 310) (8560) (796.6) (1.955) (10.74) (251)

N i(Il) 9 350 17 860 25 980 8510 1052.6 1.910 8.08 312
(9 290) (17 970) (25 790) (8680) (1059.2) (1.934) (8.19) (329)

C u(II) 11 660 15 150 23 830 3550 266.6 1.306 12.74 211
(11 780) (15 460) (23 800) (3880) (261.3) (1.312) (14.84) (181)

* V alues in parenthesis for H 2P E  complexes
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T h e resu lts  o b ta in ed  conc lusive ly  in d ic a te  th a t  th e  g en e ra l s im ila rity  
o f th e  com plexes of H 2P B  an d  H 2P E  a re  n o t  due  to  th e  p resen ce  or absence 
o f an  o p en  ch a in  or a p h en y l rin g  b u t  i t  is on ly  due  to  th e  p resen ce  o f  n itro g en  
a to m  o f azo m eth in e  g roup  in  /З-p o sitio n  to  th e  sulphonic g ro u p  w h ich  is in 
ag reem en t w ith  th e  fin d in g s o f K is h it a  et al. [16].

*

G rateful thanks are due to  the CSIR , (IN D IA ), for the award of a post-doctoral fellow
ship to  one of the authors (CPG).
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In  view of the medicinal im portance o f 2-(2-hydroxyphenyl) hydrazonopentane- 
-2,4-dione (H P P D ),the  coordination behaviour has been studied by physico-chem ical 
m ethods. The 1 : 1 and 1 : 2 (M : L) chelates w ith  Cu(II), N i(II), C o(II), F e (II)  and 
M n(II) have been isolated and characterised on the basis of chemical analysis, m olar 
conductance, m agnetic m om ent, I.R . studies and  electronic spectra. The ligand  behaved 
as a triden ta te  one except in Cu(II) 1 : 2 chelate where it behaved as h id en ta te . F e(II), 
N i(II), Co(II) and M n(II) chelates are high spin octahedral while C u(II) chela tes are 
square planar.

Introduction

H y d razo n es are  o f  im p o rtan ce  as th e y  f in d  use in  o rgan ic  sy n th ese s  
[1 — 3] d e tec tio n  o f  m e ta l ions [4] a n d  b ecau se  o f th e ir  h igh  p h y sio lo g ica l 
a c t iv i ty  [5]. T h ey  fin d  use [4] as h e rb ic id es , insectic ides, a n tim ic ro b ia l ag en ts , 
a n tio x id a n ts  an d  h av e  b een  claim ed e ffec tiv e  ag a in st leprosy , le u k a e m ia  and  
o th e r  m a lig n an t neop lasm . F . L io n s  [6 ] h a s  stu d ied  m eta l co m p lex es  w ith  
f i r s t  row  tra n s it io n  m eta ls , E vans et al. [7] h a v e  stud ied  co p p er c h e la te s  of 
s u b s ti tu te d  h y d razo n es. F u r th e r  B a l k r is h n a n  et al. [8] h av e  u se d  h y d ra -  
zones fo r syn th esiz in g  m eta l te m p la te s . K eep in g  in  view th e  im p o r ta n c e  of 
h y d razo n es we h av e  re p o r te d  p o la ro g rap h ic  re d u c tio n  and  c o o rd in a tio n  b e h a v 
io u r of few  h y d razo n es [9—11]. H e re  w e re p o r t  on th e  p h y sico -ch em ical 
s tu d ies  o n  som e 1 : 1 an d  1 : 2 (M : L) m e ta l chela tes o f 2 -(2 -h y d ro x y p h en y l)- 
h y d razo n o p en tan e-2 ,4 -d io n e  (H P P D ), w h ich  h as  been used as a n  in te rm e d ia te  
[12] fo r th e  syn th esis  o f a n u m b er o f  p o te n tia l  an tid iab e tic  an d  a n tin e o p la s tic  
com p o u n d s, w ith  C u (II), N i(II) , C d (II) , F e ( I I )  an d  M n(II).

Experim ental
Reagent and materials

N ickel,cobalt, copper n itra tes, m anganese ace ta te  and ferrous am m onium  sulphate 
used were of G.R. grade. The ligand was synthesised according to the literatu re  procedure [12].

* Address for correspondence: D epartm en t o f Chemistry, Tiw aji U n iv ., Gwalior- 
-474011, M. P . (India)

** In  final form  accepted December 23, 1981
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Synthesis o f  the chelates

The m ethanolic so lu tion  (0.005 mol) of the ligand  and  m etal salt solution (0.005 mol) 
in m ethano l were m ixed in  ra tio  1 : 1 and 1 : 2 (M  : L). In  case of ferrous amm onium su lphate  
i t  w as f irs t  dissolved in  perchloric acid and then  m ethano l was added, the w ater co n ten t in 
th e  solu tion  was 20% (v/v). T he contents were refluxed fo r ab o u t two and half hours. M ost of 
th e  chelates got p rec ip ita ted  on cooling, while o thers go t precip itated  when ab o u t h a lf  of 
th e  so lven t was rem oved b y  distillation. The p rec ip ita tes were filtered, washed and  dried  in 
vacuum  over anhyd. CaCl2.

A ppara tu s and procedure

Chemical analysis was done a t I.I .P . D ehradun. T he conductance of chelates was m easur
ed in  dim ethylform am ide on Systronic type 302 co n d u ctiv ity  bridge using a dip ty p e  cell. 
The m agnetic m om ent was determ ined  by a Guoy balance a t  room  tem perature, 24° i  0.2 °C. 
I .R . spectra  of the ligand and  th e  chelates were recorded on a Beckmann I.R . 20 S pectro
p ho tom eter in K Br disc. M ethanolic solution of the chelates was used for recording electronic 
spectra  on Unicam SP 8000 spectrophotom eter.

T h e liganc), H P P D  h a s  th e  follow ing s t ru c tu re ,  and  it  is seen fro m  th e  
m o lecu la r fo rm ulas ass ig n ed  to  chelates on  th e  b as is  o f  analy tica l re su lts  th a t

i t  fo rm s b o th  1 : 1 a n d  1 : 2 chelates. T he m o la r  co n d u c tan ce  d a ta  [13] also 
s u p p o r t  th e  form ulae  (T ab le  I) assigned to  th e s e  chela tes. H ow ever, m o la r 
c o n d u c ta n c e  o f 1 : 1 co p p e r chela te  was u n u su a lly  low  as com pared to  o th e rs . 
T h e  n o n  e lec tro ly te  b e h a v io u r  o f copper c h e la te s  suggest th a t  b o th  th e  p ro 
to n s , o f  h y d ro x y l a n d  h y d razo n e  group a re  re lea sed  on coo rd in a tio n . T h is 
o b se rv a tio n  finds s u p p o r t  in  subsequen t I R  s tu d ie s . The m agnetic m o m e n t 
v a lu e s  in d ica te  th e  p re sen ce  of 5, 4, 3, 2 a n d  1 u n p a ired  electrons in  th e  
M n (II) , F e (I I ) , C o (II), N i( I I )  and C u(II) c h e la te s , respective ly . The m a g n e tic  
m o m e n t va lues su g g est t h a t  all th e  chela tes e x c e p t o f  copper have h ig h  sp in  
o c ta h e d ra l geom etry , w hile  th e  copper ch e la tes  m a y  h av e  either square  p la n a r  
or te t r a h e d ra l  g eo m etry .

Electronic spectra

T h e bands o b serv ed  a re  reco rded  in  T ab le  I I .  T h e  tw o  high in ten se  b a n d s  
in  th e  reg io n  39 000 — 41 000 c m -1 and 34 000 — 36 000 c m ' 1 can be assig n ed  
to  n  —► ti* tra n s it io n  o f  ph en o lic  and  a z o m e th in e  groups [14]. T h e  b a n d s

R esults and D iscussion

О
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Table I

Analytical, molar conductance and magnetic data o f  metal — H PPD  chelates

S. No. Chelates
c%

Calculated
(found)

H%
Calculated

(found)
N%

Calculated
(found)

Molar 
conduc
tance 

ohm “ 1 
cm* 

mol-1

B. M.

I. [Mn(C11H 11N10 1XCH30 H )1]C H ,00 44.76
(44.52)

6.06
(6.12)

6.56
(6.32)

72 5.92

2. [Fe(Cn H 11NlO,XHsO)3lC101 30.91
(30.85)

3.98
(4.03)

6.56
(6.34)

87 5.32

3. [Co(C11H 11N2OsXCH3OH)3]NOi 38.62
(38.71)

5.29
(5.22)

9.66
(9.51)

92 5.12

4. [Ni(C11I I 11NI0 3)(C H ,0H )3]N 0 3 38.64
(38.39)

5.29
(5.40)

9.67
(9.54)

90 3.12

5. [Cu(Clll I l^4aOa)CHtO II] 46.01
(46.12)

4.47
(4.62)

8.95
(8.91)

4 1.79

6. [Mn(C11H llNI0 3)Il 53.55
(53.42)

4.46
(4.37)

11.36
(11.12)

7 5.96

7. tFe(C11H 11NjOa)l ] 53.44
(53.12)

4.45
(4.57)

11.34
(11.09)

3 5.45

8. [Co(C11H 11N20 3)a] 53.23
(53.14)

4.44
(4.61)

11.29
(11.13)

9 5.22

9. [Ni(C11H I1Nl0 3)I] 55.25
(55.02)

4.44
(4.53)

11.30
(11.22)

11 3.21

10. [Cu(Cn H u N j0 3)3] 52.69
(52.57)

4.39
(4.51)

11.18
(11.02)

4 1.82

below  25 000 c m -1  an d  re la tiv e ly  m uch w e a k e r  in  in te n s ity  are a ss ig n ed  to  
d —d tra n s it io n s  [15]. H ow ever, w here th e  m e ta l is easily  oxidisable a n d  th e  
ligand  red u c ib le , ch arg e  tra n s fe r  b an d  on low  en erg y  side m ay be o b ta in e d
[16]. T h u s in  v iew  o f th e  easily  reducib le  n a tu re  o f  th e  ligand , th e  tw o  in te n se  
bands o b ta in e d  in  th e  reg ion  16 000 — 23 800 c m ' 1 for F e (II)  chela tes a p p e a r  
to  be due  to  m e ta l to  lig an d  charge tra n s fe r  p ro cess  [16].

T h e  e lec tro n ic  sp e c tra  o f nickel ch e la te s  (T ab le  I I )  show m a jo r b a n d s  
a t 15 000— 14 000 an d  8000 — 8400 c m -1 an d  m a y  be assigned to  3A 2ĝ F  ̂ —*•

— 33’lrtF)^2); 3 A 2g<F) —  3 T 2g(F) W -  The third ban(1 Ы  i A 2g(F) — 3 T 1 giP) coultl
n o t be o b se rv ed  as th e  b a n d  due to  —N H — N = C  b a n d  m asked i t ,  b u t  la te r  
i t  w as c a lc u la ted  b y  th e  m eth o d  o f L e v e r  [17]. v2 tra n s itio n  has sh o u ld e r  
in d ica tin g  th a t  o c ta h e d ra l geom etry  is s lig h tly  d is to r te d  obviously d u e  to  th e  
non  id e n tic a l n a tu re  o f th e  donor a to m s [18]. T h e  v2/v1 ra tio  is 1.61, a  v a lu e  
u su a lly  accep ted  fo r o c ta h e d ra l n ick e l(II) c h e la te s .

T he e lec tro n ic  sp e c tra  o f co b a lt(II)  c h e la te s  show  bands a t  8540 — 9000 
c m -1 *Tlg —► *T2g (vj), a t  18 400—19 500 c m -1  *Tlg —*• *A2g (v2) an d  a b a n d  
a t  20 4 0 0 —22 800 c m -1  *Tlg —•► 4,Lig(p) (v3) in d ic a tin g  o c tahed ra l g e o m e try
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Table II

Assignment o f the electronic spectral bands o f H PPD  chelates

Chelate
71--71*

(Phenolic),
cm-1

71 --71*
(C=N), cm-1 d—d transitions, cm-1

[N i(H PPD )(C H 30 H )3]NO3 40 500 35 600 v3 24 272*
v2 14 800, 12 850 (Sh) 
v, 8 200

[N i(H P P D )2] 40 850 35 500 v3 24 300 +
v, 15 000, 1300 (Sh)
r, 9 400

[C o(H PPD )(C H 30 H )3]N 0 3 40 250 35 250 j>3 22 600
v3 18 400 
r, 8 540

[C o(H PPD )j] 40 500 35 300 r3 20 400 
r2 19 250 
г, 9 000

[M n(H PPD )(C H 3OH)3]CH3COO 39 850 35 750 17 250 
22 000

[M n(IIP P D )2] 40 000 34 900 18 200
23 500

[C u(H PPD )C H 3OtI] 39 250 34 600 19 250 
15 600 
12 500

[C u(H P P D ),] 39 800 35 000 21 000 
14 625 
11 200

[F e(IIP P D )(H 20 )3]CI04 40 300 35 250 23 800* 
16 700* 
9 800

[F e(H P P D )2]

* Charge-transfer bands 
+ Calculated

40 500 35 400 23 250* 
16 000* 
11 250

fo r  c o b a l t ( I I )  chela tes. T h e  ra tio  of v2/v1 e q u a ls  to  2.15 in  c o n fo rm ity  w ith  
a c c e p te d  v alue  for o c ta h e d ra l geom etry  [1 9 ].

I n  M n(II) ch e la tes  th e  ab so rp tio n  b a n d s  a t  17 250 — 18 200 c m -1  and 
22 000  — 23 500 c m -1 h a v e  b e e n  assigned to  6A lg —► 4T lg(a> and  6A lg —*• 4T2g(G) 
t r a n s i t io n s ,  resp ec tiv e ly  [20]. T he o th e r d — d tra n s itio n s  on h igher e n e rg y  side 
c a n  n o t  be  observed as s tro n g  b an d  of th e  l ig a n d  m ask them .

A s a lread y  s ta te d , th e  F e (II)  ch e la te s  u n d e r  considera tion  sho w  tw o 
in te n s e  b an d s  on th e  low  en erg y  side (16 000 — 23 800 c m -1) due  to  ch arg e  
t r a n s f e r  a n d  only one w eak  b an d  a t  9800 — 11 250 c m -1 is o b se rv ed  w h ich  
c o u ld  b e  due  to  d —d tra n s i t io n , and  can  b e  a sc rib ed  to  tra n s itio n  5T2g —► 5T2g 
[2 1 ]. T h u s  ind ica tin g  t h a t  F e ( I I )  chelates h a v e  h ig h  spin o c tah ed ra l g eo m e try .
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I t  is n o t possib le  to  assign c o o rd in a tio n  g eo m etry  to  4 -co o rd in a te  C u (II) 
com plexes on  th e  basis  o f m agnetic  m o m e n t. H ow ever, th e  e lec tro n ic  sp e c tra  
m ay  d is tin g u ish  b e tw een  te tra h e d ra l a n d  sq u a re  p lan a r geo m etry . T h e  t e t r a 
h e d ra l C u (II) com plexes [22] e x h ib it o n ly  one ab so rp tio n  b a n d  in  th e  near 
in fra re d  reg ion  w hereas square  p la n a r com plexes show  th ree  b a n d s  o n  th e  low 
energy  side o f th e  e lec tron ic  sp ec tra . T h e  ch e la te s  un d er in v e s tig a tio n  e x h ib it 
th re e  w eak b an d s  (T able  I I )  in  th e  reg ions 19 250—21 000, 14 625 — 15 620 
an d  11 200 — 12 500 c m -1 w hich m ay  be assigned  to  tra n s itio n  [23 — 24] from  
2B lg s ta te  to  2Eg and  2A Ig. re sp ec tiv e ly . T h u s  we m ay conclude  t h a t  th e se
co p p er che la tes  h a v e  sq u are  p lan a r g eo m etry .

T he e lec tron ic  sp ec tra l d a ta  w ere used to  ca lcu la te  10 Dq, R a c a h  p a ra m 
e te r  В , Ci n ep h e lau x e tic  ra tio  ß, ß° (% ) an d  ligand  field s ta b ilis a tio n  energy  
(L . F . S. E .) [17, 20, 25] (see T ab le  I I I ) .

A co m p ariso n  o f 10 Dq values for 1 : 2 N i( I l) , C o(II), F e ( I I )  a n d  M n(II) 
ch e la tes  w ith  re p re se n ta tiv e  values fo r v a rio u s  ligands in d ic a te s  t h a t  th e  
H P P D  ligand  has a p lace n ear w a te r  in  sp ec tro -chem ica l series [26] fo r the  
ligands. F u r th e r , th e  10 Dq values fo r v a rio u s  m eta l ions follow s th e  o rd er: 
F e ( I I )  >  N i(II)  > C o ( I I )  >  M n(II) w hich  is in  accordance w ith  th e  spectro - 
chem ical series [26].

Table II I

Various electronic spectral parameters o f  1 : 1 and 1 : 2 H PP D  chelates

Chela l ea 10 vq
cm-1

B1
cm-1

c
cm-1 P i°(%) L.F.S.E. 

(KJ mol-»)

[N i(IIPPD)(CH3OH)3] N 0 3 9200 766 3447 0.71 29.0 130.9
[Ni(HPPD)j] 9 400 768 3456 0.71 29.0 133.1
[Co(HPPD)(CH30 I I ) s]N 0 3 9 396 1044 4071 0.93 7.0 67.5
[Co(HPPD),] 8 487 943 3677 0.84 16.0 61.0
[M n(HPPDXCH3O H ),] [CH3COO] 7 900 719 2516 0.75 25.0 —
[M n(IIPPD)j] 8 340 758 2653 0.79 21.0 -
[F e(IIP P D )(IIj0 )3]C104 9 800 490 2009 0.46 54.0 47.0

[Fe(H PPD ),] 11 250 562 2304 0.53 46.98 53.8

I .  R . Spectra

T he im p o r ta n t  ab so rp tio n  b a n d s  o b se rv ed  in  th e  I .  R . s p e c tra  o f  th e  
ch e la tes  a n d  th e  lig an d  are  g iven in  T ab le  IV . T h e  sp ec tra  o f all c h e la te s  excep t 
o f  copper show  sim ila r fea tu res  in d ic a tin g  t h a t  th e y  are is o s tru c tu ra l.  F rom  
th e  s tru c tu re  o f  th e  lig an d  i t  ap p ears  t h a t  i t  c a n  fu n c tio n  as t r id e n ta te  ligand  
w ith  one pheno lic  oxygen , one n itro g en  o f  th e  h y d razo n o  group ( — N H  — N =  C — 
a n d  o x y g en  o f th e  > - C = 0  g roup  as possib le  in te ra c tio n  s ite s . T h e  I . R .
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Table IV

Som e important infrared spectral bands o f H P P D  and its I : 1 and 1 : 2 chelates

Chelates v  OH
cm -1

v  NH
cm ~1

v  N = C  
c m -1

v  C=0
cm -1

v  C—0
cm -1

M etbanolic 
v  OH
c m -1

H PP D 3 4 0 0 3 2 0 0 1 6 1 0 1 6 8 0 1 2 4 0 —

[FeHIPPDXILjOlHClCb - 3 2 0 0 1 6 0 0 1 6 5 0 1 2 5 5 3 4 6 0

[M n (H P P D ) [СН3ОН)]3С:ИзСОО 3 2 0 0 1 5 9 0 1 6 4 5 1 2 4 5 3 4 4 0

[Ni(HPPD)(CH30H)3]N03 3 2 0 0 1 6 0 5 1 6 5 0 1 2 6 0 3 4 4 0

[Со(НРРП)(СНзОН)з]№)3 3 2 0 0 1 5 9 5 1 6 4 0 1 2 5 0 3 4 5 0

[Cu(HPPD )(CH3OH)] - 1 6 1 0 1 6 6 0 1 2 7 0 3 4 6 0

[Fe(H PPD )2] - 3 2 0 0 1 5 9 0 1 6 4 5 1 2 6 0 —

[M n(HPPD)2] 3 2 0 0 1 6 0 0 1 6 5 0 1 2 5 0 -

[N i(H PPD )2] 3 2 0 0 1 5 8 5 1 6 5 5 1 2 6 5 -

[Co(H P PD )2] 3 2 0 0 1 5 9 5 1 6 6 0 1 2 5 5 —

[Cu(H PPD )2] 3 4 0 0 — 1 6 1 0 1 6 5 0 1 2 4 0 —

s p e c tru m  o f th e  ligand  show s a s tro n g  b a n d  a t  3200 c m -1  w hich m a y  be 
a ss ig n e d  to  rN H  [27]. I n  o rd e r  to  avoid  m ix in g  u p  o f rN H  assignm en t w ith  
rO H  a ss ig n m e n t, th e  1>NH ass ig n m en t w as d one  o n  th e  basis o f th e  I .  R . 
s p e c t r a  o f  sim ilar co m p o u n d s h av in g  no —O H  g ro u p . T he j»NH s tre tc h in g  
b a n d  re m a in s  in ta c t in  th e  s p e c tra  o f all th e  c h e la te s  suggesting  t h a t  —N H  
g ro u p  is  n o t  involved  in  c o o rd in a tio n .

A  b ro a d  —O H  s tre tc h in g  h an d  [28] w as o b se rv ed  a t  s lig h tly  low er 
f re q u e n c y  (3400 c m -1) e v id e n tly  due  to  h y d ro g en  b o n d in g  [29, 30]. T h is b a n d  
d is a p p e a re d  in th e  che la tes  in d ic a tin g  th a t  p ro to n  is lib e ra ted  on  com plex  
fo rm a tio n  a n d  phenolic o x y g e n  is co o rd in a ted  to  th e  m e ta l a to m  [31]. T he 
c o o rd in a tio n  of phenolic o x y g e n  to  th e  m e ta l is fu r th e r  confirm ed  b y  th e  
sh if t  o f  th e  phenolic C — О b a n d  (vC— О ligand  1240 c m '1) to  h igher f re q u e n 
cies 1245 — 1265 cm -1 in  a ll th e  chela tes [32]. In c re a se  in  vC—О valu es  w as 
fo u n d  to  follow th e  o rd e r C u2+ > N i 2+ )> F e 2+ > -C o 2+ ^>M n2 + . S im ilar 
o rd e r  o f  s ta b ili ty  has b een  o b se rv ed  b y  p H -in e tr ic  m eth o d  in d ica tin g  th a t  
s im ila r  c h e la te s  are form ed in  th e  solid as well as in  liq u id  phase [33]. F u r th e r  
th e  s t r o n g  b a n d  a t 1010 c m -1  assigned  to  C = N  s tre tc h in g  m ode of azo m eth in e  
l in k a g e  [34] was found  to  b e  sh ifted  (15 — 30 c m -1 ) to  low er freq u en cy  in  all 
th e  c h e la te s  in d ica ting  th e  p a r t ic ip a tio n  of a z o m e th in e  n itro g en  in  c o o rd in a 
tio n  [3 5 ]. T h e  vC—0  s tre tc h in g  frequency  a t  1680 c m -1  in  th e  sp ec tra  o f  th e  
lig a n d  w a s  low ered by  (20—40 c m " 1) in  th e  s p e c tra  o f  all th e  chela tes su g g es t
in g  t h a t  p C>=0  group is in v o lv e d  in  che la tion . T h e  ap p ea ran ce  of a new  b a n d  
a t  3440  — 3460 c m " 1 in  case o f  1 : 1 ch ela te  is a t t r ib u te d  to  rO H  of c o o rd in a te d  
m e th a n o l /H 20  molecules [33].
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T h e I . R . sp e c tra  o f  C u(II) — 1 : 1  an d  1 : 2 ch e la tes  are  sign ifican tly  
d iffe ren t. I n  th e  sp e c tra  o f 1 : 1 C u-chelate , th e  N H  an d  pheno lic  O H  stre tch in g  
h an d s w ere found  to  be ab se n t suggesting  th a t  b o th  th e se  p ro to n  are  released , 
on  ch e la tio n . T he vC — О b an d  a t  1680 c m -1  in  th e  lig an d  sh ifted  to  low er 
freq u en cy  (1650 c m -1 ) show ing th a t  th e  o x ygen  o f  th e  c a rb o n y l g roup  is 
co o rd in a ted  to  co p p er w hereas th e  b and  due to  —N = C  s tre tc h  rem ains 
in ta c t.  T h u s H P P D  a c ts  as a t r id e n ta te  ligand  w ith  d iffe ren t bond ing  s ites in 
th e  1 : 1 copper ch e la te . T he follow ing s tru c tu re s  are  suggested .

T h is ty p e  o f  in te re s tin g  b eh av io u r th a t  th e  p ro to n  o f th e  hyd razono  
group  is re leased  on  ch e la tio n  has also been  observed  by  E vans et al. [7], 
w ith  1 : 1 copper c h e la te  o f 3-p h en y lh y d razo n o -ace ty lace to n e  an d  its  ortho 
c a rb o x y  d e riv a tiv e .

T he I . R . sp e c tra  o f  1 : 2 C u-chelate  show s th a t  th e  rO H  stre tch in g  
h a n d  a t  3400 c m " 1 rem a in s  in ta c t  w hile th e  rN H  s tre tc h in g  b a n d  d isappears 
an d  rC =  0  h a n d  a t  1680 c m " 1 is sh ifted  to  low er freq u en c ies  in d ica tin g  tr id e n 
ta te  b e h av io u r o f th e  lig an d . T he 1 : 2 copper ch e la te  h a s  s tru c tu re  (I) w hich 
is s ig n if ican tly  d iffe ren t from  o th e r  (II).

E vans et al. [7] also observed  th a t  th e  h y d ra z o n o  lig an d  (2-carboxy- 
p h en y l h y d razo n o ace ty lace to n e ) w hich ac ted  as a t r id e n ta te  ligand  in  1 : 1 
C u-chela ted  b eh av ed  as a b id e n ta te  one in  1 : 2 co p p er c h e la te  w ith  n itro g en  
o f  th e  h y d razo n e  an d  o x y g en  o f th e  > C = 0  g roup  a t  c o o rd in a tin g  sites.

*
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H exaphenylcarbodiphosphorane (I), p repared  from triphenylphosphine and 
carbon te trahalide , when treated  w ith benzophenone in equim olar ra tio , gave the 
ylide (2,2-diphenylvinylidene)triphenylphosphorane (II) which, upon fu rther trea tm en t 
w ith benzophenone, gave 1,3-tetraphenylallene (III) via W ittig reaction.

T he y lide  (2 ,2 -d ip h en y lv in y lid en e)trip h en y lp h o sp h o ran e  (II) w as f irs t  
re p o rte d  b y  G ilm a n  an d  T omasi [1]. T h e y  have  p rep ared  it  from  th e  sa lt 
(2 ,2 -d ipheny lv iny lidene) tr ip h en y lp h o sp h o n iu m  brom ide. H ere we re p o r t  its  
p re p a ra tio n  from  h ex ap h en y lca rb o d ip h o sp h o ran e  (I) and  benzophenone ta k e n  
in  equ im olar a m o u n ts .

UH;.
/  +

(С еН .,)зР=С =Р(С вН5)з +  0 = c ^  --------*- (С,Н5)з Р = С - Р (С .Н 5)>

0*H* (CeH5)2C— Ö

(СвН5)зР = С = С (С «Н 5)г +  PhaPO 

II

T he fo rm a tio n  o f I I  was fu r th e r  co n firm ed  b y  th e  ad d itio n  o f  a n o th e r 
mole of ben zo p h en o n e , w hereupon  i t  gave  1,3- te trap h en y la llen e  (III) .

II +  (CeH6)2C = 0    — ■ (C«Ht)sC =C = C (C .H ,)S +  PhjPO

III

H e x ap h en y lcarb o d ip h o sp h o ran e  (I) w as p rep a red  from  a four-fo ld  excess 
of tr ip h en y lp h o sp h in e  and  carb o n  te tra c h lo r id e .

* To whom correspondence should be addressed
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2 (ОвНз)зР +  СОЦ -------- - (СбНз)зР=СС12 +  (СйН5)зРС12

IV

IV +  2 (СйНз)зР --------*■ (С«Н5)зР = С = Р (С в Н 5)з +  (С6Н 5)зРС12

I

T h e  s tru c tu re s  of I an d  III h av e  been  con firm ed  by  m elting  p o in ts , IR  
sp e c tra  a n d  e lem en ta l ana lyses, co m p arin g  th e m  w ith  th e  l i te ra tu re  v a lu es .

Experim ental

Preparation of liexaphenylcarbodiphosphorane (I)

Triphenylphosphine (0.04 mole) was dissolved in dried and distilled benzene (50 m L) 
and carbon  tetrachloride (0.01 mole) was added to  th e  solution. An intense orange colour 
developed ind icating  the form ation of the dihalo ylide IV, b u t the solution soon becam e colour
less. A fte r tw o days, the reaction m ix tu re  was filtered , th e  filtra te  was concentrated  and 
chrom atographed  on a silica gel colum n. The carbodiphosphorane (I) was recrystallized from 
benzene. I ts  m elting  point was found to  be 210—212 °C (lit. [2] m .p. 208 — 210 °C).

C37H 30P 2. Calcd. C 82.8; H  5.6; P 11.5. Found C 83.01; H  5.9; P  12.0%.

Preparation of (2,2-diphcnyIvinylidene)triphenylphosphorane and 
its reaction with bcnzophenone

H exaphenylcarbodiphosphorane (0.01 mole) and  benzophenone (0.01 mole) were taken  
up in  d ried  and  distilled petroleum  e ther (100 m L) and  the resulting m ixture was s tirred  for 
2 h  a t  40 — 50 °C. The reaction m ixture had  an  intense dark  red colour indicating the form ation  
of II. B enzophenone (0.01 mole) was th en  added again, and th e  resu ltan t m ixture was stirred  
for an o th e r 2 h  a t  slightly raised tem pera tu re . The reaction  m ixture was then  filte red , the 
filtra te  concen tra ted  and then subjected  to column chrom atography using silica gel as adso r
ben t. T etraphenylallene was obtained in 38% yield (w ith  respect to triphenylphosphine) and 
was recrystallized  from acetone. Its  m .p. was found to  be 164 —165 °C (lit. [1] m .p . 164 — 
165 °C).

C2,H 20. Calcd. C 94.18; H  5.8; Found  C 94.5; H  5.5% .
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Relative viscosities of aqueous solutions of sodium salts o f o-, m- and  p-nitro- 
benzoic acids have been m easured in  the  tem pera tu re  range 25 — 35 °C to  understand  
th e  effect of position isomerism on ion-solvent interaction. Of the free acids, the vis
cosity behaviour of o- and m-isomers only has been studied. As in acetic acid-acetate 
ion and benzoic acid-benzoate ion system s here also for a particu lar isom er the B- 
coefficient of the acid is less th an  th a t of th e  anion of the same acid a t  a particular 
tem perature. From  the values of Bsait and Ranion the nitrobenzoate sa lts  and nitro- 
benzoate anions can be arranged in the following order of increasing ion-solvent in ter
actions

p-nitrobenzoate <  o-nitrobenzoate <  m -nitrobenzoate 
dem onstrating clearly the effect of the position of substituents on solute-solvent in ter
actions. The energy of activation  data  supports th is conclusion. The larger ion-solvent 
interaction in the case of the mcta-isomer is ascribed to its greater size, being confirmed 
by  the value of its  partia l molal volume, w hich is larger than  those of the  o- and 
p-isomers.

Introduction

T h e  stud ies on  th e  v isco sity  B -coeffic ien ts o f aqueous so lu tio n s  o f acetic  
ac id  an d  alkali m e ta l a c e ta te s  b y  v a rio u s  w orkers [1, 2] re v e a l t h a t  th e  B- 
co effic ien t of a c e ta te  io n  (0.25) is m uch  la rg e r th a n  th a t  o f  th e  ace tic  acid 
m olecule  (0.12). I t  has b e e n  te n ta t iv e ly  assum ed  th a t  th is  is due  to  a n  enhanced  
o rd e r-p ro d u c in g  n a tu re  o f  th e  a c e ta te  io n  a n d  n o t to  any  effect o f  size since th e  
ace tic  acid  m olecule is a lm o st id en tica l in  size w ith  th e  a c e ta te  io n . S im ilar 
b e h a v io u r  has also b een  o b se rv ed  in  aqueous so lu tio n  for benzoic a c id  m olecule 
a n d  b en zo a te  ion  [3, 4 ]. W e h av e  b een  s tu d y in g  in  our la b o ra to ry  th e  effect 
o f  p o s itio n  isom erism  o n  io n -so lv en t in te ra c tio n s  from  th e  v iew p o in t of 
ch an g es in  th e  J o n es  — D ole  v isco sity  В -coeffic ien t o f s u b s t i tu te d  benzoic 
ac id s a n d  th e ir  sa lts . W e re p o r t  in  th e  p re se n t co m m u n ica tio n  th e  re su lts  of 
v isco m etric  stud ies on  aq u eo u s so lu tions o f o- an d  m -n itro b en zo ic  acids a t 
25 °C a n d  sodium  sa lts  o f  th e  co rresp o n d in g  acids inc lud ing  t h a t  o f  th e  p a ra - 
iso m er in  th e  te m p e ra tu re  ran g e  o f 25 — 35 °C.
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38 SEAL et al.: ION-SOLVENT INTERACTIONS

Experimental

P u re  isomeric nitrobenzoic acids obtained by repeated  crystallization of corresponding 
nitrobenzoic  acids (A. R. G rade) from  triple distilled w ater were used for the preparation  of 
th e  N a-sa lts  of nitrobenzoic acids. E qu ivalen t am ounts of pu re  nitrobenzoic acid and sodium 
ca rb o n a te  (A nalar grade) were m ixed  in a minimum volum e of w ater to obtain a clear solution 
from  w hich the salt was slowly crystallized. The repeated ly  crystallized product was finally  
w ashed several times w ith d istilled  e th e r and dried. Stock solutions of the Na-salts o f isomeric 
n itrobenzoic  acids were prepared  from  the dried salts by d irec t weighing. Solutions of varying 
concen tra tions were then p repared  from  the stock solutions b y  dilution. Densities of solutions 
were m easured  by a calibrated w eld-type pyknom eter (40 m L) provided w ith a g raduated  stem 
fi tte d  w ith  a standard jo in t s to p p er a t  its upper end. All viscosity  measurem ents were made 
in  a specially  designed long flow  tim e  viscometer th a t  was placed in a therm ostat regulated  
w ith in  iO .0 0 5  °C. Efflux tim es o f solutions were m easured by  a l/10 th  second stopw atch  
and  w ere reproducible to w ith in  : 0.2 s. For the calib ration  of th e  viscometer the m easured 
flow tim es of fresh triply d istilled  w ater a t two different tem peratures, viz., 3 0  and 3 5  °C 
are 867.8 and  785.5 s, respectively . The viscometer constan ts were determ ined according to 
th e  eq ua tion

jj/d =  A 't — B '/t (1)

w here r] (cP) is the viscosity, d is th e  density (g c m 3) and  t is the  flow time in seconds. The 
v iscom eter constants A ’ and B ’ a re  9.299.10 4 and 5.21109, respectively.

R esults and D iscussion

T h e  experim en ta l d a ta  o n  re la tiv e  v iscosities o f  aqueous so lu tions of 
so d iu m  sa lts  of isom eric n itro b en zo ic  acids h a v e  b e e n  analyzed  acco rd ing  to  
th e  J o n e s  — D ole [5] e q u a t io n  (2):

Ч1щ =  1 +  +  BC  (2)

w h ere  r)/r]0 is the  re la tiv e  v is c o s ity  of a so lu tio n  o f  c o n cen tra tio n  C m ol/L , 
A  a n d  В  are  co n stan ts  c h a ra c te r is t ic  o f th e  e le c tro ly te  an d  rep resen t th e  ion- 
io n  a n d  ion-so lvent in te ra c tio n s , respective ly . T h e  v a lu es  of A  an d  В  coeffi
c ie n ts  e v a lu a ted  from  th e  in te rc e p t and  slope re sp ec tiv e ly  o f th e  p lo t of 
(vlVn — 1 )/C1/2 versus C1/2 a re  reco rded  in  T ab le  I ,  w hile  th e  p lo ts are  show n 
in  F ig u re s  1, 2 and 3, re sp e c tiv e ly .

E m p irica l eq u a tio n  (3) is f i t te d  to th e  d en sitie s  (<?) o f the  so lu tions by 
a le a s t squares p rocedure

d =  d n 4 ” a m -f- ß m 2 (3)

w h e re  d 0 is th e  den sity  o f  p u re  w ater, m  is th e  so lu te  m o la lity  an d  « , ß  are 
c o n s ta n ts . The la tte r  a re  sh o w n  in  T able  I I  w h ich  reco rd s also th e  v a lu es  of 
th e  a p p a re n t  molal vo lum es o f  solu tes a t in fin ite  d ilu tio n  (Ф°) o b ta in ed  g ra p h i
c a lly  (n o t shown).

T h e  R -coefficients o f  n itro b en zo a te  ions, c a lc u la ted  by  K a m in s k y ’s 
p ro c e d u re  [6] and lis ted  in  c o lu m n  3 of T ab le  I ,  c le a rly  d em o n stra te  t h a t  th e  
R -v a lu e  o f a p a rticu la r  n itro b e n z o a te  ion is g re a te r  t h a n  th a t  of th e  re sp ec tiv e
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V? «102
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Fig . 3. Plot of rjSp//c vs. /с

n itro b e n z o ic  acid, a lth o u g h  th e  sizes of th e  a n io n  and  the  acid are a lm o st 
e q u a l. O w ing to  th e  low  so lu b ility  o f p -n itro b en zo ic  acid  in  w ater in  th e  te m 
p e ra tu re  range s tud ied  th e  m easu rem en t could n o t be m ade. Sim ilar o b se rv a 
tio n s  w ere m ade ea rlie r b y  L aw renc e  and  W o l f e n d e n  [2] in  th e  case o f  
th e  ace tic  ac id -aceta te  ion  sy s te m , and by M a n u a l  et al. [3] for th e  benzoic  
a c id -b en zo a te  ion sy s tem .

T h e  fi-coefficien ts o f  b o th  the  salts and  an io n s  decrease w ith  increasing  
te m p e ra tu re ,  suggesting  a  n e t  s tru c tu re  m ak in g  b e h a v io u r  of th e  sa lts  an d  
th e  an io n s  concerned. I t  is ev id en t from T ab le  I  t h a t  th e  В -values o f all th e  
n itro b e n z o a te  ions, in s te a d  o f  h av in g  a un ique v a lu e  a t  a p a rticu la r  te m p e ra tu re  
a ssu m e  d ifferen t va lu es  fo r d iffe ren t re la tiv e  p o s itio n s  o f  th e  su b s titu e n ts . 
T h e  o b serv ed  U -values o f  n itro b e n z o a te  sa lts  a n d  n itro b en zo a te  ions follow  
th e  o rd e r  m- >  o- >  p - a t  e a c h  tem p era tu re . T h e  la rg e r  ion-so lvent in te ra c tio n  
o b se rv e d  in  the  case o f  th e  meta -isomer m ay  p a r t ly  b e  ascribed  to  its  g re a te r  
size, w h ich  is confirm ed b y  th e  value of its  a p p a re n t  m olal volum e a t  in f in ite  
d i lu t io n  (Ф°) being la rg e r t h a n  th e  co rrespond ing  v a lu e s  of th e  sodium  sa lts  
o f  o- a n d  p -n itro b en zo ic  a c id s . This is also s u p p o r te d  b y  th e  effective vo lum es 
o f  th e  n itro b en zo a te  s a lts  c a lc u la te d  from  v isc o s ity  d a ta  using V a n d ’s e q u a 
t io n  [7 ]. V a n d ’s vo lum es a re  m uch  g reater th a n  th e  v a lu es  of Ф£. T he la rg e r 
in tr in s ic  volum e of th e  m e ia -n itro b en zo a te  s a lt is  be lieved  to  be due to  its  
g re a te r  preference for h y d r a t io n  re la tive  to  th e  ortho- and  para-isom ers.
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Table I

Values o f viscosity coefficients A  and В  o f (i) Na-salts o f isomeric nitrobenzoic acids and (ii) o- and m-nitrobenzoic acids. 
Energy o f activation for viscous flow  o f nitrobenzoate salts and nitrobenzoate tons

Solute
A в -®anion ■4Esalt 

J  mol-1 
25 °C

^^anion 
J  mol-1 
25 °C25 °C 30 °c 35 °C 25 °C 30 °c 35 °C 25 °C 30 °c 35 °C

Na-o-nitrobenzoate 0.0015 0.001 0.004 0.500 0.489 0.451 0.414 0.403 0.366 1100 1020

Na-m-nitrobenzoate 0.0065 0.0045 0.01 0.625 0.604 0.581 0.539 0.518 0.496 1970 1880

Na-p-nitrobenzoate 0.0075 0.012 0.001 0.469 0.457 0.431 0.383 0.371 0.346 996 912

o-nitrobenzoic acid 0.002 - — 0.389 - -

m-nitrobenzoic acid 0.003 — — 0.343 — —

Table II

Values o f a. ß. Ф |, hydration number and effective volume

Solute
a 0 Ф% Hydration

number
neoln
25 °C

Effective
molar

volume
(У.)cm* mol~* 

25 °C25 °C 30 °C 35 °C 25 °C 30 °c 35 °C 25 °C 30 °c 35 °C

Na-o-nitrobeuzoate 0.0856 0.0780 0.0712 -0 .1078 0.0385 0.1328 101.2 112.5 121.5 3.4 219

Na-m-nitrobenzoate 0.1226 0.1114 0.1035 -0 .2 2 3 6 -0 .0532 0.0644 117 130.7 141 5.3 317.6

Na-p-nitrobenzoate 0.0891 0.0825 0.2272 -0 .0669 0.0838 0.0781 99 108.5 115 2.9 205

o-nitrobenzoic acid 0.0566 — - -0 .3172 - -

m-nitrobenzoic acid - 0.0010 — — 0.0671
~

—

d**°c =  0.99707; dS0°c =  0.99567 and d305°c =  0.99406 £
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C a lc u la tio n  of the  degree o f  h y d ra tio n  from  v isc o s ity  d a ta  [8 ] has con firm ed  
th is .  T h e  fac t th a t ,  o f th r e e  isom eric  n itro b e n z o a te  sa lts , sodium  m efa-nitro- 
b e n z o a te  is h y d ra ted  e v e n  in  th e  solid s ta te  [9 ] len d s  fu r th e r  su p p o rt to  th is . 
F o llo w in g  N ig h t in g a l e , J r . ,  a n d  B enck  [10], w e h a v e  ca lcu la ted  th e  energy  
o f  a c t iv a tio n  for viscous f lo w  fo r  th e  n itro b en zo a te  sa lts  an d  n itro b en zo a te  ions.

T h e  resu lts show n in  co lu m n s  5 and 6 o f T a b le  I  su p p o rt th e  conclusion  
m a d e  ab o v e . A look a t  th e  В  va lues of ortho- a n d  m eta-n itrobenzoic  acids im 
m e d ia te ly  reveals th a t  th e  fo rm e r  is a g rea te r s t ru c tu re  m aker th a n  th e  meta
iso m er , a behaviour q u ite  o p p o s ite  to  th a t  n o tic e d  in  case of th e ir  sa lts  and  
a n io n s .
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n-Propyl, n -pentyl and n-heptyl free radicals (w ith perfluorinated m ethyl groups) 
were generated by  the photolysis of perfluoroacetic anhydride (PFA A) in the presence 
of ethylene. R eaction products up to  dodecanes were identified and m easured under 
various experim ental conditions, i.e. a t d ifferent ethylene concentrations, [C2H4]/ 
[PFAA] ratios, reaction tem peratures and incident light intensities. D isproportionation/ 
com bination ra tios were obtained for the n-propyl, n-pentyl and s-heptyl free radicals. 
The rates of addition  of the 0 3 and ó 5 radicals were studied a t 300 and 362 K . The 
rate coefficient ra tios feaddition/^combination°f (4.04 ±  0.69) X 10 ~3 and (2.72 ±  0.66) X 10 _3 
dm3/2 m ol-1/2 s -1/2 were determ ined a t room tem peratu re  for the n-propyl and  n-pentyl 
radicals, respectively. The activation energies obtained  were 27.8 k J  m o l-1 for C3 
addition and 26.8 k J  m ol-1 for C5 addition. Isom erization of the n-heptyl radical by 
1,5-hydrogen shift was observed to  occur and the izomerization ra te  coefficient relative 
to  th a t  of Ő, self-com bination, fc|Somerlz« tó b = (5 .8  ±  1 .0 )X Ю -» moF/2 d m - 3/2 s -У», 
was determ ined a t  room  tem perature. The k inetic results for addition and isom erization 
reactions are discussed in  the light of available lite ra tu re  data .

Introduction

I t  has b een  suggested  m an y  tim es in  th e  li te ra tu re  dea lin g  w ith  th e  
pyro lysis  o f h y d ro c a rb o n s  th a t  low m olecu lar w eigh t p ro d u c ts  m ay  be fo rm ed  
v ia  o ligom eriza tion  processes consisting  o f co n secu tiv e  ad d itio n , iso m eriza tio n  
an d  decom position  re a c tio n  sequences. H o w ev er, th e  ex p e rim en ta l v e rif ic a 
tio n  o f such  processes is v e ry  d ifficu lt since th e  fo rm a tio n  o f  th e  re a c tio n  
p ro d u c ts  m ay  u su a lly  occur v ia  d iffe ren t ro u te s . C onsequen tly , th e  in te rp re ta 
tio n  o f th e  re a c tio n  m echan ism  has to  be b ased  o n  th e  know ledge o f th e  k in e tic  
p a ra m e te rs  o f  e le m e n ta ry  reac tio n s invo lv ed .

K in e tic  d a ta  fo r h y d ro g en  a to m  a b s tra c tio n  an d  decom p o sitio n  reac tio n s 
o f  a lky l rad ica ls  are  r a th e r  well es tab lish ed , w hereas th e re  h av e  b een  re la tiv e ly  
few  d e ta iled  k in e tic  s tu d ies  o f  th e  iso m eriza tio n  and  a d d itio n  re a c tio n s  o f 
a lk y l rad ica ls . T h is  is especially  so for C5 an d  o th e r  free rad ica ls  o f  h ig h  ca rb o n  
a to m  n u m b er. T h e  d ifficu lty  o f  s tu d y in g  th e  k in e tics  o f  iso m eriza tio n  an d  
a d d itio n  re a c tio n s  o f  long -chain  a lky l ra d ic a ls  consists in  th e  re q u ire m e n t 
th a t  th e  rad ica ls  fo rm ed  in  these  reac tio n s h a v e  to  be acco u n ted  for q u a n tita -

* To whom correspondence should he addressed
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t iv e ly .  T h e  m ethods u su a lly  ap p lied  assum e co m p le te  and  a c cu ra te  analysis  
o f  t h e  num erous re a c tio n  p ro d u c ts .

I n  th e  p resen t w o rk , k in e tic  d a ta  h a v e  b een  d e te rm in ed  for ad d itio n , 
iso m e riz a tio n , d isp ro p o rtio n a tio n  an d  co m b in a tio n  reac tio n s  of a lk y l rad ica ls  
fo rm e d  in  th e  C F 3 -f- C2H 4 sy s tem . R ad ica l ad d itio n s  to  e th y len e  p ro d u ce  
n ew  fre e  rad ica ls  w ith  tw o  m ore  ca rb o n  a to m s th a n  th e  orig inal ones. In  th is  
w a y  co n secu tiv e  ad d itio n s  y ie ld ed  n -p ro p y l, n -p e n ty l an d  n -h e p ty l (a n d  via 
iso m e riz a tio n  s-hep ty l) free  ra d ic a ls  in  p ro p o rtio n s  w hich  w ere d e p e n d e n t on 
th e  e x p e rim e n ta l co n d itio n s. T rif lu o ro m e th y l rad ica ls  w ere used  in s te a d  of 
C H 3 fo r  th e  following rea so n s: (i). T he p h o to ly s is  o f p e rflu o ro acetic  an h y d rid e  
[1] p ro v e d  to  be a sim ple a n d  c lean  source  o f  C F 3 w hich  was free fro m  a n y  
c o m p lic a tio n s ; (ii) F lu o rin e  lab e llin g  fa c ilita te d  th e  id e n tif ic a tio n  o f th e  reac 
t io n  p ro d u c ts .

E xperim en ta l

Perfluoroacetic anhydride and  ethylene (F luka AG) were degassed and purified  by 
b u lb -to -bu lb  distillation in vacuum . H exafluoroethane, trifluorom ethane and 1,1,1-trifluoro- 
p ropene (PC R  Research Chem. Inc.) were used for identification  and calibration purposes 
w ith o u t fu r th e r purification. Perfluorom ethylcyclohexane (Pierce Chem. Co.) served as internal 
gas chrom atographic standard .

Perfluoroacetic anhydride -)- ethylene | perfluorom ethylcyclohexane m ixtures were 
p rep a red  in  a conventional vacuum  appara tus (equipped w ith  P T F E  valves) using different 
c a lib ra ted  volumes. Experim ents were carried ou t in a 83 cm 3 cylindrical quartz  cell equipped 
w ith  planeparallel U LTRA SIL windows. In  order to keep th e  tem perature  constan t during a 
run , th e  reaction  cell was surrounded  by an air therm osta t. Tem perature was regulated  by 
m eans o f a feed-back system  controlled by a p latinum  resistance therm om eter. Thus, tem per
a tu re  w as k ep t constant w ith in  ± 0 .5  K . A parallel light beam  from a HANOVIA 500 W 
(T ype 673 A) mercury arc was used to produce the ÖF3 radicals by the photolysis of the per
fluo roacetic  anhydride. Visible ligh t was rem oved by a N iS 04 — CoS04 filter [2]. L ight in tensi
ties w ere checked by a vacuum  photocell.

A fte r irradiation, reaction products were led th rough  a trap  which was cooled to liquid 
n itro g en  tem perature. Condensable products were transferred  to a heated gas chrom ato
g raph ic  sam pling valve. Condensation was avoided by  heating  the trap , connecting tu b e  and 
valve  to  370 K.

Q uan tita tive  analysis of th e  num erous reaction products required  the use of 15 m 
and  30 m  Squalane SCOT colum ns a t  th ree tem peratures (273, 353 and 373 K). F lam e ioniza
tio n  d e tec tio n  was used and p ro d u c t peak areas were m easured against the peak area of the 
in te rn a l standard .

P ro d u c t identifications were based  on the mass spectra  taken  on a F IN N IG A N  1015 SL 
GC/MS instrum en t. R etention tim es of au then tic  sam ples as well as th e  K ovats’ indices were 
used to  check the identifications. (The K ovats’ indices of the tri- and  hexafluorinated products 
were fo u n d  to  be similar to  those of th e  corresponding hydrocarbons.) Calibration factors used 
in th e  q u an tita tiv e  analyses were e ither determ ined experim entally  w ith samples of known 
com position  or estim ated using th e  idea o f “ effective carbon num ber”  [3].

R esu lts  and  D iscussion  

Routes o f  product formation

I n  o rd e r to  es tab lish  th e  free rad ica l re a c tio n s  occu rrin g  in  th e  sy s tem , 
th e  p ro d u c t  d is tr ib u tio n  a n d  ra te s  o f  fo rm a tio n  h av e  been  d e te rm in e d  in  
r e a c t io n  series w here (i) th e  c o n c e n tra tio n  ra t io  o f  C2H 4 an d  p e rflu o ro ace tic
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Table I

Reaction product distribution (% ) obtained at various [C2H4]/[PFAA] ratios. 
Temperature: 300 zb 1 K, overall pressure: 6.7 f: 0.1 kPa

Design.

Product.

Formula
[C,H41/[PFAA]

0.05
[C,HJ/[PFAA]

1
[C,H4]/[PFAA]

10
[CaHJ/[PFAA]

50

CaP c f 3c i i2c h 3 8.2 9.5 6.5 smalll

c 30 c f 3c i i = c h 2 8.0 9.8 5.3 smal

C5P CF3(CH2)3CHs 0.2 0.5 3.6 5.9

C50 CF3(CH2)2C H = C H 2 0.2 0.5 3.4 5.3

C,P CF3(CHj)5CH3 small 0.3 0.7 2.6

c 7o CF3(CII2)4C H = C H 3 small 0.1 0.4 2.2

CF3C H =CH (C H 2)3CH3

C,ON CF3CH2C H =  CH(CH2)2CH3 small small 0.4 1.4

C„ CF3(CH,)4CF3 83.0 71.0 49.7 30.8

^8 CF3(CH j)„CF8 0.4 7.8 21.9 29.4

C,„ CF3(CII2)8CF3 small 0.4 5.0 11.2

C„ CF3(CHj)10CF8 small small 0.4 2.0

c i i2c h 2c f 3

‘Cio CF3CH2CH(CH2)3CH3 small 0.1 1.9 4.7

CH2(CH2)3CH,

iC|2 CF3CH2CH(CH2)3CH3 small small 0.8 4.5

a n h y d rid e  (PFA A ) w as v a r ie d  fro m  0.01 to  50 a t  300 and  363 К  te m p e ra tu re s ; 
(ii) th e  te m p e ra tu re  w as v a r ie d  fro m  300 to  440 К  a t  [C2H 4]/[P F A A ] ra tios 
o f  1 an d  10, re sp ec tiv e ly ; (iii) th e  lig h t in te n s i ty  w as in c reased  b y  m ore  th a n  
an  o rd e r o f m ag n itu d e ; a n d  (iv) overa ll p re ssu re  w as increased  b y  in c re a s in g  the  
r e a c ta n t  c o n c e n tra tio n  or ad d in g  C 0 2 or p e rflu o ro m e th y lcy c lo h ex an e  as in ert 
gases.

P ro d u c t d is tr ib u tio n s  o b ta in e d  w ith  d iffe ren t in itia l [C2H 4]/[P F A A ] 
c o n c e n tra tio n  ra tio s  a re  show n  in  T ab le  I .  T h e  resu lts  p re se n te d  in  th e  T able, 
w h ich  a re  averages o f  th re e  or m ore ex p e rim en ts , are  ty p ic a l fo r th e  p ro d u c ts  
a n d  th e ir  re la tiv e  r a te s  o f  fo rm a tio n  th a t  a re  observed  in  th e  C F 3 
sy s te m . A ltoge ther 13 h y d ro c a rb o n  re a c tio n  p ro d u c ts  w ere d e te c te d  and  
m easu red  in  th is  w ork . T h e ir  fo rm ulas a n d  th e  designations we sh a ll u se  fu r th e r  
on  a re  g iven  in  co lum ns 2 a n d  1, re sp ec tiv e ly . I t  m ay  be seen  t h a t  th e  p ro d u c t 
sp e c tru m  ranges from  th e  p a ra ff in s  an d  olefins w ith  th ree  c a rb o n  a to m s  up  to  
th e  normal and  iso -dodecanes. C F 3H  a n d  C2F e could  n o t he d e te c te d  e ither 
in  th e  ex perim en ts p re se n te d  in  T ab le  I  o r in  o th e r  re a c tio n  se ries , in d ica tin g  
th a t  th e  a d d itio n  o f  C F 3 rad ica ls  to  th e  do u b le  bo n d  of C2H 4 is co nsiderab ly  
fa s te r  u n d e r all e x p e rim e n ta l co n d itio n s in v e s tig a te d  th a n  a n y  o th e r  reac tio n s
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o f  th e  triflu o ro m e th y l ra d ic a ls . O n th e  o ther en d  o f  th e  p ro d u c t sp ec tru m , th e  
d o d e c a n e s  were th e  h ig h e s t m olecular w eigh t co m p o u n d s  w hich could  be 
d e te c te d  and  m easured . (S o m e u n d e re s tim a tio n  o f  th e ir  am o u n ts  m ay  n o t be 
e x c lu d e d  because o f th e  u n fa v o u ra b le  peak  fo rm s a n d  m inor losses o n  th e  
c a p i l la ry  colum n used  in  th e  analysis . This m ay  n o t  h a v e  a s ign ifican t effect 
o n  o u r  resu lts.) I n  e x p e r im e n ts  carried  ou t a t  th e  h ig h es t [C2H 4]/[P F A A ] 
r a t io s ,  th e re  were som e in d ic a tio n s  of th e  fo rm a tio n  o f  even  higher m olecu lar 
w e ig h t p roducts. H o w ev er, th e ir  role is c e rta in ly  in s ig n ifican t.

T h e  fo rm ation  o f th e  re a c tio n  p roduc ts c a n  be  exp la ined  by  reac tio n s  
o f  fo u r  triflu o ro a lk y l ra d ic a ls . T hree  of these a re  p r im a ry  alkyl free rad ica ls ,

C F 3C H 2C H 2

C F3(C H 2)3C H 2

C F3(C H 2)5C H 2

d esig n a ted  b y  C3 

d es ig n a ted  b y  C5 

d es ig n a ted  b y  C7,

w h ic h  m ay  be fo rm ed  b y  successive  add itions to  e th y le n e , and  th e  fo r th  is 
a  s e c o n d a ry  rad ical,

C F 3C H 2C H (C H 2)3CH3 d esig n a ted  b y  sC7,

w h ic h  m a y  be derived  f ro m  C 7 b y  1 ,5-hydrogen sh if t . T he  p a ra ff in  p ro d u c ts  
w ith  ev e n  carbon  a to m  n u m b e rs  and w ith  tw o  C F 3 g roups (w hich a p p e a r  in  
th e  l a s t  six  rows of th e  T a b le )  a re  defin ite ly  c o m b in a tio n  p ro d u c ts , w hile th e  
p a r a f f in  an d  olefin p ro d u c ts  w ith  odd carb o n  a to m  n u m b ers  and  w ith  one 
C F 3 g ro u p  in  each m olecu le  (see rows 1 — 7) o r ig in a te  from  d isp ro p o rtio n a tio n  
re a c t io n s  of th e  free ra d ic a ls .

F o rm a tio n  of th e  p ro d u c ts  detec ted  in  th is  w o rk  ca n  be ex p la in ed  by  
th e  fo llow ing  reac tio n  sch em e . (T he designations u sed  fo r th e  ra te  coeffic ien ts 
r e fe r  to  th e  ty p e  of r e a c tio n  in  question , i.e. ad  =  a d d itio n , c =  co m b in a tio n , 
d — d isp ro p o rtio n a tio n  a n d  i =  isom erization . T h e y  also  in d ica te  th e  ca rb o n  
a to m  n u m b er of th e  free  ra d ic a ls  w hich re a c t; in  case  o f  d isp ro p o rtio n a tio n  
re a c tio n s ,  th e  C -atom  n u m b e r  o f th e  H -a b s tra c tin g  ra d ic a l is g iven f ir s t  an d  
t h a t  o f  th e  H -d o n a tin g  ra d ic a l  last.)

P F A A  +  h r ► 2 Cx +  CO +  C 0 2 (1)
Cl +  C2H 4 .

Äjad ►C3 (2)
C3 +  C 3 »̂0* ►Ce (3)

&»da *■ C3P -f- C30 (4)

C3 +  C2H 4 &«ad
►C5 (5)
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C5 +  c 3
*io3 C8 (6)

/fade C3p +  C5O
(7)

/feds C30 +  C5P (8)

c 5 +  0 5 A'eoe------ >. C10 (9)
/fbde C5P +  C50 ( 10)

C5 +  C2H 4 /fead------>Ó, ( 11)

C7 +  c 3 Cl« ( 12)

kadi C3p +  C70 (13)

k,da c3o +  C7P (14)

C7 +  c 5 kicb
Cj2 (15)

kadi C5p +  C70 (16)

к-л. C7p +  c50 (17)

c7 ku ■ sC7 (18)

sC7 +  C3 ka7 08 ■ iC1Q (19)
kadai - c7on +  C3P (20)

k$i ds -̂ C7P -j- C30 (21)

sC7 +  C5
k$i се

iC „ (22)

кь d $i - C7ON +  C5P (23)

kai da ■c,p + c5o (24)

I n  th is  schem e, we h av e  inc luded  th e  a d d itio n , isom eriza tion , co m b in a 
t io n  an d  d isp ro p o rtio n a tio n  reac tio n s o f  th e  fo u r triflu o ro a lk y l ra d ic a ls , w ith  
th e  ex cep tio n  o f  c e r ta in  reac tio n s o f C7 a n d  sC7. A m ong th e  la t te r  ones only 
th e  m a jo r reac tio n s  are  ta k e n  in to  a c c o u n t, i.e. reac tions o f  C7 a n d  sC7 w ith  
th e  a b u n d a n t ra d ic a ls  C3 an d  C5 as well as C7 —► sC7 isom eriza tion . H y d ro g e n  
a to m  a b s tra c tio n  reac tio n s w ere n o t co n sid e red  since th e y  are  o f  neglig ib le  
im p o rta n c e  a t  ro o m  te m p e ra tu re  as ev id en ced  b y  th e  sim ilar ra te  o f  fo rm a tio n  
o f p a ra ff in s  a n d  o lefins w ith  id en tica l c a rb o n  a to m  n um ber (see T a b le  I I ) . 
A ro u n d  an d  ab o v e  400 K , especially  in  e x p e rim e n ts  carried  o u t a t  h ig h  C2H 4 
c o n c e n tra tio n s  th e  ra te s  o f  fo rm a tio n  o f  th e  p a ra ffin s  w ere fo u n d  to  exceed
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Table П

Ratios o f paraffins and olefins with identical carbon atom numbers as a function  
o f  the reaction temperature. [C2H4]/[PFAA] = 1 : 1 ,  overall pressure: 6.7 ±  0.1 k P a

Paraffin
Olefin 301 к 364 К 438 К

C»p/C30 0.96 1.23 1.42
c 6p/c8o 1.16 1.59 1.77
C,P/(C,0 +  CjON) 1.39 1.34

th o s e  o f  th e  co rrespond ing  o lefins and  a t  th e  sam e  tim e  new peaks ap p e a re d  
o n  th e  ch ro m a to g ram s. A ll th is  ind ica tes t h a t  h y d ro g en  ab s trac tio n s  o ccu rred  
a n d  th e  m echan ism  becam e co m p lica ted  a t  h ig h  te m p e ra tu re s . N o in d ic a tio n s  
o f  r a d ic a l  decom position  re a c tio n s  w ere o b se rv ed , a t  least below 400 K , th e re 
fo re , deco m p o sitio n  re a c tio n s  w ere n o t co n sid e red  in the  schem e.

A s expec ted , co m b in a tio n  p ro d u c ts  p re d o m in a te  u n d er all e x p e rim e n ta l 
c o n d itio n s . A t 300 К  th e y  c o n tr ib u te  82 ^  2 %  to  p ro d u c t fo rm a tio n , w hile 
o n ly  18 i  2 %  is acco u n ted  fo r b y  th e  d isp ro p o rtio n a tio n  p ro d u c ts . T h is m eans 
t h a t  90 1 .5%  and  10 ^  1 .5 %  o f th e  free ra d ic a ls  d isappear by  co m b in a tio n

Fig. 1. D ependence of com bination p roduct yields (percen tage of to ta l am ount of products) 
on th e  [C2H4]/[PFA A | ratio . T em perature: 300 ±  1 K ; overall pressure: 6.7 ±  0.1 k P a . 

(1), C6; (2), C8; (3), C10; (4), C„; (5) iC10; (6), iC12
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an d  d isp ro p o rtio n a tio n  reac tio n s, re sp ec tiv e ly . W hile  th e  ra tio  o f all co m b in a 
tio n  p ro d u c ts  to  all d isp ro p o rtio n a tio n  p ro d u c ts  is fo u n d  to  be p ra c tic a lly  
c o n s ta n t a t  room  te m p e ra tu re , th e  d is tr ib u tio n  o f  th e  co m b in a tio n  as w ell as 
th a t  o f th e  d isp ro p o rtio n a tio n  p ro d u c ts  dep en d s co n sid e rab ly  on  th e  e x p e ri
m en ta l cond itio n s.

A ccord ing  to  th e  re a c tio n  schem e, th e re  is a co m p e titio n  b e tw een  re a c 
tions second an d  f irs t  o rd er w ith  re sp ec t to  ra d ic a l c o n cen tra tio n . (The fo rm er 
g roup  consists o f  c o m b in a tio n  and  d isp ro p o rtio n a tio n  reac tio n s, w hile a d d i
tions and  iso m eriza tio n  belong to  th e  la t te r  one.) A ny change in  th e  e x p e ri
m en ta l co n d itions w hich influences th e  c o m p e titio n  be tw een  reac tio n s f irs t  
an d  second o rd e r w ith  resp ec t to  rad ica l c o n c e n tra tio n  is ex p ec ted  to  a lte r  
th e  sp ec tru m  o f free rad ica ls  and , as a co nsequence , th e  d is tr ib u tio n  o f re a c 
tio n  p ro d u c ts . T h u s , for in s tan ce , an  increase  in  th e  [C2H 4]/[P F A A ] ra t io  or 
in  te m p e ra tu re  shou ld  fav o u r ad d itio n s as c o m p ared  to  com b in a tio n s an d  
d isp ro p o rtio n a tio n s  w ith  th e  re su lt o f in c reasin g  th e  role p layed  by  rad ica ls  
o f higher ca rb o n  a to m  n u m b er an d  a t  th e  sam e tim e  increasing  also th e  p e rcen 
ta g e  o f h ig h er m o lecu lar w eigh t com pounds in  th e  p ro d u c t com position . An 
opposite  effect is ex p ec ted  w ith  increasing  lig h t in te n s ity .

F igures 1 an d  2 show  th e  d ependences o f  th e  y ields o f c o m b in a tio n  
p ro d u c ts  and  d isp ro p o rtio n a tio n  p ro d u c ts , re sp ec tiv e ly , on  th e  in itia l com posi-

Fig. 2. Dependence of disproportionation product yields (percentage of to ta l am oun t of 
products) on the [C2H4]/[PFA A ] ratio . T em perature: 300 i  1 K ; overall pressure: 6.7 ±  0.1 

kPa. (1), C3P; (2), C30 ;  (3), C6P ; (4), C60 ;  (5), C,P; (6), C ,0; (7), C,ON
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t io n . I t  m a y  be seen th a t  a n  in crease  in  th e  jX ^H J/jT F A A ] ra tio  en h an ces th e  
f o rm a tio n  o f higher m o lecu la r w eigh t p ro d u c ts . T his in d ica tes  th e  increase 
in  th e  ro le  p layed  b y  ra d ic a ls  o f h ig h er c a rb o n  n u m b er w ith  increasin g  e th y len e  
c o n c e n tra t io n  as a re su lt o f  en h an ced  ad d itio n .

T h e  dependence o f  th e  y ie ld s o f c o m b in a tio n  p ro d u c ts  on  th e  re a c tio n  
te m p e ra tu re  and on  lig h t in te n s i ty  is p re se n te d  in  Figs 3 and  4, re sp ec tiv e ly . 
A s c a n  be  seen, th e  d is tr ib u tio n  o f th e  co m b in a tio n  p ro d u c ts  show s th e  te n 
d e n c y  ex p ec ted  on th e  b as is  o f th e  suggested  m echanism .

Fig. 3. Dependence of com bination p roduct yields (percentage of to ta l am ount of products) 
on reac tio n  tem perature. [C2H4]/[PFA A ] =  1 : 1 ,  overall pressure: 6.7 ±  0.1 k P a . (1), C6; 

(2), 08; (3), C10; (4), C12; (5), iC10; (6), iC12

Free radical concentrations

F re e  rad ical co n c e n tra tio n s  can  be d e riv ed  from  th e  e x p e rim e n ta l ra te s  
o f  fo rm a tio n  of th e  co m b in a tio n  p ro d u c ts . T h u s, for tr if lu o ro p ro p y l rad ica l 
c o n c e n tra t io n  one o b ta in s

[C3]
Д 1/2(С6)

&3cl
(25)

A cta  Chim . Acad. Sei. Hung. I l l , 1982



DÓBÉ et al.: KINETICS OF REACTIONS OF ALKYL RADICALS 51

F u rth e rm o re , re la tiv e  co n cen tra tio n s  o f  th e  h igher free ra d ic a ls  a re

[C5] кзез R(Cs)

[C3] к sen R( с в)

[C,] к$сз R(Cu)
[C3] к~,съ R( c 8)

[sC7] кзез R(iCio) к$сз P (iC 12)

[C31 ks 7сЗ R( c . ) ks 7c5 R{£ s)

(26)

(27)

(28)

Light intensity in arbitrary units
Fig. 4. Dependence of com bination p roduct yields (percentage of to ta l am o u n t of products) 
on incident light in tensity . [C2H4]/[PFA A ] = 1 : 1 ,  overall pressure: 6.7 ±  0.1 kP a . (1), Ce; 

(2), C8; (3), C10; (4), C12; (5), iC10; (6), iC12

Combination and disproportionation reactions

C3P  an d  C30  p ro d u c ts  are  fo rm ed  a t  room  te m p e ra tu re  o n ly  b y  dis
p ro p o rtio n a tio n  reac tio n s  of th e  C3 ra d ic a ls . F rom  th e  re a c tio n  schem e, by 
m eans o f E q s (2 5 )—(28), one o b ta in s

K(C3P ) &3d3 . ^3d5 Д(Са) . &3d7 ^5C3 ^ ( ^ 1 2 ) , ^3ds7 R(iC  10) IW )
fi(C e) Л3с3 Л5с3 Д(С„) k lc5 fc3t3 ЩСр) ^S7c3
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an d

i?(C3Q) _ ^3d3 i ^5d3 Д(Сз) , Jhd3 ^5c3 ^ (^ 12) , ŝ7d3 Д(*0и») I3 0 )
fi(Ce) 3̂c3 5̂c3 Rföa) 7̂C5 З̂сз ŝ7c3 -̂ (Cg)

I n  th e se  expressions th e  la s t  tw o term s c a n  be  n eg lec ted  [Л(С12)/Л(С8) <  1 
an d  R (iC 10)/R(C6) 1 ] an d  th e  equations ta k e  th e  sim ple linear form s

and

R( C3P ) _ ^3d3 _j_ k3d5 Щ  C8) (2 9 ')
Щ  c . ) к3сз к$сз ЩС6)

R(C3 O) k3d3 , k$d3 ЩСа) (3 0 ')
R(ce) — I ‘^3c3 к$сз ЩСв)

P lo tt in g  th e  e x p e rim e n ta l re su lts  m easured a t  ro o m  te m p e ra tu re , th e  d isp ro - 
p o rtio n a tio n /c o m b in a tio n  ra tio s

=  0.10 ±  0.01 an d  =  0.055 ±  0.015 (31)
^Зсз 5̂C3 ГС5СЗ

w ere o b ta in e d . (The e rro r  lim its  here and  th ro u g h o u t th e  paper are a t  a 9 5 %  
con fid en ce  level.)

T h e  d isp ro p o rtio n a tio n /co m b in a tio n  ra t io  fo r C 3 C5 can be d eriv ed  
also from  a sim ilar an a ly s is  o f K(C5P)/J?(C8) a n d  R(CsO)/R(CS) . T he v a lu es  
o b ta in e d  for k3<i5lk5c3 a n d  к&аз/к5c3 range betw een  0.05 a n d  0.08 in  good ag reem en t 
w ith  th e  above re su lts .

P ro d u c t C7O N  is a m easu re  of d isp ro p o rtio n a tio n  reac tions (20) an d  (23). 
T he r a te  of fo rm a tio n  o f h e p te n e  w ith  n o n - te rm in a l double bond m a y  be 
g iv en  as

R (C 7O N ) =  R(iCw) +  Щ1С12) (32)
ksTc3 ks 7c3

W ith  th e  reasonab le  a s su m p tio n  of k3ds7 k5(jS7, one o b ta in s , from  th e  Ä(C?O N )/
I R (iC lt)) +  R(iC 12) ra tio s  m easu red  at room  te m p e ra tu re ,

*3ds7_ =  fesd« =  Q 1 5  ±  0 Л )5  ( 3 3 )

^s7c3 ^S7cs

A ro u g h  e s tim a te  o f  th e  d isp ro p o rtio n a tio n /c o m b in a tio n  ratios zl(sC7, C3) 
an d  zl(sC7, C5) can  be o b ta in e d  from

R( C7P ) Ä(C70 ) fes7d3 ^s7d5------------------------ -----------  =  -------
Ä(*C10) +  R(iC:12) k$Tc3 ^s7c5

(34)
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Table П1

Disproportionation/combination ratios
[/!(/<[, K2) =  fcdis./fecomb.> where R t and l{2 are II  donor and H  acceptor, respectivelyJ

Ratio Source

d(C3, C3) =  0.10 ±  0.01 this work

d(C3, C5) =  d(Cs, C3) =  0.055 ± 0 .0 1 5 this work
d(C3, sC,) =  zl(C6, sC7) =  0.15 ±  0.05 this work
d(sC„ C3) =  A(sC„ C6) S: 0.2 this work

Ratio Source

/1(СН3СН,СН2, CH3CH2CH2) =  0.15 [4], [51
/1(CH3CII2CH2, CH3CH2CII2CII2CH2) =  0.056 [6]
zl(CH3CH2CII2, CH3CH2CII,CHCH3) =  0.11 [6]
/I(C1I3)3CCH2CHCH3, CII3CI12) =  0.23 [7]
d(CH3CH2CIICH3, CH3CH2CH2CH2) =  0.45 [5]

w hich involves th e  a ssu m p tio n  o f fcS7d3 — kS7d5. T h e  co n siderab le  u n c e rta in ty  
o f  th e  value of > 0.2 o b ta in e d  for th is  d isp ro p o rtio n a tio n /c o m b in a tio n  ra tio  
is due to  th e  fa c t t h a t  th e  d e te rm in a tio n  of th e  d ifference in  ra te s  o f fo rm atio n  
o f tw o m inor p ro d u c ts  (C7P  and  C70 )  is req u ired .

The d isp ro p o rtio n a tio n /c o m b in a tio n  ra tio s  d e te rm in ed  in  th is  w ork are 
com pared  in  T ab le  I I I  w ith  l i te ra tu re  d a ta  for re la te d  reac tio n s . T he C3, Cs 
an d  sC7 rad ica ls  (w ith  one f lu o rin a te d  m eth y l g roup) show  a b eh av io u r sim ilar 
to  th e  co rresp o n d in g  a lk y l free rad ica ls  reg a rd in g  th e  d isp ro p o rtio n a tio n / 
co m b in a tio n  ra tio s .

Addition reactions

The ra te  co effic ien t fo r C3 ad d itio n  to  C2H 4 [reac tio n  (5)] c a n  be ca lcu la ted  
from  the  e q u a tio n

I?3ad =  R(C5) =  fc3ad[C3][C2H 4] -  * 1/2(C6) [C2H 4] (35)

w here R (Cs) d es ig n a te s  th e  ra te  o f fo rm a tio n  o f th e  C5 free rad ica ls . A ccording 
to  th e  re a c tio n  schem e, th e  ra te  R (C5) m ay  be exp ressed  in  te rm s  of m easured

1 R 2( C )
ra te s  of fo rm a tio n  o f  s tab le  re a c tio n  p ro d u c ts  as Д(С5) R (C8) -)----------— |-

4 R( C6)
+  K(C]0) +  2Я (С 12) +  R (iC 10) +  2Л(»СИ) +  K(C5P) +  K(C50 )  +  R( C7P)

1 R 2(C )
Я(С70 )  I jR(C7O N ). In  th is  expression  o f R (C5), th e  te rm  —  » p / r ,8. accounts

4 f\(C ß)
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fo r th e  r a te  of fo rm atio n  o f C10 b y  se lf-co m b in a tio n  o f C5 rad ica ls  [reac tio n  
(9)], a n d  use has been m ad e  o f  th e  geom etric  m ean  ru le*  fc5C3=  2(fe3C3fc5C5)112.

U sin g  E q . (35), we o b ta in  fc3ad/^3c3 =  (4.04 -j- 0.069) X 1 0 -3 an d  (2.73 -[- 
±  o .79) X 1 0 -2  dm 3/2 m o l_1/2 s _1/2 a t  300 an d  362 K , re sp ec tiv e ly . A n  e s tim a 
t io n  o f  th e  A rrhenius p a ra m e te rs  b a sed  on k ine tic  d a ta  o b ta in e d  a t  tw o  te m 
p e ra tu re s  y ields

E 3ad — —  E 3C3=  27.8 k J  m o l" 1 an d  А ^ /А Щ  =  2.8 X Ю2 d m 3/2 m o l" 1'2 s " 1'2
2

(36)

T h e  r a te  coefficient for C3 a d d itio n  to  C2H 4 [reac tio n  (11)] w as ca lcu la ted  
from  th e  eq u a tio n

* 5ad =  R (С-Л =  A5ad[C5][C2H t] =  [C2H 4] (37)
2 kyc% / i 12(Cfi)

in  w h ic h  we su b s titu te d  [C5] fro m  E q . (26) an d  m ad e  use o f th e  geom etric  
m e a n  ru le  fe5C3 =  2(fc3c3fc5C5)1/2. I n  E q . (37), R (C7) d esigna tes th e  r a te  o f  fo rm a 

tio n  o f  th e  C7 free rad ica ls : R (C7) — [ R(C 10) ---- — " ^ ^ " 1  +  Л(С12) -■*- R(iC la)
( 4 R (c e) ]

I R (iC 12) -f- H(C7P) +  Ä(C70 )  +  E (C ?ON), w here th e  te rm s  in  b races { } 
a c c o u n t fo r  th e  ra te  o f fo rm a tio n  o f C10 b y  c o m b in a tio n  o f C3 an d  C7 rad ica ls .

F ro m  E q . (37) we c a lc u la te  к5аа/&5сз =  (2.72 ^  0.66) x l 0 ~3 an d  (1.67 ^  
i  0.79) X l O -2  dm 3'2 m o l_1/2 s _1/2 a t 300 and  363 K , re sp ec tiv e ly . An e s tim a
tio n  o f  th e  A rrhenius p a ra m e te rs  based  on these  tw o  ra te  co e ffic ien t ra tio s  
y ie ld s

E Sa d ----- — E 5C5 —- 26.8 k J  m o l" 1 and  А ^ /А Ц ^  =  1.3 X 102 d m 3/2 m o l" 1/2 s ~1/2
2 (38)

I n  T ab le  IV, we co m p are  o u r a d d itio n  ra te  coeffic ien ts  w ith  l i te ra tu re  
d a te . S ajngster  and T h y n n e  r e p o r te d  [8 ] a h igh ra te  coeffic ien t for th e  ad d i
tio n  o f  3 ,3 ,3 -tr if lu o ro p ro p y l-l ra d ic a l to  e thy lene , w hich  seem s to  in d ica te  
th a t  th e  C 3 rad ica l behaves like  th e  v e ry  reac tiv e  C F 3 rad ica l in  a d d itio n  reac 
tio n s  (kad/klomb.= 46 dm 312 m o l_1/2 s - 1 '2 for C F 3 a t 300 К  [9]). O n th e  c o n tra ry , 
o u r r a te  coefficients k3acj an d  fc5ad (w hich  w ere derived  from  a n a ly tic a l d a ta  
o b ta in e d  u n d e r various e x p e rim e n ta l cond itions, i.e. a t  d iffe ren t [C2H 4]/ 
/ [P F A A ] ra tio s , re a c ta n t c o n c e n tra tio n s  and  in c id en t lig h t in ten s itie s)  as well

* W ith  reasonable assum ptions for the  ratios of certain  ra te  coefficients, i t  m ay  be 
shown th a t  th e  geometric m ean rule holds for the com bination of the C3 and  ú 5 radicals. A 
detailed  investigation  of the correlation  is n o t w arranted  in th is system .

Acta Chim . Acad. Sei. Hung. I l l ,  1982



DÓBÉ et al.: KINETICS OF REACTIONS OF ALKYL RADICALS 55

Tabic IV

Rate coefficients fo r  addition reactions. (Designation  ‘ad' and ‘comb' refer to 
R  C2H4 -*• RCH2CH2 and R -f- R -» R R  reactions-, units used are mol, dm 3, s and  k J .)

*----------------- KslKlAь «  300 к ■̂•ad 2* ^ad/^cennb Source

C, 4.0 ■ 10- 3 27.8 2.8 XlO2 this work

Cs 2.8 X 1 0 -3 26.8 1.3x10* th is work

R o'mt> «  300 К ■̂ ad 2 ^corab ■̂ ad/̂ oomb Source

c 3 12* [8]
CH3CH2CH2 9.0X 10- 3 25.5 2.5x10* [9]
CH3CH2CH2CH2 3.9X 10- 3 28.0 3.0X10* [9]

* Obtained from data  given in Table I of ref. [9] w ith assumed value of fccomь =  Ю9'8 dm3 
m ol-1 s -1

our A rrh en iu s  p a ra m e te rs  are  sim ilar to  th e  k in e tic  d a ta  re p o r te d  fo r a lky  
rad ica l a d d itio n  reac tio n s.

T he fa c t t h a t  we o b ta in  k in e tic  d a ta  fo r  th e  ad d itio n  of C5 ra d ic a l (hav ing  
th e  F  a to m s so fa r rem o v ed  from  th e  s ite  o f  th e  odd elec tron  th a t  i t  c e rta in ly  
behaves like a n  a lky l radical) w hich  are  close to  those d e te rm in ed  w ith  th e  
sam e te c h n iq u e  for th e  a d d itio n  o f  C3 to  e th y le n e , strong ly  sugg ests  t h a t  one 
expec ts th e  r e a c tiv ity  of the  3 ,3 ,3 - tr if lu o ro p y l- l rad ica l to  be s im ila r  to  th a t  
o f th e  n -p ro p y l rad ica l. A part from  th is  reaso n in g , one can  easily  show  th a t  
if C 3 ad d ed  to  e th y len e  as fa s t as su g g ested  b y  Sangster  an d  T h y n n e , we 
could h a rd ly  fin d  c o m b in a tio n  p ro d u c ts  o f  C3 and  could n o t d e te c t  d isp ro 
p o r tio n a tio n  p ro d u c ts  o f C3. T he ra tio  o f th e  r a te  of ad d itio n  an d  se lf-co m b in a
tio n  is g iven  by

fiiad   ^3ad [C2H 4] (39)
files ~  kill R1/2(C0)

In  a ty p ic a l e x p e rim e n t a t 300 K , [C2H 4]/[P F A A ] =  1 0 : 1  a n d  [C2H ,] — 
=  2.5 X 1 0 3 m ol d m 3 we fo u n d  th e  r a te  o f  fo rm atio n  o f  Ce to  be a ro u n d  
1 0 ~ 10 m o l d m  3 s _1. H ence w ith  /е^ /& зсз=  12 dm 3/2 m o l-1 '2 s~ 112 ( th e  value 
o f Sa n g st e r  an d  T h y n n e ) one o b ta in s  f ro m  E q . (39) f i a d / f i c e  =  3 X Ю 3, i.e. 
a neg lig ib le  p a r t  o f  th e  p ro d u c ts  w ould  be Ce. On th e  c o n tra ry , w e fin d  C0 
to  be th e  m a jo r re a c tio n  p ro d u c t.

I t  is h a rd  to  fin d  an  e x p lan a tio n  fo r th e  th ree  orders o f m a g n itu d e  differs 
ence in  A:3ad. O ne reaso n  m ay be th e  co n sid e rab le  o v erestim atio n  o f  th e  am o u n t 
o f  th e  m ino r p ro d u c t C F3CH2C H 2CH2C H 3 in  th e  analysis o f Sa n g s t e r  and 
T h y n n e  due to  th e  in te rfe rence  cau sed  b y  a n  unreso lved  p ro d u c t o r im p u  rily .
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S om e in d ic a tio n  of th e  o v e re s tim a tio n  is a p p a re n t  from  the  u n e x p e c te d ly  
h ig h  y ie ld  o f  C F3CH2C H 2C H 2C H 3 (17.6 tim es h ig h e r th a n  th a t  o f C F3C H  C H 2) 
fo u n d  b y  Sa ngster  an d  T h y n n e  in  an  e x p e rim e n t ca rried  ou t in  th e  ab sen ce  
o f H 2S.

Isom erization

T h e  ra te  coeffic ien t fo r 0 7 * sC7 iso m e riz a tio n  [reaction  (18)] c a n  be 
c a lc u la te d  from  the ra te s  o f  p ro d u c t fo rm a tio n  in  reac tio n s  (20) — (24):

Kv K(SC 7) : fc7,[C7]
k lL R (C U) f i ll2(Ce) 

Ч Й  R (C H)
(40)

I n  d e r iv in g  E q . (40), th e  ex p ressio n  for [C7] h a s  b een  ta k e n  from  E q . (27) 
a n d  u se  h as  been  m ade o f  th e  geom etric m e a n  ru le s  k5C3 =  2(k3c3fc5C5)1/2 a n d  
fc7C5 =  2 (fc5C5fc7c7)1/2, w hich  a llow ed  us to  re p la c e  к5с3 (к?с5к3'.3) by  l /k 7i?7. T h e  
te rm  R(sG-j) designates th e  r a te  o f fo rm a tio n  o f  th e  rad ica l sC7 w hich m a y  be 
g iv e n  a cco rd in g  to  ou r re a c tio n  schem e by  R(sC 7) — (1 +  kS7d3/kS7C3) R (iC la) +  
1 ( 1 +  ksldJ k slcs} R(iC12) +  R (C7ON). F or th e  r a t io s  ks7d3/kS7C3 and fcS7d5/fcs7c5 w,; 

e s t im a te d  ^>0.2 (see ab o v e), fu rth e rm o re , th e  v a lu es  o f 0.23 and  0.45 w ere  
r e p o r te d  fo r  th e  d isp ro p o rtio n a tio n /c o m b in a tio n  ra t io s  o f analogous re a c tio n s  
(see T a b le  I I I ) .  H ence we m a y  assum e th a t  к з7аз/к&7СЗ=  ks7dJks7Cb =  0 .35. T h e  
use o f  th is  fig u re  in  th e  c a lc u la tio n  of R(sC7) m a y  in tro d u ce  an  e rro r o f  less 
th a n  1 0 %  in  th e  iso m eriza tio n  ra te  coeffic ien t.

U sin g  th e  d a ta  m e asu red  a t  300 К  (in  e x p e rim e n ts  carried  ou t a t  [C2H 4]/ 
[P F A A ] < 1 0  ra tio s , v a rio u s  r e a c ta n t  c o n c e n tra tio n s  an d  ligh t in te n s itie s ) , 
we o b ta in  from  E q . (40)

=  (5 .8  ±  1.0) x  1 0 -5 m ol1/2 d m _3/2 s -1 '2 (41)
,C7

M e a su re m e n ts  o f th e  m ino r p ro d u c ts  (like C12 a n d  C7ON) were n o t a c c u ra te  
e n o u g h  to  derive  re liab le  iso m eriza tio n  ra te  co e ffic ien ts  a t  higher te m p e ra tu re s , 
th u s  A rrh e n iu s  p a ra m e te rs  co u ld  n o t be d e te rm in e d  b y  experim en t.

In q u ir in g  in to  th e  sou rces of possible sy s te m a tic  errors, th e  n eg lec t o f  
a d d i t io n  o f  sC7 rad ica ls  to  C2H 4 has to  be d e a lt  w ith . Since we were u n a b le  to  
id e n tify  d e fin ite ly  p ro d u c ts  w h ich  could be fo rm e d  in  reac tions of free ra d ic a ls  
w ith  n in e  ca rb o n  a to m s, we o m itte d  sC7 +  C2H 4 a d d itio n  reac tio n  fro m  th e  
re a c t io n  schem e and  as a  re s u lt  we did  n o t in c lu d e  a te rm  for R s7ad in  th e  
e x p re s s io n  o f  R(sC7) in  E q. (40). This m igh t h a v e  cau sed  an  u n d e re s tim a tio n  
o f  k 7i/k 7c7- A ltho u g h  a d d itio n  re a c tio n  sC7 +  C2H 4 could  n o t be m o n ito re d  
d ire c t ly  b y  m easuring  th e  r a te s  o f  fo rm atio n  o f  th e  a p p ro p ria te  h igh m o lecu la r
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w eigh t p ro d u c ts , how ever, a rea so n ab ly  good e s tim a te  o f -Rs7ad can  be o b ta in ed *  
i f  &S7ad/fcs7cs7 is assum ed to  be s im ila r to  fc5ad/&5cs or ^заа/^зез- In  th is  w a y  it  m ay 
be show n th a t  th e  om ission  o f  sC7 -f- C2H 4 a d d itio n  causes an  u n d e re s tim a tio n  
in  of ab o u t 0 .5 % , 3 — 6 % , 10 — 21%  and  5 0 —100%  in  our e x p e rim e n ts

, c a rried  o u t a t  [C2H 4]/[P F A A ] ra tio s  o f 0.05 : 1, 1 : 1, 10 : 1 an d  50 : 1, resp ec
tiv e ly . T herefo re , on ly  d a ta  o b ta in e d  a t  [C2H 4]/[P F A A ] ^  10 w ere  used  to  
derive  th e  iso m eriza tio n  ra te  coefficien t k7(/fe707- ( I t  is to  be m e n tio n e d  th a t  
th e  neg lec t o f ad d itio n  re a c tio n  C7 +  C2H 4 m ay  cause an  u n d e re s tim a tio n  in  
k*ad /k ill an d  A5ad/fcsc5- H ow ever, i t  m ay  be show n by  co n sid e ra tio n s  s im ila r to  
th e  above ones th a t  th is  is neglig ib le u n d e r  all ex p e rim en ta l co n d itio n s.)

W a tk in s  and  co-w orkers found  th a t  re-pentyl rad ica ls  [10] a n d  re-hexyl 
rad ica ls  [11] form ed b y  a d d itio n  of sm aller a lky l rad ica ls  to  e th y le n e  are 
chem ically  a c tiv a te d , th u s  v ib ra tio n a lly  ex c ited  as well as th e rm a liz e d  free 
rad ica ls  m ay  c o n tr ib u te  to  th e  o bserved  ra te  o f isom eriza tion . W e h a v e  no t 
ta k e n  in to  accoun t ex c ited  C7 rad ica l reac tio n s  in  our re a c tio n  sch em e , th e re 
fore, i t  is necessary  to  show  th a t  iso m eriza tio n  o f chem ically  a c t iv a te d  C7 
rad ica ls  does n o t c o n tr ib u te  to  sC7 fo rm a tio n  u n d e r th e  e x p e rim e n ta l con d itio n s 
used  in  th is  w ork. In  a series o f ex p e rim en t we increased  th e  o v e ra ll p ressu re  
o f  th e  system  (a t c o n s ta n t [C2H 4]/[P F A A ] — 50 : 1 ra tio  b y  in c re a s in g  the  
c o n c e n tra tio n  of th e  re a c ta n ts )  from  6.7 to  32.7 k P a  and  c a lc u la te d  fc7,/k7c7 
from  E q . (40) as described  above. T he re su lts  are g iven in  T ab le  У . O ne expects 
k7i/k]с? to  decrease w ith  p ressu re  if  chem ically  a c tiv a te d  C7 rad ica ls  c o n tr ib u te  
to  th e  observed  ra te  o f iso m eriza tio n . As m ay  be seen from  th e  re s u lts  p resen ted  
in  th e  T ab le , th is  is n o t th e  case u n d er th e  ex p erim en ta l c o n d itio n s  o f our 
in v es tig a tio n s . As a m a tte r  o f  fa c t, th e  d a ta  seem  to  su p p o rt a n  opposite  
ten d e n c y  w hich we in te rp re t s im p ly  as th e  re su lt of ex p e rim en ta l e rro rs .

O ur re su lts  on  th e  1 ,5 -hydrogen  sh ift (isom erization) o f  re-hepty l rad ica ls  
m ay  be com pared  w ith  th e  d a ta  for th e  s im ila r reac tio n  o f re-hexyl rep o rted  
in  th e  l i te ra tu re  [12]. F ro m  ex p erim en ts  ca rried  o u t in  th e  p resen ce  o f  added  
SF e (h igh  p ressure) to  ensu re  th e rm a liz a tio n  o f  th e  re-hexyl ra d ic a ls , W a tk in s

[11] o b ta in ed  log (/ceifc^2fc^2/m ol1/2 d m ~3/2 8~1/2) =  3.94 — 46.9 k J /R T  In 10, 
w here fcei, fc2c2 and  fe6c2 d esig n a te  th e  ra te  coefficien ts for th e rm a l iso m eriza tio n  
(1,5 h y d ro g en  shift) o f  re-hexyl, for se lf-com bination  o f e th y l a n d  fo r cross 
co m b in a tio n  of e th y l -f- re-hexyl, re sp ec tiv e ly . A ssum ing th e  g eo m e tric  m ean  
ru le  fc6C2 =  2(fc2C2kece)1 /2 to  be v a lid , th e  ra tio  кЦ^к^, m ay be re p la c e d  b y  1/2к\Ц 
and  th e  iso m eriza tio n  ra te  co ffic ien t кы re la tiv e  to  th e  re-hexyl se lf-co m b in a tio n  
ra te  coeffic ien t k6C6 c a n  be expressed  as log (k6i fc6ĉ 2/m ol1/2 d m ~3/2 s _1/2) =  
=  4.24 -  46.9 k J /Я Г  In  10. T h is y ields a t  300 К  k j k f ä  =  1 . 2 x 1 0 - 4 m ol1/* 
dm  3/2 s -1 /2 for re-hexyl ra d ic a l in  acco rdance  w ith  o u t re su lt fc7(/A:7c7 =  5.8 X 
X 1 0 - 5 m ol1/2 dm  _3/2 s ~1/2 for re-heptyl rad ica l.

* The rate of addition of sC7 to C2II4 may be given as l i S7ad —  “K" j ? U 2 / r  \ [С*Н4].
2 ' CS7CS7 К 1 ( * - ‘e )
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O ne expects th e  p re -e x p o n e n tia l fac to rs  fo r  iso m eriza tio n  o f  re-heptyl 
a n d  n -h ex y l rad icals to  b e  v e ry  sim ilar. W ith  th e  reaso n ab le  a ssu m p tio n  of 
A-ji/A ]с? =  Agj/Alcl a n d  log  (A 0i/Alc6) =  4.24 ta k e n  from  th e  w ork o f W a t k in s  
[11] th e  ac tiv a tio n  e n e rg y  difference o f E v  — 1/2 E 7C7 =  48.7 k J  m o l-1  is 
o b ta in e d  from  E q. (41). H o w ev e r, A 6j/Alcl =  1 0 4-24 m ol1/2 d m -3/2 s -1 /2 is m ore

Table V

Isomerization rate coefficients obtained at various pressures. 
Reaction temperature: 300 K; [C2H4]/[PFA A ] =  50 : 1

Гр/kPa 6.7 27.0 32.7

(fcrí/fcW?)/
/m ol1/2 d m -3 / 2 s - 1 /2 2.8 X lO - 5 3 .1 X 1 0 - 5 4.0 X 1 0 -5

t h a n  one  order of m a g n i tu d e  less th a n  th e  tr a n s i t io n  s ta te  e s tim a te  [12]. 
A ssu m in g  a tig h t t r a n s i t io n  s ta te , F r ey  an d  W a lsh  [12] suggest 1010-5 s -1 
fo r  th e  А -factor o f 1 ,4-, 1,5- o r 1 ,6-hydrogen sh if ts  in  free rad ica ls . A ccep ting  
th is  v a lu e  for A 7i an d  a s su m in g  A 1C1 =  109S ( th e  sam e  as for e th y l reco m b in a 
t io n ) , we have A v /A ]£  =  105 e m ol1/2 d m -3 /2 s -1/2' an d  o b ta in  E lt -  1/2 _E7C7 — 
=  56 .5  k J  m o l-1 fro m  E q . (41). These e s tim a tio n s  show  th a t  th e  a c tiv a tio n  
en e rg ies  for n-alkyl ra d ic a l  isom erizations b y  1 ,5 -h y d ro g en  sh ift are b e tw een  
50 a n d  60 k J  m o l-1 . A m o re  accu ra te  d e te rm in a tio n  o f  th e  a c tiv a tio n  energy  
m a y  b e  expected  on ly  f ro m  experim en ts ca rr ied  o u t  w ith  a v e ry  clean  ra d ic a l 
so u rce  u n d er cond itions w h e re  th e  m echanism  is sim p le  and  iso m eriza tio n  is 
th e  m a jo r  reac tio n  o c c u rr in g .
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W ith the help of k inetic constan ts, m olecular constants, nam ely  th e  Coriolis 
coupling constants and the centrifugal d isto rtion  constants of ten  p y ram id a l XY3 
molecules have been evaluated . The values o f these constants are reasonab le  and fall 
in the expected range, being also in good agreem ent with the observed values, which 
bears ou t the significance of the m ethod o f k inetic constants.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 111 (1), pp. 59 63 (1982)

In tro d u c tio n

R ecen tly  th e  a t te n tio n  o f  m o lecu la r spectroscop ists h a s  b e e n  a t tra c te d  
b y  th e  co n cep t of k in e tic  c o n s ta n ts . T h e  k in e tic  co n stan ts  o f  m o lecu les and 
ions a p p e a r to  be o f basic  sign ificance  in  th e  s tu d y  of th e  v ib r a t io n  o f  m ole
cu les an d  ions. M olecular k in e tic  c o n s ta n ts  are  th e  v ib ra tio n a l in e r t ia l  coeffi
c ie n ts  invo lved  in  W i l s o n ’s ex p ressio n  fo r th e  k inetic  energy re la t in g  to  m olec
u la r  v ib ra tio n s , g iven  b y  2T  S G _1S w here  G _1 =  K . T h e  u ti l iz a t io n  of 
k in e tic  c o n s ta n ts  in  e v a lu a tin g  th e  m o lecu la r co n stan ts  c a n n o t be  over
e m p h a s iz e d . T he d e te rm in a tio n  o f  sy m m e try  force co n stan ts  in v o lv e d  in  the 
secu la r  eq u a tio n  from  th e  n, v ib ra tio n a l frequencies alone h as  b e e n  a m a th e 
m a tic a lly  u n d e rd e te rm in ed  p ro b lem  so fa r . T herefore  any  g en u in e  a t te m p t  to  
e v a lu a te  all th e  sy m m e try  fo rce  c o n s ta n ts  associa ted  w ith  a p ro b le m  o f  o rder 
n >• 1 shou ld  invo lve  th e  in c o rp o ra tio n  o f  a t  least nt (rij — l )/2 a d d itio n a l 
d a ta  o th e r  th a n  th e  n ( freq u en c ies . T h e  m e th o d  of k inetic  c o n s ta n ts  seeks to  
re la te  th e  off-d iagonal e lem en ts o f  th e  F  m a tr ix  th ro u g h  th e  re la t io n :

li
l i L
K j j

[ i < j -  i , j  — L 2]

W i l s o n ’s F —G M a trix  m e th o d , co u p led  w ith  k in e tic  c o n s ta n ts  and  
re d u n d a n c y  c o n s tra in ts , has b een  found  to  lead  to  accep tab le  se ts  o f  m olecular

* To whom correspondence should he addressed
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c o n s ta n ts  for several m o le c u la r  types [1 — 8 ]. E x te n d in g  th is  p ro ced u re  to  
t r ig o n a l  pyram idal X Y 3 [C3t)] molecules, th e  m o le c u la r  k inetic  c o n s ta n ts , th e  
p o te n t ia l  co n stan ts  a n d  th e  m ean  am plitudes h a v e  b een  rep o rted  for g roup  
Y  h y d rid e s  and  som e h a lid e s  [9].

T h e  purpose o f th e  p re s e n t  paper is to  t e s t  th e  v a lid ity  of th e  force 
f ie ld  b y  calcu la ting  o th e r  m o lecu la r co n stan ts , v iz., C oriolis coupling c o n s ta n ts  
a n d  cen trifu g a l d is to r t io n  co n stan ts . T he v a lu e s  o b ta in e d  in  th e  p re se n t 
in v e s tig a tio n  are in  good  a g reem en t w ith  th e  o b se rv e d  values, p ro v in g  th e  
s ig n if ican ce  of th e  p ro c e d u re  adopted .

Theoretical considerations

T h e kinetic  c o n s ta n ts ,  th e  p o ten tia l c o n s ta n ts , a n d  th e  m ean am p litu d es  
o f  v ib ra t io n  of th e  X Y 3[C3c] tr ig o n a l p y ram ida l ty p e  h a v e  a lready  been  re p o r te d
[9 ]. U tiliz in g  these fo rce  c o n s ta n ts ,  the Coriolis c o u p lin g  co n stan ts  and  c e n tr if 
u g a l d is to rtio n  c o n s ta n ts  a re  ev a lu a ted  in  th e  p re s e n t  w ork .

Coriolis coupling constants

T h e Coriolis co u p lin g  c o n s ta n ts  w hich can  lie d e te rm in e d  ex p e rim en ta lly , 
c a n  a lso  be ev a lu a ted  fro m  a  re liab le  set o f force c o n s ta n ts  and  th e  va lu es  c a n  
be  u se d  for th e  d e ta iled  in te rp re ta t io n  of v ib ra t io n a l  sp ec tra .

T h e  Coriolis m a tr ix  e le m e n ts  CJ/ [a =  x, y ,  z ] a re  o b ta in ed  b y  th e  v e c to r  
m e th o d  Meal and  P olo  [10] and  the ze ta  m a tr ix  e lem ents are e v a lu a te d  
f ro m  th e  re la tion  C  == L ~ lCa(L ~ 1) m aking use o f  th e  k in e tic  co n stan ts . T he 
e v a lu a te d  Coriolis c o u p lin g  c o n s ta n ts  are g iven  in  T a b le  I. The ze ta  v a lu es  in  
T a b le  I  m ay be seem  to  o b e y  th e  linear a n d  q u a d ra t ic  sum  rules g iven  b v  
O k a  [11].

СзаЗЬ^4а4Ь (£ за 4 б )2 =  ^4

^ЗаЗб +  =  A  — 1
( Ы  +  (Гыа)2 +  (f  23а)2 +  (Oita)2 =  (1 /2 )(Л  +  1)
( 3 U >)2 =  (1 /2 )(1  А)

w h e re  А  =  (IZZ/2 IXX), I z z  is th e  principal m o m e n t o f  in e rtia  ab o u t th e  z 
a x is  w ith  respect to  th e  c e n te r  o f mass.

(С?3а)2 +  ( Я  la)2 +  (£2За)2 +  ( Ы *  +  (2 U )2 =  1 

2 [ ( ^ 3а)2 + ( ^ 4 а ) 2 + ( 3̂а)2 +(^ 4а ) 2 1 /2 ]
~~ (£за4!>)2 +  £зазь(£1а4ь) =  О 

T h e  z e ta  values also o b e y  th e  rela tionsh ip

( « * , ) ( « * . ) - ( « « . )  (8 *,) =  o
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Table I

Coriolis coupling constants

Molecule Сза 3b
Cla *b -P I.a

- c r . .
C?M

a ..
P.a..

SbClj 0.2519
(0.2586)
0.4871

(0.4819)

0.8014
(0.8141)
0.2025

(0.2002)

0.1294
(0.1085)
0.7650

(0.7540)

0.4896
(0.4799)
0.3432

(0.3320)

SbHr3 0.4225
(0.4418)
0.6081

(0.5909)

0.7465
(0.7752)

0.3739
(0.3586)

0.1965
(0.1613)
0.7559

(0.7320)

0.3969
(0.3976)
0.3047

(0.2760)

S b i3 0.5480
(0.5587)
0.6736

(0.6671)

0.7111
(0.7282)
0.4791

(0.4685)

0.2202
(0.1829)

0.7379
(0.7300)

0.3385
(0.3336)
0.2501

(0.2390)

BiCl, 0.1642
(0.1686)
0.4341

(0.4341)

0.8115
(0.8196)
0.1271 

( 0.1277)

0.0887
(0.0751)
0.7521

(0.7510)

0.5241
(0.5118)

0.3674
(0.3600)

BiBr3 0.3071
(0.3145)

0.5139
(0.5137)

0.7970
(0.8063)
0.2465

(0.2469)

0.1501
(0.1268)
0.7699

(0.7570)

0.4691
(0.4572)
0.3216

(0.3140)

B il3
0.4060

(0.4225)
0.5806

(0.5788)

0.7705
(0.7812)

0.3437
(0.3412)

0.1865
(0.1568)
0.7679

(0.7350)

0.4177
(0.4073)
0.2870

(0.2820)

СЮЗ 0.3715
0.4901

0.8363
0.2421

0.1481
0.7920

0.4829
0.2431

ВгОз 0.2111
0.3556

0.8834
0.1195

0.0872
0.7689

0.5609
0.2689

I 0 3 0.1360
0.3610

0.8522
0.0896

0.0676
0.7484

0.3614
0.3349

SeO*- 0.1905

0.4481

0.8105

0.1487

0.1009
0.7571

0.5154

0.3591

Values in parantheses refer to values reported  by T im o sh in in  et al.

Сзаз* an d  t i 3a a re  o f  th e  sam e o rd e r  o f  m ag n itu d e  excep t in  th e  case of 
CIOJ- and  B r O f . U niform  tren d s h a v e  b e e n  no ticed  in  th e  C orio lis coup ling  
c o n s ta n ts  fo r th e se  cases. I t  can  be  seen  from  th e  tab le  th a t  th e  v a lu es  of
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С4а4ь, Ci3a C14a are u n iq u e ly  n e g a tiv e  in  all cases. T h e  h igher value o f  Сгза in d i
c a te s  s tro n g  coupling  b e tw e e n  th e  tw o m odes v2(A )  and  v3(E) in  th e se  cases. 
T h e se  c o n s ta n ts  are  usefu l fo r b an d  assig n m en ts , analy sis  of ro ta tio n  s t ru c tu re  
a n d  p re d ic tio n  o f  b a n d  sh ap es. The good a g re e m e n t betw een  th e  p re se n t 
r e s u l ts  an d  th e  values o b ta in e d  by  T im o s h in in  et al. [12] underlines th e  s ig n if
ic a n c e  o f  th e  m ethod  o f k in e tic  co n stan ts .

C en trifugal d istortion  c o n s ta n ts

T h e  know ledge o f  c e n tr ifu g a l d is to rtio n  c o n s ta n ts  are essen tia l to  d e te r 
m in e  th e  ro ta tio n a l en e rg y  levels of non  r ig id  m olecules. Cyvin  et al. [13] 
h a v e  fo rm u la te d  th e  th e o ry  o f  cen trifugal d is to r t io n  b y  in tro d u c in g  c e r ta in  
n ew  e le m e n ts  Taß s in s te a d  o f  p a r tia l  d e riv a tiv es  o f  th e  in e r tia  tensor c o m p o n en ts  
J<xß,s ° f  K i v E L S O N  an d  W il s o n  [14, 15]. T he q u a n t i t ie s  taßyi have been  o b ta in e d  
u s in g  Cy v in ’s re la tio n  a n d  th e  n o n  van ish ing  T^p s m a tr ix  elem ents h a v e  b e e n  
e v a lu a te d . T he cen trifu g a l d is to r tio n  c o n s ta n ts  o f  th e se  six m olecules a n d  fo u r  
io n s  h a v e  been  c a lc u la ted  using  th e  force c o n s ta n ts  given p rev io u sly  [9 ]. 
T a b le  I I  deals w ith  th e  e v a lu a te d  cen trifuga l d is to r t io n  constan ts  o f th e  m o le 
cu les  a n d  io n  u n d e r s tu d y . A s expected , D jK is n e g a tiv e  in  all th e  cases s tu d ie d  
h e re . T h e  cen trifu g a l d is to r tio n  co n stan t c a lc u la te d  in  th is  w ork for a n tim o n y  
tr ic h lo r id e  agrees q u ite  w ell w ith  th e  o b se rv ed  v a lu es  repo rted  b y  Ca zzo li 
et al. [16], in d ica tin g  th e  sign ificance of th e  p re s e n t  m ethod . The c e n tr ifu g a l 
d is to r t io n  co n s ta n ts  fo r o th e r  m olecules are  re a so n a b le , falling in th e  e x p e c te d

Table П

Centrifugal distortion constants (kH z)

Molecule Dj —DJ к DK

SbCl3 0.5313
(0.5489)

0.7712
(0.7740)

0.3621

Sl>Br3 0.1148 0.1615 0.0795
S b l3 0.0333 0.0517 0.0239
BiCl3 0.4790 0.5452 0.1872
BiBr3 0.0622 0.0861 0.0392
B ii3 0.0206 0.0298 0.0129
C103 9.3491 14.8117 6.5195
B r0 3 5.8884 9.3556 4.2441
IO i 3.6213 5.3654 2.4965
Se03- 3.8652 5.0951 2.2895

The da ta  in paranlheses are the observed values
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range . Since, to  our know ledge no ex p e rim en ta l re su lts  are av a ilab le  for th ese  
cases to  th e  co rresp o n d in g  c o n s ta n ts  e v a lu a te d  in  th e  p resen t in v e s tig a tio n  
are  n o t com pared .

I
Conclusion

O n th e  w hole, i t  is seen  th a t  th e  k in e tic  c o n s ta n ts  do p lay  a fu n d a m e n ta l 
role in  m olecular d y n am ics  an d  th e ir  ap p lic a tio n  to  accep tab le  sets o f  m olecular 
co n stan ts .

*
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The reagent p-sulphobenzeneazo-4-(2,3-dihydroxy-5-chloropyridine) reacts w ith 
tantalum (V ) to form orange-red coloured solution w ith a maximum absorbance at 
510 nm . The reaction is slow a t room tem peratu re  (27 °C) and is com plete in  10 min 
a t  60 °C. The use of citric acid prevents the precip ita tion  and hydrolysis o f tan ta lum  
pentaoxide. The colour is stable for a t  least 16 hrs. The effects of heating tem pera tu re , 
tim e, pH , reagent concentration and o ther variables have been studied. The system  
follows the Beer’s law over the concentration range investigated. The op tim um  condi
tion range for m easurem ent in 10 mm cell is 1 12 fig of tantalum(Y). The m olar absorp
tiv ity  of the complex is 2.13 x 1 0 s L m oles-1 c m -1. The metal-ligand ratio  o f 1 : 2 was 
found by spectrophotom etric m easurem ents and  confirm ed by Jo b ’s continuous v aria 
tions and mole ratio  methods.

In tro d u c tio n

S evera l azo dyes as l-(2 -p y rid y la z o )-2 -n a p h th o l (PA N ) [1]. 4 -(2 -p y rid y l- 
azo)-resorcino l (P A R ) [2] an d  eriochrom e b lue  SE  (3 -[(5 -ch lo ro -2 -hydroxy- 
p h e n y l)azo ]-4 ,5 -d ih y d ro x y -2 ,7 -n ap h th a len e  d isu lp h o n ic  acid [3] etc. h a v e  re 
p o rte d  to  fo rm  com plexes w ith  ta n ta lu m (Y ). T he p resen t w ork d ea ls  w ith  
sp ec tro p h o to m e tric  in v es tig a tio n  o f  ta n ta lu m  — p-su lphobenzeneazo-4-(2 ,3 - 
-d ih y d ro x y -5 -ch lo ro p y rid in e) com plex  from  an a ly tic a l chem ical a sp ec ts .

E x p erim en ta l

Standard tantalum ) V) solution (1 mg/mL)
Pure tan ta lum  pentoxide (0.138 g) was fused w ith  10 g of potassium hydrogen sulphate 

in a silica crucible and after cooling the m elt was ex trac ted  w ith 10 ml of 25% citric  acid solu
tion by warm ing. The solution was transferred  in to  a 100 ml standard flask. The p H  was 
ad justed  to about 4.0 w ith dilute amm onia and m ade up  to the volume w ith double distilled 
w ater.

p-Sulphobenzeneazo-i-(2,3-dihydroxy-5-chloropyridine)  solution
A solution (0.25% io/r) of the reagent was prepared  in  double distilled w ater.

Recommended procedure
To the tan ta lum  solution (containing 25 300 fig o f Та) add 4 5 m l  of 0.01 M  solution

of the reagent and ad ju s t the pH  to 5.5 by dilute am m onia. H eat the solution for ab o u t 10 min

* To whom correspondence should be addressed.
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or allow  to stand  for 1 hr. D ilu te it  to  25 m L w ith distilled w ater. Measure the absorbance a t 
510 nm  against the reagen t b lan k  prepared under th e  iden tical conditions and determ ine the 
am oun t o f tantalum (V ) using a calibration curve.

R esults and D iscussion

Spectral characteristics

T h e  ab so rp tio n  m a x im u m  of th e  co m p lex  occures a t  510 nin  a n d  th e re  
w as no  sh if t in  th e  w av e le n g th  w hen e ith e r  th e  p H  w as varied  from  2.0 to  
9.5 or th e  m olar ra tio  o f  ta n ta lu m (Y ) to  th e  re a g e n t from  1 : 5 to  5 : 1. T h ere-

Wavelength (nm)

Fig. 1. A bsorption spectra o f tan ta lu m  complex a t  various p H  values. Ta(V) : 1.0 x l O -6 M ; 
SD CP: 1 .0X lO - 4 M . pH  (1) 3.0; (2) 3.5; (3) 4.0; (4) 4.5; (5) 5.0; (6) 5.5; (7) 6.0

fo re , a ll su b seq u en t s tu d ie s  w ere carried  o u t a t  510 nm . In  o rder to  ob serv e  
th e  sp e c tra l  changes on v a ry in g  th e  p H , a b so rp tio n  curves for ta n ta lu m  
co m p lex  w ere p re p a re d  a t  d iffe ren t p H  v a lu es . T h e  m axim um  ab so rb an ce  of 
th e  ta n ta lu m  com plex  w as found  a t 510 n m  a t  p H  5.5 and  a t sh o rte r  w a v e 
le n g th  a t  low er p H .

Effect o f  hydrogen ion concentration

T h e  influence  o f  p H  on  th e  abso rbance  a t  510 nm  was s tu d ie d  o v er a 
p H  ra n g e  o f 2.0 — 9.5 . M axim um  an d  c o n s ta n t ab so rb an ce  was o b se rv ed  b e 
tw e e n  p H  5.3 and  5.7- T herefo re , p H  5.5 w as c o n v en ien tly  a d ju s te d  fo r all 
fu r th e r  m easu rem en ts .
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Calibration range, sensitivity and precision

A sp e c tro p h o to m e tr ic  m ethod  has b e e n  dev ised  for th e  d e te rm in a tio n  
o f  m icrog ram  a m o u n ts  o f  tan ta lum (V ) using  th e  re a c tio n  betw een  p -su lp h o - 
benzeneazo -4 -(2 ,3 -d ihydroxy-5 -ch lo ropyrid ine) an d  tan ta lu m (Y ). T he orange- 
red  co loured  co m p lex  h as  its  ab so rp tio n  m a x im u m  a t  510 nm  an d  p H  5.5 
w ith  m olar a b s o rp tiv ity  o f  2 .1 3 x lO -5 L m o le -1  c m -1 . T he sen s itiv ity  is 4 .3 0 x  
X l O - 4  pg  ta n ta lu m (Y ) c m -1  for log I J I  — 0.001. T he B eer’s law  is v a lid  
over th e  c o n c e n tra tio n  range  of 1 —12 pg o f  ta n ta lu m (V ) m L -1 . T he p rec ision  
o f th e  m e th o d  w as e v a lu a te d  by  p rep a rin g  a n d  m easu ring  10 id en tica l so lu 
tions co n ta in in g  5 pg o f ta n ta lu m  so lu tion . S ta n d a rd  d ev ia tion  o f th e  a b so rb 
ance w as 0.003.

Interference o f  foreign ions

S o lu tions c o n ta in in g  20 pg of ta n ta lu m (Y ) an d  v a ry in g  am o u n ts  o f  for- 
eigns w ere p re p a re d  a t  p H  5.5 and  ta n ta lu m  w as dete rm in ed  in  th e ir  p resence . 
T he follow ing ions w ith  th e ir  am ounts in  pg  g iv en  in  paren th esis  d id  n o t  cause  
m ore th a n  ^ 3 %  d e v ia tio n  in  th e  ab so rb an ce .

NO-T (350 pg), C20 * - (300 pg), C l-  (100 pg), B r -  (80 pg),

F -  (60 pg), A P+  (200 pg), Zn2+ (180 pg), M n2+ (220 pg), Co2 + (140 pg),

P b 2+ (120 pg), V(V) (300 pg), Nb(V) (150 pg), M o(VI) (200 pg),

U (V I) (320 pg), P o %  (100 pg), Cr3 + (80 pg) an d  F e3+ (60 pg).

A pplication of th e  m ethod

Method

To d e te rm in e  ta n ta lu m  sp e c tro p h o to m e tric a lly  in  steels, d issolve 100 m g 
o f sam ple c o n ta in in g  0.030 to  0 .5%  o f ta n ta lu m  in  5 0%  su lphuric  acid an d  h e a t 
u n til  dense fum es a p p e a r . A fter cooling, a d d  d ilu te  hydrochloric  acid  an d  
f i l te r  th e  silica an d  ig n ite . A dd few d rops o f  h y d ro flu o ric  acid an d  t r e a t  it  
w ith  su lp h u ric  acid . F u se  th e  residue w ith  p o ta ss iu m  p y ro su lp h a te . D issolve 
th e  solid and  ad d  to  th e  m ain  so lu tion . A d d  10 m L  o f p -su lp h o b en zen azo - 
-4 (2 ,3 -d ih y d ro x y -5 -ch lo ro p y rid in e) so lu tio n  a n d  ad d  2 %  ta n n in  so lu tio n  d ro p  
b y  drop  an d  s tir  u n til th e  p rec ip ita tio n  o f  ta n ta lu m  is com plete . F il te r  th e  
so lu tio n  o n  f i l te r  p a p e r  (W h a tm a n  41). W ash  th e  p re c ip ita te  w ith  1%  ta n n in  
so lu tion . Ig n ite  th e  p re c ip ita te  in  a silica c ru c ib le  an d  fuse th e  re s id u e  w ith  
p o ta ss iu m  p y ro su lp h a te , add  10 m L o f 2 5 %  o f  c itric  acid so lu tio n  to  th e  
cooled cak e  an d  ad d  d ilu te  am m onia to  a d ju s t  th e  p H  to  4.0. T ra n sfe r  th e
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s o lu tio n  in to  a 100 m L  f la sk , d ilu te  to  th e  m a rk  w ith  d istilled  w a te r . W ith 
d ra w  5 m L  so lu tion  in  a 25 m L  v o lu m e tric  f la sk  an d  add 10 m L  o f th e  re a g e n t 
p -su lp h o b en zen eazo -4 -(2 ,3 -d ih y d ro x y -5 -ch lo ro p y rid in e ) so lu tion . A d ju s t th e  
p H  to  5.5 w ith  d ilu te  am m o n ia , an d  d ilu te  to  th e  vo lum e w ith  d is tilled  w a te r . 
A fte r  1 h r  m easure th e  ab so rb an ce  a t  510 n m .

Application

T h e  resu lts  o f ta n ta lu m  an a ly sis  in  ta n ta lu m  steels are  g iven  below

Samples Tantalum % 
certified

Tantalum % 
found

BCS -  261/1 0.066 0.065
Jap  — 655/2 0.030 0.025

Stoichiometry o f  the complex

T h e  s to ich io m etry  o f  th e  co m p lex  d e te rm in ed  w ith  J o b ’s m e th o d  o f 
c o n tin u o u s  v a r ia tio n  [4] an d  m ole ra t io  m e th o d  [5] was 1 : 2 ta n ta lu m (V )-p -  
-su lp h o b en zen eazo -4 -(2 ,3 -d ih y d ro x y -5 -ch lo ro p y rid in e ). The a p p a re n t s ta b il i ty  
c o n s ta n t  e v a lu a ted  by  th e  m ole r a t io  m e th o d  w as lo g lC  =  7.504 0.1 a t
27 °C.

*

T he au th o r is thankful to  th e  Oil and  N atu ra l Gas Commission (India) for providing 
an ex trao rd in a ry  leave to study  in  F rance. The p a rt of the  work was carried ou t in th e  Chemical 
L abo ra to ries , University of R a jasthan  (India).
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Synergistic adducts of uranyl-/S-diketones, such as those of thenoyl-trifluoro- 
acetone (TTA) and benzoyltrifluoroacetone (BTFA) (X) w ith neu tral oxodonors such 
as di-ra-octylsulphoxide (DOSO), di-n-hexylsulphoxide (DHSO), di-n-butylstdphoxide 
(DBuSO), tri-n-butylphosphate (TBP), di-n-butyl-n-butylphosphonate (D B B P) and 
tri-n-hutylphosphine oxide (TBPO) [ I ,] were synthesised. A nalytical da ta  confirm  their 
stoichiom etry as U 0 2X 2L. The infrared stre tch ing  frequencies (L — О, О —U —О, U — 0 ) 
of these complexes and the bending frequency o f the uranyl group <5(0 -U  — O) of the 
sulphoxide adducts have been assigned by  an empirical approach. The PM R spectra of 
the sulphoxide adducts measured a t  270 MHz reveal the presence of a doublet of 6 line 
m ultiplets for the m ethylene protons of the sulphoxide group. The q u a rte t observed 
for the a-m ethylene protons w ith phosphorus oxodonors has been shown to arise due 
to the overlap of two sym m etrical trip lets caused by ad jacent m ethylene protons and 
31P.The PM R spectra reveal the presence of a doublet for the y-CH proton and  addition
al shoulder peaks for TTA protons indicating  a t least two different electronic en
vironm ents for TTA moieties in adducts w ith  sulphoxides and tributylphosphine oxide 
b u t no t w ith  relatively weaker donors such as T B P  and D BBP.

Introduction

I n  v iew  o f  th e  im p o rtan ce  o f p h o sp h o ru s  oxodonors [1] an d  su lphox ides 
[2, 3, 4] as e x tra c ta n ts  fo r ac tin ides, i t  w as o f  in te re s t  to  in v e s tig a te  fu r th e r  
th e  sy n erg istic  a d d u c ts  form ed b y  th e m  w ith  u rany l-/9 -d iketonates. D ue to  
in h e re n t d isy m m e try  o f th e  su lp h u r a to m  in  su lphox ides, th e  tw o p ro to n s  on 
th e  m e th y len e  g roup  n ea re s t to  th e  su lp h u r a to m  are  n o n -eq u iv a len t, a lth o u g h  
th e  n o n -eq u iv a len ce  is observed  in  th e  n e a t su lphox ides [5] on ly  a t  h ig h  observ 
in g  freq u en cy  (300 Me). T his n o n -eq u iv a len ce  is observed  even  a t  a low er 
freq u en cy  o f 60 Me in  urany l-jS -d iketone-su lphox ide  a d d u c ts  due  to  th e  sh ift 
re a g e n t effect o f  th e  u ra n y l group [6]. H ence  i t  w as o f  in te re s t to  exam ine  these  
com plexes a t  a h ig h  observ ing  freq u en cy  to  see th e  effect o n  th e  a -m eth y len e  
p ro to n s . I t  w as also o f  in te re s t to  in v e s tig a te  th e  b eh av io u r o f a -m eth y len e  
p ro to n s  in  p h o sp h o ru s  oxodonor a d d u c ts .

S id d a l l  a n d  S t e w a r t  [7] h av e  re p o r te d  th e  ex istence  o f  s im ila r com 
plexes as a m ix tu re  o f cis-trans isom ers. T h e ir ev idence is based  on  th e  ex istence

* To whom correspondence should be addressed
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o f th e  y C H  signal of ТТ А  as a d o u b le t an d  th e  ap p e a ra n ce  of a d d itio n a l sh o u l
d er p e a k s  fo r th e  TTA rin g  p ro to n s . I t  w as th e re fo re  o f  in te re s t to  ex am in e  if  
th e  c o m p lex es  s tud ied  here  a lso  e x is t as cis-trans isom ers.

Experim ental

All th e  adducts were prepared  by the usual procedure reported  earlier [8, 9]. Their 
s to ich iom etry  was ascertained as U 0 2X 2L from elem ental analysis for С, H  and U and from 
m olecular w eight data.

In fra re d  spectra were m easured in the range 4000 200 c m -1 of samples as nujol
m ulls in  C sl discs using a Perkin-E lm er 577 IR  grating spectrophotom eter and the characteris
tic peak  positions reported inTable I .T h eP M R  spectra of the sulphoxide adducts were m easured 
a t 270 M H z in CDC13 w ith TMS as in ternal standard  using a B ruker 270 spectrom eter and 
those o f phosphorus oxodonor adduc ts a t  60 MHz using V arian A60 spectrom eter. The line 
positions an d  m ultiplicities are given in Table II.

Table I

Characteristic IR  stretching frequencies (cm.-1) fo r  free ligands and complexes

Substance L—0
O—U—0

U—0(X) U—O(L) О t О

asym I sym

U 0 2(TTA )2 d o s o 960 913 865 498 355 256, 267

DOSO 1002, 1020
U 0 2(TTA )2 d h s o 960 915 860 498 352 (w) 254, 266

DHSO 1022, 1046 9

UO,(TTA )2 DBuSO 962 917 862 498 349 (w) 252, 26
DBuSO 1027 0

U 0 2(B T FA )2 d o s o 959 915 835 518 362 254, 279

U 0 2(B T FA ) 2 d h s o 957 920 836 518 362 (w) 254, 26

U 0 2(B T F A )2 DBuSO 958 919 833 519 — 254, -
U 0 2(TTA )2 t b p 1208 929 498 — —

T B P 1260
U 0 2(TTA )2 d b b p 1168 925 — 495 — —

d b b p 1245
U 0 2(TTA )2 t b p o 1112 924 — 490 — —

TBPO 1145

R esults and D iscussion

T h e  an a ly tica l d a ta  o f  th e se  com plexes lead  to  th e ir  fo rm u la tio n  as 
U 0 2X 2L. T h e m olecular w e ig h t m easu rem en ts  in d ic a te  th em  to  be m onom ers 
in  b e n z e n e .
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Table П

P M R  spectra o f uranyl-ß-diketone adducts with sulphoxides (210 M H Z) and phosphorus oxodonors (60 M H Z) .
Chemical shifts in 6 ppm

Substance aCH,
TTA Protons

/ S .  X (O )— CH—sOT
4 3

yCH H(4) H(5) H(3)

UO,(TTA)j DBuSO 3.52(6), 3.24(6) 6.79(2) 7.28(4) 7.83(2), 7.80( Sh) 8.30(2), 8.15 (Sh)

UO,(TTA)j DHSO 3.50(6), 3.24(6) 6.78(2) 7.30(4) 7.83(2), 7.80 (Sh) 8.25(2), 8.12 (Sh)

UO,(TTA)j DOSO 3.52(6), 3.24(6) 6.78(2) 7.29(4) 7.83(2), 7.80 (Sh) 8.25(2), 8.10 (Sh)

UOj(BTFA)j DBuSO 3.52(6), 3.24(6) 6.86(1)
UO,(BTFA)j DHSO 3.52(6), 3.24(6) 6.84(1)
UOj(BTFA), DOSO 3.51(6), 3.24(6) 6.85(1)

DBuSO 2.69(2)
DHSO 2.67(12)
DOSO 2.66(12)

UOj(TTA)t TBP 4.47(4) 6.77(2) 7.18(2) 7.72(2) 8.02(2)

UOj(TTA)j DBBP 4.58(4) 6.88(2) 7.35(2) 7.88(2) 8.35(2)

UO,(TTA)j TBPO - 6.78(21 7.27(2) 7.77(2), 7.52 (Sh) 8.27(2), 8.03 (Sh)

TBP 4.03(4)

DBBP 3.98(4)
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Infrared spectra

T h e О — U —О a s y m m e tr ic  stre tch ing  f re q u e n c y  h as  been  observed  as a 
s t ro n g  b an d  betw een  915 a n d  920 c m -1 in th e  su lp h o x id e  ad d u c ts  and  betw een  
925 a n d  930 cm -1 in  th e  p h o sp h o ru s  oxodonor a d d u c ts . A w eak  b an d  observed  
in  th e  reg ion  of 860 865 c m  1 in  the TTA  co m p lex es  an d  833 — 836 c m -1
in  th e  BTFA  com plexes w ith  sulphoxide a d d u c ts  h a s  b een  a ttr ib u te d  to  th e  
sy m m e tr ic  s tre tch ing  f re q u e n c y  of the u ra n y l g ro u p . T h e  decrease o f S — О 
a n d  P  — 0  s tre tch ing  f re q u e n c ie s  in  the com plexes fro m  th e  value of th e  free 
l ig a n d s  is ind icative of b o n d in g  b y  oxygen o f th e  d o n o r. S h ifts  in  th e  in fra red  
s tr e tc h in g  frequencies fo r P  — О and S—0  g ro u p s d o  n o t follow th e  o rd er of 
c o -o rd in a tin g  abilities o f  th e  lig an d s  due to  s ig n if ic a n t c o n tr ib u tio n  from  v a ry 
in g  deg rees of d jr—prr in te r a c t io n  in  d ifferen t o x o d o n o rs . I n  th e  fa r-in fra red  
s p e c tr a ,  U —0  (/1-diketone) b a n d s  are observed a t  500 c m -1  for TTA com plexes 
a n d  a t  520 cm -1 for B T F A  com plexes. Also a w e a k e r  b a n d  in  th e  reg ion  o f 
350 — 360 c m -1 has b e e n  c o rre la te d  w ith th e  U — О (su lphox ide) s tre tc h in g  
f re q u e n c y . The higher v a lu e  o f  th e  form er c o m p a re d  to  th e  la tte r  in d ica tes  
s tro n g e r  bonding of th e  fo rm e r . B ending freq u en cy  o f  th e  u ran y l group, viz., 
<5(0 — U —0 )  has been  a ss ig n e d  to  tw in  peaks in  th e  reg io n  o f 250 — 270 c m -1 
in  su lp h o x id e  adducts.

P M R  spectra

a -M ethylene protons: sulphoxide adducts

A t 60 MHz, nea t lig a n d s  (D BuSO , D11SO a n d  D O SO ) have been found  
to  g iv e  on ly  a tr ip le t fo r th e  a-m ethy lene p ro to n s  co rresp o n d in g  to  an  A2X 2 
p a t t e r n .  The n o n -eq u iv a len ce  o f  these p ro to n s is c le a r ly  seen a t  270 M Hz 
w h ic h  gives 12 line m u lt ip l ic i ty  corresponding to  a n  A B X 2 p a t te rn  in  con fo r
m ity  w ith  the  presence o f  d issy m m etry  in  th e  su lp h o x id e  m olecule. In  th e  
s y n e rg is tic  com plex a t  60 M H z , however, o n ly  8 lin e s  a re  observed (4 lines 
a re  in v is ib le  due to  o v e rla p p in g )  w hich has b een  a sc r ib e d  to  th e  sh ift re ag en t 
e ffec t o f  u ran y l ion in  th e se  com plexes [6]. W h en  th e  s p e c tra  of th e  com plexes 
a re  m e a su re d  a t 270 M H z, th is  effect is enh an ced  a n d  tw o  clear 6 line m u lti- 
p le ts  a re  observed (F ig . 1).

x-M ethylene protons: phosphorus oxodonor adducts

P ro to n  m agnetic re s o n a n c e  o f the a -m e th y len e  p ro to n s  nearest to  P  — О 
b o n d  o f  phosphorus o x o d o n o rs  in  these ad duc ts o ccu r in  th e  region of 4.0 p p m  
(<5) a s  a q u a r te t  in  th e  in te n s i ty  ra tio  of 1 : 3 : 3 : 1 w ith  a sp littin g  of 6.5 c/s 
(F ig . 2). Since th e  n a tu re  o f  th e  q u arte t does n o t  c h an g e  on com plexation  
th o u g h  sh ifted  dow nfield , i t  c a n  be concluded t h a t  th is  does n o t arise due to  
th e  non -eq u iv a len ce  o f  th e  a -m e th y le n e  p ro tons as in  th e  case o f su lphoxides.
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D050

PMR S p ec tra

Fig.

oí —CH2 —  U02 (TTA)2DOSO 

at 60 MHz

U02 (TTA)2 doso 

a t  270 MHz

1

— CH2 ---- TBP o(.-CH2 -----U02 (TTA)jTBP

Fig. 2. PM R spectra a t  60 MHz

In  ad d itio n , as an  an a lo g y  to  su lphox ides, non-equ ivalence sh o u ld  re su lt in 
a sy m m etrica l t r ip le t  an d  n o t  a q u a r te t .  T his q u a rte t c an  b e  sh o w n  to  arise 
due  to  overlapp ing  o f tw o  sy m m etrica l t r ip le ts . a -M ethylene p ro to n s  are firs t 
sp lit b y  th e  31P (S  =  1/2) n u c le i in to  a d o u b le t, each o f w h ich  is fu r th e r  sp lit
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in to  tw o  1 : 2 : 1  tr ip le ts  b y  th e  2 pro tons on th e  a d ja c e n t  m ethy lene  g roup . 
T h e  o v erlap p in g  of th e se  tw o  t r ip le ts  resu lts in  a 1 : 3 : 3 : 1 q u a r te t  as observ ed . 
N o  s u c h  clear q u a rte t is o b se rv e d  for T B P O  a d d u c ts  since th e  m eth y len e  
p r o to n s  are  no t su ffic ien tly  d esh ie lded  due to  th e  a b sen ce  o f  in te rv en in g  oxygen  
a to m  a n d  sp litting  due  to  31P  is very  large. O n co m p le x a tio n , th e  cen tre  o f 
th e  q u a r te t  shifts d o w u fie ld  m o re  for D B B P  (36 H z) th a n  for T B P  (26 Hz) 
su g g e s tin g  a stronger c o o rd in a t in g  ab ility  for th e  fo rm er.

ß-D iketone protons

F o u r  groups o f s ig n a ls  a re  ro u tine ly  o b se rv e d  fo r th e  TTA  p ro to n s  in  
th o s e  com plexes. T h ey  a re  a sc rib e d  to  th e  yC H  (d o u b le t) , H 4 (q u a r te t) , H5 
(d o u b le t)  and  H3 (d o u b le t)  p ro to n s , re sp ec tiv e ly , in  th e  order of decreasing  
sh ie ld in g . Siddall  an d  St e w a r t  [7] have re p o r te d  th e  ap p earan ce  of shou lders 
to  t h e  m a in  peaks in  th e  c o m p le x e s  w ith  TO PO  w h ic h  th e y  ascribe to  th e  ex is
te n c e  o f  cis-trans isom ers. H o w e v e r , in  com plexes w ith  T B P  and D M F, th e se  
a d d i t io n a l  shoulder p e a k s  w e re  observable on ly  a t  low  te m p e ra tu re s . S im ilar 
s h o u ld e rs  are also o b se rv e d  h e re  for com plexes w ith  s tro n g e r donors su ch  as 
T B P O  a n d  sulphoxides a t  ro o m  tem p era tu re  w h ich  c a n  be  explained  as due 
to  t h e  ex istence of th e se  co m p le x e s  as a m ix tu re  o f  cis-trans isom ers. T h is is 
in  c o n fo rm ity  w ith  th e  p re s e n c e  of a doub le t fo r th e  y C H  p ro to n  in  th e  TT A  
co m p le x e s .

Conclusion

M u ltip le ts  observed  in  t h e  P M R  sp ec tra  o f th e  su lp h o x id e  com plexes h av e  
b e e n  asc rib ed  to  th e  p re se n c e  o f  n o n -equ iva len t a -m e th y le n e  p ro tons caused  b y  
th e  d issy m m etry  o f  th e  S a to m . Sim ilar m u ltip le ts  observed  in  T B P  an d  
D B B P  com plexes h a v e  b e e n  a ttr ib u te d  to  th e  sp in  coupling  effect o f  31P  
(S  =  г/2) nuclide. C o o rd in a tin g  ab ility  of D B B P  w as fo u n d  to  be so m ew hat 
la r g e r  th a n  th a t  of T B P  o n  th e  basis of c o m p le x a tio n  sh ifts  in  th e  m u ltip le t 
c e n t r e s  o f  к-m ethylene p r o to n s  in  the ir re sp e c tiv e  com plexes. PM R  sp ec tra  
o f  T T A  p ro to n s in  th e  s y n e rg is t ic  com plexes o f su lp h o x id e s  and  T B P O  suggest 
th e  ex is te n c e  of these  c o m p le x e s  as a m ix tu re  o f  cis-trans isom ers.

*

T he authors wish to th a n k  th e  Head, R adiochem istry D ivision, BARC for his keen 
in te re s t  in  the work.

A c ta  Chim . Acad. Sei. Hung. I l l , 1982



MANCHANDA, SUBRAMANIAN: OXODONOR ADDUCTS 75

R E F E R E N C E S

[1] M c K a y , Н. А. С .: Proc. In t. Conf. Peaceful Uses of A tomic Energy, Geneva, 7 , 314  (1956)
[2] Pai, S. A., Shukla, J .  P ., Khopkah, P. K., Subramanian, M. S.: J . R adioanal. Chem.,

42, 323 (1978)
[3] Shukla, J . P ., Pai, S. A., Subramanian, M. S.: Sep. Sei., 14, 883 (1979)
[4] Shukla, J .  P ., Pai, S. A., Subramanian, M. S.: J . Radioanal. Chem., 56, 53 (1980)
[5] Dhingra, M. M., Subramanian, M. S.: Chem. Phys. Letters, 30 , 83 (1975)
[6] Subramanian, M. S., Pai, S. A., Manchanda, Y. K .: Aust. .1. Chem., 26, 85 (1973)
[7] Siddall, T. H ., Stewart, W. E .: .1. Inorg. N ucl. Chem., 31, 3557 (1969)
[8] Healy, T. V., Ferraro, J . R.: J . Inorg. Nucl. Chem., 24, 1449 (1962)
[9] Subramanian, M. S., Viswanatha, A.: J . Inorg . Nucl. Chem., 31, 2575 (1969)

V. K . Ma n c h a n d a  
M. S. Su br a m a n ia n

R adiochem . D iv is io n , B h ab h a  A tom ic R esea rch  
C entre, T ro m b ay , B om bay-400  085, In d ia

Aeta Chim. Acad. Sei. H ung . I l l , 1982





Acta Chimica Academiae Scientiarum Hungaricae, Tomus 111 (1), pp. 77—83 (1982)

SOME PHYSICO-CHEMICAL AND CATALYTIC 
PROPERTIES OF N i0 -S m 20 3 BINARY SYSTEMS

S. ZlELltfSKI* and A . SoBCZYtfSKI

(Laboratory o f  General Chemistry and Synthesis o f Catalysis,
A . Mickiewicz University, P oznan , Poland)

Received A pril 27, 1981 
In  revised form A ugust 28, 1981 

A ccepted for publication S eptem ber 23, 1981

Several NiO samples with adm ixtures o f 0.01 10.4 at.%  Sin have been obtained.
Chemical and phase compositions have been established. Specific surface area and 
contents of Ni3+ ions (to ta l, lattice and surface) have been investigated. T he m easure
m ents of ca ta ly tic  ac tiv ity  in carbon m onoxide oxidation  have been perform ed within 
the tem perature  range of 393 — 638 K.

In tro d u c tio n

U p till now , physico-chem ical a n d  c a ta ly t ic  properties o f N iO  — Sm 20 3 
sy stem s h av e  n o t b een  su ffic ien tly  in v e s tig a te d . O nly  a few p ap ers  d ea l w ith  
th e  in te ra c tio n  o f  N iO  an d  Sm20 3 a t h ig h  te m p e ra tu re s . A ccord ing  to  som e 
a u th o rs  [1 ,2 ,3 ] , no  p ro d u c ts  o f sy n th esis  o f  th e se  tw o oxides com e in to  being  
d u rin g  s in te rin g  u p  to  1673 K. D e m a z e a u  et al. [4] have o b ta in e d  S m N i0 3 
o f th e  s tru c tu re  o f  defo rm ed  perovsk ite  b y  h e a tin g  a m ix tu re  of NiO a n d  Sm 20 3 
in  th e  presence o f  K C 103 a t  1223 K , u n d e r  a n  o x y g en  pressure o f 6 x  10® N m - 2 . 
T a k a s u  an d  cow orkers [5] have in v e s tig a te d  th e  ca ta ly tic  a c tiv ity  o f  N iO  — 
Sm 20 3 sy stem s, c o n ta in in g  Sm20 3 up  to  20 m ol % , in  the  re a c tio n  o f  NO 
o x id a tio n .

T he p re se n t p a p e r  is a p a r t  o f our s tu d ie s  o f  N iO -rare e a r th  o x id e  sy stem s 
an d  deals w ith  th e  in flu en ce  o f v a ry in g  a m o u n ts  o f Sm20 3 on  th e  q u a n t i ty  
o f  N i3+ in  NiO a n d  o n  som e o ther p h y sico -ch em ica l p roperties an d  th e  c a ta ly t 
ic a c tiv ity  in  CO o x id a tio n .

E x p erim en ta l

NiO samples w ith  adm ixtures of 0.01 — 10.4 a t.%  of Sm were obtained b y  coprecip ita
tion  of basic nickel(II) and  sam arium (III) carbonates from  a solution of n itra tes w ith  a sa tu 
ra ted  solution of am m onium  carbonate. N itrate-free precip ita tes were dried a t  room  tem pera
tu re , crushed and calcined for 2 h a t 673 К  and  th e n  for 6 h  a t 1273 К  in  a ir atm osphere. 
A screen fraction of 0.06 0.12 mm was used for all th e  measurem ents. Nickel in  th e  sam ples
was determ ined electrolytically; after its separation , sam arium  was determ ined b y  titra tio n  
w ith  EDTA in the presence of xylenol orange as an  indicator. D iffractom eter analysis was

* To whom correspondence should be addressed
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perfo rm ed  using Cu K a and Со K a radiations. The specific surface area Was m easured using 
th e  dy n am ic  B ET  m ethod, applying low -tem perature n itrogen  adsorption. The to ta l am oun t 
of N i3+ ions and  their contents in the lattice were estim ated  by  our method repo rted  earlier 
[6]. T he q u a n ti ty  of Ni3+ ions per u n it surface area w as calculated from the equation

Y   -dtotal ^ lattice

w here: Л total — the to ta l am ount of Ni3+ ions,
^lattice ~  la ttice  Ni3+ ions,
S -  specific surface area.

The c a ta ly tic  ac tiv ity  in CO oxidation  was m easured by  a flow  method using a P y rex  m icro
reac to r w ith in  the tem perature  range of 393 — 638 K . R eaction  products were analyzed chro- 
m atog raph ica lly . 0.1 g of the cata lysts w ith a dispersity  of 0.06 — 0.12 mm was m ixed  w ith  
q u a rtz  pow der having the same grain size and then p u t in to  the  reactor over a layer o f q u a rtz  
wool. T he ca ta ly st bed was covered w ith 2 cm3 of quartz  pow der. Volume composition of th e  
re a c ta n t gas was: CO : 0 2 =  4 : 3, and its to ta l velocity  0.49 c m 's -1. The tim e of reaction  was 
45 m in  a t  each tem perature . Before cataly tic m easurem ents the catalysts were ou tgassed for 
1 h  in  a stream  of argon a t 683 K . Specific cata ly tic  ac tiv ities were calculated from th e  equation

^STP = x  • Rstp
s • w

w here: X
Rstp
W
s

degree of conversion of CO,
volume velocity of CO under s tan d a rd  conditions, mmole s -1, 
weight of ca ta ly st, g, 
specific surface area, m2g '.

R esu lts  and  D iscussion

I n  o u r in v es tig a tio n s  we em ployed  a series o f  NiO sam ples w ith  v a r io u s  
s a m a r iu m  a d m ix tu re s  ca lc ined  a t  1273 К  a n d  fo r com parison  w ith  p u re  ox ides 
o f n ic k e l a n d  sam ariu m . C a lc ina tion  a t  1273 К  (a b o u t 200 К  h ig h e r th e n  
T a m m a n ’s te m p e ra tu re  for N iO  [7, 8]) fa c i l i ta te d  th e  diffusion o f N i2+ a n d  
S m 3+ a n d  re n d e red  i t  possib le  to  e s tab lish  th e  equ ilib riu m  betw een  n ic k e l( I I )  
o x ide  a n d  th e  su rro u n d in g  a tm o sp h ere .

P u re  N iO  w as green  a n d  th e  sam ples b ecam e  m ore grey w ith  a n  in c re a se  
o f S m 20 3 a d m ix tu re .

C o n te n ts  o f  sam ariu m  in  th e  p re p a ra tio n s  a re  given in  T ab le  I .  T h e  
m e a su re d  v a lu es  are  la rg e r th a n  ex p ec ted ; th is  w as caused b y  th e  fa c t t h a t  
u n d e r  t h e  p re p a ra tio n  co n d itio n s (p H  =  7.0) a ll th e  Sm 3+ ions w ere p re c ip i
ta t e d  a n d  a  sm all p a r t  o f  N i2+ ions w ere s till in  so lu tion . This is d u e  to  th e  
p o s s ib il i ty  o f  fo rm a tio n  o f am m in en ick e l(II)  com plexes.

X - r a y  analysis p erfo rm ed  for sam ples S-7, S-9, N —0 ,  S —0  a n d  th o se  
o f  S m 20 3 d o p ed  tv ith  5, 10 a n d  15 a t .%  N i show s o n ly  lines o f NiO a n d  S m 20 3. 
T h e re  e x is t  no  lines co n n ec ted  to  an y  new  p h a se  w hich  could o rig in a te  from  
th e  in te r a c t io n  b e tw een  N iO  an d  Sm20 3 a t  th e  h ig h  te m p e ra tu re . T hese re s u lts  
c o n firm  t h a t  th e  in v e s tig a te d  sam ples co n sis t o f  tw o  d ifferen t p h ases : N iO  
an d  S m 20 3 an d  (as opposed  to  NiO doped  w ith  D y20 3 and H o20 3) th e  X - ra y
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Tabic I

Sample compositions and specific surface areas

No. Composition Specific surface 
area (m8 g-1)

N-0 NiO 0.23

S-l NiO +  0.01% at. Sm* 0.40

S-2 NiO - f  0.02% at. Sm* 0.63

S-3 NiO +  0.05% at. Sm* 0.78
S-4 NiO +  0.14% at. Sm 0.71

S-5 NiO +  0.24% at. Sm 1.08

S-6 NiO +  0.53% at. Sm 2.33

S-7 NiO +  1.00% at. Sm 2.92

S-8 NiO +  3.20% at. Sm 3.75

S-9 NiO +  5.00% at. Sm 3.90

S-10 NiO +  7.30% at. Sm 4.16

S - l l NiO +  10.40% at. Sm 3.23

S-0 SnijOj 1.17

* The precise sam arium  content has no t been measured

lines o f  NiO are n o t sh if te d . W e observed , how ever, a d isp lacem en t of som e 
lines o f Sm20 3 to  la rg e r angles (sm aller values o f  th e  la t t ic e  p a ra m e te r) . An 
a d d itio n a l X -ra y  an a ly s is  w as p erfo rm ed  (range o f  ang les 15 — 20°, sm all 
v e lo c ity  o f  th e  X -ra y -m e te r , 0.008° s -1 ) using  th e  follow ing p rep a ra tio n s : 
S - l l  (a), Sm20 3 d o p ed  w ith  5.0 a t .%  Ni (b) p u re  Sm 20 3 (c) and  (a) and (b) 
m ixed  w ith  p u re  Sm 20 3 in  th e  am o u n t co rresp o n d in g  to  its  c o n te n ts  in  these  
sam ples (see T ab le  I I ) .  T h e  d a ta  o f th is  T ab le  show  th a t  in  th e  case o f sam ple
(a) one o f th e  d -v a lu es  (0.3194 nm ) decreased  b y  0.0012 n m  as co m p ared  w ith  
th a t  o f  pu re  Sm 20 3. F o r  sam ple  (b) th is  v a lu e  is o n ly  0.0006 n m  low er th a n  
for Sm 20 3. T he sam e rf-values fo r (a) and  (b) w ith  a d m ix tu re s  o f  Sm 20 3 are 
sm aller on ly  b y  0.0003 an d  0.0004 nm , re sp ec tiv e ly . C hanges o f  th e  re la tiv e  
in ten s itie s  o f X -ra y  lines w ere also observed , m a in ly  in  th e  X -ra y  spectrum  
o f (b). T h is seem s to  in d ic a te  som e d e fo rm atio n  o f th e  c o o rd in a tio n  po lyhed ron  
in  sam ariu m  ox ide , w h ich  is p ro b a b ly  due to  th e  in c o rp o ra tio n  o f  a ce rta in  
a m o u n t o f N i2+ ions (or N i3+ ions) in to  its  c ry s ta l la tt ic e .

As seen from  T ab le  I  th e  specific  su rface  a rea  o f  th e  sam p les  increases 
ra p id ly  along w ith  th e  rise  o f  am o u n ts  o f th e  d o p a n t a n d  reach es a m ax im um  
for sam ple  S-10. T h is p h en o m en o n  can  be a t t r ib u te d  to  re ta rd a tio n  o f the  
s in te rin g  process due  to  th e  a d m ix tu re  o f th e  forcig it p h ase  [9]. T h e  influence 
o f c a lc in a tio n  te m p e ra tu re  on th e  d efec ta tion  o f N iO  c ry s ta l  la tt ic e  is well 
know n  from  th e  l i te ra tu re  [10 — 14]. A n en h an ced  s in te rin g  of N iO  following 
th e  rise  o f  th e  h e a tin g  te m p e ra tu re  re su lts  in  a decrease  in  n ickel vacancies
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Table П

Results o f diffractometer analysis performed using Co Kot radiation. 
Range o f angles 15 — 20°, velocity o f X-ray counter 0.008° s -1

S-ll
(“)

S-ll mixed 
with SmjOj

Sm,0, + 5% Ni
(b)

Sm,0, + 5% Ni 
mixed with 

SmtO,
Sm,0,

d Щ. d I/let d III. d II I . d i l l .(nm) (%) (nm) (%) (nm) (%) (nm) (%) (nm) (%)

0.3200 95 0.3202 100 0.3194 54 0.3203 72 0.3206 96
0.3057 92 0.3058 83 0.3059 100 0.3059 100 0.3059 89
0.3984 96 0.2986 92 0.2990 55 0.3990 86 0.2990 99
0.2903 60 0.2903 61 0.2903 43 0.3903 54 0.2903 58
0.2858 92 0.2858 91 0.2858 72 0.2858 84 0.2858 93
0.2792 100 0.2792 100 0.2792 38 0.2792 65 0.2792 100

a n d  a re d u c tio n  o f som e N i3 + io n s. In  th e  case o f o u r sam ples, th e  g row th  
o f  th e  q u a n t i ty  of N i3 + ions in  th e  c ry s ta l la ttic e  to g e th e r  w ith  th e  g row th  of 
s a m a r iu m  co n ten ts  up  to  a b o u t  1 a t .%  (F ig . 1A, cu rv e  2) a d d itio n a lly  confirm

Fig. 1. (A ): T otal (1) and lattice (2) am oun ts o f Ni3+ ions, (B): Q uan tity  o f N i3+ ions per 1 m2 
of the surface, (C): Degree of CO conversion vs. sam arium  concentration
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Table III

Specific activity /1угр mmol CO m -2 s _1 in the reaction o f CO 
oxidation at different temperatures

No. n 393 К 
xl0<

443 К 
xlO«

493 К 
XIO*

543 К 
xlO»

593 К 
x 10*

638 К 
Xl0»

N-0 0.76 1.20
S-l 2.89 1.81 18.20
S-2 1.82 1.09 10.90
S-3 2.57 2.74 10.40
S-4 3.08 6.80 1.62 4.63
S-5 11.70 3.94 7.99 1.91 4.04
S-6 6.41 2.27 5.72 1.23 2.58
S-7 3.93 7.08 2.68 4.80 1.00 2.21
S-8 3.68 8.89 2.21 6.26 1.27 2.20
S-9 2.65 7.96 2.59 5.34 1.20 2.35
S-10 1.93 6.35 1.96 4.15 0.88 1.39
S -l l 6.05 1.49 3.81 0.68 1.51
S-0 0.12

th e  effect o f Sm 20 3 p h ase  on  th e  r e ta rd a tio n  o f  th e  s in te ring  process. Since 
m o st o f  th e  N i3 + ions e x is t on  th e  su rface o f  № 0  due to  th e  ch em iso rp tio n  
o f oxygen  [15, 16], th e  to ta l  a m o u n t o f N i3+ increases  w ith  a rise  o f specific 
su rface  area . H ow ever, th e  changes are n o t q u ite  p a ra lle l because o f  th e  low er
ing th e  N i3 + c o n te n t p e r u n it  surface a rea . W e c a n  s ta te  here th a t  th e  decrease 
o f oxygen  coverage  d ep en d s b o th  o n  th e  d im in ish in g  o f th e  ch em iso rp tio n  o f 
oxy g en  (accep to r gas) w ith  a g row th  o f d e fe c ta tio n  o f NiO [17] an d  o n  th e  
“ b lo ck ing”  of th e  N iO  su rface  by  th e  Sm 20 3 p h ase . F ig u re  1C is a p lo t o f CO 
conversion  (over 0.1 g c a ta ly s ts )  vs. sam ariu m  c o n cen tra tio n . P u re  ox ides of 
n ickel and  sam ariu m  show  v ery  sligh t a c t iv i ty  as c a ta ly s ts  fo r th e  o x id a tio n  
o f CO to  C 0 2; th e  conversions w ere very  sm all ev en  a t th e  h ighest te m p e ra tu re s  
used. U nder th e  sam e co n d itio n s th e  doped  sam p les  are  v e ry  ac tiv e  as c a ta ly s ts  
an d  th e ir  a c tiv ity  increases w ith  increasing  te m p e ra tu re . One shou ld  d is tin 
guish , how ever, tw o  g roups o f  sam ples, 0 .0 1 —0.05 a t .%  Sm an d  0.14 10.4
a t .%  Sm , w hich  are  v e ry  d iffe ren t in  th e ir  c a ta ly t ic  b eh av io u r. P re p a ra tio n s  
w ith  sm all am o u n ts  o f  a d m ix tu re  are  on ly  s lig h tly  ac tiv e  a t low er te m p e ra tu re s , 
up  to  593 K . A t 638 К  th e y  show  v e ry  h ig h  a c tiv i ty ,  s im ilar to  t h a t  o f  th e  
m ost ac tiv e  c a ta ly s ts  (F ig . 1C) in  sp ite  o f th e ir  m uch  sm aller specific  su rface  
a reas (0.40 m 2 g _1 fo r S - l ,  3.75 m 2 g -1 for S-9).

As is seen from  T ab le  I I I ,  th e  doped sam p les  show  higher specific  a c tiv 
i ty  th a n  p u re  N iO . T he specific  a c tiv ity  o f  S - l  — S-3 is v e ry  low  in  th e  ran g e  
o f  543 — 593 K ; a t  638 К  th e ir  a c tiv ity  is m u c h  h igher th a n  th a t  o f  o th e r
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p re p a ra t io n s .  W e can  s ta te  h e re  th a t ,  a p a r t  from  sam ples S - l — S-3 a t  543 
a n d  593 K , th e  specific a c t iv i ty  in  CO conversion  decreases w ith  in c reas in g  
s a m a r iu m  co n ten t in  th e  c a ta ly s t .

T h e  above m en tio n ed  in c rease  in  th e  r a te  o f  CO conversion  (c a ta ly tic  
a c t iv i ty )  in  the  case o f d o p e d  sam ples as co m p ared  w ith  pu re  NiO c a n  be  a t t r i 
b u te d  to  th e  increase o f  th e  d e fe c ta tio n  o f  NiO cau sed  b y  th e  in c o rp o ra te d  
a d m ix tu r e .  This p h e n o m en o n  is w ell k n o w n  fro m  th e  li te ra tu re . B i e l a N s k i  
a n d  co-w orkers [18] h av e  o b se rv e d  th a t  th e  g ro w th  o f  NiO a c tiv i ty  is caused  
b y  th e  in crease  of th e  q u a n t i ty  a t  N i3 + ions due to  lith iu m  io n  in c o rp o ra tio n . 
O th e r  a u th o rs  [19, 20] h a v e  also  observed  th e  in c rease  o f NiO a c t iv i ty  in  th is  
r e a c t io n  a fte r  in tro d u c in g  a c c e p to r  im p u ritie s  an d  low ering  th e  a c t iv i ty  caused  
b y  th e  decrease of NiO n o n s to ic h io m e try , w h ich  in  tu rn ,  is due to  a d m ix tu re s  
o f  th e  d o n o r ty p e  (e.g. F e 3 + , C r3+). O n th e  o th e r h a n d , since p u re  Sm 20 3 is 
q u i te  in a c tiv e  as a c a ta ly s t  in  th e  te m p e ra tu re  ra n g e  in  w hich we h a v e  s tu d ie d  
th e  d e c re a se  of th e  specific  a c t iv i ty  o f th e  d o p ed  sam ples (v ery  low  CO con
v e rs io n  o n ly  a t 683 K ), c a n  b e  th e  re su lt o f  th e  ab o v e  m en tio n ed  “ b lo ck in g ”  
o f  t h e  N iO  surface by  th e  in a c tiv e  Sm 20 3 p h ase , especia lly  in  th e  case o f  sam ples 
w ith  m o re  adm ix tu res (a b o v e  0.05 a t .%  Sm ). W e can  also e x p ec t, in  acco r
d a n c e  to  T a n a b e ’s h y p o th e s is  [21], som e m o d ifica tio n s  o f th e  c a ta ly s t  su rface  
r e s u l t in g  from  th e  fo rm a tio n  o f  a su rface  so lu tio n  o f  Sm 20 3 in  N iO , a n d  also 
so m e  ch an g es  in  th e  a c t iv i ty  o f  th e  c a ta ly s ts . To su m  u p , we c a n  s ta te  th a t  
S m 20 3 p la y s  th e  role o f  th e  p ro m o te r  in  th e  in v e s tig a te d  sy stem s. T h e  S m 3 + 
io n s  do  n o t  act as donor im p u r it ie s  (as e.g. Cr3+ a n d  G a3+), w hich  low er t h e  
n o n s to ic h io m e try  of N iO . O n  th e  c o n tra ry , because  o f  th e  r e ta rd a t io n  o f  th e  
p ro c e ss  o f  sin tering , th e  a m o u n t o f la tt ic e  N i3+ ions s tro n g ly  in c reases  as does 
th e  sp e c if ic  surface a rea . T h e se  tw o  fac to rs  m ak e  changes in  th e  c a ta ly tic  
a c t iv i ty  in  th e  conversion  o f  CO w ith  o x y g en  v e ry  ad v an tag eo u s .
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The determ ination  of lead in oils w ith  a Modified D e l v e s  Cup technique made 
of quartz as heat resistan t m aterial is described. Accurate resu lts can  be obtained on 
10 mg of sam ple, w ith  sample p re trea tm en t consisting of dilution.

The accuracy of the m ethod has been established by com parison w ith  the colori
m etric method.

R ecen tly  sev era l a tom ic  a b so rp tio n  m ethods u tiliz in g  v a rio u s  m icro
sam p lin g  tech n iq u es h av e  been  described . T he sam pling  b o a t  sy s te m  [1, 2, 3] 
an d  th e  D elv es  Cup m eth o d  [4] and  its  m odified  versions [5 — 11] are  a ttra c 
tiv e  because of th e  im p ro v ed  se n s itiv ity  o b ta in ed  so th a t  o n ly  a sm all sam ple 
is req u ired  for an a ly sis . T he D el v e s  Cup m ethod  offers g re a t  possib ilities: 
i t  accep ts sm all vo lum es o f  sam ples, it  is ra p id  and  does n o t  r e q u ire  a great 
degree o f tech n ica l com petence . T he p ro ced u re  involves th e  a to m iz a tio n  of 
m e ta l from  a cu p  in to  a n  ab so rp tio n  tu b e  over an  a ir-a c e ty le n e  flam e. The 
a b so rp tio n  signal is reco rd ed  and  consists  o f peaks.

The tech n iq u e  is lim ited  to  e lem en ts  w hich are  eas ily  a to m ized  (for 
ex am p le  P b , Cd, H g , Se, Ag, As). D e te rm in a tio n  o f lead  is b eco m in g  increas
in g ly  im p o rta n t b o th  fo r tox ico logy  and  in d u s tr ia l screen ing .

T he d e te rm in a tio n  o f  lead  in  b lood , u rine  and  organic m a te r ia ls  m easured 
b y  AAS using th e  D e l v e s  Cup te c h n iq u e  is well know n a n d  h a s  b een  studied 
[ 4 - 1 1 ] .

The p resen t s tu d y  w as u n d e r ta k e n  to  im prove th e  m e th o d  developed 
b y  D e l v e s  for lead  analy sis  in  oils (v eg e tab le  oils, lu b r ic a n t  o ils, etc.). The 
p rin c ip a l d ifferences b e tw een  th e  p re se n t m od ifica tio n  an d  th e  o rig in a l D elv es  
m eth o d  is in  th e  m a te r ia l o f  th e  sy stem  using  q u a rtz  an d  sa m p le  p rep ara tio n . 
B esides, i t  tries  to  use th e  m eth o d  fo r th e  d e te rm in a tio n  o f  le a d  co n ten t in 
new  ty p e  o f sam ples, oils.

Experimental

The ahsorptiou tube  and  cup made of some heat resistant m ateria l (quartz ) is placed 
directly  into the flam e (100 mm long X 15 m m  o.d. w ith a 8 mm d iam ete r entrance hole). 
The flame heats the tube, atom izing the sam ple very quickly (w ithout an y  loss of sample). 
The position of the tube  is adjustable in  all th ree dimensions.
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I f  th e  sample is allowed d ire c tly  to  enter the flam e considerable smoke is given off 
and  p roduces an apparent ab so rp tion  signal. By using a fast reco rder (chart speed 50 mm/min), 
th e  lead  atom ic absorption signal can  easily  be resolved from  th e  non-specific absorption signal 
of sm oke. W e have no background corrections to remove the effects o f the non-specific absorp
tion  signal.

I t  is, therefore, neccessary to  char the sample un til no m ore visible smoke appears. 
One w ay  to  dry the sample is to  b r in g  th e  cup containing th e  sam ple in to  a furnace a t a tem 
p e ra tu re  n o t higher than 500 °C [12].

Sam ples of different v iscosity  are  prepared w ith M IB K  (ab o u t 20 mg oil sam ple is 
d ilu ted  w ith  M IBK to 100 /(L). A  10 /<L volume of the sam ple a f te r  preparation  is m easured 
d irec tly  in to  the cup. The sam ple in  th e  cup is placed into th e  open furnace, preheated and 
set a t  500 °C. The sample is co n tin u o u sly  dried, charred and  fina lly  ashed (3 — 5 min). The 
cup w ith  th e  ash is placed in to  a h o ld er of the atomic abso rp tion  spectrophotom eter and 
pushed  to  th e  center of the b u rn e r . A n  air-acetylene flame is allow ed to  burn w ith the tube 
for a t  le a s t 5 min to allow the a to m iza tio n  system to come th e rm a l equilibrium .

T he  response is fast, th e  cu rv e  reaches its peak and re tu rn s  to  the baseline after about 
4 sec (F ig . 1).

To compensate for m a trix  in terferences, it is necessary to  standardize the analytical 
tech n iq u e  by  tbe method of add ition .

S tandardization  and m easu rem en t of the linear range o f th e  calibration curve are 
accom plished  by the addition of so lu tio n  of known lead concen tra tion  to  a sample w ith about 
0.10 |itg/g lead . The calibration cu rv e  is shown in Fig. 2.

Fig. 2. A nalytical cu rv e  showing additions of lead  samples
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R ecom m ended P rocedure

A bout 10 —10 m g u n k n o w n  and  k n o w n  lead  sam ples a re  m easu red  and  
d ilu te d  w itli M IB K  to  100 pL  an d  10 jttL o f  th e  p rep a red  sam p le  is p laced 
in to  th e  cup.

T he c o n c e n tra tio n  o f lead  in  th e  sam ple  is g iven  by

p e a k  h e ig h t fo r sam p le  
p eak  h e ig h t fo r s ta n d a rd

L ead c o n ten ts  o f  lu b ric a tin g  oils an d  v eg e tab le  oils are  show n  in  T ab le  I, 
d e te rm in ed  b y  th e  m o d ified  D e l v e s  Cup T ech n iq u e  an d  sp e c tro p h o to m e tric  
m e th o d  [13]. O p e ra tin g  con d itio n s for th e  d e te rm in a tio n  o f  lead  in  oils are 
show n in  T ab le  I.

To te s t  th e  re p ro d u c ib ility  o f th e  ana ly sis , tw o sam ples w ere  ru n  te n  
tim es. T he d a ta  a re  show n  in  T ab le  I I .

T he m odified  D e l v e s  Cup te c h n iq u e  described  in  th is  p a p e r  can  be 
recom m ended , a f te r  check ing  for d e te rm in a tio n  o f o th e r  su ita b le  m eta ls  in  
o th e r  su b stances, too .

Sam ple cone. - S ta n d a rd  cone. X

Table I

Comparison o f results fo r lead in oil samples

Sample
AAS

Modified DELVES 
Cup Method 

(j*g/g)

Spectrophotometric 
determination [13]

(Mg/g)

Vegetable oil 1 0.19 0.21

2 0.36 0.33

3 0.21 0.20

L ubricating oil 4 0.13 0.12

5 0.68 0.74

6 0.82 0.85

wavelength (nm) 283.3
lam p current (raA) 4
slit w idth (nm) 0.04
scale expansion 8 X

burner: acetylene slot burner, 100 m m /L slot 
non-luminous air-acetylene flame,

acetylene flow 4 dm 3 m in-1 
air flow 20 dm 3 m in-1

recorder chart speed: 50 mm m in -1
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Table II

Reproducibility o f lead content in oil samples by 
the modified D elves cup method

Sample Mean + SD
(к /6)

1
2

0.36 ±  0.04 
0.68 ±  0.06
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The determ ination  of the protonatiou  constan ts  of immobilized ethylenediam ine 
is described. For the calculation the following equation  was used:

' - { # ( н +У[й* лм-у |} =  <>
)-o

This relationship was derived earlier and  has also been applied to calculate the 
p rotonation  constants of polycarboxylate groups hound covalently to an insoluble 
resin phase.

The following values were obtained for th e  logarithm  of the p ro tona tion  con
stan ts a t 298 К  and a t an ionic streng th  of 1 mol d m -8 :

log K x =  9.77 ±  0.09 

log К г =  7.12 1  0.10

In tro d u c tio n

In  p rev ious p a p e r  [1] a general e q u a tio n  w as d e rít ed for th e  c a lc u la tio n  
o f  the  p ro to n a tio n  c o n s ta n ts  of im m obilized  bases . The eq u a tio n  w as used 
for th e  e s tim a tio n  o f  th e  p ro to n a tio n  c o n s ta n ts  o f  th e  po ly e th y len e-p o ly am in o - 
p o ly c a rb o x y la te  g roups b o u n d  to  an  in so lub le  p o ly m er m a trix . T h e  fo llow ing 
fu n c tio n a l g roups w ere s tu d ied  [2, 3] d ie th y le n e tr ia m in e te tra a c e tic  acid , 
e th y le n e d ia m in e tria c e tic  acid  and  im in o d iace tic  ac id . C helating  resin s  c o n ta in 
ing  th e  la s t tw o  g roups a re  sold b y  th e  R e a n a l F in e  Chem ical F a c to ry  (B u d a 
p est) u n d e r th e  tr a d e  nam e  L igandex-E  a n d  L ig andex-I.

T his p ap e r is concerned  w ith  th e  d e te rm in a tio n  o f th e  p ro to n a tio n  co n 
s ta n ts  o f  a re s in  c o n ta in in g  e th y len ed iam in e  fu n c tio n a l g roups (E D -res in ).

* To whom correspondence should be addressed
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T heoretical

T h e  pro tonation , s tep s  o f  im m obilized  e th y len ed iam in e  (R  — E D ) c a n  be 
re p re s e n te d  b y  th e  follow ing eq u a tio n s:

R - E D  +  H +  +  G -  R - H E D +  +  ~G (1)

R ^ H E D +  +  H +  +  G -  R  —H ^E D 2+ +  G~ (2)

(b a rs  a re  u sed  to  in d ica te  co m p o n en ts  in  th e  re s in  phase).
F o r  th e  in te rp re ta tio n  o f  th e  above p ro to n a tio n  processes th e  fo llow ing 

d e f in i t io n  w ere in tro d u ced  [1]:
1. T h e  resin  ph ase  is considered  as a c o n c e n tra te d  e lec tro ly te  so lu tio n  

c o n ta in in g  th e  follow ing species:

— th e  im m obilized  b ase , R  —E D ,
— th e  p ro to n a te d  fo rm s of th e  base , R  — H E D +  and  R  — H 2E D 2+,

— c o u n te r  ions, G - , an d

— w a te r , H 20 .
2 . F o r  th e  ca lcu la tio n  o f th e  o vera ll p ro to n a tio n  c o n s ta n ts  (ßj) th e  

fo llo w in g  e q u a tio n  w as u sed :

J { f t ( H + y [ 5 * - J V  +  /]} =  0 (3)
,/=o

w h e re :
a.* is th e  degree o f t i t r a t io n  w hen  th e  fu lly  p ro to n a te d  base is t i t r a t e d  w ith  

a  s tro n g  base, see also  E q . (9);
N  is th e  to ta l  n u m b er o f  p ro to n s  th a t  c an  be  b o u n d  to  one m ol o f  th e  im m o 

b iliz e d  base (in  our case  N  =  2);
(H + )  is  th e  equ ilib rium  h y d ro g e n  ion  a c t iv i ty  o f  th e  resin  p h ase , see also 

E q s  (5) an d  (8).

I n  th is  p ap er, p a re n th e se s  alw ays re p re se n t co n cen tra tio n s in  th e  re sin  
p h a se  in  te rm s  o f m m ol/(g w a te r  in  th e  resin ); b a rre d  sym bols m ean  a m o u n t of 
s u b s ta n c e  in  th e  resin  p h ase  in  te rm s o f  m m ol/(g  d ry  resin  c o n ta in in g  th e  
fu n c tio n a l  g roup  in  n o n -p ro to n a te d  form ).

3. D u e  to  th e  lack  o f  th e  ya  te rm  th e  e q u ilib riu m  hydrogen  io n  a c tiv i ty  
o f  th e  re s in  phase  w as e s tim a te d  from  th e  fo llow ing  equa tion :

( № )  =  » „ [ < £ > ] “  (4)

T h e  s ig n  o f  th e  ex p o n en t in  E q . (4) co rresp o n d s to  th e  sign of th e  c o u n te r  ion, 
w h ich  is  n eg a tiv e  in  th is  case, th ere fo re :
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(H +) =  ° h  (5)
(W

yo is in c lu d ed  in  К ’ v a lues, see E q s  (11), (12) and  (13).
I n  E qs. (4) an d  (5)

ан an d  o q  are  th e  h y d ro g en  io n  an d  th e  c o u n te r  ion a c tiv itie s , re sp ec tiv e ly , 
in  th e  so lu tio n  phase ,

(G) is th e  c o n c e n tra tio n  o f  th e  c o u n te r  ions (chloride) in  th e  r e s in  phase. 
T h e  c o u n te r  ions m ay  o rig in a te  fro m  tw o  sources:
a) C oun ter ions co m p en sa tin g  th e  ch a rg es  o f the im m obilized  co m p o n en ts . 

T h is a m o u n t o f  c o u n te r  ions w ill be re fe rred  to  as chem ically  b o u n d  co u n te r 

ions, Gchem- I n  th e  case o f  th e  E D -resin  s tu d ie d , its  am o u n t sh o u ld  e x a c tly  be 
eq u a l to  th e  am o u n t o f  th e  p ro to n s  in  th e  resin :

Clchem =  R - H E D +  +  2 - R - H t ED*+ (6)

b) C oun ter ions in v ad in g  th o ru g h  th e  d is tr ib u tio n  o f  th e  e lec tro ly te  

used  to  a d ju s t th e  ionic s tre n g th  in  th e  so lu tio n , Cljnv.
T he to ta l  c o n c e n tra tio n  o f  th e  c o u n te r  ions in  th e  re s in  p h a se :

(G) =  (C l-) =
Clchem 4~ Cl,nv

O n th e  basis o f  E q . (5), th e  p H  in th e  re s in  phase is g iven as:

(C1-)
p H  =  —log (H + ) =  p H  +  log -

°ci

4. T he degree o f  t i t r a t io n , a* , fo r th is  case can  be ex p ressed  as:

(? )

( 8)

Gchem . (H +) -  (O H ")

Q № 0
(9)

w here  Q is th e  c a p a c ity  o f th e  re s in  in  m m ol/g  E D -resin .
I f  E q . (3) is used  fo r th e  c a lc u la tio n  o f th e  co n stan ts  o f  th e  E D -resin , 

th e n  th e  follow ing e q u a tio n  is o b ta in e d :

( S * - 1 ) ( H + )
=  K [ +  • K [ K '

-  1
( 10)
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w h e re

К *
and K'2

K 9
К V 2

( И )

I n  t h e  K yX and te rm s , th e  a c tiv ity  co effic ien ts  o f  th e  im m obilized co m p o 
n e n ts  a re  lum ped to g e th e r :

Ky1 = У*-_НЕО- УР. (12)
T r -E D

Kyt =  ? * - » • * * ‘ Уа (13)
7 r - h e d

K 1 and  K 2 are th e  th e rm o d y n a m ic  e q u ilib riu m  c o n s ta n ts  for th e  p ro to 
n a t io n  reac tion  o f E q s  (1) a n d  (2).

F ro m  exp erim en ta l d a t a  (p H , ClCherro Cl[nv a n d  H 20 ) ,  th e  co rrespond ing  
v a lu e s  o f a* and  (H  + ) c a n  b e  calcu la ted , an d  f ro m  th e se , K{ and K 2 c a n  be 
o b ta in e d  by  the above e q u a t io n .

Experim ental

T he ED-resin was syn thesized  earlier and its p roperties have been described in ref. [4]. 
T he res in  studied was washed w ith  1 mol dm -3 hydrochloric acid and  then treated  w ith  0.1 
m ol d m -3 hydrochloric acid, w hereby  the protonated form  o f th e  base (R  —H2ED 2 + • 2 C l- ) 
w as ob ta ined . The air-dried p ro to n a te d  resin was stored in  a desiccator in a glass-stoppered 
flask .

Titration curve o f the resin

A pproxim ately 0.5 g re s in  samples were weighed accurately  into 100 cm3 glass- 
s to p p e re d  flasks and to them  increasing  volumes of 0.1 m ol d m -3 carbonate free potassium  
h y d ro x id e  solution were added. T he  ionic strength and the  100 cm 3 final volume of the suspen
sion w as adjusted by the ad d itio n  of a calculated volum e of w ater and potassium chloride 
so lu tion  of 2 mol d m -3. The p H -in e tric  titration curve w as ob ta ined  a t an ionic streng th  of 
1 m ol d m -3 . The suspensions w ere left to equilibrate a t  298 К  for about 10 days.

T he preparation and  th e  equ ilib ra tion  of the sam ples as well as the determ ination of 
th e  p H  were made in a p ro tec tin g  argon atmosphere.

Measurement o f  the quantities used to calculate 5* and  (H +)

T he pH ’s of the equ ilib rium  system s were m easured b y  a calibrated glass electrode 
(R ad io m ete r GK 2351 R) using a  R adiom eter PHM  64 R easearch  pH  Meter.

A fter the m easurem ent o f th e  pH  the solution phase w as separated  from the resin by  
f i l t r a t io n  and by centrifugation ( a t  5000 r.p.m. for 30 m in). The w ater content, H 20 ,  was 
o b ta in e d  by  drying the resin in a p ro tec tin g  argon atm osphere a t  378 K. The chloride con ten t, 
Clchem ' l- Cljnv, of the dried resin  w as eluted into a 500 cm 3 g radua ted  flask w ith 100 cm 3 of 
0.1 m ol d m -3 carbonate free p o tass iu m  hydroxide solu tion . T he resin was then washed free 
o f base  w ith  carbonate free w ate r, a n d  finally the flask was m ade  u p  to  the mark.

T he to ta l am ount of ch lo ride  ions originating from  th e  tw o sources was o b ta ined  by 
po ten tiom etric  titration  in  50 vol. %  m ethanol using silver n it ra te  solution as ti tr a n t.

T he am ount of chem ically b o u n d  chloride was ob ta in ed  from  an acid-base titra tio n  
of th e  e luen t solution.

F űre 1 shows the chem ically  bound chloride as a fu nc tion  of the added am oun t of 
p o tassiu m  hydroxide.
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mmol КОН added 
mmol functional group

Fig. 1. Amount of chem ically hound chloride ions as a function  of the am ount of potassium
hydroxide added

The am ount of the invading chloride was calculated from  the above d a ta :

Cl,nv =  Cl Clchem (14)

Finally the eluted resin was dried overnight in  a p ro tecting  argon atm osphere a t 378 К  
to  determ ine the mass of non-protonated  resin.

The capacity  of th e  resin was obtained as one half o f the m axim um  ao inun t of the 
chemically bound chloride and i t  was found as follows:

mmol functional groups 
”  ' g ED-resin

Exactly  the same capacity  value was obtained th rough  the determ ination  of the nitrog 
gen content of the resin (by  th e  m ethod of K je l d a h l ).
____ Figure 2 shows the titra tio n  curve of the ED -resin constructed  using the correspondin-
pH  and öt* values of Table I.
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Table I

Experimental data and details fo r  the calculation o f protonation constants o f  ED-resin

pH Clchem dinv H,0 (Cl) pH 5* mmol KOH
mmol functional group

5.175
I

8.080 1.086 1.954 4.690 6.062 0.121 0.13
5.902 7.167 0.891 1.796 4.486 6.769 0.333 0.33
6.057 7.054 0.682 1.707 4.531 6.929 0.360 0.36
6.187 6.565 0.820 1.664 4.438 7.050 0.473 0.47
6.343 6.230 1.065 1.625 4.489 7.211 0.551 0.54
6.476 5.861 0.962 1.568 4.351 7.330 0.637 0.61
6.636 5.574 1.023 1.524 4.328 7.488 0.704 0.67
7.065 4.869 0.726 1.399 3.998 7.882 0.868 0.87
7.439 4.367 0.634 1.308 3.822 8.237 0.984 1.01
7.922 3.693 0.669 1.225 3.560 8.689 1.141 1.15
8.504 2.937 0.860 1.140 3.332 9.242 1.317 1.27
8.612 2.771 0.715 1.076 3.239 9.338 1.356 1.35
8.899 2.373 0.601 0.994 2.991 9.590 1.448 1.43
9.196 2.032 0.491 0.950 2.654 9.835 1.527 1.55
9.338 1.819 0.464 0.901 2.532 9.957 1.577 1.61
9.512 1.563 0.504 0.914 2.263 10.082 1.636 1.68
9.728 1.254 0.444 0.842 2.015 10.248 J.708 1.76

10.121 0.830 0.494 0.841 1.573 10.533 1.807 1.88
10.652 0.398 0.573 0.841 1.155 10.930 1.907 2.02
11.561 0 0.727 0.959 0.757 — — 2.36
11.863 0 0.677 0.943 0.718 — — 2.64
12.243 0 0.655 0.923 0.710 — — 3.40
12.782 0 0.561 0.875 0.642 — — 6.80

F o r details and units see te x t

R esu lts  and  D iscussion

Interpretation o f  chloride and water uptake

A s can  be seen in  F ig . 1, th e  am o u n t o f  chem ically  b o u n d  ch loride 
g ra d u a l ly  decreases as th e  a m o u n t o f p o ta ss iu m  h y d ro x id e  in creases . T he 
d e c re a se  o f  th e  H.C1 c o n te n t  o f  th e  re sin  is e q u iv a le n t to  th e  a d d e d  am o u n t 
o f  p o ta s s iu m  h y d rox ide  b u t  a sm all d ev ia tio n  occurs in  th e  low er ran g e  o f 
th e  ch lo rid e  co n ten t. T h is sm all d e v ia tio n  can  be exp la ined  i f  th e  sw elling 
b e h a v io u r  o f th e  re sin  is t a k e n  in to  co n sid e ra tio n .

I n  F ig . 3, th e  vo lu m e ch an g e  o f th e  resin  b ed  is show n as a fu n c tio n  o f 
th e  so lu tio n . As th e  c u rv e  show s, th e  vo lum e o f th e  d e p ro to n a te d  re s in  is
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a b o u t one h a lf  o f  th e  vo lum e of th e  fu lly  p ro to n a te d  one. A t h igh p H  values 
th e  re sin  s tro n g ly  sh rin k s and  c o n seq u en tly  th e  deso rp tio n  p rocess o f  th e  
ions is m ore h in d e red  th a n  a t  th e  low er p H .

T he vo lum e ch an g e , accom pany ing  th e  p ro to n a tio n  process o b v io u sly  
m an ifests  itse lf  in  th e  change of th e  w a te r  c o n te n t  o f  th e  resin , w h ich  is re p 
re sen ted  in  F ig . 4 as a fu n c tio n  o f th e  a m o u n t o f  ad d ed  p o tassium  h y d ro x id e .

Fig. 3. Change of the volume of ED -resin as a function of the pH

mmol KOH added 
mmol functional  aroua

Fig. 4. Change of th e  w ater content of the ED -resin as a function of potassium  hydroxid
added

W h en  th e  fu n c tio n a l g roups are co m p le te ly  d e p ro to n a te d  th e  re s in  phase  
c o n ta in s  on ly  th e  in v ad in g  e lec tro ly te . T h e  c o n cen tra tio n  o f  th e  in v ad in g  
e le c tro ly te  w as fo u n d  to  be a b o u t 0.7 m ol d m -3  w hen  th e  resin  w as in  eq u ili
b r iu m  w ith  a n  e x te rn a l so lu tio n  o f  1 m ol d m - 3 .

T he in it ia l  perio d  o f  p ro to n a tio n  is n o t accom pan ied  b y  a s ig n if ic a n t 
ch an g e  in  th e  w a te r  c o n te n t, b u t  in  su b se q u e n t periods, i t  is in c rea s in g  p ro p o r
tio n a lly  w ith  th e  ad v an ce  o f  p ro to n a tio n . F ro m  th a t  p ro p o rtio n a l ra n g e  one 
f in d s  th a t  to g e th e r  w ith  th e  bond ing  o f 1 m ol HC1, ab o u t 9 mol H 20  is t r a n s 
fe rred  s im u ltan eo u sly  in to  th e  resin  p h ase .
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Calculation o f the protonation constants

T h e  d a ta  n ecessa ry  fo r  th e  ca lcu la tions a re  g iv en  in  T able I .  B y  E q . (10), 
th e  K {  an d  K% w ere c a lc u la te d  from  th e  fa llin g  in  th e  0.2 <  x*  0 .8  an d  
1 .2  <C x*  <C E8 ran g es. E q u a tio n  (10) g ives a lin ea r  re la tio n sh ip  b e tw een
x*(H + )
x* —  1

and
(«• -  1 ) (H +)

an d  th e  in te rc e p t o f  th e  s tra ig h t line g ives K[,

w h e re a s  from  its  slope K.% c a n  he ca lcu la ted .

T h e  follow ing v a lu es  w ere  ob ta in ed :

log K {  =  9.11 ±  0.09 

log  K i  =  7.12 ±  0.10

T h e  u n c e r ta in ty  in te rv a ls  associated  w ith  a ll values are  g iven  as th re e  
t im e s  th e  s ta n d a rd  d e v ia tio n .

I n  th e  l i te ra tu re  o n  th e  equ ilib ria  o f p o ly a c id s , th e re  is ev idence  fo r th e  
c h a n g e  o f  th e  d isso c ia tio n  c o n s ta n t as a fu n c tio n  o f th e  degree o f  t i t r a t io n  
[5 — 9 ] . T hese changes w ere  assigned to  th e  a l te ra t io n  o f th e  su rface  ch arg e  
o f  th e  p o ly io n  d u ring  n e u tra liz a tio n . For a q u a n t i ta t iv e  d esc rip tio n  o f  th is  
o b s e rv a t io n , au th o rs  e i th e r  used th e  m o d ified  H e n d e r s o n — H a s s e l b a c h  
e q u a t io n  o r e x tra p o la te d  th e  values to  zero  su rfa c e  charge [10].

W h e n  S za b a d k a  u se d  E q . (3) for th e  c a lc u la tio n  of th e  p ro to n a tio n  
c o n s ta n ts  o f  e th y le n e d ia m in e tria c e tic  acid [2] a n d  im inod iacetic  ac id  [3], he 
fo u n d  t h a t  th e  p ro to n a tio n  c o n s ta n ts  o b ta in e d  w ere  in d ep en d en t o f th e  degree 
o f  t i t r a t i o n  in  th e  p a r t ic u la r  ran g e  w here th e  re sp e c tiv e  co n stan ts  h a v e  th e ir  
c h e m ic a l significance.

I n  th e  case o f E D -re s in , how ever, th e  c o n s ta n ts  are so close to  ea c h  o th e r  
t h a t  E q .  (3) can n o t be u se d  fo r  th e  ca lcu la tio n  a t  th e  in d iv id u a l s teps. T h ere fo re , 
th e  in d e p e n d e n c e  o f a c o n s ta n t  o f th e  degree o f  t i t r a t io n  c a n n o t be p ro v e d  in  
th e  a b o v e  m en tio n ed  w a y . T h e  independence  o f  th e  co n stan ts , h o w ev er, can  
b e  c h e c k e d  in  th e  fo llow ing  w ay . Once K {  a n d  К á have  been  o b ta in e d  by  

E q . (10) th e  p H  can  be c a lc u la te d  to  a g iven  v a lu e  o f  x* . These p H ca]C va lu es  
w ere  c o m p a re d  w ith  th o se  v a lu e s  w hich w ere c a lc u la te d  from  th e  e x p e rim e n ta l 

d a ta  b y  E q . (8). T his co m p a riso n  is show n in  F ig . 5, w here  th e  p H —p H ca[C =  A 
v a lu e s  a re  p lo tte d  a g a in s t « * .

I n  th e  0 <  a* <  1 ra n g e , w here K% h as  c h em ica l significance, th e  d e v ia 
tio n s  a re  re a lly  sm all a n d  a re  ran d o m ly  s c a tte re d .

I n  th e  1 <( x* <[ 2 ra n g e , how ever, th e  e m p ty  circles seem to  in d ic a te  a 
t r e n d  t h a t  m igh t be assig n ed  to  th e  fac t t h a t  th e  chem ically  b o u n d  ch lo rid e  
c o n te n t  d e te rm in ed  in  t h a t  ran g e  is n o t s t r ic t ly  p ro p o rtio n a l to  th e  ad d e d  
a m o u n t  o f  p o tassium  h y d ro x id e , as was p o in te d  o u t  in  th e  in te rp re ta t io n  o f
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Fig. 5. Dependence of the pH  pH caic =  A on th e  degree of titra tion  (for de tails see text)

F ig . 1. If , how ever, th e  a m o u n t o f  p ro to n s  in  th e  resin  is c a lc u la te d  d irec tly  
from  th e  c a p a c ity  an d  from  th e  a m o u n t o f  ad d ed  p o tassiu m  h y d ro x id e , th e n  
s lig h tly  d iffe ren t p H  v a lu es  can  be o b ta in e d . U sing these  v a lu es  to  ca lcu la te  
th e  above m en tio n ed  A p a ra m e te r , th e  tr e n d  seem s to  d isa p p e a r as th e  full 
circles of th e  d iag ram  in d ic a te .
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A fter a b rief critical survey of the lite ra tu re  on the different assum ptions for 
the potential of average force, an a ttem p t is m ade to  approxim ate the “ effective pair 
po ten tia l”  w ith respect to  the non-linear dielectric behaviour of the solvent w ithout 
any external fittin g  procedure. W ith the decrease of the interionic distance there are 
lines of forces from  one ion to the o ther going th rough  layers of solvent w ith  different 
relative perm ittiv ity . This m onotonously changing relative perm ittiv ity  is substitu ted  
by its volume average, which is a continuous function  of the interionic distance. Ionic 
radii are im plied as in tegration  lim its. The resu lts obtained are in good agreem ent 
w ith the best approxim ations in the literatu re .

1. Introduction

T h eo re tica l c a lc u la tio n  o f th e  th e rm o d y n a m ic  p ro p ertie s  o f  e lec tro ly te  
so lu tions is u su a lly  p erfo rm ed  in  th e  fo llow ing w ay :

a) a p o te n tia l  is assum ed  for th e  pa ir  in te ra c tio n  o f  ch arg ed  ions,
b) i t  is assu m ed  t h a t  these  p o te n tia ls  a re  pairw ise a d d itiv e , i.e. th e y  

a re  n o t affec ted  b y  th e  presence o f  o th e r  ions,
c) using  som e s ta t is t ic a l  m e th o d , th e  p a ir-c o rre la tio n  fu n c tio n s , w hich  

d e te rm in e  th e  ch arg e  d is tr ib u tio n  a ro u n d  th e  ions, are  ca lcu la ted , th e n
d) from  th e  p a ir  co rre la tio n  fu n c tio n s  a n d  in te ra c tio n  p o te n tia ls  th e  

th e rm o d y n am ic  p ro p e rtie s  are d e te rm in ed .
F ro m  th e  p o in t o f  v iew  of concre te  a p p lic a tio n s , th e  success o f  th e  w hole 

p ro ced u re  depends on  th e  fac t w h e th e r th e  a ssu m p tio n s  o f th e  p a ir  p o te n tia ls  
are  rea lis tic  enough  a n d  w h e th e r th e  s ta t is t ic a l  m echan ical c a lcu la tio n s  can  
he carried  o u t a c c u ra te ly  w ith  th e  g iven  p a ir  p o te n tia ls . S im ila rly  to  o th e r  
th e o re tic a l p rob lem s, t he m ore rea lis tic  th e  m odel o f p a ir  p o te n tia ls , th e  g re a te r  
th e  d ifficu lties in  th e  ca lcu la tions.

In  th e  m o lecu la r th eo ry  o f  e le c tro ly te s , th e rm o d y n am ic  p ro p e rtie s  
o u g h t to  be ca lc u la ted  as th e  average  o f  all possib le  co n fig u ra tio n s  o f th e  
p a rtic le s  o f th e  so lu te  an d  so lven t m olecu les. In s te a d  o f  th is  co m p lica ted  
p ro ced u re , th e re  is a possib ility  to  se p a ra te  th e  average  b e h a v io u r o f  th e

* To whom correspondence should be addressed
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100 GOMBOS, RUFF: POTENTIAL OF MEAN FORCE

s o lv e n t  fro m  th a t  o f th e  so lu te , i f  th e  p a ir  p o te n tia ls  a c tin g  b e tw een  th e  ions 
o f  t h e  so lu te  are s u b s ti tu te d  b y  su ch  a n  “ e ffe c tiv e ”  p a ir  p o te n tia l  w h ich  is 
c a lc u la te d  w ith  resp ec t to  th e  average b eh av io u r o f  th e  so lven t. T h is “ e ffec tiv e”  
p a i r  p o te n t ia l  is called  the potential o f average force. W h a t we k now  a b o u t i t  
w i th  a ll c e r ta in ty  is t h a t  a t  la rg e  in te rio n ic  d is tan ces  i t  te n d s  a sy m p to tic a lly  
to  th e  C oulom b p o te n tia l (see e.g. refs [1, 2 ]):

lim  Ujj =  Z[Zje2le0rjj ~ (1)
Of— °°

w h e re  w(y- is th e  p o te n tia l o f  av e ra g e  force b e tw een  th e  i th  an d  j th  ty p e  o f  ions 
( it m a y  also  be th a t  i — j ) ,  e th e  e le m e n ta ry  ch arg e , th e  z’s are  th e  n u m b e r  of 
c o rre sp o n d in g  charges w h ich  in c lu d e  th e ir  sign  to o , e 0 is th e  re la tiv e  p e rm it t iv 
i ty  o f  th e  pu re  so lven t, a n d  r,-,- th e  d is tan ce  b e tw een  th e  i th  an d  j t h  ion.

D e v ia tio n s  o f th e  p a ir  p o te n tia ls  from  th e  C oulom b law  a t  sm alle r 
d is ta n c e s  are  due to  sev era l rea so n s . O n th e  one h a n d , th e  m olecular g ra n u la r ity  
o f  th e  so lv e n t can  fav o u r c e r ta in  Тц v a lu es  an d  d isfav o u r o th e rs , a n d , o n  th e  
o th e r  h a n d ,  th e  n u m b er o f  so lv e n t m olecules in  th e  h igh  electric  f ie ld  o f  th e  
tw o  io n s , w hich  are u n d e r c o n d itio n s  d iffe ren t from  th a t  o f th e  p u re  so lv e n t, 
is h ig h e r  a t  sm all in te rio n ic  d is ta n c e s  co m p ared  to  th e  case of la rg e  s e p a ra tio n  
d is ta n c e s . O n the  basis o f  q u a li ta t iv e  c o n sid e ra tio n s , th ese  effects c a n  be 
u n if ie d  in to  a single sh o rt-ra n g e  p o te n tia l  a d d itiv e  to  th e  C oulom b p o te n tia l  
w h ic h  is  repu lsive  in d e p e n d e n tly  o f  th e  sign  o f th e  charges of ions:

Цц =  u* +  z( zy.e2/£ 0r,7 (2)

w h e re  ufj is th e  sh o rt-ran g e  te rm .
T h e  v a rious e lec tro ly te  th e o rie s  d iffer, am ong  o th e rs , in  th e  cho ice  of 

th e  m o d e l th e y  app ly  fo r th e  c a lc u la tio n  o f th e se  sh o rt-ran g e  in te ra c tio n s . 
A f te r  a su rv e y  o f th e  m ost im p o r ta n t  re su lts  o b ta in e d  so fa r  on th e  p a ir  p o te n 
tia ls , in  th e  p resen t p a p e r w e d iscuss a n ove l a p p ro a c h  to  th e  e s tim a tio n  
o f  и*- b a s e d  on the  n o n -lin ea r d ie lec tric  b e h a v io u r o f th e  so lvent.

2. Literature Survey

T h e  sim plest a p p ro x im a tio n  o f  th e  rep u ls iv e  sh o rt-ran g e  in te ra c tio n s  
is th e  so -ca lled  “ h a rd  core re p u ls io n ” .

*Uij  =

A cta  C him . Acad. Sei. Hung. I l l , 1982
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w h ere  a (y is th e  sm allest possib le  d is ta n c e  o f  app roach  o f  th e  i - th  a n d  j - th  
k in d  o f  ions. T he m odels assu m in g  th is  k in d  o f  p a ir  p o ten tia ls  a re  c a lle d  p r im i
tive models. If, in  o rd e r to  fa c ilita te  th e  s ta tis t ic a l  m echan ical p ro b le m , we 
in tro d u c e  th e  s im p lific a tio n  th a t  a (;- =  a  fo r all i ’s an d  j ' s, w e o b ta in  th e  
“ re s tr ic te d  p rim itiv e  m o d e l” .

T hese k inds o f  p a ir  p o te n tia ls  a re  sim p le  enough to  h an d le  a  as a f i t t in g  
p a ra m e te r  so th a t  th e rm o d y n a m ic  p a ra m e te rs  can  be w r it te n  in  an a ly tic a l 
fo rm  w ith  n o t to o  rough  s ta tis t ic a l  m ech an ica l ap p ro x im atio n s . T h e  a d v a n ta g e  
o f  th e se  th e o re tic a l c a lcu la tio n s  is t h a t  th e  m a in  fea tu res  o f  th e  e lec tro ly tes  
c a n  be w ell in te rp re te d  b y  th e m , b u t  th e y  give num erica lly  c o r re c t  re su lts  
o n ly  in  th e  case o f  v e ry  d ilu te  so lu tio n s.

I f  one is sa tisfied  w ith  ap p ro ach in g  th e  u* fu n c tion , w h ich  is in  re a lity  
a co n tin u o u s  fu n c tio n  o f  r,y, w ith  a d isco n tin u o u s  fu n c tio n  s im ila r  to  th e  p ri
m itiv e  m odel, a m ore a d e q u a te  a p p ro a c h  o f  th e  problem  c a n  b e  o b ta in ed  
a p p ly in g  th e  h a rd  core rep u ls io n  on ly  to  th e  a i;- values c a lc u la te d  from  the  
su m  o f th e  ac tu a l c ry s ta llo g rap h ic  ra d ii o f  ions, and  th e  sh o rt-ra n g e  repu lsive  
(o r e v e n tu a lly  a ttra c tiv e )  in te ra c tio n s  re su ltin g  from  th e  io n -so lv en t in te ra c tio n  
a re  described  w ith  a “ s te p -fu n c tio n ” :

0, if Ti j  ^  a u +  «8
*

u T j = b,p if ai j .<  rij <C a i l  +  Я8 . (4)
oo, if r IJ <  a i]

w here  a s is the  d iam e te r o f  th e  so lv en t m olecu le , and  th e  btj  v a lu e s  c a n  tak e  
o v e r th e  ro le o f th e  f i t t in g  p a ra m e te r . I f  ev e ry  btj =  b we o b ta in  th e  re s tr ic te d  
v e rs io n  o f  th is  m odel [3]. T h is k in d  o f  p a ir  p o te n tia l is show n in  F ig . 1. A p p ly 
in g  th is  m e th o d , th e rm o d y n a m ic  p a ra m e te rs  can n o t be ex p ressed  in  exp lic it 
a n a ly tic a l fo rm , b u t  th e  n u m erica l m e th o d s  to  be app lied  n eed  a  re la tiv e ly  
lesser a m o u n t o f  ca lcu la tio n .

T h e  m odels w h ich  a re  in  b e t te r  ag reem en t w ith  r e a li ty  as th e  above 
m e n tio n e d  one t r y  to  a p p ro a c h  th e  u*]{rtj) fu n c tio n  in  a c o n tin u o u s  fo rm . 
C o n sid erin g  s till a v e ry  sim p lified  m odel, L e v in e  and  W r ig l e y  [4] tr ie d  to  
ta k e  in to  acco u n t th e  effect o f th e  p o la riz a b ility  o f w a te r m o lecu les in  the  
so lv e n t sphere  on  th e  p a ir  p o te n tia l. T h e y  assum ed  th a t  th e  ions w ith  -\-e or 
— e charges an d  th e  so lv en t m olecules a re  o f  th e  sam e size a n d  th e i r  rad iu s  
is o/3; ions are su rro u n d ed  inside  th e  sp h e re  o f  rad ius a b y  th e  so lv a te  shell 
a n d  th e  m ean p o la riz a b ility  o f  th e  co m p lex  ion  th u s  fo rm ed  is a , w h ile  the  
so lv e n t m olecules fa r th e r  o ff from  th is  d is ta n c e  com prise a c o n tin u u m  w ith  
re la tiv e  p e rm ittiv ity  e 0. T h e  sh o rt-ra n g e  in te ra c tio n  p ro v es to  b e  alw ays 
re p u ls iv e :

u t ,=  - ^ - ( M 3 + bs t5 +  V е +  • • •) (5)
eo Tt]
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102 GOMBOS RUFF: POTENTIAL OF MEAN FORCE

Fig. 1. Pair potentials for water as solvent at 298 К according to the primitive model modified
with a step function
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w here  v — oc/a3, as is th e  p o la r iz a b ility  o f th e  so lv e n t, /xs is its  dipole m o m en t, 
an d

1 +  2v
C =  1

D  =  l - v +  1 f 2v T  Ct3
2 £q

(9)

( 10)
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am i

E =  1 -f- -J— T 4 15 (1 
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2en 2D en

( П )

( 12)

T h e  u p p e r one o f  th e  doub le  signs in  th ese  e q u a tio n s  re fe rs  to  th e  case of like 
ch arg ed  ions, w hile th e  low er to  t h a t  o f  o p p o site ly  ch a rg ed  ones.

In  o rd e r to  describe  th e  rep u ls iv e  te rm  o f th e  p a ir  p o te n tia l ,  E q . (5) is 
v a lid  on ly  i f  r,y is g re a te r  th a n  th e  in te rio n ic  d is tan ce  o f  th e  tw o  ions to g e th e r 
w ith  th e ir  so lv a te  spheres, i.e. if  ( <  1/2. E q u a tio n  (5) a p p ro x im a te s  th e  re p u l
sive effect b e tw een  d ie lec tric  spheres or cav itie s  filled  w ith  a co n tin u u m  of 
low er re la tiv e  p e rm itt iv i ty . A ccord ing  to  e le c tro s ta tic s , th e se  spheres alw ays 
rep e l one a n o th e r  a n d  th e  m ag n itu d e  o f th e  rep u ls iv e  forces depends on th e  
ra tio  o f th e  re la tiv e  p e rm itt iv i ty  o f th e  tw o  c o n tin u a . T h e  m odel u n d er d is
cussion  is m ore co m p lica ted  th a n  th is :  ev e ry  sp h ere  w ith  low er re la tiv e  p e rm it
t iv i ty  is d iv id ed  in to  tw o  p a r ts , a n  even  sm alle r sphere  c h a ra c te riz e d  b y  th e  
p o la rizab ility  o f  th e  io n  an d  a n  o u te r  sp h erica l shell filled  w ith  th e  d ie lec tri
ca lly  s a tu ra te d  so lv en t. I n  sp ite  o f th ese  d ifferences, th is  k in d  o f  ap p ro x im a
tio n  o f th e  rep u ls iv e  te rm  o f th e  p a ir  p o te n tia l  is called  th e  c a v ity  m odel, and  
th e  te rm  in  th e  w hole p a ir  p o te n tia l o rig in a tin g  from  th is  e ffec t is called th e  
cavity term. (W e n o te  th a t  in  th e  th e o ry  o f ion ic  so lv a tio n  one can  also use 
th is  k ind  o f ca lcu la tio n s  w hen  o p e ra tin g  w ith  spherica l shells. T hese, in sp ite  
o f  th e ir  s im p lic ity , give re su lts  in  good ag reem en t w ith  e x p e rim e n ta l d a ta  [5].)

T he above .equations in  th e  case o f  K + an d  F ~  ions le ad  to  th e  curves 
labe lled  LW  in  F ig . 2. I t  can  be seen th a t  th e  p a ir  p o te n tia l  a c tin g  betw een  
ions o f  opposite  s ign  c a n  be ap p ro x im a te d  sa tis fa c to r ily  w ith  th e  L e v in e  — 
W r ig l e y  e q u a tio n s  a t  d istances g rea te r  th a n  0.82 nm , b u t  th e ir  co n tin u a tio n  
m ark ed  w ith  d o tte d  line gives s till reaso n ab le  re su lts  even  a t  th o se  d istances 
w here th e  c a v ity  te rm  is m eaningless because  th e  so lven t spheres m erge in to  
each  o th e r. O n th e  c o n tra ry , th e  p o te n tia l a c tin g  b e tw een  like charged  ions 
gives g rea t — a n d  m ost p ro b ab ly  false — oscilla tions a t  d is tan ces  sh o rte r 
th a n  0.55 nm .

B a h e  [6] ap p lied  a p h ysica l m odel w h ich  in  a c e r ta in  sense is m ore 
rea lis tic  th a n  th a t  o f  th e  L e v in e  — W r ig l e y  ap p ro x im a tio n . B a h e  supposed  
th a t ,  in  th e  sp h erica l shell rep resen tin g  th e  so lv a te  sphere , in s te a d  o f a m edium  
w ith  c o n s ta n t low  p e rm ittiv ity , th e re  is a lin ea r  increase  o f  th e  re la tiv e  p e rm it
t iv i ty  from  a v a lu e  o f  n 2 a t  th e  su rface  o f  th e  ion , u p  to  th e  v a lu e  s 0 co rrespond
ing  to  th e  p u re  so lv e n t. A t th e  sam e tim e  B a h e  m ade m ore  m a th em a tica l 
s im p lifica tions in  his ca lcu la tio n s, w hich  m ake his re su lts  less precise th a n  
tho se  o f  L e v in e  an d  W r ig l e y .
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F i g .  2 .  Comparison of pair potentials for water as solvent at 298TK obtained by different 
approximations (LW — L e v in e  and W k ig l e y ; В — modified BAHE-equation;

C — C o u L O M B -la w )

B a h e  s t a r t s  f r o m  t h e  s o - c a l l e d  p o n d e r o m o t o r i c  f o r c e :

F v =  {?E —  E 2Ve -1-------V
8 л  8л

E 2
de

d  I n  d ,
(13)

w h e re  F v is th e  force ac tin g  o n  a u n it  volum e, q th e  ch arg e  d e n s ity , E  th e  
e le c tr ic  f ie ld , Ve th e  g ra d ie n t o f  th e  re la tiv e  p e rm itt iv i ty , an d  d th e  m ass 
d e n s ity  o f  th e  solvent. Ba h e ’s f i r s t  ap p ro x im a te  a s su m p tio n  is fu n d a m e n ta lly  
fa lse : h e  neg lects th e  th ird  te r m  o f  E q . (13) w ith  th e  reaso n in g  th a t ,  i f  th e  
m e d iu m  is  incom pressib le, th is  te rm  becom es zero.

I n  o rd e r to  show  th a t  th is  is erroneous, we tra n s fo rm  th e  th i rd  te rm  
o f  E q .  (13) as follows:

£ 2  - ~ e - =  D E d - - -  (14)
d l n d  d I n d

w h ere  D  is the  dielectric  d isp la c e m e n t. I t  is o bv ious t h a t  th e  d  In  e/d  In  d 
f a c to r  exp resses th e  d ep en d en ce  o f  th e  re la tiv e  p e rm itt iv i ty ,  i.e. th e  d ipole 
d e n s i ty ,  o f  th e  so lvent on  th e  m ass d en sity . This q u a n t i ty  is u n ity  in  case of
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p o la r  liqu ids w ith  reg u la r  electric e q u a tio n  o f  s ta te . ( In  th is  case th e  dipole 
d e n s ity  is p ro p o rtio n a l to  th e  m ass d e n s ity , because  th e  n u m b er o f  d ipo les in  
u n it  vo lum e can  be increased  only  b y  in c re a s in g  p ro p o rtio n a lly  th e  n u m b e r 
o f m olecules in  th e  system .) W hen c o n sid e rin g  liq u id s  w ith  an o m alo u s e lec tric  
e q u a tio n  of s ta te , th is  q u a n tity  can  d iffer f ro m  u n ity , h u t  i t  m ay  n e v e r  becom e 
zero , since th is  w ou ld  m ean  th a t  th e  n u m b e r  o f  m olecules per u n it  v o lu m e  can  
be increased  w ith o u t increasing  th e  n u m b e r  o f  dipoles. This is im p o ss ib le  in  
case o f  po lar m olecules. So th e  d iffe ren tia l q u o tie n t in  questio n  h a s  n o th in g  
to  do w ith  co m p ressib ility .

F o r tu n a te ly , th is  e rro r of B a h e  c a n  b e  co rrec ted  ra th e r  easily . W e shou ld  
assum e on ly  t h a t  d In  e / d  In d  ты d In £0/d  In  d  w hich is e q u iv a le n t to  th e  
a ssu m p tio n  th a t  th e  s tru c tu re  o f th e  m ed iu m  (an d  also its  KiRKWOOD-factor) 
does n o t change to o  m uch  on  com pression . T h is holds by  all m e a n s  in  th e  
case o f  no rm al liq u id s  b u t  for anom alous ones i t  is va lid  only as a n  a c c e p tab le  
a p p ro x im a tio n . F o r in stan ce , for pure  w a te r  a t  room  te m p e ra tu re  [8]. d  In e j  
/d  In d =  0.707, i.e. th e  erro r of th e  ab o v e  a p p ro x im a tio n  w ould  be  3 0 %  in 
th a t  p a r t  o f th e  space  a ro u n d  th e  ions w here  th e  s tru c tu re  o f  w a te r is co m p le te ly  
d e s tro y ed  as a re su lt o f  the  h igh-field  e ffec t.

A pp ly ing  th is  ap p ro ach  an d  fo llow ing  B a h e ’s in teg ra tio n  p ro c e d u re  [6] 
we o b ta in  for th e  rep u ls io n  p o ten tia l:

22 2 2 
I I *  ‘ J Г v s ■ Ae i l  l

d In £0 1 3V S d ln  e0 1
Ulj

Eo 16л Ь Г d In d eo r?j 128л d In d  rfj

w here  Vs is The vo lu m e o f th e  so lven t la y e r  o f  a th ickness b a ro u n d  th e  ion  
an d  /Je  is th e  ch an g e  o f re la tiv e  p e rm it t iv i ty  w ith in  th is  layer.

E q u a tio n  (15) tran sfo rm s in to  th e  o rig in a l B ahe  eq u a tio n  i f  w e p u t 
zero in  place o f  d  In  e 0/d  In d.  I f  one does n o t  hand le  th e  c o n s ta n ts  o f  th e  
e q u a tio n  as f i t t in g  p a ra m e te rs , as B a h e  d id , th e n  for K F  we o b ta in  c u rv e  В  
o f F ig . 2.

A ll o f th e se  m odels ta k e  in to  ac c o u n t o n ly  one fea tu re  of th e  in te ra c tio n  
of th e  so lv a te  sp h eres , th e  so-called “ c a v ity - in te ra c tio n ” . U sing  th e  idea 
o f G u r n e y  [9], R am anathan  and  F r ie d m a n  [10] to o k  in to  acco u n t th e  w ork  
needed  to  rem ove  th e  so lven t, expelled  f ro m  th e  m erging so lv a te  sh e lls , from  
th e  fie ld  o f ions to  in f in ity . This te rm  o f th e  rep u ls io n  p o ten tia l is th e  so-called  
G u r n e y  term:

uU,o — A tj —y2 (16)
*8

w here  Vm is th e  m u tu a l volum e (th e  v o lu m e  o f  th e  com m on p a r t  o f  th e  so lv a te  
shells) c a lcu la ted  fo r one m ol o f ion  p a irs  in  a d is tan ce  rtj, while now  Vs is th e  
m o la r vo lum e o f  th e  so lven t un d er n o rm a l co n d itions. A/;- is a f i t t in g  p a ra m 
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106 GOMBOS, RUFF: POTENTIAL OF MEAN FORCE

e te r  to  b e  chosen  so th a t  th e  th e rm o d y n a m ic  a n d  o th e r m acroscopic p a r a m 
e te rs  (e.g . e lec tric  c o n d u c tiv ity )  ca lcu la ted  w ith  th e  given p o te n tia l  ag ree  
b e s t w i th  ex p e rim en ta l ones.

F o r  th e  m u tu a l v o lu m e , th e  a u th o rs  g ive  th e  following e s tim a tio n :

- 6 t i  +  i «  +
4 ríj 3

i f  Tij <, ri +  Tj +  2 rs

0, o th erw ise

rj)  \  r / ;( r ' +  r ' ) +  T 2" r,J
(17)

w h e re  r ; a n d  Tj are  th e  P a u l in g  ra d ii o f  ions, a n d  rl is th e  rad ius o f  th e  so lv e n t 
m o lecu le .

R a m a n a th a n  an d  F r ie d m a n  to o k  in to  c o n s id e ra tio n  th e  c a v ity  in te r a c 
t io n  o n ly  w ith  th e  te rm  o f th e  L e v in e —W r ig l e y  p o ten tia l, w hich d e p e n d s  
l in e a r ly  on  rjj4. T h ey  also in tro d u c e d  th e  “ c o re -p o te n tia l” , th e  in te ra c t io n  
o f  th e  b a re  ions, w hich is rep u ls iv e , too  :

M e2 I r  f +  r j

9Щп +  rj)
(18)

w h e re  M  is th e  Ma d elu n g  c o n s ta n t o f th e  a p p ro p r ia te  c ry sta l o f th e  e le c tro ly te  
s o lu te  a n d  N  is th e  c o o rd in a tio n  n u m b er o f  th e  ion s in  th is  c ry sta l. T h u s  th e  
w h o le  rep u ls iv e  p o te n tia l is :

ufj }.c + » 5 . q +
£n ■

2fi0 +  £(
( * H - M r ? )

2£o rtj
(19)

w h e re  ec is th e  m ean  re la tiv e  p e rm ittiv ity  o f  th e  c a v ity  a p p ro p ria te  to  th e  
s o lv a te d  ion . T he c a v ity  te rm  in  E q . (19) g ives d is tin c tly  sm aller re p u ls io n  
th a n  th e  L W -p o te n tia l. T h is defic iency  can  b e  p a r t ly  com pensated  fo r b y  th e  
A p a ra m e te r  w hich  is le ft to  be  f i t te d .

F ig u re  3 show s th a t  th e  cu rv e  o b ta in ed  b y  R am anathan  and  F r ie d m a n  
in  th e  case  o f  K F  is n o t th e  sam e as th e  L W -p o te n tia l. One reaso n  o f  th is  
d iffe re n c e  c a n  be th e  fa c t t h a t  o u t o f th e  th r e e  d ifferen t A tj  p a ra m e te rs  
( A k f , A k k , A f f ) th e y  f i t te d  in  fa c t only  one to  ex p erim en ta l th e rm o d y n a m ic  
v a lu e s , so  th e y  o b ta in ed  a “ c o n s is te n t”  b u t  n o t  c e rta in ly  real p a ir  p o te n tia l .

N o n e  o f  th e se  m odels co n sid ered  th e  m o le c u la r  g ra n u la rity  o f th e  so lv e n t, 
fo r t h e y  to o k  i t  in to  acco u n t as a co n tin u u m . O n e  o f  th e  very  sim plified  e ffec t 
o f  “ g ra n u la r i ty ”  can  be t h a t  i t  adds to  th e  ab o v e  ca lcu la ted  in te ra c tio n s , 
p a r t ly  w ith  rep u ls io n  p o te n tia l  (w hen th e  so lv e n t m olecules can  be a r ra n g e d  
w ith in  th e  Tjj d is tan ce  on ly  i f  th e y  are p re ssed  to g e th e r  a little ) a n d  p a r t ly  
w ith  a t t r a c t iv e  p o te n tia l  (w h en  th e  m olecules o f  th e  so lvent can  fill u p  th e  
sp a c e  w ith in  th e  in te rio n ic  d is tan ce  only  w h e n  p u lled  ap a rt) . As a r e s u lt ,
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GOMBOS, RUFF: POTENTIAL OF MEAN FORCE 107

Fig. 3. P a ir potentials for K +  and  F ~  in w ater as solvent a t 298 К  according to  R am anathan  
and  F r ie d m a n  (solid line). 1 — repulsion of ion cores; 2 — cavity in terac tion ; 3 G u r n ey  

term . The Coulom b  po ten tia l is represented w ith do tted  line

th e  effect o f  g ra n u la r ity  p ro d u ces “ w aves”  on  th e  o rig ina lly  sm o o th  pair 
p o te n tia l , as can  be seen  in  F ig . 4. H ere  th e  ad d itiv e  “ w aves”  a re  ta k e n  from  
th e  ap p ro x im a te  Mo n t e -Ca rlo  s tu d ies  o n  p u re  w a te r [11].

F ig .  4.  M o d i f i e d  p a i r  p o t e n t i a l  f o r  w a t e r  a s  s o l v e n t  a t  2 9 8  К  in  t h e  c a s e  o f  t h e  p r i m i t i v e  m o d e l
t a k i n g  i n t o  a c c o u n t  t h e  g r a n u l a r i t y  o f  t h e  s o l v e n t
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108 GOMBOS, RUFF: POTENTIAL OF MEAN FORCE

A lth o u g h  the  a s s u m p tio n  o f a d d itiv ity  is u su a lly  a good ap p ro x im a tio n , 
in  r e a l i ty  M o n t e -C a r l o  c a lc u la tio n s  would he n e e d e d , w h ich  ta k e  in to  acco u n t 
as e x a c tly  as possible b o th  th e  in te rac tio n s o f  io n s  a n d  so lven t m olecules 
a n d  t h a t  o f  the  so lven t m o lecu les  w ith  each o th e r  a n d  w hich  neg lec t n e ith e r  
th e  e ffec t of hydrogen  b o n d s  n o r th e  m u tu a l p o la r iz a b ili ty . U n fo rtu n a te ly , 
th is  k in d  o f procedure  re q u ire s  so m uch c o m p u te r  tim e  th a t  i t  c a n n o t be 
c a r r ie d  o u t y e t. A c o m p u ta t io n  m ade so fa r  (w h ich  co n sid e rs  th e  ions a n d  so l
v e n t  m olecules as n o n -p o la r iz a b le  rigid spheres a n d  c o n s tru c ts  th e  p o te n tia l

Fig. 5 . P a ir potential calcu lated  fo r 298 К  by the M o n t e -Ca rlo  m ethod considering the 
ion-dipole and dipole-dipole in te rac tio n . The Coulomb p o ten tia l represented for comparison

w as calculated w ith e0 — 7.8

Г
т о т  th e  ion-dipole a n d  d ipo le -d ip o le  in te ra c tio n s)  d id  n o t rev ea l b a s ica lly  
n ew  re su lts  com pared to  th o s e  w ith  th e  a ssu m p tio n  o f  a d d itiv ity , even  th o u g h  
i t  to o k  80 hours on a n  IB M  7094 com pu ter [12] (F ig . 5).

T h e  steep descend ing  re g io n  o f th e  cu rve  a t  sm a ll in te rio n ic  d is tan ces  
is p ro b a b ly  unreal an d  is d u e  to  th e  fac t t h a t  th e  m o d e l is ap p ro x im a te . In  
th e  case  o f polarizable s o lv e n t  m olecules, a la rg e r  w o rk  th a n  th a t  ca lcu la ted  
is r e q u ire d  to  p a rtia lly  re m o v e  th e  in n erm o st so lv a te  sphere  from  b e tw een  
th e  tw o  ions ap p ro ach in g  e a c h  o th e r successively  to  a d is tan ce  o f  c o n ta c t.

F ro m  th e  resu lts  o f  t h e  l i te ra tu re  rev iew ed  ab o v e , i t  c an  be co n c lu d ed  
t h a t  o u r  know ledge on  th e  p o te n t ia l  o f m ean  force b e tw e e n  ions is s till u n s a tis 
f a c to r y .  O ne aim  of f u r th e r  s tu d ie s  m ay be th e  d e r iv a tio n  o f equa tions w hich 
c a n  b e  ap p lied  w ith  re la tiv e  ease  in  th e  s ta tis tic a l m e c h a n ic a l th e o ry  o f  e lec tro 
ly te s ,  b u t  th e  sim p lic ity  w o u ld  n o t be a t ta in e d  b y  a priori u n d e te rm in e d  
f i t t in g  p a ram e te rs , since w i th  such  pair p o te n tia ls  th e  th e o ry  w ould  n o t  be 
p re d ic t iv e . In  th e  fo llow ing se c tio n  of th is  p a p e r w e a t te m p t  to  d erive  a p a ir  
p o te n t ia l  w ith  no f i t t in g  p a ra m e te rs .
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3. Approximation o f the potential o f m ean force w ith  
respect to the non-linear dielectric behaviour of the solvent

L et us r e s t r ic t  ourselves to  th e  case o f  ions w ith  eq u a l a b so lu te  va lu e  
o f  charges ^j-z. S uppose  th a t  ions a re  e m b ed d ed  in  a  co n tin u o u s  d ielec tric  
w hose re la tiv e  p e rm itt iv i ty  depends o n  th e  e lec tric  fie ld  s tre n g th  as a c o n ti
nuous fu n c tio n  o f  th e  space co o rd in a tes . I n  th is  case, along th e  su rfaces w here 
th e  re la tiv e  p e rm it t iv i ty  changes in fin ite s im a lly , th e re  are  in fin ite s im a l u n 
com p en sa ted  p o la r iz a tio n  charges in  th e  d ie lec tric , an d  th e re  one p a r t  o f  th e  
lines o f forces com ing  from  th e  ions te rm in a te  (c f  . F ig . 6, w here  as a n  ex am p le , 
wc sk e tch ed  ih e  case o f  opposite ly  c h a rg e d  ions). Ions are  su rro u n d e d  b y  a 
lay e r o f low  re la tiv e  p e rm ittiv ity  an d  h e re  th e  d en sity  o f th e  lines o f  forces 
is th e  g re a te s t, in  th e  follow ing la y e r, w ith  h ig h er re la tiv e  p e rm itt iv i ty  th e re

Fig. 6. Representation of the interaction of two oppositely charged ions with a field-dependent
relative perm ittivity. Solid lines are the lines of forces of the field, the regions with different

relative permittivities are separated by dotted lines
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110 GOMBOS, RUFF: POTENTIAL OF MEAN FORCE

a re  fe w e r lines o f force, etc. F in a lly  one a rriv es  a t  such  a large d is tan ce  fro m  
th e  io n  w h ere  th e  re la tiv e  p e r m it t iv i ty  o f  th e  p u re  so lv en t p red o m in a te s . 
T h e re  th e  d e n s ity  o f th e  lines o f  fo rces co rresp o n d s to  a re la tiv e  p e rm it t iv i ty  
£0. I f  io n s  are  as fa r aw ay  fro m  each  o th e r t h a t  th e  reg ions o f th e ir  e n v iro n 
m e n ts  w i th  low er re la tiv e  p e rm it t iv i ty  do n o t m erge , th e n  th e  p o te n tia l  o f  
m e a n  fo rc e  w ill he th e  Co u l o m b  law  w ith  e 0 in  th e  d en o m in a to r.

H o w ev e r, if  th e  reg ions o f  low er re la tiv e  p e rm it t iv i ty  m erge, a n d  th is  
is th e  ca se  w h en  th e  in te rio n ic  d is ta n c e  is sh o rte n e d , som e lines o f forces can  
re a c h  f ro m  one ion  to  th e  o th e r  th ro u g h  a m ed iu m  o f re la tiv e  p e rm it t iv i ty

Fig. 7. To the approxim ate derivation of pair po ten tia l (see text)

to w er t h a n  e 0. For ions close to  each  o th e r th is  reg io n  o f  th e  space is ex p a n d e d , 
d u e  to  th e  effect o f th e  co m m o n  fie ld , m ore th a n  fo r ions fa r from  each  o th e r , 
W ith  th e  decrease o f th e  in te r io n ic  d is tan ce  m ore  an d  m ore lines o f  force 
re a c h  th e  o th e r  ion th ro u g h  reg io n s  w ith  successively  low er p e rm ittiv ity .

T h e  p o la riza tio n  o f th e  so lv e n t layers w ith  low er re la tiv e  p e rm itt iv i ty  
in  th e  co m m o n  field  o f th e  tw o  ion s and  th e  effect o f  th is  p o la riza tio n  on  th e  
c h a n g e  o f  th e  forces ac tin g  b e tw e e n  these  ions w ould  be a d ifficu lt ta s k  to  
c a lc u la te . L e t us sim plify  th e  m odel as follow s: suppose  t h a t  th e  o u te r  h e m i
sp h e re  o f  b o th  ions does n o t ch an g e  w hen  th e  d is tan ce  be tw een  th e  tw o  ions 
d ec rea ses , i.e. assum e th a t  a s ig n if ic a n t m u tu a l p o la riz a tio n  ex ists on ly  in  th e  
sp ace  b e tw e e n  ih e  tw o ions. L e t th e  average  re la tiv e  p e rm ittiv ity  o f th e  reg ion , 
seen  f ro m  b o th  ions u n d er a so lid  angle ?r/2 (F ig . 7), be a fu n c tio n  o f th e  fie ld . 
O n  th e  b as is  of th e  a rg u m e n ts  described  in  ou r p rev io u s p ap er [13], le t us 
re p la c e  th e  re la tiv e  p e rm itt iv i ty  chang ing  fro m  p o in t to  p o in t w ith  its  volume 
average w ith in  th is  space. I f  th e  d is tan ce  o f  ions increases, th is  re la tiv e  p e r 
m i t t iv i ty  E is close to  e0. I f  th e  d is tan ce  decreases , e w ould  be co n sid e rab ly  
low er t h a n  e 0.
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In  o rd er to  m ake a sim ple av e rag in g  p ro ced u re , th e  vo lu m e in  q u e s tio n  
is a p p ro x im a te d  w ith  an  o c ta h e d ro n  w hose tw o  opposite  v e rtic e s  a re  a t  th e  
c e n te r  o f  th e  tw o  ions. W e h av e  show n [13] t h a t  in  th is  reg io n  o f  th e  space 
th e  average  re la tiv e  p e rm itt iv i ty  is w ith  good ap p ro x im atio n :

e =  e 0( l  — ge~hI'r) (201

w here  g a n d  h a re  c o n s ta n ts  (for w a te r  a t  25 °C th e ir  values is 12.0 a n d  1.27 X 
108 c m -1 , re sp ec tiv e ly ), r  =  r (y, an d

2/9 -  0 .6891(qa +  aplr3 
z[2.0019 -  2 .2214(oa - f  a c)/r]

( 21)

w here  aa an d  ac are  th e  c ry s ta llo g rap h ic  ra d ii o f  th e  an ion  an d  c a tio n , re sp ec 
tiv e ly , w hich  a p p ea r as in te g ra tio n  lim its  in  th e  d e riv a tio n  o f  th is  fo rm ula .

T he re la tiv e  p e rm ittiv ity  o f  a s im ila r reg io n  betw een  like  c h a rg e d  ions 
c a n  be ca lcu la ted  w ith  E q .(2 0 ) b u t  in  th is  ease  one  m ust tak e  in to  a c c o u n t th a t  
in  th e  m idd le  o f  th e  d is tan ce  b e tw een  th e  tw o  ions th e  o r ie n ta tio n  e ffec t o f 
th e  e lec tric  fie ld  cancels. T hus i t  is ob v io u s th a t  in  region 2 in  th e  A p p en d ix  
o f  ref. [13] th e  co m p o n en t o f  th e  v e c to r  o f  d ielectric  d isp lacem en t ly in g  in 
th e  d ire c tio n  o f  th e  s tra ig h t line going from  one ion  to  th e  o th e r  is zero .

A pp ly ing  th e  a p p ro x im a tio n  o f  ref. [13] in  any  o th e r a sp e c t w e o b ta in :

=  2 /9  -  1 .3782qg/r3 .
Ja, + + z(1.980 — 4 .4 4 2 8 ac/r)

f a ,  — c a n  be ca lcu la ted  analogously , b u t  a a shou ld  be w r it te n  in s te a d  o f ac.
W ith  th is  ap p ro x im a tio n  th e  v o lu m e  o f  th e  reg ion  b e tw e e n  th e  ions 

w ith  re la tiv e  p e rm itt iv i ty  d iffe ren t o f  t h a t  o f  pu re  so lven t is:

V  =  r3/6 (23)

I f  ions are  fa r  a p a r t  from  each  o th e r , a p o rtion  o f 1/6 o f  th e  lines of 
forces cross th is  reg ion  o f th e  sp ace , since v iew ing  it from  th e  c e n te r  o f  one 
o f  th e  ions, th is  reg io n  is seen u n d e r  one  s ix th  o f  th e  to ta l  so lid  an g le . L e t us 
suppose  th a t  a t  f in ite  in te rio n ic  d is tan ces  th e  p a r ti t io n  of th e  C ou lom b  in te ra c 
t io n  a c tin g  on th e  d ie lec tric , w h ich  c a n  be  cha rac terized  w ith  e„ a n d  e, is 
th e  sam e:

j,  CO U L. ±
Г

(24)
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w h ere , o f  th e  doub le  s ig n s, th e  u p p er one a lw ay s  re fe rs  to  th e  case o f  like  an d  
th e  low er to  th a t  o f  o p p o s ite ly  charged  ions. In s e r t in g  E q . (20) and in te g ra t in g  
w ith  th e  neg lect o f  th e  te rm s  o f  higher o rd e r th a n  r -2 , we have:

Щ ] ,  Сота. — i
И 2 1 [ 1

eo L r 6hfa , j
(25)

I t  is o b v ious th a t  th e  Co u lo m b  p o ten tia l in  th e  case  u n d e r  discussion is g re a te r  
in  i ts  ab so lu te  va lu e  t h a n  in  th e  case co rresp o n d in g  to  a re la tiv e  p e rm it t iv i ty  
e 0 a n d  w ith  th e  in c rea se  o f  r  i t  ten d s r a p id ly  to  th e  sim ple Coulom b  law , 
b ecau se  e ten d s to  e 0 e x p o n e n tia lly  w ith  r.

Y e t th e  fie ld  o f  th e  tw o  ions a t tra c ts  a lso  th e  so lv en t m olecules o f  th e  
sp ace  b e tw een  th em . I n  o rd e r  to  decrease th e  in te r io n ic  d istance , we h a v e  to  
tr a n s fe r  th e  so lven t c h a ra c te r iz e d  by e in to  th e  re g io n  o u tside  th e  ions, w hich  
is c h a ra c te r iz e d  b y  e 0. T h is always requires an in p u t o f  work, th u s  i t  in creases  
th e  rep u ls io n  be tw een  io n s . L e t us deno te  th is  w o rk  b y  us and  d iv ide i t  in to  
tw o  co m p o n en ts  usi a n d  u 52. T h e  te rm  usl is th e  w o rk  needed  w hen th e  reg io n  
b e tw e e n  th e  ions is d e c re a sed  to  a vo lum e co rre sp o n d in g  to  r s ta r tin g  from  
th e  s ta te  w here th e  ion s a re  a t  in fin ite  d is tan ce , w h e re a s  th e  solvent in  q u e s tio n  
is re m o v e d  from  th e  sy s te m  a n d  is tra n sfe rre d  in to  a  s ta te  o f th e  p u re  so lv e n t. 
T h e  u S2 te rm  is th e  w o rk  re q u ire d  w hen th is  free  so lv en t is tra n sfe rre d  in to  
th e  reg io n  of th e  so lu tio n  ch a rac te rized  w ith  e 0. S ince w hen  r —> o o , us m u st 
be zero , we w rite :

u52 =  lim  usl (26)
Г -+  oo

usl c a n  be ca lcu la ted  as fo llow s:

oo  CM

usi =  J  gv 1 i V '  =  — —  J  r '2gvi dr’ (27)

v  r

w h ere  g vi is th e  free e n th a lp y  d ensity  o f th e  in te r io n ic  region:

oo

gvi =  -  J F v  1 d r"  (28)
r'

H ere  F V1 is th e  vo lum e fo rce  defined  in  eq. (13).
W h e n  c a lcu la tin g  th e  av erag e  b eh av io u r o f  th e  reg io n  in  b e tw een  th e  

ions [13], we used th e  a s su m p tio n  th a t  th e  re la t iv e  p e rm itt iv i ty  o f th is  reg io n  
is th e  sam e as th a t  o f  th e  sp h e rica l lay er a t  a d is ta n c e  x" — f j r ” from  a single 
p o in t ch arg e . T hus Ve c a n  be  rep laced  b y  th e  a v e ra g e  g rad ien t

A cta  Chim. Acad. Sei. Hung. I l l , 1982
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de 1 de

T h u s th e  pon d ero m o to ric  force (considering  also th a t  th e re  a re  no  free charges 
in  th e  reg ion  in v e s tig a te d ) becom es:

(29)

F vi —
1

8я
(ze)2 de 

£2x"4 dx
+

_L__ d
8я dx

(ze)2 d In e 

ex "4 d In d
(30)

S im plify ing  th is  w ith  th e  a ssu m p tio n :

d In e

hav e :

F V1 -

s =

[*e?
8 л

d In e0
---------- £ * -------- - ^ / ( *  )d In d d i n  d

( 1 + * )
1 d 1 1 45

x"4 dx" \ e , £X"5

(31)

(32)

S u b s titu tin g  th is  in to  E q . (28) an d  neg lec ting  again  th e  h ig h e r  o rd e r term s, 
we o b ta in :

_  (ze)2

Svi~ -  ^
J _  л
^ 4 ' h x '5

( 1 +  s) (ze)2 

8яе x '4
(33)

I n  o rd e r to  o b ta in  a n  ex p ressio n  o f  gvi th a t  can  be a p p ro x im a te ly  in teg ra ted  
a n a ly tica lly , we ex p a n d  th e  lo g a rith m ic  te rm  in to  series a n d  e s tim a te  gvi as 
follow s:

gvi =  -
( z e f
8ne0

4

Лх'5
_ f Y +  (1 +  д )М 2
£ 0 )  8 я £  x ' 4

(34)

In se r tin g  th is in to  E q . (27) an d  in te g ra tin g , we o b ta in :

и si
(*e)2.....

16 nf i j j £0
1 +  s

/a  , i j h r 2
+

T h e  lim it o f th is  w h en  r  —*■ oo is:

size)2
us,  =  ------------------

I 6 n f l u e0r

(35)

(36)

T h u s  th e  to ta l  p a ir  p o te n tia l  (in d ica tin g  ag a in  th e  ind ices i j  re fe rr in g  to  th e  
k in d s  o f  ions) is:
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u4 — u t i , c ±
{ z e f

6Л/а, i
In ^

e

+
( z e f

+  -
1 б я / a , i j  e O l / a ,  i j h r l j  f a , i j  h 2 ГIJ

V

Wj

In —
e

+

( 3 7 )

w h e re  ufjtC is th e  core te rm  g iv e n  in  E q . (18). I t  is ob v io u s t h a t  our a p p ro x im a
t io n  differs; a t some p o in ts  f ro m  th o se  m en tioned  in  S ec tio n  2. O n one h an d  we

Fig. 8. P a ir  potentials for K + a n d  F ~  in  w ater as solvent a t  298 К  (for comparison: LW 
Le v in e  an d  W r ig l e y ; C — Coulomb poten tia ls)

to o k  in to  account th a t  th e  Coluom b  in te ra c tio n  in c rea se s  because of th e  
d e c re a se  o f  th e  re la tiv e  p e r m it t iv i ty  of th e  m ed ium  [cf .  th e  second p a r t  of 
th e  seco n d  te rm  of E q . (37 )]. O n  th e  o th e r h an d , th e  ra d iu s  o f b a re  ions appears 
e x p lic i t ly  in  th e  eq u a tio n  ( th ro u g h  th e  / a v a lues), th u s  th e re  is no need for 
a f i t t i n g  procedure like t h a t  a p p lie d  in  ref. [10].

I n  its  physical m e a n in g  th e  above d e riv a tio n  a lso  considers effects like 
th e  “ c a v ity - in te ra c tio n ”  a n d  “ GuRNEY-term ” , since fro m  b o th  te rm s in  th e  
e x p re s s io n  o f th e  p o n d e ro m o to ric  force th e re  o rig in a te s  a te rm  depend ing  
o n  th e  d ielec tric  g rad ien t, w h ic h  is u ltim a te ly  n o th in g  else th a n  th e  “ cav ity  
in te r a c t io n ”  of an  a b u n d a n c e  o f  in fin ite ly  th in  c o n c e n tr ic  spherica l layers 
w ith  successively  low er r e la t iv e  p e rm ittiv ity .

A cta  Chim . Acad. Sei. Hung. I l l ,  1982
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T he re s t  o f  th e  te rm s  o f th e  vo lum e fo rce  F v c a n  be connected  w ith  th e  
G u r n e y  te rm , b u t  in  o u r p ro ced u re  i t  does n o t  h av e  to  be a p p ro x im a te d  
w ith  a d isco n tin u o u s  fu n c tio n . T he ana logy  is c lea r if  we consider th e  fa c to r  
(1 l / e 0) from  th e  L W  p o te n tia l w hich  c a n  be  fo u n d  in  th e  h ig h e r o rd e r
te rm s o f  E q . (37), as th e  a p p ro x im a tio n  o f  th e  f i r s t  tw o  te rm s o f p ow er series 
o f In ( e j e ) .  I t  shou ld  also he  n o ted  th a t  th e  d ep en d en ce  o f th e  rep u ls iv e  te rm s  
on rtj is b u t  seem ing ly  o f  low er o rd er th a n  th o se  in  earlier a p p ro x im a tio n s , 
because th e  fa s t  decrease  o f  th e  te rm  In ( e j e )  w ith  th e  increase o f r (y im p lies 
in  fa c t a h igher o rd e r dependence.

Fig. 9. Pair potentials for alkali chlorides in w ater as solvent a t 298 К  (for com parison:
C — Coulom b  potentials)

I n  F ig . 8 i t  c a n  be seen th a t  th e  L W  p o te n tia l  an d  th e  p o te n tia l c a lc u la te d  
in  th e  p re se n t w ork  (labelled  w ith  RG ) p ra c tic a lly  coincide. T he d iffe ren ce  is 
m a in ly  due to  “ co re-rep u ls io n ”  w hich is n o t  in c lu d ed  in  th e  L W  p o te n tia l .

F ro m  F ig . 9 i t  c an  be concluded  th a t  th e  sm alle r ions re su lt in  a g re a te r  
rep u ls iv e  effect w hich  is in  accordance w ith  th e ir  g re a te r  ten d en cy  fo r so lv a tio n . 
T h u s th e  p a ir  p o te n tia ls  o b ta in ed  in  th e  p re se n t w ork  seem ra th e r  rea lis tic  
in  sp ite  o f th e  ap p ro x im a tio n s  invo lved .

8* Acta Chim. Acad. Set. H ung. I l l , 1982
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KINETICS OF THE Co2(CO)8-DEPENDENT  
REACTIONS OF HCo(CO)4 WITH OLEFINS

F. U n g v á r y

(Department o f Organic Chemistry, U niversity o f Chemical Engineering , Veszprém)

Received N ovem ber 20, 1981 
Accepted for publication January  6, 1982

Carbonylation and hydrogenation  w ith  HCo(CO)4 of isolated or w ith  electron- 
w ithdrawing group conjugated  carbon-carbon double bonds generally  require the 
presence of Co2(CO)8. B oth reactions are o f half order for Oo2(CO)8 and  of firs t order 
for the olefin. The ratio  of ra tes of carbonylation and hydrogenation depends on the 
ratio  of the CO and HCo(CO)4 concentrations and decrease in the  order: heptene-1 >  
>  heptene-2 or -3 >  ethy l acrylate. H igher tem perature favours hydrogenation  over 
carbonylation. Using DCo(CO)4, there is practically  no kinetic isotope effect in carbonyl
ation , hu t a m edium effect was observed in hydrogenation.

In tro d u c tio n

The reaction betw een  HCo(CO)4 and an olefin  is regarded as a com ponent 
o f the hydroform ylation ca ta ly tic  cycle . The main products o f  th is  stoichio
m etric reaction are aldehydes (at low olefin/HCo(CO)4 ratios) or acylcobalt 
tetracarbonyls (at high olefin/HCo(CO)4 ratios in the presence o f  CO). Saturated  
hydrocarbons arc formed as by-products [1]. Tn the widely accepted  mechanism  
o f  the reaction, a lkylcohalt and acylcobalt carbonyls are assum ed as inter
m ediates [2].

R C H = C 1I2 I IICo(CO)4 —  RC2H4Co(CO)4

+CO/—  RC2II4COCo(CO)4 -H-C-,>■(CO), ► RC2H,CHO +  Co2(CO)8 
RCjH 4Co(CO)4

\ - +nL- C<--V RC2II5 +  Co2(CO)8

K inetic inform ation about the above reactions is scarce. From  the CO 
absorption curves, T a k e g a m i and co-workers derived the fo llow ing order of 
reactiv ity : n-butyl v in y l ether, 103 ^ -s ty ren e , 20 >  ethyl acrylate , 5 pen- 
tene-1 [3]. Later it  was found th at the k inetics o f CO uptake in  th e  reaction  
o f  eth y l v inyl ether and p h osph in e-su bstitu ted  cobalt carbonyl hydride showed  
a first order dependence o f  the o lefin  and the hydride concentrations and the 
addition  o f  phosphine retarded the reaction  [4]. To our know ledge, no other 
detailed  kinetic study o f acylcobalt tetracarbonyl form ation has been made 
till now . There is some additional inform ation available on the stoichiom etric

1 Acta Chim. Acad. Sei. H ung. I l l , 1982
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h yd rogen ation  o f d iethyl fu m arate  by HCo(CO)4, w here w e have found th a t  
CO decreases and Co2(CO)8 increases the rate [5]. A  com pletely different 
k in etic  behaviour was found for olefins in  w hich th e  carbon-carbon double  
bonds is  in  conjugation w ith  p h en y l ring(s) [6]. In  th ose  cases neither CO nor 
Co2(CO)8 exerts any in fluence o n  the rate o f  hydrogenation .

E xperim ental

T he olefins and solvents w ere distilled under carbon m onoxide. Pale yellow coloured 
0.6 M  s tock  solution of HCo(CO)4 a n d  0.24 M  stock solution o f Co2(CO)8 were prepared in 
n-octane . DCo(CO)4 was p repared  fro m  HCo(C0)4 solutions b y  exchange w ith D20 . The con
cen tra tio n s  of the HCo(CO)4 and  DCo(CO)4 solutions were determ ined  by alkaline titra tio n .

K in e tic  runs were perform ed u n d e r CO in a gasom etric ap p ara tu s  using an appropriate 
large b u ffe r flask connected to  th e  levelling vessel of the  gas b u re tte . Experim ents were ru n  
betw een  47.8 and 290.4 k P a  to ta l pressures. The reaction was s ta rted  by injecting the olefin 
in to  th e  vigorously stirred and  th e rm o sta ted  solutions of HCo(CO)4 and Co2(CO)8. The in itia l 
ra te  o f CO uptake was calculated  from  the change of gas volum e as a function of tim e. The 
in itia l r a te  of hydrogenation was ca lcu la ted  from the am oun t o f sa tu ra ted  compounds form ed 
during  a  few per cent HCo(CO)4 conversion after s ta rt. The am o u n t of satu rated  com pound 
w as m easured  by gas chrom atography , using nonane as in te rn a l s tandard , from the reaction  
m ix tu res  a fte r  quenching w ith  py rid in e . (H ew lett-Packard 5830/A, SE  30, 10 m glass capillary 
co lum n, 40 °C, 2 mL argon/min, E lD . In  the case of e thy l ac ry la te : SP  2100, 30 m glass capillary 
colum n, 40 °C, 1.5 m L argon/m in, F ID .)

A foliated reaction vessel w as used to run the reaction in darkness.

F ig. 1. CO Absorption ns. tim e p lo ts  for the reaction of heptcne-1 w ith HCo(CO)4 in hep tane  
so lu tion  a t 15 °C. In itial concentrations: [heptene-1] =  1.02 M , [IlCo(CO)4] --  0.120 M ,

[CO] =  0.0105 M

A cta  Chim. Acad. Sei. Ilung. I l l , 1982
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Table 1

The influence o f Сог( СОя) on the initial rate o f  CO absorption ( cqq)* and hydrogenation ( Гц)ь 
in  the reaction o f H Co(COJ with different types o f olefins in octane solution under CO at 15 °C

Total pressure: 99.0 ^  0.5 kPa

Oil-fin lOlefin]
(Щ

(IICo(CO).] ■ 10» 
(M)

[Co2(CO)e] ■ 10» 
(M)

rCo • to*
(M «-»)

гн • 10» 
(Ms-»)

heptene-l1' 0.313 5.76 <0.2C < 0.4 0.0
heptene-1 0.157 1.53 4.8 1.40 0.092
heptene-l 0.157 2.90 4.8 2.25 0.28
heptene-1 0.157 8.12 4.8 4.0 1.2
allylbenzene 0.139 2.09 <0.2° 0.1 0.0
allylbenzene 0.139 2.09 5.65 1.3 0.23
4-Me-pentene-l 0.790 2.92 4.8 10.1
2-Me-pentene-l 0.811 2.92 4.8 <0.4
2-Me-pentene-l 0.811 8.88 12.2 1.03
heptene-2e 0.690 1.53 4.8 0.64
heptene-2e 0.690 2.90 4.8 0.95
heptene-2' 0.690 8.12 4.8 1.14
frans-heptene-2 0.714 8.88 4.8 0.75 0.5
heptenc-2” 0.690 16.24 4.8 1.95
heptene-3' 0.715 1.54 4.8 1.12
heptene-3' 0.715 2.90 4.8 1.87
heptene-3' 0.715 8.12 4.8 3.41
irans-heptene-3 0.715 8.88 4.8 0.71 0.88
heptene-3' 0.715 16.24 4.8 4.34
cyclohexene 1.97 2.90 4.8 0.2
cyclohexene 1.97 8.12 4.8 0.35
ethyl acrylate 0.139 2.09 <0.2° <1.5
ethyl acrylate 0.139 2.08 5.65 12.0
ethyl acrylate 0.139 2.08 16.4 20.2
ethyl crotonate 0.300 4.1 <0.2° <0.1
ethyl crotonate 0.300 4.1 4.8 0.67
ethyl crotonate 0.300 4.1 11.7 1.03
ethyl crotonate 0.300 4.1 17.0 1.23

l-Cl-propene-l* 0.300 4.1 4.7 1.72
1-Cl-propene-l* 0.300 4.1 17.1 3.42
butyl vinyl ether 0.139 2.08 <0.2C 3.6
ethyl vinyl ether 0.139 2.08 <0.2° 3.32
ethyl vinyl ether 0.139 2.08 5.65 4.15
butyl vinyl ether 0.139 2.08 16.4 5.44

styrene11 0.139 2.07 <0.2C 8.5 4.5
styreneh 0.139 2.07 16.4 8.5 4.7
4-Me-styrenc 0.139 2.09 <0.2° 11.4 12.2
4-Me-styrene 0.139 2.09 5.65 11.0 15
2-Me-styrenc 0.141 2.09 - 0.2' 14.1 10.5
2-Me-styrene 0.139 2.09 5.65 13.5 11.3

“ r^Q  in mol CO absorbcd/L/s 
0 ГЦ in mol saturated compound formed/L/s
° Uncertain because the HCo(CO)4 solution despite careful preparation always contains 

a small amount of Co2(CO)8 which can be estimated from 1R absorbance values [8]
d In heptane solution; * mixture of 47% trans and 53% cis; ' mixture of 30% Irans and 

70% cis; * cis und trans; h for more detail cf. [7]

1* Acta Chim. Acad. Sei. Ilung . I l l , 1982
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R esu lts  an d  D iscussion

O lefins in  w hich  th e  ca rb o n -ca rb o n  double  b o n d  is iso la ted  (e.g h cp tene-1  
h ep tcn e -2 , a lly lbenzene, etc.) o r  co n ju g a ted  w ith  e lec tro n -w ith d raw in g  group(s) 
(e.g. e th y l a c ry la te ) genera lly  req u ire  th e  p resence  o f  Co2(CO)8 for a facile  
re a c tio n  w ith  HCo(CO)4.

F ig u re  1 show s th e  c h a ra c te r is tic  course o f  th e  observed  CO a b so rp tio n  
in  th e  re a c tio n  o f hep ten e-1  w ith  H C o(C 0)4. I n  th e  absence  of in itia lly  added  
Co2(CO)g th e  CO u p ta k e  s ta r ts  v e ry  slow ly, b u t  a cce le ra tes  as th e  co lour o f  
th e  re a c tio n  m ix tu re  tu rn s  fro m  th e  o rig inally  p a le  yellow , th ro u g h  v a rio u s

Table II

In itia l CO absorption rates ( r^o) in  the presence o f HC,o(CO)t and heptene-1 in heptane solution at 
various concentrations o f initially added ( n j  ( '() j s under CO atmosphere at 15 °C 

Total pressure: 99.3 h 0.5 kPa. Stirring rate: 600/min. Initial concentrations of [HCo(CO)4] -
=  0.120 M , [heptene-1] =  1.02 M

[Co,(CO).l
m

rco ■ to" 
(M ■ .-•) rco ■ i»‘ 

lCo,(CO),l«.»

0.019 25.0 18.1
0.037 34.2 17.8
0.072 48.2* 18.0
0.072 47.7 17.8
0.072 48.5'' 18.1
0.144 67.7 17.8

“ Stirring rate: 1000/min. 
b Stirring rate: 300/min.

Table III

Initial CO absorption rales (r^0 ) and initial stoichiometric hydrogenation rates (ги ) in the presence 
o f lICo(CO )t and oclene-1 in heptane solution at various concentrations o f initially added Co2(CO)s

under CO atmosphere at 15 °C
Total pressure: 99.3 | 0.5 kPa. Initial concentrations of [IICo(CO)4] - 0.083 M , [octene-1] —

=  0.508 M

[CutICOO).J
(Л1)

rCo ■ to* 
(M ■ s->)

rco • 105 rH . 10*
(At • » ■)

rH • 10»
[Coj(CO)e]0*5 [Cot(C 0 ),r

0.0190 9.5 6.88 2.0 1.45
0.0476 15.8 7.23 3.3 1.45
0.0476 15.0 7.18 3.3 1.45
0.0476 15.7 7.23 — -
0.1852 17.9 6.94 6.2 1.43
0.1852 — — 5.9 1.36
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Table ГУ

In itia l CO absorption rates ( r£0 ) in  the presence o f  IICo(CO)t , Co2(CO), and heptene-1 in  heptane 
solution under CO atmosphere at 15 °C at various concentrations o f heptene-l 

Initial concentrations of [HCo(CO)41 =  0.060 M . [Co„(CO)g| =  0.122 M . Total pressure:
98.8 ±  0.4 kPa

lhcptenc-1]
w

rco • 10" 
(Л/ «-*)

rco • 10"
[heptcnc-1]

0.195 21.2 4.28
0.99 43.7 4.41
0.99a 42.7 4.32
1.98 88.8 4.48
3.13 135.0 4.32

* Experiment in darkness

Table V

Initial CO absorption rales ( cqq) and initial hydrogenation rates ( r\\) in the presence o f  HCo(CO)t 
and ethyl acrylate in octane solution at various concentrations o f initially added Co,(CO), under

CO atmosphere at 15 °C
Initial concentrations of [lICo(CO)4] =  0.0208 M, [ethyl acrylate] =  0.139 M . Total pressure:

99.0 kPa

!Co,(C0),i rC0  ■ io*
(M • .-■)

rco io* rH • 10"
(M • . - )

rH ■ 10*
[Co,(CO).]»-* [Co,(CO),l*‘

0.0168 6.53 5.04 4.8 3.70
0.0189 6.83 4.97
0.0565 12.0 5.07
0.0960 15.5 5.00 11 3.55
0.164 20.2 4.99

sh ad es o f  yellow , to  brow n. In  p a ra lle l w ith  th is  colour change, th e  in fra red  
sp e c tra  o f  th e  re a c tio n  m ix tu re  show  th e  fo rm a tio n  o f  acy lcobalt te tra c a rb o n y l 
a n d  Co2(CO)8. P ra c tic a lly  th e  sam e co n v e rs io n  c a n  he ach ieved  in  th e  p resence 
o f  in it ia lly  ad d ed  Co2(CO)8, h u t  th e  re a c tio n  is m uch faste r. T h e  CO u p ta k e  
s ta r ts  in  th is  case a t  a m ax im um  ra te .

I f  th e  ca rh o n -ca rh o n  d o u b le  b o n d  in  th e  o lefin  is in  c o n ju g a tio n  w ith  
e lec tro n eg a tiv e  g roups w hich a re  ab le  to  e x e r t  a positive m esom eric  effect 
(e.g. v in y l a lk y l e th e rs , p ro p en y l ch lo rid e , etc.) Co2(CO)8 acce le ra tes  th e  CO 
a b so rp tio n , b u t th e  reac tio n  s ta r ts  a t  an  ap p rec iab le  ra te  w ith o u t in i t ia l  a d d i
t io n  o f  Co2(CO)8. Th< :se olefins will be tr e a te d  in  d e ta il in  a sep a ra te  p u b lic a tio n .

T h e  th ird  g roup  o f  olefins w here  th e  ca rb o n -ca rb o n  double b o n d  is con
ju g a te d  to  a p h en y l rin g  (e.g. s ty ren e ) does n o t  req u ire  th e  presence o f  Co2(CO)g
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Table VI

In itia l CO absorption rates ( rqq)  in  the presence o f H C o fC O C o 2(CO)s and heptene-1 under CO 
atmosphere in  heptane solution at various total pressures and H C ofC O concentra tions at 15 °G 

Initia l concentrations: [heptene-1] =  1.02 ÍVJ, [Co2(CO)8] =  0.072 M

[HCo(CO),]
(M)

[CO]a • 102 
(M)

rco 10*
(M • 8 ')

0.0204 1.057 15.0

0.0407 1.040 25.5
0.0814 1.040 38.7
0.120 0.479 73.5
0.120 1.049 47.7
0.120 1.050 48.5
0.120 2.2J 30.3
0.120 3.18 26.3
0.160 1.037 54.5
0.200 1.032 55.0

a Calculated using solubility da ta  for heptane [10] and  for hep Lene-1, see Table Y ll

Table VII

Solubilitya o f CO in heptene-1 expressed in Oswald4s absorption coefficient fk )

Temp.
fC) Ab

15 0.372

25 0.364

35 0.355
45 0.347
55 0.339

a Tlie solubility of CO in lieptene-l a t various tem peratures was measured by the gas 
sa tu ra ting  m ethod described in the literature [11] 
b =  v /w /p ; v =  volume of CO in m L a t 101.3 kPa a t 0 °C; 

w =  weight of lieptene-l in gramme 
p  — pressure of CO in kPa/101.3

fo r th e  re a c tio n , an d  th e  ra te s  are in d ep en d en t o f  th e  GO co n cen tra tio n . T hese  
re su lts  h a v e  b een  p u b lish ed  elsew here [7].

C h a rac te ris tic  exam ples fo r all th ree  g ro u p s  o f  olefins are com piled  in  
T a b le  I .
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Table V III

Initial CO absorption rates ( Tq anil initial stoichiometric hydrogenation rates ( rH) in  the presence 
o f IICo(CO)t, Co(CO)e and octcne-1 in heptane solution under CO atmosphere at various conditions

at 15 °C

[Oclenc-1]
(M)

[Со,(СО),1 • 11)' 
(AI)

[HCofCO),] • 10* (M) [CO] • 10* 
(M) 'со • 10* (M • »-•) 'H • to* (M • .-<)

0.1016 4.97 0.950 1.039 0.550 0.044
0.1016 5.00 0.953“ 1.040 0.534 0.020
0.1016 5.00 1.190 1.016 0.683 0.067
0.1016 5.00 1.183“ 1.016 0.667 0.043
0.1016 5.04 1.50 1.014 0.833 0.137
0.1016 5.00 1.91 1.062 0.950 0.183
0.1016 5.00 1.92“ 1.060 0.983 0.111
0.103 4.60 1.93 1.051 0.983 0.217
0.103 4.60 1.92“ 1.051 0.933 0.119
0.1016 5.05 2.86 1.061 1.33 0.316
0.1016 5.00 4.56 1.035 1.78 0.678
0.1016 5.00 8.30 1.034 1.92 1.25
0.113 5.55 9.22 1.035 2.58 1.75
0.508 4.76 8.30 0.510 20.6 5.2
0.508 4.76 8.30 1.049 15.0 3.3
0.508 4.76 8.30 2.040 11.8 1.67

* [)Co(CO)4

Tabic IX

Initiul CO absorption rates ( r̂ -f)) and initial hydrogenation rales (гц ) in the presence o f  IICo(CO)t 
and ethyl acrylate in octane solution at various Н Со(СО )4 concentrations and total pressures o f

CO at 10 °C
Initial concentration [ethyl acry late] =  0.139 M

[H C o(C 0)j;
( M )

[ColCO),]
( M)

[CO] ■ 101 
(M )

'с о  • io ‘ 
( M  ■ » - ' )

' „  ■ 10« 
(M  • „-■)

0.0104 0.0168 1.036 3.0 1.2
0.0140 0.0168 1.020 3.62
0.0208 0.0168 0.424 5.1 7.0
0.0208 0.0168 1.016 4.52
0.0208 0.0168 1.036 4.34 2.5
0.0208 0.0168 2.812 4.0 0.7
0.0290 0.0168 1.020 5.40
0.0417 0.0178 1.036 6.10 7.1
0.0436 0.0172 1.036 13.24“ 13*
0.0632 0.0168 1.023 7.2
0.0904 0.0178 1.036 8.62 16

* [ethyl acrylate] =  0.269 JVÍ
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T h e  follow ing d iscussion  w ill be lim ited  to  o lefins bclouging to  th e  f i r s t  
g ro u p , i.e. th o se  w hich re q u ire  Co2(CO)8 fo r th e ir  reac tio n  w ith  H C o(C O )4.

T h e  k in e tic s  in  th e  case o f  h e p te n e - l+ , o c te n e - l+ and  e th y l a c ry la te  
show  t h a t  Co2(CO)8 ca ta lyzes n o t  on ly  th e  acy lc o b a lt carbony l fo rm a tio n , b u t  
th e  s to ic h io m e tr ic  h y d ro g e n a tio n  as well. B o th  reac tio n s  are of h a lf  o rd e r  
for Co2(C O )8 and  of f irs t o rd e r fo r the  o lefin . (See T ab les  I I ,  I I I ,  IV  an d  V.) 
T he re a c t io n  ra te s  are n o t in flu en ced  by  the  d iffuse  lig h t in  th e  la b o ra to ry . 
T he r a t e  dependence  on H C o(C O )4 an d  CO c o n c e n tra tio n  (CO in h ib its  b o th

Fig. 2. T he  experim ental carbonylation  ra te  (r^Q =  mol СО/L / s) and hydrogenation ra te  
( rH — mol sa turated  com pd./L / s) ratios vs. [CO]/[HCo(CO)4] plots

re a c tio n s )  is m ore com plex . (See T ab les V I, V I I I  an d  IX .) The ra tio  o f  th e  
ra te s  o f  CO ab so rp tio n  (rco) a n d  h y d ro g e n a tio n  ( rH) is a fu n c tio n  o f  [C O ]/ 
[H C o(C O )4] as can  be seen F ig . 2. T h is su p p o rts  in  a q u a n tita tiv e  m a n n e r  th e  
w id e ly  a c c e p ted  q u a lita tiv e  p ic tu re , deduced  fro m  b o th  ca ta ly tic  acid s to ic h io 
m e tr ic  h y d ro fo rm y la tio n s , t h a t  th e  ra tio  o f  h y d ro g e n a tio n  vs. c a rb o n y la tio n  
in c re a se s  w ith  the HCo(CO)4 co n cen tra tio n .

U s in g  DCo(CO)4 in s te a d  o f HCo(CO)4 th e re , is p rac tica lly  no  k in e tic  
iso to p e  e ffec t in  c a rb o n y la tio n : (гсо)нсо(сО).(гсо)осо(сс>), =  1.03 — 1.05, b u t  a 
m e d iu m  effec t was o b se rv ed  in  h y d ro g e n a tio n : (гн)нсо(СО)Дгн)цсо(СО), =
=  1.6 — 2.2  (see Table V I I I ) .  O w ing to  th e  c o m p e tin g  n a tu re  of th e  c a rb o n y la 
t io n  a n d  h y d ro g en a tio n , w ith  DCo(CO), in s te a d  o f  HCo(CO)4 we get m ore  
CO a b s o rp t io n  and  less o c ta n e , as can  be seen in  T ab le  X .

+ Some of these results were published briefly [9]
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Tabic X

The amounts o f observed C.0 and octane, formed in  the reaction o f HCo(CO)4 and DCo(CO)t with 
oetene-1 in  the presence o f Сог(СО)а under CO in heptane solution at 15 °C 

Total pressure: 99.0 i  0.4 kPa [O ctane-l]0 =  0.378 M ,  liquid volume: 1.68 niL, gas phase
volume 54 inL, [Co2(CO)8]0 =  0.068 M

Time
(min)

HCo(CO),
(mmol)

octane
(minol)a

CO abs. 
(imnol)b

DCo(CO)4
(mmol)

octane
(mmol)a

CO abs, 
(mmol)h

0 0.815 0.000 0.000 0.800 0.000 0.000
180 0.223 0.183 0.209 0.227
370 0.00 0.227 0.256
420 0.00 0.252 0.210

* Determ ined, after quenching w ith pyridine, by  GC analyses using nonane in ternal s tan 
dard. Small am ounts o f nonanals and traces of nonanols were detected also corresponding to 
about 10% of IICo(CO)4 or DCo(CO)4 consumption 

b Measured using a gas burette

One o f  th e  possib le  m echan ism s w hich  f i ts  th e  k in e tic  d a ta  is p roposed  
below.*

Co,(CO)8 

•Co(CO)4 -f r c h = c i i 2

a ,

A'.

2 Co(CO)4

Co(C 0 3)(R C H = C II2) f  CO

Co(CO)3(R C ll= C I I2) -f  lICo(CO)4— 1ICo(CO)3(R C 1I=C 1I2) -f  Co(CO)4
slow

* A nother possible mechanism which also fils the kinetic d a ta  is the following:

Co2(CO)8
A,

A.

2 • Co(CO)4

IICo(CO)4 - f  Co(CO)4 ^  HCo2(CO), +  CO

HCo2(CO)7 +  ltC H = C H 2
a .

HCo2(CO)e(R C H = C H 2) +  CO

IIC o2(C O ),(R C II= C H 2) -I- CO RC2I I4Co2(CO)7slow

RCj H4Co2(CO),
/  \

CO /  \  HCo(CO),
/  4 CO k H  \

/  4
RCjI^CO CojiCO), R CjIIj +  Co2(CO)7 - f  -Co(CO)4

- C o " | J _ + C O  - c o j l ^ + c o

RCj II4COCo(CO)4 - f  -Co(CO)4 Co2(CO)8

No clear evidence is available a t present to  distinguish betw een these two (and several o ther 
possible) m echanism s, which shows the lim its of unam bigu ity  a tta inab le  by k inetic m ethods 
for a reaction system  as complex as the presently  investigated  one.
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A'.
HCo(CO)3(RCII=CH2) ^  RC2H,Co(CO).,

CO /
/  *co

/
RC21I4Co(CO)4

I
RC2H4COCo(CO)3

coJ
RC2II4COCo(CO)4

RC2H4Co(CO)3
/  \

\  HCo(CO), 
ku \

4
(RC2H4)(H)Co2(CO).

1
Co2(CO), - f  r c 2h 6

C01
Co2(CO)8

A ssu m in g  s te a d y  s ta te  c o n d itio n s  fo r th e  a lk y lc o b a lt in te rm ed ia te s , th e  fo llow 
in g  r a te  expressions ean  be  d eriv ed  for th e  fo rm a tio n  o f RC2H 4COCo(CO)4 
(E q . 1) a n d  RC2I I5 (E q . 2) i f  [Co2(CO)8] an d  [R C H  ^C H 2] are c o n s ta n t:

d[R C 2H 4COCo(CU)4

dt
'CO

В kc,) [TICo(CO)4]
________

&co
k H

[CO] +  [HCo(CO)4]

d [R C 2I I 5] R [H C o(CO)4]2[CO] 1
— r H

di feco
k H

( 1 )

(2)
[CO] +  [H Co(CO )4|

w here

a n d

В A  ■ [Co2(CO)8]°-5[R C H = C H 2]

A =  ka ■ К™ ■ к ;  
kcoT h e  k in e tic  c o n s ta n ts  A  a n d ------ m a y  be d e te rm in ed  by  tra n s fo rm in g
k H

E q . (1) in to  E q . (3)

[CO]

rco B [H C o(C O )4] B  kco

k \I

(3)

a n d  p lo ttin g
1 [COJ

rco

d if fe re n t olefins.

[IIC o(C O )4]
. T h is  is show n in  Figs 3, 4 an d  5 for

* or A  — k b -k J -6 -k 4 -Kb.

A cta  Chim. Acad. Sei. Hung. I l l , 1982



UNGVÄKY: REACTIONS OF lICu(CO), 127

Fig. 3. The reciprocal in itia l ra te  of CO absorption ( l /гсо) vs. [CO]/[HCo(CO)4] a t 15 °C in 
hep tane  solution under CO between 0.5 and 3 bar to ta l pressure; [heptene-1] =  1.02 M; 

[Co2(CO)8] =  0.072 M ; [octene-1] =  0.050 JVf; (o) experim ents using DCo(CO)4

Fig. 4. The reciprocal in itial ra te  of CO absorption ( l /гсо) vs. [CO]/[HCo(CO)4l a t 15 °C in 
octane  solution under atm ospheric pressure of CO; [heptene-1] =  0.157 M, [heptene-2]* — 

=  0.690 M , [heptene-3]b =  0.715 M , [Co2(CO)8] =  0.018 M  
“ M ixture of 47%  trails and 53% cis, 
b M ixture of 30% Irans and 70% cis
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Fig. 5. T he reciprocal initial ra te  o f CO absorption (1/rco) vs. [COj/[lICo(CO)4j a t 10 °C in 
octane  solution under CO betw een 0.5 and 3 bar to ta l pressure; [ethyl acrylate] =  0.139 i l l ,

[Co2(CO)8] =  0.0168 M

Table XI

The ratio o f rate constants keg /k^  fo r  some olefins at 15 °C calculated from  the experimental rates o f 
carbonylation* and hydrogenationb compiled in Tables I , V I, V I I I  and I X

[olefin]
(M) fcco 0

/сд
fcco d

hcptene-1 0.157 21 16
heptene-1 1.02 19
octene-1 0.10 12 15.6
irons-heptene-2 0.715 12.3
lieptene-2e 0.690 8.4

irons-heptene-3 0.715 6.5
beptene-3' 0.715 13.8

cyclohexcne 1.97 10.6

ethyl acrylate 0.139 4.2е 3.6*

* rco in mol CO absorbed/L /s
b гц in mol saturated  com pound formed/L/s 
° Calculated as feco/^H =  rCo[HCo(CO)4]/rH[CO]
d Calculated from llr co  =  [CO]/B • [HCo(CO)4] -|- 1 IB  fcco/^l 1 plots [see Eq. (3)J where 

В  =  A  ■ [Coj(CO)8]° ‘ [olefin]
e M ixture of 47% trans and 53% cis 
'  M ixture of 30% trans and 70% cis
* A t 10 °C
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D iv id ing  E q . (1) by  E q . (2) we o b ta in  E q . (4):

r c o  __ fcco _ [C O ] 

r H ~  k H ‘ [H C o (C O )4]
(4)

w hich m akes p ossib le  th e  ca lcu la tio n  o f  th e  k c o / k H valu es  in  a n o th e r w ay 
from  th e  e x p e rim e n ta lly  observed  ra te s .

T ab le  X I  com piles th e  values o f k c o / k H d e te rm in ed  fo r d iffe ren t olefins. 
As ca n  be seen , th is  v a lu e  decreases in  th e  o rd e r h y d ro c a rb o n  a-olefins >  

h y d ro c a rb o n  in n e r  o lefins ]> e th y l a c ry la te . T h is is in  ag reem en t w ith  the 
genera l experience  t h a t  h y d ro g en a tio n  as a side re a c tio n  increases in  th is  
o rd e r in  c a ta ly tic  h y d ro fo rm y la tio n  w ith  Co2(CO)8 [1].

A n increase  in  te m p e ra tu re  also fa v o u r r H over rco  (see T ab ic  X II ) , 
ag a in  an  o b se rv a tio n  w hich  is in  accordance  w ith  th e  c a ta ly tic  experim en ts
[1]. B o th  co n co rd an ces su p p o rt th e  conclusion  th a t  th e  sam e ch em istry  is 
o p e ra tin g  u n d e r  o u r s to ich io m etric  and  th e  in d u s tr ia l  c a ta ly tic  conditions.

Table ХП

The temperature dependence o f the carbonylation and hydrogenation rales

Initial concentrations: [ethyl acrylate] =  0.139 M , [Co2(CO)8] =  0.0168 M , 
[HCo(CO)4] =  0.0208 M

Temp.
(°C)

ICO] • 10* 
(M)

reo • ioe 
(M .-*) rH • io*

(M .-•) *co *

5 1.010 2.86 1.3 4.5
10 1.036 4.34 2.5 3.6

15 1.072 6.53 4.8 2.6
20 1.098 9.60 9.5 1.9
25 1.128 14.5 17 1.6

In itia l concentrations: [lieptcne-1 =  0.1567 AI, [Co2(CO)8] =  0.048 
[HCo(CO)4] =  0.0292 AI

Temp.
(°C)

ICO] • 10* 
(M)

rco • 10'(M S-«)

10 1.055 1.21
15 1.097 2.21
20 1.143 4.35
25 1.176 7.98
30 1.205 14.5

Calculated as ксо1ки  — r^Q [HCo(CO)4]/rH[CO]

The au thor is grateful to  Prof. L. Markó for support and valuable discussions.
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ALKYLCOBALT TETRACARBONYLS, Va
REACTION O F a-SU BSTITU TED  a-H ALO ACETIC ACID ESTERS 
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a-S ubstitu ted  a-brom oacetic acid ex ters, RBrCHCOOR’ (R = M e , t-Bu, Ph, 
COOEt; R ’= M e , E t)  were made to react w ith  Na[Co(CO)4]. The corresponding alkyl- 
cobalt te tracarbony ls, and w ith PhB rC H C O O E t also the я -benzylcobalt tricarbonyl 
derivative, could be detected by IR  spectroscopy. The organic decom position products 
of the in term ediate  orgunocobalt com pounds indicate radical reaction pathw ays.

In tro d u c tio n

I t  is k n o w n  t h a t  a lky l ha lides re a c t  w ith  th e  te tra c a rh o n y lc o b a lta te  
an io n  y ield ing  a lk y lc o b a lt te tra c a rb o n y ls . I t  ap p eared  obvious to  e x te n d  th is  
re a c tio n  to  a lk y l h a lid e s  co n ta in in g  fu n c tio n a l g roups in  th e  a lk y l re s t . In  
th e  la s t  tw o  d ecad es a t te m p ts  h av e  b een  m ad e  a t  ach iev ing  th e  re a c tio n  o f 
a -h a lo ace tic  ac id  d e r iv a tiv e s  w ith  [Co(CO)4]~ ; how ever th e  e a rly  e ffo rts  
p ro d u ced  l i t t le  in fo rm a tio n .

T he f ir s t  s tu d ie s  d e tec ted  on ly  t h a t  re a c tio n  ta k e s  p lace [6], b u t  th e  
p ro d u c ts  could  n o t  be  id en tif ied . S u b seq u en t re sea rch  d ea lt m a in ly  w ith  th e  
o rg an ic  p ro d u c ts .

T akegam i et al. [7, 8] allow ed K [C o(C O )4] to  re a c t w ith  a -b ro m o p ro p io n ic  
ac id  e s te r and  o b ta in e d  in d ire c t in d ic a tio n  o f  th e  fo rm a tio n  o f  th e  c o rre sp o n d 
in g  — an d  /1-cobalt c a rb o n y l a lky l- an d  acy l d e riv a tiv e s . T he m a in  conclusion  
d ra w n  b y  th e se  a u th o rs  w as a  h y p o th es is  o f  th e  a  —>- ß  iso m eriza tio n  o f  th e  
p r im a ry  a , /? -( te traca rb o n y lco b a lt)p ro p io n ic  ac id  este r. T h is su p p o s itio n  w as 
b ased  on  th e  gas c h ro m a to g ra p h ic  d e te c tio n  o f  th e  co rresp o n d in g  m e th y l
m alon ic  an d  succ in ic  ac id  este rs  o b ta in ed  b y  d ecom position  w ith  Ij/to lu en e - 
e th a n o l (7.5 : 1) re a g e n t.

T he T 1 IF  s o lu tio n  o f Co2(CO)8 (w hich  m ig h t have  co n ta in ed  [C o(T IIF )e] 
[Co(CO)4]2, Co2(CO)g a n d  Co4(CO)12 u n d e r  th e  co n d itions used) w as m ad e  to  
r e a c t  [9] w ith  m e th y l d , l- an d  D -b ro m o p h en y lace ta te , as well as w ith  d im e th y l 
b ro m o m alo n a te . P ro d u c ts  o f  a coup ling  re a c tio n  occu rrin g  a t  th e  a -c a rb o n

* For Parts I — IV, see Refs [1 —4]
b Prelim inary resu lts were presented in a N ote [4] and a t a Conference [5]
* To whom correspondence should be addressed.
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a to m  w ere  iso la ted  an d  id e n tif ie d  in  20 — 4 0 %  y ie ld s. Se y f e r t h  an d  M il l a r

[9] co n sid e red  th e  po ssib ilities  o f  p o la r (SN1 ty p e , p e rh ap s  w ith  th e  in te rm e d i
a c y  o f  я -benzy l an d /o r я -o x ap ro p en y l ty p e  o rg an o m eta llic  species), o r ra d ic a l 
r e a c t io n  ro u tes .

R e c e n tly  we succeeded  in  p rep a rin g  s ta b le  (C 0 4)CoCH2C 0 0 R  co m p o u n d s 
f ro m  h a lo ace tic  acid  e s te rs  a n d  sodium  te tra c a rb o n y l c o b a lta te  in  a lm o st 
q u a n t i ta t iv e  y ields [2, 3]. I t  w as logical to  co n tin u e  th ese  s tud ies b y  a s y s te m 
a tic  in v e s tig a tio n  o f th e  re a c tio n  o f  а -su b s ti tu te d  a -haloacetic  ac id  e s te rs  
w ith  N a[C o(C O )4].

R esu lts  and  D iscussion

S o lu tions of N a[C o(C O )4] p rep a red  w ere in  E t20  an d  allow ed to  re a c t 
w ith  R B rC H C O O R ’ ( R =  M e, í-B u , P h , C O O E t; R ’ =  Me, E t)  a t  — 50 °C 
to  ro o m  te m p e ra tu re . T h e  co lourless so lu tio n  becam e alm ost im m ed ia te ly  
(1 — 5 m in ) brow nish-red , a n d  a w h ite  solid (N aB r) p re c ip ita te d .

T hese  reac tio n  m ix tu re s  w ere an a ly zed  b y  th e  follow ing m eth o d s.
(a) T he so lven t w as d ra w n  o ff (a t  low te m p e ra tu re ) , th e  residue  e x tra c te d  

w ith  n -h ex an e , and  in fra red  v(C— O) sp e c tra  w ere ta k e n  as qu ick ly  as possib le  
(T ab le  I ) .

Table 1

>'(C O) Spectra o f RCH(COOR’)Co(CO)4 (R  =  Me, R ’ - E t; R —■ Ph, R ’ =  Me) compounds
Solvent: n-hexane; values in  cm -1

Compound v(C—0) terminal v(C—0) ester 
in complex

CITsCH(COOEt)Co(CO)4 2107.9 in; 2041.4 s;
2031.9 vs; 2021.4 vs 1715 w

PliCII(COOMe)Co(CO)4 2105.5 m; 2040.5 s;
2031 vs; 2025 sh 1715 w

r;3-[PhCH(COOMe)lCo(CO)a 2064.0 s; 
1990.5 s

2006.0 s;

(b) D ecom position  w ith  I 2/R O H  (R  =  M e, E t) ,  follow ed by  su b se q u e n t 
GC/M S analy sis  o f th e  o rg an ic  p ro d u c ts .

(c) I n  th e  case o f  th e  R ~= P h re a c tio n  w ith  HCo(CO)4, as d esc rib ed  in  
R e f. [2].

T h e  spectroscopic  a n a ly s is  o f  th e  o rg a n o c o b a lt p ro d u c t w as co m p lica ted  
b y  th e  fa c t  th a t  th e  re a c tio n  m ix tu re s  g en era lly  co n ta in ed  m ore th a n  one
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su b s ta n c e . U sing, how ever, su b s tra c tio n  o f  th e  spectra , th e  p re sen ce  o f  the 
co rresp o n d in g  a lk y lco b a lt te tra c a rb o n y ls  could  be detected  u n d o u b te d ly  for 
th e  R  =  Me and  P h  an d  v e ry  p ro b ab ly , fo r  th e  R  =  t-B u d e riv a tiv e s . N o in d ica 
tio n  o f  th e  presence o f  a |9-m etallated  d e r iv a tiv e  (isom erization  p ro d u c t  acco rd 
in g  to  R efs [7, 8]) w as o b ta in ed  in  th e  re a c tio n  w ith a -b ro m o p ro p io n ic  acid 
e th y l es te r. C onsiderab le  am o u n ts , g e n e ra lly  exceeding th a t  o f  th e  a lk y ls , of 
Co2(CO)g were a lw ays p resen t. Tn th e  R  =  P h  d e riv a tiv e  a jt-a lly l ty p e  com plex 
w as d e tec ted , w h ich  w as ab sen t in  th e  o th e r  experim en ts; th is  a llow s the 
a ss ig n m en t o f a jr-benzy lcobalt tr ic a rb o n y l, ra th e r  th a n  a тг-o x a lly l, s tru c tu re  
to  th is  com pound . T he resu lts  c a n  th u s  be dep icted  as show n in  S chem e 1.

U = Ph

KCHCOOJf +  Na[Co(CO)«J
I
Hi

R = ,Mo M iu. Ph

Scheme 1

o
'— С !Ч Co(CO)3

cH
I

R'OOC

RCHCOOK
I -f

Co(CO)4

f C o-(C 'O ), +

4 p ro d u cts

T he decom p o sitio n  o f th e  re a c tio n  m ix tu re s  yielded — 10%  u n ch an g ed
s ta r t in g  m a te ria l, h y d ro g en a ted  an d  c a rb o n y la te d  d e riv a tiv es , a long  w ith  
c o u p lin g  p ro d u c ts  o f  th e  s ta r tin g  co m p o u n d s . W hen R = M e , th e  d eco m p o si
t io n  p ro d u c ts , w ere a lm o st exclusively  p ro p io n ic  and acrylic  ac id  e s te rs  if  
o x y g e n  h ad  been  v e ry  cau tio u sly  e x c lu d ed . U nder less rig o ro u s an aero b ic  
c o n d itio n s  th e  a m o u n ts  o f these  p ro d u c ts  m ark ed ly  decreased , a n d  m e th y l
m alon ic  an d  succin ic  ac id  esters (as re p o r te d  also  by  previous w o rk e rs  [7, 8]) 
a p p e a re d . T he fo rm a tio n  o f acrylic  ac id  e s te r  p rovides a piece o f  ev id en ce  for 
a yS-H -elim ination re a c tio n  ro u te  as su p p o sed  form erly  [10].

T he reac tio n  w ith  t-B u C H B rC O O E t gave p redom inan t fo rm a tio n  of 
th e  h y d ro g e n a te d  d e r iv a tiv e , and  a sm a lle r  a m o u n t of th e  co u p led  (meso- and  
D,L-<ii-t-butyl succin ic  acid ester) an d  c a rb o n y la te d  (t-B u-m alonic ac id  ester) 
p ro d u c ts .

T h e  reac tio n  o f  a -b ro m o p licn y lace tic  ac id  e ste r p resen ted  a m o s t m u lti
fa rio u s  o rganic  ch e m is try . H ere a g a in  10 — 30 %  hydrogena ted  p h e n y la c e tic  
acid  e s te r  and  10 — 30%  ca rb o n y la tio n  p ro d u c t (phenylm alonic ac id  ester)

2 Acta Chim. Acad. Sei. H ung. I l l ,  1982
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w ere fo u n d ; ab o u t tw o - th ird s  of th e  p ro d u c ts  c a n  he deduced from  C — C 
co u p lin g  reac tio n s . I n  th e  la t te r  category  n o t  o n ly  th e  meso- and  racem ic  
d ip h en y lsu cc in ic  ac id  e s te rs  (rep o rted  by Se y f e r t h  a n d  M illar  [9]) h u t  a lso  
p ro d u c ts  o f  coupling  o f  a ro m a tic  ring  ns. a lip h a tic  ca rb o n s  could be d e te c te d  
in  1 5 - 3 0 % .

T re a tm e n t o f th e  re a c tio n  m ix tu re  w ith  IIC o(C O )4 yielded s im ila r  
p ro d u c ts  as d ecom position  b y  th e  I2/R O H  re a g e n t, w ith  tw o im p o rta n t d iffe r
ences: (i) th e  re la tiv e  a m o u n t o f th e  h y d ro g e n a te d  p ro d u c t increased , a n d  
(ii) a n y  ca rh o n y la tio n  p ro d u c t  w as absent.

T h e  effect o f  th e  a tm o sp h e re  (argon or c a rb o n  m onoxide) in  th is  r e a c 
tio n  w as also s tu d ied  (T ab le  I I ) .  The m ost s tr ik in g  re s u lt  o f these e x p e rim e n ts

Table IT

Distribution o f the organic products in  the reaction o f Na[Co(CO)4] with PhCh(Br)COOMe
(in  relative m ole'/,)

Conditions CO Ar/CO /ir Cross
coupling

with
BrCil(COOEt),

—30 °C/COProduct —20 °C —50 °C —20 °C —50 °C —20 °C —50 °C *

Ph CH2COOMe 26.25 28.21 26.73 25.99 15.28 15.90 39.07*

P h — CII(COOMe)2 15.15 20.71 18.26 22.34 30.19 34.56 32.34

(PhCHCOOtne)2 meso 20.28 14.96 20.66 19.28 18.97 19.75 9.29
racemic

CH2—COOMe

--------CH—COOMe

CH2—COOMe 
1

9.84 9.55 10.06 15.76 20.40 22.04 9.64

15.80 12.37 16.03 11.09 8.6.3 4.50 4.45

Ф
P h—C H -C O O M e

12.27 14.20 8.26 5.55 6.52 3.26 5.20

* From  the brom omalonic ester only the hydrogenated product, CH2(CCOEt)2 was form ed.

lias b een  th a t  th e  re la tiv e  w eigh t o f the  c a rb o n y la te d  p ro d u c t is s ig n if ic a n tly  
h ig h e r  in  A r th a n  u n d e r  CO. T he d , l /meso r a t io  o f  th e  d iphenylsuccin ic  ac id  
e s te rs  show s also a d ra m a tic  change from  1 : 1 (A r) to  2 : 1 (CO). C o n su m p tio n  
o f CO b y  th e  re a c tio n  m ix tu re  before d e c o m p o s itio n  could no t be d e te c te d
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w ith  c e r ta in ty ; a t  th e  re la tiv e ly  low te m p e ra tu re s  used , th is  is, a t  an y  ra te , 
d ifficu lt to  m easu re . T e m p e ra tu re  has no s ig n if ic a n t effect on th e  p re p a ra tiv e  
re su lts , a t  leas t, n o t  in  th e  range o f —50 to  —20 °C.

T hese re su lts  in d ic a te  d ifferen t m echan ism s o p e ra tin g  in  th e  decom posi
tio n . A pu re ly  ra d ic a l p a th w a y  seem s to  be th e  m ost p ro b ab le  u n d e r A r, 
and  a co m p e titio n  b e tw een  th is  and  o th e r p a ra lle l rou te(s) u n d e r  CO a tm o 
sphere . Schem e 2 show s a possible in te rp re ta t io n  o f these  fin d in g s.

l*h— CH C O O R  CO/I./ROHI - ----- *- Ph—сщеосжь
<'<>(<-'0)4

]>h CM COO R

Co(CO)4

Oil COOR
I

Rh
Scheme 2

In  th e  re a c tio n  w ith  hrom om alonic ac id  e s te r , th e  h y d ro g en a ted  m alonic 
acid e s te r  w as fo u n d  to  he th e  a lm ost exclu siv e  m ain  p ro d u c t, along w ith  
som e u n id en tified  m in o r com ponen ts.

I t  w as a t te m p te d  to  achieve a “ cross co u p lin g ”  reac tio n  be tw een  brom o- 
p h cn y lace tic  acid  a n d  brom om alonic  acid e s te rs . N o d e tec tab le  q u a n ti ty  of 
cross-coupled p ro d u c t w as observed; th e  on ly  in te re s tin g  fe a tu re  o f th is  reac 
tio n  w as a n o te w o rth y  increase  in  th e  re la tiv e  a m o u n t o f th e  h y d ro g en a ted  and  
c a rb o n y la ted  p ro d u c ts . T h is observation  p ro v id es  a fu r th e r  h in t  a t  th e  possi
b ility  o f  gem in a te  ra d ic a l pa ir m echan ism s, as p roposed  b o th  fo r cobalt-

2 * A d a  Chim. Acad. Sei. Hung. 111% 1982
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a s s is te d  sto ich iom etric  h y d ro g e n a tio n  [11 —16] an d  ca rb o n y la tio n  [11, 15, 
18] o f  o lefins.

T h e  analysis of th e  ctrganic p ro d u c ts  allow s som e fu r th e r  conclusions.
( i )  U nder th e  re a c tio n  c o n d itio n s  used, th e  fo rm a tio n  o f th e  h y d ro g e n a te d  

a n d  c o u p lin g  p ro d u c ts  h in ts  a t  th e  p a r tic ip a tio n  o f rad ica l p a th w a y s  o f  t r a n s 
fo rm a tio n  of th e  p rim a ry  a lk y lc o b a lt te tra c a rb o n y ls  (and jr-b en zy lco b alt 
t r ic a rb o n y l) . The rad ica l d eco m p o sitio n  seem s to  s ta r t  a t  a ra te  co m p arab le  
w ith  (o r  fo r R  =  CO O R ’ ev en  h ig h er th a n )  th e  re a c tio n  of th e  o rg an ic  h alide  
a n d  N a[C o(C O )4].

( i i )  I t  is in te re s tin g  to  n o te  t h a t  s ta r tin g  from  C H 3Co(CO)4 a n d  ch a n g 
in g  (fo rm ally ) a h y d ro g en  a to m  fo r an  e lec tro n eg a tiv e  p o la r s u b s ti tu e n t  
(F  [1 7 ], P h  [18], CN [6b] or C O O R ’ [2 — 4]), th e  s ta b il i ty  o f th e  a lk y l m ark ed ly  
in c re a se s  an d  CO “ in se r tio n ”  becom es m ore d iff icu lt, o r even  p ra c tic a lly  
im p o ss ib le , w hereas w hen  c h a n g in g  one II for an  e lec tron -re leasing  g ro u p  such 
as M e[6 b , 19] or E t  [20], th e  s ta b il i ty  is no t m ark ed ly  a lte red , n e ith e r  is th e  
te n d e n c y  fo r CO “ in se rtio n ” .

T h e  exchange of one m o re  or tw o H  a to m s for flu o rin e  in creases  th e  
s ta b i l i ty  an d  th e  ten d en cy  fo r  in se r tio n  is again  ab se n t [17].

T w o  or th ree  alky l g ro u p s seem  to  h av e  q u a lita tiv e ly  sim ilar in flu e n c e  as 
one a lk y l h as  [6, 19 — 22].

T a k in g  one e lec tro n eg a tiv e  s u b s titu e n t (as in  th e  p re se n t w o rk  CO O R  ), 
th e  s ta b i l i ty  is d e fin ite ly  d ec rea sed  b y  th e  p resence o f e ith e r  an  e le c tro n  donor 
(M e, t-B u ) o r an e lec tron  a c c e p to r  (P h , CO O R ’) g roup , w hile th e  te n d e n c y  for 
CO in s e r tio n  is observab le  o n ly  fo r Me [7, 8] an d  Ph* su b s titu e n ts ;  even  in 
th e s e  cases only  to  a lim ite d  e x te n t .

A ll th e se  o b se rv a tio n s in d ic a te  a la rge  d iv e rs ity  in  th e  in te ra c tio n s  of 
th e s e  s u b s ti tu te d  m e th y l g ro u p s  w ith  th e  Co(CO)4 re s t  in  th e  co rresp o n d in g  
a lk y lc o b a lt  carbonyls** . S im ila rly , a large s u b s ti tu te n t  effect in  th e  reac tio n  
ra te s ,  m echan ism  w eigh ts, a s  w ell as in  th e  s ta b il i ty  an d  re a c tiv i ty  o f  th e  
e v e n tu a l ly  form ed organ ic  ra d ic a ls  can  be ex p ec ted . R ecen t k in e tic  s tu d ies  
[15, 16] on  th e  s to ich io m etric  h y d ro fo rm y la tio n  o f v a rious o lefins seem  to 
be  in  a g reem en t w ith  th e  a b o v e  a rg u m e n ta tio n .

( i i i )  T he presence o f  th e  a ro m a tic  ring -coup led  p ro d u c ts  in  th e  case of 
P h C H B rC O O E t d isp lays m u ltifo ld  in te re s t.

(a ) T h is o b se rv a tio n  fu rn ish e s  a fu r th e r  in d ic a tio n  of th e  p resen ce  of 
th e  тг-b e n z y l (and n o t яс-o x a p ro p e n y l)  ty p e  in te rm e d ia te .

* Independence of the yield o f the carbonylated p roduct from  the atm osphere w ith 
PhC H B rC O O E t suggest th a t  carbonylation  was an instantaneous side reaction of th e  decom
position.

** Prelim inary results of an  E x tended  Hiickel/W olfsberg-Helmholz MO stu d y  [23] 
su p p o rt th is  view.
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(b) F o rm a tio n  o f th e  para  isom er p ro v id es  fu r th e r  in d irec t ev idence for 
th e  presence o f o n -th c -rin g  rad ica ls  in th e  re a c tio n .

(c) T he sh a rp  d ependence  o f th e  re la tiv e  w eigh t o f the  ring-coup led  
p ro d u c ts  on th e  a tm o sp h e re  is a challenging  fe a tu re  of th e  reac tio n , h u t i t  can 
h a rd ly  he exp la ined  on  th e  hasis o f th e  re s t  o f th e  evidence.

Experimental

The organic halides used in this study were com m ercial products or were prepared hy 
stan d ard  literature  procedures. The ether and T H F were passed through a colum n of activated 
alum ina to remove peroxides, then  distilled from sodium  wire under argon. T hey were stored 
under argon in the dark . Benzene and CCI4 were dried over P20 5. D icobalt octacarbonyl was 
m ade by  literatu re  procedures [24]; it was recrystallized from  dichlorom ethane.

The reactions were carried ou t in a Schlenk-type tube  under an atm osphere of purified 
argon or carbon monoxide.

The infrared spectra were recorded w ith an 1R-75 (Carl Zeiss, Jena) double-beam  spectro
photom eter. The calibration of the IR  spectra was effected by the subsequent recording of a 
CO gas spectrum. 4 I-N M R  spectra were recorded w ith a BS-487 (Tesla, Brno, CSSR) 80 MHz 
instrum en t and mass spectra  w ith  a IMS 01 SG-2 (JE O L ) mass spectrom eter. The organic 
sam ples were analyzed by a III* 5830 A gas chrom atograph, using a 10-m long SE-30 glass 
capillary column.

Reactions of Na[Co(CO)4] with a-halocarhoxylic acid esters

(a) a-Broom propionic acid ethyl ester
Л solution of 0.67 m m ol of Na[Co(CO)4| in 10 m l, o f ether was trea ted  w ith 121 mg 

(86 /tL  0.67 mmol) of a-brom opropionic acid ethyl ester a t  20° under CO. The solution turned 
dark-red  almost im m ediately and no gas volume change was observed. A fter 6 h, 0.26 g of 
12 (1 mmol) and 1 niL of E tO H  were added. W hen the gas evolution ceased, the dark-green 
solution was washed w ith 10 m L of 5% Na2S20 3, and w ith  w ater, then  dried over Na2S 04 
and analyzed by GC/MS. E th y l acrylate (0.14 mmol) and  ethy l propionate (0.38 mmol) were 
found, identified by the ir mass spectra.

I f  the reaction was carried ou t under less rigorous anaerobic conditions (which was 
indicated by the pale red colour o f the starting  Na[Co(CO),] solution) 0.12 mol of e thy l acrylate, 
0.26 mol of ethyl propionate, 0.17 mol of diethyl m ethylm alonate and 0.44 mol of diethyl 
succinate per mole of cobalt were formed and identified a fte r the decomposition.

(h) a-Bronio-t-butylacctic acid ethyl ester

Two mmol of Na|Co(CO)4] in 30 m l, of ether and  424 mg of t-BuCH (Br)CO OEt were 
refluxed under CO. The solution turned  violet and finally  greenish-brown. A fter 1.5 h only 
Co4(CO)12 was detected as the organom etallic product (by  IR  spectroscopy) in th e  solution. 
The m ixture was trea ted  w ith  I2/E tO II and the solvent was evaporated . The residual oil was 
taken  up  in 10 m L of CC14 and  after washing (5% Na2S20 3, w ater) and drying analyzed by GC. 
Besides several m inor com ponents (less then 0.5% ) 85.7%  i-BuCH,COOEt, 11.7% starting  
brom ocompound, 1.58% carbonylated  product i-BuCH (G OO Et)2 and 0.82% (i-BuCHCOOEt), 
were found and identified by  the ir mass spectra.

(c) Esters of a-broinophcuylacetic acid

A solution of 0.34 g (1 mmol) of Co2(CO)8 in 30 mL of E t20  was added to  40 g of 1.5% 
sodium amalgam. The m ix ture  was stirred a t room tem peratu re  under carbon monoxide until 
a colourless solution was ob tained. This was allowed to stand  for 30 min and then  transferred  
to the reaction vessel, cooled to —20 — —50 °C, and trea ted  w ith a solution of 1.9 mmol of 
PhCII(Br)COOR (R = M e , E t)  under argon or CO. The solution turned brow nish-red alm ost
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im m edia te ly . After 1 h 0.51 g (2 m m ol) of I2 and 2 m L of ROH  (R =Me, E t) were added. 
V igorous gas evolution occurred an d  the colour of the solution changed to dark-green. The 
m ix tu re  w as let to warm u p , and  th e  solvent was evaporated  a t room tem peratu re  under 
reduced  pressure. The residual oil w as taken  up in 10 m l. of CC14, the brow n solution was 
w ashed w ith  20 mL of 5% N a2S20 3, w ater, dried over Na2S 0 4 and a small p a rt was analyzed 
by  GC a n d  MS. The solution was concen tra ted  to 2 m L and the m ain products were isolated 
by  p rep a ra tiv e  GC (3 m long, 15%  neopentyl glycol succinate column). XH -N M R  spectra 
were reco rded  in CC14 solution (Table II I) .

Table III

Compound dTMS
(ppm, CC1,) Assignment

PhC H 2COOCHjCH3
1.04, t ,  311 
3.35, s, 2H 
3.91, q , 2H 
7.01, m, 511

сн2 ся3 
1' i r  CH, coo  
О СЯ, -G H 3 
Ph

P h c ii(C 0 0 C H 2CH3)2
1.12, t, 611 
4.04, q , 4H  
4.29, s, Ш  
7.02, m, 511

сн2 ся3
О С Я , CIL,
Ph СЯ (CÓO), 
I’ll

meso 1 racemic 0.73, t, 311 C1L СЯ3
I’ll CH COOCH2CII3 1.05, t, 311 CIL СЯ.,

1 3.78, m, 611 СЯ 4- СУ/.,
I'll CH COOCH2CH3 7.08, in, 10H Ph

СШ — C O O C lL C lh

( H 2 -C O O C T L .C H :,

1.10, 111, 611 CH, Cll
3.43, S , 211 C Я , Ph
3.95, 111, 411 C Hi CII
5.14, S , H I CH
7.09, S , 911 Ph

1.11, d t, 6H CH2 CH
3.34, s, 211 ся2 Ph
3.98, <b 411 СЯ2--CH
4.71, s, I I I СЯ
7.09, d, 9H Ph

(d ) D iethyl bromonudoiialc

T he reaction of 2 m m ol of Na|Co(CO)4] (prepared as above) w ith 1.9 mm ol of diethyl 
b rom om alonate  was carried o u t u nder similar conditions. A fter the usual w ork-up of the 
reac tio n  m ixture, the resulting  solu tion  was analyzed by  GC —MS. Besides several minor
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com ponents (less th an  0.5% ) only the p ro d u c t o f liydrogenolysis, diethyl m alona te , was found. 
,  No “ coupling” p roduc t, te tracarboethoxyethane , was obtained.

*

The au thors acknowledge stim ulating discussions to Prof. L. Markó  and  D r. F . U ngváry  
(Veszprém), as well as help in obtaining the  GC and  spectroscopic m easurem ents to Drs Z. 
D é c s y , S. I g l e w s k i and I. Ötvös (Veszprém).
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The colour reaction between pentacyanoannnineferrate(II) and cyanam ide has 
been studied. I t  was found th a t an oxidizing agent is needed for the developm ent of 
the colour. The reaction  product was isolated and  characterized as N a3Fe(CN)5NCNH •
• 3 H20 . In  the direct reaction betw een cyanam ide and pen tacyanoam m ineferrate(IIl) 

an accelerating effect of pen tacyanoam m ineferrate(II) was observed. B ased on these 
results, a new m ethod has been developed for the determ ination of cyanam ide, using 
the m ixture of pentacyauoam m ineferrate(III) and  (II) as reagent and ca ta ly s t, respec
tively. Furtherm ore, this reaction was applied for the spcctropliotonietric determ ina
tion of oxygen dissolved in w ater. The possibility of the determ ination o f som e guanidine 
and urea derivatives is discussed.

Introduction

T he reac tio n  be tw een  p e n ty c y a n o a m m in e fe rra te (II)  an d  c y a n a m id e  was 
f irs t  described  by B a u d isc h  [1], b rie fly  m en tio n ed  by F ea ro n  [2 ], a n d  firs t 
ap p lied  for th e  d e te rm in a tio n  of cy an am id e  b y  B uyske  an d  D o w n in g  [3]. 
In  th ese  papers th e  re a c tio n  w as described  b y  th e  following e q u a tio n :

Fe(C N )5H 20 3-  +  1INCN — Fe(C N )sN C N H 4-  +  H 20

In  aq u eo u s so lu tio n  p e n ta c y a n o am m in e fe rra te (II)  reac ts  as th e  p e n ta c y a n o - 
a q u a fe rra te ( I I )  com plex . I t  w as found  by  B u y s k e  and  D o w n i n g  [3] th a t  
n e ith e r  oxygen n o r lig h t in fluence  th e  re a c tio n , in  c o n tra s t w ith  F e a r o n ’s 
re su lts  [2]. F e a r o n  re p o rte d  th a t  d ev e lo p m en t o f  th e  colour w as fa s te r  w hen 
th e  re a g e n t p e n ta c y a n o am m in e fe rra te (II)  so lu tio n  was exposed  to  lig h t, or 
S20 3~ as oxidizing a g e n t w as ad d ed . A ro le  o f p e n ta c y a n o a q u a fe rra te ( I I I )  
w as assum ed , b u t  w as n o t p roven . F o r d e te rm in a tio n  of som e o th e r  su b s tra te s  
w ith  p e n ta c y a n o a m m in e fe rra te (II) , NOj" w as suggested  b y  L a r u e  [4] as 
o x id iz in g  ag en t w ith o u t dealing  w ith  its  e ffect in  de ta il. L a te r  M u s h k i n  [5] 
d esc rib ed  a cy an am id e  d e te rm in a tio n  in  w hich  p e n ta c y a n o n itro sy lfe rra te (II)  
w as u sed  as reag en t a n d  th e  c a ta ly tic  effect o f h e x a c y a n o fe rra te (III)  w as found .

* To whom correspondeuce should be addressed.
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I n  th e  ab o v e  th ree  re fe ren ces [2 , 4, 5] no t even  s to ich io m e tric  eq u a tio n s  wore 
g iv en .

R e c e n tly  N iemAN et al. [6] pub lished  a k in e tic  m e th o d  for d e te rm in a tio n  
o f  c y a n a m id e  using th e  re a c t io n . In  c o n tra s t w ith  ea rlie r w ork  [1 — 3], th e  
s to ic h io m e try  of th e  re a c tio n  w as described as 2 : 1 =  com plex : cy an am id e
[7]. T h e  ca lcu la ted  m o la r a b s o rp tiv i ty  of th e  co lo u red  p ro d u c t a t  530 w as 
fo u n d  to  he  2850 JVI-1 c m -1  [7 ], w hich d iffers s ig n if ic a n tly  from  th e  e =  3500 
M - 1 c m -1  estim ated  f ro m  d a t a  of ref. [3]. F o r  e x p la n a tio n  o f the  k in e tic  
r e s u l ts  th e  p K j of c y a n a m id e , defined  by  th e  e q u a tio n :

i i2n c n ^ ± h n c n -  { H+

w as u se d  as 1.1. In  fa c t th is  p K  corresponds to  th e  eq u ilib riu m

llalN CN  +  H + I I 3N C N  r

a u d  w as de te rm ined  b y  S o l o w a y  and  L ip s c iu t z  [8 ]. H ow ever, w hen  re p e a tin g  
th e  m o le  ra tio  ex p e rim en ts  o f  refs [6, 7], we o b se rv ed  th a t  th e  ab so rb an ces  
d e p e n d e d  on the ageing o f  p c n ta c y a n o a m m in e fc rra te ( I I )  so lu tion , cau sin g  a 
la c k  o f  rep ro d u c ib ility . W e  su sp ec ted  th a t  th e  o x y g en  c o n te n t of th e  re a g e n t 
s o lu tio n  w as responsib le  fo r  th is  and  th e  e x p e rim e n ts  w ere rep ea ted  u n d e r 
a rg o n  a tm o sp h ere . In  th is  w a y  co louriza tion  w as n o t  observed , b u t th e  co lour 
d e v e lo p e d  on add itio n  o f  a n  ox id iz ing  ag en t (e.g. H 20 2) or upon  b u b b lin g  a ir 
th r o u g h  th e  solu tion . T h e  f in a l  abso rp tion  sp e c tru m  w as id en tica l w ith  th e  
s p e c tru m  rep o rted  b y  B u y s k e  an d  D o w n in g  [3].

T h ese  facts u rged  u s  to  in v es tig a te  th e  n a tu re  o f th is  reac tio n  in  o rd er 
to  im p ro v e  th e  a n a ly tic a l p ro ced u re .

E xperim ental

A pparatus

T he visible and infrared  spec tra  were recorded w ith Beckm an Acta I I I  and  Perkin- 
E lm e r 283 В spectrometers. T he k ine tic  m easurem ents were carried ou t w ith a home-made 
rap id  m ixing apparatus com bined w ith  a Hitachi Perkin-E lm er 139 spectrophotom eter (optical 
p a th  8 m m ). Magnetic m easurem en ts were run on a Jeol JM M-100 NMR spectrom eter in aque
ous so lu tion  (9). The M össbauer spec tra  were obtained w ith  an  apparatus constructed a t  the 
D e p a rtm e n t of Atomic Physics o f L oránd Eiitvös U niversity , B udapest.

Reagents

N a3Fe(CN)5N lI3 • 3 II20  a n d  Na2Fe(CN)5N II3 • 1I20  were prepared according to the 
li te ra tu re  [10]. The iron and  sod ium  contents of the com plexes were determ ined by  atom ic 
a b so rp tio n  spectroscopy and  flam e photom etry, using N a2Fe(CN)5NO • 2 H20  (R eanal) as 
s ta n d a rd . F luka cyanam ide (s tab ilized  w ith 2% boric acid) w as used w ithout fu rther purifica
tio n . T he  concentration was dete rm ined  by argentom etric ti tra tio n  [6], using K I solution and 
a iod ide  selective electrode (R ade lk is  OP-I) for end-point indication.

A c ta  Chim. Acad. Sei. Hung. I l l , 1982



BÄNYAI, BECK: DETERMINATION OE CYANAMIDE 143

Procedure

The mole ratio  experim ents were carried o u t w ith pen tacyauoam m iiiefcrrate(III) in 
the usual w ay. The absorbances were m easured a fte r 10 hours. The calib ration  curves were 
obtained w ith  a m ixture of pen tacyanoam m ineferra te(il) and (111), the concen tra tions being 
0.01 M  and 0.001 M , respectively. A bsorbances were measured after 5 — 10 m in a t  530 nni 
using 1 cm glass cells, against the same solutions w ithou t cyanamide. All these m easurem ents 
were carried ou t a t pH  =  10.5 (borate  buffer). A sim ilar method was followed in  th e  case of 
the o ther com pounds studied.

Preparation o f the product: 0.4 g cyanam ide and 0.4 g Na2Fc(CN)5N H 3 • 3 H 20  were 
stirred  in 100 inL m ethanol and 1 m L 30% aqueous II20 2 was added to this m ix tu re . After 
two hours, th e  unreacted complex was filtered off. From  the purple filtra te  the p ro d u c t was 
p recip ita ted  w ith ether and dried in air.

D eterm ination  of oxygen dissolved in w ater: a 10 2 M  pen tacyanoferra te(II) solution 
contain ing 10~3 M  HC1 and a cyanam ide solution (10-2 M , pH  =  10.5 ad ju s ted  w ith  borate 
buffer) was kep t under argon atm osphere. A sa tu ra ted  aqueous solution of oxygen w as prepared 
(1.25 XlO-3 M  [11]) a t atm ospheric pressure, and  d ifferen t volumes of it  were in jec ted  into 
the optical cells (closed w ith a septum ), which were previously flushed w ith  argon . The sam 
ples were filled up to  1 mL w ith oxygen-free w ater and 0.5 mL pentacyanoam m ineferrate(II)solu- 
tion were in jected  into them . A fter 2 3 min, 2 m L portions of the cyanam ide solu tions were
in jected  in to  the samples and after 5 m in the absorbances were m easured a t  530 nm  using 
the same solution as reference w ithou t oxygen.

Kcsults anil D iscussion

In  c o n tra s t  w ith  the  re su lts  o f B u y sk f . anil D o w ning  [3] w e d id  no t 
f in d  an y  re a c tio n  in  th e  absence  o f oxygen . W hen  th e  k ine tic  e x p e r im e n ts  of 
N iem a n  ct al. [6] were re p e a te d , i t  w as o b se rv ed  th a t  th e  p ro files o f  th e  k in e tic  
cu rv es , co n seq u en tly , th e  in it ia l  ra te s  to o , depended  on th e  age in g  o f  p en ta -  
c y a n o a m m in e fe rra te (II)  so lu tio n  k e p t in  d a rk  h u t w ith o u t e x c lu d in g  th e  
presence  o f  a ir  (F ig . 1). T hese cu rves in d ic a te  th a t  th is  m e th o d  is u n su ita b le  
fo r a n a ly tic a l ap p lica tio n . C onsidering  th e se  observations i t  c an  be  conc luded

Fig. 1. Shape of kinetic curves depending on the ageing of pentacyanoam m ineferrate(Il) 
solution. (1) 10, (2) 65, (3) 145, (4) 235, (5) 365, (6) abou t 2000 min. Concentration of cyanam ide: 

9X 10-6 M , iron(II) complex: 2 x  10-3 M
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Fig. 2. Accelerating effect o f pentacyatioam m iiieferrate(Il). Concentration of iro n (ll l)  
com plex: 2 x l 0 -3 M, cyananiide: 9 x l 0 -5 M, iro n (ll)  com plex: (0) 0.0, (1) 4.0, (2) 8.0, (3)

12.0, (4) 16.0, (5) 20.0 M X  1 0 ~4

th a t  i t  is the  p e n ta c y a n o a q u a fe rra te ( I I I ) , fo rm e d  by  ox idation  of p e n ta -  
c y a u o a q u a fe rra te ( I I ) , w h ic h  is responsible fo r th e  co lou r reaction . C urve 6 in 
F ig . 1 show s th a t  a f te r  20 h ours ageing the  r a te  o f  co louriza tion  decreased  
d e sp ite  th e  fact th a t  th e  co n c e n tra tio n  o f th e  i r o n ( I I I )  com plex increased . I t  
fo llow s th a t  the  iro n (II)  c o n te n t  influences th e  r e a c tio n . T herefore, the  re a c tio n  
b e tw e e n  cyanan iide a n d  p e n ta c y a n o a m m in e fe rra te ( I I I )  in  th e  absence and  
p re sen ce  of p e n ta c y a n o fe rra te ( I I )  under a rg o n  h a s  b een  stud ied . ( In  fa c t, it  
is v e ry  d ifficu lt to  p re p a re  th e  pure  iro n (III)  co m p lex  free from  som e iro n (II)  
species b u t  th is  does n o t  in flu en ce  our q u a li ta t iv e  conclusions.)

T h e  absorbance  vs. t im e  curves are  sh o w n  in  F ig . 2. Curve 0 show s th e  
c h an g e  o f  th e  ab so rb an ce  w ith o u t p e n ta c y a n o fe rra te ( I I ) . Curves 1 — 5 d em o n 
s t r a te  th a t  p e n ta c y a n o fe rra te ( I I )  accelerates th e  re a c tio n  betw een  cy an an iid e  
a n d  th e  iro u (III)  co m p lex . T he induction  p e r io d s  in  th e  curves in d ic a te  a 
m u lt is te p  reaction  m e c h a n ism .

T h e  mole ra tio  e x p e r im e n t suggest a 1 : 1 com plex  fo rm atio n  (F ig . 3). 
T h e  re a c tio n  p ro d u c t w as  iso la ted  and a n a ly z e d  fo r elem ents. C =  20 .25%  
(2 0 .5 % ), N =  2 6 .7%  (2 7 .9 % ), II  1 .15%  (2 .0 % ), Fe =  15.2%  (1 5 .9% ), 
N a 19.1%  (19.7% ) w ere  fo u n d , th e  c a lcu la ted  v a lu e s  fo r N a3Fe(CN )sN C N H  • 
• 3 H 20  are in p a re n th e se s .

T h e  resu lts o f s t r u c tu r a l  in v estig a tio n  c a n  be seen in  T able  I . T h e  p a r a 
m a g n e tic  behav iour, th e  n e g a tiv e  M össbauer iso m e r sh if t and  th e  large q u ad ru - 
po le  sp littin g  show t h a t  th e  c e n tra l ion is a lo w -sp in  F e 3+ [12]. T he IR  s trech - 
in g  freq u en cy  of c o o rd in a te d  cyanam ide ( rN C = N )  is sh ifted  to  low er w ave- 
n u m b e rs . The v N C = N  o f  th e  free ligand is 2210 — 2250 c m -1 and  th a t  o f  th e
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Fig. 3. The mole ratio  curve. Concentration of cyanainide: 2 x  10~4 M

c o n ju g a ted  base is 2150 c m -1 [13]. T h is sh ift ind ica tes  th e  d e p ro to n a tio n  and 
fo rm a tio n  of a ca rb o d iim id e-lik e  s tru c tu re  o f th e  c o o rd in a te d  lig an d  [13].

A n acce lera tin g  e ffec t o f p c n ta c y a n o fe rra te (II)  ions in  th e  su b s titu tio n  
reac tio n s of p e n ta c y a n o a q u a fe rra te ( I I I )  w ith  N,f and  SCN ~ h a s  b een  observed 
an d  discussed b y  J a m es  et al. [14]. A nalogously , we suggest to  describe the 
reac tio n  by  th e  fo llow ing  eq u a tio n s:

Table I

Characteristics o f the isolated reaction product

M ossbauer
isomer shift 0.30 mm s _I
quadrupole splitting 3.42 mm s -1

M agnetic moment 1.93 BM
Infrared  frequency

vNC ЕЭ, N 2060 cm -1

Visible spectrum

Лпах 530 nm

£x 3530 s.dev. 22.1лшах

Fe(C N )5I I 2O s +  H N C N - -  Fe(C N )5N C N H 4~ +  HaO 

Fe(C N )sN C N II4-  +  Fe(C N )5U20 2" -*  Fe(C N )5N C N H 3_ +  F e(C N )5II2Oa-
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Fig. 4. C alibration curves for de te rm in a tio n  of cyanamide (l ,130 nm ) thiourea (2 GOO nm)
and serniearbazide (3 505 nm)

W e h av e  found th a t  th e s e  re su lts  — viz. th e  o x y g en  effect and  th e  c a ta ly tic  
e ffec t o f  iro n (II)  com plex — w ere  equally  valid  fo r som e o th e r organic co m 
p o u n d s . T h e  colours and th e  o p tim a l pH  values a re  su m m arized  in  T ab le  I I .  
I t  s e e m s th a t  th e  colour re a c tio n s  w ith p e n ta c y a n o am m in e fe rra tc (II)  in  th e  
se ries  o f  th e  ligands te s te d  a re  r a th e r  excep tional, o n ly  n itro sobenzcnc  an d  th e  
p h e n y lh y d ro x y la m in e  fo rm  c o lo u re d  com plexes in  th e  absence  of oxygen . T w o 
d if fe re n t  colours were o b se rv ed  in  th e  case of o rg an ic  com pounds co n ta in in g  
b o th  s u lfu r  and n itrogen . T h is  m a y  he a t tr ib u te d  to  S an d  N donor isom ers, 
h o w e v e r , no  s tru c tu ra l in v e s tig a tio n s  were c a rr ie d  o u t.

O n  th e  basis o f th e se  o b se rv a tio n s , a re liab le  sp e c tro p h o to m e tric  m e th o d  
co u ld  b e  developed for th e  d e te rm in a tio n  of cy a n a m id e . T h e  ca lib ra tio n  cu rv e  
is sh o w n  in  F ig . 4. T he r e la t iv e  s ta n d a rd  d e v ia tio n  fo r th re e  m easu rem en ts is 
less t h a n  2 % . To in d ica te  th e  p o ssib ility  of th e  a n a ly tic a l  ap p lica tio n  o f th is  
m e th o d  fo r o ther co m p o u n d s in  T ab le  I I ,  c a lib ra tio n  cu rves are  show n for 
se rn ie a rb a z id e  and th io u re a  to o ,  in  Fig. 4. (The d e te rm in a tio n  of th io u rea  h as  
a lso  b e e n  suggested w ith  l ig h t-  “ a c tiv a te d ”  p e n ta c y a n o a m in e fe rra te (II)  [15].)

T h e  observed effect o f  o x y g e n  gives a p o ss ib ility  fo r its  d e te rm in a tio n  in 
a q u e o u s  so lu tion  sp e c tro p h o to m e tr ic a lly . I t  has b e e n  re p o rte d  by  T oma [16] 
t h a t  p e n ta c y a n o a q u a fe r ra te ( I I )  reac ts  rap id ly  w ith  o x ygen  in  m o d era te ly  
ac id ic  m ed ium  in th e  p re se n c e  of trace  am o u n ts  o f  tra n s it io n  m e ta l ions 
(e.g. F e 2 + , which is re a d ily  fre e d  from  th e  co m p lex  b y  p h o to d eg rad a tio n ). 
T h e  p e n ta c y a n o fe rra te ( I I I )  fo rm e d  is easily d e te c ta b le  w ith  cy anam ide sp e c tro 
p h o to m e tr ic a lly . In  F ig . 5, a  c a lib ra tio n  curve is sh o w n  fo r th e  d e te rm in a tio n
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Table II

Colour reactions o f some organic compounds with penlacyanoammineferrate( I I ) and oxygen

Compound Colour Note

Guanidine orange pH  =  12
Dicyandiainide purple pH  =  12
Arginine red |)II =  12
Semicarbazide red pH  = 7 8
Urea red 0.1 M  NaOH
/V-IIydroxyures red pH  = 8 9
H istidine red pH  = 7 8
Thiourea blue

purple
0.2 M  acetic arid 
pH  =  8 10

Thiosemicarbazide blue
red

0.01 M  HC1 
pH  = 7 8

Phenylhydroxylnm ine purple pH  = 4 - 1 0  without 
oxygen reacts too

Nitrosobenzene purple pH =  4 - 1 0  w ithout 
oxygen reacts too

t

Fig. 5. Calibration curve for the determ ination of oxygen dissolved in w ater (a t 530 nm)

o f oxygen  d isso lved  in  w a te r  w hich was o b ta in e d  b y  th e  m ethod  described  
in  th e  E x p e rim e n ta l. T h e  s ta n d a rd  d ev ia tio n  fo r th re e  m easu rem en ts  is less 
th a n  10% .

As a m a t te r  o f course  th is  m ethod  is n o t specific  fo r oxygen , o th e r  o x id iz 
ing  ag en ts  in te rfe re  in  th is  d e te rm in a tio n .
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Estimation of thiocarbonate sulphur with hydroxymercurybenzoic acid and 
iV-bromosuccinimide is discussed. O-Hyd roxy mercury ben zoic acid involves direct titra
tion with aqueous, potassium thiocarbonate in the presence of 0.05 M  sodium hydroxide 
using thiofluorescein or dithizone as an indicator. One sulphur atom of thiocarbonate 
attaches itself to two molecules of O-hydroxymercurybenzoic acid whereas the other 
two separate as carbon disulphide. However, in acidic medium, iV-bromosuccinimide 
is found to oxidise one sulphur atom of thiocarbonate to elementary sulphur and the 
other two separating as carbon disulphide. Use of iV-bromosuccinimide involves a direct 
titration with thiocarbonate using methyl red as an indicator.

The following molar relationships are established: 2 mole of O-hydroxymercury
benzoic acid 1 mole of Csi}- , 1 mole of IV-bromosuccinimide =  1 mole of CS|~.

P o ta ss iu m  th io c a rb o n a te  (PTC) h as  b een  used as an  a l te rn a tiv e  for 
gaseous h y d ro g en  su lp h id e  in  q u a lita tiv e  [1] an d  q u a n tita tiv e  [2, 3] an a ly s is  
o f  m e ta l ions. S e p a ra tio n  of m e ta l ions b y  th e  W e is z  ringoven  te c h n iq u e  [4] 
and  th in  la y e r  c h ro m a to g ra p h y  [5] using  PT C  h as  been rep o rted  in  th e  l i te r a 
tu re . U se o f  PT C  as a m ask ing  ag en t a n d  as a n  in d ic a to r  in  E D T A  t i t r a t io n s
[6] w as c o m m u n ica ted  earlie r. T he p re c ip ita te d  m eta l p roduc ts o b ta in e d  w ith  
PTC h a v e  b een  s tu d ie d  th e rm o g ra v im e tr ica lly  [7] to  a sce rta in  th e ir  s to ich io 
m etric  co m p o sitio n s th e re b y  estab lish in g  th e  degree  o f p u rity  o f th e  m e ta l 
th io c a rb o n a te s  a n d  su lph ides.

T h e  v a rio u s  a n a ly tic a l app lica tio n s o f  PT C  h av e  ju s tif ied  th e  d e te rm in a 
tio n  o f  th io c a rb o n a te  su lp h u r c o n te n t o f  aq u eo u s  sam ples of th is  re a g e n t. 
In d ire c t s ta n d a rd is a tio n  of co n cen tra ted  a q u eo u s  so lu tions of PTC em p lo y in g  
g rav im e tric  [8] a n d  t i tr im e tr ic  [9, 10] m e th o d s  h as  been rep o rted  ea rlie r . H ow 
ever, no  su ita b le  d ire c t m e th o d  has been d e sc rib ed  so fa r for th e  e s tim a tio n  of 
th io c a rb o n a te  su lp h u r.

In  th e  p re se n t co m m u n ica tio n , d ire c t e s tim a tio n  of th io c a rb o n a te  
su lp h u r u sin g  O -hydroxym ercu rybenzo ic  ac id  IV -brom osuccinim ide is re p o r te d .

* To whom correspondence should be addressed
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O-Hydroxymercurybenzoic Arid Method

W r o n s k i  [11] lias p ioneered  th e  use o f  O -h y droxym ercu rybenzo ic  ac id  
fo r th e  t i t r im e tr ic  d e te rm in a tio n  o f su lp h u r-c o n ta in in g  com pounds b u t  w ith o u t 
a n y  re fe re n ce  to  d e te rm in a tio n  of th io c a rb o n a te  su lp h u r. A d irec t t i t r a t io n  o f 
th io c a rb o n a te  w ith  O -hyd ro x y m ercu ry b en zo ic  ac id  using th io flu o re sce in  or 
d ith iz o n e  as an  in d ic a to r  h as  been  ach ieved .

Experim ental

Reagents

O-Hydroxymercurybenzoic acid, 0.05 M . Dissolve 16.0355 g of O-hydroxymercury
benzoic acid anhydride (Merck, analytical reagent grade) in 100 mL 1 M  sodium hydroxide 
and dilute to one litre.

Thiofluorescein indicator

0.02 per cent solution in 1 M  ammonia.

Dithizone

Freshly prepared 0.1 per cent etlianolic solution.

Potassium  thiocarbonate (1 M )

An aqueous solution was prepared as previously described [8] and different working 
solutions made by dilutions as required.

Procedure

To a sample containing about 75 mg of thiocarbonate sulphur (or 25 mg of hydrolysable 
sulphur) add 5 mL sodium hydroxide solution and dilute to 100 mL. Add 1 mL of thiofluores
cein indicator solution and titrate the blue-coloured solution immediately with 0.05 M  
O-hydroxymercurybenzoic acid to a faint yellow end point. (Dithizone indicator gives a yellow 
colour changing to purple at the end point). Calculate the thiocarbonate sulphur content of 
the sample solution from the relation

1 mL of 1 M  O-HMB =  0.0932 g K2CS3 sa 0.01603 g S

D iscussion

T h e  re a c tio n  of p o tassiu m  th io c a rb o n a te  w ith  O -hydroxym ercu rybenzo ic  
ac id  u s in g  th io flu o resce in  or d ith izone as a n  in d ica to r  co rresponds to  th e  
fo llow ing  re a c tio n :
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T h u s , 2 O -H M B =  K 2CS3 =  S. S u lp h ite , th io su lp h a te  an d  th io c y a n a te  
do n o t in te rfe re  in  th e  d e te rm in a tio n . A c c u ra te  resu lts  w ere o b ta in e d  betw een  
5 an d  24 m g o x id isah le  su lp h u r (see T a b le  I) .

Table I

Results o f the determination o f sulphur in potassium  thiocarbonate with O-hydroxymercurybenzoic 
acid using thiofluorescein and dithizone as indicators

Volume of 
0.05 Af, 

potassium 
thioearbon- 
ate taken, 

mL

Thiocarbonate 
sulphur present, 

mg

Sulphur*
found“,

mg

Sulphur*
found**,

mg

3 .0 1 4 .4 3 4 .8 0 4 .8 0

5 .0 2 4 .0 4 8 .0 1 8 .0 0

8 .0 3 8 .4 7 1 2 .8 4 1 2 .8 2

1 0 .0 4 8 .0 8 1 6 .0 4 1 6 .0 3

1 2 .0 5 7 .7 1 1 9 .2 6 1 9 .2 6

1 5 .0 7 2 .1 2 2 4 .0 4 2 4 .0 6

* Hydrolysable sulphur is one-third of the total sulphur. 
“ Thiofluorescein used as an indicator 
b Dithizone used as an indicator

iV-Bromoauccinimide Method

iV -B rom osuccin im ide [12] is an  o x id is in g  agent, o ften  h ig h ly  selective 
an d  can  deco lo rise  m e th y l red  in  an  aq u e o u s  acidic m edium . I t  o x id ises th io 
c a rb o n a te  p re fe re n tia lly . T he red  co lo u r o f  th e  in d ica to r rem a in s  u n ch an g ed  
u n til  all th e  th io c a rb o n a te  ions p re se n t h a v e  been oxid ised . T h e  slig h test 
excess o f  iV -brom osuccinim ide a d d ed  a f te r  a ll th e  th io c a rb o n a te  h a s  been 
ox id ised  deco lo rises th e  m e th y l red .

Reagents

Methyl red solution, 0.04 per cent, m/F, in 95 per cent ethanol.

B uffer solution

Buffer solution of pH 5 (sodium acetate-hydrochloric acid) was used. Other pH value 
required were obtained by the addition of appropriate amounts of acid or alkali to the buffer.

N-Brom osuccinimide solution, 0 .1  per cent (m /V )

Aqueous solution was prepared by dissolving analytical grade IV-bromosuccinimide in 
deionized water. The solution was kept in a dark-glass bottle.
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P o t a s s i u m  t h i o c a r b o n a t e  (1 M )

An aqueous solution was prepared as previously described [8] and different working 
solution made by dilution as required.

Procedure

To an accurately measured volume of potassium thiocarbonate (containing 5 to 10 mg) 
solution in a 100 mL conical flask add 20 mL of buffer solution and adjust the pH between 
4 and 7. Cool the content of the conical flask by placing into ice for about 10 minutes. Add 2 
drops of methyl red indicator solution and titrate the mixture with 0.1 per cent JV-bromo- 
succiniinide in 0.01 M  hydrochloric acid, added dropwise from a microburette graduated at 
0.01 mL intervals with continuous shaking. The end point is reached when the last drop of 
titrant discharges the red colour. Calculate the potassium thiocarbonate content from the 
expression:

Potassium thiocarbonate present, mg =  ^̂ ‘73^* w l̂ere L ' s die dtre °I IV-bromo-

succinimide solution in mL and C  is the amount of iV-bromosuccinimide solution in mg per mL. 
186.4 and 178 are the molecular masses of potassium thiocarbonate and ЛГ-bromosuccinimide, 
respectively.

Discussion

I t  is ev id en t from  th e  re s u lts  show n in T ab le  I I  t h a t  iV -brom osuccininiide 
r e a c ts  q u a n ti ta t iv e ly  w ith  p o ta ss iu m  th io c a rb o n a te  in  a  1 : 1 mole ra t io  as 
sh o w n  b y  th e  eq u a tio n :

HsC— CO

N—lii + KjCSj + ;í H C i ------ -
I /

H2C— CO

112C— C^)

------- -  j N11 + S t- OS* +- HHi + i  К<'I
H jC — CO

Thus. NBS = K2CS2 -  S

iV -brom osuccinim ide in  th e  presence o f h y d ro ch lo ric  acid oxidises one 
o f  th e  th re e  su lphur a to m s p re se n t in  th io c a rb o n a te  th e  o th e r tw o su lp h u r  
a to m s  se p a ra tin g  as ca rb o n  d isu lp h id e . T he p resen ce  o f  ca rb o n  d isu lph ide  w as 
c o n f irm e d  b y  a co lo rim etric  t e s t  [13]. A te s t  fo r th e  p resence of h y d ro b ro m io  
a c id  w a s  m ade b y  add ing  ch lo rin e  w a te r d ro p w ise  to  5 m L  o f th e  c lear so lu 
tio n  to  w h ich  2 m L  of ch lo ro fo rm  was ad d ed . T h e  m ix tu re  was sh ak en , a n d  
th e  ch lo ro fo rm  lay er ac q u ire d  a  redd ish  b ro w n  co lo u r a fte r being a llow ed  
to  s ta n d .  Solutions of p o ta ss iu m  th io ca rb o n a te  o f  co n cen tra tio n  up to  10 m g
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Table II

Results o f the determination o f sulphur in potassium thiocarbonate with N-bromosuccinimidc as an
oxidising titrant

Potassium
thiocar
bonate

content,
mg

Thiocarbonate
sulphur
present,

mg

Titre of 0.1 per 
cent N-bromo- 
succinimide, 

mg

Sulphur
found,*

mg

5.0 2.58 4.80 0.86
6.0 3.10 5.71 1.03
7.0 3.61 6.66 1.20
8.0 4.13 7.60 1.37
9.0 4.64 8.55 1.54

10.0 5.16 9.51 1.71

* Oxidisable sulphur is one-third of the to ta l sulphur.

give q u a n ti ta t iv e  re su lts  w hereas so lu tio n s  o f  h igher co n c e n tra tio n s  te n d  to  
loose h y d ro g en  su lph ide  on ac id ifica tio n

*

We th an k  Professor U. D. Gom w alk , H ead of Chemistry D epartm ent for his keen 
in terest and the facilities provided.
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C hrom ium (III) complexes of type C rl,2X 3 • n l l20  where L is sem icarbazone, 
NlLjCONHN : C R |R 2 and thiosem icarbazone N H 2CSNHN : CRj R2 (R ,R 2 =  cyclo
pentane or cycloheptane and X =  Cl, Br, I o r N 0 3 and n =  0 2) have been prepared
and characterized. M agnetic moments, electronic spectra  and electron spin resonance 
spectra of th e  complexes have been discussed. All the complexes are high-spin six- 
coordinate octahedral.

In troduc tion

Since D o m a g k ’s orig inal d iscovery  [1] o f th e ir  a n titu b e rc u la r  a c t iv i ty , 
th io sem ica rb azo n es h av e  been  show n to  be p h arm aco lo g ica lly  ac tiv e  a g a in s t 
v iru ses  p ro to zo a , sm all pox  an d  ce rta in  k in d s  o f  tu m o u r [2]. The co rre sp o n d 
in g  sem icarbazones on  th e  o th e r h an d  a p p e a r  to  be in ac tiv e . In  a t  le a s t one 
case i t  has been  show n th a t  th e  ac tive  species is n o t th e  th io sem ica rb azo n e  
its e lf  h u t a m e ta l c h e la te  o f th e  th io sem ica rb azo n e  [3].

This p a p e r  describes p re p a ra tio n  an d  c h a ra c te r iz a tio n  o f c h ro m iu m (III)  
com plexes, C rL2X 3 • n l l 20  w here L =  sem ica rb azo n es H 2N C O N H N  : C R jI^  
or th io sem ica rb azo n es H 2N C SN H N  : C R ^R , ( R t an d  R 2 == cy c lo p en tan e  an d  
cy c lo h ep tan e  a n d  X  =  Cl, R r, I or N 0 3 an d  n =  0 — 2.

All th e  com plexes are  h igh-sp in  s ix -c o o rd in a te  o c tah ed ra l. T he u itra to  
com plexes show  iso m erism  arising  from  m o n o d e n ta te  a n d  b id e n ta te  b e h av io u r 
o f  th e  n i tra to  g ro u p . T h e  n a tu re  of th e  m e ta l- lig a n d  h a n d  has been d iscussed  
o n  th e  basis o f m a g n e tic , sp ec tra l an d  esr d a ta .  C h ro m iu m (III)  is a ty p ic a l 
h a rd  m eta l ion. N itro g e n , su lp h u r and  o x y g en  d o n o r ligands b ehave as so ft 
o r h a rd  bases d e p e n d in g  on th e  m eta l ion.

E xperim en ta l

Preparation o f ligands

All ligands were prepared by the methods reported  earlier [ ta j .

A d a  Chim. Acad. Sei. Hung. I l l , 1982



156 CHANDRA: COMPLEXES OF SEMICARBAZONES

Preparation o f  complexes

All th e  complexes were prepared  by a general m ethod. H ot E tO H  solution of the 
respective chrom ium  salt (0.05 mole) was mixed w ith  ho t E tO H  solution of the respective 
ligand (0.1 mole). The m ixture was refluxed on a w ater b a th  for about four hours. A fter 
refluxing th e  m ixture was concentrated  up to  half of its volume. On cooling the m ix tu re  
overn igh t in  a  refrigerator, green to v io let crystals separated  out, which were filtered , w ashed 
w ith  e th an o l and  dried in  an electric oven.

All th e  complexes are soluble in w ater, ethanol and m ethanol b u t insoluble in benzene, 
chloroform  and  ether.

Physical measurements

M agnetic  susceptibility m easurem ents were carried ou t by the Go u y  m ethod using 
Hg[Co(CNS)4] (yg =  16.44 X 10-6 cgs u n it a t  20 °C) as a calibrating agent. E lectronic spectra

Table I
Colour and composition o f complexes

Compound Colour
Element analysis Found (Calcd.)

%Cr % c % H % N

Cr(cpsc)2Cl3 Green 12.36
(12.40)

32.50
(32.47)

4.90
(4.96)

18.90
(18.94)

Cr(cpsc)2B r3 Green 9.45
(9.50)

24.80
(24.87)

3.85
(3.80)

14.60
(14.51)

Cr(cpsc)2I3 Green 7.60
(7.66)

20.08
(20.05)

3.05
(3.06)

11.70
(11.70)

Cr(cpsc)2(N 0 3)3 Violet 10.30
(10.32)

27.58
(27.53)

4.25
(4.21)

24.05
(24.09)

Cr(cptsc)2Cl3 Green 11.38
(11.36)

30.25
(30.28)

4.68
(4.63)

17.65
(17.66)

Cr(cptsc)2B r3 Green 8.80
(8.84)

23.58
(23.57)

3.62
(3.60)

13.78
(13.75)

Cr(cptsc)2I3 Green 7.15
(7.20)

19.8
(19.2)

2.90
(2.93)

11.23
( 11.2)

Cr(cptsc)2(N 0 3)3 Violet 9.75
(9.73)

25.98
(25.94)

3.90
(3.96)

22.76
(22.70)

Cr(cliepsc)2CJ3 • 1.5 H20 Green 10.15
(10.16)

36.70
(36.46)

5.98
(6.34)

15.81
(15.95)

Cr(chepsc)2B r3 • 2 H20 Green 8.05
(8.09)

28.82
(28.82)

4.52
(5.02)

12.61
(12.61)

Cr(chepsc)2I 3 • 2 H20 Green 6.75
(6.79)

23.82
(23.70)

3.98
(4.19)

10.38
(10.37)

Cr(chepsc)2( N0 3)3 • 2 H20 Violet 8.90
(8.94)

31.40
(31.22)

4.88
(5.22)

20.60
(20.48)

Cr(chaptsc)2Cl3 • 2 H20 Green 9.55
(9.69)

34.08
(33.83)

5.33
(6.08)

14.92
(14.80)

C r(chaptsc)2Br3 • 2 1120 Green 7.75
(7.87)

27.40
(27.50)

4.32
(4.47)

12.03
(12.03)

Cr(chaptsc)2I 3 • 2 H20 Green 6.45
(6.53)

22.90
(22.80)

3.57
(4.04)

10.03
(9.97)

Cr(chaptsc)2(JN03)3 ■ 2 11,0 Violet 8.41
(8.50)

29.82
(29.67)

4.63
(5.20)

19.62
(19.47)

A cta  Chim . Acad. Sei. Hung. I l l ,  1982



CHANDRA: COMPLEXES OF SEMICARBAZONES 157

were recorded on Russian C0-1O autom atic recording and  SP-600 m anual spectrophotom eters. 
I. R. spectra were recorded on Perkin-E lm er 137 and  621 models in K B r pellets. E SR  spectra 
of powdered solid complexes were recorded on a  V arian E4-E PR  spectrom eter operating  a t 
~ 9 .4  GHz and 100 K H z field modulation and phase sensitive detection.

Result and Discussion

E lem en ta l analyses (Table I) re v e a l a  g enera l com position  C rL 2X ;! • n H 20  
(X  =  Cl, B r, I o r N 0 3 an d  n =  0 — 2) fo r  com plexes of all th e  l ig a n d s . W ith 
th io sem ica rh az id e  t r is  ch e la te  C rL 3X 3 h as  been  rep o rted  [4 b ]. W ith  our 
lig an d s , how ever, t r is  ch e la te  could  n o t  be  o b ta in ed  even if  th e  p re p a ra tio n s  
w ere ca rried  o u t u sing  an  excess o f th e  lig a n d . S teric  h indrance  d u e  to  th e  bu lk y  
lig an d s m ay  be a possib le  reason . In f ra re d  sp ec tra  of these  l ig a n d s  [4a] and 
com plexes in d ica te  th a t  ligands show  b id e n ta te  behav iou r c o o rd in a te d  th ro u g h  
h y d ra z in ic  n itro g en  an d  О/S a to m s: th u s  six -coo rd inate  s t ru c tu re  m ay  be 
p rop o sed  for all th e  com plexes, w ith  tw o  co o rd in a tio n  sites o ccu p ied  b y  th e  
re sp ec tiv e  an ions.

T a b le  I I
Magnetic moments (BM) and electronic spectra (cm-1)

Complex M  t ("i)
- •  7 „ ( F )

Cr(cpsc)2CI3 3.77 15 400 21 200
Cr(cpsc)2Br3 3.77 15 600 21 200
Cr(cpsc)2I3 3.81 15 700 21 400
Cr(cp§c)j(N03)3 3.75 16 600 23 500
Cr(cptsc)2Cl3 3 .8 0 15 600 21 200
Cr(cptsc)2Br3 3.77 15 800 Ю ОТ О О

Cr(cptsc)2I3 3.78 15 800 21 500
Cr(cptsc)2(N 03)3 3.81 17 000 24 800
Cr(cliepsc)2CI3 • 1.5 H20 3.82 15 100 20 800
Cr(chepsc)2Br3 • 2 II20 3.79 15 200 20 800
Cr(chepsc)2I3 • 2 H20 3.77 15 200 20 800
Cr(chepsc)2(N0 3)3 • 2 11,0 3.75 16 600 23 500
Cr(cheptsc)2Cl3 • 2 IIjO 3.74 15 600 21 200
Cr(cheptsc)Br3 • 2 H20 3.79 15 700 21 300
Cr(cheptsc)2I3 • 2 11,0 3.76 15 700 21 300
Cr(cbepl9c)2(N0 3)3 • 2 II20 3.77 17 200 25 000

The chloro, hroino and iodo complexes

T h e com plexes show  m agnetic  m o m e n ts  (Table I I )  in  th e  ra n g e  of 
3.74 — 3.90 BM co rrespond ing  to  th re e  u n p a ire d  electrons [5].
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A s s ta te d  earlie r s ix -co o rd in a te  te tra g o n a l s tru c tu re  [CrL2X 2]X  m ay  
be p ro p o se d  for th e  com plexes w ith  p lan a r a r ra n g e m e n t of th e  ligands a n d  th e  
axial p o s itio n  occupied  b y  an io n s. M olar c o n d u c ta n c e  360 — 380 mole c m -8  
in  a q u e o u s  so lu tion  a t  30 °C in d ic a te s  1 : 3 e le c tro ly te s  [6]. This suggests t h a t  
all th e  co o rd in a ted  an ions a re  rep laced  by w a te r  m o lecu les resu lting  the  fo rm a 
tio n  o f  th e  [CrL2(H 20 ) 2]3+ ca tio n .

I n  an  o c tah ed ra l lig an d s  fie ld , 4F  g round  s ta te  o f  ch ro m iu m (III)  is sp lit 
in to  iA 2, 4T 1 an d  4T2 s ta te s . T h e  only o ther lig an d  f ie ld  s ta te s  th a t  h av e  been 
o b se rv e d  in  c h ro m iu m (III)  sp e c tra  are 4T 1 ( 4P )  a n d  2F , 2T 1 and 2T2 d e riv e d  
fro m  2G. A com plete  lig an d  fie ld  ca lcu la tion  h as  b e e n  m ade by  L i e h r  [7]. 
T h e  th r e e  spin-allow ed d — d tra n s itio n s  are th e  fo llow ing  [8]:

b 4 2g(F )  47’2g( F ) ,  lA 2g(F ) -> 4T lg(F )  a n d  4A 2g(F)  -> 47'Ig(P ).

T h e  electron ic sp e c tra  o f th e  com plexes re c o rd e d  in uujol m ull show  
b a u d s  a t  15 400 —16 000 a n d  21 000—25 000 c m -1  (Table II) . T hese tw o  
sp in -a llo w ed  tra n s itio n s  m a y  be assigned to  th e  4A 2g(F)  —>- 4T2g( F ) ( r 1), an d  
4A 2g(F )  —>- 4T 3g(F )(v2) t r a n s i t io n s ,  respective ly . T h e  th i r d  spin-allow ed 4A 2g( F ) —> 
—> 4T lg(F )  tra n s itio n  e x p e c te d  to  appear [9] a b o v e  30 000 c m -1 is u su a lly  
n o t o b se rv ed  due to  c h a rg e - tra n s fe r  bands in  th e  u ltra v io le t  region. In  p re se n t 
s tu d ie s , how ever, th is  reg io n  w as n o t recorded .

The nitrato complexes

T h ese  com plexes also  show  m agnetic  m o m e n ts  corresponding  to  th re e  
u n p a ire d  electrons (T ab le  I I ) .

F o r  all th e  n i tr a to  com plexes, in fra red  b a n d s  a re  observed co rre sp o n d 
ing to  b o th  co o rd in a ted  a n d  u n co o rd in a ted  n i t r a to  group [10]. In f ra re d
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a b so rp tio n s , assigned  to  co o rd in a ted  n itr a te  occur a t  1505— 1475 (v,), 1325 — 
1275 (v4), 1045— 1020 (v2) an d  8 0 8 - 8 0 3  c m “ 1 (va) [ 1 1 - 1 4 ] .

The com plexes u n d e r  sttid y  show  in fra red  b an d s  (F ig . 1) a t  1480 1490
(Vj), 1390 ( r3), 1 2 9 0 -1 2 9 5  (v4), 1 0 1 0 -1 0 2 0  (v2) an d  8 1 0 - 8 2 0  c m " 1 (ve). For 
a choice be tw een  th e  rn o n o d en ta te  and  b id e n ta te  b e h av io u r o f  th e  n itra te  
g roup , it  has been  o bserved  th a t  th e  e x te n t o f  sp li t t in g  o f  v3 is la rger in  the 
la t te r  case, b u t  th is  c r ite r io n  has failed  in  a large n u m b e r o f  com plexes [10]. 
B road  ab so rp tio n  b a n d  a t  1390 c m -1 co rresponds to  th e  v3 o f  u n co o rd in a ted  
n itr a te  g roup . I t  c an  n o t be decided w h e th e r th e  n i tra te  g roup  a c ts  as a mono- 
d e n ta te  or a b id e n ta te  lig an d , i.e ., w h e th e r th e  com plexes h av e  th e  s tru c tu re  
[CrL2( N 0 ;!'2] N 0 3 or [CrL2( N 0 ;,) ] (N 0 3̂ 2. C onductance  m easu rem en ts  are also 
of l i ttle  help  since th e  aqueous so lu tion  o f  all th e  com plexes show  conductance  
for tr i-u n iv a le n t e le c tro ly te  [6] ( ~ 4 0 0  m ol c m “ 2) sug g estin g  th a t  all the 
co o rd in a ted  an ions a re  rep laced  by  w a te r  m olecules re su ltin g  in  th e  fo rm a
tio n  o f [CrL2(H 20 ) 2]3+ ca tions.

E lec tro n ic  sp e c tra  (F igs 2 and  3) o f th e  com plexes also show  tw o bands 
(T able  I I )  co rresp o n d in g  to  xA 2g(F)  -► *T2g(F )  (p,) and  xA 2g -+ *TIg(F ) (v2). I t  
is im p o r ta n t to  n o te  th a t  chloro  com plexes a re  green a n d  n i t r a to  com plexes 
are  v io le t in  co lour. T h is difference in co lour is assoc ia ted  w ith  a m ark ed  differ
ence in  th e  e lec tro n ic  sp e c tra  as discussed below . I t  has also been  observed  th a t  
on s ta n d in g  th e  aq u eo u s so lu tion  of n i tr a te  com plexes show  a co lou r change 
for v io le t to  green . I t  is in d ica ted , th e re fo re , th a t  g reen  co lou red  species is 
c o m p a ra tiv e ly  m ore s ta b le  an d  hence, has a tra n s -s tru c tu re , th e  v io le t species 
th u s being  cis. G reen  co loured  tra n s  com plexes an d  v io le t co lou red  cis com plexes 
o f  c h ro m iu m (III)  w ith  am m onia  are also k n o w n  [15].

Fig. 2. Visible spectra of; (a) Cr(chtsc)2Cl3, (b) Cr(eptsc)2(N 0 3)3, (e) Cr(cpsc)2Cl3,
(d) Cr(cpsc)2(N 0 3)3
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Wa v e l e n q t h

Fig. 3. V isible spectra of; (a) Cr(clieptsc)2Cl3, (b) Cr(cheptsc)2(N 0 3)3, (c) Cr(chepsc)2Cl3,
(d) Cr(chepsc)2(N 0 3)3

F o r  th e  same ligand  th e  n i t r a to  com plexes show  stro n g e r lig an d  fie ld  
th e n  th e  corresponding  c h lo ro , b ro m o  and  iodo com plexes. T he e x te n t  o f 
s p e c tra l  sh if t from  halo  to  n i t r a to  com plex is o f th e  o rd e r o f a p p ro x im a te ly  
2000 c m “ 1 w hich by no m ean s  m a y  he  a t tr ib u te d  to  th e  d ifference  in  th e  lig an d  
f ie ld  s tre n g th s  of th e  tw o  an io n s . R a th e r  i t  m ay be  a t t r ib u te d  to  th e  cis- and  
t r a n s - s t ru c tu re  of th e  co m p lex es, cis-and  Irans- [C o(N H 2N H C S N H 2)3]3 + are  
k n o w n  [16] to  give rise 10 Dq v a lu e s  of 19 400 an d  18 200 c m “ 1, re sp ec tiv e ly . 
T h e  c is-co n fig u ra tio u  in  th e  n i t r a to  com plexes, as a g a in s t th e  Irans-co n fig u ra 
t io n  in  th e  halo com plexes, a p p e a rs  to  have been  im p o sed  by  a b id e n ta te  
n i t r a to  g ro u p  occupying tw o  e x p o s i t io n s .  F rom  th e  10 Dq values o b ta in e d  for 
C rL 2X 3 (X  =  Cl, B r, or 1) a n d  C r(L )2(N 0 3)3, a p p ly in g  th e  ru les of average  
e n v iro n m e n ts , tw o d iffe ren t v a lu e s  o f  Dq m ay  be o b ta in e d  fo r th e  h y p o th e tic a l 
a n io n s  [C r(L )3]3+ co rresp o n d in g  to  cis- and  trans-a rra n g e m en ts  o f th e  ligand 
in  a  t r i s  chelates.

T h e  lig an d  field pa ram ete rs

T h e  energy of th e  f i r s t  sp in -a llow ed  tra n s it io n  *A2g —*• 4T2g d ire c tly  gives 
th e  v a lu e s  o f 10 Dq. T he  tliio sem ica rb azo u e  com plex  h as  h igher Dq v a lues 
c o m p a re d  to  the  co rre sp o n d in g  sem icarbazone co m p lex . T h is is in  line w ith  
th e  h ig h e r  position  of s u lp h u r  a to m  as donor co m p ared  to  th e  o x y g en  a to m  
in  th e  spectrochem ical series [17]. T h iosem icarhazide  com plexes a re  a lso  know n
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to  have la rger Dq va lu es  com pared  to  th e  co rresp o n d in g  sem icarb azid e  com 
plexes [18].

В  =  2vl —  3vl V2 +  Vl
15p2 —  27 pj

w here vl and  v2 a re  th e  energies of th e  f irs t  a n d  second spin-allow ed tra n s itio n s , 
respective ly . T h e  n ep h e lau x e tic  ra tio  p a ra m e te r  ß is read ily  o b ta in e d  using  
th e  re la tion  ß — ß (c o m p le x )/ß (free  ion) w h ere  В  free ion  =  0.918 k K . T he 
resu lts  are  ta b u la te d  in  T ab le  I I I .  T he v a lu es  o f  ß are  such s im ila r to  th a t  o f 
ea rlie r rep o rted  N — S b o n d ed  and  N —О b o n d e d  donor ligands [19]. T h is va lu e  
o f  ß  ind ica tes less co v a le n t ch a rac te r o f th e  m e ta l ligand  (T-bond. A ccord ing  
to  J o r g e n s e n  [20] fo r a 3d tra n s itio n  m e ta l w ith  ca tion ic  ch arg e  Z  an d  th e  
occupa tion  n u m b e r o f  th e  Dq shell q, th e  R a c a h  in te re lec tro n ic  repu lsion  
p a ram ete rs , В  c a n  be expressed  b y  th e  re la tio n ; В  (c m “ 1) =  384 J- 58 q -(- 
+  124 (Z  +  1) — 540/(Z  -(- 1). F rom  th is  re la tio n  th e  values o f Z  for th e  
p resen t com plexes lie in  th e  range o f 1.02 — 1.39 (T able I I I )  w h ich  is con sid er
ab ly  below th a n  th e  fo rm al -|-3 o x id a tio n  s ta te  o f ch rom ium . Som e o th e r 
ligand  field  p a ra m e te rs  viz., Dt, Dqxy a n d  Dqz h av e  also been  e v a lu a te d  and  
th ese  have been  used  to  ca lcu la te  N S H  p a ra m e te rs  viz., DT, DQ, D Q D q z and  
degree o f d is to r tio n  in  te rm s  of (DT/DQ) (T ab le  IV).

T he tra n s i t io n  v2 is equal to  10 Dq** a n d  th e  sep a ra tio n  b e tw een  vl and  
v2 is equal to  th e  f i r s t  o rd er, (35/4)Dt a n d  Dt  is re la te d  to  th e  in -p lan e  field 
s tre n g th s  as Dt =  (4/7) (Dqxy—D(f), w here  Dq*y an d  Dqz are  in -p lan e  (xy) and  
ou t-o f-p lane  (z) f ie ld  s tre n g th s , re sp ec tiv e ly . T h e  values of th e se  p a ra m e te rs  
a re  com parab le  to  th o se  observed  for o th e r  ch ro m iu m  [21] com plexes in v o lv 
in g  sim ilar se t o f  ch ro m o p h o res . H ow ever, i t  m ay  be p o in ted  o u t th a t  th ese  
p a ram e te rs  a re  n o t  s ta n d a rd ise d  an d  th is  re q u ire  m o d ifica tions. T o  overcom e 
th e  shortcom ings o f  v a rio u s  p a ram e te rs  o f  c lassica l H a m ilto n ian  fo r th e  te t r a g 
onal com plexes, L e v e r  et al. [22, 23] h a v e  re c e n tly  ad v an ced  th e  th e o ry  of 
N orm alised  S p h erica l H arm o n ic  (N SH ) H a m ilto n ia n . T he N S H  p a ra m e te r  
DQ, DS, DT, DQxy a n d  DQZ are fu lly  c a p ita liz e d  to  re la te  th em  to  th e  co rre 
spond ing  c ry s ta l f ie ld  p a ra m e te rs , y e t em p h asize  th e ir  d is tin c tio n . T he p a ra m 
e te rs  are ca lc u la ted  as [23]:

DS  =  — ID s  (n o t possible in  p re se n t s ta te )

D T  = 7K(15) I Dt

DQ =  (6 [/(21) Dq**) i 7 ^ 1
l 2

D T .

T he N S H  p a ra m e te rs  are m ore u sefu l, (a) th e  th e o ry  ta k e s  in to  acco u n t 
on  off-diagonal c o n tr ib u tio n  to  Dt, (b) DQ is a  m easu re  of th e  av erag e  ligand
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Table III

L i g a n d  f i e l d  p a r a m e t e r s

Complex
10 D q
cm-1

В
cm-1 ß A A* s z A**

0(cpsc)2Cl3 15 400 569 .62 47.77 .52 1.978 1.07 .62

Cr(cpsc)2Br3 15 600 542 .59 51.28 .57 1.976 1.02 .59

Cr(cpsc),I3 15 700 554 .60 47.50 .64 1.973 1.04 .60

Cr(cpsc)2(N03)3 16 600 699 .76 42.12 .47 1.982 1.39 .76

Cr(cptsc)2Cl3 15 600 542 .59 59.08 .6 6 1.972 1.02 .59

Cp(cptsc)2Br3 15 800 553 .60 53.92 .60 1.975 1.04 .60

Cr(cptsc)„I3 15 800 553 .60 44.04 .49 1.980 1.04 .60

Cr(cptsc),(N03)3 17 000 680 .74 43.13 .48 1.892 1.28 .74

Cr(chepsc)2Cl3 • 1.5 H20 15 200 559 .61 43.97 .49 1.979 1.05 .61

Cr(chepsc)2Br3 • 2 H20 15 200 546 .59 38.57 .43 1.982 1.03 .59

Cr(ehepsc)2I3 • 2 H20 15 200 546 .59 40.47 .45 1.981 1.03 .59

Cr(chepsc)2(N 03)3 • 2 H20 16 600 699 .76 48.34 .53 1.979 1.39 .76

Cr(cheptsc)2Cl3 • 2 H„0 15 600 542 .59 47.38 .53 1.978 1.02 .59

Cr(cheptsc)2Br3 • 2 H20 15 700 542 .59 43.76 .49 1.980 1.02 .59

Cr(cheptsc)2I3 • 2 H20 15 700 542 .59 43.76 .49 1.980 1.02 .59

Cr(cheptsc)2(N 03)3 • 2 H20 17 200 820 .89 43.64 .48 1.982 1.39 .89

) *  z=  (90 cm-1); Л * *  =  Calculated from 0.0110 ( В  +  1.080)3 +  0.0062

L.F.S.E.
Kcal/mole

52.80
53.48
53.83
56.91
53.83
54.17
54.17 
58.28 
51.77
52.11
52.11
56.91
53.48
53.83
53.83 
58.97
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Table IV

N S H  p a ra m e te rs

Compound 10 Df« 10 D<f Dt DQ DQTv DQ1 DT DTlDQ

Cr(cpsc)2Cl3 21 200 960 663 85 873 96 510 64 599 8 987 .1046
Cr(cpsc),Br3 21 200 1000 640 80 868 91 134 60 336 8 675 .1072
Cr(cpsc)jl3 21 400 1001 651 82 708 93 151 61 822 8 824 .1066
Cr(cpsc)2(X 03)3 23 500 971 788 106 720 119 362 81 436 10 681 .1000
Cr(cptSc)2Cl3 21 200 975 640 80 868 91 134 60 336 8 675 .1072
Cr(cptsc)2Br3 21 500 861 651 82 434 92 876 61 550 8 824 .1070
Cr(cptsc),l3 21 500 861 651 80 043 90 309 59 511 8 675 .1083
Cr(cptsc)j(X03)3 24 800 921 891 125 540 139 832 96 956 10 277 .0962
Cr(chepsc)2Cl3 • 1.6 H20 20 800 941 651 80 868 913 130 56 302 8 824 .1091
Cr(chepsc)2Br3 ■ 2 H20 20 800 935 640 84 358 94 624 63 826 8 675 .1028
Cr(chepsc)2I3 • 2 H2 20 800 935 640 81 968 92 234 61 436 8 675 .1058
Cr(chepsc)2(X 03)3 • 2 H20 24 500 971 788 106 722 119 362 81 436 10 681 .1000
Cr(cheptsc)2CI3 • 2 H20 21 200 1000 640 80 868 91 134 60 336 8 675 .1072
Cr(cheptsc)2Br3 • 2 H20 21 300 1010 640 80 593 90 859 60 061 8 675 .1076
Cr(cheptsc)jl3 • 2 H20 21 300 1010 640 80 593 90 859 60 061 8 675 .1076
Cr(cheptsc),(N'03)3 • 2 H20 25 000 941 891 124 963 139 255 96 379 12 077 .0966
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f ie ld  e x p e rim e n te d  b y  m e ta l ion , un like  th e  c lassica l Dq w hich is th e  m easu re  
o f  in -p la n e  fie ld  on ly  a n d  (c) th e  p a ram e te rs  o f  N S H  th e o ry  are in d e p e n d e n t 
o f th e  c o o rd in a te  sy stem  used  for ca lcu la tio n s a n d  m ay be com pared  w ith  
th e  c ry s ta l  fie ld  o f a n g u la r  overlap  p a ra m e te rs  to  d e te rm in e  re s tr ic tio n s  of 
th e se  v a lu es . The p a ra m e te rs  l)Qxy (in -p lane fie ld  s tre n g th )  and  DQZ (ou t-of- 
p lan e ) fie ld  s tre n g th  a re  d e te rm in ed  by  the  e q u a tio n s :

DQ (4 DQ*y +  2 DQ2)

D T  = (DQxy -  DQ)

H o w ev e r, i t  m ay  he p o in te d  o u t th a t  these  p a ra m e te rs  have  a rtific ia l s ig n ifi
can ce  fo r  DQ its e lf  is a m easu re  of average lig an d  f ie ld  s tren g th .

F u r th e r ,  th e  r e la tio n  o f (DTjDQ) has b een  sh o w n  to  be a m easu re  o f  th e  
deg ree  o f  te tra g o n a l d is to r tio n . T he values o f  {DTjDQ) fo r these  com plexes 
(T ab le  IV ) lie in  th e  ra n g e  .0962 — .1091. T hese v a lu e s  are  m uch low er th a n  th e  
lim itin g  v a lu e  (0.4226) fo r sq u a re  p lan a r com plexes a n d  suggest a sm all d is to r 
tio n  f ro m  idealised  cub ic  sy m m e try .

E S R  sp ec tra  o f  th e  pow dered  sam ples o f  ch ro m iu m (III)  com plexes 
c o n s is t in  each  case o f  a sing le  b ro ad  line w ith  p e a k  to  peak  se p a ra tio n  of 
a b o u t 220G . T he g -v a lu es  a re  lis ted  in  T ab le  I I I .  I n  th e  c ry s ta l f ie ld  th e o ry , 
■he v a lu e s  o f  g is g iven  b y  th e  eq ua tion ,

g  2.0023 -
8Я

A E { T ^ )

w h ere  Я is th e  effec tive  sp in -o rb it coupling  c o n s ta n t  fo r th e  m e ta l io n  in  th e  
co m p lex . O w e n  [24] n o te d  t h a t  th e  red u c tio n  o f  sp in -o rb it coupling  c o n s ta n t 
f ro m  th e  free ion  v a lu e  o f  90 c m -1 for c h ro m iu m (II I )  can  be em ployed  as a 
m e a su re  o f  m e ta l- lig an d  co v a len cy . I t  is possib le  to  define  covalency p a ra m 
e te rs , an a lo g o u s to  n e p h e la u x e tic  p a ra m e te rs  w h ich  is th e  ra tio  o f th e  sp in - 
o rb it  c o u p lin g  c o n s ta n t fo r th e  com plex  an d  fo r free  C r3'1' ion.

Co r e  an d  Ga r r e t  [25] h av e  o b ta in ed  th e  fo llow ing  re la tio n , Я =  0.0110 
(В  -f- 1 .080)3 -f- 0.0062, c o n n ec tin g  th e  R aca h  in te re le c tro n ic  repu lsion  p a ra m 
e te r  В  ( in  k K ) to  Я (in  k K )  for c h ro m iu m (III)  com plexes. T he va lu e  o f Я 
a re  l is te d  in  T ab le  I I I .  I t  is observed  th a t  th e  Я v a lu e s  ev a lu a ted  using  th e  
e m p iric a l re la tio n  are  c o n s is te n tly  low er th a n  th o se  o b ta in ed  from  esr d a ta .  
T h e  re a l  v a lu e  o f  em p irica l re la tio n  of Я an d  В  is in  i ts  a b ility  to  allow  re a so n 
ab le  e s tim a te s  o f Я or В  if  e ith e r  can  be d e te rm in e d  ex p erim en ta lly .

I t  is v e ry  in te re s tin g  to  n o te  th a t  in  th e se  com plexes th e  se in icarbazones 
an d  th io sem ica rb azo n e  com plexes show sim ila r n e p h e la u x e tic  effects. F u r th e r
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in  th e  h a lo  an d  n i t r a to  com plexes o f th e  sam e ligand  h a v in g , respectively , 
trails- an d  c is -a rran g em en t, th e re  is considerab le  d iffe rence  in  th e  m etal- 
lig an d  covalency .
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Light-green copper(II) and halogenopropionates w ith caffeine were synthetized 
and characterized by  elem ental analysis, as well as by infrared spectroscopy and E PR  
m ethod. M agnetic m easurem ents were determ ined in the tem pera tu re  range of 81 
300 K. The d a ta  were compared w ith those reported  for binuclear copper(II) carboxyl- 
ates. The correlation  betw een the m agnetic and spectroscopic da ta  as well as the 
acidity of the appropria te  acids were discussed.

In tro d u c tio n

A p p ro x im a te ly  p la n a r  s tru c tu re  o f caffeine h y d ro ch lo rid e  has been 
X -ra y  estab lish ed  b y  M e r c e r  an d  T ro tter  [1]. F ew  c o p p e r( I I )  com pounds 
w ith  caffeine w ere su b je c te d  to  in v e s tig a tio n  a n d  caffeine w as fo u n d  to  coord i
n a te  as a m o n o d e n ta te  lig an d  th ro u g h  th e  im id azo le  n itro g e n  a to m  [2 — 6]. 
C opper(II) h a lo g en o p ro p io n a te s  w ith  caffeine as a ligand  h av e  n o t been  stud ied  
y e t an d  th a t  w as th e  p u rpose  to  ou r w ork .

T he c o m p o u n d  o f th e  general fo rm u la  C u X 2c a f  (w here 
X  =  B rC H 2C H 2C O O -, C H 3C H B r C O O B r C H 2C H B rC O O -, C II3CH C1C00 
or C H 3CCl2C O O _ ; c a f  =  caffeine) w as sy n th e tiz e d  to  ex am in e  th e  donor 
p ro p e rtie s  o f  caffeine.

T he m ag n e tic  an d  spectroscop ic  in v e s tig a tio n s  of C uX 2c a f  com pounds 
are  th e  c o n tin u a tio n  o f o u r s tu d ies  on th e  p ro p e rtie s  o f  co p p er d im ers [7 — 9].

F.xperim ental

Synthesis

Copper(II) halogenopropionates of the general form ula CuX„caf (X  =  BrCH 2CII2COO_. 
CH3CH B rC O O -, CHgCHClCOO-, BrCH jCH BrCO O -, BrCH 2C H B rC O O - or CH3CCl2C O O )  
were prepared by adding an  excess of caffeine and a small am ount of the appropriate free 
acid to a hot m ethanol solution of CuX2. The reaction m ixture was heated , stirred  and allowed 
to stand a t room tem peratu re . U nder the evaporation of the solvent green pow der was obtained. 
R ecrystallization from m ethanol yielded light-green m icrocrystals. A nalytical da ta  are given 
in  Table I.

* To whom correspondence should be addressed.
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Table I

Analytical data

Compound Cu% c% H% N%

Cu(CH3CHClCOO)2caf Calcd. 13.44 35.56 3.84 11.85
Found 13.42 35.00 3.76 11.88

Cu(CH3CCl2COO)2caf Calcd. 11.73 31.04 2.98 10.34
Found 11.88 31.00 3.10 10.29

Cu(BrCH2CH2COO)2caf Calcd. 11.31 29.94 3.23 9.97
hound. 11.33 29.60 3.16 9.95

Cu(CH3CHBrCOO)2caf Calcd. 11.31 29.94 3.23 9.97
Found 11.22 29.30 3.2 9.81

Cu(BrCH.,CHBrCOO)2caf Calcd. 8.83 23.37 2.24 7.79
hound 9.00 24.00 2.41 8.02

Spectroscopic studies

E lectron ic  spectra in the 1.0 —3.0 /nn~ ' region were taken  on a Perkin-E lm er 450 
spec tropho tom eter and infrared sp ec tra  in the region 400— 4000 c m -1 w ith a Perkin-E lm er 
225 spectrophotom eter.

In  b o th  cases the nujol suspension technique was used. E lectron param agnetic reso
nance sp ec tra  of the polycrystalline sam ples were taken  on a JE S-3M X  spectrom eter a t room 
tem p e ra tu re .

«
M agnetic susceptibility measurements

M agnetic susceptibility m easurem en ts have been m ade in the range of 81 — 300 К  by 
th e  Gouy m ethod. Mercury te tra th io cy an a to co b a lta te (II) was used as a calib ran t [10].

T he m olar susceptibilities w ere corrected for diam agnetism  using Pascal constan ts [11] 
and  fo r T .I .P . equal 60 • 10 ~ 6 cm 3 mol - 1 per Cu atom . The effective m agnetic m om ents were 
ca lcu la ted  from the expression: /iejj =  2.83

Table II

Spectroscopic data

Compound »a. (COO ) 
(cm-1)

w(COO-)
(cm“1)

Band I 
(hm_1)

Baud Ila
(/xm-») pKab

C u(B rC II2CII2COO)2caf 1665, 1625 1415 1.40 2.70 sh 4.06
Cu(CII3CHBrCOO)scaf 1660, 1640 1420 1.39 2.70 sh 3.01

Cu(CHaCIIClCOO)2caf 1665, 1640 sh 1415 1.39 2.70 sh 2.879
Cu(BrCM2CIIBrCOO)2eaf 1650, 1630 sh 1410 1.36 2.70 sh «-2

Cu(CH„CCl2COO)2caf 1670, 1640 sh 1400 1.33 2.70 sh ~ 1 .5

“ sh =  shoulder, b pK a — values of the respective acid

A cta  Chim. Acad. Sei. Ilung. I l l , 1982
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R esults and  D iscussion

T he in fra red  sp e c tru m  o f C uX 2c a f  co m pounds show s s tro n g  a b so rp tio n  
h an d s n e a r 1400 an d  1650 cm  1 assigned  to  th e  sy m m etric  an d  a n tisy m m e tric  
v ib ra tio n s  o f th e  ca rb o x y la te  g roup  (C O O ~). T h e  b an d  po sitio n s (T able  I I )  
a re  c h a ra c te r is tic  fo r co p p e r(II)  c a rb o x y la te s  [12] an d  in d ica tiv e  fo r co o rd in a 
tio n  of b o th  oxygen  a to m s o f th e  c a rb o x y l g roup  to  th e  co p p er a to m s [13]. 
T h e  a b so rp tio n  b a n d  a t  ~ 1 2 3 0  c m -1 has b een  assigned to  th e  —C —N = C — 
s tre tc h in g  v ib ra tio n  o f  th e  co o rd in a ted  caffe ine, because th is  b a n d  is dow n- 
fie ld  sh ifted  co m p ared  w ith  th e  co rresp o n d in g  b an d  o f th e  free  caffeine [6]. 
T h is in d ica tes  t h a t  co o rd in a tio n  o f caffe ine  to  co p p e r(II)  p roceeds th ro u g h  
th e  im idazole  n itro g e n  a tom .

T he b an d s  o f  e lec tron ic  sp ec tra  a re  g iven  in  T ab le  I I .  T h e  b a n d  po sitio n s 
a re  co m p arab le  to  th o se  re p o rte d  fo r b in u c le a r  c o p p e r(II)  c a rb o x y la te s  [14]. 
B an d  I  in  th e  red  reg io n  o f th e  sp ec tru m  is sen s itiv e  to  th e  n a tu re  o f th e  an ion . 
T h e  sy s tem a tic  sh if t o f  B an d  I  w ith  s im u lta n e o u s  decrease o f th e  p K a  v a lu e  
o f  th e  a p p ro p ria te  ac id  w as observed . T h is is in  ag reem en t w ith  th e  ex p ec ted  
decrease in  lig an d  f ie ld . S im ilar c o rre la tio n  has been  found  in  th e  case of 
c o p p e r(II)  p ro p io n a te s  w ith  a n tip y rin e  [15] an d  co p p e r(II)  ch lo ro ace ta tes  
[16, 17].

E le c tro n  p a ra m a g n e tic  resonance  s p e c tra  ta k e n  a t  ro o m  te m p e ra tu re  
show ed peaks c h a ra c te r is tic  for axially sy m m etric  b in u c lea r species. T he 
E P R  p a ra m e te rs  are  lis te d  in  T ab le  I I I .

T he co m pounds show  su b n o rm al m ag n e tic  m om en ts  a t  ro o m  te m p e ra tu re  
(T able  IY ), e x h ib it te m p e ra tu re  d ep e n d e n t su scep tib ility  c h a ra c te r is tic  to  
m o lecu la r a n tife rro m ag u e tism  (F ig . 1).

Tabic III

E P R  parameters

Compound
*11 8 л у |D | (c m - ')

Cu(BrCH2CH2COO)2caf 2 .0 8 7 2 .3 4 5 2 .1 7 6 0 .3 4 9

Cu(CII3CHBrCOO)2caf 2 .0 9 9 2 .3 6 0 2 .1 8 9 0 .3 5 9

Cu(CII3CHClCOO)2caf 2 .1 0 4 2 .3 7 2 2 .1 9 7 0 .3 6 7

Cu(BrCH3CHBrCOO)jCaf 2 .0 9 9 2 .3 8 7 2 .1 9 9 0 .3 6 9

Cu(CH3CCl2COO)2caf 2 .0 9 8 2 .4 0 3 2 .2 0 4 0 .3 8 2

M agnetic su sc e p tib ility  d a ta  w ere f i t  to  th e  eq u a tio n :

Хм
3 k T

[1 —  l/3 (e  2J'kr) ] - 4 ( l *) +
Ш п р 1 \ г

4fcT ) '
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Table IV

Magnetic data

Compound r<K) XM ■ I0‘
(cm3 mol ') Melf (a.M.) a ^eq

Cu(BrCH2CH2COO)2caf 293 740 1.32 0.582

Cu(CH3CHBrCOO)2caf 291 743 1.32 0.563

Cu(CH3CHClCOO)2caf 299 815 1.40 0.752

Cu(BrCH2CIIBrCOO)2caf 293 928 1.47 0.821

Cu(CH3CCl2COO)2caf 294 1014 1.54 0.953

“ ííeq =  singlet trip let equilibrium  constant

w h e re  is m olar m ag n e tic  su sc e p tib ility  co rrec ted  for d iam ag n e tism  an d  
t . i .p . ,  x  is th e  mole fra c tio n  o f  th e  m o n o n u clear im p u r ity ;  th e  o th e r sym bo ls 
h a v e  th e i r  u su a l m ean ing  [18]. W e h a v e  se lec ted  th e  a p p a re n t gav va lu es  from  
th e  E P R  sp ec tra . All le a s t sq u a re s  f i t t in g s  w ere c o m p u ted  on an  O d ra  1305 
c o m p u te r , using  th e  BG D -1 p ro g ram m e .

T h e  m in im ization  of th e  sum  o f th e  sq u ares  o f  th e  d ev ia tio n  E R R  =

Fig. 1. Tem perature dependence of the molar m agnetic susceptibility of the complexes: 
Cu(CH 3CHBrCOO)2caf (1); Cu(BrCH2CH2COO)2caf (2); Cu(CH3CCI2COO)2caf (3); 

Cu(CH3CHClCOO)2caf (4); Cu(BrCH2CHBrCOO)2caf (5)

A cta  Chim . Acad. Sei. Hung. I l l , 1982
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=  ^  (^ ;alcd — ^cxpti)a w as used as th e  c r ite r io n  to  d e te rm in e  th e  b e s t f i t  param  

e te rs  (T able  V).
Tabic V

Exchange parameters and values o f thermodynamic functions*

Compound - 2  J  
(cm ')

Error1» 
ERR • 10"

a//°
(cm -•) 
(±10)

AS°
(e.u.)

(±0.2)

Cu( BrCH2CH2COO)2caf 360 2.234 405 2.8

t;»(CH3C H B r(:oo)scaf 332 3.357 293 2.0

Cu(CH3CHClCOO)2caf 334 1.079 283 2.3

Cu(BrCH2CHBrCOO)2caf 302 1.525 278 2.3

Cu(CH3CCl2COO)2caf 280 8.137 293 2.9

“ The mole fraction of the mononuclear im purity  for all dimers equals zero 
b The sum of the squares of the residuals

The mole fractions o f  the singlet and trip let states were ca lcu lated  from 
the observed susceptib ilities by the m ethod o f H atfield  ef al. [19].

T he sing le t t r ip le t  eq u ilib riu m  c o n s ta n ts  o b ta in e d  fro m  th e  mole 
frac tio n s  w ere u sed  fo r th e  ca lcu la tio n s  AH °  an d  dS°.

T he resu lts  a re  lis ted  in  T ab le  У . T h e  ca lcu la ted  e n th a lp y  v a lu es  are in 
a good ag reem en t w ith  th e  v alue  o f  — 2J .  T he  en tro p y  ch an g e  v a lu e s  are close 
to  2.2 e.u . ex p ec ted  for th e  sing le t t r ip le t  equ ilib rium . T h e  s in g le t- tr ip le t 
sp li t t in g  values —2J  (T able У) decrease  w ith  an  increase in  a c id ity . Increase 
o f  a c id ity  leads to  a decrease of th e  e lec tro n  d en sity  of th e  o x y g en  a to m , followed 
b y  w eaken ing  o f th e  m e ta l-o x y g en  b o n d  and  b y  d ec rea sed  overlap  of 
o rb ita ls  o f  tw o u n p a ire d  e lec trons in  th e  b in u c lea r un its . T h e  zero  fie ld  sp litting  
p a ra m e te r  va lu e , (D),  increases w ith  th e  a c id ity  increase o f  th e  ap p ro p ria te  
ac ids (T able I I I ) .

T h is  p a ra m e te r  inc ludes c o n tr ib u tio n s  from  b o th  e x ch an g e  a n d  dipole- 
d ipo le  in te ra c tio n s ; th e se  effects arc  o p p o site  in  charge. In c re a se  o f  th e  —2J  
va lu e  is accom pan ied  w ith  a decrease  o f  th e  D p a ra m e te r. T h e  low est D  value 
w as o b ta in e d  in  th e  case o f C u(B rC H 2C II2COO)2caf, in  sp ite  o f  th e  highest 
c o n tr ib u tio n  o f th e  d ipo le-d ipole  in te ra c tio n . O n th e  o th e r  h a n d , th e  highest 
D  v a lu e  in  th e  case of C u(C H 3CCl2COO)2caf, in  sp ite  o f th e  lo w e s t —2J  value, 
in d ic a te s  sm allest c o n tr ib u tio n  from  th e  dipole-dipole in te r a c t io n  and  there
fore  sm allest re d u c tio n  o f th e  exch an g e  in te ra c tio n .

S im ilar c o rre la tio n  w as found  in  th e  case of c o p p e r(II)  p ro p io n a te s  w ith
1,4 -d ioxane [20] an d  a n tip y rin e  [21]. I t  follow s from  T ab ic  V I , th e  —2J  value 
fo r c o p p e r(II)  h a lo g en o p ro p io n a tes  in creases  in  th e  sam e o rd e r  as th e  anions
C H 3CCl2C O O - <  B rC H 2C H BrCO O  -  <  C H jC H C lC O O - <  C H 3C IIB rC O O - <  
B rC H 2C H 2COO~ an d  as th e  te rm in a l ligands: a n h y d ro u s  <  d ioxane <
caffeine.
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Table VI

The values o f 2 J ,fo r  some copper(II) halogcnopropionates compounds and 
p K a  values o f the respective acids

Compound - S J ( c m  ') pKa Ref.

Cu(BrCH2CH2COO)2 0.5 C4II80 2 325 4.06 [22]
Cu(BrCH 2CH2COO)2caf 360 4.06 this work
Cu(CH3CHBrCOO)2 293 3.01 [22]
Cu(CH3CHBrCOO)2 0.5 C4II8U, 304 3.01 [22]
Cu(CH3CHBrCOO)2caf 332 3.01 this work
Cu(CH3CHClCOO)2 302 2.879 [22]
Cu(CH3CHClCOO)„ 0.5 C4H80 2 326 2.879 [22]
Cu(CH3CIIClCOO)2caf 334 2.879 this work
Cu(BrCH2CIIBrCOO)2 286 [22]
Cu(BrCH2B rC 0 0 )2C4H80 2 292 г=^2 [22]
Cu(BrCH„CHBrCOO)2caf 302 я̂ 2 this work
Cu(CII3C C lC 002) 252 ~ 1 .5 [23]
Cu(CH3CCl2COO)2 0.5 C41IS0 2 267 ^Л .5 [23]
Cu(CH3CCl2COO)2caf 280 *Л .5 this work
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RITTER-REAKTIONEN AN STEROIDEN, II*
KEAKTION D E R  E P IM E R E N  И ,15-E PO X ID E  UND D ES 15/U6/1-EPOXIDS 

D E R  Ö S T R A T R IE N -R E IH E  MIT ACETON1TRIE UND B F 3-E T H E R A T

G . Sch ubert1, G y , Sch neider2**, W . Sc h a d e1 und G y . D ombi2

( 1 Akademie der Wissenschaften der D D R, Forschungszentrum fü r  Molekularbiologie 
und M edizin, Zentralinslilul fü r  Mikrobiologie und experimentelle Therapie, D DR-b9 Jena,

2 Institu t fü r  Organische Chemie, József Attila-Universität Szeged)

Eingegangen am  18. Septem ber 1981 
Zur V eröffentlichung angenom m en am  18. O ktober 1981

Die R itte r-R eak tion  der epim eren 14,15-Epoxide erg ib t vorwiegend unter 
Isomerisierung 15-Keto-Verbindungen. D aneben werden aus dem  14a,15a-Epoxid 1 
6%  H /j-A cetam ino-lSa-alkoho! 6 und aus dem  14/1,15/J-Epoxid 10 15% 15a-Acetamino- 
-14/J-alkohol 13a isoliert. U nter den Bedingungen der R itter-R eak tion  erfolgt leicht 
eine Isom erisierung des 15/J,16/?-Epoxids 14, so daß  p rak tisch  kein 16a-Acetamino- 
15/J-alkohol 18a gewonnen werden kann. E in p räp ara tiv  gangbarer Weg (50 — 60% 
Ausbeute) zur D arstellung der Acetam inoalkohole fü h rt über die aus den Epoxiden 
gu t zugänglichen Azidoalkohole, die nachfolgend reduziert und  acyliert werden. Die 
41-N M R -Spektren und  M assenspektren der Acetam inoalkohole w erden diskutiert.

I n  F o rtfü h ru n g  d e r A rb e iten  ü b e r die R itte r -R e a k tio n  v o n  D -R ing- 
E 1 jo x id en  des ö s t r a t r ie n s  [1] u n te rsu c h te n  w ir die ep im eren  14,15-E poxide 
1 u n d  10 [2] sow ie d as  15/?,16/?-Epoxid 14. D ab e i in te re ss ie rte , ob a u f  diese 
W eise w eitere  Iran s-A cetam inoa lkoho le  d er ö s tra tr ie n -R e ih e  d a rg es te llt w er
den  können .

V on v ersch ied en en  h e rz a k tiv e n  S te ro id en  m it e iner 14 ,15 -E poxygruppe 
is t b e k a n n t, d aß  u n a b h ä n g ig  von  deren  K o n fig u ra tio n  der A n g riff  d u rch  s ta rk e  
N ucleoph ile  v o rw ieg en d  in  d er 15-P osition  u n d  v o n  d er en tg eg en g ese tz ten  
S eite  u n te r  A u sb ild u n g  trans-diaxialer P ro d u k te  erfo lg t. A us den  14a,15a- 
E p o x id en  w erden  d ab e i 15 /J-substitu icrte  1 4 a-H y d ro x y v e rb in d u n g en  u n d  aus 
den  14/?,15/?-Epoxiden 1 5 a -su b stitu ie rtc  14 /S -H ydroxyverb indungen  gebildet
[3]. D u rch  schw ächere  N ucleophile  w erden  14 ,15-E pox ide h ingegen  zu 15- 
K e to v e rb in d u n g e n  iso m eris ie rt [4]. W ir v e rsu ch ten  d u rch  R itte r-R e a k tio n  
des 1 4 a ,15a-E pox ids 1 15 /? -A cetam ino-14a-hydroxy-östra triene  zu  e rh a lten .

B ei der U m se tzu n g  des 14a ,15a-E pox ids 1 m it A c e to n itr il u n d  B F 3- 
E th e r a t  bei 0 °C e n ts te h t  nach  20 M inu ten  ein G em isch, in  dem  kein  A usgangs
p ro d u k t m ehr nachgew iesen  w erden  k a n n . D as n ach  A u fa rb e itu n g  anfallende 
R o h p ro d u k t w u rd e  au s M ethano l u m k ris ta llis ie r t. D abei ließen  sich  53%  des 
14/9-konfigurierten  1 5 -K etons 2 a b tre n n e n . M it H ilfe d e r  Schncllch rom ato- 
g rap h ie  an  n e u tra le m  A lum in ium ox id  (s. E x p e rim e n te lle r  Teil) erfo lg t die 
w eite re  A u ftre n n u n g  d e r  M itte rlau g e , w obei 21 %  des 16 ,1 7 -u n g esä ttig ten

* I. M itteilung vgl. [1].
** K orrespondenz b itte  an  diesen A utor richten.
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K e to n s  3 (en ts ta n d e n  d u rch  E lim in ie ru n g  von  E ssig säu re  aus 2 hei C h ro m ato 
g ra p h ie ) , 3 %  des 8 (9 )-u n g esä ttig ten  15a-A Ikohols 4, 5 %  des 14/l,15a-D iols 5 
u n d  6 %  d e r  v icinalen  t r<ms-14/?-A ce t am in o -15a-liyd roxy-V erh indung  6 iso liert 
w e rd e n . D ie P ro d u k ta u sb e u te  ze ig t, daß  die Iso m eris ie ru n g  des E pox ids 1 
u n te r  d e n  sau ren  B ed in g u n g en  sch n e lle r ab läu ft, als d er nucleoph ile  A ngriff 
des A c e to n itr ils . Bei U m se tzu n g  des E pox ids 1 in  M eth y len ch lo rid  m it B F 3- 
E th e r a t  ohne N ucleopliil k a n n  b e re its  n ach  5 M inu ten  im  D ü n n sch ich tch ro m a
to g ra m m  k e in  A u sg an g sm ate ria l m e h r nachgew iesen  w erden . A us dem  R o h 
p r o d u k t  ließen  sich m it H ilfe  d e r p rä p a ra tiv e n  S ch ich tch ro m a to g rap h ie  54%  
des 14/3-konfigurierten  1 5 -K e to n s 2 , 8 %  des u n g e sä ttig te n  K eto n s 3 u n d  21%  
d e r 15a-V erb in d u n g  4 gew innen . D ie 14^3-Konfiguration v o n  2 fo lg t aus der 
c h e m isc h e n  V ersch iebung d e r 13 -M eth y lp ro to n en  ő =  1,17 ppm  (die Lage des 
1 3 -M ethy lsigna ls der b e k a n n te n  14 -ko n fig u rie rten  V erb in d u n g  11 [5] w ird 
Hei ő —  0,91 ppm  gefunden) u n d  d e r K o p p lu n g sk o n s ta n te n  fü r  das 1 7 -P ro to n  
( J — 6 H z) [6]. Die K e to g ru p p e  (im  IR -S p e k tru m  d u rc h  die A ce ta tg ru p p e  
ü b e rd e c k t)  w ird  in d irek t n a c h  R e d u k tio n  m it N a B H 4 in  M ethano l nachgew ie
sen . I n  A nalogie zu r R e d u k tio n  v o n  15-O xo-cardeno liden  [7] w u rd en  72%  
17/9-A cetoxy-3-m ethoxy-14 /9 -östra-l,3 ,5 (10)-trien -15a-o l 7 u n d  14%  17/3-Ace- 
to xy -3 -m ethoxy-14 /? -östra-l,3 ,5 (10 )-trien -15 /? -o l 8 iso lie rt.

A u s 2 e n ts te h t hei d er C h ro m ato g rap h ie  an  A lum in iu m o x id  o d er u n te r  
B e d in g u n g e n  der a lkalischen  E s te rv e rse ifu n g  (K 2C 0 3/M ethano l) u n te r  E lim i
n ie ru n g  v o n  Essigsäure das 1 6 ,1 7 -u n g esä ttig te  K e to n  3, dessen  S tru k tu r  d u rch  
die T ie ffe ld v ersch ieb u n g  des 13-M ethylsignals bei 1,26 p p m  u n d  die be iden  
D u b le t ts  d er V iny lp ro ionen  b e i 6,02 u n d  7,53 p p m  im  H I-N M R -S p ck tru m  
sow ie d u rc h  die e rn iedrig te  C arb o n y lfreq u en z  bei 1695 c m -1  im  IR -S p e k tru m  
c h a ra k te r is ie r t  ist.

D ie  Z uordnung  von 4 e rfo lg t in  A nlehnung  an  K am ano  und  M ita rb e ite r
[4], d ie  14a,15a-E pox ide v o n  B u fad ieno liden  m it L ew is-S äuren  u m se tz te n . 
Im  M assen  sp ek tru m  f in d e t m a n  fü r  4 den  gleichen Mol p eak  wie fü r  das A u s
g a n g sm a te r ia l  1. Im  IR -S p e k tru m  w ird  eine H y d ro x y lb a n d e  bei 3627 cm  2 
b e o b a c h te t .  D as U V -S p ek tru m  w e is t ein fü r  k o n ju g ie rte  O s tra te tra e n e  ty p i 
sches M ax im u m  bei 274 n m  a u f  [8]. Da im  M I-N M R -S pek trum  keine o le fin i
sch en  P ro to n e n  gefunden w e rd e n , so llte  die D o p p e lb in d u n g  zw ischen den 
C -A to m en  8 u n d  9 liegen, z u m a l die A ro m a ten p ro to n en  (H -2 u n d  H -4) du rch  
die D o p p e lb in d u n g  eine T ie ffe ld v ersch ieb u n g  erle iden . A us d er K o p p lu n g s
k o n s ta n te  fü r  das 17 -P ro ton  (A'jT =  11 H z) fo lg t be i b e k a n n te r  17/S-Konfigura- 
tio n  d e r  A ce ta tg ru p p e  eine 14 /?-K onfiguration . D as S e x te tt  des 15-P ro tons 
(2 ’J  = 1 6  H z) e rlau b t eine Z u o rd n u n g  zum  1 5 a -k o n fig u rie rten  A lkohol [9] 
[v e rg l. au ch  17/?-A cetoxy-3-m ethoxy-14/?-östra-l,3 ,5(10)-tricn-15a-o l 7].

B e i d e r V erb indung  5 t r i t t  d as  17 -P ro tonensigna l als T r ip le tt  m it einer 
S u m m e d e r K o p p lu n g sk o n s ta n tc n  v o n  11 H z auf, das bei gegebener 17-K on- 
f ig u ra t io n  d er A cetoxygruppe d en  Sch luß  a u f  eine 14/3-K onfiguration  e rla u b t.

A d a  C ilim , sicad. Sei. Hung. I l l ,  10112



D as Signal des 1 5 -P ro to n s e rsch e in t als D o p p e ld u b le tt m it den  u n te rsc h ie d 
lichen K o p p lu n g sk o n s ta n te n  10 H z und  4 H z. A us der Sum m e d ieser K o p p 
lu n g sk o n s ta n te n  [9] u n d  d er A bw esenheit e in e r  W asse rs to ffb rü ck en b in d u n g  
(IR -S p e k tru m ) fo lg t eine 14/? ,15a-K onfiguration  d er S u b s titu e n te n .

D er A cetam in o a lk o h o l 6 w eist eben fa lls  fü r  das 1 7 -P ro to n en sig n a l ein 
T r ip le t t  (l 'J  = 1 1  H z) au f, das eine 14 /?-K onfiguration  bei gegebener 17 ß- 
A c e ta tg ru p p e  an ze ig t. A us dem  D o p p e ld u b le tt des 1 5 -P ro tonensigna ls m it 
den  K o p p lu n g sk o n s ta n te n  9,5 H z u n d  4 H z k a n n  wie bei 5 a u f  dessen  /9-Konfi- 
g u ra tio n  geschlossen w erden . Die S u b s titu e n te n  w eisen som it 14/?,15a-Kon- 
f ig u ra tio n  auf. D a 6 in  p h ysika lischen  K o n s ta n te n  und  MS- u n d  XH -N M R - 
S p e k tru m  versch ieden  von  dem  15/5-A cetam inoalkohol 9a is t (der aus 1 du rch
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A z id sp a ltu n g  und nach fo lg en d e  R e d u k tio n  und  A ce ty lie ru n g  e rh a lte n  w urde) 
m u ß  e in  14 /3-A cetam ino-15a-hydroxy-Isom erse vorliegen .

B e i 14/3,15/?-O xido-cardenoliden erfo lg t die Ö ffnung  m it s ta rk e n  N ucleo- 
p liilen  w ie H Cl/C hloroform  [1 0 ], o d e r N aN 3/D M SO /Eisossig [3] am  C-15 u n te r  
B ild u n g  v o n  1 5 a -su b s titu ie rte n  14 /3 -H ydroxyverb indungen . Bei äh n lich em  
V e r la u f  d e r R itte r-Re a k tio n  so llte  aus dem  14/?, 15/3-Epoxid 10 d e r 15a- 
-A ce t a m in o -14/3-alkohol 13a e n ts te h e n . D urch  U m se tzu n g  von  10 m it A ce to 
n i t r i l  in  M ethy lench lo rid  in  G eg en w art von  B F 3-E th e ra t  bei 0 °C b ild e t sich 
eine b laß g e lb c  Lösung, die n a c h  A u fa rb e itu n g  u n d  U m k ris ta llisa tio n  au s 
M e th a n o l 54%  des 1 5 -K e to n s 11 ergab  [4]. (D u rch  R ed u k tio n  v o n  11 m it 
N a B H 4 in  M ethanol e rh ä lt  m a n  6 3 %  17/3-A ce to x y -3 -m e th o x y -ö stra -l,3 ,5 (1 0 )-  
-trien-15/3-ol 12a, das sich a lk a lisc h  zum  b e k a n n te n  15/3,17/3-Diol 12h [11] v e r 
se ifen  lä ß t .)  N ach S ch n e llch ro m ato g rap h ie  d er M u tte rlau g e  an  A lu m in iu m 
o x id  la s se n  sich ca. 2 0%  des u n g e sä ttig te n  K e to n s  3 u n d  15,5%  des 15a- 
-A cetam ino-14/S-alkohols 13a gew innen . In  p a ra lle l d u rch g e fü h rten  V ersu ch en  
ze ig te  s ich , daß  in n erh a lb  v o n  10 M in u ten  10 m it B F 3-E th e ra t  in  M e th y le n 
c h lo rid  ohne  Zusatz von  A c e to n itr i l  in  ca. 90%  A u sb eu te  zu 11 iso m eris ie rt. 
W ie im  F a ll des 14a ,1 5 a-E p o x id s 1 lä u f t die Iso m eris ie ru n g  dem  A n g riff  des 
N u c leo p h ils  den R ang ab .

13a lä ß t  sich n ich t m it A c e ta n h y d rid /P y rid in  ace ty lie ren . Die H y d ro x y l-  
f re q u e n z  bei 3573 cm -1  im  IR -S p e k tru m  sowie d ie  chem ische V ersch iebung  
d e r 13 -M eth y lp ro to n en  (1,02 p p m ) u n d  die K o p p lu n g sk o n s ta n te  fü r  das 17/3- 
P ro to n  (27J =  9 Hz) im  iH -N M R -S p c k tru m  lassen  a u f  eine 14/S-H ydroxyl- 
fu n k t io n  schließen. U n te r  A n n a h m e  einer trans-diaxialen  R ingöffnung  m uß  
sich  d ie  A cetam inogruppe in  1 5 a-P o sitio n  b e fin d en . D ie V erb in d u n g  13a is t 
m it  ih re n  physikalischen  D a te n  u n d  im  R j -W ert id e n tisc h  m it e iner a u f  a n d e 
re m  W eg  darg este llten  P ro b e  (D ie S yn these  erfo lg te  aus dem  I4/3,15/?-Epoxid 
10 ü b e r  d en  15a-Azido-14/3-alkoliol [12], dessen R e d u k tio n  zum  A m inoalkoho l 
m it H y d ra z in h y d ra t/R a n e y -N ic k e l u n d  nachfo lgende A ce ty lie rung  m it A ce tan - 
h y d r id  in  P y rid in .)

D ie  R ingöffnung v o n  15/9,16/3-Fpoxiden [11, 15] des ö s tra tr ie n s  erfo lg t 
m it s ta r k e n  N ucleophilen  vorzugsw eise  am  C-16 u n te r  B ildung  v o n  16/3-sub- 
s t i tu ie r te n  15/3-Alkoholen [1 1 ], w äh ren d  die sä u re k a ta ly s ie rte  R in g ö ffn u n g  
m it sch w äch eren  N u c leo p h ilen  zu n äch st u n te r  Iso m erisie rung  zu  14,15- 
u n g e s ä t t ig te n  16 -H ydroxyV erb indungen  fü h r t ,  d ie nachfo lgend  su b s ti tu ie r t  
w e rd e n  [13].

D ie  R itte r-R e a k tio n  d es  15/3,16/?-Epoxids 14 m it A ce to n itril u n d  B F 3- 
E th e r a t  be i 0 °C e rg ib t e in  S ubstanzgem isch . N ach  d e r S ch n e llch ro m a to 
g ra p h ie  a n  A lum in ium oxid  la sse n  sich  59%  eines n ic h t tre n n b a re n  G em ische 
d e r 8 ,9 -u n g e sä ttig te n  V e rb in d u n g e n  15a u n d  15h iso lieren . D urch  V erse ifung  
des G cm ischs e n ts te h t das 16/9,17/3-Diol 15c, das n a c h  A ce ty lie rung  als 16/3,17/3- 
D  ia c e ta t  15d und als A ce to n id  16 c h a ra k te ris ie rt w u rd e . E ine  w eitere F ra k tio n

A cta  Chim . Acad. Sei. hung . I l l ,  19112
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Table T

Verbin- Substituent Chemische
dung C-3 C-14 C-15 C-16 C-17 Л Me-13 3-OCII,

2 C H ,0 ß n 0 /30 Ac 1,27 3,70

3 CH;lO ß l \ - 0 16-17 1,25 3,70

4 CH3o ß H aOH /80 Ac 8 - 9 0,93 3,72

5 CH3 0 /ЗОН aOH ß O A c 0,96 3,69

6 CH3o /3NHAc aOH ß O A c 0,94 3,70

7 CH30 /ш aOH /80 Ac 0,98 3,71

a GIRO ß  H /ЗОН ß O  A c . 1,06 3,70

9a CH3o аОП /JNHAc /30 Ac 1,08 3,70

11 C H 3o a ll =  0 ß O A c 0,91 3,70

12a CH30 aH /ЗОН ß O A c 1,08 3,70

13a CH3o /ЗОН aN HA c ß O  Ac 1 ,02 3,70

15c CÍI3 0 ß H /ЗОН /ЮН 8 - 9 1,05 3,72

15d CH3o ß H ß O A c . ß O A c . 8 - 9 1 ,00 3,72

16 CH30 ß H /S-ACETONI D а 9 1 ,02 3,71

18a СИ30 aH /ЗОН aNIIAc ß O A c 1,16 3,70

* Aufnahme nach Zusatz von Trichloracetylisocyanat (TAI) [14]

(1 9 ,5 % ) d e r  S ch n e llch ro m ato g rap liie  w eist im  IR -S p e k tru m  eine A cetam ino- 
je d o c h  k e in e  H y d ro x y lg ru p p e  au f. Im  1H -N M R -S p ek tru m  der d ü n n sch ich t- 
e liro m a to g ra p h isc h  e in h e itlich en  P robe  (M olm asse: 383,2135 e n tsp r ic h t
C.,3H 29N 0 4) w erden 3 M e th y ls ig n a le  festg este llt d ie n ic lit n ä h e r u n te rsu c h te  
D o p p e lb in d u n g siso m ere  v o n  16£-A cetam m o-17/?-acetoxy-V erb indung 17 d a r 
s te lle n  k ö n n e n . D er e rw a r te te  16a-A cetam ino-15/3-alkohol 18a, dessen D ar-
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Verschiebungen von (Ó ppm)
TAI-Reaktion*

Kopplungskon-

Ac 15H 16H 17H О Н ,NH andere J  (Hz)

2.06 5,05 •Ли,17 “  ^  Hz

5,95 7,50 •Л 8,17 _  ^  Hz

2,05 4,46 5,08 1,58 5,65 15/3H: 
8,1 NH

2 ’J , 5  16 Hz

2,01 4,30 4,91 1,75 5,02 17aH;
5,9 15/IH; 8,2 NH

- J 17 -  1 1 Hz

2,06 4,51 5,11 1,62 5,75 15/3H; 
8,14 NH

r . / 17 -  11 Hz

2,03 4,60 5,05 1.80 5,67 15/Ш; 
8,29 N11

l ' J , 5  =  15 Hz; 
2 .J ,, =  11 Hz

2,08 4,40 4,80 1,70 5,42 15aH; 
8,40 NH

V J1S -  21 Hz; 
“ J l 7,1G = 6 Hz

1,93;
2,04

4.25 5,29 5,61 8,51 N11 r j 16 =  10 Hz; 
2 ’J „  =  15 Hz

2,08 5,01 2 ’J „  =  17 Hz

2,02 4,33 4,99 1,85 5,31 15aH; 
8,47 NH

2 'J ,5 =  11 Hz; 
Z J „  16 Hz

1,96;
2,08

4,92 5,06 5,84 8,6 NH r -  9 Hz

3,63 4,3 2,45 5,1 16otH; 5,5 
17all; 8,7 N11

J , 7,1. ■ 5 Hz

2,00;
2,08

5,35 4,95 .117,IC 5 Hz

4,65 4,00 1,3; 1,47
/ 0  -

(CH,)., c  
v 3/- M ) -

J i7.ie ~  5 Hz; 
• / ,« .,  i  5 H *

1.97;
2.10

3,90 4,48 1,90 4.3 15aH;
8.4 NH

S tellung  a u f  u n ab h än g ig em  W ege aus dem  16a-A zido-15/?-alkohol [11] gelang, 
k o n n te  ch ro m a to g rap h isch  n ic h t nachgew iesen  w erden . O ffen sich tlich  fin d e t 
p r im ä r  eine d u rc h  B F 3-E th e ra t  k a ta ly s ie r te  R ingöffnung  des 15/?,16/?-Epoxids 
10 zu  e inem  1 4 ,1 5 -u n g csä ttig ten  1 6 -su b s titu ie rte n  ö s t r a t r ie n  s t a t t ,  das sich 
zu  den  8 ,9 -u n g e sä ttig te n  V erb in d u n g en  15a u n d  15b iso m eris ie rt l>zw. durch  
A c e to n itr il  am  C-16 s u b s ti tu ie r t  u n d  nach fo lgend  isom erisiert w ird . D agegen

Acta Chim. Acad. Sei. H ung. I l l , 1982
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sch e in t die d irek te  nucleoph ile  Ö ffnung von  14 d u rch  A ce to n itr il n ic h t abzu 
lau fen . D ie E rgebn isse  zeigen, d aß  die R itte r -R e a k tio n  hei den  5 -R ing -E pox iden  
1, 10 u n d  14 k e in  p rä p a ra t iv  g ü n stig e r W eg z u r  D a rs te llu n g  v o n  trans-A ceta- 
m inoalkoho len  is t. D ie gew ünsch ten  V erb indungen  sind  e ffe k tiv e r  ü b e r die 
en tsp rech en d en  A zidoalkohole  zu sy n th e tis ie ren .

Massenspektren der Acetaininonlkohole

D er m assen sp ek tro m etrisch e  F rag m e n tie ru n g sv e rlau f d e r n e u  sy n th e ti
s ie rte n  A cetam inoalkoho le  6, 9a, I3a u n d  18a w ird in  e in d eu tig e r  W eise von 
den S u b s titu e n te n  im  R ing  D b e s tim m t u n d  w eist in  A b h än g ig k e it von  der 
S te llu n g  und  d e r K o n fig u ra tio n  der fu n k tio n e llen  G ruppen  s ig n if ik an te  U n te r
sch iede auf. R ei den  1 4 -H y d ro x y -1 5 -acetam in o ste ro id en  9a u n d  13a w ird in 
e in e r p rim ären  F ra g m e n tic ru n g sre ak tio n  W asser u n te r  B ild u n g  des F rag m en 
tio n s  m/z 383 e lim in ie rt. A usgehend v o n  d iesen  d e h y d ra tis ie r te n  M olekülionen 
fü h r t  d er w eitere  A b b au  u n te r  V erlu st v o n  A ce tam id  u n d  E ss ig säu re  zu  den 
F rag m en tio n en  m/z 324 u n d  264, w obei m/z 264 den B asisp eak  in  d en  S pek tren  
b e id e r A cetam inoalkoho le  b ild e t. E ine  p rim äre  A b sp a ltu n g  v o n  A cetam id  
o d e r E ssigsäure aus dem  M olekülion v o n  9a u n d  13a erfo lg t n u r  in  geringem  
M aße. 9a w eist n u r  einen  seh r schw achen  M olpeak (0 ,8%  re l. In te n s i tä t )  au f 
u n d  k a n n  a u f  diese W eise v o n  13a u n te rsch ied en  w erden , dessen  M olpeak 
6 ,5 %  rel. In te n s i tä t  e rre ic h t. Im  G egensatz  zu 9a u n d  13a is t  die prim äre 
E lim in ie ru n g  von  A ce tam id  aus den  M olekülionen d er 14- bzw . 16-A cetam ino- 
a lkoho le  6 u n d  18a die dom in ierende F ra g m e n tie ru n g sre ak tio n . Sie fü h r t  zu 
dem  F rag m en tio n  m/z 342, das den B asisp eak  in  den  S p e k tre n  b e id e r V erb in 
d u n g en  d a rs te llt . D u rch  nachfo lgende A b sp a ltu n g  von  E ssig säu re  u n d  W asser
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m/z

Abh. 5

Abb. 6

w e rd e n  die B ru ch stü ek io n en  m /z  282 und  264 g eb ild e t. 18a u n te rsch e id e t sich 
d u rc h  d e n  w esentlich h ö h e ren  M olpeak  47 ,6%  rel. In te n s i tä t )  von  6 (9 ,8%  rel. 
I n te n s i tä t ) .

E x p erim en te lle r Teil

Die Schmelzpunkte sind auf dem Mikroheiztisch nach BOETIUS bestimmt (korrigiert). 
Die Drehwerte wurden mit einem lichtelektrischen Polarimeter POLAMAT (VEB Carl Zeiss, 
Jena), falls nicht anders angegeben, in Chloroform ermittelt und auf [a][) extrapoliert. Die 
IR-Spektren wurden mit einem Spektralphotometer Specord 75 IR (YEB Carl Zeiss, Jena) 
in Chloroform aufgenommen. Die Ausführungen der 1H-NMR Messungen erfolgte in CDC13 
unter Verwendung von TMS als innerem Standard hei 60 MHz (Jeol, C-60 HL, Tokyo) bzw.
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A b b .  7

l»ei 100 Milz (KRII 100, Zentrum für wiss. Gerätebau der AdW der T)I)R). Der H-D-Austauech 
wurde mit CF3COOD durchgeführt. Die Angabe erfolgt in ppm der ö-Skala. Die Aufnahme 
der Massenspektren erfolgte mit einem doppelfokussierenden Gerät (JEOL JMS-1) 100); 
Beschleunigungsspannung 3 KV; Direkteinlaß, Probentemperatur 170- 180 °C; Ionenquellen
temperatur 200 °C; Ionisierungsenergie 75 eV. Die Massenfeinbestimmung wurde bei einer 
Auflüssung von c a .  5000 nach der Peakmatching-Methode mit PFK als Referenzsubstanz 
durchgeführt. Die präparative Schichtchromatographie (PSC) erfolgte an selbstbeschichteten 
Platten (Format 20x40  cm) mit A120 3 (VFB Chemiewerk Greiz-Dölau) bei 5 mm Schicht
dicke oder an Kiesclgel 60 PF254 (MERCK AG) bei 1 mm Schichtdicke. Die Dünnschicht
chromatographie erfolgte auf Kieselgel G (MERCK AG) mit den Laufmittelgemischen Metlia- 
nol/Benzen 1 : 99 (I); Methanol/Benzen 5 : 95 (II); Aceton/Bcnzen 10 : 90 (HI), bzw. an 
Kieselgel 60 IIF254 (MERCK AG) mit dem Laufmittelgemisch Benzen/Aceton/Ethanol 
20 : 5 : 1 (IV). Die Sichtbarmachung erfolgte durch Besprühen mit verdünnter Phosphorsäure 
bzw. Vanillin-Schwefelsäure und Erhitzen der Platten auf 140 °C.

Allgemeine Vorschrift zur Umsetzung der 14,15-Epoxide und des 15/?,16/?-Epoxi<ls des 
3-Methoxy-östra-1,3,5(10)-trien-17/?-ol-17-acetats mit Acetonitril/BF3-Etherat

1 g Epoxid 1, 10 oder 14 werden in 30 mL Acetonitril suspendiert. Bei 0 °C wird zur 
Mischung eine Lösung von 0.4 mL BF3-Etherat in 2 mL Acetonitril gegeben, die Reaktions- 
mischung bis zur vollständigen Lösung gerührt und bei Raumtemperatur stehengelassen. Der 
Reaktionsverlauf wird dünnschichtchromatographisch kontrolliert. Nach beendeter Reaktion 
wird mit Wasser versetzt, mit Benzen oder Ether extrahiert, mit NaHCO;,-Lösung neutral 
gewaschen und über Na2S04 getrocknet. Das Lösungsmittel wird unter Vakuum verdampft 
und das Rohprodukt durch Umkristallisation und Chromatographie aufgetrennt.

Keaktionsprodukte von 14a,15a-Oxido-3-mcthoxy-östra-l,3,5(10)-trien-17/?-ol-I7-aectat
(1) mit Acetonilril

Das nach der allgemeinen Vorschrift gewonnene Rohprodukt wird aus Methanol 
umkristallisiert. Dabei werden 530 mg (53%) 3-Methoxy-17/?-acetoxy-14/l-östra-l,3,5(10)- 
trien-15-on (2) abgetrennt. F.: 137— 139 °C (Methanol). R e :  0,85 (L). [a]p>: -j-95° ( c  =  1). 

IR: 1605 (Phenyl) 1732 (OAc) mit Schulter 1716 cm" 1 (C- ())
C21H2e0 4 (342,4). Вег. C 73,67 II 7,65. Gef. C 74,13 H 7,82%.
Die Mutterlauge wird an A120 3 unter Anwendung von Vakuum chromatographiert. 

(Länge der Säule 25 cm, Durchmesser 1 cm, Füllmenge an AL03 60 g).
Fraktionen: 600 mL Benzen/Petrolüther (5 : 95)
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(Eliition von 3)
400 mL Benzen/Petroläther (10 : 90)
(Elution von 4)
600 mL Benzen/Petrolätlier (25 : 75)
(Elution von 5)
200 mL Benzen/Petroläther (50 : 50)
400 mL Benzen 
(Elution von 6 )

3-Methoxy-östra-l,3,5(10), 16(17)-tetraen-15-on (3,,.
Ausbeute: 175 mg (21%). F.: 8 1 -8 2  °C (Methanol). R f  0,90 (L). [<x]D: +330° (e =  1). 
IR: 1600 (Phenyl)1695 cm ' 1 (C =  C -C = 0 ).
C19H220 2 (282,40). Вег. C 80,81, H 7,85. Gef. C 81,08, H 7,68%. 
3-Methoxy-14/3-östra-l,3,5(10),8(9)-tetraen-15a,17/J-diol-17-acetat (4).
Ausbeute: 30 mg (3%). F .: 140-141 °C (Methanol). R f  0,50 (I.). [a]D: +72° (c =  1). 
IR: 1603 (Phenyl), 1713 (OAc), 3627 cm" 1 (OH).
UV: (EtOH) Amax =  274 nm, e =  4,24.
C2iH260 4 (324,43). Вег. C 73,67, H 7,65. Gef. C 73,90, H 7,45%.
3-Methoxy-östra-l,3,5(10)-trien-14/3,15a,17/l-triol-17-acetat (5).
Ausbeute: 52 mg (5%). F.: 124 — 127 °C (Ether/Hexan). R f  0,40 (I.). [a]ß: + 6 6 °

(e =  1).
IR: 1600 (Phenyl), 1715 (OAc), 3630 cm' 1 (OH).
C21H280 6 (360,45). Вег. C 69,98, H 7,83. Gef. C 70,10, H 7,55%. 
lijS-Acetammo-S-methoxy-östra-LS^lOJ-trien-lSa.^jS-diol-l^-acetat (6 ).
Ausbeute: 70 mg (6 %). F.: 207—209 °C (Methanol). R f  0,20 (I.); 0,45 (II.); 0,38 (IV.). 

[<*]D: + 9 0 °  (c =  1).
IR: 1650, 3415 (NHCO), 3580 cm 1 (verbreitert, OH).
C23H 3l0 6N (401,5). Вег. C 68,80, H 7,78, N 3,48. Gef. C 68,65, H 7,85, N 3,20%.

Reduktion des 3-Metboxy-17/!-acitoxy-14/j-östra-l,3,5( l 0)-lrien-l 5-ons (2)

1 g 2 werden in 50 mL Methanol mit 0,5 g NaBH4 innerhalb von 30 Minuten bei Raum
temperatur reduziert. Durch Verdünnen mit Wasser fällt ein Rohprodukt aus, das abgesaugt 
und aus Methanol umkristallisiert wird. Man erhält 450 mg (45%) 3-Methoxy-14/3-östra- 
l,3,5(10)-trien-15a,17/3-diol-17-acetat (7). Die Mutterlauge wird durch PSC an A120 3 mit dem 
Laufmittelgemisch Benzen/Aceton (4 : 1) getrennt. Dabei lassen sich weitere 270 mg (27%) 7. 
F.: 1 7 0 -172  °C (Ether/Hexan). R f  0,82 (IV.). [a]D: +  119° (c =  1).

IR: 1602 (Phenyl), 1713 (OAc), 3613 cm" 1 (OH).
C2iH210 4 (344,4). Вег. C 73,24, H 8,19. Gef. C 73,04, H 8,31%, und 148 mg (15%) 

3-Methoxy-14/3-östra-l,3,5(10)-trien-15/S,17/3-diol-17-acetat (8) isolieren. F.: 147 —148 °C
(Ether/Hexan). R f  0,64 (IV.). [a ]o : +98° (c =  1).

IR: 1603 (Phenyl,) 1716 (OAc), 3603 cm’ 1 (OH).
C21II240 4 (344,4). Вег. C 73,24, H 8,19. Вег. C 73,40, H 8,03%.

Darstellung von 15/?-A cetam ino-3-m clhoxy-östra-l,3,5(l0)-lrien-14a,17/!- 
-diol-17-acetat (9a)

1 g 17/3-Acetoxy-15/3-azido-3-methoxy-östra-l,3,5(10)-trien-14a-ol (hergestellt aus 1 
durch Ringöffnung mit Natriumazid in DMSO/Eisessig [11, 12]) wird in 20 mL Ethanol mit 
0,3 g Raney-Nickel und 2 mL Hydrazinhydrat (85%) 5 Minuten unter Siedehitze behandelt. 
Nach Abtrennung des Katalysators wird die Lösung unter Vakuum eingeengt und das ver
bleibende blaßgele öl (890 mg, 95 %) mit 3 mL Acetanhydrid in 5 mL Pyridin bei Raum
temperatur acetyliert. Die Reaktionsmischung wird in Wasser gegossen, das ausgefallene 
Produkt nach einiger Zeit abgesaugt, mit Wasser gewaschen und aus Ethanol umkristallisiert. 
Man erhält 585 mg (59%) 9a. F.: 249 253 °G (Ethanol). !< /: 0,46 (IV.). [a]D: +55° (c 1).

IR: 1608 (Phenyl), 1667 (NHC O), 1732 (OAc), 3460 (NH), 3600 cm" 1 (OH).
C21H31N06 (401,5). Her. C 68,81, 11 7,78, JN 3,49. Gef. C 68,63, H 7,63, N 3,60%.
Durch Verseifung von 9a mit 5%iger methanolischer KOII entsteht innerhalb von 10 

Minutes das 15/?-Acetamino-3-methoxy-östra-l,3,5(10)-trien-14a, 17/Ldiol (9b). F.: 222 225 °C
(Aceton). |a][): -| 78° (c =  1).
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Rcaktionsprodukte von 14a,15a-0xido-3-m cllioxy-Ö8tra-l,3,5(10)-tricn-17/7-oI-17-acetat
(1) m it BF3-E tlicrat in  Methylcnchlorid

1 g 1 wird in 20 rnL IVlethylencblorid innerhalb von 10 Minuten bei Raumtemperatur 
mit 0,4 raL BF3-Ethcrat umgesetzt. Nach Zugabe von NaHC03-Lösung wird mit Methy
lenchlorid extracbiert, mit Wasser gewaschen und über Na2S04 getrocknet. Nach Verdamp
fen des Lösungsmittels unter Vakuum wird der Rückstand aus Methanol umkristallisiert. 
Man erhält 350 mg (35%) 2. Die Mutterlauge wird durch PSC an Kiseelgel PFj^ mit 
Benzen/Aceton (9 : 1) aufgetrennt. Es lassen sieh weitere 19% 2, 82 mg (8% ) 3 und 210 mg 
(21%) 4 isolieren.

Reaktionsprodukte von 14/?,15/7-0xido-3-niethoxy-Ö8tra-l,3,5(10)-trien- 
-17/?-ol-17-acctat (10) m it A cetonitril

Das nach der allgemeinen Vorschrift gewonnene Rohprodukt wird aus Methanol 
umkristallisiert. Man erhält 315 mg (54%) 17/7-Äcetoxy-3-methoxy-östra-l,3,5(10)-trien-15-on 
(11). F.: 157-159 °C (Methanol). E r . 0,85 (I.). [a]D: + 80° (c =  1) ( L i t . :  [5] F.: 156-158 °C; 
[a]D: +82°).

IR: 1733 cm - 1 (OAc und C = 0).
Die Mutterlauge wird wie bei der Reaktion von 1 beschrieben chromatographiert.
Fraktionen: 600 mL Benzen/Petrolether (5 : 95)

(Elution von 3, 165 mg (20%)
200 mL Benzen/Petrolether (10 : 90)
200 mL Benzen/Petrolether (50 : 50)
(Elution von 13a)

15a-Acetamino-3-methoxy-östra-l,3,5(10-trien-14/?,17/l-diol-17-acetat (13a).
Ausbeute: 187 mg (16%). F.: 213 —215 °C (Aceton/Hexan). R r :  0,40 (IV.). [а]ц: -) 65° 

(c =  1). IR: 1611 (Phenyl), 1677 (NHC=0), 1740 (OAc), 3440 (NH), 3753 cm“ 1 (OH). 
C^I^NOj (401,5). Вег. C 68,81, H 7,78, N 3, 49. Gef. C 68,38. H 7,85, N 3,58%.

Reduktion des 3-M ethoxy-17/?-acetoxy-östra-l,3,5(10)-trien-15-ons (11)

300 mg 11 werden in 20 mL Methanol mit 150 mg NaBH4 bei Raumtemperatur inner
halb von 20 Minuten reduziert. Das mit Wasser ausgefällte Produkt wird abgesaugt, getrock
net und aus Hcxan/Ether umkristallisiert. Ausbeute: 218 mg (63%) 3-Mcthoxy-östra-l,3,5(10)- 
-trien- 15/?, 17/?-diol-17-aceta t (12). F.: 133-135 °C. R r :  0,66 (IV.). [a]D: + 7 °  (c =  1).

IR: 1604 (Pbenyl), 1725 (OAc), 3605 cm" 1 (OH).
C21H240 4 (344,40). Bcr. C 73,24, H 8,19. Gef. C 73,32, II 8,29%.

15a-A cclam iiio-3-m cthoxy-östra-l,3,5(10)-trieii-14/J,17/?-diol-17-acctat (13a)

Die Darstellung erfolgt analog der Vorschrift unter 9a. Das Rohprodukt wird aus 
Aceton/Hexan umkristallisiert. Man erhält 320 mg (32%) 13a. F.: 213 — 215 °C. R r :  0,40 
(IV.). [«]„: +65° (c =  1).

0,5 g 13a werden analog der Vorschrift von 9b verseilt, und aus Methanol uinkristallisiert. 
Ausbeute: 210 mg (47%) 15a-Acetamino-3-inethoxy-östra-l,3.5(10)-trien-14/?,17/?-diol (13b). 
F.: 286—290 °C (Methanol). [a]D: +  85° (c =  1; DMSO).

Rcaktioiisprodukl von 14/?,15/?-Oxido-3-methoxy-östra-l,3,5(10)-trien-17/?-ol-17-acetat
(10) m it BF3-E therat in Methylcnchlorid

I g 10 wird in 20 mL Methylcnchlorid innerhalb von 10 Minuten bei Raumtemperatur 
mit 0,4 mL BF;,-Liberal umgesetzt. Die Aufarbeitung ist analog wie hei der Umsetzung von 1. 
Man erhält 900 mg (90%) 11.

Kcaklionsprodiiktc von i5/?r16/M )xido-3-inctlioxy-östra-l,3,5(10)-lricn-17/?-ol-17-acclal
(14) m it Acclonitril

Das nach der allgemeinen Vorschrift gewonnene Rohprodukt wird wie hei der Reaktion 
von 1 beschrieben chromatographiert.
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Fraktionen: 500 mL Benzen/Petrolether (10 : 90)
(Elution unpolarer Anteile)
500 mL Benzen/Petrolether (50 : 50)
500 mL Benzen
(Elution eines untrennbaren Gemisches von 15a, 15b 590 mg (59%)) 
300 mL Benzen/Chloroform (75 : 25)
(Elution einer nicht charackterisierten Acetainino-Yerbindung 17)

3-M etlioxy-östra-l,3 ,5 (10 ),8 (9 )-tetraen-16/?,17/?-diol-diacetat (15d)

342 mg 15a und 15b, 2 mL Pyridin und 2 mL Acetanhydrid werden bei Raumtemperatur 
über Nacht stehengelassen. Danach wird die Reaktionsmischung in Wasser gegossen, das 
ausgefallene Produkt nach einiger Zeit abgesaugt, mit Wasser gewaschen und aus Methanol/ 
Wasser umkristallisiert. Ausbeute: 350 mg (91%). F.: 110 —112 °C. Щ :  0,80 (I.). [а]^: +90°  
(c =  1 ).

IR: 1610 (Phenyl), 1740 cm " 1 (OAc).
C23H280 5 (384,47). Вег. C 71,86, II 7,34. Gef. C 71,50, H 7,46%.

3-M ethoxy-östra-l,3 ,5(10),8(9)-tetraen-16/3,17jd-diol (15c)

342 mg 15a und 15b. 10 mL Methanol und 0.1 g NaOCH3 werden bei Raumtemperatur 
über Nacht stehengelassen. Danach wird die Reaktionsmischung mit ln  HCl neutralisieit und 
in Wasser gegossen. Das ausgefallene Produkt wird abgesaugt und aus Aceton/Wasser um
kristallisiert. Ausbeute: 280 mg (93%). F.: 109-111 °C. R f : 0,45 (III.). [a]D: +92° (c -  1).

IR: 1610 (Phenyl), 3610 cm “ 1 (OH).
C19H.,40 3 (300,40). Вег. C 75,91, H 8,05. Gef. C 75,85, H 7,90%.

16/i,17/?-Isopropylideiidioxy-östra-l,3,5(10),8(9)-tetraen-3-m ethylether (16)

300 mg 15c werden in 20 mL Aceton und einigen Tropfen BF3-Etherat bei 20 °C um- 
esetzt. Nach 6 Stunden wird NaHC03-Lösung und Benzen zugefügt. Die benzolische Phase 

wäscht man mit Wasser. Nach Trocknen über Na2S04 wird das Lösungsmittel im Vakuum 
eingeengt und das bleibende hellblaue 01 in Methanol aufgenommen. Beim Abkühlen kristalli
sierten farblose Prismen. Ausbeute: 290 mg (85%). F.: 118 —120 °C. R f .  0,90 (I.). [ ol] q : +98°
Kc =  1).

IR: 1610 cm" 1 (Phenyl).
C,2H280 3 (340, 46). Вег. C 77,62, 11 8,29. Gef. C 77,50, H 8,05%.

D arstellung von 1 6 a -A ce lam iiio -3 -m eth o x y -ö stra -1 ,3 ,5 (10)- 
-tricn-15/? ,17/?-d io l-17-aceta t (1 8 a)

500 mg 16a-Azido-3-inethoxy-l,3,5(10)-trien-15/?,17/?-diol-17-acetat [11 | werden analog 
der Vorschrift unter 9a reduziert und mit Acetanhydrid in a b s .  Ether acyliert. Die mit NaHG03- 
Lösung neutralisierte Reaktionsmischung ergibt nach Etherextraktion 356 mg (6 8 %) eines 
Öls. Durch PSC an Kiesclgel mit dem Laufmittel Benzen/Aceton/Ethanol (20 : 5 : 1) werden 
312 mg 18a  als farbloser Schaum erhalten. R f .  0,43 (IV.)- [a lo : +16° (c 1, DMSO).

IR: 1603 (Phenyl), 1647 (NHC O), 1713 (OAc), 3400 (N il), 3500 cm “ 1 (OH).
250 mg I8 a  werden analog der Vorschrift 9b verseift. Mit Ether : Benzen (1 : 1) werden 

210 mg (75%) 18b isoliert. F.: 243 -2 4 6  °C (Methanol). [a]D: +50° (c 1, DMSO).
IR: 1605 (Phenyl), 1653 (NIIC O), 3425 (NH), 3600 cm" 1 (OH).

*

Wir danken Prof. Ponsold und Dr. Schönecker für die Diskussion der Ergebnisse 
Frau H. Draffehn und Frau Cs. Horváth für experimentelle Mitarbeit sowie Frau Dr. B. 
Bozóki für die mikroanalytische Arbeit.
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Table II

Relative Intensitäten einiger charakteristischer Fragmentionen von Massenspektren tier 
Acetaminoallcohole 6, 9a, 13a und 18a in [% ] (Basispeak == 100%)

m/x 6 9a 13a 18a

401 9,8 6,5 0,8 47,4 M  +

383 10,2 10,0 14,7 3,5 + О

342 100,0 2,0 < 0 ,5 100,0 M + -  CH3CONH2

341 7,1 1,5 0,7 7,4 M+ -  ClLjCOOII
324 7,5 41,5 21,4 3,5 M+  i r ,0  -  CH3CONH2

323 4,6 4,9 4,4 10,9 M+ -  H 20  CH3COOII
282 37,0 5,4 2,3 39,7 ЛГ+ -  CH3C0N1L CII3COOH
264 44,2 100,0 100,0 23,0 AÍ+ -  CH3CONII.. CILjCOOH II20
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The valid ity  of form al power-law k inetic models for th e  descrip tion  of hydro
desulfurization reactions was tested  on experim ental da ta  obtained on tw o types of 
laboratory  and pilot p lan t reactors. An objective function for characteristic  production 
p lan t is described and optim al conditions for the production of th e  low  sulfur fuel 
oil are determ ined num erically.

Introduction

H y d ro d esu lfu riza tio n  is w idely  u sed  fo r rem oval of su lfu r, n itro g e n  and 
o th e r  im p u ritie s  from  th e  oil f ra c tio n s  ran g in g  from  lig h t to  h e a v y  d is tilla tes . 
T he progress in  th e  effective c a ta ly s ts  d evelopm en t enab les n o w  to  o pera te  
th e  re a c to rs  a t  low er te m p e ra tu re s  an d  p ressu res and  h ig h er sp a c e  velocities 
fo r lig h t d is tilla te s , b u t  p rocess is feasib le  fo r high average m o le c u la r  w eight 
frac tio n s  (hoiling p o in t be tw een  350 — 550 °C) also [1, 2]. H o w ev er, th e  o p e ra t
ing  co n d itions fo r h igh  m o lecu la r f ra c tio n s , i.e. p ressure, h y d ro g e n  specific 
co n su m p tio n , c a ta ly s t  coking  etc., a re  m ore  severe, also due to  a  m o re  com pli
c a te d  n a tu re  o f  th e  su lfu r co m p o n en ts  p re se n t. The econom y o f  th e  desu lfu 
r iz a tio n  is c rucia lly  d ep en d en t on th e  h y d ro g e n  consum ption  a n d  e n e rg y  req u ire 
m en ts . T he specific  c o n su m p tio n  o f  h y d ro g en  increases w ith  th e  increasing  
te m p e ra tu re  an d  p ressu re  in  th e  re a c to r . T h e  d e te rm in a tio n  o f  o p tim a l o p e ra t
ing co n d itio n s for d e su lfu riza tio n  re a c to r  req u ires  the know ledge o f  th e  k inetics 
o f  d esu lfu riza tio n . T he aim  o f th is  w ork  w as to  verify  th e  v a l id i ty  o f  form al 
pow er-law  k in e tic  m odels p rop o sed  in  th e  l ite ra tu re  by co m p ariso n  w ith  experi
m e n ta l d a ta  o b ta in ed  in  o u r la b o ra to ry , fo rm u la te  p roper o b je c tiv e  fu n c tio n  
fo r c h a ra c te r is tic  p ro d u c tio n  p la n t a n d  e v a lu a te  o p tim al c o n d itio n s  fo r the 
p ro d u c tio n  o f low  su lfu r fuel oil.

As th e  prices o f  raw  m a te r ia ls  an d  en erg y  v a ry  d ra s tic a lly  in  th e  c u rren t 
y ea rs  an d  m ore effective c a ta ly s ts  a re  developed , th e  o p tim a l o p e ra t in g  con
d itio n s  should  be re e v a lu a ted  m ore  o f te n  even for p la n ts  w h ich  a re  a lready  
fo r a n u m b er o f  years  on  s tream .

* To whom correspondence should be addressed
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Fig. 1. H ydrodesulfurization lab o ra to ry  reactor. E xperim ental set up: 1 — pressure container, 
2 -  reduction  valve, 3 — high pressure flow meter, 4 recorder, 5 — preheater, 6 electric 
oven (heater), 7 — reactor, 8 — tem peratu re  control and recording, 9 — resistance therm om 
ete r, 10 — thermocouple, 11 - feed  storage, 12 — pum p , 13 — cooler, 14 — separator, 

15 — sam ple rem oval, 16 — gas m eter, 17 — gas rem oval

Table I

Feed Vacuum 
gas oil

First oil 
fraction

Second oil 
fraction

Third oil 
fraction

D ensity  (20 °C) 0.875 0.903 0.933 0.939

ASTM C 250 332 368 360

10% vol. 276 415 448 461

20%  vol. 283 444 470 488

30% vol. 291 461 486 516

40% vol. 301 474 498 533

50% vol. 308 487 506 542

60% vol. 315 494 513 551

70% vol. 319 504 522 556

80% vol. 325 512 535 572

90%  vol. 335 519 564 586

E nd po in t °C/% vol. 352/98 526/99 584/97 604/94

Sulfur content % mass 1.560 1.770 1.792 2.260

N itrogen content, ppm 213 870 1.569 1.677

Basic nitrogen, mg(NH3)L 65 295 374 677

M olecular weight 256 408 462 550

Flash  po in t, °C 136 198 246 250
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E xperim en ta l

Experim ental d a ta  on desulfurization of various crude oil distillates were obtained in 
two types of laboratory and  pilot p lan t reactors. The first reactor, of the laboratory  size, had 
the volume of the bed of ca ta lyst (diam eter 0.6 0.8 mm) equal to 5 cm 3. The scheme of the
experim ental set up is shown in Fig. 1. Pure hydrogen was used in a one flow -through arrange
m ent.

The second reactor, w ith the volume of cata lyst equal to 200 cm3 is shown schem atically 
in Fig. 2. The m axim um  tem peratu re  differences in the laboratory  reactor were equal to 3 °C, 
and were always less than  5 °C in the pilot p lan t reactor. Mass balances of liquid and gaseous 
reaction products could be m ade in both  reactors.

u

Fig. 2. Pilot p lant hydrodesulfurization reactor. 1 feed storage, 2 high pressure pum p, 
3 — reduction valve, 4 hydrogen inlet, 5 therm ocouple, 6 pressure gauge, 7, I I ,  12,
18, 19 — valves, 8 — high pressure separator, 9 reduction  valve, 10 -  gas m eter, 14 
electric oven (heater), 15 cast iron block, 16 reactor, 17 — tem perature  control and 

recording, 24 — catalyst, 25 preheater

The feed consisted from the vacuum  distillates obtained from the Romaschkino crude 
oil and characteristics are given in "Fable I. After ac tiva tion  of the ca ta ly st and stabilization 
of its activity  in the stream  of constan t sulfur (2.6% ) gas oil, the experim ents were performed 
in both  reactors. The on-stream  tim e for given experim ental conditions was 8 hours in the 
laboratory reactor and 48 hours in the pilot p lan t reactor. Sufficient tim e for the stabilization 
of reaction conditions betw een individual experim ental runs was allowed. The range of experi
m ental condition is given in Table II.

The cata lyst C1IERO X  36 01 (M o03 CoO, surface area 205 m 2/g) was used in the
reactor.
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Tabic II

Laboiatory reactor Pilot plant reactor

Pressure MPa 4.9 4.9; 9.8
Temperature °C 300, 340, 360, 380, 

400, 420
340, 360, 380, 400, 
420

LHSV h o u r- ' 0 .5 -6 0 .5 - 3
Ratio H2/CH iiijsi/m3 350 300

E v a lu a tio n  o f  experim ental resu lts

P o w er-law  k inetics re la t io n  r  =  K x " was considered  for th e  ra te  of desu l
fu r iz a t io n  reac tion . L e t us d e n o te : —*so — m ass f ra c tio n  o f  su lfu r in  th e  feed, 
:*;s — m a ss  frac tio n  of su lfu r in  th e  re a c tio n  p ro d u c t, c =  1 — x j x s0 conversion , 
n — o v e ra ll  order of re a c tio n , К  — re a c tio n  v e lo c ity  c o n s ta n t, L H SY  — liqu id  
h o u r  sp a c e  velocity . T h en  o n  in te g ra tin g  th e  b a lan ce  e q u a tio n  fo r iso th e rm a l 
p lu g  f lo w  re a c to r  we o b ta in

j Г___  L H S Y _______
[  (n  -  1) ж"0-1 К  +  L H S V

F ro m  th e  experim en ts th e  s e t  o f va lu es  x s =  x s (L H V S) w ere av a ilab le . T he 
k in e tic  p a ra m e te rs , К  an d  n  w ere th e n  for in d iv id u a l feed sto ck s e v a lu a ted  
b y  n o n lin e a r  regression. C o m b in ed  g rad ien t an d  G au ss—N ew to n  tech n iq u es  
w e re  u se d . F o r the  e v a lu a tio n  o f th e  te m p e ra tu re  d ependence  of th e  reac tio n  
v e lo c ity  c o n s ta n t

К  =  ex p  (A  -  E /R T )  (2)

a ll th e  d a ta  for a p a r tic u la r  feed sto ck  w ere e v a lu a te d .

R eac to r m odel

C om parison  of the  e x p e r im e n ts  conduc ted  in  ihe  la b o ra to ry  p ilo t p la n t 
a n d  in d u s t r ia l  (process size) r e a c to rs  have  show n, t h a t  ag reem en t in  th e  values 
o f  c o n v e rs io n  is sa tis fac to ry . E s tim a te s  o f conversion  b ased  on th e  la b o ra to ry  
an d  p i lo t  p la n t d a ta  w ere so m e tim e s  co n se rv a tiv e  (conversion  in  th e  process 
p la n t  r e a c to r  was h igher, m a x im u m  difference w as eq u a l to  14%  re l, in  d ep en 
d en ce  o n  th e  feedstock  q u a l i ty  a n d  re a c tio n  co n d itio n s used). W e h a v e  co n sid 
e re d , t h a t  process is iso th e rm a l (average  te m p e ra tu re  rise in  th e  in d u s tr ia l 
r e a c to r s  is  4 — 6 °C) and  a ssu m e d  fu r th e r , th a t  th e  c a ta ly s t  is d e a c tiv a te d  only  
b y  c o k in g , w ith  the  r a te  o f  d e a c tiv a tio n  d ep e n d e n t on  te m p e ra tu re  o n ly . T he 
p o iso n in g  b y  m etals p re se n t in  th e  v acu u m  gas oil w as n eg lec ted .
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Objective function

O b jec tiv e  fu n c tio n  necessary  fo r c a lc u la tio n  o f th e  o p tim al p ro cess  co n 
d itio n s w as c o n s tru c te d  from  th e  to ta l  p la n t  expense and p la n t in v e s tm e n t 
costs. These are  b ased  on  m ass and  energy  b a lan ces .

M ass b a lan ce  fo r th e  co n su m p tio n  o f  feed sto ck  G ( t/y ea r)  — (vaccum  
gas oil) is in  th e  fo rm :

G =  M  +  x p0m  +  x Lbm  , (3)

m =  ~  * gP M .  (4)
% to -^so * s

H ere  M  is th e  re q u ire d  m ass of th e  fuel oil w ith  su lfur c o n te n t # sp (m ass 
frac tio n ), m  — m ass o f th e  reac to r feed sto ck  (t/y ea r)  x t0, я ро, x Lb — m ass f ra c 
tio n s o f th e  fuel oil, gas oil, lig h t gasoline, re sp ec tiv e ly , in  th e  liq u id  reac tio n  
p ro d u c t,
a;so — su lfu r m ass f ra c tio n  in  th e  feed sto ck ,
x s — su lfu r m ass f ra c tio n  in  th e  reac tio n  p ro d u c t,
a:sp — req u ired  v a lu e  o f th e  su lfur m ass f ra c tio n  in  th e  fuel oil.

G asifica tio n  o f  th e  feedstock  is n o t  in c lu d ed  — th e  cost o f  th e  feed
stock  and  th e  v a lu e  o f  th e  re su ltin g  fuel gas a re  considered  equa l.

O vera ll h y d ro g en  co n sum ption  (H  in  N  m 3 t _1) depends on i ts  co n su m p 
tio n  for th e  fo rm a tio n  o f H 2S (depends on co nversion ) and  on th e  c o n su m p tio n  
for feedstock  c rack in g  an d  h y d ro g en a tio n  o f  a ro m a tic  h y d ro ca rb o n s  (depends 
on th e  reac tio n  te m p e ra tu re ) . The vo lum e ( Vcat) an d  con su m p tio n  (S cat) o f a 
c a ta ly s t depend  on re a c tio n  cond itions ( te m p e ra tu re  T, conversion  c), as can  
he ca lcu la ted  from  E q . (5)

L H S V  =  exP ^ *  E /R T )  • (n -  1)«" 1 
1/(1 -  c)n 1 -  1 (5)

O p era tin g  tim e , О Т, (h ou rs/year) is a fu n c tio n  o f tem p e ra tu re

ОТ =  О Т (Г ) ( 6 )

P ro d u c tio n  ra te , P R , o f th e  p ro d u c t is d e fin ed  as

P R  =  ml О Т  . (7)

F eed sto ck  c rack in g  expressed as m ass  ra t io  of th e  fuel gas p ro d u ced  
over m ass o f th e  feed sto ck  consum ed, Y , is a fu n c tio n  of te m p e ra tu re

Y  =  Y ( T ) . ( 8)

T he vo lum e o f c a ta ly s t  Fcat (m 3) is d efin ed  as

V c a t
(1

w here ql is feed sto ck  d en sity  (kg m -

P R

Y) «L LHVS  

3)-

( 9)
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L ife -tim e  of th e  c a ta ly s t ,  LT (years) is also  a fu n c tio n  o f te m p e ra tu re

LT =  L T ( T ) . (10)

T h e  c a ta ly s t  co m sum ption , S cat ( t / t  o f re a c tio n  p ro d u c t)

V cat +  ( l  -  Y )
S  cat (1 1)

L T  • m

I n h ib i to r  com sum ption  — C l (t/y ea r) can  he ca lcu la ted  from  th e  re la tio n

C l C Im /(l -  Y ) . (12)

E nergy  balances

E le c tr ic ity , E  (K W ) is a fu n c tio n  of h y d ro g e n  consum ption  an d  o f  th e  
p ro d u c tio n  ra te

E =  E (P R , H ) . (13)

S te a m , ST  (t/hour) is a fu n c tio n  of th e  p ro d u c tio n  ra te  only

ST =  ST (PR ) ,

s im ila r ly  as w ater co n su m p tio n , W T (m 3/h o u r) ,

W T W T (P R )

a n d  fu e l consum ption , F  (G J/h o u r)

F  F (P R ) .

(14)

(15)

( 16)

In v e s tm e n t costs re la tio n s  for in d iv id u a l eq u ip m en ts  in th e  p rocess 
p la n t  (cf. F ig . 3) were u sed  in  th e  form  [4]. R e a c to r , R  (m o n eta ry  u n it)

R R(VC a t /^ c a ts)0'8

(h e re  F cats) denotes s ta n d a rd  c a ta ly s t vo lum e). 
F u rn a c e , F  (m o n e ta ry  u n it)

F  — F
P R

Ц 1 - Y ) P R S

(17)

(18)

w here  P R S is s ta n d a rd  p ro d u c tio n  ra te . 
H e a t  exchanger, E  (m o n e ta ry  u n it)

E  =  E ( ,l / . l ,) " (19)
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w here A s is s ta n d a rd  h ea t-ex ch an g e  a rea . F o r all o th e r  e q u ip m e n ts  th e  power 
in  th e  re la tio n s  s im ila r to  (17— 19) w as ta k e n  equal to  0.6.

T o ta l expenses in c lu d in g  d ep rec ia tio n  are  th e n  co m posed  from  the  
expenses for: raw  m a te ria ls , h y d ro g en , c a ta ly s t, co rrosion  in h ib ito r , d irect 
la b o r, superv is io n , u tilitie s , e lec tric ity , s team , w a te r , fuel in d ire c t costs  (related  
to  d irec t lab o r), m a in te n a n c e  (0.05 o f th e  p la n t  in v e s tm e n t a n d  dep recia tion  
0.1 o f  th e  in v e s tm e n t costs).

Forniidatioii o f the objective function

R eq u ired  a m o u n t o f  th e  low su lfu r fuel can  be p ro d u c e d  b y  tw o ways
(cf- F ig . 3)

a) all v acu u m  gas oil desu lfu rized  to  req u ired  su lfu r c o n te n t ,
b) p a r t  o f  th e  v acu u m  gas oil is desu lfu rized  to  low er su lfu r  co n ten t in 

such  a w ay , th a t  m ix tu re  o f  desu lfu rized  an d  fresh  feed sto ck  h as  required  
su lfu r co n te n t.

T he aim  o f o p tim iz a tio n  w as to  ca lcu la te  co n d itions fo r o p tim a l in v est
m en t u tiliz a tio n . T h e  ex tre m e  o f th e  gross re tu rn  ra te  — P  (% ) w as com puted :

P N et p ro f it  (a f te r  tax es) 

p la n t  in v e s tm e n t -f- w ork ing  c a p ita l
100 ( % ) . ( 20)

Results and Discussion

Comparison o f experimental and calculated data

T h e re a c tio n  ra te  p a ra m e te rs  fo r co n d itio n s g iven in  T a b le  I I  and also 
d a ta  g iven  in  th e  l i te ra tu re  [3] w ere e v a lu a te d  in such a w ay , t h a t  we have 
o b ta in ed
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a) n, к — for every  lev e l o f  te m p e ra tu re  considered
b )  n , A , E  — for g iven  ra n g e  o f  tem p era tu res .
V e ry  sa tisfac to ry  a g re e m e n t w as found  fo r th e  va lu es  o f n(a) b ased  on 

th e  d a ta  o b ta ined  in  o u r la b o ra to ry  and th e  d a ta  p u b lish e d  b y  ih e  a u th o rs  
f ro m  N ip p o n  Mining Co. [3].

T h e  difference b e tw een  e x p e rim e n ta l an d  c o m p u te d  values w as b o th  in  
cases  a) a n d  b) less th a t  7 %  re l. H ence th e  pow er-law  k in e tic s  an d  resu ltin g  
k in e tic  p a ram ete rs  could  b e  u se d  in  ev a lua tion  o f  o p tim a l re a c to r  o p era tio n  
c o n d itio n s .

W e have also te s te d  th e  m ag n itu d e  of e rro r  in  cases, w here on ly  th e  
e x p e r im e n ta l values a t  lo w e s t a n d  h ighest considered  te m p e ra tu re s  w ere used 
fo r e v a lu a tio n  of th e  re a c tio n  p a ra m e te rs . The v a c u u m  gas oil [3] w ith  th e  
s u lfu r  c o n te n t 1.73%  (m ass % ) a n d  tem p era tu res  ra n g in g  from  340 to  380 °C 
w ere  considered . T he re s u lts  a re  g iven  in  T ab le  I I I .  W e can  in fe r from  th e

Table Ш

LHVS measured Relative error (%)
h -1 (< =  360 °C) t =  360 ° c t = <340, 380 °C> t =  <360, 380 °C>

1.015 0.948 0.5 0.8 1.02
2.036 0.890 — 0.5 - 0.1 0.5
2.978 0.821 1.8 2.1 2.6
4.580 0.769 0.9 0.2 1.1

T a b le , t h a t  th e  d ifferences o b se rv ed  using b o u n d a ry  p o in ts  on ly  are q u ite  
sm a ll. H ence  in  th is  case th e  ex p erim en ts  could  be  p e rfo rm ed  on ly  a t  th e  
l im it in g  conditions w ith  r e s u lt in g  m ateria l, energy  a n d  lab o r sav ings.

O ptim ization

T o ta l  expense an d  p la n t  in v e s tm e n t costs w ere  c o m p u ted  using  m ass 
a n d  e n e rg y  balances g iven  a b o v e . O bjective  fu n c tio n  in  th e  form  o f th e  gross 
r e tu r n  r a te  (G RR) w as fo rm e d  a n d  expressed as a fu n c tio n  o f re a c tio n  te m p e r
a tu r e  T  an d  conversion c. S e a rc h  fo r ex trem um  th e n  u sed  n u m erica l te c h 
n iq u e s . T h e  optim al c o n d itio n s  depend  on th e  p ro p e r tie s  o f th e  feedstock , 
r e q u ir e d  su lfu r co n ten t in  t h e  fu e l oil, costs o f  ra w  m a te ria ls , energy  and  
e q u ip m e n t.  Some resu lts  o f  th e  co m p u ta tio n  are show n  in  T ab le  IV . T he sam e 
fe e d s to c k  q u a lity  (x so =  0 .019) a n d  d ifferen t costs  o f  th e  feedstock  w ere con
s id e re d  a t  vary ing  re q u ire m e n ts  o n  th e  fin a l fuel oil su lfu r c o n te n t (xs). The 
re s u l ts  show  large v a r ia tio n s  fo r th e  gross re tu rn  ra te  fo r op tim a l process 
c o n d itio n s  (which are w ith in  th e  ran g e  of com m on process values).
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T ab le  IV

XHJ> Cost M*4S fraction Reaction temperature GRR.rel. %

0.005 100 0.00263 385.5 100

0.005 110 0.00297 375.3 38.56
0.005 115 0.00322 369.1 10.74
0.01 100 0.00227 392.8 100
0.01 110 0.00260 382.4 44.82
0.01 115 0.00283 376.2

19.94

Conclusion

K inetic  p a ra m e te rs  in  th e  pow er-law  ty p e  e q u a tio n  describ ing  th e  ra te  
o f h y d ro d esu lfu riza tio n  can  he ev a lu a ted  from  lim ite d  la b o ra to ry  o r p ilo t p la n t 
exp erim en ts . T h e  o p tim a l re a c to r  o p e ra tin g  c o n d itio n s  can be th e n  ca lcu la ted  
w ith  resu lting  sav ings.
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The interaction of thorium  n itra te  w ith some organic ligands w as investigated. 
The effect of the anionic p a rt of the m etal com pound on the natu re  and  composition 
of the formed complexes was discussed. S tudy  of the infrared spectra m easured between 
4000 and 650 cm -1 and  therm al analyses in the range 25 800 °C were carried out.
C onductivity m easurem ents for the soluble complexes were perform ed.

In tro d u c tio n

T h o riu m  n itra te  fo rm s a series o f  doub le  sa lts  of th e  ty p e  T h ( N 0 3)4, 
2 M ’N 0 3 • n H 20 ,  w here M 1 =  N H 4, K , Rl> or Cs. These co m p o u n d s  resem ble 
th o se  o f Ce(IY) and  m ay  co n ta in  [T h(N O 3)0] ~ 2 an ion . A second series, T h ( N 0 3)4, 
2 M " (N 0 3)2 • 8 H 20  is fo rm ed  w ith  b iv a le n t m e ta l ions, w here M 11 is Mg, Zn, 
N i o r Co [1]. T he Mg sa lt has b een  show n to  co n ta in  12 c o o rd in a te d  anions 
w ith  ch e la ted  N 0 3 groups [2].

I t  is well es tab lish ed  th a t  m a n y  tra n s it io n  m eta l n itra te s  fo rm  com plexes 
w ith  o rgan ic  ligands c o n ta in in g  n itro g e n  or oxygen  atom s [3 — 8]. H ow ever, 
th e  in te ra c tio n  o f  ligands w ith  th o riu m  n itr a te  has been little  in v e s tig a te d  [9].

I t  h as been  re p o rte d  th a t  th o riu m  n i t r a te  reac ts  w ith  1 ,2 -d ie thoxy  
e th a n e  an d  an tip y rin e  to  give th e  com plexes T h (N 0 3)4, 3 C„H140 2, 3 H 20  and 
T h (N 0 3)4 • 5 C ,,H 12N20 ,  re sp e c tiv e ly . T h e  coo rd in a tio n  n u m b e r o f  th o riu m  
w as n o t obv ious in  th e  tw o  cases.

In  th e  p re sen t co m m u n ica tio n , th e  com plexes form ed b e tw een  th o riu m  
n i t r a te  and  som e oxygen- an d  n itro g en -co n ta in in g  ligands w ere s tu d ie d . The 
lig a n d s  w ere those  described  in th e  e x p e rim e n ta l p a r t.

* To whom correspondence should he addressed
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Experimental

M aterial and Methods

T horium  n itra te  hex ah y d ra te  and  te trahydra te , B D H  ana la r grade, were used w ithout 
fu r th e r purification.

O rganic solvents were dried  and  purified by the conventional methods [10].
In fra red  spectra were recorded (in nujol or K B r) using a  Unicam SP 200 G infrared 

spectrophotom eter. Calibration o f frequency reading was m ade w ith  a polystyrene film . 
C onductivities were m easured using an  electronic sw itchgear bridge model MC-2 w ith balance 
ind ica to r, details and m ethods of calculation have been given before [11]. Therm al analyses 
techniques was as previously m entioned  [12, 13].

A nalyses of carbon, hydrogen  and nitrogen were carried  ou t in the M icroanalytieal 
L ab o ra to ry  of El-N asr Com pany. A nalysis of phosphorus was determ ined by A. B ernhard t, 
M ulheim /R uhr, FRG.

Organic ligands

Some of the arom atic derivatives of nitrogen and  phosphorus were prepared by the 
m ethods described previously [8, 12]. The other ligands used were analar grade m aterials.

Preparation o f the complex compounds

E quim olar am ounts o f th o riu m  n itra te  and the ligand solutions were mixed well in ethyl 
ace ta te , E tA c, as a solvent. T he p roduc t was filtered, w ashed w ith  the solvent and dried, and 
then  sub jected  to analysis and  physico-chemical investigations. I t  was found th a t using an 
excess of th e  organic ligand im proved the yield, b u t did no t affect the coordination num ber 
of the form ed complex.

Results

T h e  com pound o b ta in e d  in  th e  reac tion  o f  e q u im o la r  am o u n ts  o f  1,2-bis- 
(d ip h en y lp h o sp h in o ) e th a n e , D iP hO S  e th an e , a n d  th o r iu m  n itra te  w as p roved  
b y  a n a ly s is  and ir  sp e c tru m  n o t to  he th e  d ip h en y lp lio sp h in o  e th an e  com plex  
b u t  th e  co rrespond ing  d io x id e  a d d u c t, T h (N 0 3)4, 1.5 D iP hO S  e th an e  d iox ide, 
w h ich  decom posed a t  180 — 190 °C and  m elted  a t  200 °C. A n a u th e n tic  sam ple  
o f th is  com plex , T h (N 0 3)4, 1.5 D iPhO S e th an e  d io x id e , w as ob ta in ed  on using  
D iP h S O  e th an e  d iox ide  as a ligand .

A tte m p te d  p re p a ra t io n  o f  com plexes o f  th o r iu m  n i t r a te  w ith  d ip h en y l- 
p h o sp h in o  e thane  or th e  co rresp o n d in g  d ip h o sp h in e  d isu lp h id e  were u nsuccess
fu l, a n d  th e  ligand  in  th e  la t te r  case was reco v e red  unch an g ed . T h is is in 
a g re e m e n t w ith  th e  ea rlie r  f in d in g s [5, 6].

T h e  reac tions o f  T h ( N 0 3)4 w ith  d im e th y l b ip y rid y l, D M -bipy, an d  
tr ip y r id y l ,  tr ip y , in  e th y l  a c e ta te  apply ing  th e  m ole ra tio s  1 : 1 and  1 : 2 ,  
gave  com plex  com pounds o f  th e  form ula, T h ( N 0 3)4 • 1.5 L , w here I. s ta n d s  for 
th e  o rg an ic  ligands u sed .

C om plexes o f th e  ty p e , T h (N 0 3)4 • 2 L  • n H 20  w ere o b ta in ed  w ith  
d im e th y l-o -p h e n a n th ro lin e ; D M -phen, b ip y rid y l; b ip y , py razine  and  p ip e ri
d in e ; p ip y , w here n 6 o r 4 . R ecry s ta llisa tio n  o f th e  p ro d u c ts  o b ta in ed  w ith
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pyridine-lV -oxide a n d  o -p h en an th ro lin e , p h en , from  e th y l a c e ta te  gave the  
com plexes T h (N 0 3)4 • 2py-iV -oxide • E tA c an d  T h (N 0 3)4 • 2 p h e n  • 2 E tA c.

T he com plex  co m p o u n d s o b ta in ed  d u rin g  th e  p re se n t w o rk  are w hite 
c ry s ta llin e  co m p o u n d s s tab le  on a ir  an d  inso luble  in  m o st o rg an ic  solvents 
tr ie d , except th o se  used  in  th e  c o n d u c tiv ity  m easu rem en ts . T h e  on ly  w ater- 
so luble com plex o b ta in e d  was th a t  o f p i c o l i n i c  acid , T h ( N 0 3)4 • 4 picolinic • 
• 4 I I20 .

A naly tica l d a ta  are  given in  T ab le  I .

Discussion

Infrared Spectra

T he in fra red  a b so rp tio n  sp ec tru m  o f th o riu m  n itra te  te t r a h y d r a te  (Fig. 1) 
show s six a b so rp tio n  b au d s  in  th e  reg io n  4000—650 c m -1 . T h e  bands at 
1 5 5 0 -1 4 9 0  c m - 1 (Vj), 810 cm 1 (v„), 1 0 4 0 -1 0 3 0  c m “ 1 (j>3), 1 3 1 0 -1 2 8 0  c m “ 1 
(v4), 745 cm 1 ( r3) a n d  705 c m -1 (v5). A b so rp tio n  by  w a te r  [14] occurs in the 
reg ion  3500—3100 c m - 1 an d  a t  1630 c m -1 (F ig . 1).

T he m ode o f co o rd in a tio n  o f th e  n i tr a te  ion , an d  p a r t ic u la r ly  th e  relation  
b e tw een  th is an d  its  in fra red  sp ec tru m , has b een  su b jec t o f m u c h  discussion  [15].

T horium  n i t r a te  form s com plex  com pounds w ith  o x y g en  donors [5]. 
A com prehensive rev iew  of th is  su b jec t is g iven  recen tly  b y  Ca sella to  [16]. 
U e k i et al. [17] h av e  s tu d ie d  th e  X -ra y  analysis  o f T h ( N 0 3)4 • 5 H 20  and 
concluded  th a t  th e  th o r iu m  m eta l is w ith in  b ond ing  d is tan ce  o f  e leven  oxygen 
a to m s, th ree  from  w a te r  m olecules an d  e ig h t from  four n i t r a te  g roups which 
fu n c tio n  as b id e n ta te  ligands.

Mazhar-U l-H a o u e  et al. [18] h av e  s tu d ied  in  d e ta il  th e  c ry s ta l and 
m olecu lar s tru c tu re  o f  th e  com plex fo rm ed  betw een  th o r iu m  n itra te  and 
tr ip h e n y l p h osph ine , T h (N 0 3)4 • 2 P h 3PO  a n d  th e y  cam e to  th e  conclusion

Acta Chim. Acad. Sei. llu n g . I l l ,  1982
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Table I

Found/Required
formula

C II N/P

T h (N 0 3)4 1.5 DiPhOS ethane dioxide ^39^36^4^15^31 h 41 5 3.5 8.2
41.6 3.2 8.3

T h (N 0 3)4 2phen • 2EtAe '̂32^32^8^16 1 Ь. 36.2 3.2 10.9
37.» 3.2 11.0

T h (N 0 3)4 2 DM-phen • 4 H20 C28II22N80 1,Th 34.3 3.3 11.0
34.7 3.3 11.6

T h (N 0 3)4 2bipy ■ 4 H20 ^20^24^8^16 1 Ь 27.8 3.1 12.3
27.8 2.8 13.0

T h(N U 3)4 1.5-DM-bipy Ci8H18N70 12l h 27.7 2.8 12.6
28.5 2.4 12.9

T h (N 0 3)4 1. Stripy V:2(C45H33Ni70 14 I h 2) 31.9 3.2 13.6
32.5 2.0 14.3

T h (N 0 3)4 2dipy amine 0Oi2l  ll 28.8 2.4 15.9
29.2 2.2 17.0

T h (N 0 3), 2pyraziue • 6 H,0 C8H2()N8Ol8Th 12.1 2.6 14.2
12.8 2.7 15.0

T h (N 0 3)4 2pipy • 6 H20 '̂10^34^6^18^ ^ 15.0 3.4 10.4
15.8 4.5 11.1

T h (N 0 3)4 2py IV-oxide • EtAc С м В Д О и Г Ь 22.3 3.8 10.6
22.2 2.4 11.1

T h (N 0 3)4 4picolinic acid • 4 H 20 C24H28N80 24T t 27.4 2.9 10.3
27.6 2.7 10.7

th a t  th o r iu m  is te n -c o o rd in a ted  to  four b id e n ta te  n i t r a te  groups and  tw o 
o x y g e n  a to m s  from tr ip h e n y lp h o sp h in e  oxide. T h e  s t ru c tu re  of th is  com plex  
p ro v id e  a n  exam ple of th e  io n  re m a in in g  b id en ta te  ev en  in  a s terica lly  crow ded  
s i tu a t io n .

T h e  P  =  0  abso rp tio n  h a n d  in  D iPhOS e th a n e  d io x id e  is re p o rte d  [8] 
to  h e  a t  1190 c m -1 . T he s p e c tru m  of the com plex , T h ( N 0 3)4 • 1.5 D iP hO S  
e th a n e  d io x id e , shows tw o  s t ro n g  hands a t 1130 a n d  1080 cm  1 (F ig . 2).

Wavenumber (cm'1)

Fig. 2a
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W a v e n u m b e r  ( c m“1)

F i g .  2  b

T he sh ift o f th is  b a n d  is a ttr ib u te d  to  c o o rd in a tio n  th ro u g h  o x y g en  [5]. T he 
sp littin g  m ay  acco u n t for the  d iffe ren t m ode  of co o rd ina tion  o f th is  lig an d  to  
th o riu m (IY ) [6].

The s to ich io m e try  of th is  co m p lex  can  lie exp la ined  i f  b r id g in g  tak es  
place as in  th e  p roposed  s tru c tu re :

0 ; , \  NO:. ОзХ ХОз

\ / /  \ / /
L --------- *- Tli ■*--------- L -------—► Th ■*----------L

// \  // \
0.1 \  ХОз 0 3X ХОз

In  such  com plex  one o f th e  lig an d  m olecules ac ts as a b id e n ta te  ligand 
an d  d o n a tio n  occurs th ro u g h  b o th  o x y g en  a to m s. T he co o rd in a tio n  n u m b e r of 
th o riu m  in  th is  com plex  is p re su m ab ly  te n .

S im ilar s tru c tu re  for th e  a d d u c ts  o b ta in ed  w ith  d im e th y l ace tam id e  
(dm a) has been  suggested  on th e  basis  o f  th e  in fra red  sp ec tru m  o f th e  com plex
119, 2 0 ].

No ev idence  could be found fo r  th e  fo rm atio n  of a sim p le  a d d u c t of 
th e  ty p e  T n ( N 0 3)4 • D iPhO S e th an e  (o r D iP hO S  e th an e  d isu lp h id e ). T h is is 
p ro b a b ly  b ecau se  o f the  low donor s tre n g th s  of th e  phosphorus a n d  su lp h u r 
a to m s w ith  re sp e c t to  th o riu m (IY ).

In  th e  sp e c tru m  o f free p y rid ine-iV -ox idc , th e  freq u en cy  o f  th e ' N —О 
group  occurs a t  1180 c m “ 1. T his b a n d  sh if ts  to  1310 c m “ 1, on co m p lex in g  w ith  
th o riu m  n i t r a te .  T h e  ligand  in th is  co m p lex  is considered to  be c o o rd in a te d  to  
th o riu m (IV ) th ro u g h  th e  N —О g ro u p  (F ig . 3).

S im ila rly , th e  C = 0  s tre tch in g  b a n d  a t  1720 cm 1 in  free  p ico lin ic  acid 
sh ifts  to  low er frequencies on co m p lex in g  w ith  th o riu m  n i t r a te ,  w h ereas  th e  
C =  N v ib ra tio n  b a n d  a t  1610 c m -1  is n o t  a lte red . T hus, it  is c o n c lu d ed  th a t  
picolinic ac id  is lin k ed  to  th o riu m (lV ) n i t r a te  th ro u g h  its  c a rb o x y lic  group .

Acta Chim. Acad. Sei. lliitif>. I l l , 1982
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Wav e nu mb er  ( c m -1)

Fig. 3b

T h e  s p e c tra  o f th e  o th e r com plexes fo rm ed  b e tw een  Th(IV ) n itra te  an d  
N -do n o rs  a re  to o  co m plica ted  to  allow  any  b a n d  assig n m en ts . I t  was n o t easy  
to  d is tin g u ish  betw een  th e  a b so rp tio n  hands o f  th e  co o rd in a ted  ligands a n d  
th a t  o f  th e  n i t r a te  as th e y  in te rfe re . S im ilar re su lts  h av e  been rep o rted  [21].

Thermal A na lysis

T h e  th e rm a l s ta b ility  o f th e  th o riu m  n i t r a te  com plexes was in v e s tig a te d  
over th e  ra n g e  25 — 800 °C. I t  w as found  th a t  th e se  com plexes decom pose on 
h e a tin g . T h e  m o lecu lar w eigh t o f th e  in te rm e d ia te  com pounds is c a lcu la ted  
from  th e  g ra p h s . T he f in a l p ro d u c ts  a fte r  h e a tin g  u p  to  800 °C are u su a lly  
T h 0 2 or T h 0 ( N 0 3)2. T ab le  I I  show s th e  effect o f h e a t  on som e th o riu m  n i t r a te  
com plexes.

Conductivity Measurements

W ith in  th e  so lub ility  lim its  of th e  com plexes o b ta in ed , th e  m olar co n 
d u c tiv itie s  o f  m illim olar so lu tions a t  in fin ite  d ilu tio n  in  ace ton itrile  a n d
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d im e th y l fo rm am ide h av e  been  m easu red  (Table I I I ) .  T h e  v a lu e s  repo rted  
in d ica ted  the  n u m b er an d  ty p e  o f  ions in  so lu tio n  [22, 23].

As shw ou in T ab le  I I I ,  th e  com plexes w hich are so lu b le  in  ace to n itrile  
are w eak e lec tro ly tes .

W hen d im eth y lfo rm am id e  h as  been used as a so lv e n t, a ll th e  ad d u c ts  
w hich  are  soluble in  th is  so lv en t b eh av e  as w eak e lec tro ly tes , e x c e p t Th(]N 03)4 •
• 2 -phen  • 2 E tA c an d  T h (N 0 3)4 • 2py-lV -oxide • E tA c w hich  b e h a v e  as s trong  

e lec tro ly tes . T he com plex  fo rm ed  b e tw een  th o riu m  n itra te  a n d  p ico lin ic  acid, 
T h (N 0 3)4 • 4-picolin ic • 4 I I 20  also beh av es as a s trong  e le c tro ly te  in  d iine thy l- 
fn rm am idc.

Tabic II
Thermal decomposition o f some thorium nitrate complexes

Temp. (°C) ^obe. Formula

T h (N0%)Ц • 1.5 DiPhOS ethane dioxide

25— 8« 1125.7 Th(NOo)4 • 1.5 DiPhOS ethane dioxide 1125.7
1 20 -160 1075 T h(N 03)4 • 1.5 Diphos ethane (Л) 1077.6
4 8 0 -8 0 0 450.3 ThO,, Ph ,P (B) 449

T h( 140 3) ,  • 2-o-phen • 2 EtAc

2 5 -  80 1016.7 T h(N 03), • 2-o-plien • 2 EtAc 1016.7
4 4 0 -8 0 0 270 ThO , (C) 264

T h (N 0 3) t ■ 2 UM-o-phen ■ 4 l l tO

2 5 -  80 968.6 T h(N 03)4 • 2 DM-o-phen • 4 11,0 968.6
100 140 926.5 T h(N 03)4 ■ 2 DM-o-phen ■ 2 H20 (D) 932.6
320 340 694.9 Th(ÍMÜ3)4 • o-piien • 2 H 2ld (E) 696.2
4 4 0 -8 0 0 273.7 ThOf (F) 264

T h (1403)г • 2 dipy amine

2 5 -1 4 0 822.46 Th(N0 3)2 • 2dipy amine 822.46
4 2 0 -8 0 0 310 mix. (H)

T h (N 0 3) t ■ 2p y  N-oxide • EtAc

2 5 -2 0 0 758.3 T h(N 03), • 2py iV-oxide • EtAc 758.3
300 800 265.4 ThO, (J) 264

T h (N 0 3) t • 4picolinic acid • 4 H 20

80 — 100 1044.6-981.9 T h(N 03)4 • 4picolinic acid 972.6
2 1 0 -2 4 0 835.7 T h(N 03)4 • 3 picolinic acid (E ) 849.33
500 800 376.1 T h 0 (N 0 3), (L) 372

T h (NO,), ■ 2 p ipy  ■ 6 11,0

2 5 -  80 758 Th(NOs)4 • 2pipy • 6 I I ,0 758.4
4 6 0 -8 0 0 485 Th(NOs)4 480

Where M 0|,s. — observed molecular weight, Afca| calculated molecular weight 
The letters indicate interm ediate stages
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Table III

Conductivities o f some thorium nitrate complexes in  different solvents

Compound
Л ohn ~1 cm2

MeCN J)MF

T h(N 03)4 • 1.5 D iPhO S ethane dioxide w —

T h(N 03)4 • 2(o-phen) • 2 EtA c - 65
Th(N 03)4 • 1.5(2,2\ 2” -tripy ) w -
Th(N 03)4 • 2.hipy • 4 H 20 — W
Th(N 03)4 ■ 1.5 DM -bipy — w
T1i(NO;;)4 • 2-dipy am ine — w
Th(NU3)4 • 2(py JV-oxide) • EtAc — 73
Th(IS03)4 • 4(picolinic acid) • 4 II20 — 136
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A num ber of 0 ,0-diethylphosphonotbioyl d ithiocarbam ate derivatives of the
type (»/s-R)2M{S2C N H PS(O Et)2}Cl [R =  CSH5, CH3C5H 4, C9H 7; M =  Ti(IV), Zr(lV) and 
OMo(VI)J have been synthesised and characterised  on the basis of elem ental analyses, 
magnetic m easurem ents, electrical conductance and  spectral studies (IR , NM R, UV 
and visible).

Introduction

P o tassiu m  0 ,0 -d ie th y lh p o sp h o n o th io y l d ith io c a rb a m a te  is usefu l for 
th e  p re p a ra tio n  o f  c e r ta in  in sectic idal h e te ro cy c lic  com pounds [1]. B eside its  
biological s ign ificance , th e  0 ,0 -d ie t.hy lphosphono th ioy l d ith io c a rb a m a te  ligand  
has a s tru c tu ra l im p o rta n c e , too . I t  can  fo rm  e ith e r  m o n o d en ta te  or b id e n ta te  
m e ta l com plexes. O u r in te re s t  in  th e  in v e s tig a tio n  o f the b o n d in g  m ode of 
v a rio u s  d ith io c a rb a m a te  ligands [2 — 5], p ro m p te d  us to  sy n th esise  a few 
com plexes o f 0 ,0 -d ie th y lp h o sp h o n o th io y l d ith io c a rb a m a te  o f  th e  ty p e  
(tj5-R )2M{S2C N H P S (O E t)2}Cl [R  c y c lo p en tad ien y l (C5H 5), m cth y lcy c lo p en - 
ta d ie n y l (C Il3C5H.t), in d e n y l (C ,H 7); M =  T i(IV ), Zr(IV ) an d  O M o(V I)]. 1R 
an d  UY sp ec tra l s tu d ie s  d em o n stra te  th a t  in  th e se  com plexes th e  d ith io c a rb a 
m a te  g roup  is b id e n ta te  sim ilar to  th o se  re p o r te d  earlie r [2 — 5]. C o n d u c tiv ity  
m easu rem en ts  in  n itro b en zen e  so lu tion  in d ic a te  th a t  these  com plexes a re  non- 
-c lec tro ly tcs . T he com plexes are fa irly  s ta b le  in  in e r t  a tm osphere  b u t  decom pose 
on s ta n d in g  in  a ir.

Results and D iscussion

T he p re p a ra tio n  o f th e  com plexes m a y  be  rep re sen ted  by th e  follow ing 
general e q u a tio n :

(tj*-R)2MCl2 -f (E tO )2PS N H C S 2~ K + — (tj5-R )2M{S2C N U P S (O E t)2}Cl +  KC1

* P art of the paper presented a t  Seminar on “ R ecent Trends in M elalorganic Chem istry” , 
26 — 28 March, 1981 Ja ip u r (India).

* * To whom correspondence should be addressed.
1 From  Ph. D. Thesis of G. S. S..

viel« Ciliin. Acad. Sei. Hung. I l l , 1()82



208 S O D l l I ,  K A U S H I K :  D I T H I O C A R B A M A T E  D E R I V A T I V E S

A ll th e  com plexes are  so lu b le  in  ace to n e , DM SO, T H F  an d  p a r t ly  so lu b le  
in  h a lo g e n a te d  h y d ro carb o n s. T h ese  a re  k in e tic a lly  re a c tiv e  an d  decom pose  on 
s ta n d in g  in  a ir. M agnetic su sc e p tib il i ty  va lu es  a t  ro o m  te m p e ra tu re  show  th a t  
a ll c o m p o u n d s  are d ia m a g n e tic . T h e  m olar co n d u c tan ce  o f  10 3 M  so lu tio n  
o f th e s e  com plexes in  n itro b e n z e n e  w ere fo u n d  to  he o f th e  o rder o f  0.5 o h m 1 
c m 2 m o le - 1 . These c o n d u c tiv ity  re su lts  in d ic a te  th e  co v a len t n a tu re  o f  th e  
c o m p o u n d s  an d  th e  absence o f  ionic species in  so lu tio n . T ab le  I  lis ts  th e  a n a ly t 
ica l d a ta  an d  some p h y sica l c h a ra c te r is tic s  o f th e  com plexes.

Table I

Analytical data and physical characteristics

Compound Colour
Dec.

Temp.
°C

Conductiv
ity Data 

■>>
molarity X
103 =  0.3

(%) Found (Calc.)

M S Cl N

(*/'-C5H 5)2Ti(DPD)Cl Yellow 208 0.52 10.56
(10.47)

20.86
(20.98)

7.86
(7.76)

3.12
(3.06)

(1/5-С11зС5Н 4)2гП (и Р 1))С1 Pale
yellow

192 0.50 9.93
(9.86)

19.85
(19.77)

7.40
(7.31)

2.79
(2.88)

(ij5-C9H 7)2Ti(DPD)Cl Yellow 176 0.52 8.64
(8.59)

17.30
(17.22)

6.43
(6.36)

2.59
(2.51)

('/5-C5H 5)2Zr(DPD)Cl Pale
yellow

136 0.51 18.31
(18.21)

19.25
(19.17)

7.17
(7.08)

2.85
(2.79)

(ijs-CH3C5H 1)2Zr(DPD)Cl Pale
yellow

131 0.54. 17.33
(17.25)

18.24
(18.15)

6.65
(6.71)

2.58
(2.64)

fo5-C9H 7)2Zr(DPD)Cl Light
brown

102 0.53 15.26
(15.18)

15.89
(15.98)

5.81
(5.90)

2.40
(2.33)

(»75-C5H 5)jMoO(DPD)CI Brown 198 0.50 18.90
(18.98)

18.89
(18.98)

7.11
(7.02)

2.83
(2.76)

(j75-CH sC5H 4)2MoO(DPD)CI Brown 192 0.52 17.88
(17.98)

17.90
(17.99)

6.72
(6.65)

2.70
(2.62)

(?j5-C9H 7)2MoO(DPD)C1 Brown 168 0.51 15.92
(15.84)

15.76
(15.85)

5.95
(5.86)

2.39
(2.31)

(D P D ): 0,0-diethylphosphonothioyl dithiocarbam ate 
(“) in  ohm -1 cm2 mole-1

W h e th e r  the  d i th io c a rb a m a te  group  is m o n o d e n ta te  or b id e n ta tc , is 
re f le c te d  in  th e  r(C— S) s tre tc h in g  freq u en cy . T h e  presence o f o n ly  one 
s tro n g  b a n d  in  th e  ^ -1000  c m -1  reg ion , su p p o rts  a b id e n ta te  b e h a v io u r  o f 
th e  d ith io c a rb a m a te s , a d o u b le t be ing  ex p ec ted  in  th e  1000 ^  50 c m -1  in  th e  
m o n o d e n ta te  behav iou r [6 —8 ]. H ence from  a s t ru c tu ra l  v iew po in t, I R  sp ec 
tro s c o p y  serves to  d is tin g u ish  b e tw een  a m o n o d e n ta te  an d  b id e n ta te  d i th io 
c a rb a m a te  group. All th e  co m p lex es, re p o rte d  in  th is  co m m u n ica tio n  possess 
o n ly  o n e  m edium  a b so rp tio n  b a n d  a t  ~ 1 0 0 0  c m -1  w hich  su p p o rts  th e  b id en -
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t a t é  n a tu re  o f th e  d ith io c a rb a m a te  lig an d  an d  also suggests t h a t  th e  ligand 
is ch e la tin g  in  all th e  cases.

T he b an d  a ro u n d  1370 c m -1 is assigned  to  th e  v(C— N) s tre tc h in g  
freq u en cy . T he o ccu rrence  of th is  h a n d  a t  low er energy as c o m p a re d  w ith  
th o se  o f  th e  co rresp o n d in g  d ia lk y ld ith io c a rb a m a te  com plexes [4] in d ica tes  
co n sid e rab ly  less doub le  bond  c h a ra c te r  o f  th e  (C— N) bond in  th e se  com plexes. 
T h e  presence o f e th o x y  groups in  th e  d ith io c a rb a m a te  m o ie ty  con sid erab ly  
w eakens th e  d r if t o f  e lec trons to w ard s  th e  su lp h u r  a tom s due to  s tro n g  electron  
w ith d ra w in g  m esom eric  effect an d  th e re fo re  th e  double b o n d  fo rm a tio n  of 
th e  (C— N) bo n d  is considerab ly  less in  0 ,0 -d ie th y lp h o sp h o n o th io y l d ith io 
c a rb a m a te  com plexes, as com pared  to  th o se  o f d ia lk y ld ith io c a rb a m a te s .

A b so rp tio n s ow ing to  th e  P = S  s tr e tc h in g  v ib ra tio n s  occur a t  ^ 7 5 0  c m '1. 
T h e  free ligand  show s th is  a b so rp tio n  a t  ~ 7 6 0  c m -1 . Since th e re  is n o  sign ifi
c a n t  sh if t o f r ( P = S )  in  th e  com plexes, as co m p ared  to  th e  lig an d , i t  is  u n lik e ly  
t h a t  th e  a tom  a tta c h e d  d irec tly  to  th e  p h o sp h o ru s  could ac t as a c o o rd in a tin g  
c e n tre .

T he s tro n g  ab so rp tio n s  a t  ~ 1 1 Ю  c m -1  are  ch a ra c te ris tic  o f  th e  C O 
s tre tc h in g  v ib ra tio n  in  C2H 5O P g ro u p , w hile  th a t  a t  ~ 3 0 7 5  c m -1  a re  due to  
th e  N —II  s tre tc h in g  frequencies. T h e  m ed iu m  in te n s ity  h a n d s  in  th e  range 
365 — 345 c m -1 a re  assigned  to  th e  m e ta l  su lp h u r  v ib ra tio n a l freq u en c ies  [9]. 
T h e  presence o f Mo =  0  g roup  in  m o ly b d e n u m  d eriv a tiv es  is co n firm ed  by  the  
a p p e a ra n c e  o f a sh a rp  ab so rp tio n  b a n d  a t  ~ 9 0 0  c m “ 1. The re le v a n t  IR  d a ta  
a re  dep ic ted  in T ab le  I I .

T ab le  I I

R e le v a n t in fr a r e d  d a ta  (cm-1)

Compound r(M—S) I'(M—Cl) t»(C—-N) "(C--S) qR=S) v(c—о—P)

(i/s-C,II5)2Ti(DPl))CI 355 (m) 375 (m) 1375 (s) 1005 (s) 755 (in) 1125 (s)
();s-cir3c5H4)2Ti(DPi))(:i 365 (m) 370 (m) 1380 (s) 1015 (s) 745 (m) 1120 (s)
C'J5-C8II7)2Ti(DPD)Cl 360 (m) 375 (m) 1370 (s) 995 (s) 750 (m) 1105 (s)
(jj*-C6II6)2Zr(DPD)Cl 345 (m) 380 (m) 1375 (s) 1005 (s) 750 (m) 1115 (s)
(if-CII3C,H4)2Zr(DPD)Cl 350 (m) 370 (m) 1360 (s) 1000 (s) 755 (m) 1110 (s)
(r;5-C,H,)2Zr(I)PD)Cl 345 (m) 380 (m) 1365 (s) 990 (s) 760 (in) 1105 (s)
(>/'-CtH5)2MoO(DPD)Cl 360 (m) 375 (m) 1360 (s) 1010 (s) 755 (in) 1105 (s)
(»/1-СН3СбН4)2МоО(1)РП)С1 355 (m) 385 (m) 1375 (s) 1000 (s) 745 (m) 1120 (s)
(r/i -C,H7)IMoO(DPD)CI 350 (m) 385 (in) 1370 (s) 995 (s) 750 (m ) 1125 (s)

(s) =  strong; (m) =  medium

T h e N M R sp e c tra  o f th e  com plexes a re  sim ple and easily  in te rp re te d . 
T h e  in ten sitie s  w ere d e te rm in ed  b y  p la n im e tr ic  in teg ra tio n  o f  th e s e  sp ec tra
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an d  th e  in te g ra te d  p ro to n  ra tio s  co rrespond  to  th e  fo rm u la

(rf-R )2M{S2C N H P S (O E t)2}Cl.

A lth o u g h  th e  e th o x y  p ro to n s  a re  d is ta n t from  th e  su lp h u r  a tom s, th e ir  re so 
n an ce  s ig n a ls  are sh ifted  to  a low er field  as c o m p a re d  to  th e  free lig an d . T he 
s igna ls  o f  N M R  sp ec tra  are sh a rp , w ith o u t b e in g  sp lit  ind ica tin g  th e  non- 
-co ex is ten ce  o f m ono and b id e n ta te  d ith io c a rh a m a te  g roups in  th e  com plexes. 
T h is f a c t ,  how ever, does n o t im p ly  d irec tly  t h a t  th e  tw o  th io c a rb a m a tes  are  
b o n d e d  e q u iv a le n tly  since th e  p ro to n s  are  a t  a co n sid e rab le  d istance  from  th e  
m e ta l- s u lp h u r  bonds [10]. N ev erth e less , th e  s p e c tra  show  no tra c e  o f  free  
lig an d  in d ic a tin g  th a t  th e  ch e la tes  do n o t d isso c ia te  upon  d isso lu tion  in  
a c e to n e . W hereas th e  reso n an ce  due to  C5H 5 p ro to n s  occur as a sh arp  s in g le t, 
th a t  d u e  to  th e  C5H 4 p ro to n s  o f ?j5-C H ;iC5H 4 o b se rv e d  as a c o m p a ra tiv e ly  
b ro a d  p e a k . The N M R d a ta  a re  lis ted  in  T ab le  I I I .

T h e  e lec tron ic  sp ec tra  o f th e  com plexes, e x h ib it  a single h an d  in  th e  
24 7 0 0 — 24 350 c m -1 reg io n  w h ich  m ay  be a ss ig n ed  to  th e  charge tr a n s fe r  
h a n d  [ 11 , 12] in  accordance  w ith  th e  e lectron ic  c o n fig u ra tio n  (n—l)d°res° of 
th e  m e ta l  io n  in  each  case. T h e  d iam ag n etic  d ith io c a rb a m a te s  are of p a r tic u la r  
in te re s t  s in ce  th e y  do n o t a b so rb  in  m uch of th e  v is ib le  reg ion  of th e  sp e c tru m . 
H en ce  th e  a b so rp tio n  in  th e  U Y  reg ion  arising  as a  re su lt  o f th e  in te rn a l t r a n -

Talile I I I

Proton chemical shifts (6 ) and coupling constant data

Compound R —NH —POCII, —CHS

(i)5-C5H 5)„Ti(DPD)Cl R  C5H ,
6.0 (s)

4.82 4.18 (ni) 1.35 (t)
J  7.0 IIz

(r/’-CH3C:5H 4),Ti(DPD)Cl R CII3C,H, 
5.8 (s), 2.22 (s)

4.83 4.22 (m) 1.32 (t)
. /  7.2 Hz

(»y5-C9TI7)2Ti(DPD)Cl R C9H 7 
6.80 7.25 (m)

4.85 4.21 (in) 1.34 (t)
./ 7.1 Hz

(»r,-Y ,IQ 2Z r(I)P[))(.l R =  C d h  
5.98 (s)

4.80 4.17 (m) 1.36 (t)
. /  ~ 6.8 Hz

(j)5-CH3C5H 4)2Zr(DPD)Cl R =  CH3C5H4 
5.85 (s), 2.20 (s)

4.82 4.23 (m) 1.33
.1 7.0 Hz

(,ум :9117)2/ .г(Г)р п )<:1 R =  C9II, 
6 .8 2 - 7.32 (m)

4.80 4.18 (m) 1.30
.1 7.1 Hz

0y5-C5II5)2MoO(DPD)Cl R =  C5H , 
6.08 (s)

4.83 4.22 (m) 1.31
./ 7.0 Hz

(ij5-CII3C5H4)2MoO(DPD)C1 R =  СНзС.Д, 
5.82 (s), 2.21 (s)

4.85 4.17 (m) 1.34
J  — 6.8 Hz

(ij5-C9H7)2MoO(DPD)C1 R =  C9II7 
6.80 — 7.22 (m)

4.82 4.20 (m) 1.32
J  7.2 Hz
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sitio n s am ong th e  ch rom ophore  g roups p re se n t in  th e  lig an d  c a n  be stud ied . 
All th e  com plexes show  an  in ten se  h a n d  a t  ~ 3 5  000 c m -1 a r is in g  due  to  the  
я  —*■ я*  tra n s itio n s  o f th e  N — C— S group  [13, 14]. T h e  p o s itio n  o f this 
b a n d  is sh ifted  to  a low er en erg y  due  to  th e  elec tron  w ith d ra w in g  a b ility  of 
th e  am ine group in  th e  lig an d . A n o th e r b a n d  w hich is e x p e c te d  to  occur at 
~>30 000 c m -1 d u e  to  th e  я  —*• я*  tra n s i t io n  in  th e  S — C — S g ro u p , and  is 
assoc ia ted  w ith  th e  equ iva lence  o f  th e  C — S bonds, is no t o b se rv e d  as a prom i
n e n t  b an d  in  th e se  com plexes, show ing  th a t  th e  d ith io c a rb a m a te  ligand is 
b id e n ta te . This fac t is also  co n firm ed  by  IK  spectro scopy .

E xperim en ta l

The metal contents, nitrogen and sulphur were estim ated by s tan d a rd  m ethods [15]. 
N itrobenzene was purified for conductance m easurem ents by the m ethod  described by F ay 
el al. [16]. Various transition  m etal derivatives, (íj5-R)2T íC12 [17 — 19], (r;5-R )2ZrCl2 [19 — 21] 
and (íj5-R)2MoOC12 [22], (R  =  C5H5, CH3C5H 4 and CgH.) were prepared by  s tan d a rd  methods. 
Potassium  0 ,0-diethylphosphonothioyl d ith iocarbam ate was prepared by th e  m ethod  described 
by  A d d o r  [1].

Conductance m easurem ents were m ade in nitrobenzene a t 30.00 ^  0.05 °C using a 
Beckmann Conductivity Bridge (Model R . С. 18A). In  the magnetic m easurem ents mercury 
te tra th iocyanatocobalta te(II) was used as a calibrant. Solid sta te  IR  spec tra  were recorded 
in K B r pellets in the 4000—200 cm“ 1 region on a Perkin-Elm er 621 g ra ting  specthrophoto- 
m eter. Visible and UV spectra  were recorded on a C0 Russian recording spectrophotom eter 
and Beckmann DU-2 spectrophotom eter. ’H  NMR spectra were recorded a t  a sweep width of 
900 Hz w ith a Perkin-E lm er R-32 spectrophotom eter. Chemical shifts are expressed relative 
to an  internal reference to  TMS (1%  by volume).

Preparation o f complexes

Potassium  salt of 0 ,0-diethylphosphonothioyl dithiocarbam ate was refluxed  separately 
w ith  equim olar quan tities of transition m etal complexes of the type (?/6-R )2MCl2 [R =  С5НЙ, 
CH3C5H4, C9H ,; M =  Ti(IV), Zr(IV) and OMo(VI)] in dichlorom ethane for ab o u t 10 hrs. The 
ho t solution was filtered th rough  a G-4 sintered glass disk. The filtra te  w as concentrated  under 
vacuum . The products were obtained by  adding petroleum  ether (60 80 °C) to the concen
tra ted  filtra te  and allowing the m ixture to stand  overnight.

*

Our grateful thanks are due to the Council of Scientific and In d u s tria l Research, New 
Delhi, for the award of a Research Fellowship to one of the authors (G .S.S.).
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The scope of the Bischler synthesis has been extended to  the synthesis of the 
complex quinazoline derivatives 3b —3d, 5a — 5f, 6a, 6b, 7 and 8. R eductive cleavage 
of the C — N bond of all 4-(JV-monosuhstituted am inom ethyl)quinazolines te s ted  took 
place on trea tm en t w ith ethanol in the presence of acids or bases.

R e c e n tly  th e  pho to ly sis  [1] an d  th e rm o ly s is  [2] o f e th y l iV -(2-m ethyl- 
-4 -m eth y len e-6 ,7 -m eth y len ed io x y -3 ,4 -d ih y d ro -3 -q u in azo lin y l)-iV -p h en y lcarb a- 
m a te  (1) h av e  b een  s tu d ied . In  co n n ec tio n  w ith  th e  s tru c tu re  e lu c id a tio n  of 
th ree  c h a ra c te r is tic  p ro d u c ts  of th ese  re a c tio n s , viz. e th y l iV -(2-m ethyl-6,7- 
-m cthylenedioxy-4- qu inazo liny lm ethy l)-]V -pheny lcarbam ate  (2a) [1, 2 ], e th y l N- 
-[2 -(2 -m eth y l-6 ,7 -m eth y len ed io x y -4 -q u m azo lin y lm eth y l)p h en y l]-carb am ate(3 a) 
[1, 2] an d  e th y l  iV -[l,2 -b is(2 -m eth y l-6 ,7 -m eth y len ed io x y q u in azo lin y l)e th y l]-  
-ca rh am ate  (4) [2], a t te m p ts  to  sy n thesize  som e isom ers o f th ese  com pounds 
w ere u n d e r ta k e n . H ere  we w ish to  re p o r t  on  th e  syn theses o f th e  iso m ers  3b, 
5a* * an d  6a of 2a a n d  3a, as well as o f  th e  iso m ers  7 an d  8 o f 4.

T he k ey -s te p  o f all (successful a n d  unsuccessfu l) sy n th eses  w as th e  
B isch ler cy c liza tio n  [3, 4] (Schem e 1) o f  th e  a p p ro p ria te  2’-acy lan iIides (9d, 
10a—lOd, l i b ,  12c an d  13c) h y  h e a tin g  w ith  e th an o lic  am m o n ia  in  sealed  
tu b e s . W ith  th e  e x c e p tio n  of com pound  10a w hich  co n ta in s a free  N H  group  
a  to  th e  k e to  g ro u p , all o th e r  2’-acy lan ilides te s te d  fu rn ish ed  th e  co rresp o n d in g

Scheme 1

* To whom correspondence should be addressed.
** 5a could, in principle, have been form ed by  a photo-Fries type rearrangem ent of 2a.

7 Acta Cliim. Acad. Sei. Ilung. I l l , 1982
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a : Y =H, Z =  —XH—COOEfc 
b: Y ——XH—COOEt, Z — H 
c: Y = —XHj, A - H 
d: Y——NHAc, Z -  H

b:
c:
d:
e:
f :

R — Kt, Z =  H 
R =  Et, Z =  —CHO 
R =  Kt, Z =  Ac 
R = Kt, Z — —COOCH2rh  
R-- H, Z =  Ac 
R =  H, Z =  —GOOCH 2Ph

a: R -COOEt 
b :  K -  1 £

^Ie
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a: X =  H, Z =  X 0 2 
b: X =  Z =  X 0 2 
c: X =  Z =  N H ä 
d: X =  Z =  —NllAc

Z

a: Z =  H 
b: z = —CHO 
c: Z =  Ac
d: Z =  —COOCHjI’h

a: X = C 1 ,  Y = H a: K =  -CH>P)|
b: X =  —N'HPll, Y =  H b: R =  И
et X  =  — NHCHjPh,  Y = H c: R = —COOEt
d: X =  H, Y = B r

a: R = —CH2Ph 
b: R  =  H 
c: R = —COOEt

I Acla Cilim. Acail. Sei. Hung. I l l ,  I9U2
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q u in a z o lin e s  (3d, 5b — 5d, 6b, 7 an d  8 , re sp ec tiv e ly ) in  31 — 78%  yie lds. T hese  
cy c liza tio n s  are  ex ten sio n s fo r  th e  p re p a ra tio n  o f  fu n c tio n a lized  qu in azo lin e  
d e r iv a tiv e s  o f  th e  B isch le r q u inazo line  sy n th esis  [3, 4 ].

Som e b y -p ro d u c ts  w ere fo rm ed  in  th e  rin g  c losures o f the ty p e  10 co m 
p o u n d s . I n  th e  b series th e y  w ere id en tified  as 5a, e th y l  4 -am inobenzoate , an d , 
p ro b a b ly , 10a, i.e. th e  iV -deform ylation  p ro d u c ts  o f  the  s ta r tin g  co m p o u n d  
(10b) a n d  o f its  cy c liza tio n  p ro d u c t (5b), re sp e c tiv e ly . E th y l 4 -am in o b en zo a te  
w as th e  o n ly  id en tif ied  p ro d u c t (85%  yield) o f th e  a tte m p te d  B isch ler cycli- 
z a tio n  o f  10a; considerab le  am o u n ts  of ta rs  w ere fo rm ed  in  ad d itio n .

S uccessive iV -d eace ty la tio n  o f  3d a n d  IV -e th o x y carb o n y la tio n  o f  th e  
re su ltin g  3c co m p le ted  th e  sy n th es is  of th e  q u in azo lin e  3b, and  iV -cthoxy- 
c a rb o n y la tio n  o f 6b fu rn ish e d  6a. T he iV -deacy la tions of com pounds 5b — 5d, 
on th e  o th e r  h an d , p re se n te d  d ifficu lties. B o th  th e  base- and  a c id -ca ta ly zed  
a lcoho lyses (or hyd ro lyses) led  to  com plex m ix tu re s  w ith  e th y l 4 -am in o b en zo a te  
bein g  th e  m a in  p ro d u c t in  sev era l cases. 2 ,4 -D im eth y l-6 ,7 -m cth y len cd io x y - 
q u in azo lin e  w as also o b ta in e d  in  som e cases;* th e  fo rm atio n  o f th e se  tw o  
p ro d u c ts  is a p p a re n tly  th e  re su lt o f red u c tiv e  c leav ag e  o f th e  4-C H 2—N %  
h o n d  o f  th e  s ta r tin g  c o m p o u n d s; th e  n a tu re  o f  th is  p rocess is no t clear. In  som e 
cases (see E x p e rim e n ta l)  th e  desired  IV -deacylated  p ro d u c t 5a w as fo rm ed  in  
a d d itio n  to  th e  p ro d u c t o f h y d ro ly sis  of th e  e s te r  g ro u p  (5e and  5f). A tte m p te d  
h y d ro g en o ly s is  an d  d e c a rb o x y la tio n  of co m p o u n d  5d to  o b ta in  5a fa iled , 
p ro b a b ly  because  of c o n c o m ita n t h y d rogen  a d d itio n  to  th e  n itro g e n -c o n ta in 
ing r in g  (cf. R ef. [7]).

T h e  in te rm e d ia te  2 ’-acy lan ilides w ere o b ta in e d  b y  s tra ig h tfo rw a rd  
m e th o d s . T h u s , n i tra t io n  o f  co m p o u n d  9a fu rn ish e d  9b w hich was red u ced  a n d  
a c e ty la te d  to  o b ta in  9d. C om pound  l i d ,  o b ta in e d  b y  tre a tin g  2,-ace ty l-4 ’,5 ’- 
-u ie th y len cd io x y ace tan ilid c  [2 ] w ith  brom ine in  d ich lo ro m eth an e , w as allow ed  
to  re a c t  w ith  e th y l 4 -am in o b en zo a te  and  th e  r e s u ltin g  10a was IV -acylated  
w ith  a c e tic  form ic a n h y d rid e , ace tic  an h y d rid e  a n d  benzy l ch lo ro fo rm atc , 
re sp e c tiv e ly , to  o b ta in  com pounds 10b—lOd. A b y -p ro d u c t of th e  a c e ty la tio n  
o f c o m p o u n d  10a w as co m p o u n d  14 w hich, u n d e r  a p p ro p ria te  co n d itions (see 
E x p e r im e n ta l)  becam e th e  m a in  p ro d u c t. C o m p o u n d  14 w as also fo rm ed  on  
re f lu x in g  10c w ith  excess ace tic  an h y d rid e . W h en  h e a te d  w ith  e th an o lic  a m 
m o n ia , i t  fu rn ish ed  5c. T re a tm e n t o f  com pound  11a  w ith  aniline a n d  b en zy l- 
am in e , re sp ec tiv e ly , fu rn ish e d  11b an d  11c. T h e l a t t e r  was allow ed to  re a c t 
w ith  l i d  to  o b ta in  12a, w hich  w as successively  iV -debenzy la ted  an d  iV -ethoxy- 
c a rb o n y la te d  to  y ie ld  co m p o u n d  12c via 12b. W h e n  allow ed to  re a c t w ith  
b en zy lam in e  (0.5 m ol fo r 1 m ol of l id ) ,  l i d  fu rn ish e d  13a w hich w as s im ila rly  
c o n v e rte d  in to  13c via  13b.

* Sim ilarly, the acid-catalyzed reaction of e thy l iV-(2-methyl-6,7-methylenedioxy-4- 
-quinazolinylm ethyl) carbam ate (2b) w ith ethanol led to  th e  form ation of 2,4-dimethyl-6,7- 
-m ethylenedioxyquinazoline and e th y l carbam ate.
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Experimental

IR  and UV spectra were recorded w ith H ungarian O ptical W orks (B udapest) Type 
Spektrom om  and U nicam  Type SP 700 spectrom eters, respectively. The 41-N M R spectra 
were obtained, except where noted, a t 60 M ilz in  CDCL, solution on a P erk in-E lm er Type R 12 
spectrom eter w ith TMS as in ternal reference. The mass spectra were obtained  on a Varian 
MAT 311A (G rant No. 511—3809 from  the Danish N atu ral Science R esearch Council) by elec
tro n  im pact (70 eV) and using direct insertion.

3%4, -M ethylenedioxy-2-(4-nitroplicnyl)acetoplienone (9a)

AlClj (6.6 g; 50 mmol) was added a t —35 °C to  a m ixture of 1,3-benzodioxole (6.1 g; 
50 mmol), p-nitrophenylacety l chloride (10.0 g; 50 mmol) and dichlorom ethane (50 mL) with 
continuous stirring. S tirring  was continued a t  this tem perature  for 3 h , and  the resulting 
purp le  m ixture was poured in to  w ater (50 mL). The organic layer was washed w ith water, 
5%  aqueous NaOH and w ater, dried (M gS04) and evaporated to  dryness. The residue was 
crystallized from ethanol to  ob tain  7.2 g (51% ) of compound 9a, m .p. 143 °C.

C16H „ N 0 6 (285.25). Calcd. N 4.91. Found N 4.95% .
IR  (K Br): 1670 cm “ '.

4,,5 ,-M ethyleiiedioxy-2,-nitro-2-(4-nitroplienyl)acctophenone (9b)

A m ixture of com pound 9a (1.45 g; 5 mmol) and cone. H N 0 3 (<1 1.41; 20 m L) was stirred 
for 30 min a t 20 °C and then  poured onto ice (30 g). The resulting crystalline product was 
washed w ith w ater and  recrystallized from BuOH to  obtain 1.52 g (92% ) of compound 9b, 
m .p. 190 °C.

CislluiN.>0, (330.25). Calcd. C 54.35, H 3.05, N 8.64. Found C 54.55, H  3.05, N 8.48%.
IR  (K Br): 1710 cm ’ 1.

2’-(Acetylainino)-2-(4-acetylam inophenyl)-4,,5 ,-methylenedioxyacetophenone (9d)

A suspension of com pound 9b (0.95 g; 2.9 mmol) in ethyl acetate  (100 m L) was reduced 
in th e  presence of an  8%  Pd/C ca ta ly st (1.0 g) a t ordinary pressure and  room  tem perature. 
A fter the uptake of the calculated am ount of hydrogen, the ca ta ly st was filtered off and 
the filtra te  evaporated to  dryness. The crude 9c was taken  up in d ichlorom ethane (10 mL) 
and  the resulting suspension stirred  w ith acetic anhydride (1 mL) u n til a clear solution was 
formed from which p recip ita tion  of the colourless crystals of the title  com pound 9d soon 
sta rted . The product (0.65 g; 63.9% ; m .p. 267 — 269 °C) was filtered off and washed with ether.

С9Н 1(Д ,0 6 (354.35). Calcd. C 64.40; H 5.12, N 7.91. Found C 64.41, H 5.22, N 7.85%.
IR  (K Br): 3250, 3100, 1690, 1660 and 1640 c m - '.

Ethyl 4- [(2 ,-acetylam ino-4’,5’-m ethylenedioxyphenacyl)amino] benzoate (10a)

A m ixture of com pound l i d  (see below) (1.5 g; 5 mmol), ethy l 4-am inobenzoate (5.0 g; 
30 mmol) and E tO H  (50 m L) was refluxed for 3 h. The m ix ture  rem ained heterogeneous 
th roughout. After cooling, the crude product was filtered off and recrystallizcd from DMF 
to  yield 1.0 g (54% ) of pure 10a, m .p. 259 — 260 °C.

C.,0IL 0N.,O„ (384.48). Calcd. C 62.49, H 5.24, N 7.29. Found C 62.71, H  5.37, N 7.28%. 
IR  (K Br): 3450, 3200, 1730, 1700 and 1650 cm “ '.

ÍV-Formylation of compound 10a

Compound 10a (2.0 g) was refluxed w ith acetic formic anhydride (10 mL). The mixture, 
was evaporated to  dryness. W hen tr itu ra ted  w ith ether, the oily residue tu rn ed  crystalline. 
Recrystallization from  E tO H  furnished 83%  of compound 10b. m .p. 169 °C.

Co,H„0N..O, (412.39). Calcd. C 61.16, H  4.89, N 6.79. Found C 61.06, 11 4.78, N 6.95%. 
IR  (KBr): 1720 b, 1695 and 1650 c m " 1.
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'H -N M R : <5 1.40t +  4.35q, C O O E t; 2.15s, Ac; 5.1s, COCH2N ; 5.95s, 0 C II20 ;  7.2s, 
3’-H ; 7.15 +  8.05, AA’BB’ spectrum , Jgem — 8.5 Hz, A ril’s of p -d isu b stitu ted  benzene ring; 
8.35s, 6’- I I ;  8.65s, formyl-H.

Reaction of compound 10a with acetic anhydride

(а) A  m ixture of com pound 10a (3.84 g; 10 mmol), acetic anhydride (2.0 g; 20 mmol) 
and d ry  d ioxane (80 mL) was re fluxed  for 11 h. During th is period th e  original suspension 
g rad u a lly  tu rn ed  into a clear so lu tion  w hich was then evapora ted  to  dryness in vacuum . 
The oily  b row n  residue was tr i tu ra te d  w ith  ether to obtain  3.67 g (86% ) of the crystalline 
com pound 10c, m.p. 170 —172 °C (from  E tО II).

C22H 22N„07 (426.42). Calcd. C 61.96, I I  5.20, N 6.57. Found  C 62.06, H 5.49, N 6.37% .
I R  (K B r): 3250, 1730, 1700 an d  1670 c m '1, b.
■H-NMR: <5 1.4t +  4.4q, C O O E t; 2.0s and 2.2s, tw o Ac groups; 5.0s, COCH2N; 6.0s, 

OCH20 ;  7.1s, 3’-H; 7.4 +  8.1, AA’B B ’ spectrum , J gem -  8.5 Hz, A r i l ’s of p -d isubstitu ted  
benzene ring ; 8.35s, 6’-H.

(б) A m ixture of com pound 10a (7.7 g; 20 mmol) and acetic anhydride (53 mL) was 
refluxed  fo r 2 h  and evaporated to  d ryness in  vacuum. The resu lting  brown oil was taken  up 
in  e th e r an d  allowed to  stand for several days in a refrigerator to  ob ta in  crude 14 as a yellow 
solid (4.9 g, m.p. 142 — 150 °C), w hich  a fte r recrystallization from  E tO H  furnished 1.9 g 
(23% ) of pu re  14, m.p. 1 4 2 -1 4 3  °C.

C22H.2ON2O0 (408.41). Calcd. N  6 .86. Found N 6.80%.
IR  (K B r): 1705, 1665 and 1595 c m - 1.
‘H -N M R : ö 1.38t +  4.35q, J  --- 7.1 H z, COOEt; 1.87s, С-Me; 2.12s, Ac; 5.94s, OCH.,0; 

6.36 b s , = C H  —; 6.46s and 6.82s, 5-H  and  8-H; 7.35 +  8.02, AA’B B ’ spectrum , A ril’s of 
p -d isu b s titu te d  benzene ring.

MS (165 °C), m/z (rel. in t.): 408 (M+% 100), 366 (50), 365 (87), 363 (8), 337 (30), 309 
(37), 292 (8), 264 (6), 263 (5), 243 (3.2), 206 (4.3), 191 (92), 190 (47).

W h en  the filtrate of crude 14 w as concentrated and allowed to  stand  for several days, 
1.2 g (14% ) of crude 10e was ob tained .

(c) A m ixture of com pound 10c (4.26 g; 10 mmol) and  acetic anhydride (30 mL) was 
refluxed  for 2 h (whereby the colour of th e  solution gradually  tu rn ed  from yellow to  red) 
and  allow ed to  stand overnight. E v a p o ra tio n  of the solvent fu rnished an oily product which 
was ta k e n  up  in ether (25 mL). F ro m  th e  resulting solution com pound 14 soon sta rted  to  
p re c ip ita te  in  crystalline form. T he p ro d u c t (2.40 g; 69%) was collected nex t morning and 
proved  id en tica l (IK) w ith the p ro d u c t obtained according to  (b). The filtra te  of compound 
14 d eposited , after standing for a fo r tn ig h t, 0.62 g (14.5%) of unchanged sta rting  com pound.

iV-Benzyloxycarbonylatioii of compound 10a

A m ix tu re  of compound 10a (3.8 g; 10 mmol), anhydrous dioxane (150 mL) and benzyl 
ch lo ro fo rm ate  (50 mL) was refluxed u n til, according to  TLC (Kieselgel P F 254 +3r(f(; benzene- 
acetone, 10 : 1) the starting 10a h a d  been used up com pletely (about 1 h), and poured onto 
ice (200 g). The resulting emulsion w as m ade alkaline w ith 5%  aqueous N aOH  and extracted  
w ith  СЫ2С12. The oily residue, o b ta ined  b y  usual work-up of the  organic phase, turned  crystal
line w hen  tr itu ra ted  w ith light pe tro leum  to  yield 5.1 g (98% ) of com pound lOd, m.p. 172 
173 °C w hich, after being washed w ith  e ther, proved homogeneous (TLC).

C.,8H o6N00 8 (518.51). Calcd. C 64.85, II 5.05, N 5.40. Found  C 64.74, II 5.02, N 5.27% .
IR  (K B r): 3250, 1720, 1705 and  1665 c m "1.
H l-N M K : Ő 1.35t +  4.3 q, C O O E t; 2.15s, Ac; 4.9s and  5.1s, COCILN and benzyl 

m eth y len e ; 5.95s, 0C II20 :  7.15 -f- 7.90 AA’BB’ spectrum , Jg em =  8.5 Hz, A r il’s of p-disub- 
s t itu te d  benzene ring; 7.2s, 611, Ph  -j“ З’-TT; 8.3s, 6’- II.

2’-Acetyl-2-chloro-4’,5’-methyleneilioxyacctaniH<le (11a)

C hloroacetyl chloride (12 m L ; 0.15 mol) was added, w ith  stirring  and ice-cooling, to  a 
suspension of 2’-amino-4’,5’-inethylenodioxyacetophenono [2] (17.9 g; 0.1 mol) and Na2C 0 3 
(8.0 g; 76 mmol) in dichlorom ethane (200 mL). The m ixture was stirred  for 30 min a t room 
te m p e ra tu re . The colourless crysta lline  product was filtered off, thoroughly  washed w ith
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w ater and th en  successively w ith small am ounts of m ethanol and ether lo ob ta in  23.5 g (92% ) 
of th e  iV-chloroacetyl derivative 11a, m .p. 176 177 °C (E tO ll).

Cn H 10ClNO4 (255.66). Calcd. Cl 13.87, N 5.48. Found Cl 13.60; N 5 .24% .
1R (K B r): 1680 and 1650 cm -1.

2’-Acctyl-2-aniliiio-4,,5,-mcthylenedioxyacetaniliclc ( l ib )

A m ixture of com pound 11a (1.27 g; 5 m m ol), aniline (7 mL) and an hyd rous E tO H  
(35 mL) was refluxed for 15 h. The product (0.87 g; 54% ) separated from the resu lting  dark 
solution in the form  of colourless needles, m .p. 168 °C.

C17H leN20 4 (312.32). Calcd. C 65.37, II 5.16, N 8.97. Found C 65.45, H  5.38, N 9.22% . 
1R (K B r): 3350, 1675 and 1650 c m " 1.

2,-Acelyl-2-benzy!aiiiiiio-4,,5’-met!iylcncdioxyacetaniIidc ( l i e )

A m ixture of com pound 11a (25.6 g; 0.1 mol), acetonitrile (350 mL) an d  benzylam ine 
(27 m L; 0.25 mol) was refluxed for 3 h. The crystals o f benzylaminonium chloride soon started  
to  precip ita te  from  the resulting clear solution. The m ixture was allowed to  cool, th e  salt 
was filtered off and the filtra te  evaporated to dryness in  vacuum . The oily residue was tr itu ra ted  
w ith w ater to  obtain  19.6 g (60% ) of compound l i e ,  m .p. 118 °C (EtOH).

C18H j8N20 4 (326.35). Calcd. C 66.24, H 5.56, N  8.59. Found C 66.16, H. 5.67, N 8.76%.
1R (K B r): 3200 and  1640 cm ” 1.
4I-N M R : <$ 2.58s, Ac; 3.45s, C0C1I2N; 3.88s, NCH2Ph; 6.00s, OCII.,0; 7 .1 5 -7 .6 0 m , 

611, I>h +  6’-II; 8.48s, 3’-H.

2’-Broinoacclyl-4’,5,-mcthyIcnedioxyacetaiiili<Ie ( l id )

Bromine (0.54 m L; 10 5 mmol) was added  to  a solution of 2’-acetyl-4’,5’-m ethylene- 
dioxyacetanilide [2) (2.2 g; 10 mmol) in CH2C12 (30 m L ), and the m ixture was s tirred  for 10 h 
a t room tem perature . The brown colour gradually  faded and a colourless p ro d u c t deposited. 
The la tte r was filtered  off and washed w ith E tO II  (whereupon it turned yellow) to  obtain 
2.1 g (70% ) of com pound l i d ,  m.p. 187 °C (rem aining unchanged on recrystallization  from 
dioxane).

Cn I I 10BrNO4 (300.12). Calcd. C 44.02, 11 3.36, N  4.67. Found C 43.87, 11 3.35, JN 4.46% .
IR  (K B r): 3250, 1720 and 1660 cm -1 .

Preparation of eom pound 12a

A solution of compound l i e  (3.26 g; 10 m m ol) in  acetonitrile (100 m L ) was trea ted  
w ith  com pound 11a (3.00 g; 10 mmol) and Na2CO;j (3.00 g; 28 mmol). The resu lting  suspension 
was refluxed for 3 h w ith stirring and allowed to  cool. The light yellow crystalline product 
was filtered off, washed successively w ith aceton itrile , w ater, methanol and e th e r  to  obtain 
3.93 g (72% ) of com pound 12a, m.p. 185 —187 °C. Since, according to the HI-INIVIR spectrum , 
the crude product was sufficiently pure, it was sub jec ted  to  debcnzylation (see below ) w ithout 
fu rther purification.

IR  (K B r): 3100, 1675 and 1630 cm ” 1.
‘H-NM R (CDC1-, -f* D20  ): Ő 2.23s, Ac IN: 2.57s, A c -A r ;  3.58s, N CO CHf N; 

4.02s and 4.05s, Ar — CO — CH2 —N and N — CH2 A r’; 5.95s -f- 6.00s, two O CH 20  groups; 
7.0 — 7.7m, 7H , P h  -f- two A r il’s ortho to  the tw o acylam ino groups; 8.32s an d  8.38s, two 
A r i l ’s ortho to  the tw o acyl groups.

Debcnzylation

Compound J2a (5.46 g; 10 mmol) was liydrogenolyzcd in dioxane solu tion  (50 mL) 
in the presence of an  8%  Pd —C catalyst a t am b ien t tem perature . After the u p tak e  of the cal
culated am ount of hydrogen, the m ixture was hea ted  to  its boiling point, th e  ca ta ly s t was 
rem oved by filtra tio n  from  the hot solution and  w ashed w ith dioxane. The com bined filtra te  
and washings were concentrated  to a small volum e and  allowed to cool to  o b ta in  3.0 g (66% ) 
of com pound 12b as yellow crystals, m.p. 215 °C (D M F).
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C22H 21N 30 8 (455.41). Calcd. C 58.02, H 4.65, N 9.23. Found  C 57.83, H 4.69, N 9.13% . 
IR  (K B r): 3070, 1680 and  1635 c m '1.
1H -N M R  (DMSO-dfi; reference DMSO-ds 2.50): <5 2.10s, A c -N ; -  2.5s, Ac —A r, 

m erged w ith  the reference signal; 3.28s and 3.37s, IN — CO — CH2—N and H D O ; 4.10s, 
Ar — CO — CH2 — N; 6.08s, 4H , tw o OCH20  groups; 7.45s, 7.50s, 7.97s and 8.24s, four A r i l ’s.

Ethoxycarbonylation

A suspension of com pound I 2b (2.3 g; 5 mmol) in anhydrous dioxane (200 m L) was 
tre a te d  w ith  ethyl chloroform ate (1.2 mL; 13 mmol) and  refluxed with continuous stirring  
w hereby a clear solution was gradually  formed. After abou t 20 min another portion of e thy l 
ch loroform ate (1.2 mL) and pyrid ine (0.8 mL; 10 mmol) were added. The m ixture was refluxed 
for fu r th e r  30 min, trea ted  w ith charcoal and poured onto  ice. The resulting aqueous solu tion  
was ex tra c te d  w ith d ichlorom ethane. The oil residue, ob ta ined  after conventional w ork-up 
of th e  dichlorom ethane solution, w as tritu ra ted  w ith ligh t petroleum  to obtain 1.98 g (75% ) 
of com pound 12c, m.p. 151 —152 °C. Since, according to  its  1H-NM R spectrum , th e  crude 
p ro d u c t was sufficiently pure, i t  was subjected to  ring  closure (see below) w ithout fu r th e r 
pu rifica tion .

IR  (K B r): 1695 and 1640 c m " 1.
1H -N M R : <5 1.24t +  4.24 q, J  7 Hz, COO Et; 2.20s, Ac N; 2.56s, Ac Ar; 4.15s, 

N — CO — CH2—N; 4.80 bs (or possibly the very close in n er peaks of an AB spectrum ), 
Ar — CO — CH2; 6.00s, 4H, tw o O C II20  groups; 7.15s and  7.20s, two A ril’s ortho to the tw o 
acylam ino groups; 8.34s, 211, tw o A rH ’s ortho to the tw o acy l groups.

P reparation of compound 13a

A m ixture of com pound l i d  (6.0 g; 20 mmol), benzyla in ine (1.1 mL; 10 mmol), N a2C 0 3 
(2.1 g; 20 mmol) and acetonitrile (80 mL) was stirred for 24 h a t ambient tem perature . The 
m ix tu re  rem ained heterogeneous throughout. The solid m ateria l was filtered off, w ashed 
successively w ith  water (three portions, 20 mL, each), m ethano l and ether to obtain 5 g (91% ) 
of com pound  13a, m.p. 188 189 °C (BuOH).

Co9I1.,7N 30 8 (545.53). Calcd. C 63.84, 11 4.99, N  7.70. F ound  C 63.20, 11 5.04, N 7.83% .
IR (K B r): 3170, 1690, 1635 (sh), 695 c m "1.
Ш -N M R: 6 2.22, 611, tw o Ac groups; 3.90, P hC H 2; 4.00s, 4H, two A r- С О  —CH2 

groups; 7 .2 —7.4 in, 7H, Ph  -|- tw o  A r il’s ortho to th e  tw o acetylam ino groups; 8.25s, 211, 
tw o A rH ’s ortho to the tw o acyl groups.

Debenzylation

Com pound 13a (2.7 g; 5 m m ol) was hydrogenolyzed in  dioxane solution (150 m L ) in 
the presence of an 8%  Pd C ca ta ly st. After the up take of the  calculated am ount of hydrogen , 
the m ix tu re  was heated to  its  boiling point and the c a ta ly s t was removed by filtra tio n  from  
th e  h o t solution and washed w ith  ho t dioxane. The com bined filtra te  and washings were 
ev ap o ra ted  to  dryness in vacuum . The residue was tr i tu ra te d  w ith a m ixture of m ethano l 
and  e th e r  to  obtain 0.9 g (40% ) of compound 13b, m .p . 194 —195 °C (non-recrystallized).

IR  (K B r): 1685 and 1620 c m -1 , sh.

Ethoxycarbonylation

A m ixture of crude 13b (1.0 g; 2 mmol), anhydrous d ioxane (100 mL) and e thy l ch lo ro 
fo rm ate  (0.8 mL; 8 mmol) was refluxed w ith continuous stirring  until the white suspension 
tu rn ed  in to  a clear yellow solution (about 30 min), w hich was then  poured onto ice (60 g). 
The aqueous solution was ex trac ted  w ith dichlorom ethane. The oily residue, obtained a fte r 
conventional work-up of the dichlorom ethane solution, w as boiled w ith ethanol (20 m L) 
and th e  resu lting  yellow pow der was filtered off from th e  h o t solution to  obtain 1.0 g (90% ) 
of com pound 13c, m.p. 255 — 257 °C (non-recrystallized).

C25H 26N 3O10 (527.47). Calcd. C 56.92, II 4.78, N 7.97. Found  C 56.90, H 4.85, N 7 .85% .
IR  (K B r): 1690 and 1630 cm -1 .
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Synthesis of the quin a zoli n r derivatives 3d,5b—5d, 6b, 7 and 8 

General procedure
The 2’-acylanilides 9d. 10b lOd. l i b ,  I2c and 13c (0.4- 0.8 g) were heated  in  sealed 

tubes for 4 — 5 h a t 150 °C w ith ethanol (10 — 30 m L) previously saturated  a t 0 °G w ith ammonia. 
In most cases extensive charring took place. The ring closures of several acylanilides were 
therefore carried out by heating  for longer periods a t som ewhat lower tem pera tu res (see Table 
I). The reactions normally resulted in m ixtures of several compounds (form ed in comparable 
am ount) which were worked up by preparative TLC (Kieselgel P F 2M +3ee; benzene-acetone, 
10 : 1 — 1 : 1) or column chrom atography (Kieselgel 60, particle size 0.063 — 0.200 m m ; benzene- 
acetone, 10 : 1 — 1 : 1). Not all by-products were identified. — The reaction  m xtu res obtained 
w ith  compounds 10c and l i b  contained a single main product (5c and 6b, respectively). 
These were worked up after trea tm en t w ith N orite by partly  evaporating  th e  solvent and 
crystallization  of the main product, or by evaporation  to  dryness and recrystallization . For 
the yields, m .p.’s and analytical da ta  see Table I.

Table 1

Synthesis o f the quinazoline derivatives 3d, 5b d, 6b, 7 and 8 l

Starling Calcd./Foundcompound Yield, Mp., °c Molecular formula
s ' % (recryst. from) (Mol. wl) - -

Product n % N%

9.I/3.1 38 257b С,91117M.{0 ;, 12.53
(non-recryst.) (335.35) 12.66

10b/5b 3.2“ 185 C2Ih 19n a 64.11 4.87 10.68
— (acetone) (393.38) 64.30 4.65 10.61

35'1

10c/5c 70 144-145 CJ2H21N,Os 64.85 5.20 10.31
(acetone) (407.41) 64.63 5.14 10.60

10<l/5<l 31 10 8 -1 1 0 67.32 5.05 8.41
(acetone) (499.50) 67.60 5.17 8.47

llb /6 b 78 156 157 c 17h 15n a 69.61 5.15 14.33
(EtO H ) (293.31) 69.47 5.28 14.60

12c/7 32“ 151-152 c25h 2:in 5o „ 61.34 4.74 14.31
(non-recryst.) (489.47) 61.17 5.01 14.25

13c/8 34" 210 61.34 4.74 14.31
(benzene) (489.47) 61.25 4.80 14.28

a Reaction time: 4 — 5 h, tem perature 150 °C. For the other reat:tion param eters, see
tex t above.

b Slight dec. from 240 °C
c O ther identified products: ethyl 4-aminobenzoate (57%), unchanged 10b, 10a, 5a 
d Reaction time 10 h, tem perature 100 —110 °C 
e Reaction time 12 h, tem perature 120 °C
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Spectral data
3d: 1R (KBr): 3300, 3250 a n d  1680 c m - '.  UV (E tO H ): 225 (4.52), sh; 235 (4.57); 320 

(3.98), sh ; 333 (3.97). 'H -N M R  (DMSO-d0: reference: DMSO-d5 =  2.50): b 2.0s, Ac; 2.65s, 
2-Me; 4.35s, 4-CH„; 6.2s, OCH..O; 7 .1 -7 .8  m, A rH ’s; 9.8 bs, N H . MS (165 °C), ro /z(re l.in t.):
335 (M + -, 64), 334 (100), 320 “(4.3), 293 (10), 292 (29), 277 (6), 276 (9), 235 (2.8), 234 (5.4), 
187 (7), 162 (6), 146 (3.5), 120 (9), 106 (27).

5b: IR  (KBr): 1730 and  1680 c m - 1. UV (E tO H ): 234 (4.53); 2.61 (4.27), sh; 319 (3.94), 
sh; 334 (3.99). MS (150 °C), m/z (rel. in t.): 393 (M+% 7), 365 (60), 364 (45), 350 (4.0), 349 (5.5), 
348 (5.7), 336 (10), 320 (10), 216 (10), 202 (100), 189 (28), 188 (61), 178 (25), 160 (8).

5c: IR  (KBr): 1730 and 1660 c m - 1. UV (E tO H ): 224 (4.48), sh; 235 (4.51); 322 (3.82), 
sh; 333 (3.89). ‘H-NMR: 6 1 .4t +  4.35q, COOEt; 2.0 s, ЛГ-Ac; 2.6s, 2-Me; 5.35s, 4 -C H ..-N ; 
6.1s, OCH20 ,  7.2s +  7.3s, 5-H +  8-H ; 7.3 +  8.0, AA’B B ’ spectrum , J gcm =  8.2 Hz, A rH ’s 
of p -d isu h stitu ted  benzene ring. MS (140 °C), m/z (rel. in t.): 407 (M+% 70), 365 (27), 364 (100),
336 (5.3), 202 (2.5), 201 (2.9), 189 (5.7), 188 (9), 187 (6.1), 178 (4.5).

5d: IR  (KBr): 1730 c m - ',  b . U V (E tO H ): 227 (4.60), sh; 232 (4.62); 262 (4.27), sh; 319 
(4.01), sh; 331 (4.08). »H-NMR: Ö 1.35t +  4.3q, COOEt: 2.65s. 2-Me; 5.15s and 5.3s, benzyl 
m ethy lene  and 4-CH2- N ;  6.1s, O CH 20 ; 7.2s, 7H, P h  +  5-H +  8-H ; 7.4 -f  7.95, AA’BB ’, 
Jgem ^  8 Hz, A rH ’s of p -d isu b stitu ted  benzene ring. MS (170 °C), m/z (rel. in t.): 499 (M 4 -, 
19), 454 (4.1), 408 (15), 364 (37), 336 (4.5), 291 (2.5), 202 (38), 187 (Ш , 91 (100).

6b: IR  (KBr): 3350; f irs t b an d  in the double bond region 1600 cm -1.
7: IR  (KBr): 1685 c m " 1. UV (E tO H ): 226 (4.55), sh; 233 (4.59); 318 (3.88), sh; 328

(3.96).
8 : IR  (KBr): 1685 cm “ 1. UV (E tO H ): 226 (4.57); sh; 232 (4.60); 322 (3.82), sh; 331 

(3.89). 'H -N M R : ö 1.29t +  4.18q, , /  7 Hz, COOEt; 2.59s, 6 H , tw o m ethyl groups; 4.98s,
4H , tw o  4-CH2—N groups; 6.04s, 4H , two 0C H 20  groups; 7.09s, 2H, and 7.20s, 2H, A rH ’s.

Attempted cyelization of compound 10a

W hen the above m ethods of cyelization (at 150 °C) and  w ork-up were applied to  com 
pound  10a, 85% of ethyl 4-am inobenzoate were obtained ra th e r  th an  the desired com pound 
5a; considerable amounts of ta rs  w ere also formed.

Reaction of compound 11 with clhanolic ammonia

A m ixture of com pound 14 (0.8 g; 2 mmol) and sa tu ra te d  ethanolic amm onia solution 
(20 n iL ) was heated in a sealed tu b e  for 5 h a t 150 — 155 °C. The solution was allowed to cool 
and  th e  solvent was p artly  ev ap o ra ted  to  obtain 0.65 g (78% ) of crystalline 5c, identical 
(IR , TLC, m .p.) with an au th en tic  sample obtained as described above.

4-(2-Methyl-6,7-metliyleiiedioxy-4-quinazolinylniethyl)aniline (3c)

A m ixture of com pound 3d (0.15 g), ethanol (6 m L ) and  cone, aqueous HC1 (4 mL) 
was refluxed  for 2 h. The solu tion  was allowed to  cool and m ade alkaline by the addition  of 
10%  aqueous NaOH (20 mL). The resulting emulsion was ex trac ted  w ith dichlorom ethane, 
and  th e  organic phase was dried (M gS04) and evaporated  to  dryness. The residue was taken  
up in  e th e r and the p roduct (0.10 g; 76% ; m.p. 221 °C) was filtered  off. For the IR , UV, 
'II-N M R  and  mass spectra, see R ef. [1].

Ethyl iV-[4-(2-niethyl-6,7-methylcncdioxy-4-quinazolinylniclhyl)phcuyl]carbamate (3b)

A m ixture of com pound 3c (50 mg) and ethyl chloroform ate (3 mL) was refluxed for 
1 h  an d  poured into w ater (5 mL). T he m ixture was made alkaline and  extracted w ith dichloro- 
m ethane. The organic phase was d ried  (MgS04) and evapora ted  to  dryness. The crystalline 
residue was recrystallized from  E tO H  to  obtain 30 mg of th e  title  compound, 3b, m .p. 169 °C. 
F or th e  IR , UV, 'H -N M R  and  m ass spectra, see Ref. [1].
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Deacylations anil attempted ill-acetylations of compounds 5I>—5il anil 
of ethyl jV-(2-methyl-6,7-methylenedioxy-4>quinazolinylmcthyl)carbamate (21i)

In the presence of acids
(а) A m ixture of com pound 5b (393 mg; 1 mm ol), dry ethanol (25 m L ) and  saturated  

m ethanolic HC1 (2.5 m L) was allowed to  stand  for 10 h a t am bient tem p era tu re ; th e  starting 
com pound was com pletely used up a t this point (TLC). The m ixture was m ade sligh tly  alkaline 
(10%  aqueous N aOH ) and  evaporated  to  dryness in  vacuum . The residue w as tak en  up in 
CH2C12, and the resulting  solution was dried (M gS04) and worked up by  p repara tive  TLC 
(Kieselgel PF254 +звв; benzene-acetone, 10 : 1) to  ob tain  0.11 g (66% ) of e thy l 4-am inobenzoate, 
m .p. 88 °C, identical (IR ) w ith  an au then tic  sam ple, and 0.05 g of a non-identified  product.

(б) A m ixture of com pound 5c (213 mg; 0.5 mmol), ethanol (2 m L) and  cone. HC1 
(2 m L) was refluxed for 20 min. The ethanol was evaporated  from the resu lting  red solution 
in  vacuum . The residue was made alkaline (10%  aqueous NaOH) and ex trac ted  w ith  CH2C12. 
The insoluble m aterial was discarded. The CH2CI2 solution was dried and w orked up by pre
para tive  TLC (Kieselgel P F 254+36e; benzene-acetone, 1 : 1) to  obtain 31 m g (38% ) of ethyl 
4-am inobenzoate and 32 mg (32% ) of 2 ,4-dim ethyl-6,7-m ethylenedioxyquinazoline [5], both 
identical (IR ) w ith au then tic  samples.

(c) A m ixture of com pound 5c (517 mg; 1.24 mmol), dry ethanol (25 m L ) and  sa turated  
m ethanolic HC1 (2 m L) was refluxed for 6 h and worked up by TLC to ob ta in  129 mg (25%) 
of unchanged 5c, 46 mg (22.5% ) of ethyl 4-am inobenzoate, traces of 2 ,4-dim ethy-6,7-m cthy- 
lenedioxyquinazoline [5], 13 mg (5.3% ) of 2-m ethyl-6,7-m ethylenedioxy-4(3H)-quinazolinone 
[5] and  101 mg (22.4% ) of com pound 5a (see below), all of them being iden tica l (m .p .’s, IR  
spectra , R f values) w ith  au then tic  samples.

(d) * A m ixture of com pound 2b [6] (55 mg; 0.19 mmol), ethanol (3 m L ) and cone. 
IICl (2 mL) was refluxed for 30 h, un til the s ta rtin g  com pound was com pletely used up (TLC). 
The solution was m ade alkaline (10% aqueous N aO II) and extracted w ith CH2C12. The organic 
phase was washed w ith w ater un til neutral, dried (M gS04) and evaporated  to  dryness. The 
residue was tr itu ra ted  w ith a few drops of m ethanol to  obtain 12 mg (31% ) of 2,4-dim ethyl- 
-6,7-m ethylenedioxyquinazoline [5]. According to  TLC, ethyl carbam ate was also present 
in  th e  reaction m ixture.

In  th e  presence of bases

(e) Metallic sodium  (10 mg; 0.43 mmol) was dissolved in dry ethanol (5 m L ); compound 
5c (0.1 g; 0.23 mmol) was added, and the m ix tu re  was refluxed for 1 h , u n til com pound 5c 
was completely used up. The solution was evapo ra ted  to  dryness. The residue was taken  up 
in  CII2C1., and worked up by TLC to  ob ta in  e thy l 4-am inobenzoate as th e  m ain  p roduct in 
addition  to an unidentified m inor compound.

( / )  Metallic sodium  (20 mg; 0.87 mmol) was dissolved in dry ethanol (15 m L ); compound 
5c (295 mg; 0.7 mmol) was added, and the m ix tu re  was refluxed for 1 h to  ob ta in  35 mg (13.5%) 
of com pound 5a, m .p. 242 243 °C, which separated  in  crystalline form on stan d in g  overnight
in a refrigerator. The filtra te  of this product was evaporated  to  dryness and  th e  residue was 
tr itu ra ted  w ith CILCL. The resulting solid (193 mg) was filtered off, tak en  up  in methanol 
and  worked up by TLC (Kieselgel PF254 + 3„r,; benzene—m ethanol, 3 : 1) to  ob ta in  an  oily product 
(145 mg) which, when tr itu ra te d  w ith d ichlorom ethane, furnished a solid (86 m g; m .p. 212 
213 °C, dec.). This was dissolved in m ethanol (abou t 2 mL). When the m ethanolic solution was 
acidified w ith acetic acid (pH  3—4) and poured in to  w ater, 40 mg (15% ) of com pound 5e, 
m .p. 239 °C was obtained.

Compound 5a: IR  (K B r): 3250, 1680, 1595 cm -1 . MS (180 °C), m/z (rel. in t.): 365 
( M + \  100), 364 (42), 351 (4), 350 (5), 349 (4), 337 (4), 336 (9), 321 (5), 320 (15), 292 (5). 216
(13), 215 (5), 202 (9), 201 (5), 189 (38), 188 (86), 187 (13), 178 (36), 177 (3), 160 (7).

Compound 5e: IR  (K B r): 3400 — 2300, 1705, 1680 and 1630 cm -1. 'H -N M R ** (100 MHz; 
CDC13 +  DMSO-d„, TMS): Ö 1.93s, Ac; 2.60s, 2-Me; 5.35s, 4-CH2N; 6.18s, 0 C H 20 ;  7.15s, 
8-H ; 7.45s, 5-H; 7.42 +  7.95, AA’BB’ spectrum , J gcn) = 8.2 Hz); 8.0s, COOH. MS" (180 °C), 
m /z  (rel. in t.): 379 (M+% 26), 336 (100), 321 (3), 216 (3), 202 (3.6), 201 (3.8), 189 (12), 188 
(18), 187(9), 150(12).

(g) A m ixture of com pound 5d (0.1 g; 20 mmol), 5%  aqueous Na2C 0 3 (2 m L ) and ethanol 
(4 m L) was refluxed for 8 h  and the resulting  clear yellow solution concen tra ted  to  abou t 1/3

* Experim ent carried out by Mrs. G. Barta-Szalai.
** Obtained on a V arian XL-100 FT  NM R spectrom eter.
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of th e  original volume. W ater (5 m L ) was then  added and th e  m ix tu re  was acidified w ith  a few 
drops of acetic acid to  ob ta in  0.07 g (75% ) of compound 5f, m .p . 217 — 219 °C.

C26H 21N ,0 6 (471.45). Calcd. C 66.23, H 4.49, N  8.91. F ound  C 66.12, H 4.57, N 9.20% .
IR  (K B r): 3700 — 2900 w ith  local maxima a t  3450 an d  2950, 1730 cm -1, b.
'H -N M K : d 2.65s, 2-Me; 5.10s +  5.25s, benzyl m ethylene and  4-CH2 —N; 6.00s, 0 C H ,0 ; 

7.15s, 7H , P h  -f  5-H +  8-H ; 7.30 +  7.90, AA’BB’ spectrum , JgQm =  8 Hz, p -d isubstitu ted  
benzene ring.

A ttem p ted  acid hydrolysis o f th is product (0.1 g 5f +  1 m L conc. HC1 -f- 2 m L AcOH -f- 
3 m L H 20 ;  3 h  refluxing) fu rn ished  only unchanged sta rtin g  m ateria l.

Re-csterification:
Compound 5f (0.05 g) was refluxed for 2 h  w ith  a m ix tu re  of dry ethanol (5 m L) and 

cone. H 2S 0 4 (0.03 mL). A fter neu tralization  w ith 5%  aqueous N a2C 03, the m ixture was 
evapo ra ted  to  dryness. The residue was taken  up in CH2C12 and , after filtration, w orked up 
by TLC to  obtain 18 mg (34% ) of compound 5d.

(li) Ilydrogenolysis of compound 5d

Compound 5d was hyd rogenated  a t room tem peratu re  and  ordinary pressure in  e thanol 
in  th e  presence of an 8%  P d  — C ca ta ly st to  obtain a m ix tu re  of products which was w orked 
up by  TLC. None of the p roduc ts  proved identical (IR ) w ith  com pound 5a.

Ethyl JV-(4-melhyl-6,7-methylcnedioxy-2-quinazoliiiylmethyl)-iV-pheiiylcarhamate (6a)

A m ixture of com pound 6b (0.5 g; 1.7 mmol) and  e th y l chloroform ate (10 m L) was 
refluxed  for 2 h and evapora ted  to  dryness in vacuum . The residue was recrystallized from  
E tO II  to  ob ta in  0.35 g (56% ) of com pound 6a, m.p. 187 —188 °C.

C»„H19N 30 4 (365.37). C 65.74, H 5.24, N. 11.50. F ound  C 65.94, H5.10, N 11.76%.
UV (E tÓ H ): 234 (4.63); 316 (3.77), sh; 330 (3.96).
IR  (K B r): 1715 cm “ 1.
'H -N M R : ő 1.15t +  4.1 q, COOF.t; 2.75s, 4-Me; 5.0s', 2-C IL  —N; 6.0s, OCH.,0; 7.15s +  

7.20s, 5-H  +  8-H; 7 .1 -7 .5 m , Ph .
MS (135 °C), m/z (rel. in t.) : 365 (JVÍ+% 62), 320 (3.6), 293 (22), 202 (100), 277 (2.5), 

276 (3.5), 202 (6.4), 201 (8), 189 (6.3), 188 (5.8), 187 (4.5), 160 (6.3).

*

The authors are g ratefu l to  D r. I. B alogh-B a tta  and  s ta ff  for the microanalyses, to  
D r. K . K is s -E ros and sta ff for th e  IR  spectra, to  Mrs. Cs. Szűcs for the 60 MHz NMR spectra  
and to  D r. L. R adios for th e  100 M Hz NMR spectrum  of com pound 5e.
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A few complexes of oxovanadium (IV) w ith  ethylenediam ine derivatives of 
2,2’-dihydroxy chalkones have been prepared in  e thanolic m edium . They have 1 : 1 
stoichiom etry of th e  ty p e  YOL. The molecular w eight determ ination  in  nitrobenzene 
reveals th a t th e  complexes are dimeric in nature . A ppearance of a strong band in the 
region of 985 — 970 cm -1  of i.r. precludes the possibility  of dim erization through oxy
gen of VO m oiety. The observed magnetic m om ents (1.73 1.83 B.M.), suggest th a t
the complexes are devoid of spin-spin interactions. T he electronic spectra of the com
plexes in chloroform , DM F and pyridine have been in te rp re ted  in  term s of Wasson’s 
model suggested for d is to rted  square pyram idal geom etry. I t  appears from the results 
th a t donor solvents have no profound effect on th e  optical spectra of the complexes. 
Various ligand field  param eters viz. Dq, Ds and  Dt, and also NSH param eters DQ 
and D T  have been calculated . The degree of d isto rtion , DT/DQ  lies in the range of 
0.255 0.289.

In troduction

T he co o rd in a tio n  ch e m is try  of o x o v an ad iu m (IV ) has been  d o m in a ted  
b y  th e  ligands c o n ta in in g  —N — —0 — an d  — S — d o n o r a tom s [1 — 6 ]. T he 
m ag n etic  and  sp e c tra l p ro p e rtie s  have been  in s tru m e n ta l to  ch a rac te rize  a 
la rg e  num ber o f co m plexes. S everal g en era liza tio n s reg a rd in g  the  ste reo ch em 
is try  o f  o x o v an ad iu m (IV ) com plexes h av e  b een  p roposed  on th e  basis o f 
such  stud ies [6 —8 ]. T h e  th e o re tic a l m odels e x te n d e d  to  ex p lica te  th e  sp ec tra l 
an d  m agnetic  p ro p e rtie s  o f  idealized  system s o f te n  fa ll in a d e q u a te  [9 —14]. 
A few  recen t co m m u n ica tio n s  h av e  ev a lu a ted  th e  l im ita tio n s  o f such  gen era l
iza tio n s  m ade th u s  fa r.

In  th is  p a p e r we w ish  to  address ourselves to  a  p ro b lem  o f sy n th esiz in g  
oxovanad ium (IV ) com plexes w ith  b ran ch ed  te t r a d e n ta te s  co n ta in in g  — N  — 
an d  — 0 — donor a to m s.

I t  is d o cu m en ted  in  th e  l ite ra tu re  th a t  th e  b ra n c h e d  te t r a d e n ta te  ligands 
o ften  form  po lym eric  com plexes [15]. A t th is  s ta g e  o u r aim  is to  know  w h e th e r 
oxovan ad iu m (IV ) fo rm s p o lym eric  com plexes w ith  th e se  ligands.

T he follow ing lig an d s w ere used for p re p a rin g  o x o v an ad iu in (IV ) com 
plexes.

* To whom correspondence should he addressed
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2 11 5 '-Cl
3 ő-Me ő'-Me
4 5 -Me 5 '-Cl
5 5 Cl Ő'-Me

E x p erim en ta l

M aterials am i methods

T he ckemicals used for p reparing  th e  ligands (1 — 5) were of reagent grade. The sub
s t i tu te d  salicylaldeliydes and o-hydroxy acetophenones were prepared by  the know n m ethods 
[16, 171- . „

Chalkones were prepared b y  condensing salicylaldeliydes w ith acetophenones in alka
line m ed iu m  [18]. These were recrystallized  from a m ixture of benzene and  petro leum  ether.

Preparation o f ligands

2,2’-Dihydroxychalkones an d  ethylenediam ine in 1 : 1 m olar proportions were mixed 
in  a lcoholic m edium and refluxed for 2 hrs on a w ater ha th . Crystalline com pounds separated 
on cooling. The reaction m ixtures were filtered  and recrystallized from  alcohol and  shining 
p la tes w ere obtained.

Preparation o f complexes

To a 0.01 M  ligand solution  in alcohol 0.01 M  vanadyl su lphate  m onohydrate, 
and  2.5 g o f sodium acetate (anhydrous) were added. The resulting m ix ture  w as refluxed for 
ab o u t 3 h rs . The reaction m ixture w as transferred  into a beaker and the com plex was precipi
ta te d  b y  d ilu ting  the form er w ith w ater. The complex was filtered, washed w ith  w ater contain
ing sm all q u an tity  of alcohol and dried  in vacuum  over fused CaCl2.

A n a lysis

V anadium  in the complexes was determ ined by  titra tion  w ith  a s tan d ard  K M n04 
[19]. N itrogen  in the complexes w as accounted for by  KjELDAUL m ethod. The results of the 
e lem en ta l analysis are given in Table I.

Physical measurements

T he magnetic susceptibilities of th e  complexes a t room tem perature  were m easured, 
on a Gouy balance using Hg[Co(SCN)4] as a calibrant. The electronic spectra of th e  complexes 
in  chloroform , DMF and pyridine were m easured on an  ELICO spectrophotom eter model 
C l-24 in  th e  340 — 900 nm  region.

T he  infrared spectra of th e  com plexes and ligands in Nujol m ull were recorded on a 
P e rk in -E lm er 297 spectrophotom eter.

M olecular weights of the com plexes were determ ined cryscopically using nitrobenzene.

A cta  C.hirn. Acad. Sei. Hung. I l l , 1982



HIREMATH, KULKARNI: OXOVANADIUM(IV) COMPLEXES 227

Table I

Elemental analysis, molecular weight and magnetic moments o f oxovanadiumf I V )  complexes

Lig. Comp. Empirical f o r m u l a
Analytical data Molecular wt. Magnetic

moments

v (%) N<%) Culcd. Found ^eff
(B.M.)

l 6 (C,.H 18N A )V O 14.00
(14.10)

7.58
(7.75)

360.94 662 1.76

2 7 (Ci71115C1NA)VO 12.95
(13.35)

7.28
(7.34)

381.44 750 1.73

3 » (C19HsoN A )V O 13.49
(13.58)

7.56
(7.47)

374.94 702 1.83

4 9 (Clgl I 17ClN A )V O 12.67
(12.88)

6.95
(7.08)

395.44 750 1.74

5 10 (C18I I17C 1N A )V 0 12.96
(12.88)

6.88
(7.08)

395.44 780 1.83

N ote: the values given in the parentheses are the calculated ones; the molecular weights 
are determ ined in nitrobenzene.

Result* and Discussion

T h e  com plexes are  b lu ish -g reen  m ic ro c ry s ta llin e  su b stan ces a n d  soluble 
to  a lim ited  e x te n t  in  com m on organ ic  so lv e n ts . These com plexes h a v e  (T able
I) 1 : 1 s to ic h io m e try  o f  th e  ty p e  V O .L  (W h ere  L  is a d o ub ly  d e p ro to n a te d  
ligand .) M olecular w eigh t d e te rm in a tio n s  o f  th ese  com plexes in  n itro b en zen e  
focus u p o n  th e  d im eric  n a tu re  o f th e  co m p lex es viz. (YOL)2.

Tabic II

The important infrared frequencies in  (cm ~ l)  o f oxovanadium fIV) 
groups and their assignments

Comp.
No.

Ethylenic
t>(C=C) ЦС—N) Aromatic

v(C=C)
Phenolic
r(C-<>) v(V=0)

6 1630 111 1615 s 1590  m  
1535 s

1300 s 985 s

7 1625 in 1610 s 1590 in 
1520 s

1300 s 980  s

8 1630 in 1612 s 1590 s 
1535 s

1305 in 978 s

9 1630 in 1605 s
1520 s

1310 m 970  s

10 1625 in 1615 s 1590 s 
1535 m

1300 s 980  s

s =  strong; m  =  medium.
In  the ligands one observes these stretching vibrations in the following regions 
v(NH) — 3450 — 3425 cm -1; Ethylenic r(C = C ) around 1625 e r a '1; H ydrogen bonded 
O H — 2730-2580  c m '1, v(C=N ) 1 6 2 0 -1613  c m '1 and phenolic v (C -O ) — 1 2 8 9 - 
1280 cm -1 .
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In fra red  Spectra

T h e  in fra red  sp ec tra  o f th e  com plexes a re  lis te d  in  T ab le  I I  a long  w ith  
th e ir  a ss ig n m en ts .

2 ,2 ’-D ih y d ro x y  ch a lk o n es  are m arked  b y  th e  in te r-  and in tia -m o le c u la r  
h y d ro g e n  bond ings [20]. T h e  in te r-m o lecu la r  h y d ro g e n  bond ing  (3200 c m “ 1) 
v a n is h e s  w h en  these  ch a lk o n es a re  condensed  w ith  e thy len ed iam in e . A b ro a d  
h a n d  o f  m ed iu m  in te n s ity  a p p e a rs  in  th ese  lig a n d s  in  th e  region 3450 — 3425 
c m -1  a n d  h as  been asc rib ed  to  the  r(N H ) v ib ra t io n , on analogy  w ith  th e  
a s s ig n m e n ts  in  a lip h a tic  p r im a ry  am ines [21]. T h e  w eak  b road  b an d s  w ith  
f in e  s t r u c tu r e  observed  in  th e  reg ion  2730 — 2580 c m “ 1 are  a t tr ib u te d  to  th e  
in tra m o le c u la r  h y d rogen  b o n d in g s  o f th e  fo llow ing  ty p e . S im ilar ty p e  o f 
h y d ro g e n  bond ings are  e n c o u n te re d  in  sa licy lid ene-o -hydroxyan iline  [17].

T h e  double  bonds c o n ju g a te d  to  the a ro m a tic  sy stem  have been th o ro u g h 
ly  in v e s t ig a te d  [22]. In  ch a lk o n es  th e  p (C = C ) v ib ra tio n  has been  lo c a te d  
a ro u n d  1 625 c m “ 1 b y  th e  e a rlie r  w orkers [20, 23]. I n  th ese  ligands, we o b se rv e  
v(C=C) as a s trong  b a n d  in  th e  reg ion  1640 — 1630 c m “ 1. A n o th er h igh  in te n 
s ity  h a n d  observed  in  th e  re g io n  1620—1613 c m “ 1 h as  been  reg a rd ed  as d u e  
to  th e  v (C --N ) v ib ra tio n  in  v iew  o f th e  p rev io u s  assignm en ts [24]. A g ro u p  
o f m e d iu m  to  h igh in te n s ity  h a n d s  in  th e  re g io n  1583 — 1484 c m “ 1 is d u e  to  
llie  a ro m a tic  |>(C= C) v ib ra tio n s . T he h igh in te n s i ty  h a n d  in  the  reg ion  1289 — 
1280 c m “ 1 is assigned to  th e  p h en o lic  v(C—0 )  v ib ra tio n s . T he absence o f  th is  
b a n d  in  b en zy lid en eace to p h en o n e-e th y len ed iam in e  con firm s th e  ass ig n m en ts .

W e  observe  th e  fo llow ing changes in  th e  c h a ra c te r is tic  frequencies w h ich  
m a rk  th e  com plex fo rm a tio n .

1 . T h e  f(N H ) ap p ears  as a  w eak  b an d  a t  3400 c m “ 1. T h is  w eaken ing  m a y  
he  a t t r ib u te d  to  th e  c o o rd in a tio n  o f N H 2 g ro u p  to  th e  m e ta l ion.

2 . T h e  bands due to  th e  in tra m o le c u la r  h y d ro g e n  bonded O i l  do  n o t 
a p p e a r  in  th e  com plexes.

3 . T h e  phenolic p(C—O) v ib ra tio n  is o b se rv ed  in th e  1310 — 1300 c m “ 1 
re g io n . T h ese  observa tions im p ly  th a t  th e  lig an d s co inp lexed  w ith  o x o v a n a - 
d iu m (IV ) via  d ep ro to n a tio n .

4 . T h e  b an d  due to  th e  i»(C =N ) ap p ears  in  th e  1615— 1605 c m “ 1 reg io n  
su g g e s tin g  th a t  co o rd in a tio n  to  th e  o x o v an ad iu m (lV ) has ta k e n  place th ro u g h  
n itro g e n  o f  th e  azom eth ine  g ro u p .

T h e  sh a rp  b ro ad  b a n d  a p p e a rin g  in  th e  reg io n  985 — 970 c m “ 1 fo r th e s e  
c o m p le x e s  is a ttr ib u te d  to  th e  v ( \  O) v ib ra tio n  [25]. T h a t th e  d im e riz a tio n
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can occur also th ro u g h  th e  oxygen  o f  V - - 0  m o ie ty  has been  ru le d  o u t for 
these  com plexes in  view  o f th e  lo c a te d  p o s itio n  of th e  r(V -= 0 )  b a n d  [1, 9].

Magnetic Data

T he m ag n e tic  m om ents o b ta in e d  fo r these  com plexes a t  ro o m  te m p e ra 
tu re  are g iven  in  T ab le  I.

T he fJcU va lu es  o b ta in ed  for th e se  com plexes fall in  th e  ra n g e  o f 1.73 — 
1.83 15.M. T hese are  very  close to  th e  sp in -o n ly  value o f 1.73 B .M . for oxo- 
v an ad iu m (IY ) w hen  th e  o rb ita l c o n tr ib u tio n  is quenched  [26]. T h e  resu lts  
p rec lu d e  th e  ex istence  o f exchange in te ra c tio n s  in  th e  com plexes.

Electronic Spectra

T he o b se rv ed  b an d  m ax im a fo r th e se  com plexes in  ch lo ro fo rm , D M F 
an d  p y rid in e  are  sy s tem atized  in  T a b ic  I I I  along w ith  th e  lig a n d  fie ld  and 
N S H  p a ra m e te rs .

T he e lec tro n ic  sp ec tra  o f th e  com plexes in  v a rious so lv e n ts  ex h ib it 
a b so rp tio n  b a n d s  in  th e  reg ions: 12 500 —13 890, 16 390— 17 860 c m -1  and 
26 320 — 27 030 c m -1 . Several m odels h av e  been proposed  to  in te rp re t  th e  
e lec tron ic  sp e c tra  of o x o v an ad iu m (IY ) com plexes [9 — 14]. O f th e m , we have 
chosen  W a s s o n ’s m odel [14] to  in te rp re t  th e  spec tra l re su lts . A ccording 
th is  m odel th e  energy  level o rder is th e  fo llow ing ilxy<C dv, <[ dxz <^ dx, dz
E x c e p t for th e  sp littin g  o f dyz and  dxz levels, th e  schem e is s im ila r  to  th a t  of 
B a l l h a u se n  a n d  G r ay  [10]. W a s s o n ’s m odel is a b e tte r  f i t  fo r  com plexes 
h av in g  d is to r te d  sq u are  p y ra m id a l g eo m e try , th a t  com es in to  ex is ten ce  due 
to  th e  n o n -eq u iv a len ce  of th e  d o n o r a to m s. T he assignm ents o f v a rio u s  hands 
acco rd ing  to  th is  schem e are  show n in  T ab le  I I I .  T he d ifference  betw een  
Vj(12 500 —13 890 c m -1 ) an d  i’,(16  390 —17 860 c m -1) is a p p ro x im a te ly  4000 
c m -1 an d  is co n sis ten t w ith  th e  p re d ic tio n  o f th is m odel. T h e  fo u r th  band  
d u e  to  th e  dxy —► dz, tra n s itio n  a p p e a rs  in  the  fa r uv  reg ion . T h is  b a n d  for 
t hese com plexes c an n o t he assigned  b ecau se  o f th e  lim ited  ran g e  o f  th e  sp ec tro 
p h o to m e te r .

V arious ligand  field p a ra m e te rs  a re  ca lcu la ted  fo r th e se  com plexes 
(T able 111), a n d  th e  e x te n t o f te tra g o n a l  d is to rtio n  has been c a lc u la te d  using 
Dq an d  I)t v a lu es , b y ap p ly in g  N S H  h a m ilto n ia n  th e o ry  o f  L e v e r  an d  co
w orkers [27, 28]. T he ra tio  o f DT/D Q  is a m easure of te tra g o n a l d is to rtio n . 
T h e  values o b ta in e d  for these  e x am p le s  are  in  th e  range  o f 0.225 — 0.283, 
th e se  values a re  sm all com pared  w ith  th e  rep o rted  v alue  fo r th e  lim itin g  case 
o f te tra g o n a lly  d is to r te d  m olecule, i.e. 0 .4226. T h u s  th e  com plexes a re  m o d e ra te 
ly d is to r te d .
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Table III

The electronic spectra, and ligand fie ld  parameters o f oxovanadium (IV) complexes

Comp.
No. Solvents dxy —► dyi 

vx
dxy----> dxz d xy ----► Dq Ds Dt DQ D1DQ

l Chloroform 12 820 16 390 26 320 1639 -3 2 5 0 614 35 207 8 320 0.236

DMF 12 500 16 670 26 320 1667 -3 1 6 4 602 36 169 8 157 0.225

2 Chloroform 12 500 16 670 26 320 1667 -3 1 6 4 602 36 169 8 157 0.225

DMF 13 890 16 670 27 030 1667 -3 4 6 4 700 34 598 9 485 0.274

Pyridine 12 820 17 240 26 320 1724 -3 1 2 8 687 36 373 9 308 0.256

3 Chloroform 12 500 16 670 26 320 1667 -3 1 6 4 602 36 169 8 157 0.255

DMF 13 160 16 950 26 320 1695 -3 2 1 8 701 35 351 9 498 0.263

4 Chloroform 12 820 17 240 26 320 1724 -3 1 2 8 687 36 373 9 308 0.256

DMF 13 150 17 860 27 030 1786 -3 1 9 0 718 37 580 9 729 0.259

Pyridine 13 510 16 950 26 320 1695 -3 2 6 8 741 34 710 10 041 0.289

5 Chloroform 12 820 17 240 26 320 1724 -3 1 2 8 687 36 373 9 308 0.256

DMF 13 160 17 860 26 320 1786 -3 1 7 7 726 37 452 9 837 0.263

Pyridine 13 150 16 950 26 320 1695 -3 2 6 8 741 34 710 10 041 0.289
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I t  is a p p a re n t from  th e  sp e c tra l re su lts  (Table I I I ) ,  t h a t  th e  donor 
so lv en ts  viz. D M F and p y rid in e  do n o t exerc ise  m uch effect o n  th e  com plexes.

T h e  elem enta l ana ly sis , m o lecu lar w e ig h t, m agnetic an d  s p e c tra l  m easu re
m e n ts  in d ica te  th a t  th e se  com plexes a re  d im eric and  o f  d is to r te d  square 
p y ra m id a l co n fig u ra tio n .

The authors thank  Dr. S. P . Hiremath, Professor and Head, D ep artm en t of Chemistry 
Gulbarga U niversity, Gulbarga for his encouragem ent and interest in the w ork.
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A spectrophotom etric method for th e  determ ination of micrograin am ounts 
of niobium(V) is described. The method is based  on the form ation of niobium(V) th io
cyanate in th e  reaction between niobium(V) and  th iocyanate in acid m edium  and its 
extraction in to  chloroform as an ion p a ir w ith  im ipram ine hydrochloride. The m olar 
absorp tiv ity  of the complex a t 398 nm is 2.24 X 104 L m ol-1 cm -1 and spectrophoto
m etric sensitiv ity  is 0.0042 fig Nb(V) cm -2 for absorbance =  0.001. This m ethod  can 
be applied for the determ ination of niobium  in  th e  range 0.2 —3.5 fig m L '1.

In tro d u c tio n

N um erous m e th o d s  arc; availab le  lo r  the- d e te rm in a tio n  of n ioh ium (V ). 
T he various re a g e n ts  proposed  for th e  sp e c tro p h o to m e tric  d e te rm in a tio n  of 
Nb(V) are  th io c y a n a te  [ 1J, ch lo ro su lphopheno l S [2 ], 4 -(2-pyridy lazo) re so rc in 
ol [3], 8 -h y d ro xy-7 -(p -to ly lazo ) q u ino line-5 -su lphon ic  acid [4], tr ih e n z y la m in e
[5], azo -dyestu ffs  [6 ], ca techo l an d  d ip h e n h y d ra m in e  [7], su lp h o n itra z o  E
[8 ], xy leno l o range [9], acid chrom e v io le t К  [10], o -d ihydroxy  co u m arin s  
[11] an d  te tra p h e n y l arson ium  ch lo ride  [12]. A tom ic ab so rp tio n  sp e c tro 
p h o to m etric  [13 — 17], ch ro m ato g rap h ic  [18 — 22], f luo rom etric  [23] and  ion- 
-exchange [24] m e th o d s  have also been used  for th e  e v a lu a tio n  o f N b(V ).

M ost o f th e  re a g e n ts  proposed for th e  sp ec tro p h o to m e tric  d e te rm in a tio n  
o f Nb(V) a re  u n sa tis fa c to ry  for one reaso n  o r a n o th e r. M any reag en ts  req u ire  
e ith e r  h e a tin g  or a long tim e  for m ax im u m  co lo u r developm en t. O ur in v e s tig a 
tions revealed  th a t  im ip ram ine  h y d ro ch lo rid e  (IM.HC1) w hich does n o t reac t 
w ith  Nb(V) in  HC1 m edium  form s a ch lo ro fo rm  soluble ligh t yellow  so lid  m ixed  
ligand com plex  in s ta n ta n e o u s ly  w ith  the; N b(V ) — SCN com plex.

T he p re se n t com m u n ica tio n  re p o r ts  th e  effect o f th io c y a n a te  on  the  
e x tra c tio n  o f N b(V ) w ith  IM.I1C1 and  p ro p o sed  IM • HC1 for th e  rap id  d e te r 
m in a tio n  of N h(V ). A p rocedure  has been  d ev e lo p ed  for the  m ic ro d c te rm in a t ion 
o f Nb(V) from  its  s a lt  so lu tion  and  som e s y n th e tic  m ix tu res  co rresp o n d in g  to

* To whom correspondence should be addressed.
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n io b iu m  stab ilized  steels. T h e  co m position  o f  th e  e x tra c ta b le  species h a s  also 
b e e n  d e te rm in ed . T he m e th o d  is sim ple, ra p id , reaso n ab ly  selective a n d  c a n  be 
p e rfo rm e d  a t  room  te m p e ra tu re .

Experim ental

Apparatus and reagents

A ppara tus. A bsorptiom etric m easurem ents were m ade on a Beckm an Model DB spectrophotom 
e te r an d  in  10 mm silica cells.
N io b iu m (V )  solution. A stock solution of Nb(V) was prepared by fusing 100 mg of speepure 
n iob ium  pentoxide w ith 2.8 g of A nalaR  potassium  pyrosulphate in a p latinum  crucible, 
cooling th e  m elt and dissolving i t  in  10% ta r ta r ic  acid solution. The solution was d ilu ted  to 
250 m L  w ith  10% ta r ta ric  acid solu tion . The stock solution was further diluted as needed. 
Im ip ra m in e  hydrochloride solution. A 0.02 M  solution of IM .IICl was prepared in chloroform . 
Thiocyanate solution. A 2.0 M  solution of am m onium  th iocyanate  was prepared in double- 
-d istilled  w ater.

All o ther reagents were of analy tical grade and used w ithout fu rther purifica tion .

General procedure

To an aliquot of the stock solution containing 2.0 35.0 fig of Nb(V) 6 m L  of 2.0 Л1
am m onium  th iocyanate and enough concentrated hydrochloric acid were added to  m ake the 
acid s tre n g th  3.0 M . The to ta l volum e of the aqueous phase was made up to 30 m L  w ith  
double-distilled  water. A fter 2 min th is was shaken w ith  5 m L of IM .IICl solution in chloroform  
for ab o u t 5 m in and allowed to  s tan d  for the layers to  separate. The yellow chloroform  layer 
was sep a ra ted , diluted to 10 m L  w ith  chloroform and  dried over anhydrous N a2S 0 4. The 
absorbance of the chloroform solution was m easured a t  398 nm  against sim ilarly processed 
reagen t as a blank. The am ount of th e  m etal ex trac ted  was calculated from the app rop ria te  
ca lib ra tion  curve.

R esults anil D iscussion

Spectral properties o f the complex

T h e  ab so rp tio n  sp e c tru m  o f th e  go lden-yellow  Nb(V) — S C N — IM H  
co m p le x  h as  an  ab so rp tio n  m ax im u m  a t  398 n m . T he S andell’s s e n s it iv ity  of 
th e  c o m p le x  a t  398 n m  is 0.0042 pg/cm 2 a n d  th e  co rrespond ing  m o la r a b s o rp 
t iv i ty  is  2 .24 x l O 4 L m o l-1  c m -1 . T he sy s tem  obeys th e  B eer’s L aw  w ith in  
a ra n g e  o f  0.2 — 3.5 pg N b(V )/m L  of ch lo ro fo rm . T he s ta n d a rd  d e v ia tio n  o f  th e  
m e th o d  is  ^ 1 .2 4  an d  th e  co lo u r o f th e  co m p lex  is s tab le  for a t  le a s t 48 h r .

Extraction o f  N b (V )  by I M  • HCl

T h e  IM  • HCl form s an  in te n se ly  yellow -co loured  ion-associa tion  co m p lex  
w ith  th e  b in a ry  Nb(Y) — SCN com plex  in  h y d ro ch lo ric  acid m ed ium . T h e  
io n -a sso c ia tio n  com plex can  be  e x tra c te d  in to  ch loroform  w hile th e  b in a ry  
N b(V ) — SC N  com plex c a n n o t b e  e x tra c te d  u n d e r  th e  ex p erim en ta l co n d itio n s .
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T he effect o f  ligand  co n c e n tra tio n  w as ex am in ed  b y  m easuring  th e  ab so rb an ce  
o f so lu tio n  c o n ta in in g  2 p p m  o f N b(V ) an d  v a rio u s  am o u n ts  o f  th io c y a n a te  
a n d  IM  • HC1. T he co m p le te  com plex  fo rm a tio n  tak es  place in  4 — 12 m L 
o f 2 M  N 1I4SCN and  2 — 7 m L  o f 0.02 M  IM  • HC1. For q u a n ti ta t iv e  e x tra c tio n  
o f th e  ion-associa tion  com plex , th e  h y d ro ch lo ric  acid c o n c e n tra tio n  shou ld  
be be tw een  2.0 an d  5.0 M .

A m ongst th e  severa l so lv en ts  tr ied , viz., benzene, to lu en e , o-dichloro- 
benzene , ca rb o n  te tra c h lo r id e , isoam yl a lcohol, iso b u tan o l an d  ch lo ro fo rm , 
th e  la s t  w as found to  be th e  m ost su ita b le . U n d e r th e  o p tim u m  c o n c e n tra tio n s  
o f  ac id , th io c y a n a te  an d  IM  • HC1, a t im e  o f 5 m in w as a d e q u a te  fo r th e  
q u a n ti ta t iv e  e x tra c tio n  o f n iob ium . A single e x tra c tio n  w ith  ch lo ro fo rm  was 
su ffic ien t to  rem ove all Nb(V).

tab le  I

Effect o f different ions oti the determination o f  20 fig o f niobium (  V)

Ion added
Amount

tolerated*
(mb)

Ion added
Amount

tolerated*
0*e)

Chloride 4.1 XlO 5 H g ( l i ) 2.5 XlO3

Bromide 2.1 X lO 4 A u(IIl) 2.2 XlO3
Iodide 3.0 x i o 3 O s(V lII) 3.2 X 103

Fluoride 2.5 XlO 3 Ti(IV) 3

Fluoride 1.3 X lO 43 Ti(IV) 1.2 x  10зЬ
Sulphate 4.0 x  104 F e (lll) 5

Phosphate 2.5 XlO 3 F e(III) 2 .0 x 1 0 - ’

Acetate 5.5 X lO 4 V(V) 2

Citrate 2.0 X lO 4 vcv) 2.5 x  10-c

DMG 2.3 X lO 4 W(VI) 60

EDTA 7.0 x  103 Ta(V) 25

0 (11) 1.2 XlO3 Ta(V) 1.0 XlO3

Cu(II) 4.0 X 103 Zn(H) 3.0 X lO 4

Co(III) 2.1 X lO3 R h (III) 2.2 XlO3

Ni(II) 4.0 XlO3 P d(II) 6.0 X lO 3

Mn(II) 1.9 XlO3 Pt(IV ) 1.3 XlO3
U0 2(I1) 2.8 X 103 Mo(Vl) 40

P h (ll) 4.0 XlO 3 Zr(IV) 4.1 XlO3

* Amount causing an error of less than  2.5% 
In the presence of 2 m L 10 M  H 2SO, 

b In the presence of 2 mL 20 vol%  H„0., 
c In  the presence of 0.5 g of N a IlS 0 3 and 
d In  the presence of 20 000 fig of DMG

Acta Cliim. Acad. Sei. H ung. I l l , 19112
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Effect o f  various ions

I n  o rd er to  s tu d y  th e  e ffec t o f  various ions in th e  q u a n tita tiv e  d e te rm in a 
t io n  o f  N b(Y ), an  a liq u o t (5 m L) o f so lu tio n  c o n ta in in g  various a m o u n ts  o f 
fo re ig n  ions and  20 pg  o f  N b(V ) w as t r e a te d  e x a c tly  as in  the  recom m ended  
p ro c e d u re . T he re su lts  a re  g iven  in  T ah ié  I .  T h e  p resence  of T i(IV ), F e ( I I I ) ,  
V(V) a n d  Ta(V ) can  he to le ra te d  up  to  3,5,2 an d  25 pg , re spec tive ly . T he in te r 
fe rence  o f  T i(IV ) can  he e lim in a ted  by  ad d in g  2 m L  of 20 v o l%  H 20 2, F e ( I l I )  
b y  a d d in g  0.5 g of N a H S 0 3 an d  V(V) an d  Ta(V ) b y  ad d in g  20 000 pg  of DM G; 
T i(IY ), F e ( I I I ) ,  V(V) a n d  Ta(V ) do n o t th em  in te rfe re  in  am o u n ts  up to  1200, 
200, 250 and  1000 pg, re sp ec tiv e ly . M olybdenum (V I) an d  W(V1) can  he 
to le ra te d  up  to  40 an d  60 pg , re spec tive ly . A nions such  as ch loride, su lp h a te  
a n d  a c e ta te  do n o t in te rfe re  in  am o u n ts  u p  to  40 000 pg; b rom ide, c itra te  
an d  D M G  up  to  20 000 pg a n d  fluo ride , iodide an d  p h o sp h a te  up  to  2500 pg.

Composition o f the complex

I n  o rd e r to  id e n tify  th e  ion-associa tion  co m p lex  species concerned  in  the, 
d e te rm in a tio n  of N b(V ), th e  re a c tio n  w as in v e s tig a te d . T he com position  o f th e  
co m p lex  w ith  re sp ec t to  N b(Y ) and  IM  • HC1 w as fo u n d  to  be 1 : 1 [Nb(V) : 
IM II]  b y  th e  m eth o d  o f co n tin u o u s  v a r ia tio n  [25]. T h is com position  w as 
s u p p o r te d  from  the  p lo t o f  log  D vs. log [IM  • H C l]org a t  5.0 M  a c id ity  w hich  
gave  a slope one. A slope o f  fou r w as o b ta in e d  fro m  th e  p lo t o f log D vs. 
log [N H 4SCN] a t c o n s ta n t IM  • HC1 c o n c e n tra tio n  in d ic a tin g  a 1 : 4 ra t io  w ith  
resp ec t to  ]Nb(V) and  th io c y a n a te . T h u s, th e  p ro b a b le  e x tra c ta b le  species in 
th is  sy s te m  is [IM H  + , N bO (S C H )4 ] in  w hich  IM  • HC1 m olecule is asso c ia ted  
th ro u g h  n io b y l oxygen  a to m . F ro m  th e  re su lts  is c a n  he concluded th a t  only 
th e  io n -p a ir  form ed acco rd in g  to

Ш  • H C 1 ^ ± IM U +  I L l-

1M II+ +  TNM Pt I 4 SCN [I.MH NhO(SCH),,-]

is e x tra c ta b le  in to  ch lo ro fo rm  under the c o n d itio n s  recom m ended.

Practical Applications

T h e  m eth o d  h as  been ap p lied  for ihc d e te rm in a tio n  of niobium  in som e 
s y n th e tic  sam ples co rresp o n d in g  to  n iob ium  s ta b iliz e d  sta in less-stee ls [26, 27]. 
T he co m p o sitio n  o f th e  sam p les  an d  th e  p e rcen tag e  o f  n iob ium  recovered  arc  
g iven  in  T ab le  I I .  T he in te rfe re n ce  o f F e ( I I I )  c a n  be  e lim in a ted  b y  e x tra c tio n  
w ith  th re e  5 m L  p o rtio n s  o f d ie th y l e th e r  [28] a n d  th e  o th e r  ions by  th e  m e th o d s
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Table II

Determination o f Nb in synthetic mixtures corresponding 
to niobium stabilized stainless-steels composition

Synthetic General Nb, %
sample eomposit ion, % Heporteil Found*

l
Mn-0.66, Ni-13.08, 
Cr-17,20, Mo-0.03, 
Cu-0.06, V-0.03, 
W-0.04

0.71 0.70

2
Cr-17.4, Ni-13.1, 
Ta-0.006, Mo-0.11, 
Cu-0.12, Co-0.05

0.91 0.89

3
Mn-0.15, Cr-18.5, 
Ni-11.5, Cu-0.05, 
Ta-0.03, Mo-0.05

0.60 0.58

4 Cr-18.8, Ni-12.1, 
Cu-0.1, Mo-2.89 0.80 0.78

* Average of five determ inations

ex p la in ed  in  th e  effect o f d iffe ren t ions. T h u s th e  p roposed  m e th o d  is one of 
th e  m ost rap id , sen s itiv e  and  se lective m eth o d s fo r th e  q u a n t i ta t iv e  d e te rm in a
tio n  o f  m icrogram  a m o u n ts  of N b(V ).

*

The authors th an k  M/s. B ritish  Pharm aceutical L aboratories, B om bay, for the gift 
sam ple of pure iinipram ine hydrochloride.
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A com puterized 'H -N M R  da ta  in te rp re ta tion  system has been developed using 
th e  artificial intelligence approach. An a tte m p t has been made to overcom e the diffi
culties of in terp re ting  higher order spin system s. Proton-containing functional groups 
are divided into subgroups according to the ir spectroscopic behaviour an d  th e  inform a
tion  they bear. Spin sim ulation is used to stu d y  the effect of substituen ts on the higher 
order splitting pa tte rn s . Illu stra tive  exam ples are given.

In tro d u c tio n

T h e  o u ts ta n d in g  ro le  o f 1H -N M R  sp ec tro sco p y  in  th e  s t ru c tu re  e lu c id a
t io n  o f  organic m olecules has been  w ell k n o w n  fo r lo n g ; h o w ev er, th e re  have 
o n ly  b een  few a tte m p ts  fo r co m p u te rized  in te rp re ta tio n  o f 1H -N M R  sp ec tra . 
R easo n s  for th is  a re  : (1) th e  chem ical sh if t range is sm all, th e re fo re  th e
c h a ra c te r is tic  ranges o f  p ro to n s  in  d iffe ren t chem ical (m agnetic) e n v iro n m e n ts  
o f te n  o verlap , i.e. th e  n u m b e r o f c h a ra c te r is tic  ab so rp tio n s is  r a th e r  low 
re la tiv e  to  o th e r sp ec tro sco p ic  te c h n iq u e s  ; (2) sp littin g  p a t te r n  cau sed  by  
sca la r sp in -sp in  in te ra c tio n s  d ep en d  s tro n g ly  on th e  Лv/J  ra tio , a n d  a t  p resen t 
w e h a v e  no m eth o d  fo r  th e  e s tim a tio n  o f  i ts  v a lu e ; (3) chem ical sh if t  values 
a re  d ep en d en t on th e  so lv en t, c o n c e n tra tio n  an d  te m p e ra tu re , a n d  th is  m ay 
also  cause  d iffe ren t s p li t t in g  p a t te rn s  fo r th e  sam e fu n c tiona l g ro u p ; (4) m olec
u la r  m otions (d y n am ic  b e h a v io u r  o f th e  m olecules) m ay  also cau se  th e  av e ra g 
in g  o f  chem ical sh ifts  fo r d ias te reo to p ic  p ro to n s  (e.g. AB — A 2 a n d  vice versa).

P ro b a b ly  for th e se  reaso n s p rev io u s s tu d ie s  [1 — 3] on th e  co m p u te rized  
in te rp re ta t io n  of 1H -N M R  sp e c tra  re s tr ic te d  th e  problem  to  th e  f i r s t  o rder 
p a tte rn s .A s  a consequence , a g re a t a m o u n t o f spec tra l in fo rm a tio n  w as lost.

W e a tte m p te d  to  overcom e th is  p ro b lem  using an  a p p ro a c h  capab le  
o f  h a n d lin g  b o th  f irs t a n d  h ig h e r o rd e r sp in  system s. As our s ta r t in g  p o in t was 
th e  A S S IG N E R  sy stem  [4 — 6, 9 ], a lre a d y  in  opera tio n  a t  o u r I n s t i tu te ,  we

* For p art I, see Ref. [4]
** To whom correspondence should be addressed
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h a d  n o  in te n tio n  to  p re p a re  a program  w hich  c a n  give a reasonab le  f in a l 
re su lt  (we doub t w h e th e r i t  is possible a t all) o n  th e  basis of 1H -N M R  d a ta  
a lo n e . T h is  paper p re se n ts  a  discussion o f o u r re su lts .

Results and Discussion

I t  is com m on in  1H -N M R  spectroscopy to  c la ssify  p ro tons accord ing  to  
th e i r  chem ical, and  c o n se q u e n t spectroscopic  b e h a v io u r . P ro tons a t ta c h e d  
to  c a rb o n  atom s u su a lly  g iv e  sharp  resonance  lin e s  a n d  tak e  p a r t  in  sca la r 
sp in —sp in  in te rac tio n s, p ro v id e d  th a t  th is  is p o ss ib le  a t  all. P ro tons b o n d ed  to  
h e te ro  a to m s (N, O, S) o f te n  p roduce b ro ad  lin es , a n d  a re  read y  p a r tn e rs  in  
fa s t ex ch an g e  processes.

W e follow ed th is  c la ss ifica tio n , and d iv id ed  p ro to n -co n ta in in g  fu n c tio n a l 
g ro u p s  in to  tw o su b g ro u p s  (see Fig. 1). G ro u p  1 is d iv ided  fu rth e r, n a m e ly  
to  g ro u p  l a ,  in w hich p ro to n s  are iden tical a n d  or fa r  enough from  o th e r

F i g .  1 .  Classification of proton-containing functional groups according to their spectroscopic 
behaviour and importance for the joint 13C—'H —IR interpretation [9]

*A cta  Chim . Acad. Sei. Hung. I l l ,  1982
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p io to n (s) to  show  a n y  sp in -sp in  in te ra c tio n . S uch  fu n c tio n a l g roups w ere le ft 
o u t o f co n sid era tio n s as “ less in fo rm a tiv e ”  fro m  th e  p o in t o f view  o f th e  
A S S IG N E R  sy stem . To G roup lb  belong fra g m e n ts  show ing sp in -sp in  in te r 
a c tio n .

The o p e ra tin g  sequence of ou r p io g ram  fo r th e  in te rp re ta tio n  o f XH -N M R  
sp e c tra  is show n in  F ig . 2.
Required inputs are; chem ical sh ifts  an d  re la tiv e  in te n s ite s  (o b ta in ed  as p r in te r  
o u tp u ts ) , p ro to n  a llo ca tio n s  (ca lcu la ted  m an u a lly  from  th e  sp ec tru m  in teg ra l)  
a n d  th e  em pirical fo rm u la . T hese d a ta  are fed  in  th e  co m p u te r b y  m ean s of 
p u n ch ed  cards.

F irs t th e  a ss ig n m en t of th e  h e te ro  p ro to n s  H (X ) is ca rried  o u t, e ith e r , 
au to m a tic a lly  or m a n u a lly . F o r th e  a u to m a tic  w ay  tw o  sp ec tra  reco rd ed  a t 
d iffe ren t te m p e ra tu re s  a re  requ ired .

F i g .  2 .  Flow chart of lH-NMR data interpretation
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T h e  p rogram  s u b tra c ts  th e  tw o  s p e c tra  from  each  o th e r , a n d  th e  lines 
s h if te d  m ore  th a n  0.1 p p m  a re  assigned  to  H (X ) p ro to n s. A s th e  g en era l v a lid 
i t y  o f  th is  m e th o d  is  q u e s tio n a b le , one m a y  reassign  th e  H (X ) p ro to n s , 
m a n u a lly , considering o th e r  sp ec tro sco p ic  ev idence , e.g. t h a t  from  d e u te ra tio n  
e x p e r im e n ts . In  th e  second  s te p  (fu n c tio n a l g roup  analysis), g ro u p s co n sis ten t 
w ith  th e  spectroscopic  d a ta  a re  se lec ted . F o r  th is  pu rpose  we use  em pirica l 
spectral feature-structural fragm ent co rre la tio n s . T hese are  s to re  in  property 
m atrices, one each fo r H (X ) a n d  H (C) p ro to n s . D epend ing  on  th e  n a tu re  of 
th e  s p in - s p in  in te ra c tio n , one  o r m o re  row s o f  th e  p ro p e rty  m a tr ix  s ta n d  for 
a  fu n c tio n a l  group.

T h e  corre la tions s to re d  o rig in a te  in  p a r t  from  li te ra tu re  d a ta  [7], an d  
in  p a r t  fro m  our ow n experience .

A t p re se n t we h av e  r a th e r  few  c o rre la tio n s  coded  (ap p ro x . 90), b u t  b y  
th e  v e ry  n a tu re  o f a rtif ic ia l in te llig en ce  sy s te m s  [8 ], one can  a d d  a new  e n try  
v e ry  ea s ily . T he fea tu re s  in c lu d e d  in to  th e  p ro p e r ty  m a tr ix  (see F ig . 3) are 
as fo llow s :

#• * Different proper ty matr ices a r e  used for different solvent s  to el iminate  the 
p rob l ems  ar i s ing from different  chemical  shif ts

F i g .  3 . Features included in the lH-NMR property matrix

Reference line; u sua lly  th e  s tro n g e s t line  o f  a sp in  sy s tem  is se lec ted  fo r th is  
p u r p o s e ; th e  id en tif ic a tio n  o f  a  sp in  sy s te m  is b ased  above all on  f in d in g  a 
line w h ic h  fu lfils  th e  re q u ire m e n t o f  th e  re fe rence  line . C hem ical sh if ts  an d  
in te n s it ie s  o f  th e  o th e r lines o f  th e  sp in  sy s te m  are  g iven  re la tiv e  to  th is . 
Proton allocation ; th is  m ean s th e  n u m b e r o f  p ro to n s  req u ested  in  th e  g iven  
ran g e .
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Relative chemical sh ifts ; ch em ica l sh ift va lu es  o f  th e  o th e r  lines re la tiv e  to  
th e  reference lin e , in  p pm . A  +  range  is a llow ed  to  co m p en sa te  fo r th e  
m easu ring  e rro r  an d  s u b s ti tu e n t  effects.
Relative intensity; th e  re fe ren ce  line in te n s ity  is e q u a l to  1, th e  in te n s ity  
o f th e  o th e r lines is given r e la t iv e  to  th is  in  p e rc e n ta g e . T h e  m easu red  in te n s ity  
va lu e  should  be  w ith in  a + / J 2 ran g e  o f th e  va lu e  g iven  in  th e  p ro p e r ty  m a tr ix , 
o therw ise th e  co n d itio n  is n o t fu lfilled .
Number o f conditions equals th e  n u m b er o f ex p ec ted  lines o f th e  sp in  sy s tem  
in question .
Number o f conditions to be fu l f i l le d ; n u m b er o f fu lfilled  co n d itions req u ired  
to  p u t  th e  fu n c tio n a l g roup  on  th e  “ possib le”  lis t.

B y  m eans o f  th e  ab o v e  fe a tu re  we are  ab le  to  describe  also h ig h e r o rder 
sp in  system s. I n  these  cases  th e  sp in  s im u la tio n  o f  th e  system  in  q u es tio n  
has p roved  a v a lu ab le  to o l fo r  s tu d y in g  th e  effect o f  su b s titu e n ts  on  th e  sp lit
t in g  p a tte rn . T h u s  w e could  e s tim a te  th e  ex p ec ted  changes of line  in ten s itie s

F i g .  4 . The effect of v A—tg on the splitting pattern of an ABX2 (Irans) system, (a) vg =  
504 Hz, v A =  528 Hz; ( b )  v&  =  476 Hz, v A  —  528 Hz. (Curves obtained by spin simulation, 

using the SIMEQ’program by Varian Associates, Palo Alto.)

an d  reference  line ranges as a fu n c tio n  o f th e  s u b s titu e n ts  n o t ta k in g  p a r t  in  
th e  sp in -sp in  in te ra c tio n . T o  illu s tra te  th is  p o in t th e  A B X 2 system  w as chosen 
as an  ex am p le  (see F ig . 4 ).

In  th e  case o f th e  R t —C H = C H — CH2—R 2 frag m en t (in  m o st cases an  
A B X 2 system ) th e  p ro p e r ty  m a tr ix  will c o n ta in  th re e  row s, one each  fo r th e
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A , В  a n d  X  p ro to n s . A ll o f  th e m  a re  re q u ire d  fo r th e  R 3—CH =  C H  — C H 2—R 2 
g ro u p  to  su rv ive. U sin g  d iffe re n t ,JAB va lu es  (th e  coup ling  c o n s ta n ts  are 
c q jjv e r te d  in to  re la tiv e  ch em ica l sh if t v a lues), w e can  also d is tin g u ish  betw een  
g e o m e tric  isom ers E  a n d  Z.

I n  o rder to  be se lec tiv e , th e  reference  line ranges, a p a r t  fro m  th a t  o f  th e  
H (X )  p ro to n s , a re  r a th e r  n a rro w , b u t  w ith  th e  increasing  n u m b e r o f  sp ec tra l 
lin e s  (h igher o rder sp in  sy s tem s), th is  re q u irem en t becom es less serious. F o r 
th i s  reaso n , in  th e  case o f a sp in  sy s tem  o f te n  lines, th e  re fe rence  line ranges 
a re  re la tiv e ly  w ide to  co m p en sa te  fo r th e  u n k n o w n  c h a ra c te r  o f  th e  R  su b 
s t i tu e n ts .  In  o th e r  w ords, ih e  g re a te r  th e  n u m b e r o f  ex p ec ted  sp e c tra l lines, 
th e  sm a lle r  th e  d an g e r o f f in d in g  a fu n c tio n a l g roup  w hich  is n o t p resen t.

I f  fo r some rea so n , e.g. ow ing to  so lv en t o r m ag n e tic  e n v iro n m e n ta l 
e ffec ts , th e  reference lin e  is sh if te d  o u ts id e  th e  ex p ec ted  ran g e , th e  fu n c tio n a l 
g ro u p  in  question  w ill be lo st f in a lly . To avo id  th is  e rro r we use d iffe ren t p ro p 
e r ty  m a tric e s  for th e  d iffe re n t so lv en ts  (a t p re se n t we h av e  tw o , one  each  for 
th e  s p e c tra  o b ta in ed  in  CDC13 an d  CeD„ so lu tio n s, resp ec tiv e ly ), a n d  we t ry  
to  d e fin e  th e  e n v iro n m en t o f  th e  p ro to n (s) in  q u es tio n  as p rec ise ly  as possible. 
N o rm a lly  th e  а -g roups a re  e x a c tly  d escribed , an d  often  th e  /З-n e ig h b o u rs  are 
a lso  g iven .

I n  th e  case o f H (X ) p ro to n s  (G roup  lb )  th e re  is no o th e r  p o ss ib ility  for 
f u r th e r  f ilte rin g  th e re fo re  th e  re su lt o f fu n c tio n a l group an a ly sis  is final.

F o r  H(C) p ro to n s  (G roup  2) sp in—sp in  in te ra c tio n s  g ive a fu r th e r  
p o s s ib il i ty  to  p ru n e  o u t in c o n s is te n t ones. T h is is done in  th e  s te p  “ Check 
fo r  in te rn a l  consis ten cy ”  (cf. F ig . 2) b y  m eans o f  B oolean  ty p e  logic ex p res
sions. T h e  functions in c lu d ed  com prise  th e  com m onest logical s tep s  o f h u m an  
in te rp re ta t io n  o f sp ec tro sco p ic  d a ta . W e s to re  th e se  expressions in  a  condition 
m a tr ix  [4].

F u n c tio n a l g roups w h ich  fu lfill th e  co n d itio n s are  g iven as f in a l resu lts  
o f  th e  H (C) p ro to n  in te rp re ta t io n . To il lu s tra te  th e  o p era tio n s o f  th e  cond i
tio n  m a tr ix , a sim ple ex am p le  is g iven  in  F ig . 5.

E x a m p le s  are g iven  below  to  i l lu s tra te  th e  efficiency o f th e  p ro g ram  
d e sc rib e d  :

A В

- C 0 - 0 - C H * - C H 3 =  A
- C O - O - C H 2 -CH3 * =  В 

A = B (logical expression)

F i g .  5. Operation of the 'H-NMR H(C) condition matrix
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Exam ple  1

Cl
-CHs—CH3 

N
XCH2SP(S)(OCH2CIl3)2

In  th is  case th e  following fu n c tio n a l g roups are  p e rm itte d  u s in g  th e  
11(C) m a trix  :

(1) A R O M -ethyl, - C * I 1 3
(2) 2 ,6 -d ie th y lan ilid e  C*H3
(3) - C 0 - 0 - C H 2-  CH%
(4) R —0  —C H *2 —C H 3
(5) R - O - C H o  C H *3
(6) - S - C H , - - C H *3

(7) — N - C H 2- 0 - C H 2 - C H *3
(8 ) - N C O - C H * 2- C H 3
(9) - N C O - C H , - C H *3

(10) - N C O - C H ( C H 3)*2
(11) 2 -chloroanilide

A fter f ilte r in g  according to  th e  co n d itio n  m a trix , six o f th e  e lev en  groups 
a re  p ru n ed  o u t. T h e  surv iv ing  g ro u p s  a re  as follows :

(4 ) R - 0  —C *H 2—C H 3 I
(5) R - 0 - C H 2- C * H 3 J
(9) - N C O - C * H 2- C H 3 1

(10) — NCO —C H 2—C*H 3 (
( 11) 2 -ch lo roan ilide
(R  m ay  m ean  a n y  carhon  atom )

R - 0 - C H 2- C H 3

- N C O - C H 2- C H 3

T he f irs t  tw o  pairs of g roups su g g est th e  presence of an  R  — О — C H 2—C H 3 
an d  an  — NCO — C H 2 —CH3 g ro u p , re sp ec tiv e ly , as th e  pa irs  a re  c o u n te rp a r ts  
o f  each o th e r. I n  ad d ition , a n  o riho-ch loroanilide frag m en t is a llow ed  (an 
A BCD  sp in  sy stem ).

T he f ir s t  tw o  p a irs  of g ro u p s su g g est th e  presence of an  R  — О — C H 2—CH3 
an d  an  —NCO — C H 2—CH3 g ro u p , re sp ec tiv e ly , as th e  p a irs  a re  c o u n te rp a r ts  
o f  each o th e r. I n  add ition , a n  ort/io -ch loroanilide fragm en t is a llow ed  (an 
ABCD sp in  sy stem ).

* Asterisks! ndicate the protons in question
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E xam ple  2

E

T he p rogram  su g g e s te d  th e  presence o f  th e  E  from  [Rj^—CH =  C H — 
— C H 2—R 2 (E )]. N o o th e r  g roup  was found .

Exam ple  3

T h e  above ex am p les  v e r ify  th a t  ou r a p p ro a c h  o f  deriv ing  sp e c tra l 
in fo rm a tio n  also from  h ig h e r  o rd e r spectra  is v a lu a b le  in  m any  cases. T he 
re su lts  o b ta in ed  are b y  n o  m ean s ex h au stiv e  co n sid e rin g  th e  c a p ac ity  o f  
H -N M R  spectroscopy , h o w e v e r, th e  p ro p e rty  m a tr ic e s  a re  ex ten d ab le  p ra c 
tic a l ly  in fin ite ly .

HO CH— CH2—CH3

R e su lt  of 
H (C) m a t r i x : 
1 ,4 -d isu b s titu te d  
b en zen e  ring

R esu lt o f 
H (X ) m a tr ix  :
(1) R  — O H  (associated )
(2) A R O M - O H

(th e  sec.-b u ty l group 
is n o t  in c lu d ed  y e t in  
th e  m a tr ix )

E xam ple  4

H3Ĉ  ĈO— 0 —CHä—CH3
с сч

h 2n  н

R e su lt o f 
H (C) m a tr ix  :

R esu lt o f  
H (X ) m a tr ix  :

- C 0 - 0 - C H 2CH3
(1) R - O H
(2) R - N H -
(3) R  —N H 2

Acta Chim. Acad. Sei. Hung. I l l , 1982



SZALONTAI et al.: COMPUTER-AIDED STRUCTURE ELUCIDATION, II 247

Conclusions

T h e p ro g ram  developed is c a p a b le  o f  p r in tin g  a list o f fu n c tio n a l g roup  
th a t  m ay  be p re se n t in  an  u n k n o w n  o rg an ic  m olecule on th e  basis  th e  B I-N M R  
sp ec tru m  an d  th e  em pirical fo rm u la . T h e  p ro g ram  has been in  u se  since  th e  
su m m er o f 1980 an d  te s te d  on 120 co m p o u n d s . O n th e  av erag e , fo r  coup led  
H (X ) p ro to n s  th e  o u tp u t c o n ta in s  1.1 —1.4 tim e s  m ore fu n c tio n a l g ro u p s  th a n  
a re  re a lly  p re sen t.

F o r  u n co u p led  H(C) p ro to n s  th is  ra t io  is m uch less fa v o u ra b le , ow ing 
to  th e  lack  o f filte rin g  based  on  s p in -s p in  in te ra c tio n s . F o r o u r p u rp o se  — th e  
id e n tif ic a tio n  o f  g rea te r  f ra g m e n ts  a n d  th e  p r in tin g  o f possible H (X ) p ro to n s  
— th e  re su lts  a re  prom ising. B y  th e  e x ten s io n  of th e  d a ta  b a se , d iffe ren t 
im p ro v ed  ap p ro ach es m ay  becom e possib le .

A s to  th e  lim ita tio n s  o f  th e  p re se n t p ro g ram , th e  re su lts  o b ta in e d  for 
m olecules co n ta in in g  p h o sp h o ru s, f lu o rin e  or o th e r I  =  1/2 n u c le i, can  be 
m islead ing . A lso, th e  p rog ram  c a n n o t cope w ith  th e  problem  o f a m ix tu re  of 
con fo rm ers, a n d  th e  resu lts  o b ta in e d  fo r m olecules ta k in g  p a r t  in  exchange 
processes w ith  ra te s  in  th e  ra n g e  o f  th e  N M R  tim e  scale, m ay  be  in co rrec t.

T h e  lis t o f H -N M R  c o rre la tio n s  a n d  cond itions is a v a ila b le  from  th e  
a u th o rs  on re q u e s t.

The authors are indebted to Dr. E. P r e t sc h  (ETH, Zürich) for the supplying of spectra 
of sample compounds 2 4, and to Mrs. Zsuzsa K ovács and Mrs. Jolán P r é p o s t  for technical
assistance.
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C om puter-aided in terp re ta tion  of 13C-NMR, 'H -N M R  and IR  spectra  of organic 
molecules (M.W. <[500) is done by an artificial intelligence approach. A procedure for 
the jo in t 13C-NMR 'H-NM R IR  spectrum  in terp re ta tion  is outlined. Possible ways 
of finding acceptable greater fragm ents on th e  basis of 'H -N M R — 13C-NMR d a ta  and 
of 13C-NMR data  alone are also described.

Exam ples have been worked ou t in detail to  dem onstrate the capability  of the 
system.

In tro d u c tio n

In  ou r p rev io u s papers [1 — 3] we p re se n te d  resu lts  co n cern in g  an  a r t i 
fic ia l in te lligence  sp e c tru m  in te rp re ta t io n  sy s tem . The earlie r v e rs io n  o f  the  
proposed A S S IG N E R  prog ram  package  in c lu d ed  th e  in te rp re ta tio n  o f 13C-NM R 
and  IR  sp ec tra . A d raw b ack  o f th is  v e rsion  w as th a t  o ften  even  th e  re la tiv e ly  
sm all excess o f  possib le  fu n c tio n a l g roups a llow ed  th e  genera tio n  o f a n  u n a c c e p t
able h igh n u m b e r o f  s tru c tu ra l  isom ers.

In  o rd er to  red u ce  fu r th e r  th e  n u m b e r o f possib ly  p re se n t g roups, we 
ex ten d ed  th e  A S S IG N E R  w ith  a p ro g ra m  e v a lu a tin g  ’H -N M R  sp e c tra  [4]. 
T h e  a d v a n ta g e  o f th is  s tep  is tw o fo ld : on  one h an d , ’H -N M R  d a ta  c a n  be 
used in  th e  f ilte r in g  processes [p ro to n s  b o n d e d  to  h e te ro  a to m s, H (X )]; on  th e  
o th e r, sca la r sp in -sp in  in te rac tio n s  can  b e  used  as s tru c tu ra l p roofs fo r th e  
presence o f  g re a te r  s tru c tu ra l f ra g m e n ts  [p ro to n s  bonded  to  c a rb o n  a tom s,
H(C)].

As an  a id  we developed tw o  su b ro u tin e s , one for th e  c a lc u la tio n  o f th e  
n u m b er o f benzene rings and  its  su b s ti tu e n ts  [5] (if any) a n d , th e  second, 
to  gen era te  all possib le g rea te r  f ra g m e n ts  on  th e  basis o f 13C -N M R d a ta  
(e.g. o lefinic doub le  bounds, e th e rs , p y rid in e  an d  fu rá n  rings). A t th e  sam e 
tim e , in  th e  case o f  frag m en ts  o f h e te ro cy c lic  rings th is  su b ro u tin e  w ill e lim i
n a te  in co n sis ten t d a ta .

* For parts  I  and  II , see Refs. [1] and [4]
** To whom correspondence should be addressed
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T h e  o u tp u t of th e  p re s e n t  ex ten d ed  v e rs io n  is a lis t o f possib le  fu n c tio n a l 
g ro u p s  o b ta in e d  on th e  b as is  o f  a jo in t in te rp re ta t io n  o f 13C- 1H -N M R  an d  
I R  d a ta ;  in  add ition , a l is t  o f  th e  possib le g re a te r  frag m en ts  are  a lso  g iven .

H e re  we give a sh o r t  d e sc rip tio n  o f th e  o p e ra tio n  and re su lts  o b ta in e d  
w ith  th e  ex tended  version .

R esu lts  and  D iscussion

Jo in t  13C — 1H -N M R  — I R  interpretation

T h e  flow  c h a rt o f  th e  e x te n d e d  v e rs io n  is g iven  in  Fig. 1.
D e ta ils  and  p rinc ip les o f  13C-NM R — I R  d a ta  in te rp re ta t io n  w e h av e  

a lr e a d y  re p o rte d  elsew here [1, 2 ] . T he p ro to n -c o n ta in in g  fu n c tio n a l g ro u p s are 
c la s s if ie d  accord ing  to  th e  n a tu r e  o f th e  p ro to n (s) th e y  co n ta in . O n ly  th o se  
h a v in g  p ro to n (s )  a tta c h e d  to  h e te ro  atom s (O , N , S) a re  co nsidered  in  th e  
jo in t  13C — H I-N M R  — I R  in te rp re ta t io n  (see F ig . 1). T he re su lt o f fu n c tio n a l 
g ro u p  a n a ly s is , i.e. th e  f ra g m e n ts  co n sis ten t w ith  th e  e lem en ta ry  an a ly s is  an d  
sp e c tro sc o p ic  d a ta , are  c o n fro n te d  d irec tly  w ith  th e  jo in t  13C-N M R — I R  
lis t b y  m e a n s  of a 13C — XH  — I R  co n d itio n  m a tr ix  sim ilar to  t h a t  d esc rib ed  
in  th e  p re c e d in g  p ap er [4].

E xam ple  1

X  =  R - C 0 0 H  A =  (A L) — COOH
В =  ( - C H 2) - C 0 0 H  
C =  (R) —COOH 
D =  (R ) — COOH 
E =  -COOH

IR

13C-N M R
:H -N M R

ogical e q u a tio n : X  =  A - | - B - | - C * D í E

w h ere : A L  =  aliphatic  c a rb o n  a to m , R  =  a n y  c a rb o n  a to m , +  =  logical
“ o r” , * =  logical “ a n d ” , ( ) =  possib le  a d ja c e n t group

E xam ple  2

X = — C = N - 0 H  A =  ( N = ,  C = ) = N —OFI IR
В =  — C = N —O H  13C-NM R
C =  = N — O H  H I-N M R

ogical e q u a tio n :  X  =  A В *  C
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ASSIGNER final result

Fig. 1. Flow chart of the extended A SSIG N E R  system
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F o r ex a m p le , to  confirm  or to  d im in ish  th e  p ro b a b ility  o f a n  R  — C O O H  group , 
th e  p ro g ra m  looks for th e  p re sen ce  o f  one o f th e  th re e  g roups A , В or C in  
th e  I R ,  for D (13C-NM R) in  th e  jo in t  13C-NM R IR  lis t, an d  fo r E  in  th e  
1H -N M R  H (X ) lis t. This p ro c e d u re  w ill e lim ina te  fu n c tio n a l g ro u p s in co n 
s is te n t  w ith  any  of th re e  sp ec tro sco p ic  m ethods.

Interpretation o f the 4/-IV  M R  11(C) result

F u n c tio n a l groups c o n ta in in g  p ro to n s  bonded  to  c a rb o n  a to m s do n o t 
ta k e  p a r t  in  th e  jo in t in te rp re ta t io n , un like  H (X ) p ro to n s.

F ra g m e n ts  w hich su rv iv e d  th e  in te rn a l consistency  check  (see F ig . 1) 
are  ch e c k e d  again  using 13C -N M R  d a ta  of th e  jo in t 13C-NM R — IR  lis t. H ere 
ag a in  a co n d itio n  m a trix  ( :H  — 13C co n d itio n  m atrix ) is em ployed  to  com ple te  
th e  ta s k  o f filte ring . A n e x a m p le  is g iven below.

X  -- 2 ,6 -d ie th y lan ilid e  [4 I-N M R , H (C )]
X = A * B * C * D * E * F * G  (logical equation)

Requested l3C-NMR 
functional groups

Number of 
identical 

carbon atoms
Number of 

groups required

A CO - N - 1 l

В 1C-AR0M-C-1 l 2

C 1H-AR0M-C-1 i 1

D 1H-AR0M-C-1 2 1

E 1N-AR0M-C-1 1 1

F - C - C * H 2 C - 2 1

G - C H 2-C * H 3 2 1

( 1C-A RO M -C-1 m eans a ca rb o n  a to m  o f a benzene rin g  to  w h ich  an  a n o th e r 
c a rb o n  a to m  is bonded; iH -A R O M -C -l d eno tes an  u n s u b s ti tu te d  benzene ring  
a to m ; 1N -A R 0M -C -1 m eans a c a rb o n  a to m  o f a benzene ring  to  w hich  a n i tro 
gen a to m  is bonded , etc. A ste risk s  in d ic a te  th e  ca rb o n  to  w h ich  th e  co n d i
tio n s  re fe r .)

T h e  log ical eq u a tio n  h as  th e  sam e ro le as before, b u t  tw o  a d d itio n a l 
fe a tu re s  (n u m b e r of id en tica l c a rb o n  a to m s an d  n u m b er of re q u ire d  groups) 
have  b e e n  inc luded , tak in g  in to  a c c o u n t th e re b y  q u a n ti ta t iv e  in fo rm a tio n  
also. F o r  in s ta n c e , in  th e  above case  a t  leas t tw o В g roups (b u t in  d iffe ren t 
chem ica l en v iro n m en ts), and  tw o  each  from  th e  D, F  and  G g ro u p  (in  id e n t i 
cal ch em ica l en v ironm en t), etc., sh o u ld  be p re sen t: o therw ise  th e  X  g roup  
will be  p ru n e d  out.
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As describ ed  earlier [4] th e  co rre la tio n s  inc luded  in  th e  H(C) p ro p e r ty  
m a trix  are  re s tr ic te d  to  th o se  g roups in  w h ich  sp in -sp in  in te ra c tio n s  ex is t.

W e u tiliz e  these  in te ra c tio n s  in  fin d in g  g rea te r  s tru c tu ra l f ra g m e n ts . 
R em em ber [1, 3] th a t  13C-N M R co rre la tio n s w ere used to  id en tify  a c a rb o n  
atom  in  a specified  chem ical e n v iro n m e n t, b u t  th e re  was no in fo rm a tio n  
o b ta in ed  on  th e  n a tu re  ( te r t ia ry , seco n d ary , etc.) o f th e  n e ig h b o u rin g  ca rb o n  
atom s. T he im m ed ia te  conclusion  is th a t  p ro b a b ly  p resen t g rea te r f ra g m e n ts  
(see Fig. 1) o b ta in ed  th is  m a n n e r rep re sen t a d iffe ren t q u a lity  o f in fo rm a tio n  
as com pared  w ith  th e  jo in t 13C — JH -N M R  — IR  resu lt. W hen  th e re  is no 
reason to  cancel any  of th e  o b ta in e d  possib le  g rea te r frag m en ts , th e y  are 
in fo rm a tio n a l hom ologues.

Finding probably present greater fragments on the basis o f 13C -N M R  data

W e tr ie d  to  co n stru c t c r ite r ia  for th e  presence  o f g rea te r f ra g m e n ts  also 
using  13C -N M R  d a ta  a lone. F o r th is  p u rp o se  we used a n o th e r co n d itio n  
m a trix , ca lled  carbon greater fragment co n d itio n  m a trix .

The basic  idea  of its  o p e ra tio n  is r a th e r  sim ple. E ach  row  o f th e  m a tr ix  
co rresponds to  an  assum ed g re a te r  fra g m e n t, an d  prov ided  th a t  th e  p ro g ram  
finds in  th e  lis t of th e  13C-N M R — IR  d a ta  all th e  requ ired  b u ild in g  blocks 
(fu n c tio n a l g roups) listed  in  th e  given row , th e  frag m en t will be d ec la red  as 
“ possib le” . I t  is obvious th a t  all th e  b u ild in g  b locks of th e  fra g m e n t in  q ues
tio n  shou ld  be in  th e  basic  13C-NM R p ro p e r ty  m a trix , o therw ise th e  m a tr ix  
is n o t e ffec tiv e . For i l lu s tra tio n  an  ex am p le  is g iven  below.

A ssum ed f ra g m e n t:

U n sy m m etrica lly  2 ,5 -d isu b s titu te d  fu rá n  ring

R eq u ired  fu n c tio n a l g roups:
J

u rán  C2 su b s t. 
•^uran C2 su b s t. 
•^uran C3 
ju r á n  C3

- 0 - C  =  
- 0  C =  
- C H  =
- C H  =

A t p re se n t th e  m a tr ix  co n ta in s  o n ly  sev e n ty  row s, b u t to  a d d  a new  
e n try  is v e ry  sim ple. O w ing to  th e  re la tiv e ly  h igh  n u m b er o f co n d itio n s  r e q u ir e d , 
th e  excess o f iden tified  possib le  frag m en ts  is r a th e r  low.
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T h e  lis t o f g re a te r  g ro u p s o b ta in ed  in  th is  w ay  rep resen ts  m ore  o r less 
th e  sa m e  level o f in fo rm a tio n  as th a t  o f  th e  H(C) N M R  groups describ ed  
b e fo re . T h e  tw o  lis ts  n ecessa rily  o v erlap  g iv in g  th e re b y  an  in creased  chance  
fo r  c e r ta in  frag m en ts  to  be  re a lly  p resen t.

T o  d e m o n s tra te  th e  c a p a b ility  o f th e  sy s te m  som e searches h a v e  been  
w o rk e d  o u t in  de ta il.

E xam ples o f application

R e su lts  o b ta in ed  fo r Structure 1 (C5H 80 2) a re  show n in  T ab le  I .
O n ly  o n e  fu n c tio n a l g ro u p  su rv iv ed  all th e  f i l te r in g  steps fo r each  13C -N M R 
lin e , th e re fo re , ta k in g  in to  acco u n t th e  e n v iro n m e n t of th e  ca rb o n  a to m s  in

Table I

Surviving functinal groups o f Compound 1 through 
UC -N M R  — 1H- N M R  — IR  jo in t interpretation

Compound 1

C4H80 2

Joint 13C-NMR - Ul-NMR -  IR result

13C-NMR 
lines [ppm] Assignment Surviving groups Intensity

177.2 (C-2) R — COO —R 1
74.6 (C-5) -c-c*n2- o - 1
36.0 (C-4) - C - C * H - C - 1

30.4 (C-3) - C - C * H 2 - C - 1
17.7 (C-6) - C - C * H 3

(probably AROM —C*H3)
1

Possible structural isomers:

* Asterisks indicate the carbon to which the chemical shift range refers
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q u estio n , tw o s t ru c tu ra l  isom ers could  be c o n s tru c te d  (S tru c tu re s  1 an d  2 in  
T ab le  I). F o r th e  line  a t  17-7 p p m  a n  a d d itio n a l fu n c tio n a l g roup  (g iven  in  
pa ren th eses) is also allow ed. G roups in  p a ren th ese s  m ean  a m ore closely speci
fied  en v iro n m en t fo r th e  ca rb o n  in  q u estio n ; th e se  sh o u ld  be considered  as 
possib le  a lte rn a tiv e s  o f en v iro n m en t. I n  o u r case th e  p roposed  a ro m atic  
e n v iro n m e n t o f th e  m e th y l c a rb o n  is false, h ow ever, i t  is a n  in d ic a tio n  o f th e  
b ra n c h e d  n a tu re  o f th e  ca rb o n  ch a in  to  w hich  th e  m e th y l g roup  is a tta c h e d .

R esu lts  o b ta in e d  fo r a som ew hat la rg e r m olecule  (C14H 180 4) are  given 
in  T ab le  I I  ( Structure 2 ).

T he fu n c tio n a l g roups w hich  su rv iv ed  fo r th e  c a rb o n  a to m  a t  167.0 ppm  
suggest th e  p resence  o f a co n ju g a ted  or a n  a -h a lo -su b s titu te d  este r. F o r th e  
c a rb o n  a to m  a t  161.5 p p m  th e  groups o b ta in e d  are  m ore  heterogeneous: 
besid es  th e  c o n ju g a te d  es te r an d  th e  —О — CO — 0 — group  an d  a n  a ro m atic  
c a rb o n  a tta c h e d  to  o x y g en  a re  also allow ed. F o r  ca rb o n s  ab so rb in g  betw een  
144.6 an d  114.4 p p m  olefin ic  double  bonds an d /o r a ro m a tic  g roups a re  p roposed  
a lte rn a tiv e ly . T hese sug g est th e  presence o f a benzene  rin g , or o lefin ic double 
b o n d s , or b o th . O n ly  one g roup  su rv iv ed  fo r each  o f  th e  fo llow ing four lines; 
th re e  o f th em  sh o u ld  re p re se n t m eth y len e  ca rb o n s  a t ta c h e d  to  a n  oxygen , 
an d  th e  fo u rth  a n  —О — C H 3 group . T he tw o  p ro p o sa ls  o b ta in e d  for th e  la s t 
line (15.2 ppm ) c lea rly  in d ic a te  t h a t  an  e th y l g ro u p  sh o u ld  be p re sen t in  th e  
m olecule.

F o u r o f th e  su g g ested  seven  possible g re a te r  frag m en ts  (13C-NM R) are 
re a lly  p resen t; one o f  tb e m  ( — 0  — C H 2 — C H 3) is su p p o r te d  also b y  th e  1H -N M R  
H(C) d a ta .

H ow ever, in  th is  case th e  n u m b er o f  s t ru c tu ra l  isom ers is con sid erab ly  
la rg e r.

I n  Structure 3 (C13H 20O4) th e re  are id e n tic a l g roups a rra n g e d  sy m m etri
ca lly  (T able I I I ) .  A ll th e  ca rb o n  atom s b u t  C-4 h av e  an  in te n s ity  v a lu e  of 
tw o . T he possible g re a te r  fra g m e n t o b ta in ed  b y  13C-N M R in d ica tes  t h a t  th e  
m olecu le  shou ld  c o n ta in  tw o  id en tica l v in y l g roups an d  tw o  id en tica l 
— О — C H ,—C H 3 g roups. T he la t te r  are  in  a n  e s te r  r a th e r  th a n  in  a n  e th e r  
g ro u p , as in d ic a te d  b y  th e  H l-N M R  H(C) re su lt. (The m e th y len e  carbons o f  
th e  R —0  — CH2— g ro u p s a re  n o t d is tin g u ish ed  acco rd in g  to  th e  n a tu re  o f  
R  in  th e  13C-NM R p ro p e r ty  m a tr ix , b u t so th e y  are  in  th e  XH -N M R  p ro p e rty  
m a trix .)

K eep ing  in  m in d  th e se  fac ts , only  tw o  s t ru c tu ra l  isom ers can  be co n 
s tru c te d  (see T ab le  I I I ) .
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Table П

Surviving f  unctional groups o f Compound 2 through 
13C -N M R — 1H -N M R  — IR  joint interpretation

Compound 2

O *-----*
12 11 10 9 ||8 7 6 5 / ^ - ч Л 2  1
СНз—сн2— О—СН2—с н 2— О— С—СН=СН—-( (  )  )— ОСНз

Ci4H 180 4

Jo in t ^C -N M R  -  ‘H-NMR -  IR  result

,3C-NMR
lines [ppm]

Assign
ment Surviving groups Intensity

167.0 (C-8) =  C C *00 R  or (CX,CONJ.) COO R l

161.5 (C-2) =  C -C * 0 0  R or 0  C * = 0  0  or 10-AROM-C-1 l

144.6 (C-6) =  CH l

129.8 (C-4) lH-AROM-C-1 or = C H 2

127.2 (C-5) 1-C-AROM-C-l 1

115.4 (C-7) lH-AROM-C-1 or CH 1

114.4 (C-3) lH-AROM-C-1 or - CH 2
68.5 (C-9) CH2 0 1

66.5 (C-10) CH2 0 1
63.6 (C -ll) сн 2 0 1

55.2 (C-l) 0  CH3 1

15.2 (C-12) C CH2 C*H3 or 0  CH2 C*H2 1

O btained greater fragments:

13C-NMR Ш-NMR

(i) - C H = C H - (5) = C -C O O C H 3
(2) - C H 0 - 0  C1I3 (6) = C -  C O O -C H 2CH3 R -  O ^ C H 2CH3
(3) —0 - C H 2- C H 3 (7) one benzene ring
(4) — C H , -  О СН,— m onosubstituted* *

* Asterisks indicate the carbon to which the chemical shift range refers 
** I f  any other carbon-carbon double bond present, this sta tem ent m ight be wrong
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Table III

Surviving functional groups o f Compound 3 through 
i3C -N M R  — 'l l -  N  M R  IR  jo in t interpretation

Compound 3

7 6 5 3 3 1
c h 3—c h 2— o o c  ch2—cn—cmx
СНз—С112— 0.00 CH2— C H = C H 2

ClsH10O

Jo in t 13C-NMR -  ‘H-NM R -  IR  result

1SC-NMR
lines [ppm] Assignment Surviving groups Intensity

170.7 (C-5) R  COO R 2

132.5 (C-2) =  C H - 2

119.1 (C-l) =  CH2- 2

61.2 (C-6) C H j - O - 2

57.3 (C-4) - c - 1

36.9 (C-3) -C  c *h 2 c - 2

14.1 (C-7) _c __C * H
( p r o b a b l y 3 CH2—CH3 o r  - O - C H j - C 'H g )

2

Obtained greater fragm ents:

“ C-NMR ‘H-NMR

(1) -С Н = С Н 2 (2X)**
(2) - 0 - C H 2- C H 3 (2X)

- C O  0 - C H 2- C H 3

Possible structural isomers:

2*

* Asterisks indicate the carbon to which the chemical shift range refers 
** Two identical groups
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Conclusions

T h e  ex tended  A S S IG N E R  sy stem  is cap ab le  o f p ro v id in g  a lis t o f  fu n c 
t io n a l  g ro u p s th a t  m a y  be  p re s e n t  in  an  u n k n o w n  organic m olecule  on  th e  
b a s is  o f  13C-NM R, 1H -N M R  a n d  I R  sp ec tra  a n d  th e  em pirica l fo rm u la . I n  
a d d i t io n ,  th e  p rogram  p r in ts  a  l is t o f th e  possib le  p re sen t g re a te r  fra g m e n ts , 
to o . I n  m a n y  cases v a lu a b le  c lues h av e  been  o b ta in e d  in  th is  w ay  fo r th e  so lu 
t io n  o f  s tru c tu re  e lu c id a tio n  p ro b lem s. Ow ing to  th e  c o n sid e ra tio n  o f  1H -N M R  
d a ta  as  a n  add itio n a l f i l te r in g  s te p , th e  excess o f  possib le fu n c tio n a l g roups 
h a s  d e f in ite ly  decreased. O n  th e  average , th e  o u tp u t  o f  th e  p rev io u s v e rsion  
[1] c o n ta in e d  1.5—2.5 tim e s  m o re  fu n c tio n a l g ro u p s th a n  w ere re a lly  p re sen t; 
n o w  th i s  ra tio  has b een  re d u c e d  to  1.6 —1.9

T h e  resu lts  o b ta in e d  a re  p ro m isin g  also from  th e  p o in t o f v iew  o f g e n e ra t
in g  m o lecu la r  s tru c tu re s .
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A simple BASIC language program m e for a TPA  11/40 com puter w as prepared 
th a t fits a theoretical curve to the detected  sp ec tru m , calculates net X -ray  intensities 
of elem ents contained  in the th in  specimen and  finally  gives atomic and  w eight ratios 
of the elem ents using precalculated p roportionality  factors. As a tes t of th e  program m e 
m icrocrystal standards of know n composition were analysed and w eight ra tios cal
culated.

Introduction

E lec tro n  m icroscop ic  X -ra y  analysis c a n  p ro v id e  an  im m e d ia te  co rre la 
tio n  b e tw een  th e  s tru c tu re  o f  a subm icroscop ic  com ponen t o f a  m o rp h o lo g i
ca lly  he te rogeneous sam ple  w ith  its  chem ical com position  w ith  an  u lt im a te  
a n a ly tic a l sp a tia l re so lu tio n  o f 20 — 30 n m , a n d  w ith o u t seriously  d am ag in g  
th e  specim en. I n  th e  case of biological spec im en  q u a n tita tiv e  m ic ro an a ly s is  
h as  m o stly  been  c a rrie d  o u t on th in  sec tions, because  in  ad d itio n  to  th e  a d v a n 
ta g e  o f a su p e rio r sp a tia l re so lu tion , th e  p rocess o f  q u a n tita tio n  is re la tiv e ly  
sim ple  as c o m p ared  to  b u lk  specim en.

F o r th e  d e fin itio n  o f “ th in n e ss”  tw o  c r ite r ia  are  used : 1) th e  e lectrons 
reach  th e  “ fa r”  su rface  o f th e  section  w ith o u t losing an  ap p rec iab le  frac tio n  
o f  th e ir  in itia l en e rg y , an d  2) th e  X -ra y s  g e n e ra te d  in  th e  sec tio n  a re  ab le to  
le av e  th e  sec tio n  w ith o u t be ing  ab so rb ed  to  an  appreciab le  e x te n t . I n  these 
tw o  c rite ria  th e  d e n s ity  th ro u g h  w hich  e lec tro n s an d  X -ray s h a v e  to  pass is 
also sig n ifican t in  a d d itio n  to  th e  in itia l en e rg y  o f th e  electrons. A p p ro x im a te 
ly  0 .5 —2 p m  th ic k  sections o f biological m a te r ia ls  are  considered  th in  enough 
to  com ply  w ith  th e s e  c rite ria .

In  m ic ro an a ly se r  system s c a lcu la tin g  p ro ced u res  for tu rn in g  th e  m easured  
in te n s itie s  in to  c o n c e n tra tio n s  are  p ro v id ed  in  p rogram m e p ack ag es . I n  these  
cases, h ow ever, serious p ro g ram m in g  ex p e rtise  is necessary  to  m a k e  even 
m in o r m o d ifica tio n s  on th e  p ro g ram m es to  ta ilo r  th em  to  p a r t ic u la r  experi
m e n ta l p ro b lem s an d  th ese  system s m a y  be  to o  com plex co m p a re d  to  th e
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sp e c ia l needs of a  g iven  la b o ra to ry . In  o u r  la b o ra to ry  a B A SIC  lan g u ag e  
p ro g ra m m e  w as p re p a re d  fo r  a T P A  11/40 c o m p u te r  w ith  16 К  core m em o ry  
in te r fa c e d  w ith  an  O R T E C  6230 m ic ro an a ly se r sy s tem . T he p ro g ram m e m akes 
i t  p o ss ib le  to  d e te rm in e  c o n c e n tra tio n  ra tio s  o f  elem ents in  th in  sec tions.

The o p era tion  of the  p ro g ram m e

T h e  p rog ram m e co nsists  o f  several in d iv id u a l p a r ts  ( in d ep en d en t B A SIC  
p ro g ra m m e s  them selves) rea liz in g  th e  d iffe re n t s teps of ca lcu la tio n s an d  
d isp la y in g  th e  ca lcu la ted  s p e c tra  or th e ir  d e ta ils  fo r com parison  p u rp o ses . 
T h ese  p a r ts  are cha in ed  to g e th e r . T he lim ite d  core  m em ory  of th e  c o m p u te r  
m ad e  i t  necessary  to  p e rfo rm  th e  details o f  ca lcu la tio n s using  in d e p e n d e n t 
p ro g ra m m e s , an d  th is  w ay  i t  is possible to  a l te r  o r  rep lace p a r ts  o f th e  p ro 
g ra m m e  v e ry  easily.

I n  th e  f irs t p a r t  o f th e  p ro g ram m e th e  u se r  en te rs  th e  re la tiv e ly  u n c h a n g 
ing  p a ra m e te rs  an d  co n d itio n s — th e  p a ra m e te rs  o f th e  d e tec to r sy s tem  an d  
th e  a c c e le ra tin g  vo ltag e  — a n d  th e  lis t of e lem en ts  to  be considered  in  th e  
a n a ly se d  sam ple  from  a T ab le  [I] . T hese d a ta  c a n  be  re-used u n til  a lte ra tio n s  
are  to  b e  m ade. This is fo llow ed b y  th e  c a lc u la tio n  of th e  p ro p o rtio n a lity  
fa c to rs  o r  th e  so-called “ re la tiv e  in ten s itie s”  o f  th e  elem ents m ore o r  less 
b a se d  o n  physica l p rinc ip les. T h e  n e x t steps a re  en te rin g  th e  sp ec tru m  from  
th e  m u ltic h a n n e l a n a ly se i, c u rv e  f ittin g , c a lc u la tin g  resu lts  for th e  e lem en ts 
an d  a t  th e  end  d isp lay ing  th e  re su lts  in  th e  fo rm  o f ad d itiv e  (g en era ted ) or 
s u b tra c t iv e  (stripped ) sp e c tra  o r d isp lay ing  th e  o rig in a l spectrum .

T h e  princip les o f th e  p ro g ram m e are  s im ila r  to  those  of th e  Q T H IN  
p ro g ra m m e  pub lished  b y  R u s s  [2], b u t  th e  s t ru c tu re  o f th e  p ro g ram m e an d  
som e o f  th e  form ulas fo r th e  ca lcu la tio n  o f re la tiv e  in tensities are  d iffe re n t 
from  th o s e  used by  R u ss .

X -ray  p ro duc tion  in  th in  sam ples

I f  th e  ab so rp tio n  a n d  seco n d ary  fluo rescence  effects can  be reg a rd ed  as 
neg lig ib le , th e  X -ra y  in te n s ity  g e n e ra te d  in  a g iven  e lem en t an d  th e  c o n c e n tra 
tio n  o f  t h e  e lem en t in  th e  sam p le  are  in  a lin e a r  re la tio n sh ip . A ccord ing ly , th e  
ra tio  o f  th e  co n cen tra tio n  o f tw o  elem ents is:

The k 12 v a lu e s  can be d e te rm in e d  from  m easu rem en ts  on s ta n d a rd s  o r c a n  be 
c a lc u la ted  w ith  fo rm ulas d esc rib in g  th e  g en e ra tio n  a n d  detec tio n  o f X -ray s .
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T he n u m b e r of c h a ra c te ris tic  X -ra y  q u a n ta  from  th e  К  o r L  e lec tron  
shell of e lem en t A g en era ted  b y  e lec tro n  ex c ita tio n  of a th in  spec im en  of 
th ick n ess  df can  be w ritte n  as:

Фа dt =  Q b — ° y Ae ncoA dr (2)
A  A

H ere  Qa is th e  io n iza tion  cross sec tio n  o f th e  К  or L e lectron  shell o f  elem ent 
A ; N 0, q, CA an d  A a a re , re sp ec tiv e ly , A v o g ad ro ’s nu m b er, th e  sam p le  d en sity  
th e  c o n c e n tra tio n  o f A e lem ent in  w eig h t p e r cen t, and  th e  a to m ic  w e ig h t o f A , 
n is th e  n u m b e r o f e lectrons b o m b ard in g  dt, an d  о)д is th e  fluo rescence  y ie ld  of A.

T h e  g en era ted  in te n s ity  is eq u a l to  th e  in te n s ity  leav ing  th e  th in  specim en. 
T he m easu red  in te n s ity  differs from  th e  g en era ted  in te n s ity :

I  a  =  «а Фа (3

w here eA is th e  efficiency of re sponse  o f th e  detec to r sy stem  to  th e  X -ray  
from  e lem en t A.

F in a lly , if  only  one p eak  o f a g iven  elec tron  shell is ta k e n  in to  considera
tio n  d u rin g  th e  analysis, th e n  th is  / д in te n s ity  has to  he m u ltip lie d  w ith  a 
fa c to r  called  line in te n s ity  frac tio n  — th e  frac tio n  of th e  p e a k  (/ca) in ten s ity  
in  th e  to ta l  em ission (&а + /з). C om bin ing  th e se  th ree  eq u a tio n s  w e ge t:

e., k.> _ , Од • со a .
k l2 =  —  , w here  k A — - ---------- (4)

£ i  ^4 A

k 12 is th e  ra tio  of th e  re la tiv e  in te n s itie s  o f elem ents. T he X - ra y  genera tion  
c o n s ta n t kA is in d ep en d en t o f th e  d e te c to r  system  and  m ay  be ca lc u la ted  for 
e ith e r  К  o r L  from  a se t o f p a ra m e tr iz e d  equations a t  a g iven  accelera ting  
v o ltag e . T here  has been  severa l te n ta t iv e s  for th e  d e te rm in a tio n  o f these 
v alues [3, 4, 5] b u t a t  p re sen t, to  o u r know ledge, th e re  is no  re lia b le  T ab le  or 
sy s tem  o f fo rm ulas ava ilab le , w hose resu lts  could be used w ith o u t reserv a tio n  
for each  e lec tro n  shell. T he m easu re  o f d iscrepancies is i l lu s tra te d  b y  th e  fact, 
th a t  tw o  a u th o rs  of a sum m ariz in g  co llection  pub lished  in  1979 [3, 4] ch arac
te riz e d  th e  values used  in  th e ir  c a lcu la tio n s  b y  th eo re tica lly  d iffe re n t functions.

Calculation o f relative intensities

B ethe  [6 ] ca lcu la ted  th e  io n iza tio n  cross section  b y  u s in g  th e  Born 
ap p ro x im a tio n  an d  we use his re su lts  in  th e  following fo rm :

Q A
6.51 • H Fj14 N A bA

E%uA
\n(cAUA) (5)
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w ith

bK =  0.35 , 6L =  0 .2 5 , cH cl =
1.65 +  2 .35 e x p ( l  - U)

(5)

acco rd in g  to  th e  c a lc u la tio n  of W o r t h in g t o n  a n d  T o m l in  [7]. N к; =  2, 
N l =  8 are  th e  n u m b e r o f  e lec trons on th e  К  o r L  e lec tro n  shell, Е л  is th e  
c r it ic a l  ex c ita tio n  en e rg y  [8 ] a n d  [/д  =  E 0Í Е л  is th e  o vervo ltage  ra tio  o f th e  
a c c e le ra tin g  p o ten tia l to  th e  c r itic a l ex c ita tio n  en e rg y . G o l d s t e in  et al. [9] s u g - '

Fig. 1. Relative in tensities of elements for К  and  L electron shells

g ested  a re la tiv is tic  c o rre c tio n  of th e  acce lera tin g  p o te n tia l: Ец =  (1 -\~
+  9 .875  X l 0 -7 E 0)E 0 an d  w e u se  th is  correction  th ro u g h o u t th e  calcu lations.

T h e  p ro b ab ility  o f X - ra y  em ission, th e  flu o rescen ce  y ield  has been ca l
c u la te d  b y  B urhop [10] as

CO

1 — CO

1/4
=  ^K.L +  -Br.L Z  +  C K,L • Z 3 ( 6 )

H ere  Z  is th e  atom ic n u m b e r a n d  А , В, C are c o n s ta n ts  fo r th e  excited  e lectron  
shells.

T h e  n e x t te rm  in th e  re la t iv e  in ten sity  is th e  d e te c to r  efficiency:

eA =  —  е - “> ^ (1  -  c •"*.'») (7)
4 71
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T h e  i su bscrip ts  d en o te  th e  a b so rp tio n  coeffic ien t an d  th ick n ess  o f  th e  b e ry l
liu m  w indow  an d  silicon d ead  lay e r an d  th e  si su b scrip ts  d en o te  th e  sam e 
p a ra m e te rs  for th e  silicon d e te c to r  itse lf  [2].

T he re la tiv e  in ten s itie s  ca lcu la ted  fo r th e  К  an d  L  shells o f  e lem en ts  
w ith  atom ic  n u m b er Z  11 are  sum m arized  in F ig . 1.

D eterm ination of concentration ratios

A fte r th e  p ro g ram m e d e te rm in ed  th e  re la tiv e  in ten sities  w ith  th e  given 
p a ra m e te rs  for e lem en ts specified  b y  th e  u se r  i t  p roceeds w ith  e n te r in g  th e  
sp ec tru m  from  th e  m u ltic h a n n e l an a ly ser. As a n e x t step  i t  asks th e  u se r  to  
select energies free o f  peak s fo r f i t t in g  b a c k g ro u n d  segm ents. T h e  fo rm  of 
th e  b ack g ro u n d  is e(E 0 — E )/E  w here e is th e  sp ec tro m e te r e ffic iency , E 0 
is th e  accelera ting  v o ltag e , E  is energy . T h e  f i t t in g  is done sc g m en ta lly  p a r tly  
because th e  b a ck g ro u n d  f i t  can  he done m ore  p recisely  on sp e c tru m  po in ts  
th a t  are  n ea re r to  each  o th e r, p a r t ly  because  o f  th e  lim ited  core  m em ory . 
A p rac tica l exam ple  fo r such  a f i t te d  b ack g ro u n d  is show n in  F ig . 2a.

E lem en ta l in ten s itie s  are  o b ta in ed  b y  sim u ltan eo u sly  f i t t in g  all o f th e  
peaks in  b a c k g ro u n d -su b tra c te d  sp ec tru m  segm en ts, for each e lem en t using  
a le a s t squares (m a tr ix  inversion) m eth o d . T he peaks for f i t t in g  a re  g en e ra ted  
using  a non-G aussian  fu n c tio n :

y —  e—0.5(x—E)'/So д о e4(x-E)^p e0.4(x—E)'/So)

w here у  is th e  ch an n e l h e ig h t, x  is th e  energy , E  is th e  ce n tro id  en e rg y  and  
s is th e  p eak  w id th , a0 =  0.01 -- 0.0025 E  an  a rb itra ry  ta ilin g  p a ra m e te r . 
A com plete  set o f p e a k  energies (3 — 6 for К  lines, 8 12 fo r L lines) is needed
to  give p ro p er re su lts . T hese lines are also en te red  by  th e  u se r fro m  T ab les 
a t  th e  beg inn ing  o f  th e  p rog ram m e as p a r t  o f th e  e lem ent lis t. A com plete  
sy n th e tic  sp ec tru m  f it t in g  a m easu red  one (F ig . 2a) is rep re se n te d  in  F ig . 2b.

Experim ental validation o f the programme

The p ro g ram m e w as te s te d  w ith  m icro cry sta l s ta n d a rd s  o f know n 
com position  c o n ta in in g  tw o  e lem ents w hose X -ray s could be d e te c te d . The 
s ta n d a rd s  w ere p re p a re d  by  p ip e ttin g  0.01 M  aqueous so lu tions o f  sa lts  on to  
F o rm v ar coated  ca rb o n  rings. T he sam ples w ere th e n  dried  a t ro o m  te m p e ra 
tu re  and  coa ted  w ith  ca rb o n  in  a v acu u m  ev ap o ra to r.

The specim ens w ere exam ined  in a J E O L  JE M  100C e le c tio n  m icroscope 
using  an  A SID  4 D scan n in g  a tta c h m e n t in tran sm issio n  m o d e . T h e  sp ec tra
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Fig. 2. Processing of the spectrum  ob tained  from a KC1 m icrocrystal, (a) Measured spectrum  
and ca lcu la ted  background segm ent f itte d  to the 1.96, 2.94, 3.48 and 3.86 keV spectral points, 

(b) calculated spectrum  segment betw een 1.96 and 3.86 keV

w ere re c o rd e d  w ith  O R T E C  6230 energy d isp ers iv e  m icroanalyser system . 
T h e  ac c e le ra tin g  voltage  w as 80 kV, th e  n o m in a l b eam  cu rren t 30 \iA, th e  
tim e  o f  analy sis  100 s. T h e  specim en  was t i l te d  a t  35° w ith  resp ec t to  th e  
e le c tro n  beam .

S ix  sp ec tra  for each s ta n d a rd  were reco rded  on  m agnetic  disc an d  co n 
c e n tra t io n  ra tio s  ca lcu la ted  fo llow ing  th e  m easu rem en ts . T he la te ra l d im en 
sions o f  m icrocrysta ls  a n a ly se d  w ere usually  less th a n  1 цm . T he ex p ec ted  
a n d  c a lc u la te d  co n cen tra tio n  ra t io s  are su m m arized  in  T ab le  I.

Acta Chim . Acad. Sei. Hans,. I l l ,  10Я2
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Table I
Comparison o f expected and calculated weight ratios

Specimen
Exp. weight 

ratio
Calc, weight 

ra tio
Deviation of calc, 

weight ratio  
from exp.

NaCl Cl : Na 1 .5 4 2 1 .4 4 7 0  J: 0 .0 2 1 0 6 .1 6 %

Na.SO, S : Na 0 .6 9 7 0 .6 3 0 0  ±  0 .0 1 1 0 9 .6 0 %

M gC L Cl : M g 2 .9 2 0 2 .7 9 2 0  - : 0 .0 1 7 0 - 4 . 3 9 %

A1„(S04)3 S : AI 1 .7 8 2 1 .8 9 8 0  r ; 0 .0 2 4 0 +  6 . 2 6 %

NH4A1(S04)2 S : A1 2 .3 7 0 2 .4 7 1 0  ±  0 .0 6 1 0 +  4 . 2 6 %

KC1 К  : Cl 1 .1 0 8 1 .0 9 7 2 h 0 .0 0 4 8 0 . 9 7 %

K„Cr04 Cr : К 0 .6 6 5 0 .5 6 1 0  ±  0 .0 4 3 0 — 9 .8 4 %

CaCI, Ca : Cl 0 .5 6 5 0 .5 4 7 0  ±  0 .0 1 7 0 - 3 . 1 5 %

NiCh Ni : Cl 0 .8 2 8 0 .8 7 6 0  ±  0 .0 2 8 0 +  5 .8 2 %

K,SO, S : К 0 .4 1 0 0 .4 4 0 0  -b  o .o io o +  7 .3 1 %

F o r th e  ca lcu la tio n  o f w eight ra tio s  u su a lly  in tensities o f К  e lec tro n  
shells w ere used . T h e  ex p erim en ta l re su lts  f i t  w ith  th e  expected  ra tio s  w ith in  
10 p e r cen t for th e  m ic ro c ry sta l s ta n d a rd s  lis te d  in  T ab le  I. D ev ia tio n s  from  
ex p ec ted  w eigh t ra tio s  exceeded 10 p er c en t fo r A1C13 b u t in  th is  case th e  
s ta n d a rd  e rro r o f  th e  m ean  was h igher th a n  th o se  found  in T ab le  I .  I n  some 
cases in ten s itie s  o f L  e lec tro n  shells w ere u sed  (Ag in A g ,S 0 4, P b  in  P b S 0 4, 
B a in  B a S 0 4 a n d  B aC l2). BaCl2 c rysta ls  d id  n o t p ro v e  to  be stab le . T h e  e lem en ta l 
ra tio s  of Ag2S 0 4 w ere v e ry  close to  th e  ex p e c te d . In  th e  case o f B a S 0 4 and  
P b S 0 4 th e  d ev ia tio n s  w ere h igher th a n  te n  p e r  cen t an d  th ese  re su lts  were 
rep ro d u c ib le . T hese  d ev ia tio n s m igh t he cau sed  b y  th e  choice of th e  num erica l 
va lues for th e  io n iz a tio n  cross section  Qд.

A ccord ing  to  th e  te s t  m easu rem en ts  th e  p rog ram m e w orks fo r th e  given 
an a ly se r sy stem  using  re la tiv e  in ten s itie s  o f К  shells b u t for L and  M shells 
re la tiv e  in ten s itie s  d e te rm in ed  b y  m easu rem en ts  on s ta n d a rd s  shou ld  he 
used  in s tead  o f  ca lc u la ted  ones. T he p ro g ram m e  has n o t been checked  for an y  
o th e r  system  w ith  d iffe ren t p a ra m e te rs , lik e  several s im ilar p ro g ram m es 
described  in  th e  l i te ra tu re  [2 ,1 2 ]. In  o u r o p in io n  th e  resu lts  will be rep ro d u c ib le  
chang ing  th e  te rm s  d ep en d en t on ou r sy s tem  in  th e  re la tiv e  in te n s i ty  ca lcu la 
tio n s for К  e lec tro n  shells or using re la tiv e  in te n s ity  values d e te rm in e d  b y  
m easu rem en ts  fo r each  elec tron  shell. A m ore  sop h is tica ted  f i t t in g  p ro ced u re  
inc lud ing  th e  p h y sica l descrip tion  o f th e  g en e ra tio n  and  d e tec tio n  o f  ch a rac 
te ris tic  X -ra y s  an d  w h ite  rad ia tio n , p o ssib ly  in  a n o th e r  p ro g ram m in g  language, 
m ig h t fu r th e r  im p ro v e  th e  accu racy  o f in te n s i ty  d e te rm in a tio n .

*
The au thors are indebted to Péter Soós for working out the interface transferring  data  

to and from the ORTEC m ultichannel analyser and  for making many helpful suggestions 
during the p repara tion  of the programme.
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U ranyl-sensitized photodecom position reactions of Cu-EDTA , Co-EDTA, 
Ni-ED TA , Cu-NTA and Fe-NTA have been studied in solid s ta te  in K B r pellet. The 
change have been observed by  the varia tion  in  IR  spectra of irrad ia ted  pellet. The use 
of K B r pellet as a m atrix  a t room  tem pera tu re  has been established.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 111 (3), pp . 267— 270 (1982)

In tro d u c tio n

T h e  p h o to c h e m is try  of t r a n s i t io n  m e ta l co o rd in a tio n  co m p o u n d s in 
aqueous so lu tions has been  r a th e r  e x te n s iv e ly  in v e s tig a te d  d u r in g  th e  last 
50 y ea rs , b u t  re la tiv e ly  few in v e s tig a tio n s  h av e  been carried  o u t on  th e  solid 
s ta te  ph o to ch em ica l reac tio n s o f  c o o rd in a tio n  com pounds. T h ese  a re  m ostly  
q u a lita tiv e  in  n a tu re  [1]. G en era lly  o n ly  th e  colour changes o f  t h e  sam ples 
h a v e  been  re p o rte d  a n d  on ly  a few  d a ta  a re  given on th e  re a c tio n  in te rm e
d ia te s  or p ro d u c ts .

T h e  p h o to d eco m p o sitio n  o f F e ( I I I )  — D T PA  com plex in  so lid  s ta te  has 
been  s tu d ied  b y  L a m b e r t  et al. [2 ]. D e ta ile d  exam in a tio n  o f  th e  I R  spectra  
w as lim ite d  to  th e  p e lle t sp e c tra  in  th e  reg ion  1800 —1500 c m “ 1, w here the  
a n tisy m m e tric  s tre tc h in g  fre q u e n c y  o f th e  COO group  o ccu rs . T h e y  also 
re p o r te d  th e  re la te d  am o u n ts  o f c a rb o n  dioxide form ed a f te r  20 m in u tes  of 
u ltra v io le t ir ra d ia tio n  expressed  in  te rm s  o f an a b so rp tio n  in c re a se  a t  2349 
c m -1  usin g  base-line te ch n iq u e .

Experim ental

In  the present work, the following complexes were prepared b y  th e  m ethod  of A n- 
m a rin  et al. [3]. E thylenediam ine te traace tic  acid complexes of co p p e r(II) , n ickel(II) and 
cobalt(II), n itrilo triacetic acid complexes of copper(II) and iro n (III).

K B r pellets of the complexes and  th e ir m ixture w ith u rany l n it ra te  w ere prepared 
keeping the M /А  ratio  (1000 : 1), a n d IR  spectra were recorded on a P e rk in —E lm er 377 grating

* To whom correspondence should be addressed 
** In  final form accepted M arch 29, 1982
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spectrophotom eter for norm al sam ple and after ir rad ia ting  th e  K B r pellet w ith u ltrav io le t 
lig h t for various intervals o f tim e . Different scanning speeds were applied. The p rom inent 
peaks were scanned a t  th e  low est available speed for recording subsidiary peaks and  for 
accu ra te  measurements. The ca lib ra tion  was checked w ith  th e  help of polystyrene absorption  
bands.

Photochemical reactions were carried out a t  room  tem peratu re  by irradia ting  the 
pelle t w ith  UV light (300 W  U V  lam p kept a t 7.5 cm d istance from  the pellet for d ifferent 
tim e  periods) and then IR  sp ec tra  were recorded w ith  the  pelle t suspended in the ligh t p a th  
of a Perk in-E lm er infrared spectrophotom eter.

R esu lts  and D iscussion

Copperf I I J -E D T A  complex

T h e  H  [F e (H ,0 )(E D T A )]  and  H 2[F e(D T P A )] acids and  th e ir  a lk a l i  
s a lts  d ispersed  in  K B r p e lle ts  y ielded C 0 2 w h en  th e y  w ere irrad ia ted  w ith  
U V  lig h t [4, 5]. S im ila r re su lts  are expec ted  in  th e  pho todeco m p o sitio n  o f 
c o p p e r-E D T A  com plex  in  th e  solid s ta te .

T h e  IR  sp ec tru m  o f  th is  com plex in d ic a te s  th e  p a rtic ip a tio n  o f  tw o  
n itro g e n  atom s and  th re e  c a rb o x y l groups in  th e  co m p lex  fo rm ation  w h ereas  
th e  fo u r th  carboxyl g ro u p  re m a in s  u n co o rd in a ted . T h e  presence of a b a n d  a t  
1730 c m -1  supports  th e  p re se n c e  of an u n c o o rd in a te d  carboxy l group in  th e  
co m p lex .

I t  is in terestin g  to  n o te  t h a t  th e  am o u n t o f c a rb o n  dioxide first increases 
u p to  10 m inu tes follow ed b y  a decrease. T here is a n o th e r  rise  in  th e  in te n s i ty  
o f  th e  b a n d  due to  ca rb o n  d io x id e  a t 2420 c m - 1 . W h e n  th e  period of i r r a d ia 
tio n  w as  increased  to  40 m in u te s , th ere  w as a g ra d u a l decrease observab le  
w h en  th e  period  of i r r a d ia t io n  w as increased fu r th e r .

T h e  f irs t  increase in  th e  b a n d  in ten sity  m a y  be  a t t r ib u te d  to  th e  fo rm a 
tio n  o f  ca rb o n  dioxide (d eca rb o x y la tio n ) from  th e  u n co o rd in a ted  ca rb o x y l 
g ro u p s . T h e  second d e c a rb o x y la tio n  will follow a t  40 m in u te s  and  th e  ca rb o n  
d io x id e  o rig in a tes  from  th e  co o rd in a ted  ca rb o x y l g ro u p s .

C o b a lt( I I ) -E D T A  complex

T h e re  is no b an d  a t  a b o u t  1750 c m -1 in th e  I R  sp ec tru m  of c o b a lt(II)-  
E D T A  com plex , suggesting  t h a t  all th e  four c a rb o x y l g roups are u tilized  in  
c o o rd in a tio n  along w ith  th e  tw o  n itrogen  atom s. A s th e re  is no u n co o rd in a ted  
c a rb o x y l g roup  in th is  co m p le x , one can ex p ec t d e c a rb o x y la tio n  from  one 
c o o rd in a te d  carboxyl g ro u p  o n ly , in  co n trast to  th e  co p p e r(II)-E D T A  com plex. 
I t  is c le a r  from  th e  IR  s p e c tra  o f  th e  irra d ia te d  p e lle ts  t h a t  carbon d ioxide 
is fo rm e d  u p  to  40 m in u te s  o f  irrad ia tio n  a n d  th e n  th e re  is a g rad u a l 
decrease.
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Nickelf  11J -E D T  A  complex

T he absence o f a n y  b a n d  a t ab o u t 1750 cm -1 in th e  IR  sp e c tru m  o f nickel 
(II)-E D T A  com plex  in d ica tes  th a t  E D T A  ac ts  as a h e x a d e n ta te  lig a n d  in  this 
case. As all th e  fo u r ca rb o x y l groups o f E D T A  are co o rd in a ted  in  th is  com plex, 
th e re fo re , i t  shou ld  b eh av e  sim ilarly  to  th e  co b a lt(II)-E D T A  co m p lex  during 
p h o to d eco m p o sitio n  in  K B r pelle t. T his w as found  to  be tru e  as th e  IR  spectra  
o f  ir ra d ia te d  pelle ts  c learly  ind ica tes th e  d eca rb o x y la tio n  o f o n ly  one coordi
n a te d  ca rboxy l g roup  in  n ick e l(II)-E D T A  com plex . I t  w as o f in te re s t  to  note 
a v e ry  sm all a m o u n t o f ca rb o n  m ono-ox ide form ed d u rin g  th is  p h o to d eco m 
positio n  in  solid s ta te . In  th is  w ay  th e  p h o to d eco m p o sitio n  o f n ick e l(II)-E D T A  
com plex  differs from  th a t  o f c o b a lt(II)-E D T A  com plex.

Copperf 11 ) - N T A  complex

I t  is ex p ec ted  th a t  p h o to d eco m p o sitio n  of c o p p e r(II)-N T A  com plex 
w ill also lead  to  d eca rb o x y la tio n , s im ilar to  c o p p e r(II)-E D T A  com plex . There 
is no u n c o o rd in a te d  ca rb o x y l g roup  in  th e  cop p er(II)-N T A  co m p lex  as there  
is no b a n d  in  a ro u n d  1750 c m -1 . I t  w as in te re s tin g  to  observe  t h a t  th e  copper 
(II)-N T A  com plex  does n o t undergo  ph o to d eco m p o sitio n , r a th e r  one coordi
n a te d  ca rb o x y l g roup  becom es free w h en  th e  period o f ir ra d ia t io n  w as 60 
m in u te s  as a b a n d  develops a t  1790 c m -1 .

T he in sensitized  p h o to d eco m p o sitio n  of co p p er(II)-N T A  com plex  in 
solid s ta te  w as also s tu d ied  b u t  no reaso n ab le  resu lts  w ere o b ta in e d  an d  hence 
th e  u ran y l-sen s itized  pho to d eco m p o sitio n  o f  co p p er(II)-N T A  com plex  was 
ca rried  o u t.

Iron f  111 ) - N T A  complex

In  iro n (III)-N T A  com plex  also, all th e  th ree  ca rb o x y l g ro u p s o f NTA 
are  co o rd in a ted  as th e re  is no b an d  p re se n t a t  abou t 1750 c m - 1 . T h e  u rany l- 
sensitized  p h o to d eco m p o sitio n  o f iron(III)-]N TA  com plex d iffers som ew hat 
from  th a t  o f co p p er(II)-N T A  com plex . I n  iron(III)-]N TA  com plex , th e re  is 
sligh t in d ica tio n  a t  2100 c m -1 o f th e  fo rm a tio n  of ca rbon  m o n o x id e , w hen  the  
period  o f  ir ra d ia tio n  w as 30 m inu tes. H ow ever, no ca rb o x y l g ro u p  w as uncoor
d in a te d  in  th is  com plex  d u rin g  pho to d eco m p o sitio n  as w as in  th e  case of 
co p p er(II)-N T A  com plex .

F ro m  th e  p re se n t w ork , it  seem s p ro b ab le  th a t  th is  m a tr ix  techn ique 
w ill p rove  usefu l fo r q u a n ti ta t iv e  an d  m echan ism  stu d ies , n o t o n ly  for organic 
m olecules h u t  also for co o rd in a tio n  com pounds. T h is p e lle t te c h n iq u e  has 
p ro v id ed  a sim ple an d  con v en ien t m e th o d  for in v e s tig a tin g  photochem ical 
reac tio n s  in  solid s ta te  a t  room  te m p e ra tu re .
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In  chloroform solutions containing some alcohol, l,2 ,3 ,4-te tra-0-acety l-6-0- 
-trityl-/3-D-glucopyranose is transform ed, on the effect of TiCl4, in to  triacetyllevo- 
glucosan, w hich can be isolated in the  pure sta te  in 70% yield. The m ethod  has also 
been found suitable for the p reparation  of the tribenzoyl derivative. The conversion 
takes place in  tw o steps, a rap id  d e trity la tio n  followed by a slower cyclization process. 
D uring detrity la tion , a com pound of the alkoxytitanium  trichloride type  is formed. 
In the cyclization step th is loses AcOTiCl3, which formes a coord ination  complex with 
triacetyllevoglucosan in an equilibrium  reaction, or an ionic com plex w ith trity l 
chloride.

In  c o n tin u a tio n  o f o u r w ork  o n  th e  e lu c id a tio n  o f th e  m echan ism  of 
c a rb o h y d ra te  chem ical reac tio n s ca ta ly z ed  b y  Lewis acids, th e  conversion  of
l,2 ,3 ,4 -te tra -0 -ace ty l-6 -0 -tr ity l- /? -D -g lu co p y ran o se  1 in to  tria ce ty llev o g lu co 
sa n  3 w as to  be in v e s tig a te d  (F ig . 1). T he p rac tica l im p o rta n c e  o f  th is  work 
w as, bey o n d  th e  th e o re tic a l re su lts , th a t  com pound  3 is a k e y  m ate ria l in 
sev e ra l c a rb o h y d ra te  chem ical reac tio n s .

E a rlie r, in  s tu d ies  on th e  rin g  c leavage o f 3 on th e  e ffec t o f  TiCl4 [1], 
th e  m e th o d  o f com plex  iso la tio n  w as em ployed  successfully , h en ce  i t  w as to  be 
u sed  also in  th e  p re se n t in v e s tig a tio n s  on  th e  m echan ism  o f  th e  reaction . 
T h o ro u g h  s tud ies seem ed to  be n ecessa ry  also in  re sp ec t o f  th e  fac t th a t  
B red ereck  [3] e ffec ted  th is  con v ersio n  b y  m eans o f ZnCl2 a n d , a lth o u g h  he 
assum ed  th e  fo rm a tio n  of com plexes an d  suggested  a m ech an ism , d id  not 
seek to  in v es tig a te  th e  p rob lem . Since accord ing  to  o u r e a r lie r  experience 
TiCl4 can  be used  m ore a d v a n ta g e o u s ly  fo r th is  pu rpose , i t  w as q u ite  plausible 
th a t ,  if  cyc liza tion  does occur also w ith  th is  Lewis ac id , i t  w o u ld  provide a 
p o ssib ility  for d e ta iled  s tu d ies  o f th e  reac tio n .

A ccording to  th e  p re p a ra tiv e  ex p erim en ts , as d esc rib ed  earlie r [2], 
T iCl4 was found  to  be a b e tte r  c a ta ly s t  th a n  ZnCl2 in  th is  re a c tio n ; using  the 
fo rm er ag en t, p u re  3 w as o b ta in e d  in  70%  yield.

* To whom correspondence should be addressed
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W h e n  com pound 3 w as m ix e d  w ith  eq u im o la r T iC l4 in  chloroform  so lu 
t io n  a t  ro o m  te m p e ra tu re , a y e llo w  p rec ip ita te  s e p a ra te d  im m ed ia te ly , w hich  
r a p id ly  d issolved on s tirr in g . T h e  in itia l yellow  co lo u r o f  th e  reac tio n  m ix tu re  
g ra d u a lly  deepened d u rin g  th e  re a c tio n  to  reach  d eep  o range . The re a c tio n  
w as m o n ito re d  by  th e  TLC  te c h n iq u e  and no s ta r t in g  m a te ria l was fo u n d  in  
a sa m p le  w ith d raw n  a f te r  5 m in , an d  decom posed w ith  w a te r; i t  co n ta in ed  
o n ly  2 , fo rm ed  by  d e tr i ty la t io n . T he spot of 3 a p p e a re d  a b o u t 15 m in  la te r ,

1 R —-Ac 2 R * A o  3 R =  Ac

4 I{ — Tíz X =H, 5 R =  Rz
rj.j,_(i-ity) a fte r  aqueous decomposition

of the complex

Fig. 1. Conversion of l,2,3,4-tetra-O -acetyl-6-0-trityl-/?-D -glucopyranose into
triacetyllevoglucosan

a n d  th e  conversion 2 — 3 to o k  p lace  a t  room  te m p e ra tu re  in  ab o u t one an d  a 
h a lf  h o u r . These o b serv a tio n s a re  ind ica tiv e  o f a tw o -s te p  reac tio n : ra p id  de
t r i ty la t io n ,  followed b y  a slo w er cycliza tion  process.

Detritylation

W h e n  a chloroform  s o lu tio n  of the  s ta r tin g  m a te r ia l  w as shaken  w ith  
c o n c e n tra te d  hydrochloric  a c id , d e tr ity la tio n  also to o k  place. T herefore, it  
w as e x a m in e d  carefully , w h e th e r  th e  cleavage of th e  t r i ty l  g roup  occurred  rea lly  
on  th e  e ffec t of TiCl4, o r d u r in g  th e  decom position  o f  th e  sam ple w ith w a te r. 
T he sa m p le  ta k e n  from  th e  re a c tio n  m ix tu re  of 1 a n d  an  equ im olar q u a n ti ty  
o f T iC l4 w as sub jec ted  to  ch ro m a to g ra p h ic  e x a m in a tio n  w ith o u t decom posi
t io n  w ith  w a te r, u n d e r a n h y d ro u s  conditions, a n d  i t  w as n o t th e  s ta r tin g  
m a te r ia l ,  e ith e r. Ten-fold  d ilu tio n  o f th e  reac tio n  m ix tu re  w ith  CHC13 resu lted  
in  a  s lo w e r ra te  of th e  w hole co n v ersio n ; th e  re a c tio n  tim e  increased  to  5 h, 
h u t  e v e n  in  th is  case th e  sam p le  ta k e n  in th e  second  m in u te  d id  no t co n ta in  
a n y  s t a r t in g  m ateria l.

T h e  ch a rac te ris tic  ch an g es  in  th e  IR  sp e c tru m  reco rd ed  im m ed ia te ly  
a f te r  co m b in in g  th e  reag en ts  in  th is  delayed re a c tio n  a re , as com pared  w ith
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th e  sp e c tru m  of 1 in  ch lo ro fo rm , th e  fo llow ing : an  in tense, sh ifted  j>CO b a n d  
a t  1685 c m -1 , beside th e  o rig inal r C = 0  b a n d  a t  1760 cm - 1 ; th e  rC  — C sk e le ta l 
va lence  v ib ra tio n  c h a ra c te r is tic  o f th e  t r i ty l  g ro u p  is sh ifted  from  1590 c m -1  
to  1585 c m -1  w ith  u n ch an g ed  in te n s ity . N o ch an g e  was observed  in  th e  ran g e  
for rC  — О — C e th e r  b a n d s . In  th e  f ir s t  20 m in u te s , th e  in tensities o f  th e  c h a r 
a c te r is tic  b an d s in  th e  sp ec tra  reco rded  c o n tin u o u s ly  in  th e  1900 — 800 c m -1  
ran g e  ch an g e  only  s lig h tly : th e  in te n s itie s  o f  th e  bands a t 1760, 1685 an d  
1070 c m -1  are red u ced , w hile th a t  o f th e  b a n d  a t  1585 cm -1  is in c reased .

T h is  reac tio n  s te p  is s till b e t te r  e lu c id a te d  b y  investiga tion  o f  th e  com 
p lexes iso la ted . T hese  com plexes are  su m m a riz e d  in  Table I  an d  a re  d en o ted  
b y  n u m b e rs . (I/se ria l n u m b er). T he c a lc u la te d  am o u n t of T rO H  ( th e  p ro d u c t 
o f  th e  hyd ro lysis  o f  T rC l p ro d u ced  in  th e  d e tr ity la tio n  step) can  b e  iso la ted  
a f te r  decom position  w ith  w a te r  from  th e  f i l t r a te  o f  th e  com plex (1/3) s e p a ra te d  
from  th e  reac tio n  m ix tu re  w ith  p e tro leu m  e th e r  im m edia te ly  a f te r  com bin ing  
th e  re a g e n ts , and  th e  f i l tra te  co n ta in ed  no  o th e r  organic s u b s ta n c e . This 
d e f in ite ly  confirm s th a t  th e  in s ta n ta n e o u s  d e tr ity la tio n  is rea lly  d u e  to  the

Tabic I

Complexes isolated from  the reaction o f 1 and TiCl4 
(equimolar amounts, chloroform solutions at 25 °C)

No. Complex Cl% T i% Colour
TLC

Complex F iltra te

I. 1 +  TiCl4 1 : 1 16.2 8 .2 1 0 5 -7 orange 2 -)- some 1 
4- TrOH

T rO lI

2 . 2 +  TiCl4 1 : 1 15.4 7.9 10 5 -1 3 2 pale
yellow

2

3 . Separated a t 
i =  0 min

15.7 8.1 11 5 -1 3 0 yellow 2 TrO H

4. Separated at 
t =  10 min

17.0 8 .6 1 0 5 -1 3 0 yellow 2 +  traces 
of 3

TrO H

5 . Separated a t 
t =  20 min

17.7 9.5 9 6 -1 3 2 bright
yellow

2 -f- some 3 
TrOH

TrO H

6 . Separated a t 
t =  30 min

19.5 9.7 7 0 -1 3 0 orange 3 -}- some 2 
+  TrOH

TrO H
+  some 3

7 . Separated a t 
l =  60 min

21.1 10.0 12 5 -1 3 5 bright
orange

3 +  some 
TrOH

TrO H  4  3

8 . TrCl +  TiCl4 39.0 10.2 165 bright
1 : 1 orange

Calculated l.T ÍC l4 2. TiCl4 3. AcOTiCl, T rf TiCl“ AcOTiCl4— T r +

Г 1 ° //о 18.2 26.2 21.2 37.8 28.8
T i  о /  
11 /О 6.15 8.9 9.55 10.22 9.75

* After aqueous decomposition
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e ffec t o f  TiCl4. T he co m p le x  is, according to  i ts  a n a ly s is , n o t th e  1 : 1 co m p lex  
o f  th e  s ta r tin g  m a te r ia l  a n d  TiCl4; TLC te s ts  h a v e  show n i t  to  be id e n tic a l 
w ith  2 , a f te r  decom p o sitio n .

I n  th e  I R  sp e c tru m  o f  th e  com plex as c o m p a re d  w ith  th e  K B r sp e c tru m  
o f  1 , a n  in ten se , sh if te d  c a rb o n y l b an d  a p p e a rs  a t  1680 cm -1 , in  a d d it io n  to  
th e  o rig in a l rC=0 b a n d  a t  1760 cm - 1 ; th e  co rrespond ing  vasG — О — C — 
v ib ra t io n  is sh ifted  to  12 7 0 —90 cm -1  fro m  1215 cm -1 . In  th e  ra n g e  of 
rsC — О — G v ib ra tio n s , th e  b a n d  in ten s ity  a t  1070 c m -1 is increased. F u r th e r 
m o re , a b a n d  o f v e ry  sm a ll in te n s ity  ap p ears  a t  1580 cm -1 .

F o r  com parison , th e  1 : 1 com plex o f  1 w ith  TiCl4 was also p re p a re d  
(1/1); i ts  com position  d id  n o t  agree w ith  th e  c a lc u la te d  values. A ccord ing  to  th e  
T L C  te s ts ,  i t  c o n ta in e d  m a in ly  2 a fte r d eco m p o sitio n , fu rth e rm o re , som e 
s ta r t in g  m a te ria l a n d  T rO H . I t  shows t h a t  c o m p o u n d  1 is d e tr i ty la te d  as 
so o n  as com plex  fo rm a tio n  begins. The I R  s p e c tru m  o f th is  com plex is v e ry  
s im ila r  to  th a t  o f co m p lex  1/3.

I t  seem ed to  be in te re s tin g  to  p rep a re  th e re fo re  th e  1 : 1 co m p lex  o f 
2 a n d  T iC l4, w hich w as e x p e c te d  also to  re a c t  w ith  th e  Lewis acid  b y  v ir tu e  
o f  i t s  alcoholic h y d ro x y l g ro u p . B o th  th e  c o m p o s itio n  and  th e  IR  sp e c tru m  
o f th is  com plex  (1/2) a re  s im ila r  to  those o f th e  tw o  fo rm er com plexes. I n  th e  
sp e c tru m , th e  3550 c m -1  vO H  b a n d  has d is a p p e a re d , an d  th e  fo rm a tio n  of 
th e  С — О —T i bond  is c o n firm ed  b y  an  in f le c tio n  a t  1100—1120 c m - 1 , in  
a g re e m e n t w ith  l i te ra tu re  analogues [1]. T h e  c o m p o u n d  of a lk o x y tita n iu m  
tr ic h lo r id e  ty p e  fo rm ed  fro m  2 is a w eaker L ew is ac id  th a n  TiCl4, since th e  
rC  =  0  b a n d  o f th e  c a rb o n y l g roup  a tta c h e d  to  i t  is  fo u n d  a t  1680 c m - 1 . T he 
b a th o c h ro m ic  sh ift o f th e  c a rb o n y l b an d  is 80 c m - 1 , being  in  good ag re e m e n t 
w ith  th e  lite ra tu re  d a ta  o b se rv ed  for th e  E tO T iC l3 com plex of 3 [1], a n d  it  
is lo w er th a n  th e  AvC —O s h if t  (85 — 120 c m -1 ) in  TiCl4 com plexes o f  su g a r  
a c e ta te s .

T h e  in te n s ity  ra tio  o f  th e  original a n d  s h if te d  carbonyl b an d s  in  th e  
s p e c tru m  o f com plex 1/2 in d ic a te s  th e  c o o rd in a tio n  o f only one c a rb o n y l 
o x y g en  a to m , and  th is  is p ro b a b ly  th e  c a rb o n y l g roup  in  1-OAc (F ig . 2, 
co m p lex  a). This is in  a g re e m e n t w ith  th e  m o n o fu n c tio n a l Lewis acid c h a ra c te r  
o f a lk o x y tita n iu m  h a lid e s , m en tio n ed  in  th e  l i te r a tu r e .  Since th e  co m p lex  
(1/3) iso la te d  a t  th e  b e g in n in g  o f th e  reac tio n  is id e n tic a l w ith  th is  co m p lex  
(1/2) o n  th e  basis o f its  co m p o sitio n  as well as th e  I R  sp ec tru m , it  can  be s ta te d  
th a t  th is  is th e  com plex  fo rm e d  also during  th e  d e tr i ty la t io n  of 1.

T h e  b a n d  a t 1580 c m -1  m u s t be still e x p la in e d . A ccording to  l i te r a tu r e  
d a ta  [4 ], one of th e  m o st c h a ra c te r is tic  bands o f  th e  ion ic  T r+ SnCl^" co m p lex , 
fo rm ed  fro m  TrCl an d  SnC l4, c a n  also be fo u n d  h e re . I t  seem ed to  be a d v isab le  
th e re fo re  to  exam ine th e  io n ic  com pound T r +TiCL/~ o f  sim ilar ty p e , fo rm e d  
from  T rC l an d  TiCl4, b o th  in  th e  iso lated  s ta te  a n d  in  chloroform  so lu tio n . 
T he is o la te d  com plex (1/8) is b r ig h t orange in  c o lo u r, charac teris tic  o f c o m 
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p o u n d s  co n ta in in g  T r + , a n d  its  co m position  corresponds to  th e  ca lcu la ted  
v a lu es .

In  th e  IR  sp e c tru m , th e  w eak гСдг— Сдг d o u b le t o f TrC l a t  1580/90 cm -1  
in c reased  in to  a v e ry  in te n se  h an d . In  th e  ch loroform  so lu tio n  o f  th e  com plex 
th e  sam e change w as o b serv ed : th e  гСдг—Сдг b a n d  a t  1595 c m -1  w as sh ifted  
to  1585 cm - 1 , a n d  in c reased  in  in te n s ity  as a re su lt o f ion  fo rm a tio n .

Since TrCl is fo rm ed  d u rin g  d e tr i ty la tio n , th is  can  give an  io n ic  com plex 
w ith  th e  Lewis ac id  o f  th e  a lk o x y tita n iu m  trich lo rid e  ty p e  p re s e n t. This is 
in d ic a te d  b y  th e  b a n d  c h a rac te ris tic  o f T r+ , b o th  in  th e  ch lo ro fo rm  reac tio n

2 +  TrCl +  TiCl4

Fig. 2. The equilibrium  developing a t the beginning of the reaction betw een 1 and TiCl4

m ix tu re  an d  th e  iso la te d  com plex . T h e  equ ilib riu m  o f th e  tw o  k in d s  o f com 
plexes (co o rd in a tio n , a , ionic, b) is, how ever, sh ifted  s tro n g ly  to  th e  left 
(F ig . 2), since th e  b a n d  o f  T r + is v e ry  w eak .

The eq u ilib riu m  m ix tu re  o f com plexes a an d  b w as to  b e  p re p a re d  by  
m ix in g  eq u im o la r a m o u n ts  o f 2, T rC l a n d  TiCl4 in  ch lo ro fo rm , a n d  quenching  
th e  reac tio n  b y  d ilu tio n  (F ig . 2). T h e  IR  sp ec tru m  o b ta in e d  in  th is  case is 
s im ila r to  th e  so lu tio n  sp ec tru m  reco rd ed  a t  th e  beg inn ing  o f  th e  reaction .

C yclization

F u r th e r  s tu d ie s  w ere focussed on  th e  second s tep  o f th e  re a c tio n , cycli
za tio n . A ccord ing  to  th e  TLC te s ts , th e  sp o t o f 3 ap p ea red  d e f in ite ly  a fte r  15 
m in  a t  room  te m p e ra tu re ;  in  th e  re a c tio n  d elayed  b y  te n fo ld  d ilu tio n , th is  
ta k e s  ab o u t 30 m in . S im u ltan eo u sly  w ith  th e  TLC te s ts  th e  conversion  was 
also  m on ito red  b y  th e  IR  sp ec tra  reco rd ed  in  th e  re a c tio n  m ix tu re  w ith  te n 
fo ld  d ilu tion . T he sp e c tru m  w as reco rd ed  in  th e  reac tio n  m ix tu re  filled  in to  th e  
cell im m ed ia te ly  a f te r  com bin ing  th e  reag en ts , an d  th e n  th e  sp e c tra  were
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t a k e n  co n tinuously  in  th e  1900 — 800 cm -1  ra n g e  a t  37 °C fo r 40 m in . A fte r  
th is  t im e , th e  sp ec tru m  d id  n o t  change, an d  th e  T L C  te s ts  also in d ic a te d  com 
p le t io n  o f  th e  conversion  1 —► 3.

A s com pared w ith  th e  sp ec tru m  o b ta in ed  im m e d ia te ly  a fte r  com bin ing  
th e  re a g e n ts , th e  i< C = 0  b a n d  sh ifted  from  1760 c m -1  to  1750 cm - 1 , a n d  th e  
c o m p le x  bound  c a rb o n y l b a n d  sh ifted  from  1685 c m -1  to  1665 cm -1 , w hile 
i t s  in te n s i ty  decreased; th e  in te n s i ty  of th e  гСдг- Сдг T r + b a n d  a t  1585 c m -1  
g ra d u a lly  increased. T h e  b a n d  a t  1075 cm -1  slow ly  d isap p eared  a n d  s im u l
ta n e o u s ly  a band , p ro b a b ly  ch a rac te ris tic  o f th e  1 ,6 -an h y d ro  ring , developed  
a t  1100 c m -1 .

T h e  decreased in te n s i ty  o f  th e  s ta rtin g  c a rb o n y l b a n d  is read ily  exp la in ed , 
s ince  th e  ace ty l n u m b er o f  th e  p ro d u c t is less th a n  t h a t  o f  th e  s ta r tin g  m a te ria l. 
T h e  decreasing  in te n s ity  o f  th e  b a n d  due to  th e  c a rb o n y l g roup  p a r tic ip a tin g  
in  th e  com plex , an d  th e  in c re a s in g  in ten s ity  o f  th e  T r + b a n d  in d ica te  t h a t  in  
th e  re a c tio n  m ix tu re  th e  a m o u n t o f coo rd ina tion  co m p lex  is reduced , a n d  th e  
a m o u n t  o f  th e  ionic co m p lex  is increased.

F u r th e r  in fo rm atio n  o n  th e  conversion c a n  be  o b ta in e d  b y  in v es tig a tin g  
th e  com plexes (1/4—7) p re c ip ita te d  w ith  p e tro le u m  e th e r  from  th e  reac tio n  
m ix tu re  a t  25 °C a t  d iffe re n t tim e s  (after 10, 20, 30 a n d  60 m in). I t  is w o rth  
to  n o te  th e  g radual d eep en in g  o f  th e  colour o f  th e se  com plexes, from  yellow  
to  b r ig h t  orange. D u rin g  p re c ip ita tio n  w ith  p e tro le u m  e th e r, th e  fo rm a tio n  
o f  tw o  p ro d u c ts  can  c lea rly  b e  observed : an  o ran g e  o il, w hich  solidifies on  th e  
a d d i t io n  o f  m ore p e tro leu m  e th e r ,  an d  a ye llow -co lou red  am orphous pow der. 
A c c o rd in g  to  TLC e x a m in a tio n , th e  com plex, a f te r  decom position , co n ta in ed  
d e c re a s in g  am ount o f 2 a n d  in c reas in g  am o u n ts  o f  3, as well as increasin g  
a m o u n ts  o f  T rO H ; in  th e  f i l t r a te  of th e  com plex , in c reasin g  am o u n ts  o f  3 
c an  b e  fo u n d , in  a d d itio n  to  T rO H . The ch lo rine c o n te n t  in  th e  com plexes 
g ra d u a lly  increases, th e  T i c o n te n t  rem ain ing  n e a r ly  un ch an g ed .

I n  th e  IR  sp ec tra  o f  th e  com plexes, th e  ch an g e  o b served  is s im ila r to  
th o se  fo u n d  in  th e  so lu tio n  e x p e rim en ts : th e  o rig in a l r C = 0  b an d  is sh ifted  
fro m  1760 c m " 1 to  1750 c m “ 1, th e  com plexed c a rb o n y l b a n d  is sh ifted  from  
1680 c m -1  to  1660 cm “ 1, a l th o u g h  w ith  in c reased  in te n s i ty  an d  b ro ad en in g , 
w hile  th e  corresponding r asC — О — C b and  is fo u n d  a t  1290 c m “ 1 in s te a d  o f 
1275 c m “ 1. T he rC —C T r + b a n d  a t  1580 cm -1  in c rea se s  s im u ltan eo u sly  w ith  
th e  s h if te d  j>C =  0  b an d . T h e  b a n d  a t  1070 cm “ 1 slow ly  d isappears, w hile a 
new  b a n d  assigned to  th e  a n h y d ro  ring  appears a t  1095 cm “ 1; a s tro n g , new  
b a n d  dev e lo p s g radually  a t  1540 c m “ 1.

T h e  appearance  o f  th e  b a n d  a t  1540 cm “ 1 in d ic a te s , on th e  basis of 
l i te r a tu r e  d a ta  [5], th e  fo rm a tio n  o f  a c e to x y tita n iu m  trich lo rid e  (AcOTiCl3). 
I n  th e  d e tr i ty la te d  com plex , th e  e lec tro n -w ith d raw in g  effec t, on  th e  ca rb o n y l 
o x y g e n  is 1-OAc an d  th e  n e ig h b o u rin g  g roup  e ffec t o f  2-OAc resu lts  in  a 
lo o se n in g  o f  th e  Сх—0  b o n d  a n d  sp lit-o ff o f A cO TiC l3.
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A lthough  th e  sp lit-o ff AcOTiCl3 s u p p o r ts  th e  assu m p tio n  t h a t  th e  reac
tio n  proceeds th ro u g h  th e  c o o rd in a tio n  co m p lex  a of the  eq u ilib r iu m  reac tio n  
w r itte n  fo r th e  d e tr i ty la tio n  process (F ig . 2), i t  was to  be v e rif ie d  t h a t  the  
ionic com plex b has rea lly  no role in  th e  fu r th e r  conversion. A s m en tio n ed  
befo re , w hen com bin ing  th e  reag en ts , 1 a n d  TiCl4, a com plex p ro m p tly  sepa
ra te s  from  the ch lo ro fo rm  so lu tio n , b u t  dissolves w ith in  a s h o r t  tim e . This 
com plex  can  be iso la ted  im m ed ia te ly  a f te r  com bining th e  re a g e n ts  an d  is 
id e n tic a l w ith  th e  com plexes (1/1 — 2) p re p a re d  from  2 a n d  T iC l4 o r 1 and

TiCl4 in  1 : 1 m o la r ra tio . E ach  o f th e se  com plexes can be d isso lv ed  in  chloro
fo rm  a fte r  iso la tion , a n d  th e  cy c liza tio n  reac tio n  takes p lace in  th e  solu tions 
a t  room  te m p e ra tu re  in  2 h , in  th e  sam e w ay , as in  th e  in itia l re a c tio n  m ix tu re . 
Since these  com plexes do n o t c o n ta in  T rC l, th e  TrCl rem ain in g  in  th e  m o ther 
liq u o r during  p re c ip ita tio n  w ith  p e tro le u m  ether, there  is no p o ss ib ility  for 
th e  fo rm atio n  o f  th e  ionic com plex ; h ence , cyclization  ta k e s  p lace  ce rta in ly  
th ro u g h  th e  c o o rd in a tio n  com plex .

O n th is  basis , th e  cy c liza tio n  s te p , in  w hich th e  a c e to x o n iu m  io n  in te r
m ed ia te  often  m en tio n ed  in  th e  l i te r a tu r e  can  also have  a n  im p o ta n t  role, 
can  be d ep ic ted  as follows (F ig . 3).

Since AcO TiCl3 is a Lew is ac id , i t  c a n  form  a co o rd in a tio n  co m p lex  w ith 
3, as well as an  AcOTiCl^“T r + ion ic  com plex  w ith  th e  T rC l p re se n t in  the 
re a c tio n  m ix tu re . T hese com plexes, o f  cou rse , are in  eq u ilib riu m  in  th e  reaction  
m ix tu re . This eq u ilib riu m  is g ra d u a lly  sh if te d  tow ards th e  io n ic  fo rm  during 
th e  reac tio n  as show n b o th  b y  th e  I R  sp ec tru m  and  th e  in c re a s in g  chlorine 
c o n te n t o f th e  com plexes. T he in c rea s in g ly  in tense  orange co lo u r o f  th e  com 
plexes is a n o th e r  in d ica tio n  fo r th is .
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T h e  1540 cm -1  b a n d  o f  AcOTiCl3 is c h a ra c te r is tic , according to  th e  
l i te r a tu r e  d a ta , o f th e  d im e ric  form  [5]. T he o th e r  ch a rac te ris tic  v ib ra tio n  o f  
th e  d im e r a t  1650 cm -1  is o v e rlap p ed  b y  th e  1660 c m -1  r C = 0  b an d , cau sin g  
i ts  b ro ad en in g . AcO TiCl3 is a  stronger Lew is a c id  th a n  th e  com plex o f  th e  
a lk o x y tita n iu m  tr ic h lo r id e  ty p e  form ed on  d e tr i ty la t io n . T herefore, th e  
r C = 0  b a n d  in  c o o rd in a tio n  shifts to  low er freq u en c ies  in  th e  com plex

CH3

Fig. 4. A ssum ed structure of the com plex (3.AcOTiCl3)2

СЯз
Cl , ( '  Cl

Cl— 1-------- A ) '"  xO- j—  ;C1
/  \ I ^ ?

/  / f i  /  / f i

C l —  — г— Л У

CI Г ''' Cl

С 11 л

V
2Tr+

Fig. 5. A ssum ed stru c tu re  of the complex (AcOTiCl4)2 2Tr+

3 .A cO T iC l3. The e x te n t (100 c m -1 ) of the  to ta l  b a th o c h ro m ic  shift, Z lrC = 0 , 
is as h ig h  as th a t  cau sed  b y  TiCl4. A lthough  in  th e  com plexes iso la ted  th e  
in te n s i ty  o f  th e  sh ifted  rC  =  0  b a n d  increases g ra d u a lly , w hen  com pared  w ith  
th e  1 : 1 TiCl4 com plex o f  3 , th e  carbonyl in te n s it ie s  in d ica te  th a t  in  th e se  
co m p lex es AcOTiCl3 is a t ta c h e d  to  only one c a rb o n y l oxygen. The h ex a - 
c o v a le n t s ta te  of T i is e n su re d  b y  b inding of th e  d im e ric  AcOTiCl3 to  c a rb o n y l 
g ro u p s  in  tw o  m olecules o f  3 (F ig . 4).

I n  th e  ionic co m p lex  (F ig . 5), dim eric A cO T iC l3 develops th e  hexaco- 
v a le n t  s ta te  of Ti by  re a c tin g  w ith  one m olecule o f  T rC l each . This com plex  is 
c h a ra c te r iz e d  b y  th e  p re sen ce  o f  th e  1580 c m -1  гС дг— Сдг b and  in  th e  I R  
s p e c tru m , in  add ition  to  th e  b a n d s  found a t  1540 a n d  1650 cm -1  ( r C = 0 ) .

I n  th e  know ledge o f  com plexes c and  d  th e  e q u ilib r iu m  (Fig. 6) develop
in g  a t  th e  end  of th e  re a c tio n  c a n  be dep icted  as fo llow s:
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3 +  |  (AcOTiCU)* +  TrCl

TrCl +  A (3-AcOTiCl»)* 3 +  i  [(AcOTiCU)j”2Tr*]

c d

Fig. 6. E quilibrium  of th e  complexes formed a t th e  end of the conversion 1 —*■ 3

E v a lua tion  of th e  re su lts

T he conversion  1 —*■ 3 tak es  p lace, a cco rd in g  to  th e  p re sen t in v e s tig a 
tio n s , in  tw o s te p s : a  ra p id  d e tr ity la tio n  is fo llow ed b y  a slow er cycliza tio n  
s te p . D e tr ity la tio n  occurs in s ta n ta n e o u s ly , a n d  ta k e s  place also u n d e r  th e  
th e  conditions o f  co m p lex  fo rm atio n  o f  1 w ith  TiCl4. D uring  d e tr i ty la t io n  a 
com pound  of th e  a lk o x y tita n iu m  trich lo rid e  ty p e  is fo rm ed  (Fig. 2, com plex  a). 
D u rin g  cycliza tion , A cO TiC l3 is released fro m  i t  (F ig . 3); th is  form s a coo rd i
n a tio n  com plex w ith  3 a n d  an  ionic co m p lex  w ith  TrCl in  an  eq u ilib riu m  
re a c tio n  (Fig. 6).

P rep ara tio n  of tribenzoyllevoglucosan

The co n v ersio n  1 —► 3 can  be e x te n d e d  to  th e  t r i ty l  e th e rs  o f o th e r
l,2 ,3 ,4 -te tra-0 -acy l-/S -D -g lucopyranoses. C o m p o u n d  4 th a t  is, 1 ,2 ,3 ,4 -te tra - 
0 -benzoy l-6 -0 -trity l-/?-D -g lucopyranose  is c o n v e rte d  in to  5 on t r e a tm e n t  w ith  
TiCl4. The s ta r t in g  m a te r ia l  of th is  cy c liza tio n  h as  n o t been described  in  th e  
l i te ra tu re ; it  w as p re p a re d  on th e  an a lo g y  o f  1 [6], th a t  is, D-glucose w as 
tr i ty la te d  in  p y r id in e , th e n  acy la ted  w ith  b en zo y l chloride [7]. T he cycliza
tio n  reac tio n  w as e ffec ted  u n d er th e  co n d itio n s  g iven for th e  conversion  
1 — 3 by  re flu x in g  th e  chloroform  so lu tio n  w ith  equ im olar a m o u n ts  o f T iCl4 
fo r  1 h , w ith  th e  a d d itio n  o f some e th an o l. T h e  use o f TiCl4 in  an  in creased  
m o la r ra tio  re s u lte d  in  a h igher y ield  (40% ). E xcess TiCl4 does n o t in te rfe re , 
since i t  is u n a b le  to  o pen  th e  ring  of 5.

Conversion 1 —► 3 on  th e  effect of SnCl4

C om pound 1 can  also be co n v erted  in to  3 b y  m eans o f SnCl4. W h en  
using  eq u im o lar a m o u n ts  o f th e  s ta r tin g  m a te r ia ls  in  chloroform  so lu tio n , th e  
reac tio n  ta k e s  p lace  m ore slowly a t  room  te m p e ra tu re  th a n  in  th e  p resence

E x ten s io n  o f th e  cycbzation  re a c tio n  to  o ther sugar 
derivatives and  SnC ^
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o f T iC l4. Also in  th is  case, d e tr i ty la t io n  is th e  fa s te r  s tep , b u t i t  seem s to  proceed  
o n ly  to  th e  a t ta in m e n t o f a c e r ta in  eq u ilib riu m  s ta te . In  th e  TLC  te s ts , th e  
sp o t o f  1 d isappears e n tire ly  on ly  w hen  th e  sp o t o f  2 also d isap p ea rs ; t h a t  is, 
th e  d e tr i ty la tio n  eq u ilib riu m  is sh ifted  a n d  com ple ted  as th e  cy c liza tio n  s tep  
p ro ceed s . The w hole re a c tio n  is slow, ta k in g  24 h . W hen, how ever, th e  m o la r 
ra t io  o f  SnCl4 is doub led , th e  re a c tio n  tim e  is red u ced  to  5 h. T he excess Lewis 
a c id  a lso  affects th e  e q u ilib riu m  o f th e  d e tr i ty la tio n  step  fa v o u ra b ly , since 
th e  s p o t  o f 1 d isappears as ra p id ly  as a fte r  1 h.

CÜ2 —OXr

-04 OAc

OAc У  A  S11CI4

AcO

CH2—OSnCllTr* 

-0  OAc

AcO

OAc OAc

Ьг

3
+

AcOSnClI Tr+

Fig. 7. Conversion 1 —>- 3 effected by  SnCl4

W h e n  th e  conversion  w as m o n ito red  b y  m eans of th e  IR  sp e c tra  in  
ch lo ro fo rm  solution , th e re  w as o bserved  a s ig n if ican t difference as c o m p ared  
to  th e  re a c tio n  w ith  TiCl4; im m e d ia te ly  a f te r  com bin ing  th e  re a g e n ts , a v e ry  
in te n se  T r + b an d  (гСдг— Сдг) ap p e a re d  a t  1580 c m -1 , an d  its  in te n s i ty  d id  
n o t c h a n g e  during  th e  w hole re a c tio n . T here  is no sep a ra tio n  o f a com plex  
w hen  co m b in in g  th e  re a g e n ts , a  c lear so lu tio n  o f  m ag en ta  colour, c h a ra c te r is tic  
o f T r + , is fo rm ed  an d  i t  h a rd ly  changes la te r . D u rin g  d e tr ity la tio n , p ro b a b ly  
th e  io n ic  com plex b,2 is fo rm ed  in  an  eq u ilib riu m  reac tio n  (F ig. 7).

P ro g re ss  of th e  re a c tio n  is in d ic a te d  b y  g ra d u a l d isap p earan ce  o f  th e  
b a n d  a t  1080 cm -1 . T he f re q u e n c y  of th e  o rig in a l r C = 0  b a n d  a t  1755 c m -1  
re m a in s  u n ch an g ed  u n til  th e  e n d  of th e  re a c tio n . As th e  cycliza tion  p roceeds, 
an  in f le c tio n , and  la te r  a w eak  b a n d  develops a t  1720 cm - 1 . H a rd ly  an y
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v C = 0  b a n d  sh ifted  can  be observed . All o b se rv a tio n s  in d ica te  t h a t  in  th is  
case th e  com plex  eq u ilib ria  are  sh ifted  to  ion ic  com plexes (F ig . 7).

S u m m ariz in g  th e  resu lts  of e x p e rim e n ts  w ith  SnCl4, it  c an  be s ta te d  
t h a t  SnCl4 can  also be em ployed  fa v o u ra b ly  to  m ake 3 on th e  p re p a ra tiv e  
scale . T he e n d -p ro d u c t can  be p u rif ie d  o n ly  b y  th e  co lum n c h ro m a to g rap h ic  
te c h n iq u e  to  e lim in a te  T rO H  co m p le te ly ; th e  e n d -p ro d u c t is o b ta in e d  in 
6 0 %  y ie ld  w hen  1 is allow ed to  reac t w ith  a double m olar excess o f  SnCl4 a t 
ro o m  te m p e ra tu re  for 5 h.

E xperim en ta l

IR  spectra were recorded w ith a Perkin—Elm er 377 spectrophotom eter. D ecom position 
tem p era tu re  ranges were determ ined on a B iichi—T otto li apparatus and are uncorrected. 
The analyses of the complexes were perform ed as described earlier [8]. TiCl4 was fractionated  
from  Cu chips; SnCl4 was refluxed w ith SOCL, and fractionated  [9]. Petro leum  ether and 
chloroform  were carefully purified and dried [8], and  the la tte r was stabilized w ith  2%  of 
d ry  petro leum  ether [10]. The reactions, the prec ip ita tion  and the preparation  of th e  complexes 
were carried out in  a d ry  box as published previously [11]. The complexes of 1 and 2 w ith 
TiCl4 were prepared by the method described earlier [11]: a 10% solution of 1 and 2, respec
tive ly , in a 1 : 1 m ixture of chloroform and petroleum  ether was added to a dilute ( 1% ) solution 
of TiCl4 in  petroleum  ether, and the resulting com plex was im m ediately isolated by filtra tion  
after having finished combining the tw o solutions, to  prevent the cyclization reaction . The 
1 —► 3 conversion was effected cither in solution, or by means of the complexes precip itated  
from  the reaction m ixture.

The reaction of 1 and TiCL

(a) Compound 1 (0.7375 g; 1.25 mmole) was dissolved in chloroform (3.75 m L) and
a solution of TiCl4 (0.26 g: 1.47 mmole) in chloroform  (0.9 mL) was added w ith stirring , a t 25 °C; 
the  reaction m ixture was then  allowed to  stand  a t th is  tem perature.

(b) To the reaction  m ixture described under (a), portions of petroleum  e ther (35 mL) 
were added a t different periods in sm all increm ents; the yellow complex, w hich solidified on 
rubbing , was filtered off w ith suction, washed w ith a 1 : 9 m ixture of chloroform and petroleum  
e th e r (1 x 6  mL), then  w ith  petroleum  e ther ( 2 x 6  mL). and dried over P2Os and paraffin 
chips in a vacuum  desiccator for 20 min. A yellow pow der was obtained in  60%  yield.

IR  spectroscopic exam ination of the delayed reaction!

A solution of 1 (0.3688 g; 0.625 mmole) in  chloroform (1.88 mL) was m ixed w ith a 
so lu tion  of TiCl4 (0.13 g; 0.735 mmole) in chloroform  (0.45 mL) a t 25 °C. The com plex which 
separated  dissolved again on the effect of vigorous shaking in  30 s. An aliquo t p a rt of the 
reaction  m ix ture  was d ilu ted  to  tenfold volum e w ith  chloroform within one m inute , filled into 
a NaCl cell of 0.131 mm layer thickness, and the IR  spectrum  was continuously  recorded at 
25 °C or 37 °C, by  means of a therm ostated  double-walled cell holder.

The reaction of 1 and SnCl I

(a) A solution of 1 (0.7375 g; 1.25 m m ole) in  chloroform (3.75 mL) was m ixed w ith a 
so lu tion  of SnCl4 (0.355 g; 1.36 mmole) in chloroform  (0.9 mL), w ith stirring, a t  25 °C and the 
reac tion  m ixture was allowed to stand  a t this tem perature.

IR  spectroscopic exam ination of the reactions

The sam ples tak en  from the reaction  m ixtures were diluted to tenfold volume w ith 
chloroform . The IR  spectra were recorded in  NaCl cells of 0.131 mm layer th ickness, using a 
reference cell of identical layer thickness filled w ith  chloroform. The IR  spectra of the solid 
complexes were recorded in Nujol suspensions on K B r pellets.
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Thin-layer chrom atographic exam ination o f the conversion

T he sam ples were subjected to  chrom atographic separtaion  on plates of Kieselgel G 
layer o f 3 .5 x 8  cm in  a 4 : 1 m ix tu re  of e ther: petro leum  ether. D etection was effected b y  
spray ing  w ith  cone, sulfuric acid and heating  w ith an  in frared  lam p. In  the case of 1, R j  =  0.82, 
while R j  for 3 is 0.46, and i t  is 0.26 for 2. Decom position of th e  samples taken  from the  reaction  
m ix tu re  w as effected by  im m ediate shaking w ith  w ater; th e  chloroform solution was dried 
and app lied  onto the layer. The complexes were also decomposed by  w ater, the  aqueous 
suspension was ex tracted  w ith chloroform , dried a fter separation , and applied onto th e  layer.

P reparation of triacetyllevoglucosan; 3
Using TÍÖ4

A  solution  of 1 (23 g; 0.039 mole) in  chloroform  (115 m L) was mixed w ith  ethanol 
(2.3 m L ; 1.8 g; 0.039 mole), then  a solution of TiCl4 (8.63 g; 0.045 mole, 5 mL) in  chloroform  
(27 m L ) w as added to  i t  dropwise while stirring, w ith  th e  exclusion of atm ospheric mois
tu re . A  yellow  precip itate separated  and the reaction  m ix tu re  became slightly w arm . The 
p rec ip ita te  dissolved rapidly  on stirring . The reaction  m ix tu re  was refluxed for 1 h , w here
upon its  colour tu rned  in to  dark  brow n. A fter cooling i t  was poured in to  ice-w ater (300 
m L), th e  organic phase was separated , and  the aqueous solution was extracted  w ith  chloro
form  (3 X 100 m L). The combined chloroform  solution was washed un til neu tra l using w ater 
(3 X 100 m L ), 5%  N aH C 03 solution (2 X 75 m L) and w ater (2 X 70 mL), dried over anhydrous 
N a2S 0 4, an d  clarified w ith  ac tivated  carbon a t room  tem peratu re , to  obtain a yellow, clear 
solution. T he solvent was evaporated  in  vacuum  to leave a yellow crystalline substance (25.1 g). 
This w as m ixed  w ith  ether (35 mL) and  cooled to  0 °C for 1 h . The white crystals w hich sepa
ra ted  w ere filte red  off w ith suction and  rap id ly  washed w ith  CC14 a t  0 °C (3 x 7  mL). I t  was 
w ashed th e n  w ith  petroleum  ether (2 x 1 0  m L) to  ob tain  w hite crystals (8.7 g; 76.5% ), m .p. 
109 — 111 °C. A fter dissolution in e thanol (35 m L) w hite crystals were obtained (7.9 g; 70% ), 
m .p . 1 1 0 -1 1 1  °C [a!?] -5 9 .9 °  (c =  2, CHC13).

The use o f SnCl4
A solu tion  of 1 (7.4 g; 0.0125 mole) in  chloroform  (37.5 mL) was mixed w ith a solution 

of SnCl4 (7.55 g; 0.029 mole; 3.25 m L ) in  chloroform (9 m L), w ith  stirring, ensuring exclusion 
of a tm ospheric  m oisture. The reaction  m ixture becam e slightly  w arm  and its  colour tu rned  
im m edia te ly  in to  deep claret. The reaction  m ixture was allowed to  stand  a t room tem peratu re  
for 5 h . I t  w as th en  poured in to  w ater (100 m L) a t 10 °C while stirring; the sticky substance 
w hich sep a ra ted  dissolved again on allowing the solution to  w arm  to  room  tem peratu re , and 
the c la re t colour tu rned  in to  pale yellow. The aqueous phase was ex tracted  w ith chloroform  
(3 X 20 m L ), th e  combined chloroform  solution was washed u n til neu tra l w ith w ater (3 X 50 m L), 
5%  N aH C O a (2 X 50 m L) and again w ith  w ater (3 X  50 mL). I t  was then  dried over anhydrous 
CaCl2 an d  clarified w ith  activated  carbon  a t room  tem pera tu re . The solvent was evaporated  
in vacu u m ; from  the residue benzene was distilled off several tim es to  leave an oily-solid 
substance (7.8 g) of yellowish-white colour. This was dissolved in  benzene (15 mL) and applied 
onto a colum n packed w ith  Silicagel 40 (60 g) in  benzene; elu tion  was effected w ith benzene 
(500 m L ) an d  chloroform (200 mL). E vapo ra tion  of th e  benzene eluate yielded TrO H  (2.9 g; 
89% ); th e  chloroform  eluate gave, a fte r evaporation , of th e  solvent, an oil (2.6 g), w hich 
solidified on stand ing  to  afford a w hite substance; a w hite pow der (2.4 g; 67% ) was obtained 
on w ashing w ith  petroleum  ether. A fter recrystallization  from  ethanol (10 mL), white crystals 
were recovered  (2.15 g; 60% ), m .p. 1 0 8 -1 0 9  °C [<%°] -5 9 .5 3 °  (c =  2, CHC13).

1.2,3,4-T etra-0 -bcii7oyl-6-0 -tritjl-/?-i)-g!iKop)raiiose: 4

A nhydrous D-glucose (18 g; 0.1 mole) and tr ity l chloride (30 g; 0.1 mole) were stirre 
in  an hyd rous pyrid ine (100 mL) a t 40 °C for 15 h. The m ix tu re  was then  cooled to  0 °C an 
freshly d is tilled  benzoyl chloride (75.2 g; 0.54 mole; 62.2 m L ) was added dropwise u nder 
stirring  a t  0 — 4 °C. A fter completion of th e  addition , the reaction  m ixture was stirred  a t  th is 
tem p era tu re  for 3.5 h. I t  was refrigerated overnight, then  w ater (3.2 m L) was added to  decom 
pose th e  benzoyl chloride; i t  was th en  d ilu ted  w ith  chloroform  (150 mL) and w ashed w ith 
31V sulfuric acid (2 X 100 mL) and sa tu ra ted  N aH C 03 solution (2 X 100 mL), finally dried over 
anhydrous N a2S 0 4. The chloroform was evaporated  in  vacuum  to  obtain a syrupy substance 
)94.1 g), w hich was dissolved in  96%  ethano l (150 mL). A substance (64.1 g; 76.8%), separa ted
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on cooling which was filte red  off with suction, m .p . 99 —101 °C. Since the m elting  po in t did 
no t increase on repeated  recrystallization from  e th an o l, th e  product once recrystallized  from 
ethanol (10 mL) was dissolved in  benzene (30 m L ) and  transferred onto a  colum n packed 
w ith  Silicagel 40 (50 g) in  carbon tetrachloride, an d  e lu tion  followed w ith benzene (600 mL). 
The benzene was evapora ted  in  vacuum  to  ob ta in  a w hite  powder (7.75 g), m .p . 134—135 °C. 
This purification procedure was repeated to  give w hite  micro crystals (6.0 g; y ield  of purifica
tion  77.5% ); m.p. 139 °C [af,0] 36.00° (c =  2, CHC13). According to  the TLC tes ts  on Kieselgel 
G layers, using e ther—petro leum  ether 4 : 1 (Rf  =  0.92) or benzene-ethyl ace ta te  6 : 0.5 (Rf  =  
=  0.68) developing solvent m ixtures and detec tion  w ith  sulfuric acid, th e  substance  was 
homogeneous.

C53 H42O10 (838.915). The elemental analysis d a ta  agree with the ca lcu la ted  values 
w ithin 0.5%  error.

Tribenzoyllevoglucosan; 5

Compound 4 (3.36 g; 0.004 mole) was dissolved in  chloroform (16.8 m L ); ethanol 
(0.18 g; 0.004 mole; 0.24 m L) was added to  the so lu tion  and it  was mixed w ith  a solution of 
TiCl4 (1.78 g; 0.009 mole; 1.03 mL) in chloroform (4 m L), w ith  stirring, while excluding atm os
pheric m oisture. The reaction  mixture was then  re fluxed  for 30 min. D uring th is  period, the 
orange yellow colour of th e  solution tu rned  in to  d a rk  red . After cooling, i t  w as poured  into 
ice-water (60 mL) and  th e  aqueous phase was e x tra c te d  w ith chloroform (3 X 30 m L). The 
combined chloroform  phases were washed w ith  w ate r (3x30  mL), 5% N a H C 0 3 solution 
(2 X 30 mL) and again  w ith  w ater (2 X 30 m L) u n til n eu tra l and dried over anhyd rous N a2S 04. 
The solution was clarified a t  room tem perature  w ith  ac tivated  carbon, and  th e  solvent was 
evaporated  in  vacuum . The yellow sticky residue was mixed w ith ether (8 m L ) th e  crystals 
which separated  were cooled a t 0 °C for 1 h, th e n  filte red  off with suction an d  w ashed w ith 
e ther (2 x 6  mL) a t  0 °C to  obtain w hite crysta ls  (1.2 g; 67%), m.p. 204 °C [<x̂ °] —33.6° 
(c =  2 CHCL3). A fter tw o recrystallizations from  ethano l, 0.9 g (47.5%) of th e  p roduc t was 
obtained, m.p. 206 °C, [af,n] —35° (c =  2, CHC1.,). A ccording to  the TLC te s ts  on Kieselgel G 
layer using benzene—eth y l ace tate  6 : 0.5 developing solvent mixture and detec ting  w ith  sulfuric 
acid, the substance was homogeneous (Rf  =  0.58).
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D uring alkaline methanolysis of the four possible isomers of 16-p-toluenesu fon  у 
oxymethylandrost-5-ene-3|3,17-diol-3-acetate-17-JV-phenylurethane (1, 2 ,3 ,4 )  a cycliza- 
tion reaction takes place, in which JV-phenyltetrahydrooxazonine-2 derivatives (5a, 
6a, 7a, 8a) condensed to  the steroid skeleton are form ed.

T herm odynam ically, the cis isomers (5a, 8a) are the more stable end-p roducts, 
while the trans derivatives (6a, 7a), formed in th e  kinetically controlled process, undergo 
ring cleavage on solvolysis to  yield 16-(JV-phenyl, ]V-m ethoxycarbonyl)am inom ethyl 
derivatives (9a, 10a).

Cyclization takes place through N— — 6 N -6 neighbouring group partic ipa tion .

Scott et n l .  ex am in ed  th e  cyc liza tio n  re a c tio n  of <x,ß- an d  a ,y -h a lo g en - 
a lk y l-iV -ary lu re th an es is alkaline m edia. I t  w as found  th a t  th e  iV -a ry lu re th an e  
g roup  an d  its  s u b s ti tu te d  deriv a tiv es  r e a c te d  a t  d ifferen t ra te s , d ep en d in g  
on th e  in d u c tiv e  a n d  con ju g a tiv e  effects o f  th e  su b s titu e n ts . T he c y c liza tio n  
occu rred  ty p ic a lly  w ith  neighbou rin g -g ro u p  p a rtic ip a tio n , to  y ield  iV -phenyl- 
oxazolidone-2  o r iV -p h en y lte trah y d ro o x az in o n e-2  d eriva tives, d e p en d in g  on 
th e  s ta r t in g  co m p o u n d  [ I ,  2].

W e re p o rte d  ea rlie r th a t  on solvolysis o f  th e  a ,у m ixed p - to lu e n e su l-  
fon ic-acetic  es te rs  a n d  propionic esters o f 1 6 -h y d ro x y m ethy land rost-5 -ene-3 /? , 
17-diol (AcO-6) o r (P rO -6) ne ig h b o u rin g -g ro u p  p a r tic ip a tio n  w as o b se rv e d  in 
th e  c is  isom ers, w hile in  th e  I ra n s  isom ers su ch  an  effect coidd n o t be d e te c te d
[3]. A lkaline m e th an o ly sis  y ielded th e  co rre sp o n d in g  o x e th an e  d e riv a tiv e s  by 
( 0 ~ —4) (0° — 4) neighbou rin g -g ro u p  p a r tic ip a tio n  in  th e  case o f th e  c is  isom ers, 
w hereas th e  t r a n s  isom ers suffered  fra g m e n ta tio n  [4]. A sim ilar s e le c tiv ity  was 
o bserved  w ith  th e  16 -p -to luen esu lfo n y lo x y m eth y l-1 7 -h y d ro x y  d e r iv a tiv e s , 
w here  o x id a tio n  in  d im eth y l su lfoxide p ro ceed ed  only w ith  th e  t r a n s  isom ers, 
th e  c is  isom ers w ere co n v erted  in to  cyclic ca rb o n a te s  [5].

In  possession o f th e  isom er of 16-hydroxym ethy land rost-5 -ene-3 /? ,17 - 
-d io l, it  seem ed in te re s tin g  to  effect now  a co m p ara tiv e  e x a m in a tio n  o f  the

* P a rt X X V III and V: S c h n e i d e r , G y . ,  V i n c z e , I., H a c k l e r , L., S z a b ó ,  J .  A., 
D o m b i , G y . :  A cta Chim. Acad. Sei. Hung. 110, 429 (1982)

** To whom correspondence should be addressed
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so lv o ly sis  of th e  16-p -to luenesu lfony loxym ethy l-aiid rost-5 -e iie-3 ,17 -d io l-3 - 
-acetate-17-.Z V -phenylurethane isom ers (1, 2 , 3 , 4).

T h e  aim  o f th e  in v e s tig a tio n  w as, o n  one  h a n d , to  s tu d y  n e ig h b o u rin g - 
g ro u p  p a r tic ip a tio n  in  iV -pheny lu re thanes , a n d  on th e  o ther, to  sy n th es ize  
n ew  lV -p h en y lte trah y d ro o x az in o n e-2  d e r iv a t iv e  condensed to  th e  s te ro id  
sk e le to n  w ith  d iffe ren t rin g  fu n c tio n s.

T h e  possible fo u r isom ers of 16-hydroxym ethy landrost-5 -ene-3 /S ,17-d io l- 
-3 -a c e ta te  [3, 6] w ere su b je c te d  to  selective fo rm a tio n  o f  th e  p -to lu en esu lfo n ic  
e s te r , fo llow ed b y  a re a c tio n  w ith  p h en y l iso c y a n a te  to  o b ta in  16 -p -to luene- 
su lfony loxym ethy lan d ro st-5 -en e-3 /J ,1 7 -d io l-3 -ace ta te -1 7 -IV -p h en y lu re th an es (1, 
2 , 3 , 4 ). T he s tru c tu re s  w ere confirm ed b y  I R  an d  XH -N M R  sp e c tra l d a ta  
(T ab le  I) . T he j>NH an d  o v erlap p in g  este r a n d  u re th a n e  carbony l b an d s  a p p e a r  
p ra c t ic a l ly  a t  th e  sam e frequencies , th a t  is , a t  3360 — 3380 an d  1730 — 1735 
c m - 1  in  isom ers 1, 2 a n d  3, re spec tive ly . I n  th e  I R  sp ec tru m  o f 4, th e  rN H  
a n d  u re th a n e  ca rb o n y l frequenc ies are lo w er (3300 an d  1705 c m “ 1, re sp ec 
t iv e ly ) ,  a n d  th e  rN H  b a n d , w h ich  is sh a rp  in  th e  o th e r  th ree  co m p o u n d s, b e 
com es b ro ad en ed , in d ica tin g  th e  fo rm atio n  o f  in te rm o lecu la r  h y d ro g en  b o n d s 
d e v e lo p in g  b y  th e  p a r tic ip a tio n  o f th e  u re th a n e  C =  0  an d  N H  g ro u p s. T he 
e s te r  c a rb o n y l b an d  re ta in s  th e  position  a t  1730 c m -1 . This associa tion  s t ru c 
tu r e  e x p la in s  th e  anom alous b eh av io u r in  th e  1H -N M R  sp ec tru m  o b se rv ed  
in  c o n n e c tio n  w ith  th e  C-18 m e th y l signal. I n  1 an d  2, th is  signal ap p e a rs  
w ith  th e  u su a l sh ift va lu e  (0.85 ppm ), an d  o n ly  a sligh t sh ift is o b serv ed  also 
in  3 (0 .75 pp m ); how ever, in  4 th ese  h y d ro g en s  a re  v e ry  s tro n g ly  sh ie ld ed , 
a n d  th e  C-18 m eth y l signal is found  a t  0.25 p p m . T his phenom enon  ca n  be 
e x p la in e d  b y  th e  an iso tro p ic  n e ig h b o u rin g -g ro u p  effect o f one o f th e  p h e n y l 
r in g s  in  th e  su b s titu e n ts  a t ta c h e d  to  ring  D . S tu d ie s  on th e  m olecu lar m odel 
h a v e  sh o w n  th a t  th e  IV -phenyl ring  in  th e  u re th a n e  group can n o t be re sp o n 
sib le , s in ce  i t  c an n o t get close enough  to  th e  C-18 m e th y l group. In  acco rd an ce  
w ith  th is ,  th e  p h enom enon  c a n n o t be o b se rv ed  in  2 e ither.

W h e n , how ever, th is  anom alous sh ie ld in g  is due to  th e  p h en y l r in g  in  
th e  C-16 to sy lo x y m e th y l g ro u p , i t  shou ld  be  ex p la in ed  w hy  i t  ap p ea rs  o n ly  
in  4 . A s show n b y  th e  m odels, th e  c o n fo rm a tio n  fav o u rab le  in  th is  re sp e c t, 
t h a t  is  w h en  th e  /» -m eth y l-p h en y l ring  is lo c a te d  close to  th e  C-18 m e th y l 
g ro u p  (“ a b o v e”  it) , can  also occu r in  isom er 3 , since th e  C-18 m e th y l a n d  th e  
C-16 s u b s ti tu e n ts  are  in  ß,ß(cis) position . T h e  in te rm o lecu la r a sso c ia tio n  in  
4 , v e r if ie d  b y  IR  d a ta , req u ire s  th e  c o p la n a r  a rra n g e m en t of th e  u re th a n e  
g ro u p  a n d  th e  s te ro id  sk e le to n , an d  th is  m ean s  a steric  a rran g em en t o f  th e  
iV -p h en y l g roup  ensu ring  its  v ic in ity  to  C-16 (s-cis). C onsequently , th o se  co n 
fo rm a tio n s  o f  th e  to sy lo x y  g ro u p  are s te ric a lly  fa v o u re d  in  w hich th e  p -m e th y l-  
p h e n y l r in g  a n d  th e  s te ro id  sk e le to n  are p a ra lle l to  each  o th er, th e re  is s -cis 
a r ra n g e m e n t,  an d  an  an o m alo u s sh ield ing  e ffec t occurs. This m eans t h a t  
th e y  h a v e  m ax im u m  s ta tis t ic  p ro b a b ility  a t  th e  con fo rm atio n a l eq u ilib riu m .

A cta  C him . Acad. Sei. Hung, 111, 1982
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In  3, how ever, free ro ta t io n  o f th e  C-16 g roup  is n o t  h in d ered , th u s  th e  p ro b a 
b ility  o f co n fo rm atio n s invo lv ing  s tro n g  sh ie ld in g  o f th e  C-18 h y d ro g en s is 
m u ch  less an d , co n seq u en tly , th e  d iam ag n e tic  sh if t o f th e  C-18 m e th y l signal 
is also g rea tly  red u ced .

T he p re fe rred  co n fo rm atio n  o f isom er 4 su g g ested  above is also con firm ed  
b y  th e  d iam ag n e tic  sh if t o f  th e  m eth y len e  s ig n a l in  th e  to sy lo x y m e th y l g roup . 
T he m eth y len e  p ro to n s  in  com pound  4 are  lo c a te d , in  th e  p red o m in a tin g  
co n fo rm atio n , close to  th e  JV-phenyl g roup , ab o v e  th e  p lane o f  th e  rin g , an d  
th e  la t te r  ex e rts  a sh ie ld ing  effect s im ila r to  t h a t  o f  th e  to sy l rin g  on  th e  
C-18 m e th y l g roup .

In  acco rdance  w ith  th e  co n fig u ra tio n s, th e  H -17 signal in  com pounds 
1 an d  4 is sh ifted  p a ram ag n e tica lly , ow ing to  th e  an iso trop ic  effect o f  th e  
sulfonic e s te r g roup  in  cis position .

Isom ers 1 —4 w ere su b jec ted  to  m e th an o ly s is  in  th e  p resence o f  fo u r 
eq u iv a len ts  o f N aO C H 3.

The 16a, 17a iso m er (1) y ie lded  one sing le  e n d -p ro d u c t in  a ra p id  re a c 
tio n  w hen  re flu x ed  fo r a few  hours u n d e r th e  g iven  ex p erim en ta l co n d itions. 
T h is p ro d u c t w as JV -p h en y lte trahydrooxaz inone-2  (5a) condensed  to  th e  
D rin g  o f th e  s te ro id  sk e le to n  in  16a, 17a p o sitio n .

This tru c tu re  is v e rified  b y  th e  u re th a n e  ca rb o n y l b a n d  ap p e a rin g  a t  
th e  sam e freq u en cy  as in  th e  analogous o p en -ch a in  com pound  (in  th e  sp ec tra  
o f  5a, b — 8a, b i t  w as fo u n d  a t  1710 an d  1690, in  7a a t  1675 c m -1 ), fu r th e r 
m ore, in  th e  1H -N M R  sp ec tru m  th e  signal o f  th e  — N C H 2— group  w as fo u n d  
an d  could be c lea rly  id e n tif ie d  in  th e  sh ift ra n g e  expec ted , in  all cases. T he 
hydrogens o f th is  g roup  coup led  w ith  th e  H -16  a to m  form  th e  AB p a r t  o f  an  
A B X  sp in  sy s tem , co n seq u en tly  th e y  p ro d u c e  a m u ltip le t co n sis tin g  o f 
8 lines.

T he cyc liza tion  re a c tio n  can  be e x p la in e d  b y  a nucleophilic  a t ta c k  b y  
th e  n itro g en  a to m  o f th e  d e p ro to n a te d  ac id  am id e . T he groups p a r tic ip a tin g  
in  th e  re a c tio n  are lo c a te d  on th e  sam e side in  space, opposite  to  th e  C-18 
m e th y l g roup , in  a p a r tic u la r ly  fav o u rab le  p o sitio n  in  resp ec t o f  b o th  th e  
cyc liza tion  re a c tio n  a n d  th e  s ta b ility  o f th e  re su ltin g  ring  system .

Iso m er 16/3, 17/3 (4) is also co n v erted  in  a ra p id  reac tio n  in to  th e  co rre
spond ing  h e terocyclic  com p o u n d  (8a) co n d en sed  in  16/3, 17/3 position , as show n 
b y  th e  analogous I R  a n d  N M R  sp ec tra l d a ta  (T ab le  I). T he h e terocycle  fo rm ed  
in  th is  case is s te r ica lly  m ore h in d ered  th a n  in  5a, since i t  is lo c a te d  o n  th e  
sam e side as th e  C-18 m e th y l group . I n  sp ite  o f  th is , n e ith e r  5a n o r 8a  is decom 
posed on  th e  effect o f  excess N aO C H 3 w hen  re flu x e d  fo r 48 h  (F ig . 1).

In  th e  case o f  th e  tw o  trans isom ers (1 6 a ,17/3(2); 16/?,17a(3) th e  occurrence  
o f cycliza tion  w as also estab lish ed , in  sp ite  o f  th e  fac t th a t  in  fo rm er s tu d ies  
on  reac tions in v o lv in g  neighbouring -g roup  p a r tic ip a tio n , th e  fo rm a tio n  of 
cyclic com pounds from  trans isom ers w as n o t  o b serv ed  [3, 4].

4 Acta Chim. Acad. Sei. H ung. I l l , 1982
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Table 1

41-N M ll and III data compounds 1 — 4 ami 5a, b—-10a, b (<5jjvis ”  0 ppm , CDC13 and DMSO-d6; cm 1, KBr pellets)

асн , dCH2
d(2H)

ŐH-17
d

Ш-3
Av =  25 Hz

ÓH-6
Av =  4.8 Hz

ÓNH
b r o a d

ЙАгН

H-2,618 19 Ac Ts'OMe Ph: s(5II) Ts*: H-3.5

] 0.85 1.05 2.05 2.35 4.10° 4 .95° — 4.6 5.35 — 6.7 — 7.2 — 7.3 — 7 .7

2 0.85 1 .0 2 2.05 2.40 - 4 . 1 ° 4.45+ — 4.6 5.40 — 6.7 — 7 .3 0 — 7 .3 0 7 .7 5

3 0.75 1 .0 0 2 0 .0 2.40 — 4 .2 ° 4 .50* — 4.5* 5.35 — 6.7 7.35 — 7.3 7 .7 5

4 0.25 0.95 2 .0 0 3.70° 3.70° 4.70+ — 4.5* 5.35 — 1 0 .6 7.40 — 7.2 7 .7 5

5a 0.90 1 .1 0 3.95 4 .3 5 ° - 3 . 5 * 5.35 7.30 — —
3.40

5b 0.85 1.05 2.05 _ 3.90 4 .3 5 ° — 3.6 5.35 — — 7.3 — -
3.40

6a 1 .0 0 1.05 _ — — 3.4 3.75+ — 3.6 5.35 — 7.30 — —
— 3.7

6b 1 .0 0 1.08 2.03 — 3.5 3.80+ — 4.6 5.35 — 7.30 — —
— 3.7

7a 1.05 1 .1 0 - - — 3.5 3.95+ - 3 . 5 5.3 — 7.30 — —

7b 1 .0 0 1 .1 0 2 .0 0 - — 3.5 3.95+ — 4.6 5.35 - 7.30 - -

8a 0.98 1 .0 3 3.55 4.30+ — 3.6* 5.35 — 7.25 — —
3.70

8b 0.95 1.05 2 .0 0 _ — 3.5 4.30+ ~ 4 .5 5.35 — —7.3 - —
— 3.7

9a 0.75 1 .0 0 - 3.65 3 .90° ~ 3 .4 ° — 3.6 5.35 — — 7.3 — —

9b 0.75 1 .0 0 2.05 3.70 — 3.8° 4.65 - 4 . 6 * 5.40 — — 7.4 - -

10a 0.70 1 .0 0 — 3.65 3.80° 3.30° - 3 . 5 * 5.30 - - 7 . 3 — —

10b 0.90 1 .0 0 2 .0 0 3.70 — 3.9 4.70 — 4.6* 5.40 — 7.35 — —

2.05
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Tabic I (continued)

t’N H /lO H
bands

!-C = 0
bands

vSO,
bands

/5NH
band

vC—O/rC—N band 
(ester, urethane)

yCArH/yCArCAr bands 
(tosyl, phenyl)

1 3360 s 1735 1360, 1175, 955, 560 1540 1245, 1220 815, 765, 695, 665
2 3380 s 1735 1340, 1175, 940, 580 1535 1255, 1225 820, 810, 765, 755, 690, 675
3 3380 s 1730 1350, 1170, 940. 565 1540 1260, 1230 835, 810, 770, 750, 690. 670

4 3300 b 1705
1730*

1420, 1190, 1180, 980, 
960, 595, 560

1545 1275, 1245 815, 760, 695

5a 3600-3200 1710
1735*

1410, 1150, 1060 
1410, 1250, 115, 1030

760, 700
760, 700, 695, 680

5b 1695

6a 3600-3300
-3500®

1690
1690
1740*

1425, 1165, 1076. 1050 
1420, 1250, 1170, 1155, 
1035

770, 760, 710, 700 
760

6c 3490 1675 1430, 1160, 1150, 1065, 
1060

770, 695

7a — 1690
1735*

1250, 1160, 1145, 1030 770, 695

7b 3470 1690 1410, 1170, 1160, 1085, 
1070, 1030

780, 765, 695

8a — 1710
1725*

1410, 1260, 1160, 1090, 
1035

775, 760, 700

8b 3600-3200 1690
1740X

1050, 1030 765, 750, 695

9a - 3430® 1700
1725*

1245, 1030 765, 750, 695

9b 3600-3200 1685 1300, 1050 770, 755, 695

10a —3425® 1690 1240, 1210, 1030 750, 695

10b 1720*

°(J  - 6 — 7 Hz) * ( J  =  3 Hz) + (J  =  9.20 Hz), *overlapped signal, 0  coincident signals XA A ’ B B ’ m ultiplet (2 x 2 H ), J  a b  9 Hz ® 
maximum of the broad absorption

main
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T h e  cyclic Com pounds fo rm ed  in  th e se  cases, how ever, a re  u n s ta b le , 
a n d  u n d erg o  fu r th e r  m e th an o ly s is  w ith  r in g  cleavage to  give e n d -p ro d u c ts  
o f  th e  16-(lV-pheny], iV -m eth o x y carb o n y l)am in o m eth y l ty p e  (9a, 10a).

T his w as in d ica ted  b y  th e  p resence  o f  rO H  an d  u re th a n e  c a rb o n y l b an d s  
in  th e  I R  sp ec tra  o f 9a an d  10a, a n d  th e  ap p earan ce  o f e s te r  b a n d s  in s te a d  
o f  th e  fo rm er h an d s in  th e  I R  sp e c tra  o f 9b a n d  10b; fu r th e r  ev id en ce  is th a t  
th e  sig n a l o f th e  m e th o x y l g roup  is fo u n d  in  th e  1H -N M R  sp e c tra  o f  a ll th e  
fo u r  com pounds.

Tw o h y p o theses can  he  fo rw ard ed  to  exp la in  th e  cy c liza tio n  re a c tio n  
o f  th e  trans isom ers (2, 3).

O n th e  basis o f  l i te ra tu re  o b se rv a tio n s  [7], i t  can  be a ssu m e d  th a t  
d u rin g  solvolysis en la rg em en t o f th e  D rin g  in  th e  ste ro id  sk e le to n  ta k e s  place 
in v o lv in g  th e  p a r tic ip a tio n  o f  th e  1 6 -p -to lu en esu lfo n y lo x y m eth y l g ro u p  to  
y ie ld  an  lV -phenyloxazolidone-2  condensed  to  th e  D -hom o rin g , w h ic h  u n d e r 
goes rin g  cleavage u n d e r  th e  solvolysis cond itions (Figs 2 a n d  3, P a th  1). 
T h is  h y po thesis  is su p p o rte d  b y  th e  fa c ts  th a t  in  th is  w ay  a c is-fu sed  N-  
pheny loxazo lidone-2  r in g  can  develop , fu rth e rm o re , th e  c leavage  o f  rings of 
th is  ty p e  has been  re p o r te d  ea rlie r [8].

This assu m p tio n  w as n o t  con firm ed , how ever, b y  th e  sp e c tra l  d a ta . I f  
th e  assum ed  oxazolidone rin g  w ere p re se n t, th e  r C = 0  h a n d  sh o u ld  ap p ear, 
a t  a frequency  m u ch  h ig h er th a n  th e  observed  va lu e  (1750'—1730 c m -1 )

In  th e  tH -N M R  sp ec tru m  th e  oxazolidone s tru c tu re  co n d en sed  w ith  
a six -m em bered  rin g  D w ould  p roduce  n o t on ly  an  N C H  signal w ith  an  in te n 
s i ty  eq u iv a len t to  one p ro to n , h u t  also a m ore com plex s t ru c tu re  consisting  
o f  a t  leas t 16 lines.

In  th e  o th e r h y p o th es is , trans-fused  JV -pheny lte trah y d ro o x az in o n e-2  rings 
(6a, 7a) are form ed in  a k in e tic a lly  co n tro lled  process on th e  effect o f  th e  stro n g ly  
nucleoph ilic  n itro g en  a to m . T h e  s tru c tu re  developed  in  th is  m a n n e r  is, how ever, 
u n s ta b le ; th e  h e te rocyc le  is sp lit u n d e r th e  cond itions of th e  so lvo lysis  to  yield 
th e  co rresponding  16-(JV-phenyl, jV -m eth o x y carb o n y l)-am in o m eth y lan d ro st-  
-5-ene-3/S,17-diols (9a, 10a) (F igs 2 and  3. P a th  2).

In  th e  case o f  IV -ary lu re thanes ex am in ed  b y  us, th e  n e ig h b o u rin g -g ro u p  
p a r tic ip a tio n  is n o t ste reospec ific . T he s tro n g ly  nucleophilic  ac id  am id e  n itro 
gen  a tom  causes cy c liza tio n  in  b o th  th e  cis (1, 4) an d  th e  trans (2, 3) isom ers. 
T h e  cyclic cis p ro d u c ts  are  s tab le  (5a, 8a) w hereas th e  irtm s-fused  r in g s  (6a, 7a) 
u n d erg o  ring  c leavage d u rin g  solvolysis.

The ring  c leavage process y ie ld ing  JV-phenyl, JV -m ethoxycarbony l-a ,y - 
-am inoalcohols is ano m alo u s. iV-Aryl- an d  iV -a lk y lte trah y d ro o x az in o n e-2  
sy stem s described  in  th e  l i te ra tu re  u su a lly  decom pose in to  IV -aryl- an d  N-  
alky lam inoalcoho ls u n d e r  so lvo ly tic  co n d itions [9, 10].

The cyc liza tion  re a c tio n  tak es  p lace th ro u g h  a n e ig h b o u rin g -g ro u p  
p a r tic ip a tio n  o f ty p e  N ~ -6  N -6 [1].
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Table II

No. Formula >I.p.,°C 
Solvent of 

crystallization
Wd * t

Analysis, % Calcd./Found
MethodMolecular weight C H N

1 c 36h 45o ,s n
635.83

175 — 177 
M ethanol

+  8 0.7 (I) 80.69
80.52

8.46
8.57

2.61
2.35

1

2 Сзг,Н450 78Л
635.83

203 — 204 
M ethanol

-  56 0.65 (I) 80.69
80.45

8.46
8.35

2.61
2.50

1

3 C.3r,H450 7SN
635.83

1 9 3 -1 9 5
Benzene-petroleum

ether

+  26 0.65 (I) 80.69
80.55

8.46
8.37

2.61
2.52

1

4 c 36h 45o ,s n
635.83

Oil — 13 0.7 (I) 80.69
80.65

8.46
8.30

2.61
2.50

1

5a c27h 26o 3n
421.58

2 4 2 -2 4 4
Chloroform -

petroleum  ether

-  63 0.6 (II) 76.92
76.80

8.36
8.21

2.32
3.50

2

5b c„9h 37o 4n
463.62

204 — 205 
B enzene-

petroleum  ether

-  89 0.9 (II) 75.13
75.30

8.04
8.15

3.02
3.18

3

6a C „H fl50 3N
421.58

158 — 161 
Chloroform-

petroleum  ether

+  57 0.5 (II) 75.92
76.70

8.36
8.20

3.32
3.45

2

6b C,9H.i70 4N
463.62

268-269
C hloroform -

petroleum  ether

+  45 0.85 (II) 75.13
75.30

8.04
8.22

3.02
3.35

3

7a c27h 36o 3n
421.58

3 1 8 -3 2 0
Chloroform-

petroleum  ether

-1 3 4 0.4 (II) 76.92
76.80

8.36
8.49

3.32
3.50

2

7b C,9H 370 4N
463.62

2 8 2 -2 8 4
Chloroform-

petroleum  ether

-1 3 3 0.8 (II) 75.13
75.05

8.04
8.16

3.02
3.45

3

8a Co7H 35O sN
421.58

1 9 6 -2 0 0
Benzene-

petroleum  ether

+  5 0.55 (II) 76.92
76.82

8.36
8.27

3.32
3.51

2

8b c .,9h 37o 4n
463.62

2 3 6 -2 3 8
Chloroform -

petroleum  ether

-  18 0.9 (II) 75.13
75.20

8.04
8.16

3.02
3.34

3

9a c28h 36o 4n
450.60

199
B enzene-

petroleum  ether

-  71 0.35 (II) 74.63
74.51

8.05
8.27

3.10
3.45

9b C,,H r ,06N
537.70

1 6 3 -1 6 5
M ethanol

-  26 0.45 (I) 71.48
71.30

8.06
8.17

2.60
2.70

10a C28H 3(i0 4N
450.60

18 8 -1 9 1
B enzene-

petroleum  ether

— 55 0.3 (II) 74.63
74.43

8.05
8.19

3.10
3.18

10b c 32h J3o 6n
537.70

170 — 172 
M ethanol

-  39 0.4 (I) 71.48
71.58

8.06
8.35

2.60
2.77

(I) M ethanol : benzene (1 : 99) 
(II) Methanol : benzene (5 : 95)
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E xperim en ta l

M.p.’s were m easured on a Kofler block and are uncorrected.
Specific ro tations were determ ined w ith a Polam at-A  polarim éter.
The 1H-NMR spectra  were recorded w ith a V arian EM-360, EM-390 and  a Jeol HL-60 

spectrom eter a t room tem pera tu re  in CDC13 and DMSO-d6 solutions, using TMS as internal 
s tandard .

The IR  spectra were obtained w ith Perk in-E lm cr 325 and 577 spectrophotom eters in 
K B r pellets.

The thin-layer chrom atogram s were prepared on Kieselgel-G (M erck) layers of 0.5 mm 
thickness. The developing solvent system s were the following: (I) m ethanol : benzene (1 : 99); 
( II)  m ethanol : benzene (5 : 95). D etection was effected by spraying w ith  50%  aqueous 
phosphoric acid and subsequent heating a t  100 —120 °C for 15 min. The R evalues were deter
m ined in UV light of 365 nm  wave length.

In  the column chrom atographic separation  procedures A L 03 of ac tiv ity  I I I  — IV stand
ardized according to  B rockm ann was used. Dimensions of the chrom atographic columns 
were: 25 cm length 2 cm d iam eter; weight of A120 3 packing: 50 g.

16-p-ToIuenes id fony Ioxy methyl androst-5-enc-3^,17-iliol-3-acetate-l 7- V-plienylurethane
(1, 2 , 3 ,4 )

(General procdure No. 1)
16-p-Toluenesulfonyloxymethylandrost-5-ene-3/S,17-diol-3-acetate [3, 6] (2.58 g; 0.005 

mol) was dissolved in  dichlorom ethane (30 mL), mixed w ith phenyl isocyanate  (2.4 g; 0.02 
mole) and triethylam ine ca ta ly st (0.5 m L), and heated a t the tem pera tu re  of boiling for 6 h. 
The reaction  m ixture was then  poured in to  10% N aH C 03 solution, th e  dichlorom ethane frac
tion  was washed tho roughly  w ith  w ater, dried, and evaporated to  dryness. The residue was 
subjected  to  chrom atographic separation in  a m ixture of benzene and petro leum  ether (50 : 50).

5 X 100 mL of benzene : petroleum  ether (50 : 50) rem oved the polym eric contam inants; 
5 X 100 mL of benzene e lu ted  the desired end-product of high purity .

jV’-Plienyl-3/S-hyilroxyan<lrost-5-ene-[16,17-e]-4H-oxazine-2’-one (5a 6a, 7a, 8a)

< General procdure No. 2)
Compound 1, 2, 3, or 4 (3.17 g; 0.005 mol) was dissolved in  m ethanol (30 mL), mixed 

w ith  NaOCH3 (1.08 g; 0.02 mol) and m aintained the tem perature  of boiling. The progress of 
th e  reaction was m onitored by TLC. In the preparation  of 5a and 8a, reflux ing  was continued 
u n til the  starting com pounds (1 and 4) had been used up. In  the p rep ara tio n  of 6a and 7a. 
the  conversion was allowed to  ru n  un til the  appearance of 9a and 10a.

The reaction m ix tu re  was neutralized w ith dilute hydrochloric acid, d ilu ted  with water, 
the crystals which separa ted  were filtered off, dried and recrystallized from  a m ixture of chloro
form  and petroleum ether, or chloroform and benzene.

JV,-Phenyl-3^-acetoxyaiulrost-5-ene-[16,17-e]-41/-oxazine-2,-one (5b, 6b, 7b, 8b) 

(G eneral procedure No. 3)
Compound 5a, 6a, 7a, or 8a (0.42 g; 0.001 mol) was dissolved in  a m ix tu re  of pyridine 

and  acetic anhydride (1 : 1) (3 mL), allowed to  stand overnight, and th en  d ilu ted  w ith water. 
The precipitate which separated  was filtered off, w ashed thoroughly w ith  w ater and crystallized 
from  methanol.

16a-(N-Phenyl, 7V-nietlioxyoarbonyl)aiiiinoniethylandrost-5-ene-3/?,17/?-iliol (9а)

Compound 2 (3.17 g; 0.005 mol) was dissolved in m ethanol (30 mL) and  refluxed with 
N aO C lin (10.8 g; 0.02 mol) for 6 h. The reaction m ixture was neutralized w ith  dilute hydro
chloric acid, the crystals w hich separated were filtered off, dried and crystallized from a mixture 
of benzene and petro leum  ether (1.85 g; 82.2%).
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16a-(iV-Pheiiyl,iV-inethoxycarbonyl)aminomethylandrost-5-ene-3/S,17/?-diol- 
-3,17-diacetate (9b)

Compound 9a (0.450 g; 0.001 mol) was dissolved in a m ix tu re  of pyridine and acetic 
an h y d rid e  (1 : 1) (2 mL), allowed to  s tan d  overnight, and th e n  d ilu ted  w ith w ater. The precip
ita te  w hich separated was filte red  off and recrystallized from  m ethanol (0.51 g; 94.9%).

16/S-(iV-Plienyl,.Y-niethoxycarbonyl)-aminomethyIamlrost-5-enc-3/?,17a-dio) (10a)

Compound 3 (3.17 g; 0.005 m ol) was processed as given for 9a, b u t w ith a reaction tim e 
increased to  18 h (1.62 g, 72% ).

16lő-(iV-Phenyl,]V-m ethoxycarbonyl)am inom ethylandrost-5-ene-3(ö,17a,3,17-
-diacetate (10b)

Com pound 10a (0.450 g; 0.001 mol) was acetylated as given for 9b (0.500 g; 93.1%).

*

T he authors’ thanks are due to  Chemical Works of Gedeon R ichter, L td . (Budapest) 
for su p p o rtin g  the project.

T he authors gratefully acknow ledge the microanalyses to  D r. K . L. L áng  and Dr. G. 
B a r t ó k -B o zó k i and technical assistance to  Miss Cs. H o r v á th .
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In  a biphase system  formed from tetrahyd ro fu ran  and concentrated  K O I! solu
tion , th e  18-membered crown ethers, 5, 7, containing galactopyranoside un its , and 
24-m em bered ones, 9, containing glucopyranoside units have been p repared . The 
association constants (K a) of these com pounds w ith Li, Na, К  and N H 4 cations were 
m easured. These were found to  decrease in  th e  order K + >  N H J >  N a+ >  L i+ . W ith 
all cations, th e  highest К я value was obtained  w ith the crown com pounds containing 
bis-galactoside. Some hydroxy, acetyl and  tosyl derivatives of bis-glucopyranosido- 
-18-crown-6 (3a) were also prepared.

As re p o r te d  earlie r [1, 2 ], a new  m e th o d  has been e la b o ra te d  fo r  the  
p re p a ra tio n  o f  sugar-based  crow n e th e rs . T h e  m ethod  is based  on th e  reac tio n  
of, e.g., m e th y l-4 ,6 -O -benzylidene-a-D -glucopyranoside (1) w ith  d ie th y le n e g ly 
col d ito sy la te  (2 ) in  th e  b iphase sy stem  fo rm ed  from  te tra h y d ro fu ra n  o r d ioxan  
an d  50 %  p o ta ss iu m  h y d rox ide  so lu tio n , to  o b ta in  th e  bis (m e th y l-4 ,6-0- 
-benzylidene-oc-D -glucopyranosido)-18-crow n-6 isom ers (3).

In  th e  p re se n t p ap e r an d  e x ten s io n  o f  th is  reac tion  to  th e  p re p a ra tio n  
of fcis-galactopyranosido-18-crow n-6 a n d  6 is-g lucopyranosido-24-crow n-8  com 
p o u n d s is re p o rte d , in v estig a tio n s on  th e ir  com plex-form ing  a b il i ty  are 
d escribed , fu rth e rm o re , syn th esis  o f v a rio u s  derivatives o b ta in e d  fro m  bis- 
g lucopyranosido-18-crow n-6  (3a), p re p a re d  earlier, are given.

R esu lts an d  D iscussion

Extension o f the synthesis effected in the biphase system

T h e reac tio n s were effec ted  w ith  v a rio u s s ta r tin g  m a te r ia ls ; d ifferen t 
su g a r co m p o n en ts  an d  d iffe ren t o lig o e th y len e  d ito sy la tes  w ere u sed  in  th e  
re a c tio n s .

* To whom correspondence should be addressed
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3 1 Methyl-4,6-O-benzylidene-a-D-glucopyranoside (1)
5 1 Methyl-4,6-0-benzylidene-a-D-galactopyranoside (4)

7 1 Methyl-4,6-0-benzylidene-/?-D-galactopyranoside (6)

9  2 Methyl-4,6-O-benzylidene-a-D-glucopyranoside (1)

I n  th is  w ay , m e th y l-4 ,6-O -benzy lidene-a-D -galac topyranoside  (4) y ie ld ed  
c o m p o u n d  (5), m e th y l-4 ,6-O -benzylideneqS -D -galactopyranoside (6) gave th e  
c ro w n  c o m p o u n d  7; in  b o th  cases m ix tu res o f  th e  cis an d  trans isom ers w ere  
o b ta in e d  in  th e  reac tio n  w ith  2. The yields fo r  5 a n d  7 w ere 15%  an d  2 8 % , 
re sp e c tiv e ly . In  c o n tra s t w ith  th e  crow n e th e r  c o n ta in in g  th e  g lucopyranoside  
u n it  (3 ), co m p o u n d  5 is so lub le  n o t only in  c h lo r in a te d  so lvents, b u t also in  
a lcoho l. I t  is to  be n o ted  th a t  c row n com pounds 5 a  a n d  5b have  been p re p a re d  
e a r lie r  b y  S c h r ö d e r  et ál. b y  a d iffe ren t p ro ced u re  [3].

T h e  re a c tio n  of 1 a n d  tr ie th y len eg ly co l d ito sy la te  (8) gave feis-gluco- 
py ran o sid o -2 4 -cro w n -8  (9) in  16 %  yield . This c o m p o u n d  is well soluble in  th e  
m a jo r i ty  o f  organic so lv en ts , e x c e p t fo r e th e r  a n d  p e tro leu m  ether.

C o m p o u n d s 5, 7 a n d  9 w ere  id en tified  b y  e lem en ta l analysis, I R  a n d  
1H -N M R , fu rth e rm o re , b y  m ass sp ec tro m e try . A ll th e se  in v estig a tio n s, h o w 
ev er, fa i le d  in  m ak ing  possib le th e  d is tin c tio n  a n d  id e n tif ic a tio n  of th e  cis a n d  
trans iso m e rs  (a an d  b). T h e  isom ers of 3, d esc rib ed  earlie r, were id en tified  b y  
X -ra y  c ry s ta llo g ra p h y  [4]. T h e  isom ers of 5 (a a n d  b) w ere sep ara ted , b u t  in  
lack  o f  su ita b le  c ry sta ls , no  su ch  ex am in a tio n  co u ld  be effected. St o d d a r t  
et al. [5] d e te rm in d  th e  s te ric  s tru c tu re s , o f co m p lex es o f com pounds p re p a re d  
b y  th e  N aH /D M S O  cyc liza tion  m e th o d  b y  m ean s o f  th e  dynam ic N M R  te c h 
n iq u e , th u s  th e  s tru c tu re s  o f  th e  cis an d  trans iso m ers  o f 5 w ere ren d ered  p ro b 
able b y  co m p a rin g  th e  m e ltin g  p o in t an d  ro ta tio n  v a lu es . I t  is to  be n o te d  h ere  
th a t  th e  co m plex ing  a b ility  o f  th e  cis and  trans iso m ers  does n o t d iffer s ig n if
ic a n tly , th e re fo re  in  s tu d ies  on  com plex-fo rm ing  p ro p e rtie s  th e  m ix tu re  o f 
isom ers m a y  also be used.
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Complex form ation

T he com plex ing  a b ility  w as in v e s tig a te d  on  some a lkali m e ta ls  (L i, N a, 
К  an d  am m o n iu m  p ic ra te  in  ch lo ro fo rm  b y  th e  UV te c h n iq u e , u sin g  th e  
m e th o d  suggested  b y  C r a m  et al. [6 ].

T he a sso c ia tio n  c o n s ta n t K a w as c a lc u la te d  according to  E q . (1):

(1  — Щ ^ d { [ ^ P i c ]H 20  — Я [ С ] сНС13( Е сНС|3/ Е н 2о )} 2
w here

K [K + P ic-]cH ci.
d [K +]H i0 . [ P i c - ] H,0

Ka =  d is tr ib u tio n  o f  th e  m e ta l p ic ra te  in  th e  ch lo ro fo rm -w ater sy s te m , cal
c u la te d  acco rd in g  to  E q . (2); R  — X / Y ;  X  =  m ole p ic ra te  in  th e  ch loroform  
p h ase ; Y  =  m ole c row n com pound  in  th e  ch loroform  p h ase ; [ Í Í P íc]h 2o =  
c o n c e n tra tio n  o f  th e  m e ta l p ic ra te  in  th e  aq u eo u s phase before  co m p lex  fo r
m a tio n ; [C ]chci3 =  co n c e n tra tio n  o f th e  c ro w n  com pound in  th e  ch loroform  
ph ase ; F chci3 =  vo lu m e o f th e  ch lo ro fo rm  p h ase  (cm 3); F h20 =  vo lum e of 
th e  aqueous p h ase  (cm 3). In  th e  case o f  w a te r-so lu b le  crow n co m p o u n d s , the  
p a r t i t io n  of th e  c row n  com pound  b e tw een  th e  aqueous an d  ch lo ro fo rm  phases 
u n d e r  th e  co n d itio n s  o f  com plex  fo rm a tio n  w as m easured  a n d  co n sid e red  in  
ca lcu la tin g  K a. T ab le  I  show s th e  log K a v a lu es  fo r crow n co m p o u n d s carry in g

Table I

Association constants o f crown compounds (log K a) in chloroform at 22 °C

Start ng sugar derivative Crown logK.
compd. LiT Na+ K+ NH- K+(CDC1,I

Metliyl-4,6-0-beiizylidene-a-D-gluco- 3a 3.99 3.95 4.93 4.06 4.87
pyranoside 3b 4.14 4.05 5.04 4.12 4.95

Methyl-4,6-0-benzylidene-ot-D-galacto- 5a 4.02 4.22 6.61 5.15 6.11
pyranoside 5b 4.13 3.28 6.12 5.20 —

Metbyl-4,6-0-benzylidene-/?-D-galacto-
pyranoside 7a - f  7b 4.17 4.73 6.46 5.53 6.34

Mctbyl-4,6-0-benzylidene-a-D-gluco-
pyranoside 9a +  9b 3.68 3.73 5.46 4.59 5.46

Dibenzo-18-crown-6 10 4.08 4.44 7.85 5.96 7.55
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p ro te c tiv e  g roups on th e  su g a r u n it  and , fo r co m p ariso n , those of d ibenzo-18- 
-c ro w n -6 (10 ) availab le  co m m ercia lly .

I t  is fo u n d  th a t  th e  com plex  s tab ilitie s  o f  th e  18- an d  2 4 -m em b ered  
c row n e th e rs  show n in  th e  T ab le  decrease in  th e  o rd e r  K + >  N H ^  >  N a + >  
> L i + .

F o r  th e  lith iu m  ion, th e  in n e r  space in  th e  18- an d  24-m em bered  rings 
is fa r  to o  la rg e ; th e  ca tio n  is f a r  from  th e  oxygen  d o n o r a tom s an d  even  fa r th e r  
from  th e  oxygens o f th e  a n n e lla te d  u n its , hence  th e  la t te r  have p ra c tic a lly  
no in f lu e n c e . This is su p p o rte d  b y  th e  p ra c tic a lly  id e n tic a l com plexing  p ro p e r 
ties o f  co m p o u n d s  3 ,5 ,7  an d  10 (log K a =  3.99 — 4.17) an d  by  th e  ev en  low er 
v a lu e  (log  K a =  3.68) fo r th e  24 -m em bered  c o m p o u n d  (9). A sim ilar s ta te m e n t  
can  be  m a d e  a b o u t th e  co m p lex  fo rm atio n  w ith  N a + , hav ing  a la rg e r  ion ic  
d ia m e te r ;  h e re , how ever, a s lig h t effect o f th e  v a r io u s  sugar com p o n en ts  can  
also be  o b se rv ed , th u s  th e  com plex ing  a b ility  o f  7, con ta in in g  g a lac to s id e , 
is s tro n g e r  th a n  th a t  o f 3, c o n ta in in g  glucoside. T h e  association  c o n s ta n ts  
m e a su re d  w ith  K + an d  N H ^  ions are s ig n if ican tly  h ig h er. The ionic d ia m e te r  
o f KA co rre sp o n d s  to  th e  in n e r  d im ensions o f th e  18-crow n-6 rin g  [7, 8 ], 
th u s  i t  c a n  ap p ro a c h  th e  crow n r in g  oxygens a n d  th e  su g ar u n its  p a r t ic ip a tin g  
in  th e  c o n s ti tu t io n  o f th e  crow n , an d  th e  la t te r  h a v e  now  a m ore p ro n o u n ced  
effect o n  th e  s ta b ili ty  o f th e  re su ltin g  com plex. H en ce  th e  com plex fo rm a tio n  
c o n s ta n ts  o f  crow n com pounds 5a, 5b an d  7 , c o n ta in in g  g a lac to p y ran o sid e , 
is b y  o n e , o r  o n e-an d -a -h a lf o rd e r  o f m ag n itu d e  h ig h e r  in  com plexes fo rm e d  
w ith  K + , a n d  also w ith  N H ^  h a v in g  sim ilar d im en sio n s ions, th a n  th o se  o f 
crow ns 3 a  a n d  3b, co n ta in in g  g lucopyranoside  u n its .  A sim ilar te n d e n c y  w as 
o b se rv ed  b y  S t o d d a r t  et al. [5] w hen  m easu ring  th e  s ta b il i ty  of th e  com plexes 
of 3 a n d  5 fo rm ed  w ith  t-b u ty la m m o n iu m  th io c y a n a te , b y  an o th e r m e th o d .

T h e  co n fig u ra tio n  o f th e  glucosidic lin k ag e  affec ts  com plex fo rm a tio n  
less; th e  /J-an o m er o f 7 gives a so m ew h at m ore s ta b le  com plex  th a n  th e  a -an o - 
m er o f  5 does.

T h e  a sso c ia tio n  c o n s ta n ts  o f  th e  cis a n d  Irans su g ar crowns a re , as i t  
has b e e n  m e n tio n e d , a lm ost id e n tic a l, as show n b y  th e  correspond ing  v a lu es  
for 3a  a n d  3b  an d  5a an d  5b.

T h e  24 -m em bered  crow n com p o u n d  also fo rm s a sig n ifican tly  s tro n g e r  
com plex  w ith  th e  K + ion th a n  w ith  th e  L i+ or N a + io n ; th is  can  be e x p la in e d  
b y  th e  h ig h e r  flex ib ility  o f th e  la rg e r  ring , th e  K + io n  is “ w rapped  u p ”  b y  
th e  c ro w n  r i n g .

C o m p arin g  th e  com plex  fo rm a tio n  c o n s ta n ts  m easu red  w ith  th e  K + 
ion a n d  th e  N H + ion hav in g  s im ila r d im ensions, th e  la t te r  are fo u n d  to  be 
low er b y  a b o u t  one o rder o f m a g n itu d e . This te n d e n c y  has been o b se rv ed  in  
o th e r c ro w n  com pounds, too .

C o m p ariso n  of th e  a sso c ia tio n  co n stan ts  m e a su re d  w ith  K + io n s  in  
sugar c ro w n s a n d  d ibenzo-18-crow n-6 has show n t h a t  th e  la t te r  v a lu e  is h ig h e r
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b y  one  o r  tw o orders o f  m a g n itu d e . T h is can  be due to  th e  d iffe ren ces in  the 
r ig id ity  an d  so lva tion  a b ili ty  o f th e  m olecules.

F in a lly , th e  values show n in  th e  la s t co lum n in  T able  I  c o n firm  th a t  in 
th e  d e te rm in a tio n  o f  th e  a sso c ia tio n  c o n s ta n ts  chloroform  c a n  a lso  be used 
in s te a d  o f CDC13 em ployed  in  c e r ta in  w orks [6].

S y n th e s i s  o f  the d e r iv a t iv e s  o f  b is -g lu c o p y ra n o s id o -1 8 -c r o w n -6  (3a)

I t  w as descibed ea rlie r [1, 2] th a t  c row n com pounds o f  v a r io u s  so lub ility  
h a d  b e e n  p rep ared  b y  rem o v in g  th e  p ro te c tiv e  groups o f  3b a n d  app ly ing  
a c y la tin g  reactions. N ow  th e  d e riv a tiv e s  o f 3a were o b ta in e d  in  a sim ilar 
m a n n e r  (F ig . 1). C om pound  3a  w as re flu x ed  w ith  2N  h y d ro c h lo ric  acid  to  
sp lit  o ff  th e  m e th y l a n d  b enzy lidene  g roups, w hich occurred  in  8 h . T h e  re su lt
in g  c row n  com pound  11 is so luble  in  w a te r , m eth an o l and  e th a n o l, a n d  insoluble 
in  c h lo rin a te d  so lven ts. S elective rem o v a l o f th e  benzy lidene  g roups was 
e ffe c ted  b y  th e  m e th o d  sugg ested  b y  J ea n lo z  [9]: 3a was h e a te d  w ith  glacial 
a ce tic  ac id  to  o b ta in  th e  te tra h y d ro x y  crow n com pound 1 2 ; th is  is soluble

I t 12 H, =  K2 =  OH
13 R , =  R 2 =  OAe
14 K, =  O T h. H j  =  OH

Fig. 1
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a g a in  o n ly  in w ate r a n d  a lco h o ls . The trans iso m e r p rep a red  from  3b [2] is 
so lu b le  in  chloroform  a n d  d ich lo ro m eth an e . C o m p o u n d  12 was allow ed to  
re a c t  w ith  acetic a n h y d rid e  in  pyrid ine  to  y ie ld  th e  te t r a a c e ty l  d e riv a tiv e  13, 
w h ic h  is soluble in  b o th  a lc o h o l an d  chloroform .

T h e  te tra h y d ro x y  c ro w n  com pound 12 w as a llow ed  th e n  to  re a c t w ith  
/> -to luenesu lfonyl ch lo ride  (2.1 m ol) in  py rid ine  a t  ro o m  te m p e ra tu re  to  o b ta in  
th e  d ito sy l derivative  14, w h ic h  is also well so lu b le  in  alcohol an d  ch lo rin a ted  
s o lv e n ts . O n the  effect o f  a c y la tio n  the  sing let c h a ra c te r is tic  of OCH3 p ro to n s  
a p p e a rs  a t  d =  3.32 p p m  in  CDC13 in  the  1H -N M R  sp e c tru m . T o sy la tion  to o k  
p lace  se lec tive ly : o n ly  th e  p r im a ry  h y d ro x y l g ro u p s  a re  acy la ted . T h is is 
sh o w n  b y  th e  doub le t a p p e a r in g  a t  ő =  4.22 p p m  belong ing  to  th e  Ce— H  
p ro to n s ,  in  th e  bH-NM R s p e c tru m  of 14.

E xperim ental

M.p.’s were measured with a Büchi 510 apparatus and are uncorrected. The IR spectra 
were recorded with a Perkin-Elmer 237 and a Spectromom 2000 instrument in KBr pellets, 
the tH-NMR spectra were obtained with a Perkin—Elmer R12 (60 MHz) instrument using 
TMS internal standard. Mass spectra were measured with a Jeol JMS-01 SG-2 instrument, the 
UY spectra were determined with a Hitachi-Perkin-Elmer 124 spectrometer; elemental anal
ysis data were obtained with a Perkin—Elmer 240 automatic analyser.

D eterm ination  of the assoeiation constan ts

Two centrifuge tubes of 10 cm 3 volume were equipped with magnetic stirrers. In one 
of the tubes, 0.015 mol/dm3 aqueous picrate solution (0.5 cm3), in the other tube distilled 
water (1 cm3) were placed,then a 0.075 mol/dm3 chloroform solution (0.2 cm3) of the crown 
compound examined was added to both tubes. The closed tubes were centrifuged shortly, 
stirred vigorously for 3 min, then centrifuged for 10 —15 min. Samples (0.05 cm3) were then 
withdrawn from the chloroform phase in both tubes, they were diluted with acetonitrile to 
5 cm3 and the picrate concentration was measured at 380 nm with a UV spectrophotometer. 
The association constants (K a) were calculated according to Eq. (1).

Bis ( m ethyl-4,6-0-benzylidene-2,3-dideoxy-a-D-galactopyranosido[2,3-b] [3’,2’-fc] )- 
1,4,7,10,13,16-hexaoxacyclooctadecane and bis (m ethyl-4,6-0-benzyIidene- 

-2,3-dideoxy-a-D-galactopyranosido [2,3-6] [2’,3’-fe])-l,4,7,10,13,16-hexaoxacyclooctadecane
(5a and 5b)

Methyl-4,6-0-benzylidene-a-D-galactopyranoside (4) (5.64 g; 20.0 mmol) was dissolved 
in THE (120 cm3) and 50% KOH solution (6.72 g; 60.0 mmol) was added to it while stirring.; 
The mixture was stirred at 60 °C for 2 h, then a solution of diethyleneglycol ditosylate (8.28 g; 
20.0 mmol) in THE (50 cm3) was added. The reaction mixture was refluxed, with stirring, for 
36 h. After cooling, the potassium tosylate precipitate was filtered off and the filtrate was 
evaporated to dryness in vacuum. The residue was dissolved in chloroform (40 cm3), washed 
with water (3x20  cm3), dried over Na2S04, and evaporated to dryness in vacuum to obtain 
the crude product (5.2 g). This was subjected to chromatographic separation on an A120 3 
(150 g) column (2.2x40 cm) using benzene — chloroform eluting agent (2 : 1). The product 
was crystallized from ethanol.

Isomer I (5a or 5b): 0.7 g; 9.9%. M.p. 164—169 °C, [а]“  +164° (c =  1.92, chloroform) 
( l i t .  [3] m.p. 168-170 °C. [a]32 +170.6°).

Isomer II (5a or 5b): 0.3 g; 3.4%. M.p. 250-252 °C, [a]22 +157.7° c =  1.88, chloro
form ( l i t .  [3] m.p. 240 °C, [а]|,2 +162.9°.
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C3eHlt0 14 (704.8). Calcd. C 61.29; H 6.82. Found C 61.15; H 6.71%.
1H-1NMR (CDC13), both isomers: Ö 7 .2 -7 .5  (m, 10H, Ar); 5.49 (s, 2H, C H -P h ); 4.90 

(d, 2H, J  =  2.6 Hz, C[ —H); 4 .40-3 .50  (m, 28H); 3.40 (s, 6H, CH30).
MS (200 °C); m/e 704 (1.6%, M+), 496 (25%), 149 (64%), 121 (23%), 105 (76%), 99 

(50%), 73 (100%). 45 (99%).

Bis(inethyl-4,6-0-benzylidene-2,3-dideoxy-|S-D-galactopyranosido[2,3-6] [3’,2 ’-/c])- 
-1,4,7,10,13,16-hexaoxacyclooctadecane and bis(m ethyl-4,6-0-benzylidene-2,3- 

-dideoxy-/5-D-galactopyranosido[2,3-b][2’,3'-íi:])-l,4,7,10,13,16-hexaoxacyclooctadecane
(7a and 7b)

Starting from methyl-4,6-0-benzylidene-/?-D-galactopyranoside (6) (4.5 g; 16.0 minői), 
the reaction was effected as given above. After cooling, the reaction mixture was filtered, the 
precipitate extracted with chloroform (2x40  cm3), the extract was combined with the tetra- 
hydrofuran filtrate and evaporated to dryness in vacuum. The reasidue was rubbed with warm 
water (5 x 5 0  cm3), suspended in cold THF (30 cm3) and stirred cold for 1 h. The product was 
filtered off suspended in anhydrous ethanol (40 cm3), stirred for 1 h and filtered off again to 
obtain 7a and 7b (1.6 g; 28.4%). Recrystallization was effected from a mixture of chloroform 
and petroleum ether. M.p. 218 —244 °C, [ос]д2 +44.9° (c =  1.52, CHC13).

C3„H.80 14 (704.8).Calcd. C 61.29; H 6.82. Found C 61.11; H 6.69%.
lH-NMR (CDCl,,): <5 7 .26-7 .70  (m, ЮН, Ar); 5.50 (s, 2H, C II-P H ); 4 .4 0 -3 .6 2  (m, 

ЗОН), 3.53 (s, 6H, OCH3).
MS (200 °C): m j e  704 (5.6% M+).

Bis(inethyl-4,6-0-benzyIidene-2,3-dideoxy-a-D-gIucopyranosido[2,3-b] [3% 2’-n ] )-
-1,4,7,10,13,16,19,22-octaoxacyclotetracosane and bis(m ethyl-4,6-0-benzylidene- 

-2,3-dideoxy-a-D-glucopyranosido[2,3-ft][2’,3’-n])-l,4,7,10,13,16,19,22- 
-octaoxacyelotetracosane (9a and 9b)

Compound 1 (22.6 g; 80.0 mmol) was dissolved in anhydrous THF (300 cm3). Under 
stirring, 50% aqueous KOH solution (26.8 g; 240.0 mmol) was added to the solution and it 
was stirred at 60 °C for 1 h. A solution of triethyleneglycol ditosylate (46.0 g; 100.0 mmol) 
in THF (200 cm3) was then added and the mixture was stirred at the temperature of boiling 
for 42 h, After cooling, the preciptate was filtered off, extracted with chloroform (2 X 100 cm3), 
the extract was combined with the tetrahydrofuran filtrate and evaporated to dryness in 
vacuum. The residue was rubbed xvith hot water (5 X 50 cm3), dissolved in chloroform (250 cm3), 
dried over Na2S04, filtered and evaporated to dryness in vacuum to obtain the crude product 
(3.36 g). This was recrystallized twice from anhydrous ethanol to obtain 9a +  9b (8.0 g; 
25.3%), m.p. 120-129 °C, [a]?,2 +45.6° (c =  1.68, CHC13).

‘H-NMR (CDC13): á 7.6 —7.2 (m, 10H, Ar); 5.50 (s, 2H, C H -Ph); 4.78 (d, 2H, J  =  3.6 
Hz, C i-H ); 4 .40-3 .35 (n, 42H); 3.42 (s, 6H. OCH3).

С«Н660 1(. (792). Calcd. C 60.61; H 7.07. Found C 60.92; II 7.18%.
MS (200 °C): m/e 792 (1.3%, M+), 149 (37%), 105 (50%), 99 (32%), 91 (36%), 89 

(35%), 87 (40%), 73 (72%). 45 (100%).

B is(-2 ,3 -dideoxy-D -glucopyranosyl[2 ,3-b] [3 ’,2’-fc])-l,4 ,7 ,10 ,13 ,16- 
-hexaoxacyclooctadccane  (11)

' Crown ether 3a (2.0 g; 2.84 mmol) was stirred with 2IV hydrochloric acid (40 cm3) 
for 8 li at 90 °C. After cooling, the reaction mixture was neutralized xvith saturated NaHC03 
solution and evaporated to dryness in vacuum. The residue was dissolved in anhydrous ethanol 
(40 cm3), filtered with clarifying carbon and evaporated to dryness; this procedure was repeated 
xvith anhydrous ethanol (20 cm3). The product 11 (0.7 g; 49.3%) was recrystallized from a 
mixture of ethanol and ether; m.p. 65 — 67 °C, [<x]ä* +20.0 (c =  1.6, CH3OH) (equilibrium 
value).

^C20H3„O15 (500). Calcd. C 48.00; II 7 .2 0 /Found C 47.88; H 7.14%.
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Bis(methyl-2,3-di«leoxy-oc-D-glucopyranosido[2,3-6] [3,’2’-/c])-l,4,7,10,13,16- 
-hexaoxacyclooctadecane (12)

Compound За (3.80 g; 5.40 mmol) was stirred with glacial acetic acid on a boiling water 
bath for 1 h. Water (40 cm3) was then added in small portions during 5 min and stirring was 
continued for 10 min. After cooling, the solution was evaporated to dryness in vacuum, water 
(2 X 20 cm3) and toluene (2 X 30 cm3) were added and evaporated to dryness again, to obtain 
12 (2.8 g; 98%). Recrystallization was effected from a mixture of ethanol and petroleum ether. 
M.p. 158 —160 °C, [a]33 +107.3 (c =  1.72, CH3OH).

iH-NMR (D„0(: <5 4.83 (d, 2H, J  =  1.8 Hz, C4- H ) ,  4 .1 -3 .40  (m, 32H), [3.35 
(s, 6H, OCH3).

G>.,H40O14 (528.5). Calcd. C 50.00; H 7.57. Found C 50.30; H 7.65%.

Bis(methyl-2,3-dideoxy-4,6-di-0-acetyl-a-D-glucopyranosido[2,3-6] [3’,2’-/c])- 
-1,4,7,10,13,16-hexaoxacyclooctadecane (13)

Compound 12 (1.5 g; 2.84 mmol) was treated with a mixture of pyridine (5.6 cm3) 
and acetic anhydride (5.6 cm3) while cooling. The solution was allowed to stand at room 
temperature for 24 h then evaporated to dryness in vacuum. Toluene (15 cm3) was added to 
the residue, evaporated again and the residue was crystallized from methanol to obtain 13 
(1.1 g; 55.6%), m.p. 102-104  °C, [a]22 +79.4 (c =  1.44, CHC1.+

'H-NMR (CDC13): <5 4.81 (d. 2H. J  =  2.5 Hz, C ,-H ) , 4 .3 -3 .5  (m, 28H), 3.40 (s, 6H, 
2 OCH3), 2.08 (s, 12H, 4 COCH,).

C.l0H48O18 (696). Calcd. C 51.72: H 6.89. Found C 51.94; H 6.79%.

B is(m ethyl-2,3-dideoxy-6-0-tosyl-a-D-gIucopyranosido-[2,3-6] [3’,2’-fc])- 
-1,4,7,10,13,16-hexaoxacyclooctadecane (14)

Compound 12 (1.6 g; 2.84 mmol) was dissolved in anhy drous pyridine (7 cm3) and a 
solution of p-toluenesulfonyl chloride (1.2 g; 6.29 mmol) in anhydrous pyridine (6 cm3) was 
added. Те mixture was allowed to stand at room temperature for 24 h then evaporated to drynes 
in vacuvim on a water bath of 40 °C temperature. The residual syrup was dissolved in chloro
form (18 cm3), washed with saturated solutions of KSH04, KHC03 and with water, dried over 
Na2SÓ4 and evaporated to dryness in vacuum to obtain 14 (1.45 g; 32.0%). Recrystallization 
was effected from a mixture of methanol and ether. M.p. 67 — 70 °C, [ajff +52.3 (c =  1.48, 
CHC13).

•H-NMR (CDC13): 8  7 .8 -7 .2  (m, 8H, Ar), 4.68 (d, 2H, J  =  3.5 Hz, Cx- H ) ,  4.24 (d, 
4H, J  =  2.4 Hz, C6- H ( ,  3 .9 -3 .5  (m, 26H). 3.32 (s, 6H. 2 OCH.,), 2.42 (s, 6H, 2 Ph—CH3).

C36H5„018S2 (836.5). Calcd. C 51.67; H 6.20; S 7.66. Found C 51.45; H 6.21; S 7.54%.
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4-phenyl-3.4,5,6-tetrahydrobenzo[/i]quinazoline-2(lH)thione (II) was synthesized 
by the base-catalyzed reaction of 2-benzylidene-l-tetralone (I) and thiourea. Oxidation 
of II yielded the corresponding quinazolinone (III), while alkylation gave the hydro
halides of 2-alkylmercapto-4-phenyl-3,4,5,6-tetrahydrobenzo[/i]quinazoline (IVa, b); 
these were oxidized in two steps through 2-alkylmercapto-4-phenyl-5,6-dihydrobenzo[/i]- 
quinazolines (Via, b) into 2-alkylmercapto-4-phenylbenzo(Vi]qiiinazolines (Vila. b).

M ethods su ita b le  fo r syn th esiz in g  benzo[/i]qu inazo lincs h a v e  recen tly  
been  su rv ey ed  b y  Munslow  an d  D elia  [2]. T hese sy n th e tic  m e th o d s  u sua lly  
s ta r t  from  1-te tra lo n e  using  som e n itro g en -co n ta in in g  n uc leoph ilic  reagen t 
(e.g., ace tam id e , b en zam id e , g uan id ine , u rea , etc.). Taylor et al. syn thesized  
8 -m e th o x y -5 ,6 -d ih y d ro b en zo [/i]q u in azo lin e -2 (l/i)- th io n e  from  th e  enam ine 
d e riv a tiv e  o f 6 -m e th o x y -te tra lo n e  an d  th io u re a  [3]. Mamaev  a n d  Sedova 
p re p a re d  several 4 -a ry l-3 ,4 ,5 ,6 -te trah y d ro h en zo [h ]q u in azo lin e -2 (lf /)-o n es  
from  1-te tra lo n e , a ro m a tic  a ldehydes an d  u re a , and  th e  h e te ro cy c les  of the 
p ro d u c ts  w ere su b je c te d  to  a ro m a tiz a tio n  b y  d ifferen t m e th o d s  [4]. Some 
m em bers o f  th is  co m p o u n d  fam ily  are reg a rd ed  as ag en ts  possessing  p o ten tia l 
p h a rm aco log ica l a c t iv i ty  [5].

In  a p rev ious p a p e r  we re p o rte d  t h a t  b ase -ca ta ly zed  re a c tio n s  o f some 
2 -a ry lid en ecy c lo h ex an o n es an d  th io u re a  gave 4 -a ry l-3 ,4 ,5 ,6 ,7 ,8 -hexahydro - 
-2 ( l/ i) -q u in a z o lin e th io n e s  [6]. T hese w ere allow ed to  re a c t w ith  a lk y l halides 
to  o b ta in  2 -a lk y lm ercap to -4 -p h en y l-3 ,4 ,5 ,6 ,7 ,8 -h ex ah y d ro q u in azo lin es  [7]; 
p a r t ia l  a ro m a tiz a tio n  o f  th ese  com pounds y ie lded  2 -a lk y lm e rc ap to -5 ,6,7,8- 
-te tra h y d ro q u in a zo lin e s . T he above reac tio n s h av e  now  been  ex am in ed  s ta r t 
ing  from  2 -b e n z y lid e n e -l- te tra lo n e . S tru c tu re  v e rifica tio n  o f  th e  p roducts 
w as based  on e lem en ta l analy sis  d a ta  an d  spectroscop ic  m e th o d s  (IK , ’H-INMR, 
UV).

T he IR  sp ec tru m  o f I I  (T able I) has no longer th e  r C = 0  b a n d  o f s ta r t 
ing  k e to n e  (1660 c m ” 1), th e  valence v ib ra tio n  of th e  N H  g ro u p  ap p ears  as

*|Eor Part VI, see Ref. [1]
** To whom correspondence should be addressed
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О

I II III
Fig. 1

a b r o a d  b a n d  in  th e  ra n g e  3 0 0 0 —3300 cm -1 , a n d  th e  th io am id e  I I  b a n d  can  
be  a ss ig n e d  a t  1195 c m - 1 . T h e  iH -N M R  sp e c tru m  (T able  I) excludes th e  
p o s s ib il i ty  th a t  th e  r in g  in  th e  m iddle  has an  a ro m a tic  s tru c tu re , since th e  
m u lt ip le t  betw een  51 .6—2.9 p p m  can  be a t t r ib u te d  to  th e  5-C H 2 an d  6 -C H 2

Table I

Co
m

po
un

d

M.p., °c Formula M.w.
Yield, %

UV  ̂ethanol)
IR, cm-1 

(KBr pellets)
1H-NMR 

ó ppm (DMSO-de)■̂rnaxi
nm log в

n 195 (d.)
292.41

91

229
267
300

4.32
4.24
3.77

vNH 3000-3300  
vC=C 1670 
Thioamide I I  1195

1.6 —2.9 m  4H CH, 
4.95 d 1H CHa 
7.0—7.9 m 9H Ar 
9.0; 9.7 s 2H  N H b

i n 212 (d.) C18H leN20
276.34

46

228
269
302

4.29
3.95
3.79

i)NH 3000-3300  
Amide I 1650

1.3 —1.8 m  4H CH2 
2.0—2.5 
4.7 s 1H CH 

6.5—7.2 m 9H Ar”

IVa 1 7 4 -1 7 8 C19H19IN„S
434.35

78

257
350

4.87
3.98

x=N H + 2400 -3300  
vC=C 1675

1 .5 -2 .9  m 4H CH,
2.8 s 3H SCH3 
5.55 s 1H CHa 
7.0—7.8 m 9H Ar

1 0 .0 -11 .8  s 2H = 7 m +d

IVh 2 0 5 -2 1 2 C20H21BrN2S
401.38

97

241
346

4.31
3.13

1
v=N H + 2400 -3250  
j>C=C 1675

1.2 t  3H CH3 
1.8 — 3.0 m  4H CH,
3 . 0 -  3.9 m 2H SCH2 
5.5 d 1H CHa
7 . 0 -  7.9 m 9H Ar

10.9; 11.6 s 2H = N H +b e

a The signal sharpened on th e  effect of D20  
b Signal disappeared on the effect of D30  
° Recorded in CD3COOD 
d Disappeared on the effect o f IX О 
e Recorded in CDC13 +  DM SO-ds
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p ro to n s . T he s tru c tu re  o f  I I I  is con firm ed  u n am b ig u o u sly  b y  th e  I R  sp ec tru m  
(T ab le  I)  ( rN H : 3000— 3300, A m ide I  1650 cm -1 ).

In  th e  IR  sp e c tra  o f  IYa, b, th e  ionic N H  g roup  is in d ic a te d  b y  th e  b an d  
b e tw e e n  2400—3300 c m - 1 . A lk y la tio n  a t  th e  su lfu r a to m  is con firm ed  b y  the 

,  s igna ls  in  th e  1H -N M R  sp e c tra  assignable  to  th e  SC H 3 a n d  SC H 2 groups

II
i t - x

SR

IVa (R =C IIa, X = I )  

IVb (К = С 2Нз, X = B r)

icon
0°C

[Va (R=CHs)J 

LVb (R = C 2H5)]

,,A”or

I'll -H.S

Via (R = C II3)

VI b (R = C 2H 3)

Fig. 2

V ila  (R = C H 3) 

VHb (R = C äHe)

(62.8 an d  63.0 — 3.9 p p m ). T hese chem ical sh ifts  a re  in  good ag reem en t w ith  
ch em ica l sh ifts  o f  th e  co rrespond ing  groups in  2-a lk y lm ercap to q u in azo lin es  
p re p a re d  b y  us p rev io u sly  [7].

L ib e ra tio n  o f  th e  co rresp o n d in g  bases fro m  th e  sa lts  IYa, h w as also 
a t te m p te d . A t ro o m  te m p e ra tu re  com pounds Va, b tra n s fo rm , w ith  sligh t 
d ecom position , in to  th e  a ro m a tic  com pounds Via, b; th is  a lre a d y  occurs d u ring  
p u rif ic a tio n . W h en  th e  re a c tio n  m ix tu re  w as m ad e  a lk a lin e  a t  0 °C, Va, b 
co u ld  be iso la ted ; th e se  co m pounds g rad u a lly  ch an g ed  in to  Via, b on  s tan d in g . 
In  th e  1H -N M R  sp e c tru m  o f Va (CDC13), th e  4-C H  can  be assigned  a t  64.9 
p p m  as a tr ip le t  wdth a low  coup ling  c o n s ta n t, w h ich  can  be a t t r ib u te d  to  a 
lo n g -d is tan ce  coup ling  w ith  5-C H 2. T he sam e w as o b se rv ed  w ith  th e  64.95 ppm 
sig n a l a t tr ib u te d  to  4-C H  in  th e  sp ec tru m  o f Vb. I n  th e  sp e c tra  o f Va, b,

Acta^Chim. Acad. Sei. Hung. I l l , 1982
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th e  5 -C H 2 an d  6-CH2 are  fo u n d  a t  Ő2.0 an d  2.7 p p m , re sp ec tiv e ly , w hile in  
Via, b th e  fo u r p ro to n s a p p e a r  in  a n arro w  in te rv a l (see T ab le  I I ) .  T his change 
in d ic a te s  t h a t  th e  p h en y l r in g  is, s im ila rly  to  th e  case o f  th e  q u inazo line  d e riv 
a t iv e s  describ ed  p rev io u sly , in  axial position  [8 ]. T h e  re a d y  o x id a tio n  o f 
Va, b is  exp la ined  b y  th e  f a c t  t h a t  in  th ese  co m pounds th e  p h e n y l group  is 
in  a x ia l  position , an d  as a r e s u l t  o f  a ro m a tiza tio n  th is  r in g  can  assum e quasi- 
c o p la n a r  position , hence th e  en e rg e tica lly  fav o u red  d ip h en y l c o n ju g a tio n  can  
d e v e lo p  [9]. In  th e  IR  s p e c tra  Via, b, o b ta in e d  b y  o x id a tio n  from  IVa, b 
(T a b le  I I ) ,  th e  rN H  b a n d  is a b s e n t , an d  th e  a ro m a tic  sk e le ta l v ib ra tio n  c h a r
a c te r is t ic  o f  a rom atic  p y rim id in e s  [8 ] can  be fo u n d  a t  1525 c m - 1 . I n  th e  
4 I - N M R  sp ec tru m  (T able I I ) ,  th e  signal o f  4-C H  d isa p p e a rs , th e  com plex 
S C H 2 m u ltip le t  sim plifies in to  a q u a r te t  owing to  th e  e lim in a tio n  o f  th e  cen tre  
of a s y m m e try ;  th e  co m p lex  m u ltip le t  due to  th e  5-C H 2, 6-C H 2 groups in  
IVa, b is  now  sim plified o w in g  to  th e  ap p earan ce  o f a second  a ro m a tic  ring.

T ab le  П

НЭ
3

UV (ethanol)
M.p. °c Formula M.w. 

Yield, %
IR, cm-1 

(KBr pellets)
»H-NMR 

d ppm (CDC13)P-a
в

лтят»
nm logs

Via 1 0 9 -1 1 3 C i . h , a s 229 4.31 vC=CAr 1525' 2.65 s 3H SGH3
304.42 266 4.43 2.6—3.1 m 4H GHj

53* 347 3.93 7 .0 -7 .8  m  8H Ar
82» 8 .2 -8 .6  m  1H Ar

VIb 72 — 75 230 4.01 vC=CAr 1525” 1.5 t  3H CH3
318.45 266 4.16 2.7—3.0 m 4 H  CH2

69* 347 3.65 3.25 q 2H SCH2 J  =  7Hz
70” 7.0 —7.8 m  8H Ar 

8.2—8.6 m 1H Ar

Vila 98 — 105 C i , H 14N 2S 238 4.51 vC=CAr 1530' 2.75 s 3H SCH3
302.40 267 4.55 7.0—7.9 m 10H Ar

40 298 4.20 8.9—9.2 m 1H Ar
311 4.16
357 3.62
378 3.65

Vllb 74 (d.) Q>oH i 6N 2S 238 4.44 rC = C Ar 1530' 1.54 t  3H CH3
316.43 269 4.48 3.37 q 2H SCH2 J  =  7 Hz

20 298 4.12 7.2—8.0 m 10 H Ar
311 4.07 8.9—9.3 m 1H Ar
356 3.55
377 3.59

* O xidized with K3[Fe(CN)e] (“ A ” ) 
b O xidized w ith singlet oxygen (“ B ” ) 
'V e ry  intense m tdtiplet band
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The s tru c tu re s  o f  V il la , b o b ta in e d  on  deh y d ro g en a tio n  w ere co n firm ed  
b y  th e  'H -N M R  a n d  UV sp ec tra . T he 'H -N M R  spectra  have  no  5-CH,, and  
6-C H 2 signals. I t  shou ld  be m en tio n ed  h ere  th a t  th e  signal o f  10-H  shows 
a p a ram ag n e tic  sh if t in  th e  IVb — V llb  series (Table I I I ) .  This can  be  ex p la in ed

Table III

Compound Chemical sh ift (dppm )
10-H

IVb 7.6 —7.9a
Vb 7 .8 - 8 .P

VIb 8 .2  — 8 . 6 b

VHb 8.9 —9.3b

a Recorded in  CDC1., RMSO-tf 
b Recorded in  CDC13

I
b y  th e  an iso trop ic  e ffec t o f th e  = N + H  g roup  an d  th e  rin g  c u r re n t  in  th e  
h e te ro a ro m a tic  ring . T h e  UV sp ec tra  o f V ila , b (Table I I )  g re a tly  d iffe r from  
th e  sp ec tra  o f th e  s ta r t in g  V ia , b; th e  fo rm a tio n  of a c h ro m o p h o re  w ith  a 
condensed  cyclic sy s tem  resu lts  in  new  m ax im a .

E x p erim en ta l

The IR  spectra were recorded w ith a Specord F5, the Ш -NMR spectra  w ith  a Perkin 
E lm er R12 (60 MHz) spectrom eter. UV spectra were obtained w ith a Perkin E lm er 402 spectro
photom eter.

The elem ental analysis da ta  were w ith in  th e  lim its of experim ental error.
The starting  m aterial 2-benzylidene-l-tetralone was prepared by aldol condense 

tion  [10].
The syntheses of 4-phenyl-3,4,5,6-tetrahydrobenzo[h]quinazoline-2(lH )-thione (II) 

and  -2(lif)-one (III), of th e  hydrohalides of 2-alkylm ercapto-4-phenyl-3,4,5,6-tetrahydrobenzo- 
[h]quinazoline (IVa, b), 2-alkylm ercapto-4-phenyl-3,4,5,6-tetrahydrobenzo[h]quinazoline (Va, 
b) and of 2-alkylm ercapto-4-phcnyl-5,6-dihydrobenzo[/i Iquinazoline (Via, b) were effected 
analogously to  the  prepara tion  of quinazoline derivatives described by us earlier [6 — 8]. 
O ther da ta  of II, П1 and IVa, b are given in  Table I.

2-M ethylmercapto-4-plienylbcnzo[/i] quinazoline (V ila)

Compound V ia (1.0 g; 0.0033 mol) and elem ental sulfur (0.21 g; 0.0066 mol) were 
powdered in a m ortar and the m ixture was hea ted  on an oil ba th  a t  230 °C fo r 3 h . After 
cooling, the brown m elt was dissolved in ethanol, and the crystals which separa ted  on cooling 
were recrystallized from  ethanol.

The analogous com pound V llb was obtained  in the same way and crystallized from 
ethanol.

Other da ta  of Via, b and V ila, b are given in  Table II.
*

The au thors’ thanks are due to D r. R . O h m a c h t  and Mrs. M . О т т  f o r  th e  analyses, 
to  Dr. R. O h m a c h t  for the IR  spectra, to  Dr. P . M o l n á r  and Mrs. G y . H a l á s z  for the UV 
spectra, and to  E . S z e m m e l r ó t h - M á t r a i , Mr. J .  D e l i  and Mrs. E . R l e s z i t y  for technical 
assistance.
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The bilayer model of adsorption from binary nonideal liquid m ixtures onto solid 
surfaces is discussed theoretically  and examined using experim ental excess adsorption 
d a ta  available from  literature . A physical explanation of the adsorption  param eters 
appearing in the isotherm  equations, and of the existence of azeotropic po in t is presented. 
This in terpre tation  is illustrated  by  a suitable model investigation, w hich shows the 
influence of the phase-exchange equilibrium constants and of the bulk phase nonideality 
param eter on the to ta l excess adsorption isotherm and the excess referring to jth e  1st 
and 2nd adsorbed layers.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 111 (3 ), pp. 311 — 327 (1982)

Introduction

M any th e o re tic a l a n d  ex p e rim en ta l p ap ers  h av e  b een  p u b lish ed  dealing 
w ith  a d so rp tio n  from  so lu tions o n to  solids. In  th e  m a jo r ity  o f  th e m  th e  m ono- 
la y e r  a d so rp tio n  m odel is assum ed  [1—3]. O n th e  o th e r  h a n d , i t  is know n 
t h a t  such  a m odel is u n rea lis tic  because i t  is th e rm o d y n a m ic a lly  inconsisten t
[4]. A s show n b y  T ó t h  [5 — 6], th e  conception  o f th e  m o n o lay er adso rp tion  
is in  a c o n trad ic tio n  to  th e  s tru c tu ra l p ro p ertie s  of liq u id  system s such  as 
a sso c ia tion , h y d ro g en  bo n d s, fo rm a tio n  o f p o la r an d  u n p o la r  s tru c tu re s , etc. 
T hese p h enom ena  c re a te  a d em an d  for a m u ltilay e r a d so rp tio n  m odel to  be 
in tro d u c e d . M oreover, th e  m o n o lay er ad so rp tio n  m odel im plies th a t  th e  su r
face p h ase  is a u to n o m o u s; th a t  m eans, th e  in te ra c tio n s  b e tw een  bu lk  and  
su rface  phase  a re  n eg lec ted . A n assu m p tio n  w hich  is accep tab le  for ideal 
sy s tem s for w hich th e  m o n o lay er ad so rp tio n  m odel is a good re p re se n ta tio n  
o f th e  tru e  p h ysica l s i tu a tio n  [7]. T he th e o ry  o f m u ltila y e r a d so rp tio n  from  
liq u id  m ix tu res  o n to  solids, b ased  on a la ttic e  m odel, h as  been  discussed in 
few  p ap e rs  on ly  [8 — 11]. T h is th e o re tic a l ap p ro ach  to  liq u id  ad so rp tio n  seems 
to  be  a m ost rea lis tic  one, h u t  its  ap p lica tio n  to  ex p e rim en ta l d a ta  is d ifficu lt 
b ecau se  th e o re tic a l e q u a tio n s  describ ing  ad so rp tio n  eq u ilib ria  co n ta in  a large 
n u m b e r  o f v a rio u s p a ra m e te rs . I t  should , th e re fo re , be in te re s tin g  to  find  
sim ple m odels o f m u ltila y e r  a d so rp tio n , w hich could  be easily  app lied  for

* To whom correspondence should be addressed
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in te rp re ta t io n  of e x p e rim e n ta l d a ta . Some o f th em  h av e  a lre a d y  been  proposed  
[12 — 13], b u t th e y  are  u se fu l for d e tec tin g  th e  ex istence  o f a m u ltilay e r 
a d s o rp tio n  ra th e r  th a n  fo r a q u a n ti ta t iv e  descrip tio n  o f th e  m u ltila y e r  effects.

I n  m an y  cases th e  su rfa c e  p h ase  m ay  well be rep re se n te d  b y  a b ilayer 
m o d e l [4], especially fo r sy s te m s  show ing sm all d ifferences in  th e  m olecular 
sizes o f  th e  com ponents a n d  a  w eak  energetic  h e te ro g e n e ity  of th e  a d so ib en t 
su rfa c e . F o r  these reasons w e shall propose a sim ple q u a n ti ta t iv e  descrip tion  
o f  th e  b ilay e r ad so rp tio n  from  b in a ry  nonideal b u lk  so lu tions assum ing  m ean 
w h ile  t h a t  th e  surface p h ase  is ideal. I t  is th e  so-called IA P  m odel [14] applied  
b y  Schay  et al. [15], D é k á n y  a n d  Nagy [16], Ash et al. [17], w hen  de
sc r ib in g  th e  liqu id  a d so rp tio n  o n to  hom ogeneous solid su rfaces. Ash et al.
[17] h a v e  ju s tified  p rec ise ly  th e  re a lity  of th e  a ssu m p tio n s  u n d erly in g  th is  
p a r t ic u la r  m odel.

I n  th e  firs t p a r t  o f o u r co n sid e ra tio n , th e  eq u a tio n s  fo r th e  excess b ilayer 
a d s o rp tio n  iso therm s are d e riv e d  u tiliz ing  th e  eq u ilib riu m  c o n s ta n ts  o f th e  
p h ase -ex ch an g e  reactions b e tw e e n  th e  m olecules o f th e  1s t  a n d  th e  2n d  layer. 
T h e  n e x t  p a r t  o f our p a p e r  ex p la in s  th e  fo rm a tio n  o f th e  S -shape iso therm s 
w h ic h  a re  observed in  sev era l cases. O u r th eo re tica l eq u a tio n s  w ill be exam ined  
ta k in g  sev era l exp erim en ta l d a ta  fo r analysis. T he te m p e ra tu re  effects in  th e  
b ila y e r  adso rp tio n  will also be  d iscussed.

Excess a d so rp tio n  iso therm s for b ilayer adsorp tion

O u r consideration  is b a se d  on th e  follow ing assu m p tio n s:

a) th e  surface phase is b ila y e r  a n d  ideal,
b) th e  to ta l  n u m b er o f  m oles in  th e  su rface ph ase  is c o n s ta n t,
c) th e  m olecular sizes o f  b o th  com ponen ts a re  equal,
d) th e  adsorben t su rface  is energ e tica lly  hom ogeneous.

F u r th e r ,  we assum e t h a t  th e  ad so rp tio n  p rocess m a y  be rep re sen ted  
b y  th e  follow ing p h ase -ex ch an g e  reac tio n s lead ing  to  th e  a d so rp tio n  equ ilib 
r iu m  b e tw e e n  th e  bu lk  p h ase  ( 1) an d  th e  a d so rp tio n  reg ion  (s),

p(2) _|_ 2 S(1) i s(t) _|_ 2(s)2 (1)

2 s(2) + l i -> 21 _|_ 1s(2) (2)

w h ere  l s^  an d  2^  (к =  1, 2 ) d e n o te  th e  m olecules o f  1s t a n d  2n d  com ponen t 
in  th e  к - th  adsorbed  lay er, re sp e c tiv e ly . E q . (1) rep resen ts  th e  phase-exchange 
b e tw e e n  th e  2nd  and  1st a d so rb e d  la y e r, w hereas E q . (2) re p re se n ts  th e  sim ilar 
ex c h a n g e  betw een  th e  b u lk  p h a se  an d  2nd  a d so rp tio n  lay e r.
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L e t us in tro d u c e  th e  follow ing n o ta tio n : n?k\  for i , к  =  1, 2, is th e  n u m 
b e r  o f th e  moles o f  th e  i - th  co m p o n en t in  th e  k - th  ad so rb ed  la y e r ;  ns =  +
-f- r a |^  is ftie to ta l  n u m b e r  o f m oles o f b o th  com ponen ts in  th e  1s t or 2nd 
a d so rb ed  layer; is e q u a l to  n f^ /re8; x 8 a n d  x) are  th e  m ole frac tio n s  o f the
i - th  com ponent in  th e  b ilay e r an d  bu lk  phase , resp ec tiv e ly . T h en ,

w here ,

*;<*> +  x f k) = 1  fo r к =  1 ,2 (3)
*1 +  = 1 (4)

+ Ä
- II (5)

= (ns!(1) +  n!(2))/2n s =  0.5[*!(1> + (6)

L e t th e  sym bols K L a n d  K 2 den o te  th e  eq u ilib riu m  c o n s ta n ts  fo r phase-exchange 
reac tio n s  (1) an d  (2), re sp ec tiv e ly . T h en  we have,

К ,

^s(l) д-|(2)

l«s(2<) A-S(l)

„1

(V

( 8 )

w here a) =  x) • f }  is th e  a c tiv ity  o f th e  i- th  co m p o n en t in  th e  b u lk  phase, 
f i  is th e  su itab ly  d e fin ed  a c tiv ity  coefficient.

T he eq u ilib riu m  c o n s ta n ts  K x an d  K 2 are  co nnec ted  w ith  th e  adso rp tio n  
energies in th e  fo llow ing  w ay,

K , =  exp  [(e<i> -  e fy lR T ]  (V)
an d

K 2 = exp  [(e<?> -  e(V)IRT] (8 ')

I n  E q s (7 '), (8 ') th e  q u a n t i ty  e p  is th e  increase in  p o te n tia l  en e rg y  p er mole 
o f  th e  i- th  co m p o n en t, w h ich  is co n n ec ted  w ith  th e  t r a n s i t io n  o f  m olecules 
fro m  th e  (k l ) - t h  la y e r  to  th e  /с- th  lay e r. T his d e fin itio n  fo r  е\к  ̂ corresponds
w ith  th a t  in tro d u c e d  b y  Schay  [19] a n d  used  b y  D é k Án y a n d  N agy  [16].

Com bining E q s  (6), (7) an d  (8) we o b ta in ,

s _ 0 .5 K 12e}2 . 0.5 K 2o}2Л>1 -- (9)
1 K l2 a\2 1 -f- K 2 a\2

w here,
0 I2 =  ö}/a 2 (10)

an d ,
K n  =  K x ■ K 2 =  exp  [(g! — e2) I R T ] (П)
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ОГ,

К 12
я |(1) •
Xs®  • *2

X

X

1
2
11

« ( И ')

T h e  a d so rp tio n  energy et is d e f in e d  to  be th e  sum  (e)1̂  -f- ep-*).
A b o v e , th e  eq u ilib riu m  c o n s ta n t K 12 is r e la te d  to  th e  follow ing phase- 

e x c h a n g e  reac tion ,
l i  +  2S(1) l s(1) +  21 (12)

w h ic h  describes th e  e q u ilib r iu m  betw een  th e  1s t  a d so rb e d  lay e r an d  th e  
b u lk  p h a se .

T h e  to ta l  ad so rp tio n  ex cess  o f th e  1st c o m p o n en t m a y  be expressed  as 
fo llow s,

n i  =  2nS(x! -  x\) =  n s(*f(1> -  x\) +  ns(*p> -  x\) =  n f(1> +  nf(2) (13)

w h e re , n f  is th e  sim ple su m  o f  th e  adso rp tio n  excesses fo r  th e  1s t a n d  th e  
2 n d  a d so rb e d  layer. I t  fo llow s fro m  E qs (9) an d  (13) t h a t  fo r IA P  m o d e l,
th e  ex cesses  nf*1̂  and  n f(2̂  a re  g iv en  by

na(1) =  n s[K 12a }2 -  x \(K 12 « j2+  1)]
1 +  К 12 a\2

an d
na(2) =  n s[K 2aj2 -  x\{K 2a\2 +  1)] 

1 +  K 2 «12

(14)

(15)

T h u s , t h e  to ta l  a d so rp tio n  ex cess , nf, is given b y  th e  fo llow ing eq u a tio n ,

_ rr x][(2K 12 ■ K 2f  12 К 14 -  K 2) «21 ~Ь (K i2 ~|- K 2) f \ 2  2] /Jg \
1 +  K i2 • K 2{a\2f  +  (K i2 +  K 2) a\2

w here  f \ 2 =  f l / f l -
S im ila rly , for th e  IB P  m o d e l (ideal b e h a v io r  o f  b o th  ad so rb ed  an d  bu lk  

p h ases) , w e  ob ta in ,

Wi =
nb* i[(2K ]2 • K 2 — K i2 — K 2) x}2 K Vi -\- K 2 — 2] 

1 +  К 12 • A 2(xi2)2 +  (K i2 +  K 2) *12
(17)

L e t  u s  assum e now , t h a t  t h e  b u lk  so lu tion  is re g u la r . T h en , fo r such  a 
m odel o f  th e  h u lk  phase, th e  v a r i a b l e /12 m ay  be ex p ressed  as follows,

w here q — q/RT.
/12 =  ex p  [5(1 -  2#i)] (18)
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T he q u a n t i ty  q is th e  te m p e ra tu re  in d e p e n d e n t c o n s tan t c h a ra c te riz in g  m olec
u la r  in te ra c tio n s  in  th e  b u lk  reg u la r so lu tio n . I t  follows from  th e  th e o ry  of 
reg u la r  so lu tions t h a t  q is a m easure o f  th e  d e v ia tio n  o f a g iven  so lu tio n  from  
R a o u lt’s law . I n  th e  case o f co m p le te ly  m iscib le  com ponen ts q c a n  assum e 
values from  m in u s in f in ity  (s tro n g  n e g a tiv e  dev ia tions from  id e a lity )  to  2.0 
(s tro n g  po sitiv e  d ev ia tio n s  from  id e a lity ) , i.e ., q £ / — °o, -)-2 . C om bin ing  
E q . (18) w ith  E q s  (14) an d  (15) we o b ta in  th e  equations fo r a n d  
w hich  co rresp o n d  to  th e  m odel w ith  a re g u la r  equ ilib rium  b u lk  p h ase .

A ccep tin g  th e  re la tio n sh ip s  (16) a n d  (18) we will consider fo u r  follow ing
cases 9

1. K 12 > K 2 >  exp  [q(2x\ — 1)] fo r IA P  model (19)
an d

IC12 > K 2 >  1 fo r IB P  model (201

E qs. (19) an d  (20) a re  eq u iv a len t to  th e  fo llow ing inequalities,

n f>  >  ní<2> > 0 (21)
and

1 >  *1(1) >  x l(2) > * 1  > 0 (22)

2. 0 <  K l2 <  K 2 <  [exp q(2x\ — 1)] fo r IA P  model (23)
an d

0 <  K 12 <  K 2 <  1 fo r IB P  m odel (24)

W hence
re?a) < < 0 (25)

an d
o <  *S1(1) <  * 1(2) <  *1 <  1 (26)

3. K l2 >  exp  [q(2x\ — 1)] fo r IA P  model (27)

K 2 =  ex p  [5(2*1 — 1)] th e n  n( > 0 (28)
an d

K 12 >  1 fo r IB P  m odel (29)

K 2 =  1 th e n  n i >  0 (30)

A p p ro p ria te  re la tio n s  are tru e  th e n  n i <̂  0.
In  th is  case we o b ta in ,

ni =  na(1) an d  nim  =  0, i.e., x \<2) =  x\ (31)

Acta Chim. Acad. Sei. H ung. H I ,  1982



316 DABROWSKI et al.: BILAYER ADSORPTION

a n d  a d so rp tio n  is ex ac tly  a  m o n o lay er one.

4 . K 12 =  K 2 =  К  ^  e x p  [q(2x\ — 1)] fo r IA P  m odel

a n d
K 12 =  K 2 =  К  ^  1

W h e n c e  n° 0, and  E q . (16) g ives,

a 2 ns[Ka {2 — x \ ( K a \ 2 +  1)]

U l ~  1 +  К  a}2
an d

„ _  [2ns x \ ( K  -  1)
i  +  k *!2

M o reo v e r,

fo r I B P  m odel

fo r IA P  m odel

fo r I B P  m odel

=  *|<2>

(32)

(33)

(34)

(35)

i.e ., t h e  m o le  fraction  o f th e  1s t  com ponen t in  th e  b ilay e r region is c o n s ta n t . 
I t  m e a n s  t h a t  th e  surface p h a se  consists o f m ore  th a n  tw o  adso rp tio n  la y e rs .

The S-shape isotherm s in bilayer adsorption

T h e  S-shape iso therm s, i.e ., iso therm s ty p e  IV  an d  V in te rm s o f  th e  
Schay  — N ag y  iso therm  c la ss if ic a tio n  [3], can  be  ex p la in ed  on th e  basis  o f  
a b i la y e r  adso rp tion .

I t  is  know n , th a t  th e se  iso th e rm s c o n ta in  th e  azeotropic  p o in t * az. 
£ (0, 1). A t th is  point,

n j(1)(A j2, x i  az.) +  n № 2, Al1, az.) =  0 (36)

In s e r t in g  E q s  (14) and  (15) in to  E q . (36) we g e t th e  following re la tio n sh ip  
b e tw e e n  К л2 an d  K 2,

К i2  —  az.) +
f k ( x l ,  az.) -  K 2

1 — 2xl az.[l -  K 2f \ 2( x l  az )]
fo r IA P  m odel (37)

and

K .o  =  1 H------------ K *-----------------  for IB P  m odel (38)
' 1 - 2 * i , az.(l -  K x)

A bove

/21  =  ( / ©  -  1 (39)
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The v a riab le  f \ 2 fo r reg u la r b u lk  p h ase  is expressed  b y  E q . (18). F irs t 
we shall consider E q . (38). T his eq u a tio n  leads to  th e  follow ing in eq u a lity ,

0 < ~i _  az. —
к ,

2(1 K l2) - ( l ~ K 2)]
<  1 (40)

F o r  a given v a lu e  o f K 2, th e  surface azeo tro p e  is observed  only  in  lim ited  
ran g e  of K 12, d e fin ed  b y  th e  follow ing in eq u a litie s ,

2 -  K , , fo r 0 <  K 2 0.5 (41)

2 -  K 2 <  K 12 < --------?-----,
2 12 2 K 2 — 1

fo r 0.5 <  K 2 <  1 (42)

fo r w hich
n?(1) >  0 , nf<2> <  0 , x?(1> >  *} >  *!(2), x\ £ (0 , l ) (43)

an d

for 1 <  Ко <  2 (44)

for K 2 >  2 (45)

fo r w hich
n i(1) <  o, raf(2) >  0 , *?(1> <  *] <  x f> , x} 6 (0 , 1). (46)

W hen  x}, az. =  0 .5 , we have
K t 2 ( K.,) -  1

I t  has been ex p la in ed  b y  T óth [ 5 —6], t h a t  th e  in eq u a litie s  (43) an d  (46) 
in d ica te  oppo site  signs o f th e  ad so rp tio n  excesses in  th e  1st an d  2n d  lay ers . 
B u t, th is  s ta te m e n t a n d  th e  re la tio n sh ip s  (43) and  (46) a re  tru e  fo r th e  IB P  
m odel only. W h en  th e  bu lk  phase  is reg u la r  o r non ideal in general, th e n  E qs
(14) an d  (15) m a y  re w ritte n  in an  a lte rn a tiv e  w ay,

„am n*x \[K 'u -  !]TL, ( H ')
1 I K j 2*12

w here
K i2(x\) = K \2 ■ f \ 2 =  K ]2 ex p  [f/(l — 2x\)] (14")

an d

„a(2) _  B* * l[* s  -  ! ] (1 5 ')
1 +  K'2 x \2

w here
Щ х  1) =  K 2 ex p  [,(1  -  2x])]. (15")
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T h e  v a riab le s  K{2 an d  K 2 a re  fu n c tio n s o f th e  m ole fra c tio n  x\. T a k in g  in to  
a c c o u n t  E q s (14” ), (1 5 ” ) w h en  * i -> 0, x \  ->  1, an d  E q . (37), we can  s ta te  
t h a t  fo r  a given v alue  o f  K 2 th e  surface azeo trope  is observed  in  a lim ited  
ra n g e  o f  K n  only. T his ra n g e  is defined  b y ,

l . g  > 0
K l2 >  2 e -q -  K 2 , for 0 < K 2 ■<_ eq/2

a n d

2«-» K 2 <  K 12 <  -  К г------- , for K 2 > e q/2
2 K 2 в q — 1

2 . q <  0
K l2 >  2e ~q -  K 2 , for 0 <  K 2 <  eqj2

(47)

(48) 

(47')

2e~q K 2 <  K 12 <  

K ,

I Q , for e«/2 <  K 2 <. e~q -  f  e "2« -  1

2K 2 e-«  — 1

2К 2е-ч -  1

< K 12<  2e~q K 2 ,

for e~q — |/re 2q — 1 <[ K 2 <[ e~q -f- ^ е~гч — 1

le-ч  -  K 2 <  K 12 < К ,
2 K 2 e - q  —  1

, for e~q +  Y -  1 < ,K 2<  2e-q

0 <  K 12 ^
K n

2K 2e - q -  1
, fo r K 2 ^ > 2 e g

(49)

(50)

:(5 i)

(52)

I n  th e  case  o f regu lar b u lk  p h a se , th e  re la tio n sh ip s  (43) an d  (46) are n o t t ru e  
in  th e  w ho le  in te rv a l: x\  $ (0, 1). I t  m eans t h a t  th e  in  1st an d  2 n d  a d so rb ed  
la y e rs  th e  surface azeo tropes c a n  a p p e a r sep a ra te ly , b u t  i t  does n o t  m ean  
t h a t  t h e y  w ill cause th e  a p p e a ra n c e  o f  tw o  azeo trop ic  p o in ts  on  th e  e x p e ri
m e n ta l  excess iso therm s, b e ing  th e  sum  of th e  excess in  th e  f irs t  a n d  th e  second  
la y e rs . T a k in g  in to  acco u n t th e  ab o v e  consid era tio n s we can  conclude th a t  
th e  e x p e rim e n ta lly  observed  S -sh ap e  iso th erm s m a y  be  caused  b y  b ila y e r 
a d s o rp tio n  an d  no n id ea lity  o f  th e  b u lk  so lu tion .

R esults and Discussion

F ir s t ,  we shall discuss th e  s im p le s t case o f th e  IB P  m odel. F o r  th is  m odel 
th e  n u m e ric a l calcu lations w ere  ca rr ied  o u t on th e  basis o f E q s  (14), (15) 
an d  (17). T h e  p a ram e te r ns, i.e., th e  to ta l  n u m b e r o f m oles in  th e  1st o r 2 n d  
a d so rb e d  la y e r , was assum ed to  be  u n ity . T he re su lts  o f th e  m odel ca lcu la tio n s 
are  sh o w n  in  Fig. 1.
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In  th e  p a r ts  A, B , an d  C o f th is  F ig u re  th e  excess ad so rp tio n  iso th e rm s  
re?(2> ( th e  d o tte d  lines), r e ( t h e  s tro n ly  d a sh e d  lines) and re" =  re" ^  -j- 
( th e  solid lines) are  p re sen ted  fo r d iffe ren t v a lu es  o f K 12 and  K 2. M oreover, 
in  th e  p a r ts  A ',  B ' an d  C ', o f F ig . 1 th e  in d iv id u a l iso therm s c o rre sp o n d in g  
to  th e  excess iso th e im s are  p resen ted . T h e  lab e llin g  is as in  th e  case o f  th e  excess 
iso th e rm s, how ever, th e  d o tte d -d a sh e d  line  re fe rs  to  th e  equal m ole fra c tio n s  
in  b o th  phases.

Fig. 1. The adsorption isotherm s и"(А, В, C) and x H A \  B \  C’) calculated according to Eqs 
(14), (15) and (17) (IB P  model) for К 1г =  3.125, JC, =  1.25 (A, A’), K 12 =  6.25, K 2 =  0.625 
(В , B ’) and K ,2 =  2.5, K 2 — 0.5 (С, C’). The solid, dashed and dotted lines denote  n“ and 
x *, re'd1) and x2v), n d s) and xjl2), respectively, w hereas, the dotted-dashed lines denote  ж* =  x\

In  p a r ts  A and  A ' th e  excess a n d  in d iv id u a l iso therm s are  p re s e n te d  for 
K 12 =  3.125 a n d  K 2 =  1.25. I t  can  be seen  th a t  th e  iso therm s 
a n d  re" are  g re a te r  th a n  zero in  th e  w hole  co n cen tra tio n  reg ion  a n d  re" >  
>  n f l) >  n y2K M oreover, th e  m ole fra c tio n s  sa tis fy  th e  follow ing in e q u a lity :  
x? >  x!(1> >  х|<а) >  x\. T his re su lt is in  good  agreem ent w ith  o u r  earlie r 
d iscussion  an d  m eans a g rad u a l change o f  c o n c e n tra tio n  of th e  1s t co m p o n en t 
b e tw een  th e  f irs t  adso rbed  phase  an d  th e  b u lk  phase.

T he p a r ts  В an d  B ' o f F ig . 1, show  th e  excess an d  in d iv id u a l iso th e rm s 
fo r  K l2 =  6.25 and  K 2 =  0.625. I t  can  be  seen  th a t  in  th is  case  ref^  >  0, 
(* i(1) >  *1), b u t  re"(2) <  0, (*?<2> <  xi) fo r x \  g (0, 1). The iso th e rm  x* =  0.5
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(*1(1) +  /^|(2)) x\ a n d  ni — +  ref(2> >  0 fo r  £ (0, 1), b u t  the" la t te r
is e sse n tia lly  of ty p e  I I I  accord ing  to  th e  c la ss if ic a tio n  b y  Sc h a y  an d  N a g y  [3]. 
I t  re p re se n ts  a tra n s i t io n  to  S-shape iso th e rm  show n in th e  p a r ts  С, C ' of 
F ig . 1, In  th is  fig u re  K 12 — 2.5, K 2 0 .5 , so ref1* >  0, ( a }(1) >  я:}), b u t 
re®<2) o, <C a}) fo r a ]  £ (0, 1). M oreover, я? >  x\, (re® >  0) fo r x\
£ (0 , *i, az. >  an d  <  Ai, (re® <  0) for x\ £ <  x \  az. 1).

O n th e  basis o f  E q . (40) we o b ta in  Aijaz. =  0.67. In  th is  case, an  a d so rp 
tio n  azeo tro p e  is fo rm ed  because in eq u a litie s  (41) are fulfilled, i.e., K 2 =  0.5 
a n d  K 12 — 2.5 > 2  — K 2 =  1.5. M oreover, in  th e  p a r t  A of Fig. 1, th e  iso th e rm s  
re®, re®^, nf-2̂  are  sho w n , w h ich  have  been c a lc u la te d  for K 12 =  1.56 a n d  K 2 =  
=  0.625. T he iso th e rm  reí is S -shaped w ith  th e  azeo trop ic  p o in t a Í, az. =  0.44 
[see E q . (40)]. F o r  th is  iso th e rm  in eq u a litie s  o f  ty p e  (41) are fu lfilled , i.e.,
0.5 < K 2 =  0.625 <  1, an d  (2 K 2 =  1.38) <  K 12 =  1.56 <  {K 2/(2 K 2 — 1) 
=  2 .5} . I t  shou ld  be  p o in te d  ou t th a t  th e  in e q u a li ty  (41) is n o t fu lfilled  for 
th e  c o n s ta n ts  K l2 a n d  K 2, w hich  corresponds to  th e  p a r ts  В an d  B ' o f  F ig . 1. 
F o r  th is  reaso n  th e  S -shape  iso therm s are  n o t  h e re  observed.

O u r m odel c a lc u la tio n  p resen ted  in  F ig . 1 is confirm ed b y  a p p ro p r ia te  
re su lts  o b ta in ed  from  o u r analysis of th re e  e x p e rim e n ta l system s ta k e n  from  
th e  l i te ra tu re  (see T ab le  I ) : e thy lene  d ich lo rid e  (l)-benzene(2) on t i t a n ia  gel 
(F ig . 2A ), e th y len e  d ich lo rid e  (l)-benzene(2) on  ch a rco a l (Fig. 2B) an d  b en zen e
( l) -e th y le n e  d ich lo ride  (2) on  ac tiv a ted  c a rb o n  (F ig . 2C). The lab e llin g  is  as 
in  F ig . 1. Since th e  liq u id  m ix tu res  are id ea l, E q s  (9) and  (13) w ith  f\% =  1 
w ere  u sed  fo r c a lcu la tin g  th e  p a ram ete rs  K 12, K 2, n s an d  th e  s ta n d a rd  d e v ia tio n  
(SD ). T hese p a ra m e te rs  are  sum m arized  in  T a b le  I .  I t  can  be seen fro m  th is  
T a b le  a n d  F ig . 2A , t h a t  fo r th e  system  e th y le n e  dichloride ( l) -b e n z e n e  (2) 
on t i t a n ia  gel th e  c o n s ta n t K 2 =  1 and  re®^ =  0. A ccording to  o u r ea rlie r 
d iscussion  i t  m eans t h a t  th e  adso rp tion  is p u re ly  m onolayer, i.e., re® =  re®^ 
a n d  a} 2̂  =  x\. T he  e x p e rim e n ta l excess a d so rp tio n  iso therm  for th e  sy s tem  
e th y le n e  d ich lo rid e (l)-b en zen e  (2) on charcoal is a n  S -shaped one.T he p a ra m e te rs  
K 12 =  4.83 an d  K 2 =  0.08 fu lfil th e  re la tio n sh ip  (41). The azeo trop ic  p o in t 
c a lc u la te d  accord ing  to  E q . (40) is equal to  0 .4 1 , b u t  from  th e  e x p e rim e n ta l 
d a ta  i t  is 0.40. A cco rd in g  to  our co n sid e ra tio n s  p resen ted  in  sec tio n  2 fo r 
IB P  m odel, from  F ig . 2B we can conclude t h a t  re®01 ]> 0, re®^ <  0 an d  
a| 0) y> a] >  a| (2) fo r a] g (0, 1). F rom  p h y sica l p o in t o f view th e  o b se rv ed  
S -sh ap e  iso th e rm  can  be  exp la ined  as follow s. T h e  liqu id  m ix tu re  is n e a r ly  
id ea l b u t  th e  c o n ta c t w ith  th e  solid c rea tes  so m e in te rac tio n s b e tw een  th e  
s lig h tly  ap o la r su rface  o f  th e  charcoal an d  m olecu les of e thy lene d ich lo rid e . 
I n  a d d itio n  th e re  w ill a p p e a r  th e  in te rac tio n s  b e tw e e n  тг-electrons o f th e  m o le
cu les, w h ich  are  m a in ly  in  th e  second ad so rb ed  la y e r . I t  should be p o in te d  o u t 
t h a t  fo r  th is  sy s tem  th e  S -shaped  form  o f th e  ad so rp tio n  iso th e rm  is n o t 
cau sed  b y  th e  h e te ro g e n e ity  o f  th e  solid su rface  [2 0 —21]. In  Fig. 2C th e  re su lts  
a re  show n  o f our n u m erica l analysis for th e  sy s te m : benzene ( l) -e th y le n e
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d ich lo ride (2) on a c tiv a te d  carbon . T hey  seem  to  be in  good ag reem en t w ith  
th e  m odel in v e s tig a tio n  p resen ted  in F ig . IB . T h is excess iso therm  is n o t S- 
sh ap ed  because th e  in e q u a lity  (42) is no t fu lfilled .M o reo v er,b en zen e  is ad so rb ed  
p re fe ren tia lly  in  th e  w hole co n cen tra tio n  reg io n , i.e., >  0 an d  ~̂>
>  n® >  n“(s), b u t n f<2) <  0 for x\ £ (0, 1). F o llow ing  Coltharp an d  H a c k e r - 
man  [22], th is  p re fe re n tia l ad so rp tio n  o f b en zen e  on a c tiv a ted  ca rb o n  is 
in d u ced  b y  s im ila r ity  be tw een  th e  basa l faces o f  th e  surface an d  b en zen e ,

Fig. 2. The experim ental excesses n“ (circles) for adsorption  of ethylene dichloride(l)-benzene(2) 
on titan ia  gel(A), benzene(l)-ethylene dichloride(2) on ac tiv a ted  carbon(B), ethylene dichloride- 
(2)-benzene(l) on charcoal (C) in comparison to the theoretical excesses (the solid lines) cal
culated from Eqs (9) and (13). The dashed and do tted  lines denote nf(') and n"(2), respectively

desp ite  o f th e  d ifference  in  hexagon  sizes. M oreover, for th e  system s il lu s tra te d  
in  F ig . 1, th e  m in im u m  n u m b er of layers w h ich  are  necessary  for th e  th e rm o 
d y n am ic  co n sis ten cy  o f  th e  surface phase , t, is equal to  u n ity  (t =  1) on th e  
basis o f th e  well k n o w n  E v e r e t t ’s fo rm u la  [4]. T he cross sec tiona l areas 
w hich  are n ecessary  fo r ca lcu la tin g  th e  p a ra m e te r  t, w ere tak en  from  reference  
[23]. T he in d iv id u a l iso th e rm s, co rrespond ing  to  tho se  show n in  F ig . 2 , m a y  
be easily  ca lcu la ted  b y  using  th e  su itab le  p a ra m e te rs  ras, K 12 an d  K 2 from  
T ab le  I .

In  F ig . 3, th e  m odel in v estig a tio n  is p re se n te d  for IA P  m odel. T ak in g  
in to  accoun t all th e  m odel stud ies done h ere  som e conclusions can  be d raw n  
concern ing  th e  in flu en ce  o f b ilayer a d so rp tio n  an d  non -id ea lity  o f th e  b u lk  
p h ase  on th e  to ta l  excess iso therm , n°. P a r t  A o f F ig . 3 shows th e  to ta l  ad so rp -

6* Acta Chim. Acad. Sei. Hung. I l l , 1982
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Table I

Parameters calculated according to the bilayer adsorption model fo r different experimental systems

No. ol 
ad.

system
Liquid mixture Adsorbent Temp.

°C
пш

[mmole/g ] к . к , SD
Ref. to 

adsorption 
system

Ref. to 
activity 

coefficients

l . ethylene dichloride(l)-benzene(2) titan ia  gel 20 2.070 1.25 1.00 0.006 [27] / ? = / *  = 1
2. ethylene dichloride(l)-benzene(2) charcoal 20 0.983 4.83 0.08 0.001 [26] / í = / 2 1 = 1
3. benzene(l)-ethylene dichloride(2) activated carbon 30 1.027 18.85 0.74 0.005 [28] / i = / l = !
4. benzene(l)-cyclohexane(2) graphit 20 0.481 1.93 1.53 0.001 [26] [26]

5 benzene(l)-cyclohexane(2) charcoal 20 1.650 11.63 1.73 0.030 [26] [26]

6. benzene(l)-cyclohexane(2) silica gel 0 1.820 12.91 4.84 0.020 [25] [29]

7. benzene(l)-cyclohexane(2) silica gel 30 1.720 9.42 4.32 0.014 [25] [29]

8. benzene(l)cyclohexane(2) silica gel 60 1.621 6.88 3.71 0.011 [25] [29]

9. benzene(l)-cyclohexane(2) graphit 30 0.151 2.51 2.51 0.001 [30] [29]

10. benzene(l)-cyclohexane(2) spheron 20 0.270 3.65 3.65 0.001 [26] [26]

11. benzene(l)-ethy) alcohol(2) graphit 25 0.191 6.96 6.96 0.092 [31] [32]

12. benzene(l)-ethyl alcohol(2) graphit 20 0.180 15.87 15.87 0.070 [31] [32]

13. n-bexane(l)-benzene(2) silica gel 35 0.291 3.95 1.01 0.007 [33] [34]

14. butyloamine(l)-benzene(2) charcoal 20 1.521 29.55 1.05 0.010 [26] [26]

15. n-hexane(l)-benzene(2) tin  oxide gel 35 0.240 4.97 1.76 0.002 [33] [32]

16. ethyl aIcohol(l)-benzene(2) Bi oxide-f-Mo oxide 45 0.390 16.07 1.97 0.007 [34] [35]

17. ethyl alcoliol(l)-benzene(2) boehmite 20 1.472 33.37 2.79 0.001 [36] [32]

18. benzene(l)-ra-heptane(2) silica gel 25 1.650 29.36 1.57 0.004 [37] [38]
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t io n  excess nf vs. x \  c a lc u la ted  fo r K 12 =  3 .125, K 2 =  0.625 a n d  d iffe ren t 
va lues o f q ru n n in g  th e  valu es: - f 2 , - f l ,  0 , — 1, —2 (the cu rves a , b , c, d , e, 
re sp ec tiv e ly ). P a r ts  В  an d  C o f th is  F ig u re  show  th e  excess iso th e rm s  n jd) 
(p a r t  B ) an d  n^(‘2) (p a r t  C), an d  th e y  co rresp o n d  to  th e  curves n" (see p a r t  A). 
I t  ap p ea rs  from  F ig . 3 t h a t  fo r a reg u la r b u lk  p h ase  show ing p o sitiv e  d e v ia tio n  
from  R a o u lt’s ru le , th e  S -hape excess iso th e rm s  nfl2), n° a re  p re d ic te d  
(cu rv es a, b). F o r th is  p a r tic u la r  case o f  IA P  m odel, th e  S -sh ap ed  excess

Fig. 3. The theoretical excesses n" (A), nfi1) (B) and  n“(2) (C) calculated for K 12 =  3.125, 
=  0.625 and regular bulk phase q =  2(a), 1(b), 0(c), —1(d) and —2(e). T he dasb»d lines 

are calculated for K 12 — 6.25, K 2 =  1.25 and q =  — 1

iso th e rm s a re  o b ta in ed  fo r th e  1s t and  th e  2n d  adsorbed  la y e r, in  c o n tra s t 
to  th e  iso therm s n i(1) an d  n j(2) for IB P  m o d el, w hich  are still U -sh ap ed  (posi
t iv e  o r n eg a tiv e  in  th e  w hole in te rv a l o f  *i).

B esides, th e  ex istence  o f th e  to ta l  S -sh ap e  iso therm  n° is in  ag reem en t 
w ith  th e  in e q u a lity  (47).

T he curves c in  F ig . 3 p resen t th e  s itu a tio n  w hen th e  p a ra m e te r  q =  0 
(id ea l b u lk  so lu tion). T he to ta l  iso th e rm  n j  is U -shaped an d  co m p o n e n t 1 
is p re fe rred  obv iously  th ro u g h  th e  to ta l  co n c e n tra tio n  range. S im u ltan eo u sly , 
th e  iso th e rm s n i(1̂  a n d  are  U -sh ap ed  to o , b u t  th e y  have o p p o s ite  signs,
i.e ., n°(1) >  0, and  n°<2) <T 0 for £ (0, 1). F o r  q =  — 1 (curve d), a n d  q =  —2 
(cu rv e  e) th e  to ta l  iso th erm s as well as th e  excess iso therm s /ijd) a n d  n° ^  
a re  S -shaped  also. B u t, th e  values n f, n ° and  are  n e g a tiv e  for
x\ 6 (0, x\' az.^> and  po sitiv e  for h igher co n c e n tra tio n s . Such a d so rp tio n  system s
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a re  k n o w n  in  l i te ra tu re , e.g., chloroform  (1) — ace to n e  (2) on ch a rco a l [3]. 
T h e  ex is ten ce  o f th e  to ta l  S -shape iso th erm , n \  (cu rv es  a, b , d, e) is in  a g re e 
m e n t w ith  th e  in eq u a litie s  (47) (q >  0) a n d  (4 7 ')  (q <  0). I t  is in te re s tin g  to  
n o te  t h a t  fo r K 12 — 6 .25, K 2 — 1.25 an d  q =  — 1 ( th e  dashed l i n e / i n  F ig . 3) 
th e  t o ta l  excess iso th e rm  is n o t  S -shaped , in  c o n tra s t  to  th a t  one c a lc u la ted  fo r 
K 12 =  3 .125, K 2 =  0.625, q =  — 1 (th e  solid lin e  d  in  Fig. 3). I t  fin d s s u p p o r t 
in  th e  in e q u a lity  (47).

Fig. 4. The experim ental excesses (circles) for adsorp tion  of benzene(l)-cyclohexane(2) on 
graphite  a t  20 °C (A) and  benzene(l)-cyclohexane(2) on charcoal (B) in comparison to  the 
theoretical one’s (the solid lines). The dashed and do tted  lines denote nft1) and respectively

S u m m in g  u p  th e  re su lts  o b ta in ed , we ca n  d ra w  th e  following conclusions: 
th e  ch an g e  of sign o f  th e  excess ad so rp tio n  iso th e rm s  m ay  be caused b y  n o n 
id e a lity  o f  th e  b u lk  p h ase  a n d  as well as b y  o v e rla p p in g  effects o f a d so rp tio n  
in  1st a n d  in  2nd  lay e r. F ig u re  4 show s th e  e x p e rim e n ta l adsorp tion  d a ta  (circles) 
w ith  co m p ariso n  to  th e  th e o re tic a l iso therm s fo r  tw o  system s ta k e n  fro m  th e  
l i te ra tu re :  benzene (1) —cyclohexane(2) on g ra p h ite  a t  20 °C (p a r t A ), a n d  
benzene  (1 )—cyclohexane (2) on charcoal (p a r t  B) (for de tailed  in fo rm a tio n s  
see also  T ab le  I). I n  th is  case th e  b u lk  so lu tion  is a re g u la r  one, and  th e  p a r a m 
e te r  q =  0.543 [17]. T h e  to ta l  iso therm  for th e  sy s te m  on g rap h ite  is s lig h tly  
S -sh ap ed  an d  >- 0 fo r x{ £ (0, 1), b u t th e  iso th e rm  n ^ 2) is S -shaped  to o . 
T his b e h a v io u r  of th e  excess iso th e rm  m ay  be  p ro b a b ly  caused by  n o n id e a lity  
o f th e  b u lk  phase (see th e  m odel stud ies p re se n te d  in  Fig. 3). M oreover, i t  is 
in  a g reem en t w ith  th e  in e q u a lity  (47).
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In  p a rt В o f F ig . 4 , th e  excess iso th e rm s a re  show n for th e  sam e liquid 
m ix tu re  b u t d ifferen t a d so rb e n t charcoal.

L e t us consider an  in te re s tin g  case of th e  a d so rp tio n  in v es tig a ted  in 
v a rio u s  te m p e ra tu re s . F o r  th is  purpose  th e  an a lysis  o f  th e  sy s tem : b en zen e(l)  — 
cy c lo h ex an e  (2) on silica  gel a t  0 °C, 30 °C an d  60 °C w as ca rried  o u t. This 
sy s tem  w as in v e s tig a te d  ex p erim en ta lly  b y  S ir c a r  et al. [25]. T h e  detailed  
resu lts  o f  num erica l an a ly s is  for th is  sy stem  are  re p o rte d  in  T ab le  1. F igure  5 
(p a r t  C) shows th e  e x p e rim e n ta l excess a d so rp tio n  d a ta  (0 °C -circles, 30 °C 
-trian g les , 60 °C -squares) com pared  w ith  th e  th e o re tic a l iso th e rm s calcu lated

Fig. 5. The experim ental excesses (C) for adsorption of benzene(l)-cyclohexane(2) on silica 
gel a t 0 °C (1), 30 °C (2) and  60 °C (3) in comparison to the theoretical one’s. The theoretical 

excesses n d 1) and it'd2) are showed in the parts  A and В of this Figure, respectively

jo r  th e  p a ram e te rs  from  T ab le  I . In  p a r ts  В an d  A o f th is  F ig u re  th e  excess 
iso th e rm s an d  n for various te m p e ra tu re s  (cu rve 1 —0 °C, curve 2 — 
30 °C, cu rve  3 -6 0  °C) a re  show n. F o r th e  p u rp o se  o f th e  illu s tra tio n  of th e  
te m p e ra tu re  d ependence  o f th e  iso therm s nl, nfO) an d  n ^ 2\  th e  dependence 
of In K x, In K 2 an d  In K 12 upon  (1/T) is show n in F ig . 6 . T hese re la tionsh ips 
fo r sy stem s in v e s tig a te d  are  linear. D ifferences o f  th e  a d so rp tio n  po ten tia ls  
[see E q s  (7 '), (8 ') a n d  (11)] can  be ev a lu a ted  from  th e  slopes o f th e se  s tra ig h t

2.0 -
A В C

lines,

, ) ln iK l =  Д - V P  -  £«>] =  0.55 (53)
a —

T )

a in к«
(54)

T
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( 55)

T

T h e  a b o v e  resu lts  are in  a go o d  ag reem en t w ith  th e  re la tio n sh ip : In  K 12 =  
=-- In  K 1 +  In K 2.

F ro m  E qs (53 — 55) a n d  F ig . 6 , th e  follow ing conclusion  can  he d raw n : 
th e  v a r ia t io n  of ad so rp tio n  w ith  te m p e ra tu re  is b igger in  th e  1s t  ad so rbed

(1/T)«103 [K-'l

Fig. 6. L inear dependences of ln (1), In K 2 (2) and In K n  (3) upon 1 jT  for adsorption  of 
benzene (l)-cyclohexane(2) on silica gel

la y e r  t h a n  in  th e  2n d  one, a n d  s im u ltan eo u sly  th e  in flu en ce  o f th e  te m p e ra tu re  
on p h ase -ex ch an g e  reac tio n  b e tw e e n  th e  1s t an d  th e  2n d  lay e r is b igger th a n  
on th is  re a c tio n  betw een  th e  2 n d  ad so rb ed  lay e r a n d  th e  b u lk  so lu tion .

I t  ap p ea rs  from  T ab le  I  t h a t  th e  v a ria tio n  o f th e  p a ra m e te rs  K i2, K 2 
a n d  n s w ith  tem p e ra tu re  is re g u la r .

B e sid es , th is  system  a n d  o th e r  system s av a ilab le  from  th e  l i te ra tu re  
w ere in v e s tig a te d  using  th e  IA P  ad so rp tio n  m odel. T he re la te d  n u m erica l 
re su lts  a re  rep o rted  in  T ab le  I .  I n  th is  T able th e  e ssen tia l in fo rm atio n  ab o u t 
th e  in v e s t ig a te d  system s is a lso  g iven . W e w ould like to  stress t h a t  fo r th e  
fo u r  s y s te m s  from  T able I ,  th e  p a ra m e te rs  K A2 =  K 2. I t  m eans th a t  th e  su r
face p h a s e  consists of m ore  t h a n  tw o  layers. T herefo re , th e se  sy stem s w ere 
te s te d  b y  app ly ing  E v e r e t t ’s e q u a tio n  (see, e.g., th e  p a p e r  [17]) a n d  th e  
p a r a m e te r  t was estim a ted  a lso . F o r  system s: b e n z e n e (l)  — cyclohexane(2) 
on g ra p h i te  a t 30 °C an d  b e n z e n e ( l)  — cyclohexane(2) on sp heron , t =  2,

a:
c

30 3.2 ЗА 3.6
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w hereas, for sy stem s: benzene ( l) -e th y l a lcohol (2) on g ra p h ite  a t  20 °C and  
a t  25 °C, t - 3. F o r  th e  la t te r  system s th e  b ila y e r m odel is n o t q u ite  ad eq u a te ,
h u t  i t  seem s to  be  m ore  useful for an  an a ly sis  o f  th e  e x p e rim e n ta l d a ta  th a n  
th e  w ell-know n E v e r e t t ’s iso th e rm  eq u a tio n .
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T hough th e  sch iff  base com plexes derived  from  sa lic y la ld e h y d e  and 
[m ines have  been  s tu d ie d  w idely  [1 — 3], th e  references to  sch iff b a se  com plexes 
ae riv ed  from  ace ty la ce to n e  an d  b en z id in e  (ACB) have n o t b een  m u c h  noticed 
d4, 5 ]. T herefo re, a s tu d y  of th ese  com plexes has been u n d e r ta k e n .

T he p ro ced u re  fo r th e  p re p a ra tio n  o f  com plexes an d  p h y s ic a l m easu re
m e n ts  used  in  th is  in v es tig a tio n  w ere th e  sam e as a lready  d e sc rib e d  elsew here
[6]. T h e  resu lts  o f analy sis  are show n in  T ab le  I.

T he com plexes are  in ten se  yellow  to  pale yellow, s ta b le  a g a in s t light 
a n d  a tm o sp h ere , so lub le  in  po lar so lv en ts  an d  insoluble in  c o m m o n  organic 
so lv en ts .

T he c o n d u c tiv ity  values in  D M F a re  in  th e  range o f 2 0 —40 O hm  cm 2 
m o l-1  a t  10_3 M  c o n c e n tra tio n , in d ic a tin g  a non-e lec tro ly te  n a tu re .

I n  its  e lec tro n ic  sp ec tru m  th e  sch iff  base  (ACB) has tw o  b a n d s  a t  240 
n m  an d  355 n m . T h e  in ten se  b a n d  a t  355 n m  in th e  ligand  is re p la c e d  by  a 
m ore  co m p lica ted  b ro a d  b a n d  o f v a ry in g  in te n s ity , w hen th e y  a re  co o rd in a ted  
to  m e ta l ions, w h ich  is ta k e n  as an  ev id en ce  for com plex fo rm a tio n . These 
b a n d s  are a t t r ib u te d  to  л  —► it* tra n s i t io n s  [7].

T he selec ted  IR  frequencies fo r A C B  an d  it com plexes w ith  th e ir  te n 
ta t iv e  a ssignm en ts a re  lis ted  in  T ab le  I .  A n  earlier s tu d y  [8] on  th e  schiff 
b ases o f th is  ty p e  co n c lu d ed  th a t  th e y  e x is t in  the  p h en o lam in e  fo rm . The 
s tro n g  b an d  in  th e  1630 —1600 c m -1  reg io n  is a ttr ib u te d  to  th e  C — N  s tre tch in g  
m ode. The o th e r  a u th o rs  [9, 10] h a v e  re p o rte d  th is  b a n d  in  th e  range  of 
1 5 5 0 —1600 c m -1  fo r a ,/5 -u n sa tu ra ted  k e to n e  Schiff bases. In  th e  com plexes, 
th is  b a n d  is sh ifted  to  th e  low er f re q u e n c y  reg ion  (Table I), in d ic a tin g  th a t  the 
co o rd in a te  bo n d  is fo rm ed  b e tw een  th e  N  o f th e  azom eth ine g ro u p  an d  m etal 
ion  [11, 12]. T h e  low er values re p o rte d  h e re  are  p robab ly  due to  co u p lin g  w ith 
th e  1600 c m -1 b a n d  o f p h en y l nu c leu s. T h ere  are th ree  b a n d s  in  th e  region 
b e tw een  1600 — 1560 c m -1  in  th e  lig an d  a n d  com plexes. T h e y  a re  te n ta tiv e ly
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Table I

Analytical and I R  spectral data for sch iff base complexes 
o f  Z n (II ) , Cd(II) and H g (II )

Complex
Decomp, 

temp, 
or M.P.

<°C)
M(%) N(%) ci(%)

Li
ga

nd
(A

CB
) S'CJ

N Cd
(A

CB
)

Cl
,

Hg
(A

CB
)

Cl
2 Assignment

Ligand (ACB) 172 _ 7.92 1625 1605 1610 1602 i>C=N stretching
(8.04)

1605 1568 1560 1550 i>C=C +  J'C —c
stretching

Zn(ACB)CL 230 13.28 5.68 13.99
(13.49) (5.78) (14.65) 1555 1535 1525 1526

Cd(ACB)Cl, 298 20.97 5.18 13.78 1515 1500 1505 1498
(21.10) (5.27) (13.37) 1485

Hg(ACB)CI, 201 33.08 4.68 12.01 1450 1445 1450 1440
(32.37) (4.52) (11.46)

1326 1329 1330 1322 Coupled rC —0
stretching

1290 1286 1292 1288 Phenolic rC —0
stretching

— 532 525 520
516 505 502 vM-- N stretching

a ss ig n e d  to  coupled r C = C  a n d  rC —C stre tc h in g  m o d es. These bands show  
som e re m a rk a b le  changes in  th e i r  frequencies o n  go ing  from  th e  lig an d  to  
m e ta l  com plexes. The s tro n g  b a n d  a t  1290 c m “ 1 in  l ig a n d  ACB due to  ph en o lic  
(CO) s tr e tc h in g  v ib ra tio n  is r e ta in e d  in  the  com plexes w ith o u t m uch a lte ra tio n . 
T h e se  o b se rv a tio n s em p h asize  t h a t  th e  ligand  h as  n o t  undergone d e p ro to n a 
t io n  w h ile  reac tin g  w ith  m e ta l ( I I )  chlorides [13]. A n a ly tic a l d a ta  also s u p p o r t 
th is  v ie w . T ak ing  in to  c o n s id e ra tio n  th e  o b se rv a tio n s o f  o th e r  au tho rs [4, 5, 12] 
on Л1 — N  stre tch in g  a s s ig n m e n t, th e  m edium  in te n s i ty  bands app earin g  in  
th e  5 0 0 — 530 cm -1 reg io n  fo r  th e se  m etal co m p lex es are  assigned to  M — N  
s t r e tc h in g  v ib ra tio n .

O n  going from  th e  s p e c tru m  of free lig an d  to  th o s e  of th e  com plexes in  
f re sh ly  p re p a re d  DM SO-d6 s o lu tio n  in  NM B, we o b se rv e  chem ical shifts to w a rd s  
low er f ie ld s . This is due to  e le c tro n  w ithd raw al b y  th e  m eta ls  from  n itro g e n  
a to m s  a n d  th e  rem ark ab le  d esh ie ld in g  effect, s u p p o r t in g  th e  hypo thesis t h a t  
th e  co m p lex es  stud ied  a re  N -b o n d e d . On c o o rd in a tio n , th e  m ethy l an d  azo- 
m e th in e  p ro to n s  are sh ie ld ed  in  M (II) com plexes. T h is  phenom enon  is g en era lly  
o b se rv e d  in  NM R of th e  f i r s t  a n d  second row  tr a n s i t io n  elem ents [14]. I t  is 
f u r th e r  o b serv ed  th a t  th e  m e th y l  and  azom eth ine  p ro to n s  ap p ear as d o u b le ts  
in  th e  com plexes. This can  be  re a d ily  explained as th e s e  p ro to n s in te tr a h e d ra l  
s y m m e try  w ill be co nsidered  d issym m etric  [15].

T h e  ACB ligand is m o re  flex ib le  th a n  frts(salicy lidene)benzid ine, hen ce  
c o m p le x  m a y  exist in  m o n o m e ric  form , b u t th e  m o d e ls  fo r  i t  are m ore s tra in e d
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th a n  in  th e  d im eric  fo rm  (see s tru c tu re s ) . A d e fin ite  conclusion  in  th is  case is 
n o t  possible b ecau se  o f  th e  in so lu b ility  o f  com plexes in  com m on organic  
so lv en ts . In  v iew  o f th e se  observ a tio n s, we p ropose  th e  follow ing d im eric  
s tru c tu re  for th e  com plexes in  w hich  m e ta l ions h av e  th e  sam e co o rd in a tio n  
n um bers.
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The reactions of m ono(cyclopentadienyl)titanium (IV ) chloride (CpTiCl3) w ith 
monobasic benzoyl hydrazones (B H yH ) (m olar ratios 1 : 1 and 1 : 2) and  dibasic 
benzoyl hydrazones (B H y’H2) (m olar ra tio  1 : 1) have been carried ou t in  refluxing 
dichlorom ethane. These reactions lead to  the form ation of the products of the  type: 
CpTiCl2(B H y), CpTiCl(BHy)2 and CpTiCl(BHy’). The compounds thus ob tained  have 
been characterized on the basis of elem ental analysis, electrical conductance^m easure- 
m ents and spectral (IR , NMR and electronic) d a ta .

Introduction

T h ere  are  q u ite  a few exam ples in  th e  l i te ra tu re  of sch iff bases derived  
from  m o n o acy lh y d raz in es  [1 — 7]. A cetone  acy lhydrazones, R C O N H N  —CMe2 
(R  =  M e, E t  or P h ), h av e  been  re p o r te d  to  beh av e  as b id e n ta te  lig an d s 
c o o rd in a tin g  to  m e ta l ions in  th e  k e to  fo rm  an d  in  th e  d e p ro to n a te d  enol 
fo rm , y ie ld in g  s ix -co o rd in a ted  com plexes o f  C o(II), N i(II) a n d  C u (II) [2]. 
S ch iff bases d eriv ed  b y  th e  co n d en sa tio n  o f  benzoy l h y d raz in e  w ith  benzoy l- 
a ce to n e  o r d ib en zo y lm eth an e  form  N i(II)  com plexes in  w hich lig an d s  show 
t r id e n ta te  n a tu re  [4]. A  series of C u (II) com plexes o f sa licy la ld eh y d e-acy l- 
h y d ra z o n e s  h av e  also been  rep o rted  [7]. H ow ever, th e re  is h a rd ly  a n y  ex am p le  
o f h y d ra z o n e  com plex  co n ta in in g  m o n o (cy c lo p en tad ien y l)titan iu m (IV ) m o ie ty . 
T hese  h y d razo n es  h av e  been o f fu r th e r  in te re s t  as th e y  are  w id e ly  u sed  in  
th e  t r e a tm e n t  o f  sev era l diseases such  as tu b ercu lo sis , lep rosy  a n d  m e n ta l 
d iso rd e r [8]. T h u s, in  view  o f th e  v e rsa tile  ch e la tin g  ab ility  a n d  biological 
a c t iv i ty  o f  h y d razo n es , i t  has been considered  o f  in te re s t to  s tu d y  th e  reac tio n s 
of m ono- a n d  d ibasic  benzoy l hy d razo n es w ith  CpTiCl3. T he s t ru c tu re  of th e  
h y d razo n es  u sed  for th e  p re se n t s tu d ies  are  d ep ic ted  below:

* To whom correspondence should be addressed
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(CyPBHyH)

where B = C 4H3Ó, R'= H(FBHyH) 

ß =  CoH5, R '= H(BBHyH)

R =  (p-OCH3)CeH4, R '= H(ABHyH)

R =  С6Н5, R' =  CHa(AcPhBHyH)

R=C 6Ii5, R'= OeHstBzPhBHyH)

(CyHxBHyH)

R =  CHs (AcPh'BHy'H.) (УВНу'Нг)

E xperim en ta l

D ichlorom ethane (BDH) was dried  by refluxing i t  over phosphorus pentoxide and  then 
finally  d is tilled  over anhydrous calcium  chloride. CpTiCl3 was prepared by the m ethod reported  
earlier [9]. H ydrazones were synthesized by the condensation of benzoyl hydrazine w ith  alde- 
hyde/ketone in  the presence of e thanol [10].

A ll operations were carried o u t under stric t anhydrous conditions and glass appara tu s 
w ith s ta n d a rd  interchangeable jo in ts was used th roughou t th e  work.

T itan iu m  was determ ined gravim etrically  as T i0 2, chlorine as AgCl and nitrogen 
by Kjeldahl’s method.

Physical measurements

T he in frared  spectra of the complexes were recorded on a Perkin-Elm er 621 Spectro
p h o to m ete r in  K B r pellets. E lectrical conductance m easurem ents were made on Elico conduc
tiv ity  B ridge  ty p e  CM 82T. The electronic and nuclear m agnetic  resonance spectra of th e  com
plexes w ere recorded on Perkin-E lm er 4000A and P erk in-E lm er R32 spectrophotom eters, 
respectively.

Reaction o f  m ono(cyclopentadienyl)titanium (IV)chloride' with benzoyl hydrazone (mole ratio 
1 : 1 or 1 : 2 )

A cta^C him . Acad. Sei. Hung. I l l ,  1982
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To the calculated am ounts of CpTiCl3 and benzoyl hydrazone dichlorom ethane (~ 6 0  mL) 
w as added. The reaction  m ixture was refluxed till th e  evolution of HC1 gas ceased. A fter the 
com pletion of th e  reaction , the solvent was rem oved under reduced pressure and  the solid 
com pound so obtained was recrystallized from th e  m ix tu re  of n-hexane and d ichlorom ethane.

F or the sake of b rev ity , the details of the reactions of CpTiCl3 w ith d ifferen t benzoyl 
hydrazones are sum m arized in Table I.

R esults an d  D iscussion

T h e  reac tio n s  o f in o n o (cy c lo p en tad ien y l)titan iu m (IV ) ch lo rid e  w ith  
m onobasic  b enzoy l hyd razones in  m ole ra t io s  1 : 1 and  1 : 2 in  re flu x in g  
d ich lo ro m eth an e  lead  to  th e  fo rm atio n  o f  th e  com plexes of th e  ty p e :  CpTiCl2 
(B H y ) an d  C pT iC l(B H y)2, respective ly . T h e  reactions are th e  follow ing:

CpTiCl3 +  B H v H  ^ 4  CpTiCI2(B H y) +  HC1 ]

CpTiCl3 +  2 B H y H  > CPT iC l(B H y)2 +  2 HC1 \

w here  [B H y ] ~ rep re sen ts  th e  an ion  o f  th e  co rrespond ing  m o nobasic  benzoyl 
h y d razo n e , B H y H .

T hese  com plexes are  red  to  b row n  solids and  are soluble in  com m on 
organ ic  so lv en ts  such  as d im e th y lfo rm am id e , d ich lo rom ethane, te tra h y d ro -  
fu ra n , benzene , ace tone  and  ch loroform . T h e y  are  susceptib le to  hyd ro ly sis  
an d  th e  e lec trica l co n d u c tan ce  m easu rem en ts  in  d im eth y lfo rm am id e  in d ica te  
th a t  th e y  are  non -e lec tro ly tes .

M o n o (cy c lo p en tad ien y l)tita tn iu m (IV ) ch lo ride  reacts  w ith  d ib as ic  benzoyl 
h y d razo n es  (m ole ra tio  1 : 1 )  in  re flu x in g  d ich lo rom ethane to  y ie ld  th e  
p ro d u c ts  o f th e  ty p e : C pT iC l(B H y').

CpTiCl3 +  B H y 'H 2- g g ^ C PT iC l(B H y ') +  2 H C lf

w here [ B H y '] 2_ is th e  an ion  o f th e  c o rre sp o n d in g  dibasic benzoyl h y d razo n e , 
B H y 'H ,.

T h e  com plexes are  red  solids an d  are  also soluble in  com m on  organic 
so lv en ts . T h ey  show  n on-e lec tro ly tic  b e h a v io u r  in  d im eth y lfo rm am id e .

T he e lem en ta l analyses and  p h y sica l d a ta  o f th e  reac tio n  p ro d u c ts  are 
g iven  in  T ab le  I .

Infrared spectra

In fra re d  sp e c tra  o f benzoyl h y d razo n es  show  m edium  to  s tro n g  h ands 
in  th e  reg ions 3260 — 3150 and  1625 —1580 c m -1  w hich are co n sid e red  to  he 
due  to  v(N H ) or |i(N H ) m ixed w ith  h y d ro g e n  bonded  r(O H ), a n d  r(C =  N)
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T able  I

Reactions o f  CpTiCl3 with benzoyl hydrazones

Reactants (molar ratio)
Reflux

ing Product and colour
Found (ealed) %

time
(hours) Ti Cl N

1 2 3 4 5 6

CpTiCf, +  FBHyH (1 : 1) 35 CpTiCl2(FBHy)
Red

12.11
(12.06)

17.00
(17.85)

6.13
(7.05)

CpTiCl3 +  FBHyH (1 : 2) 40 CpTiCl(FBHy).,
Red

8.18
(8.33)

6.20
(6.17)

8.92
(9.75)

CpTiCl3 +  BBHyH (1 : 1) 35 CpTiCl2(BBHy)
Orange

11.33
(11.76)

17.11
(17.41)

6.01
(6.88)

CpTiCl3 +  BBHyH (1 : 2) 35 CpTiCl(BBHy)2
Orange

7.40
(8.05)

5.94
(5.96)

8.83
(9.42)

CpTiCl3 +  ABHyH (1 : 1) 30 CpTiCh(ABHy)
Red“

10.64
(10.96)

15.23
(16.22)

5.59
(6.40)

CpTiCl3 +  ABHyH (1 : 2) 35 CpTiCl(ABHy)2
Orange-red

7.25
(7.31)

5.63
(5.41)

7.65
(8.55)

CpTiCl3 +  AcPhBHyH (1 : 1) 35 CpTiCl2(AcPhBHy)
Brown

12.02
(11.37)

17.37
(16.83)

5.80
(6.65)

CpTiCl3 +  AcPhBHyH (1 : 2) 40 CpTi Cl(AcPhB Hy), 
Dark brown

7.89
(7.69)

6.52
(5.69)

8.35
(8.99)

CpTiCl3 +  BzPhBHyH (1 : 1) 35 CpTiCl2(BzPhBHy)
Orange

10.56
(9.91)

14.98
(14.67)

5.05
(5.79)

CpTiCI3 +  BzPhBHyH (1 : 2) 40 CpTiCl(BzPhBHy)2 
Y ello w-orange

7.50
(6.41)

5.19
(4.74)

7.02
(7.50)

CpTiCl3 +  CyPBHyH (1 : 1) 40 CpTiClo (CyPBHy) 
Brown

12.45
(12.44)

17.80
(18.41)

6.52
(7.27)

CpTiCl3 +  CyPBHyH (1 : 2) 40 CpTiCl(CyPBHy)2
Brown

8.99
(8.69)

6.94
(6.43)

10.19
(10.17)

CpTiCl3 +  CyHxBHyH (1 : 1) 40 CpTiCl2(CyHxBHy)
Brown

10.84
(11.99)

17.31
(17.76)

6.72
(7.02)

CpTiCl3 +  CyHxBHyH (1 :2 ) 45 CpTiCl(CyHxBHy)2
Dark-brown

9.19
(8.27)

7.00
(6.12)

8.95
(9.68)

CpToCl3 +  SBHy’H2 (1 : 1) 35 CpTiCl(SBHy’)
Red

12.79
(12.39)

9.01
(9.17)

6.62
(7.24)

CpTiCl3 +  VBHy’H2 (1 : 1) 35 CpTiCl(VBHy’)
Brown-red

10.86
(11.49)

7.67
(8.51)

6.06
(6.72)

CpTiCl3 +  AcPh’BHy’H, (1 : 1) 35 CpTiCl(AcPh’BH y’)
Red-orange

11.93
(11.95)

9.36
(8.85)

5.99
(6.99)

(a z o m e th in e )  v ib ra tio n s , re sp e c tiv e ly  [5]. In  th e  s p e c tra  of com plexes th e  f irs t  
b a n d  is  a b s e n t , while th e re  is a decrease o f ^ 3 5  — 10 c m -1 in th e  l a t te r  b a n d  
th u s  in d ic a tin g  th e  com p le te  d e p ro to n a tio n  o f  h y d razo n es in  th e  co m p lex es
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Tabic II

Important infrared frequencies (cm * 1)  o f benzoyl hydrazone derivatives o f  
mono)cyclopentadienyl)titanium( IV )  chloride

Comp ex v(NH) + 
v(OH) v(C =0) t*(C=N) v{C— 0) v{C— H)

sym И С -С )a sym
d(C—H)

i.p.
ЦСг-Н)

op-

CpTiCl2(FBHy) — — 1630w'
1605sb

- 3030m 1440m 1015m 820m

CpTiCl(FBHy)2 — — 1635w
1610s

— 3040m 1440m 1015m 825m

CpTiCl2(BBHy) — — 1630m
1610m

— 3040m 1440m 1015w 810s

CpTiCl(BBHy), — — 1630m
1600m

— 3040m 1440m 1010m 810s

CpTiCl,(ABHy) — — 1630m
1585s

— 3035m 1440m 1020s 810s

CpTiCl(ABIIy)2 — — 1635w
1585s

— 3030w 1440m 1020m 820m

CpTiCl,(AcPhBHy) — — 1640m
1575s

— 3035m 1445m 1020s 800s

CpTiCl(AcPhBHy)2 — — 1640m
1575s

— 3035m 1445s 1020s 800s

CpTiCl2(BzPhBHy) — — 1630w
1595s

— 3030m 1450s 1020m 800m

CpTiCl(BzPhBHy)2 — — 1630m
1600s

— 3040m 1445s 1020m 810m

CpTiCl,(CyPBHy) — — 1620w
1590w

— 3040m 1440m 1020m 810m

CpTia(CyPBHy)2 — — 1625m
1590m

— 3035m 1440m 1020m 800s

CpTiCl2(CyHxBHy) — — 1625m
1570w

— 3035m 1440m 1020m 800s

CpTiCl(CyHxBHy)2 — — 1620m
1545m

— 3040m 1445m 1020m 800s

CpTiCl(SBHy’)
_ _

1630w
1600s

1340s 3035m 1445m 1025m 820s

CpTiCl(VBHy’) — — 1635w
1575s

1320s 3040m 1445m 1020s 810s

CpTiCl(AcPh’BHy’) — — 1630w
1590s

1350s 3035m 1440m 1015m 810s

“ Uncoordinated f C =  N vibration 
b Coordinated ^ C = N  vibration

an d  th e  c o o rd in a tio n  o f azo m eth in e -n itro g en  to  th e  tita n iu m  a to m  [11]. 
T he s tro n g  b an d s  betw een  1670 —1645 c m -1 due  to  am ide-I (i’C =  0 )  v ib ra tio n  
a long  w ith  h an d s  due to  am ide-II an d  - I I I  (rCN -f- ÓNH) v ib ra tio n s  [12,13]
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(o b se rv e d  in  th e  reg ion  1540 —1510 and  1290 — 1220 c m -1, re sp ec tiv e ly ) o f  
th e  l ig a n d s  are found  to  b e  ab sen t in  th e  com plexes th u s  suggesting  th a t  
th e s e  h y d razo n es  are  c o o rd in a tin g  in  th e  enol fo rm  th ro u g h  d e p ro to n a tio n . 
H o w e v e r , a new  w eak  to  m ed iu m  b an d  in  th e  ra n g e  1640 — 1620 c m -1  can  
n o t  b e  assigned  to  c o o rd in a te d  ^ ; C = 0  group , b u t  is due to  an  u n c o o rd in a te d  
^ C  =  N — group  [14] w h ich  seem s to  have its  o rig in  in  th e  ^:C =  N — N  =

g ro u p . T h e  eno liza tion  o f  th e  ligands in  th e  com plexes is confirm ed  b y  th e  
a p p e a ra n c e  of a new  s tro n g  b a n d  in  th e  reg ion  1530 —1505 cm -1  due to  v(NCO) 
v ib ra t io n  [15].

T h e  b a n d  ap p ea red  in  th e  region 1280— 1250 c m -1  in  th e  d ibasic  h y d ra -  
zones is a t tr ib u te d  to  th e  p h en o lic  r(C—O) v ib ra t io n . In  th e  com plexes, th is  
b a n d  is fo u n d  in  th e  reg ion  1350 —1320 c m -1 , su g g e s tin g  again  th a t  th e  h y d ro x y  
g ro u p  h a s  en te red  in to  th e  b o n d  fo rm atio n  w ith  th e  tita n iu m  m oie ty  [16, 17].

T h e  i’(M —N) an d  r(M — 0 )  v ib ra tio n s g e n e ra lly  absorb  in  th e  6 0 0 —450 
c m -1  re g io n  [18- 20]. T h e re fo re , th e  b an d s o b se rv ed  in  th e  620—445 c m '1 
re g io n  in  p resen t com plexes can  te n ta tiv e ly  b e  assigned  to  v(Ti O) a n d  
r (T i—N ) v ib ra tio n s, h o w ev er, i t  is d ifficu lt to  m ak e  specific a ss ig n m en ts . 
T h e  r (T i—Ci) v ib ra tio n  occu rs in  th e  region 420 — 390 c m -1 [21].

T h e  presence o f rr-cycl open  Ladienyl g roup  in  th e se  hydrazone d e riv a tiv e s  
is in d ic a te d  b y  th e  a p p e a ra n c e  o f bands a t  ca. 3035 c m -1 (sym m etric  C — H  
s t r e tc h in g ) ,ca. 1440 c m “ 1 (asy m m etric  C — C s tre tc h in g ) , ca. 1020 c m -1 (C — H  
in -p la n e  defo rm ation) a n d  ca. 810 cm -1 (C — H  o u t o f plane defo rm ation ) in  
th e ir  in f ra re d  spectra  [22].

T h e  im p o rta n t in fra re d  frequencies o f th e  com plexes are given in  T ab le  I I .

Proton magnetic resonance spectra

T h e  presence o f cy c lo p en tad ien y l g roup  in  com plexes is fu rth e r  co n firm ed  
b y  th e  p ro to n  m agnetic  reso n an ce  spectra , re c o rd e d  in  d eu te ra ted  ch lo ro fo rm , 
w h ic h  show  a new sh arp  p e a k  in  th e  range  <5 6 .8  — 6.2 ppm  co rrespond ing  to  
f iv e  p ro to n s .

Electronic spectra

T h e  electron ic sp e c tra  o f  th e  com plexes, re c o rd e d  in  d im eth y lfo rm am id e , 
show  a single b an d  in  th e  ra n g e  24 ,400—24,350 c m -1  w hich can be a ss ig n ed  
to  a c h a rg e -tran sfe r  t r a n s i t io n . T he absence o f  d  — d tra n s itio n  ru les o u t th e  
p re sen ce  o f  an y  u n p a ired  e le c tro n  in  th e  com plexes.

T h u s , on th e  basis o f e le m e n ta l analysis, e le c tr ic a l conductance m e a su re 
m e n ts  a n d  spectra l d a ta , th e  follow ing s tru c tu re s  ca n  be proposed to  th e  com 
p lex es , (CP)TiCl2(B H y) (A ), (C p)T iC l(B H y)2(B ) a n d  (C p)T iC l(B H y')(C ):
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where represents the anion of the b iden tate  monobasic benzoyl hydrazone,

(C)

represents the anion of Lite tri den tä te  dibasic benzoyl hydrazone.

*
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R E L A T IO N SH IP  BETW EEN  CER TA IN  SPE C IFIC  PR O PE R T IE S  
AND T H E  MOLECULAR MASS OF ASYM M ETRIC OLIGOM ERIC 

POLYMER-HOMOLOGOUS COMPOUNDS* +

I .  G é c z y * and G . B ú z á s

(College o f Commerce and Catering Trade, Chair fo r  Knowledge o f Goods, Budapest) 

Received Septem ber 23, 1981 

Accepted for publication D ecem ber 1, 1981

Based on literature  data a linear relationship has been found betw een the 
optical ro tation  and  th e  reciprocal molecular m ass for polymer-homologous oligomeric 
compounds contain ing asym metric carbon atom s (repeating units: L-methionine,
a-L-glutamic acid, asym m etric C atom  in side-chains: m enthyl vinyl e ther, m ethyl 
propyl vinyl ether). This relationship m ay be considered as a special form of the  equation 
derived earlier by  us. From  this it  follows th a t  the compounds studied do n o t form 
secondary s tructu res under the given experim ental conditions. Thus th e  molecular 
optical ro ta tion  increm ents of the repeating  un its  have been given. S im ilar linear 
relationship has been found between the reciprocal melting point of a-L-glutam ic 
acid oligomers, resp. the specific ellipticity o f L-Ca-galacturonate oligomers and  their 
reciprocal m olecular masses. For the lim iting value of the melting po in t o f the homo
logous series o f poly-a-glutamic acid a value of 253.2 °C has been obtained. F rom  the 
investigation of specific ellipticity it could be established th a t all the relationships are 
valid for the equation  and for its constants th a t  had already been established earlier 
for equations of sim ilar type. From the change of the specific ellipticity  as a function 
of the m olecular m ass, the conclusion can be draw n th a t no structu ral change occurs 
under the given experim ental conditions, in agreem ent w ith B y s t r i c k y  el al.

Introduction

O p tica lly  ac tiv e  polym ers form  a re la tiv e ly  new an d  in te re s tin g  field 
o f  po lym er ch em is try . T herefore re sea rch ers  show  m ore an d  m ore  in te res t 
to  these  p o lym ers. T h is in te res t is p ro m o te d  b y  th e  in tensive  re sea rch  w ork 
ca rried  ou t on th e  secondary  s tru c tu re s  o ccu rrin g  in  th e  so lu tions o f  p ro te in  
a n d  nucleic ac ids, as w ell as b y  th e  successfu l advance  o f  ste reospec ific  po ly 
m eriza tions, w hich  can  be conven ien tly  s tu d ie d  by  m eans o f o p tica l ro ta tio n . 
P a r t  of th e se  w orks is o f p rep a ra tiv e , a n o th e r  p a r t  is of th e o re tic a l ch a ra c te r .

F rom  re su lts  o b ta in ed  so fa r  — e.g. from  th e  stud ies o f  m o no tonous 
p o lypep tides — th e  conclusions can be d ra w n  th a t  if  th e  p o ly p ep tid e  is p resen t 
in  form  o f ra n d o m  coil in  a ce rta in  so lv en t (th is  is th e  case o f so lv en ts  capab le

+ S yn thetic  linear polymers, X X X V II.: A cta Polym ., 32, 701 (1981); Kolor. É rt., 
23, (1981)

+ + P resented a t  the session of the M acrom olecular Committee of the H ungarian 
Academy of Sciences, B udapest, June 9, 1981
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to  d e s tro y  H  bonds), th e  o p tic a l ro ta to ry  d isp ers io n  can  be a lread y  describ ed  
b y  t h e  so-called  sim ple or o n e -te rm  eq u a tio n  o f D ru d e  [1]:

М л
A2

w h e re  A is th e  w aveleng th ,
%

( i )

М л  is th e  specific ro ta t io n  belonging  to  w av e len g th  A,
A 0 is th e  ro ta tio n a l c o n s ta n t and  
A0 is th e  so-called d isp ers io n  c o n s tan t.

I n  o rd e r  to  de te rm ine  th e  n u m erica l v a lu e  o f  th e  co n stan ts  E q . (1) m u s t 
be  l in e a r iz e d  according to  Y a n g  a n d  D oty  [2]:

М л  P  =  A 0 +  Aq[a]x ( 2)

B y  p lo t t in g  [a]xA2 aga in st [a]*., a s tra ig h t line  is o b ta in ed , th e  in te rc e p t o f 
w h ich  is A 0, an d  its  slope is A .̂

I n  gen era l p o ly p ep tid es  a re  p resen t in  a g iven  so lvent in  helical fo rm . 
I n  th is  c a se  th e  secondary  s t ru c tu re  can  be d esc rib ed  b y  th e  em pirical e q u a tio n  
o f  M o f f it  an d  Y ang [3]:

m
M 0

[«]* =
a nA2 M S (3)

ra2 +  2 100 A2 -  A2 (A2 -  A2)2
w h ere

[M]2 is th e  m olecular ro ta t io n  o f  th e  p o ly p e p tid e  in  vacuum  a t  a w a v e 
le n g th  o f  A,

n  is  th e  refrac tive  in d ex  o f  th e  so lven t,
M 0 is  th e  m olecular m ass o f  th e  re p e a tin g  u n it ,
o 0, bq a n d  A0 are c o n s ta n ts , o f w hich a0 d ep en d s on th e  rep ea tin g  u n its ,  

w hile  b0 a n d  A0 on th e  n a tu re  o f  th e  helices p re se n t, b0 is th e  e x te n t o f  th e  
h e lix  c o n te n t ,  w hich can be d e te rm in e d  from  th e  slope of th e  s tra ig h t line  
o b ta in e d  — on using e x p e rim e n ta l values — w h en  p lo ttin g  [M]°(A2 — Aq) 
a g a in s t 1/(A2 — Aq). K now ledge o f  b0 enables to  d e te rm in e  th e  helix  c o n te n t as 
a fu n c t io n  o f  th e  ex p e rim en ta l cond itions (so lv en t, p H  value , te m p e ra tu re , 
etc.) [4 , 5 ] . Such typ es o f s tu d ie s  w ere m ade b y  G o o d m a n  et al. fo r o ligo
p e p tid e s  [6 — 9].

T h e y  estab lished  th a t  in  th e  case o f o lig o -y -m ethy l-L -g lu tam ate  in  
d ich lo ro  a c e tic  acid (DCLA) a n d  d im eth y lfo rm am id e  (D M F) as so lven ts h e lix  
fo rm a tio n  occurs a lready  fro m  th e  h ep tam ers , w hile  for oligo-/?-m ethyl-L- 
- a s p a r ta te  in  chloroform  helix  fo rm a tio n  ap p ears  f ir s t  a t  th e  undecam er on ly . 
I n  th is  l a t t e r  case th e  oligom ers a re  p re sen t in  D M F  a n d  DCLA as ran d o m  coils.
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A sim ilarly  im p o r ta n t  c h a ra c te r is tic  is th e  c o n tr ib u tio n  o f th e  in d iv id u a l 
re p e a tin g  u n its  to  th e  f in a l o p tic a l ro ta tio n  in  d iffe ren t so lven ts. T h e  d e te rm in a 
tio n  o f  th is  q u a n ti ty  is r a th e r  d ifficu lt b y  th e  m ethods av a ilab le  a t  p re sen t. 
A  p o ss ib ility  is to  c a lc u la te  th e  m olecu lar ro ta tio n  from  th e  m e a su re d  specific 
ro ta t io n  d a ta , an d  to  p lo t i t  ag a in s t th e  m olecular m ass. F ro m  th e  slope of 
th e  s tra ig h t line th u s  o b ta in e d , th e  c o n tr ib u tio n  o f th e  m o lecu la r ro ta t io n  of 
th e  g iven  rep ea tin g  u n i t  c an  be d e te rm in ed . A n o th e r m e th o d  is — accord ing  
to  F r e u d e n b e r g  et ál. [10, 11] — to  p lo t [M ]^/p ag a in st (p  — 1 )jp  fo r th e  
p o ly m er hom ologous series o f ca rb o h y d ra tes , an d  to  e x tra p o la te  [M]x to  
p  =  оо (i.e. p  — 1 Ip =  1). F ro m  th is  value th e  m olecu lar [M]>. a n d  th e  specific 
ro ta t io n  [a]x of th e  re p e a tin g  u n it  can  be de te rm in ed  (p  is th e  deg ree  o f  poly
m eriza tio n ).

I t  has been show n ea rlie r [12] th a t  be tw een  th e  specific  ro ta t io n  of 
o ligosaccharides an d  th e ir  m o lecu lar m ass th e  follow ing re la tio n sh ip  ex ists:

[ <  =  —  +  bM
(4)

w here  [a]^ is th e  specific  ro ta t io n  belonging to  th e  w av e len g th  A, M  is the  
m o lecu lar m ass, a a n d  b a re  c o n s ta n ts , o f w hich  a is c h a ra c te r is tic  o f  th e  end 
g roups an d  b of th e  re p e a tin g  u n its .

I t  has been also show n [13 —16] t h a t  th e  value o f b o f E q . (4) given in 
th e  form  as follow s:

b =
M k

(5)

w here  Фк is th e  m o la r p ro p e r ty  o f th e  re p e a tin g  u n it an d  M k is i ts  m olecular 
m ass, can  be used  fo r th e  ca lcu la tio n  o f th e  m olar bo n d in g  o r a to m ic  incre
m e n ts  o f a tom s b u ild in g  u p  th e  re p e a tin g  u n it .

O n th is  basis w e h a v e  given th e  n u m erica l values fo r som e increm en ts 
[14 — 17] no t y e t p u b lish ed  in  th e  lite ra tu re . F u rth e rm o re  i t  h a s  b een  shown 
ea rlie r th a t  for th e  d e te c tio n  o f th e  seco n d ary  s tru c tu re  o f d isso lv ed  m acro
m olecules b o th  th e  so-called  specific m ean -sq u are  dipole m o m e n t 
[18 — 21], and  th e  specific  ro ta tio n  [<x] [12, 20, 22] can  be c o n v e n ie n tly  used. 
W e h av e  estab lished  t h a t  in  th e  m ost general case a lin ea r  re la tio n sh ip  exists 
be tw een  th e  v a lu e  o f  p 2\M  o r [a] an d  th e  recip rocal m o lecu la r m ass. The 
in te rc e p t of th e  s tra ig h t  line th u s  o b ta in ed  — w hich is c h a ra c te r is tic  of the 
re p e a tin g  u n its  — is d iffe ren t i f  th e  o rie n ta tio n  and  ro ta tio n  o f  th e  otherw ise 
id en tica l rep ea tin g  u n its  differ as e.g. in  th e  case o f lin ea r  a n d  cyclic  poly- 
-(d im ethy lsiloxane)s [19], lin ea r m a lto d ex trin e s  and  cyclic  S c h a r d i n g e r  
d ex trin e s  [12], p o ly (e th y len e  oxide)s and  p -a lk y lp h en o l p o ly (e th y len e  oxide)s 
[23].
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W e have p o in ted  o u t  t h a t  th e  phenom enon h as  to  a p p ea r in s im ila r cases 
so f a r  n o t y e t in v e s tig a te d .

F in a lly  using th e  d a ta  o f  Goodman et a l . [6 — 9] we have show n th a t  
d e v ia tio n s  from  th e  l in e a r i ty  [20—23] in d ic a te s  th e  ex istence o f secondary  
s t r u c tu r e .  O ur resu lts  a re  in  com plete  accordance  w ith  th o se  of Goo dm an  et a l . 

o b ta in e d  previously  b y  m e a n s  of o ther m e th o d s .
I n  spite of th e  r e la t iv e  ra p id ity  of th e  m e th o d , it  can  be considered  as 

a  d e fic ien cy  th a t  it  su p p lie s  n o  inform ations a t  a ll on  th e  n a tu re  o f th e  second
a r y  s tru c tu re .

R ecent investigations

A s on the  basis o f  th e  s tu d ie s  carried o u t so fa r  no s ta te m e n t o f general 
v a l id i ty  could be e s ta b lish e d  fo r th e  ra th e r  l im ite d  n u m b e r of exp erim en ta l 
d a ta ,  there fo re  in th e  p re se n t w o rk  fu rth er d a ta  w ere  ap p lied  resp ., used concern 
in g  th e  behav iour of m acro m o lecu les  in so lu tion  o n  th e  basis o f op tica l ro ta to ry  
m e a su re m e n ts .

T h e  presen t in v e s tig a tio n s  and  ca lcu la tions w ere  carried  ou t on m ono
to n o u s  oligom er hom ologous series shown in T a b le  I .  In  th e  course o f our 
in v e s tig a tio n s  th e  specific  o p tic a l ro ta tion  o f  v a r io u s  oligom ers based  on

Table I

Oligomers studied

No. R epeating  unit E nd groups Solvent
R ange of 

po lym eriza
tion  degree

Ref.

Constants 
of Eq. (4)

a b
ВV

К

l -L-Met- BOC -O M e H F IP -O H 2 - 7 [24] 1.69 -7 0 .2

2 -a-L-Glu- TFA* H ICO 2 - 2 0 [25] 4.97
0.02

-9 2 .0
0.0019 * *

3 -m en thy l vinyl 
ether-

Toluene
5 5 0 0 -
23,000

[26] -0 .4 5 -2 0 9 .7 ***

4 -(S)-l-m ethyl 
propyl vinyl 
ether- Benzene

Mn:
5200
7700 [26] -4 .4 3 214.3 ***

5 -Sodium-L-
galactu-
ronate- H - - O H H ,0 1 - 6 4 [27] -0 .2 3 14.8

6 -Calcium-L-
-galactu-
ronate- I f - - OH H ,0 1 - 5 [27] 0.18 14.3

* Personal communication of th e  authors 
** Constants for Eq. (7)

*** E nd  groups are no t given
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l i te ra tu re  d a ta  w as p lo tte d  ag a in st th e  rec ip ro ca l m olecu lar m ass, s im ila rly  
to  ou r m e th o d  ap p lied  earlier. O ur re su lts  a re  show n in  Figs 1 — 3.

T he rec ip ro cal m e ltin g  p o in t o f  o ligo-a-L -g lu tam ic acid  w ith  triflu o ro - 
a c e ta te  end  g roup  w as also p lo tte d  as a fu n c tio n  o f th e  rec ip rocal m o lecu lar 
m ass (F ig . 4).

WJ 
-10°

- 2 0 °

- 3 0 °

-4  0 °

-50°

- 6 0 °

- 7 0 °

F ig .  1.  Change of optical rotation of oligo-L-methionines containing tert-butoxy-carbonyl and 
inethoxy end groups as a function of the reciprocal molecular mass in hexafluoro-i-propanol

a t 25 °C

—I---------------1---------------1_________ I_
15 20 25 30

F ig .  2 .  Change of optical rotation of oligo-a-L-glutamic acids containing hydrogen and tri- 
fluoroacetate end groups as a function of the reciprocal molecular mass in aqueous

solution

F in a lly  th e  specific  e llip tic ity  ($) o f  Ca resp . N a o lig o g a lac tu ro n a tes  in 
aqueous so lu tio n  w ere p lo tte d  as a fu n c tio n  o f th e  rec ip rocal m asses on  the  
basis o f th e  m o lecu la r e llip tic ity  d a ta  (0 )  o f  B y s t r ic k y  e t  a l .  [27] (Figs 
6 an d  7).
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[oO DO

F ig . 3. Change of optical ro ta tion  of poly(m enthyl vinyl ether)sJ(M VE) in , toluene, and  of 
poly [(S )-l-m e th y l propyl vinyl e th e rjs  (M PVE) in  benzene as a function jo f thej[reciprocal

molecular mass

Fig. 4. C hange of reciprocal m elting p o in t of oligo-a-L-glutamic acids containing hydrogen 
a n d  trifluoroacetate end groups as a function of th e  reciprocal molecular mass

D iscussion

F ig u re s  1 —3 show th a t  th e  p lo tte d  p o in ts  lie w ith  good a p p ro x im a tio n  
on a s t r a ig h t  line. C onsequen tly  re la tio n sh ip  (4) — estab lished  earlier — w h ich  
is e s s e n tia ly  a special fo rm  o f th e  eq u a tio n

< Р = -? - +  ь (6)
M

w here (p is a  specific q u a n tity  [12, 16] — is v a lid  also in  th e  case in v e s tig a te d . 
A t th e  s a m e  tim e  th e  slope (a) a n d  th e  in te rc e p t (b) o f th e  s tra ig h t lines c a lc u 
la te d  b y  th e  m ethod  of averages a re  also g iven  in  th e  F igures.
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W hile in v e s tig a tio n s  so fa r  were ca rr ied  o u t  b y  us only  w ith  oligom eric 
co m pounds c o n ta in in g  th e  asy m m etric  c a rb o n  a to m s in  th e  m a in  ch a in , in  
th e  recen t in v e s tig a tio n s  th e  asym m etric  C a to m s  o f th e  p o ly m en th y l- and  
p o ly m e th y l-p ro p y l v in y l e th e rs  are s itu a te d  in  th e  side-chain . T h e  in v e s tig a 
tio n s  show  th a t  th is  ch an g e  does n o t in flu en ce  th e  f in a l re su lts . F ro m  th e  
re s u lts  th e  conclusion  can  be d raw n th a t  no  change occurs in  th e  s tru c tu re  
o f  th e  oligom ers in v e s tig a te d  in  th e  ran g e  o f  m o lecu la r m ass u n d e r  th e  given 
e x p e rim en ta l co n d itio n s. T h e  ca lcu la ted  m o lecu la r op tica l ro ta tio n  in c rem en ts  
o f  th e  re p e a tin g  u n i t  o f  th e se  oligom ers a re  g iven  is T able I I .

I n  p rev ious p a p e rs  [12, 16, 28] i t  w as a lre a d y  show n th a t  th e  rec ip rocal 
m e ltin g  p o in t can  also be considered as a  specific  q u a n tity , a n d  its  p lo ttin g  
as a fu n c tio n  o f th e  rec ip ro ca l m olecular m ass c a n  be described  w ith  a re la tio n 
sh ip  s im ila r to  [6]. F ro m  F ig . 4 it  can  be  seen  th a t  th e  e q u a tio n

T,
1 _  a -

— T 7  “1" a
m p M

»4B
(7)

i s  v a l i d  a ls o  f o r  t h e  m e l t i n g  p o i n t  (Tmp) o f  o l ig o -c c -L -g lu ta m ic  a c i d  w ith  t r i -  

f l u o r o a c e t a t e  e n d  g r o u p .

O bviously , from  th e  p lo ttin g  of E q . (7) th e  expec ted  lim itin g  value  o f 
th e  m e ltin g  p o in t o f th e  poly-oc-L-glutamic ac id  po lym er hom ologous series 
ca n  be easily  d e te rm in e d . T he value o f  th is  is 253.2 °C on th e  basis  o f th e  
in te rc e p t o f th e  s tr a ig h t  line in  Fig. 4.

O n th e  basis  o f  su ch  p lo ttin g  th e  d e te rm in a tio n  o f th e  lim itin g  value o f 
th e  op tica l ro ta t io n  is s im ila rly  easy  an d  co m fo rtab le , in  c o n tra ts  to  th e  com -

Table II

M o le c u la r  r o t a t i o n  in c r e m e n ts  o f  th e  r e p e a t i n g  u n i t s  o f  th e  o lig o m e r s  s t u d i e d

([M ob  =  [«Lh.M o/IOO, see: [11])

Molecular mass 
of the repeating 

unit: M0
Solvent [M .la

1. BOC-(L-Met)n-OMe 131.2 H FIP-O H 92.1

2. Oligo-a-L-glutamic acid trifluoroacetate 129.0 11,0 118.7
24.5 X10“ 2*

3 . Poly-(menthyl vinyl ether) (MVE) 182.0 Toluene -3 8 1 .6

4 . PoIy-[(S)-1-metliyl propyl vinyl ether] 100.0 Benzene 214.3

5. Oligo-sodium-L-galacturonate 212.0 II „0 31.4**

6. Oligo-calciuin-L-galacturonate 209.0 H 20 29.9* *

* Molecular reciprocal melting point increm ent of the repeating un it 
** Molecular ellipticity increment of the repeating un it
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p lica ted  m ethods applied b y  F r e u d e n b e r g  and other authors, as it w as pointed  
ou t earlier [12] by us.

A s th e  m olecular e ll ip tic ity  is also supposed  to  be an  ad d itiv e  q u a n ti ty  
-— th o u g h  i t  has no t b een  s tu d ie d  y e t  in  d e ta il — th erefo re  we in v e s tig a te d  
th e  v a l id i ty  of th e  a d d i t iv i ty  in  th e  case o f th e  m olecular e llip tic ity  ( 0 )  of 
o lig o -L -C a-g a lac tu ro n a te  b y  u s in g  th e  d a ta  o f  B y str ic k y , K ohn an d  Sticzay

[2 7 ]. A s can  be seen in  F ig . 5 th e  m olecu lar e llip tic ity  o f th is  com pound  changes

0Co

M

Fig. 5. C hange of molecular e llip tic ity  of oligo-L-Ca-galacturonates as a function of the
molecular mass

lin e a r ly  w ith  th e  m olecular m a ss , th e re fo re , in  th is  case th e  princip le  o f  th e  
a d d i t iv i ty  can  he applied . T h e re fo re  we p lo tte d  th e  specific e llip tic ity  as a 
fu n c tio n  o f  th e  reciprocal m o lecu la r  m ass. F o r  th e  tim e  in v estig a tio n s c o n ce rn 
ing  th e  sp ec ific  e lastic ity  as a fu n c tio n  o f  th e  m o lecu la r m ass are still m issing  
in th e  l i te r a tu r e .  F rom  F igs 6 a n d  7 i t  can  be seen th a t  th e  po in ts  o b ta in e d  
in  th is  m a n n e r  he w ith  good a p p ro x im a tio n  on a s tra ig h t line. C onseq u en tly  
th e  fo llo w in g  re la tionsh ip  — w h ich  can  be considered  as a special fo rm  of 
E q . (6) — is  valid :

# =  —  +  b (8)
M

w here if is th e  specific e llip tic ity ,
M  is th e  m olecular m ass,
a a n d  b are  co n stan ts , th e  l a t t e r  o f  w hich is ch a ra c te ris tic  of th e  r e p e a t

ing u n i t .
F ro m  th e  F igures i t  can  be seen  th a t  due to  th e  n e a r iden tica l re p e a tin g  

u n its  o f  th e  tw o  oligomer hom ologous series, th e  va lu es  o f b are — as ex p ec ted  
— n e a r ly  th e  sam e. In v e s tig a tio n s  on specific e llip tic ity  show ed th a t  all th e  
re la tio n s  e s tab lish ed  earlier fo r E q . (6) are also va lid  for E q . (8) an d  its  
c o n s ta n ts , re sp ., as well. T he re su lt o b ta in ed  show s th a t  in  th e  range of m ole-
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tf'sp.Mo-’O3

Fig. 6. Change of the specific ellipticity of poly-L-Na-galacturonates as a function of reciprocal
m olecular mass in aqueous solution

tfsp.Co-'O3

Fig. 7. Change of the specific ellipticity of oligo-L-Ca-galacturonates as a function of the 
reciprocal molecular mass in aqueous solution

cular mass investigated  no change occurs in the structure of the dissolved 
m acrom olecules studied  (salts o f poly-L-galacturonic acid) upon increasing 
th e  molecular m ass, and th ey  are present in form o f random coils.

Acta Chim. Acad. Sei. Hung. I l l , 1982



3 5 0 G É C Z Y ,  B Ú Z Á S :  S Y N T H E T I C  L I N E A R  P O L Y M E R S ,  X X X V I I I

R E FE R E N C E S

[1] Drude, P.: Lehrbuch der O p tik , Hirzel Verlag, Leipzig 1906
[2] Yang, J . T., Doty, P.: J . A m er. Chem. Soc., 79, 761 (1957)
[3] Moffit, W., Yang, J .  T.: P roc. N at. Acad. Sei. U .S., 42, 596 (1956)
[4] Gratzer, W. B., Doty, P .: J .  Amer. Chem. Soc., 85, 1193 (1963)
[5] Moffit, W.: J. Chem. P h y s., 25, 467 (1956)
[6] Goodman, M., Schmidt, E . E ., Yphantis, D. A.: J .  Amer. Chem. Soc., 84, 1283, 1288,

1296 (1962)
[7] Goodman, M., Listovsky, J . ,  Masuda, J .,  Boardman, F.: B iopolym ers, 1, 33 (1963)
[8] Goodman, M., Boardman, F .: J . Amer. Chem. Soc., 85, 2483 (1963)
[9] Goodman, M., Felix, A. M., Deber, C. M.: Biopolymers, 1, 371 (1963)

[10] Freudenberg, K., Friedrich, K ., Bermann, I.: Arm., 494, 41 (1932)
[11] Freudenberg, K., Bloomquist, C.: Ber., 68, 2070 (1935)
[12] Géczy, I.: Kolor. É rt., 8, 221 (1966): Cellulose Chem. and Techn., 4, 245 (1973)
[13] Géczy, I.: Acta Chim. A cad. Sei. H ung., 34, 323 (1962): Magy. Kém. Folyóirat, 69,

312 (1963)
[14] Géczy, I.: Acta Chim. A cad. Sei. H ung., 37, 435 (1963): Magy. Kém. Folyóirat, 69,

333 (1963)
[15] Géczy, I.: Magy. Kém. F o lyó ira t, 70, 91 (1964); Vysokomol. Soed., 7, 642 (1965)
[16] Géczy, I.: Magy. Tud. A kad. K ém iai Oszt. Közi., 23, 285 (1965)
[17] Géczy, L: Magy. Kém. F o ly ó ira t, 70, 156 (1964); Makromol. Chem., 90, 161 (1966)
[18] Géczy, L: Acta Chim. A cad. Sei. H ung., 45, 131 (1965); Magy. Kém. Folyóirat, 71,

216 (1965)
[19] Géczy, I.: Magy. Kém. F o ly ó ira t, 71, 551 (1965); Polym er Revs., 2, 556 (1966); J . Pol.

Sei. (С), 16, 2991 (1967)
[20] Géczy, I.: Kolor. É rt., 10, 237 (1968); Acta Chim., Acad. Sei. H ung., 66, 77 (1970)
[21] Géczy, I.: Magy. Kém. F o lyó ira t, 80, 237 (1974); A cta Chim. Acad. Sei. H ung., 84,289

(1975)
[22] Géczy, I.. М.-Szabad, K .: A c ta  Polym ., 30, 634 (1979); Kolor. É rt., 21, 134 (1979)
[23] G é c z y , I.: Magy. Kém. Fo lyó ira t, 81, 177 (1975); Tenside, 14, 64 (1977)
[24] B o n o r a , G. M., T o n io lo , C.: Biopolymers, 13, 2179 (1974)
[25] Reig, F., Valencia, G., Garcia, J .  M.: Invest. Inform . T ext. Tensioact., 21, 203 (1978)
[26] Ledwith, A., Chiellini, E ., Solaro, R.: Macromol., 12, 240 (1979)
[27] Bystrickly, S., Kohn, R ., Sticzay, T.: Collection Czechoslov. Chem. Comm un., 44, 167

(1979)
[28] Géczy, I.: Magy. Kém. F o lyó ira t, 70, 244 (1964); Zhurn. Prikl. K him ., 40, 348 (1967)

I s tv á n  Géczy 
Gize lla  B úzás

H -1054 B u d a p e s t,  A lk o tm án y  u . 9 —11.

A cta  C him . Acad. Sei. Hung. I l l , 1982



EQUILIBRIUM GEOMETRIES OF URACIL 
AND SOME OF ITS DERIVATIVES BY  

THE CNDO/2 METHOD

L . H a r s ÁNYI1* and P . CSÁSZÁR2

( l Hungarian Academy o f Sciences Research Laboratory for Inorganic Chemistry, 
Budapest, 2 Department o f General and Inorganic Chemistry, Eötvös Loránd\ 

University, Budapest)

Received October 12, 1981

A ccepted for publication December 1, 1981

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 111 (3), pp. 351 — 369 (1982)

The equilibrium  geometries for isolated molecules of uracil, th ym ine  (5-methyl- 
uracil) and five o ther m ethylated  uracils, (1-m ethyl, 3-iyethyl, 6-m ethy l, 1,3-dimethyl 
and 5,6-dimethyl) as well as two different aza-uracils (5-aza and  6-aza) w ere calculated 
by P u la y ’s force m ethod  [1] taking advantage of N a l e w a js k i’s algorithm  [2]. The 
param eters are com pared to  X -ray  diffraction da ta  in crystals and to  each o ther within 
this series of com pounds.

In tro d u c tio n

P yrim id ine  bases a re  c o n stitu en ts  o f  nucleic acids an d  p la y  a n  im p o rta n t 
role in  basic b io logical processes. T h e ir reac tio n s are  o ften  m odelled  in  solid 
s ta te  [3] and  hence  sev era l p ap ers  deal w ith  th e ir  c ry s ta l s t ru c tu re  [4, 5].

On th e  o th e r  h a n d , l i t t le  a t te n tio n  has been  p a id  to  th e  geom etries of 
iso la ted  m olecules th o u g h  th e  know ledge o f  these  geom etries is n ecessary  for 
s tu d y in g  some th e o re tic a l aspects o f  im p o r ta n t p h en o m en a  su ch  as p h o to 
d im eriza tion  [6] o r  fo r ca lcu la ting  th e  th eo re tica l v ib ra tio n a l sp e c tra  in  th e  
gas phase [7].

Some ca lcu la tio n s o f geom etries in  th e  gas phase  h a v e  a lre a d y  been 
re p o rte d  [8, 9]. H o w ev er, these  resu lts  a t  M IN D O /2 level [9] a re  r a th e r  d o u b t
fu l, as th e  enol ta u to m e r  has been re p o rte d  to  be en erg e tica lly  m ore  stab le  in 
c o n tra d ic tio n  to  th e  ex p erim en t show ing exclusively  th e  s ta b il i ty  o f  th e  keto 
ta u to m e r  [10].

In  th e  p re se n t p a p e r , ca lcu la tions for all th e  d ik e to  ta u to m e rs  were 
u n d e rta k e n  b y  th e  C N D O /2 m ethod . T h e  choice of th is  a p p ro a c h  is ju stified  
b y  th e  following rea so n s:

i) W ith in  th e  CN D O  ap p ro x im a tio n  th e  d iketo  ta u to m e rs  o f  u rac il and  
th y m in e  were fo u n d  to  be energetically  m ore stab le  b y  43.4 a n d  49.2 k J  m o l-1, 
respective ly , th a n  th e  enol form  [11]. T h is is in  accordance w ith  spectroscopic 
re su lts  [10, 12, 13], th u s  th e  preference o f th e  d iketo  form  is su p p o sed  for the  
o th e r  deriv a tiv es , to o .

* To whom correspondence should be addressed

8 Acta Chim. Acad. Sei. Hung. l l J r 1982



3 5 2 HARSÁNYI, CSÁSZÁR: GEOMETRIES OF URACIL DERIVATIVES

ii) T he calcu lated  e q u ilib riu m  geom etries w ere  fo u n d  to  be useful fo r th e  
c a lc u la tio n s  of v ib ra tio n a l s p e c tra  a t CNDO lev e l [7].

iii) I f  th e  sam e e m p iric a l m eth o d  is ap p lied  fo r  th e  ca lcu la tio n  o f th e  
g e o m e trie s  in  a series o f co m p o u n d s  w ith  s im ila r s tru c tu re s  as th e  erro rs are  
(su p p o se d  to  be) sy s te m a tic , th e  re la tive  chan g es in  th e  geom etries due  to  
s u b s t i tu t io n s  are expec ted  to  b e  co rrectly  show n a n d  so i t  is possible to  d raw  
c o n c lu s io n s  on su b s titu tio n  e ffec ts .

M ethods of calculation

T h e  equilibrium  g e o m e try  o f a m olecule is th e  con fig u ra tio n  o f nucle i 
w h e re  th e  m olecular en erg y  h a s  a global m in im u m , i.e. w here th e  ac tin g  
n u c le a r  forces (the  n eg a tiv e  g ra d ie n ts  of energy  w ith  re sp ec t to  nu c lea r co
o rd in a te s )  van ish  and  th e  m a tr ix  of force c o n s ta n ts  (second deriv a tiv es  o f 
en e rg y ) is positive d e fin ite .

O,0

127.8
(124.3)

118.0 II

Fig. 1. C alculated distances (in pm ) a n d  angles (in degrees) in uracil compared to  X -ray
diffraction  d a ta  [4] (in parentheses)
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W e applied  P u l a y ’s force m e th o d  [1]: th e  firs t d e r iv a tiv e s  w ere cal
c u la te d  an a ly tica lly  an d  th e  second d iffe ren tia tio n  was n u m erica l.

In  th e  w idely  used  ite ra tiv e  p ro ced u res  for geom etry  o p tim iz a tio n  the  
n u c le i a re  d isplaced in  each step  p ro p o rtio n a lly  to  th e  forces a c tin g  on them  
u n t i l  th e  m in im um  o f energy  is reach ed . T h e  m ethod  req u ires , in  each  step, 
th e  ca lcu la tion  o f  th e  energy  invo lv ing  a r a th e r  tim e-consum ing  S C F  ite ra tio n . 
T a k in g  a d v a n ta g e  o f  N a l e w a js k i’s alg o rith m  [2], one ca n  considerab ly  
re d u c e  th e  co m p u tin g  tim e .

Fig. 2. Calculated equilibrium  geometry of 1-Me-U. The values in paren theses are the corre
sponding calculated ones of uracil. W hen there is no difference between th e  calculated  param 
eters of uracil and its derivative, the values o f uracil are om itted. D istances in pm , angles

in degrees

8 * Acta Chim. Acad. Sei. H ung, i l l ,  1982
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Old

Fig. 3. C alculated equilibrium geom etry  of 3-Me-U. For ex p lana tion  of values in  parentheses
see legend of Fig. 2

«

F o llo w in g  N a l e w a i s k i ’s m e t h o d ,  th e  m o l e c u la r  e n e r g y ^  can  b e  e x 

p re s se d  as •] I j  j ' j
E  =  E{ C ,r) j j j

w h e re  th e  param eters C a re  t h e  LGAO MO co effic ien ts  in  th e  SCF ite ra tio n  
a n d  r  c o n ta in s  th e  n u c le a r  co o rd in a tes . I t  c an  b e  sh o w n  [2] th a t  sev era l 
n u c le a r  con fig u ra tio n s o f  d if fe re n t  m olecular energ ies c a n  be  a tta c h e d  to  a  g iven  
C°, i.e . t o  a given e lec tron ic  d is tr ib u tio n . O nly one o f  th e se  nuclear co n fig u ra 
t io n s  ( r0)* has an  energy  (E°) w h ic h  is on th e  “ re a l”  e n e rg y  surface (E) o f  th e  
m o lecu le , w hile th e  energies c o rre sp o n d in g  to  th e  o th e r  n u c lea r  con figu ra tions 
d e sc rib e  a  “ pseudo en erg y ”  su rfa c e :

E,  =  E ^ ,  r)

* U pper indexes correspond to  th e  real energy surface, low er indexes to the pseudo 
energy surface.
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Fig. 4. Calculated equilibrium geom etry of 1,3-diMe-U. For explanation of values in parentheses
see legend of Fig. 2

T h ere  is a m in im um  r a)] on th is  pseudo energy surface a n d  £ ™ n <  E°.
T h e n uc lear co n fig u ra tio n  (га) is closer to  th e  equilib rium  g e o m e try  (req) th a n  
th e  s ta r tin g  co n fig u ra tio n .

On th e  o th e r h a n d  E™in ]> E 1, i.e. th e  m inim um  o f th e  p seu d o  energy 
su rface  is above th e  “ re a l”  energy  su rface . To ge t th e  rea l v a lu e  (E l) fo r the 
m o lecu la r energy  o f  r j ( =  r 1), one ca lcu la tes  th e  new e lec tro n ic  d is trib u tio n  
C1 • E 1 is m uch closer to  th e  global m in im um  ,Eeq th a n  th e  s ta r t in g  v alue  E° 
an d  th e  local m in im um  2?™n. T h e  process described  above is r e p e a te d  for C1: 
th e  pseudo m inim um  [^^""(C 1, r2)] co rrespond ing  to  th is  e lec tro n ic  d is trib u 
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t io n  y ie ld s  th e  nuclear c o n f ig u ra tio n  r2, w hich is a g a in  closer to  th e  eq u ilib rium . 
A f te r  th e  calculation  o f  C 2 a n d  E 2 th e  sam e p rocess is  re p e a te d  u n til  th e  g lobal 
m in im u m  E eq on th e  t o t a l  e n e rg y  surface is re a c h e d . T h ree  or fou r steps are 
e n o u g h  in  general.

F o r  te s tin g  p u rp o se s  a n o th e r  type  o f c a lc u la tio n s  was also app lied  in  
o u r  w o rk :  th e  “ m eth o d  o f  fo rc e  re lax a tio n ”  in  w h ich  th e  in fo rm atio n  co n ta in ed  
in  t h e  second d e riv a tiv e s  is  explo ited  [1]. N a m e ly , h av in g  a co n fig u ra tio n  
c lo se  to  th e  equ ilib rium  a n d  a  correct harm onic fo rce  fie ld  (F 0), th e  necessary  
d isp la c e m e n ts  (Aq) to w a rd s  t h e  equilibrium  g e o m e try  a re  given, in  one s tep , by :

Aq =  F^cpo

w h e re  q is th e  vecto r o f  in te r n a l  coordinates a n d  qp0 t h a t  o f th e  in te rn a l forces»

Fig. 5. Calculated equilibrium geom etry of 5-Me-U (thymine). For explanation of values in
parentheses, see legend of Fig. 2
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In  th e  genera l case, F 0 is a p p ro x im a te ly  know n and  th e  en e rg y  su rface  
is n o t harm o n ic , th e  o p tim u m  g eo m etry  c a n n o t be reached in  one  s te p  and  
th e  follow ing i te ra tiv e  fo rm ula  m u st be ap p lied :

ql+1 = 9,- +  f0-V (

T h e  correc tness o f  th e  ap p ro x im ate  fo rce  c o n s ta n ts  F 0 influences th e  r a te  of 
convergence only , b u t  n o t th e  fin a l c o n fig u ra tio n . The correction  o f  fo rce  con
s ta n ts  d u rin g  th e  p ro ced u re  accelera tes th e  convergence — g en e ra lly  th ree  
o f fo u r s tep s  a re  en o u g h  [1]; th e  m o d ified  fo rce  constan ts  due to  t h e  lim ited  
n u m b e r o f i te ra tiv e  s tep s , how ever, a re  s till n o t  accu ra te  enough fo r  a ll p u r
poses (e.g. for th e  ca lcu la tio n  of v ib ra tio n a l spectrum ).

O,o

117.8

Fig. 6. Calculated equilibrium geometry of 6-Me-U. For explanation of values iu parentheses,
see legend of Fig. 2

Acta Chim. Acad. Sei. H ung . I l l , 1982



358 HARSÁNY!, CSÁSZÁR: GEOMETRIES OF URACIL DERIVATIVES

Оц,

Fig. 7. C alculated equilibrium geom etry of 5,6-di-Me-U. F o r explanation of values in paren
theses, see legend of Fig. 2

R esu lts  and D iscussion

T h e  above ca lcu la tio n  w as applied  to  th e  m e th y l-su b s titu te d  u rac lis  
(1-M e, 3-M e, 5-Me, 6-Me, 1,3-diM e, 5,6-diMe)* a n d  azau racils  (o-aza an d  6 -aza). 
T he r e s u lts  o b ta in ed  are  p re se n te d  in  Figs 1 — 9 a n d  in  Tables I  and  I I .  A ll 
d is ta n c e s  a re  in  p icom eters, all angles in degrees.

G en era l r e m a rk s

T h e  ca lcu la ted  geom etric  p a ram ete rs  of u ra c il are  com pared to  X - ra y  
d if f ra c tio n  d a ta  [4] in  F ig . 1. B ecause of th e  in h e re n t  indeterm inacies o f  b o th  
th e  c a lc u la te d  and  e x p e rim e n ta l d a ta  used  h e re  fo r  com parison, differences 
sm alle r th a n ,  say, 1.5° w ill n o t be discussed he re .

* In  all w hat follows the abbreviations U for uracil and  Me for methyl will be used.
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Table I

Comparison o f bond angles (in degrees)

Compounds + +

Angles*

О

Еэ
A
Щ

D
V
M

Ep
V
Я
iA

P
A
SB
\Ó 1,

3-
di

M
e-

U

5,
6-

di
M

e-
U

tp
Яsя
»A

ЕЭ
ЯNЯ
ó

R i n g :

C2—Nj Ce 121.7 119.7 121.7 121.8 124.3 119.8 124.0 120.7 125.9
N 3 Cj—Nj 114.9 116.2 116.1 114.3 115.0 116.9 114.3 113.4 114.5
c 4 n 3- c2 126.2 126.1 124.2 126.1 125.2 124.5 125.6 124.7 123.6
C5 c4- n 3 115.5 115.0 116.6 117.2 115.5 116.2 117.1 119.3 114.1
C6= c 5 c , 119.3 119.4 119.3 116.3 122.0 119.0 118.7 — 123.7
N , - C 6 C5 122.4 123.5 122.0 124.2 118.0 123.5 120.3 126.3 —
C ,- N ,  H , 118.8 118.7 118.7 116.9 — 117.4 119.2 119.9
0 8= C 2—N, 121.9 121.5 120.9 122.1 121.5 120.8 122.2 122.4 121.3
H 9- N 3- C , 115.7 116.0 — 116.1 116.5 — 116.4 117.3 117.2
O]0=  C4 —N3 118.0 118.1 117.8 117.3 117.8 117.4 117.0 119.0 119.0
H „ - C , - C 4 119.1 119.0 119.0 117.6 119.3 — 120.3
H 12 C6=  c5 123.8 122.6 123.9 122.8 — 122.7 — 112.2 —
c e= N 5 c4 — — — — — — — 115.6 —

N , - N 6= C e — — — — — — — — 118.2

C m e , - r i n g — 120.2 114.8 120.9 126.3 119.6 119.5 — -

С т е , - Г>пб — — — — — 116.6 125.0 — —

Substituent

Hi 3 - Cme:- ring — 111 .1 111.0 113.3 113.0 111.0 113.1 — —

H14- C mei-rin g — 1 1 1 .7 111.7 112.2 111.2 111.8 112.6 — -
His Cm2t — ring - 1 1 1 .7 111.7 112.2 111.2 111.8 112.6 — —
H13 “ Cm6l —H14 — 107.4 107.5 106.4 107.3 107.5 106.1 — -
H,3 Cmei-  H15 — 107.4 107.5 106.4 107.3 107.5 106.1 — -
HiB - Cm e,-ring - - - - 110.8 113.4 — -
Hi7~Cmei—ring - — - — - 111.9 111.1 — -
^18 Cme2~ r*nS - - - — - 119.9 111.1 — -
H]G ~ Cmga H17 — — — — - 107.5 107.2 - -
^16 ^mej H18 — — — — — 107.5 107.2 — —

Numbers refer to indexes of atom s in Figs 1 9  
+ + Notations: U =  uracil; Me =  m ethyl; diMe =  dimethyl
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Table II

Comparison o f bond lengths (in pm )

Compounds * *

Type of bond*

в

.
9

i 3-
M

e-
U

A
S
in

s
S{S
Ю 1,

3-
di

M
e-

U

O)
1
'S
vO
in

íp
a
a
m 6-

az
a-

U

R i n g :

N j - C j 138.4 138.7 138.5 138.2 138.4 138.9 138.2 138.4 138.2

c 2 - n 3 137.9 137.9 138.2 137.8 137.7 138.2 137.6 137.5 137.3

N 3 C4 138.9 139.0 139.5 139.0 139.1 139.6 139.0 138.9 138.6

C4- C 6 143.5 143.4 143.5 144.3 143.1 143.4 144.0 138.7 143.2

Сб= С 6 134.3 134.3 134.3 135.2 135.6 134.3 136.6 130.5 130.4

I ^ - C . 137.9 138.5 137.9 138.0 139.1 138.4 139.0 136.9 131.0

N i - H , 106.4 — 106.5 106.4 106.6 - 106.5 106.5 106.8

c . = o s 127.8 127.9 127.9 127.9 127.9 127.9 127.9 127.7 127.8

N 3-  H 9 106.7 106.7 - 106.7 106.6 — 106.6 106.5 106.7

C 4 = O 10 127.8 127.8 127.9 127.8 127.9 127.9 127.9 127.4 127.9

C 5 - H n 111.2 111.3 111.3 111.4 111.3 — — 111.2

C 6 H 12 111.7 111.8 111.7 111.9 — 111.9 — 111.9 —

^ r in g  ^ m eth y l — — - 145.8 145.3 — 145.9 - -
- — — — 145.5 — —

N r in g  ^m eth y l - 141.0 - — — 141.0 - - -

— — 141.2 — — 141.2 — — —

S ubstituent

^ m e th y l -^-methyl — — — — — — — — —

C m e ,- H i3 — 111.2 112.0 111.9 111.8 112.0 112.0 - —

^ m e i H 14 — 112.1 112.1 112.1 112.0 112.1 112.2 - —

^ m e t  H i s — 112.1 112.1 112.1 112.0 112.0 112.2 — —

C m e , H w — — - - — 112.0 111.9 - —

C m e2 ^ 1 7 — — - - — 112.0 112.0 — —

* Numbers refer to  no ta tions of Figs 1 — 9
** Notations: Me =  m ethyl; diMe =  dimethyl

T h e  re la tiv e ly  la rg e  d ifferences in th e  c a lc u la te d  an d  experim en ta l enco
r in g  b o n d  angles m ay  be a n  in d ica tio n  of th e  s t ru c tu ra l  differences in  th e  solid 
p h a se  as com pared  to  free  m olecules.

W h en  discussing c a lc u la te d  bond len g th s  c o m p a re d  to  the  ex p erim en t, 
one  h a s  to  consider t h a t  th e  CN D O  values m a y  b e  g re a te r  b y  3 — 5 pm  th a n
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Ош

127.1

'"'W 1.7 
( 120.Э)

II ,
Fig. 8. Calculated equilibrium  geometry of 5-aza-U . For explanation of values in parentheses

see legend of Fig. 2

th e  b e s t e x p e r im e n ta l  p a ram e te rs  (o b ta in e d  b y  m icrow ave or e lec tro n  d iffrac
t io n  sp e c tro sc o p y ) o f  equ ilib rium  g e o m e try  fo r free m olecules. T h is  d ifference 
m a y  in c re a se  w hen  exp erim en ta l v a lu e s  a re  ta k e n  from  X -ra y  ex p e rim en ts , 
e sp ec ia lly  fo r  th e  C H  an d  N H  bonds. N ev erth e less , as show n in  F ig . 1, ex p e ri
m e n ta l a n d  c a lc u la te d  bond len g th s  in  th e  rin g  agree sa tis fa c to r ily , only  
th o se  o f  C H , N H  a n d  CO, ou tside  th e  r in g , differ considerab ly .

I n  o rd e r  to  d raw  some conslusion  o n  th e se  bond  leng ths, w e re fe r  to  th e  
ex a m p le  o f  a q u a lita tiv e ly  sim ilar c o m p o u n d s : th e  sim plest an d  hence  m ost

I
s tu d ie d  m olecu le  co n ta in in g  an  0  =  C — N  lin k ag e , i.e. fo rm am id e . T h e  com 
p a riso n  o f  b o n d  len g th s  is p resen ted  in  T ab le  I I I .  One can see t h a t  th e  X -ra y  
values o f  N —H  a n d  C — H  bonds in  so lid  p h ase  (1st colum n) d iffe r as m uch 
fro m  th e  g as  p h ase  values [ex p e rim en ta l (2nd  colum n) or ca lc u la ted  (3 rd  and  
4 th  co lu m n s)]  as in  th e  case o f u rac il. I t  is to  be rem arked , h o w ev er, t h a t  th e  
X -ra y  v a lu e s  [14] fo r these bond  le n g th s  a r e  v e ry  in accu ra te  a n d  th e  real 
v a lues in  solid  p h ase  m ay differ from  th e m . I n  th e  gas phase, on th e  c o n tra ry ,
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Table III

Characteristic bond lengths o f form am ide  (in  pm )

Bond type X-ray diffraction 
data [4]

Gas electron 
1 diffraction data [15]

Ab initio 
calculations [14]

CNDO/2
calculations [16

N  — H 91.0 102.7 102.0 106.9

C - H 88.0 112.5 110.0 112.2

C = 0 124.3 121.2 121 .6 126.8

(th e  b e t te r  accu racy  o f th e  ex perim en ts is im p ro v e d  b y  th e  agreem ent o f  gas 
e le c tro n  d iffrac tio n  [15] an d  ab initio  d a ta  [14] fo r  fo rm am ide.

O n  th e  o th e r h a n d , th e  tr e n d  o f change in  th e  C = 0  bond  le n g th  does 
n o t sh o w  th e  sam e re g u la r ity  as th o se  o f N  — H  a n d  C — H . The d iscussion is 
all th e  m o re  in te re s tin g  as im p o r ta n t  conclusions can  be d raw n fo r u ra c il. 
B o n d  le n g th s  ca lcu la ted  b y  CN D O /2 exceed X - r a y  d iffrac tion  d a ta  e q u a lly  
fo r u ra c il a n d  fo rm am id e . I t  is u n fo rtu n a te  t h a t  no  gas e lectron  d iffrac tio n  a n d  
ab in itio  d a ta  are av a ilab le  fo r  u rac il.

Om

F ig .  9.  C a l c u l a t e d  e q u i l i b r iu m  g e o m e t r y  o f  6 - a z a - U . F o r  e x p l a n a t i o n  o f  v a lu e s  in  p a r e n t h e s e s ,
se e  l e g e n d  o f  F ig .  2
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B ecause o f  th e  im p o rtan ce  o f  th e  p e p tid e  linkage in  b io logy , th e  C = 0  
b o n d  le n g th  in  fo rm am ide has been  s tu d ie d  b y  several au th o rs  (e.g. [14, 15, 17]) 
a n d  i t  w as concluded  th a t  th e  v a lu e  o f  121.2 pm  [15] ch a rac te rizes  th e  in d e
p e n d e n t m olecules in  th e  gas p h ase , w hile  t h a t  o f 124.3 pm  [14] th e  hyd rogen - 
b o n d ed  C =  0  in  c ry s ta l phase . I n  th e  lig h t o f th is  th e  r a th e r  la rg e  values 
o b ta in e d  b y  th e  CNDO/2 ca lcu la tio n  (126.8 pm  [16]) m u s t be a t t r ib u te d  to  
an  e rro r  o f th e  m eth o d . This e rro r is sy s te m a tic  as th e  m e th o d  y ie ld s  as large 
v a lu es  fo r th e  C = 0  bond  len g th s  in  fo rm am id e  as in  u rac il a n d  in  its  eight 
o th e r  d e riv a tiv e s  (T able I I I  a n d  F igs 1 — 9).

T h is sy s te m a tic  ch a ra c te r  o f  th e  e rro rs  allow ed th e  co m p ariso n  o f  the  
p re se n t ca lcu la ted  geom etrical p a ra m e te rs  w ith  those  o f o th e r  m olecules ca l
c u la te d  b y  th e  sam e (CNDO/2) m e th o d  a n d  p e rm itte d  to  d raw  som e q u a lita tiv e  
conclusions on th e  ring  s tru c tu re  o f  th e  p y rim id ine  bases con sid ered . The 
com p ariso n  o f th e  d a ta  p resen ted  in  T ab le  IY  shows th a t  th e re  is an  e thene- 
like C5= C e double bond an d  an  e th a n e  ty p e  C4—C5 single b o n d  in  u racil. 
T h e  r in g  o f u rac il (and  its  d e riv a tiv e s  considered  here) w ere fo u n d  to  be p lan a r 
h ow ever, th e  s tru c tu re  is b asica lly  d iffe re n t from  th e  benzene-like  p y rim id in e  
(show n in  F ig . 10). T here is p ra c tic a lly  no  co n ju g a tio n  in  u rac il a n d  its  d e riv 
a tiv e s ; th is  s ta te m e n t is also su p p o r te d  b y  th e  sm all va lu es  o f  re spec tive  
o ff-d iagonal force co n stan ts  [7]. T h u s , th e  pyrim id ine bases considered  here 
h av e  no p y rim id in e  s tru c tu re .

H

\
120.8

Fig. 10. Calculated distances (in pm ) and  angles (in degrees) in pyrim idine [19]
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Table IV

Comparison o f some characteristic calculated bond lengths (in  p m ) to those o f uracil 
(a ll ca lcu la tion s b y  th e  C N D O /2 m eth o d )

Type of bond Reference compound Ref. Uracil

c -c E th an e: 146.0 [18] 143.5

c c P yrim id in e: 138.0 [19] -
c=c E th en e: 131.0 [18] 134.3

c=o F orm am ide: 126.8 [16] 127.8

F u rth e rm o re , ow ing to  th e  sy s tem a tic  c h a ra c te r  o f th e  erro rs on th e  
c a lc u la te d  v a lu es , a co m p ariso n  w ith in  th e  series o f  u rac il derivatives is also 
possib le .

C o m p a r is o n  o f  ca lc u la te d  bond  a n g le s  a n d  b o n d  leng ths  

M e th y l  s u b s t i tu te d  u r a c ils

I t  is w ell know n th a t  th e  su b s titu tio n  o f a h y d ro g en  by  an  e lec tron- 
d o n a tin g  g roup  induces a c h a ra c te ris tic  len g th en in g  o f  th e  rin g  and  th e  d im in u 
tio n  o f  th e  b o n d  angle a t  th e  p o in t o f su b s titu tio n . T h is effect m ust be accom 
p a n ie d  b y  o th e r  changes in  th e  rin g  geom etries in  o rd er to  conserve r in g  
p la n a r i ty .

T h e  effect o f su b s ti tu tio n , how ever, p ra c tic a lly  does no t ex ten d  over 
th e  b o n d s  a n d  angles n e ig h b o u rin g  th e  su b s titu tio n . A s can  be seen in  T ables I  
a n d  I I ,  th e  a d ja c e n t bonds a n d  angles are  th e  o n ly  a ffec ted  ones.

iV -m e th y l-su b s titu tio n  in  u rac il y ields a  ch an g e  o f —2.0 degrees in  th e  
b o n d  an g le  a t  th e  p o in t o f su b s titu tio n  an d  1-1.1 degrees in  th e  a d ja c e n t 
ang les; v a lu es  w hich  a re  s lig h tly  d ifferen t in  th e  d isu b s titu te d  com pounds 
(see 1-M e, 3-Me an d  1,3-diM e in  T ab le  I). T h is ch an g e  is accom panied  b y  a 
le n g th e n in g  o f th e  b o n d s b y  0.3 — 0.6 pm  eq u a lly  fo r th e  mono- or d isu b s ti
tu te d  d e r iv a tiv e s  (T able  I I ) .

E ffe c ts  of C -m e th y l-su b s titu tio n  are n o t as re g u la r  as those of IV-sub- 
s ti tu t io n . W hile  th e  change in  th e  C4C5C6 b o n d  an g le  due to  C5-m eth y la tio n  
of u ra c il a m o u n ts  to  — 3.0 degrees [com pare cols, o f  5-M e-U (thym ine) a n d  
u rac il in  T ab le  I ] ,  th is  change is m u ch  la rger for C0-m e th y la tio n : —4.4 degrees 
(co m p are  fo r 6-M e-U  a n d  U in  T ab le  I ) . T h e  neighbouring  rin g
angles ch an g e  b y  1.7 degrees fo r th y m in e  a n d  b y  2.7 degrees fo r 6-M e-U.

O f co u rse , th e  la rg e r th e  d e fo rm atio n , th e  la rg e r  th e  leng then ing  of th e  
a d ja c e n t b o n d s : th e  double  b o n d  len g th en s  b y  0 .9  p m  in  th e  case o f th y m in e  
an d  b y  1.3 pm  in  th e  case o f 6-M e-U , while th e  s ing le  b o n d s change b y  0.8 p m  
(C4C5 b o n d  fo r th y m in e ) an d  1.2 p m  (N jC6 b o n d  fo r  6-M e-U), respective ly .
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T hough th e  tw o  C -m eth y la tio n s seem  to  b e  iden tica l (b o th  m e th y la tio n s  
ta k e  p lace on a doub le  b o n d ed  C a to m , see F igs. 5 and  6), th e  d e fo rm ations 
due  to  M e-su b stitu tio n  are  s ig n ifican tly  d iffe ren t. T he origin o f  th is  is th a t  
th e  C5 an d  C6 a to m s a re  n o t iden tica l, th e  to ta l  n e t  charge on th e m  is of oppo
s ite  sign: C5 is n e g a tiv e  w ith  —0.145 a .u . w hile  Ce is positive w ith  0.179 a.u. 
(H ere  we used ou r ca lcu la ted  values w h ich  a re  only  s ligh tly  d iffe ren t from  
th o se  o f  ref. [13].) T he “ n eg a tiv e ly  ch arg ed ”  C6 is less in fluenced  b y  th e  m ethy l 
g ro u p  th a n  th e  “ p o s itiv e ”  Cc and  th e  th y m in e  r in g  endures sm aller defo rm ation  
re la tiv e  to  th e  u rac il r in g  th a n  th a t  of 6-M e-U .

In  th e  case o f  5,6-diM e-U , d isu b s titu tio n  is supposed  to  re su lt in  a 
su p e rp o sitio n  o f th e  above  described effect. A s th e  su b s titu tio n s  ta k e  p lace on 
a d ja c e n t a tom s here , th e  changes in  th e  enrfo-ring bond angles a n d  ring  bonds 
sh o u ld  be ad d itiv e . F o r  ca lcu la tin g  th e n  th e  su b s titu tio n  effects in  5,6-diM e-U 
b y  ta k in g  in to  acco u n t th e  above o b serv a tio n s fo r m o n o su b stitu tio n , ad d itiv e  
fo rm u las  could be  u sed , e.g. for th e  ring  ang les:

* í u +  ^  * Í [ (5 -M e -U ) -U l  +  ^  ^ [ ( e - M e - U ) - U l  =  ^ 5 ,6 - d l M e - U

i.e., th e  new angle in  5,6-diM e-U  is th e  sum  o f th e  original one in  u rac il and 
a n d  th e  d ifferences o f angles caused  b y  5- a n d  6 -m eth y la tio n s, re su ltin g  for 
th e  C4C5C6 angle in

119.3° — 3.0° +  2.7° =  119.0° 

or fo r th e  CsCeN j angle in  122.4° +  1.7° -  4.4° 119.7°.

T h e  com parison  o f th e se  values w ith  th o se  o f  T ab le  I  (118.7° an d  120.3°- 
respec tive ly ) in d ica tes  t h a t  th e  changes in  th e  bond  angles due to  d im eth y la - 
t io n  could be well p re d ic te d , show ing th e  v a lid ity  of th e  a d d itiv ity  o f  m e th y la , 
t io n  effects.

The a d d itiv ity  is also verified  for th e  changes in th e  b o n d  leng ths as 
th e  len g th  o f th e  doub le  b o n d  can be co rrec tly  p red ic ted : 134.3 -f- 0.9 -f- 1.3 =  
=  136.5 pm  vs. 136.6 pm  in  T able I.

Aza-uracils
C o n tra ry  to  th e  m e th y la tio n  consid ered  above, th e  rep lacem en t of a 

— C H  group b y  a n itro g en  inside th e  rin g  m eans a ra th e r  d ra s tic  change 
in  th e  rin g  itse lf. D ue to  th is , a global d is to rtio n  o f  th e  ring  s tru c tu re  is expected . 
S u rp ris in g ly , how ever, th e  resu lts  show th a t  th e  local defo rm atio n s rem ain  
p red o m in an t. T his m ig h t be connected  w ith  th e  isoelec tron ic ity  o f  th e  — N =  
an d  th e  CH g roups.

T he change o f  th e  C5 — H  group to  N 5 fo r 5-aza-U  an d  th e  Ce— H  one 
fo r  N e in  th e  case o f  6 -aza-U  is en ta iled  b y  a decrease o f th e  ang le  b y  3.7 and  
4.2 degrees, re sp ec tiv e ly , a t  th e  p o in t o f  su b s titu tio n . T h e  neighbouring
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an g le s  increase  b y  3.8 a n d  3 .9  degrees in  5 -aza-U , w hile  b y  4.4 and  4.2 degrees 
in  th e  6 -aza  d e riva tive .

A s fo r th e  bond le n g th s , o n ly  th ree  im p o r ta n t changes can  be o bserved  
w ith  re sp e c t to  uracil: th o se  d u e  to  th e  rep lacem en t o f th e  C = C  b o n d  b y  th e  
C = N  b o n d , th e  С—C b y  th e  C — N  an d  th e  C6—N  b y  th e  N —N  b o n d . I n  Figs 
8 a n d  9 th e  bond leng ths o f  az a -u rac ils  and  u rac il (in  paren theses) are  co m p ared , 
w h ile  T a b le  V shows th e  co m p ariso n  of th e se  b o n d  len g th s  to  c h a ra c te r is tic  
b o n d  le n g th s  of o ther m olecu les.

Table V

Comparison o f C—N  and N —N  bond lengths in different compounds

Type of bond Compound* Reference R (in pm)

C - N M eth y la m in e  (C alc.) [18] 140.0

P yrro le (C a lc .) [19] 138.2

[P yrro le (M W )] [20] (137.0)

C ^ N P y rid in e  (C alc .) [19] 134.4

[P y r id in e  (M W )] [21] (134.0)

P y r im id in e  (C alc.) [19] 134.2

C = N M eth y len im in e  (C alc.) [18] 128.0

[lY -M eth ylen im in e (M W )] [22] (130.2)

C = N [A ceto n itr ile  (M W )] [23] (115.7)

c « - - n , 5 -aza-U  (C a lc .) P resen t 138.7

C4 — N 3 5 -aza-U  (C a lc .) P resen t 138.9

C e - N j 5-a za -U  (C a lc .) P resen t 136.9

О о II 2 5 -aza -U  (C a lc .) P resen t 130.5

c 5= n 6 6 -a za -U  (C a lc .) P resen t 130.4

N  - N [H y d r a z in e  (M W )] [18] (145.0)

[T h ia d ia zo le  (M W )] [24] (137.1)

P yra zo le  (C alc.) [19] 131.8

P y r id a z in e  (C alc.) [19] 128.1

N ü iN [P y r id a z in e  (M W )] [25] (133.0)

N = N A zyn e (C a lc .) [18] 122.0

[A zo m e th a n e  (E D )] [26] (124.7)

N . - N , 6 -a za -U  (C a lc .) P resen t 131.0

* C a lcu lated  values are to  b e  co m p ared , exp erim en ta l v a lu es  are in  parentheses  
N o ta tio n s :  E D  =  Gas electron  d iffra c tio n  

M W  =  M icrowave sp ec tro sco p y  
C alc. =  Calculated v a lu es b y  th e  CNDO /2 m eth od
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In  5-aza-U , one can  observe th a t  a single C — N bond  fo rm s betw een  the  
C4 an d  N5 a tom s, th e  sam e ty p e  as th a t  b e tw een  N 3 an d  C4. ( I ts  num erical 
v a lu e  o f 138.7 pm  agrees w ell w ith  th e  ca lcu la ted  138.9 pm  b e tw een  N 3 and 
C4.) T he com parison  o f  th is  bo n d  len g th  to  th e  ca lcu la ted  C — N  b o n d  in  m ethyl- 
am ine , 140.0 p m  [18], show s th a t  th e  C4—N 5 an d  C4—N 3 sing le  b o n d s are 
on ly  s ligh tly  c o n ju g a te d . (C o n ju g a ted  C — N bond  len g th s  a re  less, ab o u t 134 
p m ; see ca lcu la ted  va lu es  fo r p y rid in e  an d  py rim id in e  in  T ab le  Y a n d  Fig. 10.) 
T h e  Ce — N , bond  is a l i t t le  sh o rte r  (136.9 pm ) th a n  in  U (137.9 pm ) w ith a 
ca rb o n  a tom  (C6) m uch  m ore p o sitiv e ly  charged  (see T ab le  V I). T h e  com parison 
o f  th e  bond  len g th  fo r Ce= N 5 (130.5 pm ) to  th e  ca lcu la ted  C =  N  b o n d  length 
in  m ethy len im ine  (128.0 pm  [18]) proves th a t  a double b o n d  is p re se n t here.

T he com parison  o f  th e  C —N an d  N N bond  len g th s  in  d iffe ren t com 
p o u n d s is p resen ted  in  T ab le  V. To draw  q u a lita tiv e  co n c lusions, th e  values 
ca lcu la ted  by  th e  sam e m e th o d  w ere com pared ; nev erth e less  som e exp erim en ta l 
va lu es  a re  also lis ted  in  p a ren th eses .

T hough th e  sam e C =  N  bo n d  len g th  is ca lcu la ted  fo r 6 -aza -U  (130.4 pm ), 
th e  effects of th e  s u b s ti tu tio n  o f C b y  N in th e  ring  are  d iffe ren t in  th is  case. 
H e re , th e  co n ju g a tio n  b e tw een  th e  a to m s 1 an d  6 o f th e  m olecu le  is more 
p ro n o u n ced  (see F ig . 9 ): th e  N 4 — N 6 bond  le n g th  (131.0 pm ) can  be com pared 
b e s t to  th a t  o f p y razo le  (131.8 pm  [19]) in  T ab le  Y. T his sm all con jugation  
o f  th e  N  — N b o n d  is accom pan ied  b y  th e  fa c t th a t  N 6 is p o s itiv e ly  charged 
(see T ab le  Y I). T h is “ p o s itiv ity ”  o f N 0 and th e  sm all d ifference o f  to ta l  net 
charges betw een  th e  a to m s  5 an d  6 in  6-r.za-U  (especially  c o m p ared  to  the 
large  difference in  5 -aza -U , see T ab le  Y I) re su lts  in a w eak er doub le  bond in 
6-aza-U  th a n  in  5 -aza-U , th o u g h  l he h r g  1. c f  th e  doub le  b o n d  is th e  same 
in  b o th  cases.

B ased  on th e  values o f T ab le  V, one is d riv en  to  th e  id ea  t h a t  th e  reac
t iv i ty  o f these  co m pounds will be d iffe ren t in  th e  reac tio n s  o f  th e  double

Table VI

Total net charges by the CNDO/2 method for two 
characteristic atoms in the uracil ring

Molecule Atoms Total net charge 
(a.u.)

Uracil c 5 0.145

C„ 0.179

5-aza-Uracil N, — 0.251
C. 0.251

6-aza-Uracil -0 .045

N„ 0.026
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b o n d . T h is  difference is o b se rv ed  indeed  [27] b u t  th e  fa c t th a t  5 -aza-U  shows 
no  p h o to re a c tiv i ty  (in c o n tr a ry  to  th e  o ther)s, cou ld  be exp la ined  on th e  
b a s is  o f  ex ten d ed  q u an tu m  ch e m ic a l calculations o n ly  [6].

Conclusion

A s is shown, s u b s ti tu tio n  o n  th e  uracil r in g  is accom pan ied  m ain ly  b y  
lo c a l e ffec ts  co n tra ry  to  e.g. th e  benzene ring , w h ere  m e th y la tio n  leads to  
c h a n g e s  in  th e  s tru c tu re  sp re a d  a ll over th e  ring  [28]. I t  seem s th a t  th e re  are 
no  g e n e ra l rules sim ilar to  th o s e  ex is tin g  for som e o th e r  ty p e s  o f  rings an d  th a t  
each  q u a lita tiv e ly  d iffe ren t su b s ti tu tio n  on u ra c il m u s t be in v es tig a ted  
s e p a ra te ly . This la tte r  s ta te m e n t im plies a critic ism  on  a la rg e  n u m b er of th e o re t
ica l p a p e rs  publishing re su lts  o n  la rg e  and  co m p lica ted  sy stem s of p y rim id ine  
b ases  w h e re  no special a t te n t io n  is p a id  to  th e  fine  s tru c tu re  of th e  skeleton 
of u ra c il . I t  is reported , on th e  c o n tra ry , th a t  r a th e r  sm all changes in  th e  ring  
s t r u c tu r e  (e.g. those due to  6 -m e th y la tio n  or 5 -a z a ta tio n ) com plete ly  change 
th e  r e a c t iv i ty  of uracils [6, 2 7 ]. W e believe t h a t  th e  la rg e  v a r ie ty  of v e ry  
d if fe re n t  chem ical, physica l (a n d  biochem ical) p ro p e rtie s  o f u rac il deriv a tiv es  
is r e la te d  to  th e  su b s titu tio n  e ffec ts .

F in a lly , some rem ark s  on  th e  quan tum  chem ical m e th o d  we used  i.e. 
on  th e  CND O /2 a p p ro x im a tio n . T h e  reasons of o u r choice h av e  a lread y  been 
lis te d  in  th e  in tro d u c tio n . I n  sp ite  of recent c ritic ism , th is  m eth o d  rem ains 
w id e ly  u se d  and is th e  o n ly  s ta n d a rd  one applied  r a th e r  sy s tem atica lly  for a 
la rg e  n u m b e r  of m olecular sy s te m s  in  order to  p re d ic t v e ry  d iffe ren t p ro p erties .

T h e  resu lts  p resen ted  in  th is  w ork are se lf-e x p la n a to ry  an d  su p p o rt th e  
s ta te m e n t  th a t  despite of i ts  low  accuracy  in  d e te rm in in g  som e geom etrical 
p a ra m e te rs  of in d iv idua l m o lecu les , one m ay  conc lude  th a t  th e  CNDO/2 
fo rce  m e th o d  can be su ccessfu lly  used  for in te rp re ta t io n  of changes in  th e  
g e o m e tr ie s  for a m olecular series.
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The reactions of hafnium tetrachloride with thio-Schiff bases (derived from the 
condensation of S-methyldithiocarbazate with aldehydes/ketones) in different molar 
ratios have been carried out in refluxing dichloromethane. The products of the type, 
HfCl3(TSB), HfCl2(TSB), and HfCl2(TSB'), [TSB]~ and [TSB']2_ are the anions of 
mono- and dibasic thio-Schiff bases, respectively were obtained and characterized on 
the basis of elemental analysis, electrical conductance measurements and spectral 
(infrared and electronic) data.

Introduction

In  recen t y ears , a large n u m b e r o f m e ta l com plexes o f th io -S ch iff  bases 
c o n ta in in g  N S o r O NS donor a to m s h av e  been  stu d ied  [1 —10]. T h e  increased  
in te re s t  in  th is  field  m ay  he a t tr ib u te d  to  s tr ik in g  s tru c tu ra l fe a tu re s  a n d  th e  
re p o rte d  ca rc in o sta tic  an d  a n tiv ira l a c tiv ity  o f NS and  ONS d o n o r ligands 
an d  th e ir  tra n s itio n  m eta l com plexes [5, 6 ]. I t  has also been o b serv ed  th a t  
a sm all s tru c tu ra l  change, such as th e  change o f a su b s titu e n t in  th e  lig an d  
m a y  lead  to  an  enhanced  a n tican cer an d  a n tiv ira l a c tiv ity  o f  a  tra n s it io n  
m e ta l com plex [6]. A l i  et al. [1 5] h av e  in v e s tig a te d  a series o f m e ta l chela tes
o b ta in e d  from  S -m e th y ld ith io c a rb a z a te  an d  its  S chiff b ases, an d  h av e  
also s tu d ied  th e ir  an tican cer a c tiv ity . A su rv ey  of th e  l i te ra tu re  rev ea led  
t h a t  no w ork  has been  ca rried  o u t on th e  reac tio n s o f h afn ium  te tra c h lo r id e  
w ith  S ch iff bases derived  from  S -m e th y ld ith io ca rb aza te . W ith  th is  v iew , it  
w as consid ered  w o rthw hile  to  s tu d y  th e  reac tio n s of h afn ium  te tra c h lo r id e  
w ith  S ch iff bases derived  from  S -m e th y ld ith io c a rb a z a te .

T h e  in fra red  sp ec tra l s tud ies o f th e  S ch iff bases derived  from  S -m e th y l
d ith io c a rb a z a te  h av e  show n th a t  in  so lid  s ta te  these  th io -S ch iff bases ex ist 
in  th e  th io n e  fo rm  (I). H ow ever, in  so lu tio n  th e y  undergo  ta u to m e rism . The 
th io l form  (II) re a d ily  loses a p ro to n  on its  reac tio n  w ith  a m e ta l w ith  th e  
fo rm a tio n  o f  a M — S bo n d  [2].

R S R
\ ' = N —N H — ( f  V- A  / C = N —N =C ^

К  SCH3 R’ SCHs

( l )  (П)

* To whom correspondence should be addressed
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T h e  s tru c tu re s  o f  th e  th io -S ch iff bases u sed  are  given below:

R  8
\  / /  

0 = N — NH— 0 ^
R' SCH3

C = N —NH— C
//

4SCHa

where R =H , R‘ =

R =  H. R’ =

R =  CH3, R' =

It =  Cells, K' =

R = H . R' =

R =  CHS, R' —

C4H3O (TSBiH) 

C0H5 (Т1ЧВ2Н) 

f'6Hä (TSB5H)

-ОЩСвНП (TSB2H2)

(TSB3H)

C = N —NH— 0
.//
\

SOH3

(TSB4H)

T ab le  I

R e a c t io n s  o f  h a f n i u m  te tra c h lo r id e  w i th  t h i o - S c h i f f  b a se s  i n  d ich lo ro m e th a n e

Reactants (mole ratio)
Refluxing

Product and colour
Analysis % found (ealed.)

time
(hours) Hf Cl N

(i) (2 ) (3) (■») (5) (в)

HfCl4 +  TSB jH  (1 : 1) 48 HfClgiTSBj)
Brown

37.09
(36.87)

21.77
(21.97)

6.07
(5.79)

HfCl4 +  TSB jH  (1 : 2) 55 H fCl^TSBj),
Brown

28.17
(27.55)

10.22
(10.94)

8.02
(8.65)

HfCl4 +  TSB 2H ( 1 :1 ) 50 HfCUTSB,)
Yellow

36.25
(36.12)

22.31
(21.52)

6.07
(5.67)

HfCl4 +  TSB 2H (1 : 2) 60 HfCUTSB.,)..
Yellow

26.38
(26.72)

10.30
(10.61)

8.02
(8.39)

HfCl4 +  TSB 3H (1 : 1) 55 HfCl3(TSB.,)
Orange-yellow

37.21
(37.80)

23.45
(22.53)

5.26
(5.93)

HfCl4 +  TSB 3H (1 : 2) 65 HfCl2(TSB3)2
Brown

28.80
(28.60)

11.42
(11.36)

8.21
(8.98)

HfCl4 +  TSB4H (1 : 1) 55 HfCl3(TSB4)
Light-yellow

35.98
(36.71)

21.45
(21.88)

5.12
(5.76)

HfCl4 +  TSB4H ( 1 :2 ) 60 HfCl2(TSB4)2
Brown-yellow

26.77
(27.37)

10.32
(10.87)

7.98
(8.59)

HfCl4 +  TSBsH (1 : 1) 56 HfCl3(TSB5)
Yellow

34.66
(35.12)

20.29
(20.93)

4.88
(5.51)

HfCl4 +  TSBjH  (1 : 2) 63 HfCl2(TSB5)2
Yellow

25.96
(25.64)

10.75
(10.19)

7.86
(8.05)

HfCl4 +  TSB6H (1 : 1) 54 HfCl3(TSB6)
Yellow

30.65
(31.30)

18.39
(18.65)

4.42
(4.91)

HfCl4 +  TSB r>H (1 : 2) 65 HfCl2(TSB6)„
Yellow

22.33
(21.76)

8.50
(8.64)

6.58
(6.83)

HfCl4 +  T S B 'H , (1 : 1) 50 H fci2(TSB;)
Yellow

36.85
(37.68)

14.80
(14.97)

5.40
(5.91)

HfCl4 +  T S B 'H 2 (1 : 1) 54 HfCl2(TSB ') 
Y ello w

35.91
(36.60)

13.98
(14.54)

5.02
(5.74)
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Experimental
M a te r ia l s

HfCl4 (Alpha P roducts) was used w ithout any further purification. D ichlorom ethane 
(B D H ) was dehydrated  by refluxing it  over phosphorous pentoxide and then  fina lly  distilled 
over anhydrous calcium chloride. S -m ethyldith iocarbazate was prepared b y  th e  method 
reported  in the lite ra tu re  [11], and thio-Schiff bases were synthesised by  th e  condensation 
of S -m ethyldithiocarbazate w ith  the appropriate  aldehyde/ketone in alcohol [6].

All operations were carried ou t under s tric t anhydrous conditions and a glass apparatus 
w ith standard  interchangeable jo in ts was used th roughou t the work.

A n a ly t i c a l  m e th o d s

H afnium  was determ ined gravim etrically as H f0 2, and chlorine as AgCl.

P h y s ic a l  m e a s u r e m e n ts

The infrared spectra of the complexes were recorded on a P erk in-E lm er 621 spectro
photom eter in K B r pellets. E lectrical conductance measurements in DM F w ere m ade on 
Elico Conductivity Bridge Type CM82T. E lectronic and nuclear magnetic resonance spectra 
of the complexes were recorded on a Perkin-E lm er 4000A spectrophotom eter and  a Perkin- 
E lm er R32 spectrom eter, respectively.

R e a c t io n  o f  h a f n i u m  te tra c h lo r id e  w i th  t h i o - S c h i f f  b a se  ( m o la r  ra tio  1 : 1 a n d  1 : 2J

To the calculated am ounts of HfCl4 and thio-Schiff base d ichlorom ethane (~ 6 0  mL) 
was added. The reaction m ixture was then  refluxed till the evolution of HC1 gas ceased. After 
the completion of the reaction, the excess of the solvent was removed under reduced  pressure 
to  give the solid compound.

For the sake of brevity , the details of the reactions of HfCl4 w ith d ifferen t thio-Schiff 
bases are sum m arized in Table I.

Results and Discussion

A sy stem atic  s tu d y  o f th e  reac tio n s o f hafn ium  te tra c h lo r id e  w ith  m ono
basic  th io -sch iff  bases (m olar ra tio  1 : 1 an d  1 : 2) such as S-m ethyl-ß -N -  
- ( fu rfu ry lm e th y len e )d ith io ca rb aza te  (T S B jH ), S -m ethyl-/3-iV (phenylm ethylene) 
-d ith io c a rb a za te  (T SB 2H ), S -m ethy l-/3 -iV -(cyclopen ty l)d ith iocarbazate  (T SB 3H) 
S -m ethy l-/?-iV -(cyclohexy l)-d ith iocarbazate  (TSB4H ), S-m ethyl-/3-iV -(phenyl- 
e th y le n e )d ith io c a rb a z a te  (TSB 5H ) an d  S-m ethyl-/S-lV -(diphenylm ethylene)- 
d ith io c a rb a z a te  (TSB 0H ) in  re flu x in g  d ich lo rom ethane y ie lded  th e  com plexes 
o f th e  ty p e , H fC l3(TSB) an d  H fC l2(TSB )2, accord ing  to  th e  fo llow ing  equations:

HfCI4 +  T SB  ■̂ ,cv> IIfC l3(TSB) +  H C lf 

H fCl4 +  2 T S B H  > H fC l2(TSB2) +  2 H C 1|

w here [T S B ]“ rep resen ts  th e  an ion  o f  th e  corresponding m o n o b asic  thio- 
S ch iff base (T S B H ).

These com plexes a re  yellow  to  d a rk  brow n solids, a n d  a re  inso lub le  in 
com m on organ ic  so lven ts. O n ly  few of th e m  are soluble in  d im eth y lfo rm am id e  
(D M F) an d  d im eth y lsu lp h o x id e  (DM SO). T he electrical c o n d u c ta n c e  m easure-
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m e n ts  o f  soluble com plexes in  d im eth y lfo rm am id e  show  them  to  be non- 
e le c tro ly te s . All th e  co m p lex es are susceptible to  h y d ro ly sis .

T h e  reactions o f  h a fn iu m  te trach lo ride  w ith  S-m ethyl-/?-iV -(2-hydroxy- 
p h e n y lm e th y le n e )d ith io c a rb a z a te  (TSB']H2) a n d  S-m ethyl-/S-lV -(2-hydroxy- 
p h e n y le th y le n e )d ith io c a rb a z a te  (TSB2H 2) in  1 : 1 a n d  1 : 2 m olar ra tio s  in  
re f lu x in g  d ich lo rom ethane y ie ld e d  only th e  co m p lex es o f th e  ty p e , HfCl2(T S B '), 
a c c o rd in g  to  th e  fo llow ing eq u a tio n :

HfCl4 +  T S B 'H ,  CHiCli> H fC l,(T S B /) +  2 H C lt

w h ere  [T S B ']2~ rep resen ts  th e  anion of th e  d ib asic  th io -S ch iff base (T S B 'H 2).
T h ese  com plexes a re  in te n se  yellow solids a n d  a re  h igh ly  h y d ro ly sab le  

in  n a tu r e .  T hey are in so lu b le  in  all th e  co m m o n  organ ic  solvents e x c e p t 
d im eth y lfo rm am id e . T h e  e le c tr ic a l conductance  m easu rem en ts  in  d im e th y l
fo rm a m id e  show th e ir  n o n e le c tro ly tic  n a tu re .

T h e  elem ental an a ly se s  a n d  physical d a ta  o f  th e  reac tio n  p ro d u c ts  a re  
g iv en  in  T ab le  I.

In frared  spectra
T h e  in frared  sp e c tra  o f  th e  thio-Schiff bases  do  n o t d isp lay  a r(SH ) b a n d  

in  th e  reg ion  ^-2500 c m -1 , in d ica tin g  th a t  in  th e  so lid  s ta te  th e y  rem a in  in  
th e  th io n e  form  [6, 7]. T h is is fu r th e r  confirm ed b y  th e  appearance  of a b a n d  
in  th e  reg ion  3290 — 3100 c m -1  corresponding to  th e  r(N H ) v ib ra tio n a l m ode. 
H o w e v e r, in  th e  com plexes th i s  b and  d isap p ears  co m p le te ly , in d ica tin g  th e  
d e p ro to n a tio n  of th e  lig an d s  o n  com plexation  [1 — 5]. T h e  m edium  to  s tro n g  
b a n d  o bserved  in th e  reg io n  1655 —1590 c m -1 in  th e s e  th io -S ch iff bases is due 
to  v(C =  N) v ib ra tio n  o f  th e  azom eth ine  group [12 — 14]. This b an d  sh ifts b y  
^ 5 0 — 15 c m -1 in th e  s p e c tra  o f  th e  com plexes a n d  is observed  in  th e  reg ion  
1 6 2 0 — 1555 c m -1 . The d o w n w a rd  shift in r(C =  N ) v ib ra t io n  m ay be a t t r ib u te d  
to  th e  low ering  of th e  C =  N  b o n d  order as a re su lt  o f  th e  coord ination  o f th e  
a z o m e th in e  n itrogen  to  m e ta l  a to m  [12 — 14].

I n  th e  in frared  s p e c tra  o f  th e  ligands, th e  fo u r  b a n d s  occurring in  th e  
reg ions 1485 — 1460, 1290 — 1210, 1075 — 1015 a n d  770 — 725 cm -1 m ay  be 
a ss ig n e d  to  th io am id e-I, - I I ,  - I I I  and  -IV v ib ra tio n s  [15], respectively . T hese  
b a n d s , assigned  to  th io a m id e  v ib ra tio n s are n o t  p u re  b u t  have su b s ta n tia l 
c o n tr ib u tio n s  of v(C—N ), d(N  — II) , <5(C — H ) a n d  r(C =  S) v ib ra tions, a re  
fo u n d  to  be absen t in  th e  s p e c tra  of th e  co m p lex es. T h e  d isappearance  of 
th io a m id e  bands along w ith  th e  absence o f r (N H ) b a n d  in  th e  com plexes 
in d ic a te s  th a t  th e  su lp h u r a to m  of th e  th io l g ro u p  h as  ta k e n  p a r t in  b o n d  
fo rm a tio n  w ith  hafn ium  a to m  [16].

T h e  in fra red  sp e c tra  o f  th e  dibasic th io -S c h iff  bases exh ib it b an d s in  
th e  re g io n s  3160—3100 a n d  1270 — 1270 cm -1  a t t r ib u ta b le  to  v(OH) com bined  
w ith  r (N H ), and  v(C — 0 )  (ph en o lic ) v ib ra tio n s [13, 14], respectively . In  th e
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sp e c tra  of th e  com plexes, th e  firs t b an d  v an ish es  com plete ly , w hile th e  second 
b a n d  shows an  u p w a rd  sh ift and  is found  in  th e  reg ion  1320 — 1300 c m -1 . 
T hese  evidences th e re b y  suggest th e  fo rm a tio n  o f M —О bond  th ro u g h  de- 
p ro to n a tio n  [13, 1 4 ] .T h e  b a n d  sobserved in  th e  reg ions 605—595 a n d  4 8 5 —420 
c m “ 1 can te n ta tiv e ly  be assigned to  i’(H f — N) a n d  r (H f—0 )  v ib ra tio n s  [16, 17], 
respective ly . S im ila rly  th e  bands app earin g  in  th e  region 400—320 c m -1  can 
be assigned to  th e  m ix tu re  o f r(H f S) [15] a n d  r (H f—Cl) [18, 19], v ib ra tio n s  
how ever, specific a ss ig n m en ts  are d ifficu lt to  m ake.

Electronic spectra

The electron ic  sp e c tra  of a few soluble com plexes, recorded  in  d im ethy l- 
fo rm am ide, show  a sing le  b a n d  in  th e  reg ion  27,700 -26 ,500  c m -1  w hich  can 
be  assigned to  a c h a rg e -tran sfe r  tra n s itio n .

In  view  o f th e  inso lub le  n a tu re  o f th e se  com plexes in  a lm o st all the  
com m on organic so lv en ts , i t  appears th a t  th e se  com plexes possess po lym eric  
s tru c tu re s . I t  is su g g ested  th a t  th e  p o ly m erisa tio n  can  be a t ta in e d  th ro u g h  
th e  bridge ch lo rin e . H ow ever, th e  polym eric s tru c tu re s  could no t be confirm ed 
b y  m olecular w eigh t d e te rm in a tio n  in  v iew  o f  th e ir  in so lu b ility  in  com m on 
organ ic  so lvents.

г
Cl

^ c i  n -.

Cl---- —— Hf ) ( ^ T i f  )

Cl V ^  1 \  J

fl Cl

(A) (it)

where represents the union of the Indent ate monobasic thio-Schiff base.

(C)

^ 0 ~ \
where N represents the ariion of the triden ta te  dibasic thio-ScJiiif base
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T h u s , on th e  basis o f  th e  e lem en ta l analyses, e lectrical c o n d u c tan ce  
m e a su re m e n ts  and  sp e c tra l d a ta ,  th e  follow ing s tru c tu re s  can te n ta t iv e ly  be
a ss ig n ed  to  th e  com plexes, [H fC l3(TSB)]„ (A),  [HfCl.,(TSB)2]n (B)  and  
[H fC l2(T S B ')„  (C).

T h u s , th e  com plexes o b ta in e d  from  b id e n ta te  ligands possess fiv e- and  
s ix -c o o rd in a te  s te reo ch em is try , w hereas th e  com plexes o b ta in ed  fro m  tr id e n - 
t a t e  lig a n d s  have f iv e -c o o rd in a te  s te reo ch em istry . S im ilar ty p e  o f  s tru c tu re s  
h a v e  b e e n  repo rted  w ith  o th e r  m eta ls  [2, 4, 6].

T he authors (V. V erm a  and  S. K h e r ) are thankfu l to  the Council of Scientific and 
In d u s tr ia l Research, New Delhi, for financial support.
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Iron (II) complexes of the type Fe(H L )2(X )2 [where H L =  quinoline-2-aldoxime 
(HQOX) or isoquinoline-3-aldoxime (H IQ O X ) and X =  CI“ , B r I - , NCS~ or 
NCSe~] were synthesized and characterized by elemental analysis, m o lar conductance, 
molecular w eight determ ination , X -ray  pow der diffraction p a tte rn s, m agnetic  suscepti
bility, M össbauer, reflectance and IR  spectral m easurem ents. On th e  basis of these 
physical studies a halide bridged dim eric eis-octahedral struc tu re  is suggested for the 
iron(II) halide complexes, whereas the rem aining complexes appear to  be monomeric 
w ith a cis- oc tahedra l structure.

Introduction

A rom atic  a ld o x im es such  as qu ino line-2 -aldox im e (H Q O X ) an d  iso- 
qu ino line-3 -a ldox im o (H IQ O X ) have s tru c tu ra l fea tu res  in  co m m o n  w ith 
ligands of b o th  th e  2 ,2 '-b ip y rid y l an d  th e  d im ethy lg lyox im e ty p e s . In  spite 
o f th is  obvious in te re s t  in  th e  p ro p e rtie s  of m olecules possessing  tw o  d istinc t 
ty p e s  of co o rd in a tio n  sites, v e ry  l i t t le  w ork  has been re p o r te d  [1] on m etal 
com plexes of H Q O X  an d  H IQ O X . F o r  F e (II)  com plexes s tu d ie s  have  been 
m ain ly  re s tr ic te d  [2] to  com plexes o f pyrid ine-2 -a ldox im e, 6 -m eth y lp y rid in e - 
-2 -aldoxim e, sy re -pheny l-2 -py ridy lketox im e an d  syn -m eth y l-2 -p y rid y lk e to x im e. 
T h e  p resen t p a p e r  rep o rted  on th e  sy n th es is  and  c h a ra c te r iz a tio n  of F e(II) 
com plexes of FIQ O X  r i d  H IQ O X  b y  physicochem ical s tu d ies .

Experimental

M aterials and Methods

Quinoline-2-aldoxim e (HQOX) and isoquinoline-3-aldoxime (H IQ O X ) were prepared 
from 2-m ethylquinoline and 3-m ethylisoquinoline (K  and K) Laboratories, New York) accord
ing to reported m ethods [3]. The au then tic ity  of the compounds were estab lished  by  means 
of their analysis and  physical properties. The hydra ted  Fe(II) halide, po tassium  thiocyanate, 
potassium  selenocyanate, 2 ,2-dim ethoxypropane (K  and К  L aboratories) and  o th er organic 
solvents of reagent grade.

* To whom correspondence should be addressed.

Acta Chim. Acad. Sei. H ung. I l l , 1982



378 MOHAN, KUMAR: OXIME CONTAINING LIGANDS, XVI

P repara tion  of the Complexes

D ilialo-bis(quinoline-2-aldoxim e) iron(II) and <lihalo-bis(isoquinoline-3-aldoxime) 
iron (II), Fe(H L )2(X )2 (H L  =  HQOX or HIQOX and  X =  Cl", B r" or I ” )

F e X 2 * 4 HoO (0.025 mol) w as dissolved in a m ix tu re  of 20 m L ethanol and 25 m L 
2,2-dim ethoxypropane and refluxed  fo r 30 min under a stream  of N2 gas atm osphere. A solu
tion com posed of HQOX or H IQ O X  (0.05 mol) in 25 m L of 1 : 1 ( V\ F)ethanol: 2,2-dim ethoxy- 
p ropane was heated to boiling and  added  dropwise w ith stirring  to  th e  metal halide solution 
u nder a N 2 gas atmosphere. A deep red  colour was developed im m ediately and  a deep red 
crysta lline  solid was formed w ith  3 — 5 min. The solid was filte red  under N2 atm osphere and 
was w ashed  w ith ethanol and d ie th y l ether. The solid was dried  over P ,O 10 in vacuum.

D i-isotliiocyanato-bis(quinoline-2-aldoxim e) iro n (II)  and  di-isothiocyanato- 
-bis(isoquinoline-3-aldoxim e) iro n (II ) ; Fe(H L)2(NCS)2 (H L  =  HQOX or HIQOX)

Fe(NCS)2 (0.04 mol) in 25 m L  ethanol, prepared m eta the tica lly  from FeCl2 • 4 H 20  
and K SC N , was added dropwise w ith  stirring  under N2 atm osphere to a ho t solution of H Q O X  
or H IQ O X  (0.08 mol) in 25 m L  o f e thano l. The m ixture was refluxed  for 2 hrs under N 2 atm o
sphere. On cooling the solution m ix tu re  a t room tem peratu re , a  dark  greenish-red crystalline 
solid w as obtained which was filte red  under N2 atm osphere. The solid was washed w ith ethanol 
and d ie th y l ether and dried over P 4O 10 in vacuum.

Di-isoselenocyanato-bis(quinoline-2-aldoxim e) iron (II) and di-isoselenocyanato- 
-bis(isoquinoline-3-aldoxiine iro n (II ) , Fe(HL),(NCSe)2 (H L  =  HQOX or HIQOX)

The procedure used in p reparing  these complexes was the sam e as th a t  used to prepare 
F e(H L )2(NCS)2 except th a t KSCN  w as used in place of KSeCN . The product was a dark  
red po lycrystalline solid.

Physical Measurements

Conductance m easurem ents w ere made on a Toshniw al conductiv ity  bridge type CL 
01/01. M olecular weights of com plexes were determined cryoscopically. X -ray powder p ho to 
graphs w ere obtained using a P h ilip s X -ray  generator, nickel filte red  copper radiation  (A0 =  
=  1.5418 Á) and a Debye Scherrer cam era. Magnetic m easurem ents from  room tem peratu re  
to  78 К  w ere made on a s tan d ard  G ouy balance, using CoHg(NCS)4 as a calibrant. The d ia 
m agnetic  corrections were es tim a ted  by  using Pascal’s co n stan ts . The room tem p era tu re  
m agnetic  m om ents are presented in  T ab le  I.

Iron-57 Mössbauer spectra  w ere recorded on a polycrystalline solid by using a co n stan t 
acceleration  Mössbauer spectrom eter. The spectrometer was equ ipped  w ith a copper m a trix  
source w hich was m aintained a t  room  tem perature and was ca lib ra ted  w ith a na tu ra l iron  
foil. T he  low tem perature results w ere recorded in a vacuum  c ry o s ta t w ith a sample holder 
w hich p ro tec ted  the sample from  th e  c ry o s ta t vacuum. The resu lts  were determ ined by inspec
tion w ith  an accuracy of + 0 .01  m m /sec. The various M össbauer param eters are  p resented  
in T able I I .

D iffuse reflectance spectra w ere recorded a t room tem p e ra tu re  on a Cary 14 spedro - 
pho to ineter equipped with a reflec tance  accessory, using MgO as a reference. The reflectance 
spectral d a ta  are reported in T able I I I .  The infrared spectra o f H Q O X  and  H IQ O X  and their 
com plexes in the 4000 — 200 cm -1 ran g e  were recorded in Csl on a Perkin-E lm er 337 spectro
pho tom eter and  far-infrared spectra  in  th e  range 400 —100 c m -1 were recorded on a Fourier 
spectropho tom eter (FS-30). The re lev an t IR  spectral da ta  are recorded in Table IV.

A d a  Chim . A c a d , Sei. Hung. I l l ,  1982
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Table I

Analytical and magnetic moment data for iron ( ' l l )  complexes

Compound* M.W.
Found (calc.) %

at
299 °Kc II N Metal X

Fe(HQOX)2(Cl)2 — 51.02 (50.97) 3.44 (3.39) 11.92 (11.89) 11.92 (11.85) 15.16 (15.08) 5.39
Fe(HQOX)2(Br), - 42.88 (42.87) 2.92 (2.85) 10.02 (10.00) 10.08 (9.96) 28.62 (28.58) 5.42

Fe(IIQOX)2(I)2 — 36.79 (36.70) 2.50 (2.44) 8.52 ( 8.56) 8.69 (81.53) 38.94 (38.85) 5.50

Fe(HQOX)2(NCS)2 520.4 (515.8) 46.58 (46.53) 3.16 (3.10) 10.75 (10.85) 10.97 (10.81) 22.56 (22.49) 5.52

Fe(HQOX)2(NCSe)2 615.2 (609.8) 43.34 (43.29) 2.67 (2.62) 13.80 (13.77) 9.25 ( 9.15) 25.27 (25.19)* 5.50

Fe(HIQOX)2(Cl): - 50.89 (50.87) 3.31 (3.39) 11.95 (11.89) 11.62 (11.85) 15.21 (15.08) 5.35

Fe(HIQOX)2(Br)2 - 42.80 (42.87) 2.89 (2.85) 10.08 (10.00) 9.82 ( 9.96) 28.42 (28.58) 5.52

Fe(HIQOX)2(I)2 - 36.72 (36.70) 2.43 (2.44) 8.59 ( 8.56) 8.42 ( 8.53) 38.78 (38.85) 5.56

Fe(HIQOX)2(\C S )2 - 46.48 (46.53) 3.19 (3.10) 10.76 (10.85) 10.78 (10.81) 22.40 (22.49) 5.45

Fe(HIQOX)2(NCSe)2 602.7 (609.8) 43.38 (43.29) 2.68 (2.62) 13.62 (13.77) 9.10 ( 9.15) 25.24 (25.19)* 5.46

* HQOX =  quinoline-2-aldoxime, HIQO X  =  isoqiiinoline-3-aldoxime* Se
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Table II

M ö s s b a u e r  sp e c tra l p a r a m e te r s

Compound T Óa г , ь V  b1 a
(mm /sec)(KJ (mm/sec) (mm/sec)

Fe(HQOX)„(Cl)„ 78 3.14 1.14 0.28 0.27
R T 2.80 1.04 0.28 0.28

Fe(H Q O X )2(B r)2 78 3.12 1.16 0.26 0.24
R T 2.78 1.06 0.24 0.24

Fe(HQOX).,(I)„ 78 3.10 1.14 0.25 0.24
R T 2.78 1.06 0.22 0.23

Fe(H Q O X )2(NCS)2 78 3.08 1.12 0.26 0.24
R T 2.74 1.02 0.23 0.24

Fe(H Q O X )2(NCSe)2 78 3.08 1.10 0.27 0.25
R T 2.75 1.05 0.26 0.25

F e(H IQ O X )2(Cl)2 78 3.10 1.12 0.26 0.25
R T 2.75 1.02 0.24 0.24

F e(H IQ O X )2(B r)2 78 3.08 1.10 0.24 0.26
R T 2.75 1.02 0.24 0.26

Fe(HIQOX).,(I)„ 78 3.10 1.10 0.27 0.26
R T 2.80 1.00 0.28 0.26

F e(H IQ O X )2(NCS)2 78 3.07 1.08 0.26 0.25
R T 2.70 0.99 0.26 0.24

F e(H IQ O X )2(NCSe)., 78 3.09 1.07 0.24 0.24
R T 2.70 1.00 0.24 0.23

a R elative to natural iron foil
b Full w idth at half-maximum for low velocity line, Г х and highvelocity line, Г 2

Table III

R e f le c ta n c e  sp e c tra l d a ta  ( c m ~ {)

Compound Fe(<s„) -  л*(Н1.) 5 В, — 5 в, 
“

5Bo -» Ч ,

Fe(H Q O X )2(Cl)2 18.940 10.400 8.410
Fe(H Q O X )2(Br)2 18.900 10.800 8.600
Fe(H Q O X )2(I)2 18.860 12.000 9.600
Fe(H Q O X )2(NCS)2 19.200 12.140 -
Fe(HQOX),(NCSe), 19.250 12.160
Fe(H IQ O X )2(Cl)2 18.940 10.415 8.440
Fe(H IQ O X )2(Br)2 18.950 10.670 8.650
F e(lIIQ O X )2(I)2 18.900 12.100 9.720
Fe(HIQOX),(NCS)., 19.260 12.16 —
Fe(H IQ O X )2(NCSe)2 19.300 12.200 —

Acta Chim  . Acad. Sei. Hung. I l l ,  1982
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R esults an d  D iscussion

T he F e (II)  io n , on in te rac tio n  w ith  H Q  O X  and  H IQ O X , y ields com plexes 
co rrespond ing  to  th e  general fo rm u la  F e (H L )2(X )2 (H L  H Q O X  or H IQ O X  
an d  X  =  C H , B r “ , I - , NCS ~ or N C Se~). A ll th e  com plexes are  q u ite  s tab le  
a t  room  te m p e ra tu re  an d  do n o t show  a n y  sign of decom position  even  a fte r  
long stan d in g . A ll th e  com plexes are in so lub le  in  w a te r  and  n o n -p o la r so lven ts 
and , excep t for F e ( I I )  halo  com plexes, p a r tia lly  soluble in  m o d e ra te ly  po lar 
so lvents and  so lub le  in  p o la r so lv en ts . T h e  m olar conductance  o f  F e (H L )2 
(X ), (H L  =  H Q O X  or H IQ O X  and  X  = N C S~ or N CSe~) com plexes in 
n itrobenzene a n d  in  e th an o l ( ~  10~3 M )  d e te rm in ed  a t 27 CC in d ica te  th e ir  
n o n -e lec tro ly tic  b e h a v io u r [4]. M olecular w eig h ts  of Fe(H L )2(X )2 (H L  =  H Q O X  

or H IQ O X  an d  X  = N CS~ or N C S e") in  form am ide show th a t  th e y  are 
m o n o m eric .

T he X -ra y  pow der d iffrac tion  resu lts*  suggest th a t  is o th io c y a n a te  and  
isose lenocyanate  com plexes of th e  sam e  lig an d s are X -ra y  isom orphous, 
w hereas th e  ha lo  com plexes are n o t iso m o rp h o u s w ith  any  one of th e  com plexes 
m en tioned  above  a n d  hence, are s tru c tu ra l ly  d iffe ren t.

T he F e (I I )  c o m p le x e s  exh ib it [5] s lig h tly  te m p e ra tu re  d ep en d en t m ag
n e tic  m om ents in  th e  5 .5 0  to  5.38 p B ra n g e , w hich are c h a ra c te ris tic  values 
for te tra g o n a lly  d is to r te d , o c tah ed ra l, h ig h -sp in  F e (II)  com plexes. T he very  
sm all te m p e ra tu re  dependence  (- '^ '3%  or less) ind ica tes th a t  th e  g ro u n d  te rm  
is sp lit to  th e  e x te n  t  o f 1000 c m -1 or m ore  [6].

T he room  te m p e ra tu re  M ö ssb au er chem ical isom er sh ift va lues, d, 
re la tiv e  to  a n a tu ra l  iron  foil, w h ich  is sen sitiv e  to  bo th  th e  o x id a tio n  s ta te  
an d  sp in -s ta te  o f  iron , are of th e  m a g n itu d e  expected  [7] for d is to r te d  o c ta 
hed ra l, h igh-sp in  F e (I I )  com plexes a n d  show  a slight increase w ith  decreasing 
te m p e ra tu re . T h e  increase  in  ch em ica l iso m er sh ift values, d, w ith  decreasing 
te m p e ra tu re  can  be a t tr ib u te d  to  th e  se c o n d -o rd e r D o p p le r sh ift a rising  from  
la ttic e  effects a n d  a re  ind ica tiv e  o f a low  D eb y e  te m p e ra tu re  fo r th e se  F e (II)  
com plexes. T h e  chem ical isom er sh ift v a lu es , d, a re  su rp ris in g ly  c o n s tan t 
from  one an ion  to  th e  n e x t and  in d ic a te  t h a t  a change in th e  an ion  g roup  w ith  
its  v a ry in g  e le c tro n  d o n a tin g  pow er has l i t t le  effect u p o n  th e  s-e lec tro n  d ensity  
a t th e  surface o f  th e  iron  nucleus in th e  p re se n t F e (II)  com plexes.

T he m a g n itu d e  an d  te m p e ra tu re  d ep en d en ce  of th e  q u ad ru p o le  sp littin g , 
zIE q , rep o rted  in  T ab le  I I  is also th a t  w h ich  is expected  for te tra g o n a lly  d is to r t
ed h igh-sp in , o c ta h e d ra l F e (II)  com plexes. I t  is in te re s tin g  to  n o te  th a t  the  
te m p e ra tu re  d ep en d en ce  of th e  q u a d ru p o le  sp littin g  is large an d  o f  th e  sam e 
o rd er o f m a g n itu d e  in  F e (I I )  com plexes. T h is tem p e ra tu re  d ependence  [7, 8] 
o f A E q is an  in d ic a tio n  o f an  electric  fie ld  g rad ien t w hich is a th e rm a l average 
o f g rad ien ts  re su ltin g  from  th e  o c c u p a tio n  of tw o or m ore o rb ita l s ta te s .

* The X-ray powder diffraction results can be had from the author on request.
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Table IV

Important IR  spectral bands (cm *1)  and their assignments fo r the iron I I  complexes

Compound v(C—N) v(N—0) e (P y - I) v(Py---II) T>(Py-- III, r (P y -IV ) y (C -H )

HQOX 1520(m) 980(vvs) 1580(vs) 1550(s) 1465(s) 1420(s) 788(s, b)

Fe(HQOX)2(Cl)2 1620(m) 1050(s) 1590(vs) 1570(s, sh) 1470(s)
1460(vs)

1435(s) 820(s)
800(w)

Fe(HQOX)2(Br)2 1610(s, sh) 1067(s) I590(vs) I570(sh) 1470(s)
1460(vvs)

1440(vs) 820(s)
805(sh)

Fe(HQOX)2(I)2 1618(s, sh) 1070(s) 1600(vs) I570(w,sh) 1480(s)
1460(ws)

1440(vs) 815(m)
800(w)

Fe(H Q O X )2(NCS)2 1610(s) 1054(s) 1590(vs) 1560(sh) 1472(s)
1450(ws)

1440(vs) 820(s)
800(sh)

Fe(HQOX)2(NCSe)2 1610(sh) 1060(vvs) 1600(vvs) 1565(sh) 1480(vs)
1460(vvs)

1442(vs) 820(s)
804(sh)

HIQOX 1518(in) 980(vvs) 1575(vs) 1550(vs) 1460(s) 1425(s) 780(s)

Fe(HIQOX).,(Cl), 1618(m) 1060(vs) 1600(vs) 1570(vs) 1470(s)
1460(vs)

1440(s) 818(s)
800(w)

Fe(HIQOX)2(Br)2 1615(s, sh) 1068(m) 1595(s) 1560(w) 1472(s)
1460(vvs)

1435(vs) 820(s)
800(w)

Fe(IIIQOX),,(I)2 1619(s, sh) 1070(s) 1590(vs) 1570(sh) 1475(s)
1460(vvs)

1440(vs) 820(s)
800(w)

Fe(HIQOX)2(NCS)2 1616(sh) I070(vvs) 1600(vs) — 1480(s)
1460(vs)

1442(s) 818(vs)
800(m)

Fe(HIQOX)2(NCSe)2 1618(sh)q 1070(vvs) 1600(vs) 1480(e)
1465(vvs)

1440(vs) 818(vvs)
800(m)
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Compound <p( C -C ) Ligand absorption bands p (F e -X ) r(Fe—N)ligand

HQOX 742(g) 400(s) 390(s), 290(ra), 270(m), 220(m) 
185(s, b), 185(s, b), 120(s, sh)

- -

Fe(HQOX)2(Cl)2 775(s), 760(s) 
742(g)

400(s), 390(s), 295(w) 250(m) 
220(w). 185(m), 125(s)

230(m), 215(w) 
170(w)

370(s), 350(w) 
320(s) 280(in)

Fe(HQOX).,(Br)2 775(s), 760(s) 
745(s)

400(s) 295(w), 248(ra) 
220(w), 187(m), 127(s)

140(w)
110(w)

370(m), 350(m) 
318(m), 280(w)

Fe(HQOX)2(I)2 775(s), 760(m) 
740(vs)

398(s), 390(m), 290(m), 250(m) 
220(m), 185(m), 120(m)

370(s), 350(s) 
318(m), 280(w)

Fc(HQOX)2(NCS)2 775(s), 758(m) 
745(vs)

400(s), 385(m), 290(m), 250(s) 
220(m), 185(ra), 125(m)

320(s), 240(m) 
200(m), 170(w)

370(m), 350(s) 
316(m), 280(w)

Fe(HQOX).,(NCS)2 775(s), 758(m) 
745(ws)

398(s), 390(ra), 290(m), 220(m) 
190(s), 125(s)

300(vs), 245(m) 
210(m), 180(w)

370(s), 350(m) 
315(sh), 280(m)

HIQOX 740(s) 400(s), 380(s), 292(m), 224(m) 
180(s), 125(w)

— —

Fe(HQOX)2(Cl)2 775(s), 760(m) 
748(w)

400(s), 295(m), 225(m) 
182(m), 125(s)

240(s), 215(w) 
175(w)

368(s), 350(m) 
320(g), 280(w)

Fe(HIQOX)2(Br)2 770(s), 760(s) 
745(m)

395(s), 390(m), 297(m), 220(s) 
185(m). 125(m)

135(w)
110(w)

370(vs), 359(w) 
318(m), 218(g)

Fe(H IQ O X )2(I)2 770(s), 760(s) 
740(m)

400(s), 390(m), 292(m), 220(s) 
185(m), 127(s)

370(vs), 340(w) 
320(sh), 278(s)

Fe(HIQOX)2(NCS)2 765(g), 758(m) 
742(g)

395(s), 390(m), 295(in), 225(s) 
185(m), 125(s)

320(s), 250(m) 
210(m), 175(m)

370(vg), 350(m) 
314(sh), 280(m)

Fe(HIQOX),(NCSe), 768(s), 760(m) 
740(s)

400(s), 385(m), 295(m), 220(s) 
182(s), 120(w)

320(s), 238(m) 
208(w), 170(w)

368(vg), 348(g) 
310(gh), 280(m)
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T h e n , as a consequence , th e  te m p e ra tu re  d ep en d en ce  m ay  ind ica te  a s p li t t in g  
o f  th e  ground  s ta te  t2g o rb ita ls  of th e  o c ta h e d ra l F e ( I I )  ion by  th e  low er sy m 
m e try  com ponen ts o f  th e  lig an d  field.

T h e  diffuse re f le c ta n c e  spectra  of all th e  F e ( I I )  com plexes are  so m ew h at 
s im ila r  to  one a n o th e r  a n d  suggest a d is to r te d  lig an d  field geom etry  a ro u n d  
th e  F e ( I I )  a tom . In  h a lo  com plexes th e  im m e d ia te  geom etry  a ro u n d  th e  
F e ( I I )  a to m  is fo u r n itro g e n  atom s and  tw o  h a lo g en  a tom s a rran g ed  in  a cis- 
o c ta h e d ra l s tru c tu re  (see fa r  IR  spectra). T h e re fo re , th e  sharp  sp ec tra l b an d s  
o b se rv ed  in  th e  8210 — 9720 and  10,400 —12,100 c m “ 1 range can be assigned  
[9] to  5R 2 —*■ SA X a n d  sB 2 —> 5B 1 tra n s itio n s , re sp ec tiv e ly , w hich re su lt from  
th e  sp littin g  o f th e  5E g ex c ited  s ta te  (Oh sy m m e try )  in  C2v sy m m etry . I t  is 
a p p a re n t  th a t  th e  s p lit t in g  o f th e  5E g ex c ited  s ta te  (Oh sym m etry ) is o f  th e  
o rd e r  o f  2000 to  2400 c m “ 1 in these  co m plexes.

T he iso th io c y a n a te  a n d  isoselenocyanate  F e ( I I )  com plexes also e x h ib it 
s p e c tra  ty p ic a l o f c is -o c tah ed ra l com plexes, e x c e p t th a t  th e  sp littin g  o f  th e  
b a n d  is n o t observed  a n d  a single sharp  b a n d  is observed  a t ^ 1 2 ,1 6 0  c m “ 1. 
T h is  s itu a tio n  is c e r ta in ly  co nsisten t w ith  th e  s tru c tu re s  of these F e (I I )  com 
p lexes. In  iso th io c y a n a te  a n d  isoselenocyanate  com plexes, th e  F e (I I )  a to m  is 
co o rd in a ted  to  six n itro g e n  atom s, w hich s u b s ta n tia l ly  reduces th e  a sy m m e try  
o f  th e  ligand  fie ld  th a n  th e  coord inated  fo u r  n itro g e n  and  tw o halogen  a to m s 
a b o u t th e  F e (II)  a to m  in  th e  F e (II)  halo  com plexes.

H Q O X  and H IQ O X  ex h ib it m u ltip le  b a n d s  over th e  range o f 3220 
2810 c m “ 1 w hich are  a ss ig n ed  [2] to  th e  in te rm o le c u la r  hydrogen b o n d ed  O H  
o f th e  N O II groups. T h e  r(C — H) s tre tc h in g  v ib ra tio n  w hich could be p re se n t 
in  th is  region, is o b scu red  b y  v(OH) a b so rp tio n  b an d s . The spectra  o f  a ll th e  
F e ( I I )  com plexes e x h ib it  s tro n g  hands in  th e  3480 -3400 and  3050 3040
c m “ 1 ran g e  w hich  a re  assigned  [2] to  th e  free  r(O H ) of N O H  groups a n d  th e  
y(C — H ) s tre tc h in g  v ib ra t io n  of th e  ligand m olecu les, respectively . T he r (C = N )  
acy c lic  an d  v(N—O) s tre tc h in g  v ib ra tio n s in  free  H Q O X  and H IQ O X  are 
o b se rv ed  [2] a t ~ 1 5 2 0  a n d  980 cm “ 1 re sp ec tiv e ly . T hese s tre tch in g  v ib ra tio n s  
a re  sh ifted  to w ard s h ig h e r frequencies an d  a p p e a r  a t  ~ 1 6 2 0  and ~ 1 0 7 0  c m “ 1, 
re sp e c tiv e ly , w hich  is a n  in d ica tio n  [2] o f th e  n e u tr a l  oxim e group (^;C — N O H ) 
c o o rd in a te d  to  th e  F e ( I I )  a to m  in these  com plexes. T he coord ination  o f  th e  
p y r id in e  n itrogen  a to m  to  th e  F e (II)  a tom  is in d ic a te d  b y  shifting an d  sp littin g  
o f  th e  rin g  v ib ra tio n s  as is u sually  observed  [10] fo r  o th e r m e ta l(II)  p y rid in e  
co m p lex es.

I n  F e (II)  com plexes v e ry  s trong  b a n d s  a re  observed a t ^ 2 0 7 0  an d  
~ 2 0 2 0  c m “ 1, w hich  a re  assigned to  th e  га[г(С —N ) stre tch ing] v ib ra tio n  of 
N -b o n d ed  th io c y a n a te  o r se lenocyanate  g ro u p s. T h e  observed sp littin g  o f vx 
v ib ra t io n  is an  in d ic a tio n  [11] of a c is-co n fig u ra tio n  in  these com plexes. T he 
i’2 [<5(NCS) or (5(NCSe)] a n d  v3[v(C — S) or r(C -S e ) ]  s tre tch in g  v ib ra tio n s  are  
o b sc u re d  b y  ligand  a b so rp tio n  bands.
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In  F e (H L )2(Cl)2 (H L  =  H Q O X  or H IQ O X ) com plexes th e  b an d s  a t  
~ 2 4 0  m an d  ~ 2 1 0  w  c m -1  a re  assigned to  p (F e— Cl) s tre tch in g  v ib ra tio n s  
an d  a t  ~ 1 7 0  w to  v(Fe — Cl) bend ing  v ib ra tio n s . I n  th e  case of F e (H L )2(B r)2 
com plexes th e  b a n d s  due  to  i '( F e - B r )  a re  w e a k e r an d  ap p ea r a t  ~ 1 4 0  w 
an d  ~ 1 1 0  w c m -1 . T h e  b an d s  due to  v(Fe—I) a re , as usual, w eaker a n d  no 
de fin ite  assignm en t o f  th e  r(F e  —I) is possib le  in  F e (H L )2(I)2 com plexes. T h e  
re la tiv e ly  low fre q u e n c y  assigned  [12] to  th e s e  v(Fe-halo) v ib ra tio n s  is co n 
s is te n t w ith  a h a lo g en  b rid g in g  s tru c tu re , a lth o u g h  v(M-halo) frequencies 
a re  observed  over a w ide  ran g e  an d  som e te rm in a l  r(M -halo) frequencies are  
also rep o rted  in  th is  reg ion . In  all these  com plexes fo u r s tre tch in g  v ib ra tio n s  
o f v a ry in g  in te n s itie s  a sso c ia ted  w ith  v(Fe —N ) lig an d  v ib ra tio n s are  o bserved  
a t  ~ 3 7 0 ,  ~ 3 5 5 ,  ~ 3 2 0  a n d  ~ 2 8 0  c m -1 , a n d  r F e —NCS) and  r(F e  —NCSe) 
s tre tc h in g  v ib ra tio n s  a re  also observed a t  ~ 3 2 0 ,  ~ 2 4 0 ,  ~ 2 0 0  an d  ~ 1 7 0  c m -1  
in  th e  sam e reg ion . T h ese  assignm ents are t e n ta t iv e  because o f th e  p o ss ib ility  
o f acc id en ta l co incidences an d  in te n s ity  v a r ia tio n s , nevertheless th e  n u m b e r 
o f b an d s ap p e a r c o n s is te n t [13] w ith  c is-h a lo g en  coo rd ina tion  ra th e r  th a n  
trans. T he s im ila rity  o f  v(Fe —N) ligand  v ib ra tio n s  shows th a t  in  a ll th e se  
com plexes th e  tw o  lig an d  m olecules have  th e  sam e con fig u ra tio n  in  re la tio n  
to  each  o th e r .

»
The au thor is g ratefu l to the authorities of T .I .F .R . B om bay and Delhi U niversity , 

Delhi for the m agnetic m easurem ents. Thanks are also due to  the authorities o f R .S .I.C ., 
I.I .T . Madras and G uru N anak  Dev U niversity A m ritsa r for recording Mössbauer refl
ectance and IR  spectra.
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W hile ethy l /S-aroylpropionate reacts w ith  succinic ester to  give unexpected 
cyclic products [1] thienoyl propionate gives the norm al half-ester la . U tiliza tion  of 
l b  in the p repara tion  of substitute«^acids, anhydrides, lactones, cyclic hydrazides and 
pyridazine derivatives is described.

S u b s titu te d  p y rid az in e , h y d raz id e  a n d  a ry lace tic  ac id  d e r iv a tiv e s  usefu l 
as analgesic , a n tip y re tic  a n d  a n ti- in f la m m a to ry  agen ts can  b e  o b ta in e d  
acco rd in g  to  th e  schem e o u tlin ed  in  th e  c h a r t ,  th ro u g h  a new  ro u te . As p re v i
o u sly  described  [1 ] ,e th y l ß -a ro y lp ro p io n a te  gave cyclic ke to n es w h en  con d en sed  
w ith  succinic e s te r . F o r th is  pu rpose  we allow ed now  m e th y l /3 -th ienoy lp ro - 
p io n a te  to  re a c t w ith  d im e th y l su cc in a te . S urp rising ly , th e  re a c tio n  gave a 
c ru d e  n o n -k e to n ic , acid  m a te ria l. A  w h ite  c ry sta llin e  solid s e p a ra te d  from  
th is  oil on a lk a lin e  h y d ro lysis . T he su b s ta n c e  beh av ed  as a tr ic a rb o x y lic  acid. 
T h e  m ass sp e c tru m  e x h ib ite d  a p ro m in e n t m olecular ion  p eak  a t  m/e 284. 
W ith  ace ty l ch lo ride  th e  p ro d u c t y ie ld ed  th e  co rrespond ing  cyclic  a n h y d rid e  
2, w hich  e x h ib ite d  th e  ex p ec ted  c a rb o n y l coup ling  b an d s in  th e  I R  sp ec tru m . 
W h e n  tre a te d  w ith  a lu m in iu m  ch lo ride  in  n itro b en zen e , th e  a n h y d rid e  2, 
u n d e rw e n t rin g  closure to  give th e  co rresp o n d in g  indenone  (3a). A n a ly tica l 
d a ta ,  IR  an d  U V  are c learly  in  acco rd  w ith  th e  bicyclic sy stem  3, possessing 
th e  exocyclic doub le  bond . T he N M R  sp e c tru m  also su p p o rte d  s tru c tu re  3 
d isp lay in g  a sim ple tw o -p ro to n  th io p h e n e  a b so rp tio n  w ith  d o u b le t a t  7.19 
(J  =  5 H z) an d  7.70 ( J  =  5 H z), in  a d d itio n  to  m ethy lene  p ro to n s  fo r ace tic  

О 0
II II

( — C H 2—C—) a n d  prop ion ic  acids (— C H 2— C H 2—C—). U pon  t r e a tm e n t  w ith  
m e th y l iso c y a n a te , th e  oxim e 3b a ffo rd ed  th e  ca rb am a te  3c. T h e  a f f in ity  of 
1 a n d  2 to  fo rm  cyclic h y d raz id e  4 a  w ith  h y d raz in e  h y d ra te  w as d isp lay ed  in 
e th a n o l a t  room  te m p e ra tu re . T he IR  sp e c tra  h ad  bands a t  3400, 1700, 1660 
a n d  1620 c m - 1 . T h e  reac tio n  w ith  d im e th y l su lfa te  [2] an d  m e th y l iso cy an a te  
to  fo rm  d im e th y l an d  d ic a rb a m a te  su cc in h y d raz id e  d e riv a tiv e s  (4b a n d  4c) 
w ere  also considered . The s tru c tu ra l  fe a tu re s  o f th e  ca rb a m a te  a re  such  as to  
m ak e  th em  su ita b le  for te s tin g  as in sec tic ides w hich m ay  a c t as th e ir  own 
sy n e rg is ts  [3]. F o r 4b th e  N M R sp e c tru m  revealed  signals d u e  to  m ethy l

Acta Chimica Academiae Scientiarum Hungaricae, Tomas 111 (3 ), pp. 387 — 393 (1982)

Acta Cliim. Acad. Sei. H ung. I l l , 1982



388 MOUSSAi THIENOYL PROPIONATES, XII

10

7 2 3

ОН

R
a: Me 
b: H

OR'

R R‘
a: H H
b: Me Me
c: CONIIMe H

X

a: 0
b: N —Oil
c: N - O -C O -N H -M e

R
a: P h -  
b: Ph —OMe /i 
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re so n an ce , in  a d d itio n  to  p ro p io n ic  acid m e th y len e  p ro to n s. I t  also show ed 
h e te ro cy c lic  an d  carb o x y lic  p ro to n s  (see E x p e rim e n ta l) . A tte m p ts  to  gen era te  
th e  u n s ta b le  d iacy l d e riv a tiv e  w ere unsuccessfu l.

T h e  b ase -ca ta ly zed  re a c tio n  o f 4 a  w ith  a ld eh y d es  gave 5. The IR  sp ec tru m  
show ed  th e  absence o f  N H  b a n d s . The N M R  sp e c tru m  revealed  no im ino  
p ro to n s , b u t  = C  — H  sing le t w as observed  in  a d d itio n  to  th e  p rev io u sly  
m e n tio n e d  m eth y len e  p ro to n s . T his reac tio n  is o f  in te re s t, since i t  a ffords 
ev idence  th a t  th e  tra n s fo rm a tio n  o f th e  s ix  in to  th e  five-m em bered  rin g  
occurs in  a ll cases p ro b a b ly  th ro u g h  m olecu lar re a rra n g e m e n t in v o lved  in  
th e  m ech an ism .
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N—N = C H —К

W ith  c in n am ald eh y d e  fu r th e r  co n d en sa tio n  a t  th e  double  b o n d  arrests  
th e  n o rm al rin g  change w ith  th e  ap p e a ra n ce  o f ad d itio n a l v in y lic  p ro tons 
in  th e  N M R  sp ec tru m  o f 6.

I t  w as fo u n d  th a t  a tte m p te d  b ro m in a tio n  of lb  in  ace tic  a c id  gave a 
su b stan ce  w hich  b e h av ed  as a d icarb o x y lic  acid , as show n b y  a n h y d r id e  fo r
m a tio n . T he I R  sp e c tru m  h a d  an  a d d itio n a l lac to n e  b an d , a n d  o n  th e  bases 
o f  chem ical ana lysis , N M R  a n d  m ass sp e c tra , th e  possible s t ru c tu re  is 7, 
w hich  com pound  w as also o b ta in e d  u p o n  t r e a tm e n t w ith  a m ix tu re  o f  hydro- 
b rom ic  acid , ace tic  acid  an d  w a te r. I t  is k n o w n  th a t  if  th e  do u b le  b o n d  o f an 
u n s a tu ra te d  acid  is fa r th e r  dow n th e  ca rb o n  chain  th a n  b e tw e e n  th e  alpha 
a n d  b e ta  positions, co n ju g a te  ad d itio n  is n o t possible. N ev erth e less , th e  double

o 7 II
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0
IÍ

() r i b
• V c \
0  Clb

Ci H :tS ■b r i b
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C4II3K— г

I
C H  — C O 2 H
I

C t b  C 0 2H

b o n d  an d  ca rb o n y l g roup  in te ra c t in  th e  presence of acidic c a ta ly s t ,  because 
th e  ca rb o ca tio n  th a t  re su lts  from  th e  a d d itio n  of a p ro to n  to  th e  d o u b le  bond 
has a b u ilt-in  nucleoph ile  ( th e  ca rb o x y l group) w hich m ay a t ta c k  th e  cation ic  
cen tre  to  form  a cyclic p ro d u c t, p ro b a b ly  th e  lac tone  7.

W ith  com pounds 7 a n d  8, h y d raz in e  h y d ra te  gave 9, as sh o w n  b y  the 
co rrec t an a ly tica l d a ta , IR  an d  m ass sp ec tra .

A cid -m ed ia ted  cyc liza tio n  o f  th e  p h en y lsu cc in o p y razo lin ep ro p io n ic  acid 
6 to  th e  ring  cyclized  p ro d u c t 10 was e ffec ted  using  p o ly p h o sp h o ric  ac id  [4], 
b u t  y ields w ere low.

E xperim en ta l

M.p.’s are uncorrected. IR  spectra (K B r, vmax, cm -1) were recorded on a Beckman 
IR  4220 spectrophotom eter and electronic spectra (m ethanol, Amax, nm) on a B eckm an UV 
5230 spectrophotom eter. Mass spectra were obtained on a V arian MAT 112. The N M R spectra 
w'ere determ ined in deuteriochloroform  a t  a frequency of 60 MHz on aV arian  EM -360 spectrom 
eter, using tetram ethy lsilane as in ternal standard . The peak positions arc expressed in  ppm (Ö).
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Stobbe condensation

A mixture of methyl ß-thienoylpropionate (0.1 mol) and dimethyl succinate (0.14 mol) 
in i-butanol (15 mL) was gradually added during 30 min to a stirred solution of potassium 
i-butoxide [prepared from potassium (2.5 g) and i-butanol (60 mL)] at room temperature. 
The reaction mixture was stirred for 1 h, and then worked up as usual [5]. The oily product 
obtained (la; 75%) failed to solidify.

IR: 1715 and 1685 ( v C  =  0 ) .
Upon saponification with 10% ethanolic sodium hydroxide, followed by trituration 

with ether n - hexane, the tricarboxylic acid (lb; 63%) precipitated, m.p. 208 — 210 °C (from
ПР117РПЙ1

IR: 1700-1690 (broad) (rC =  0).
C12HJ20 6S. Calcd. C 50.70; H 4.22; S 11.26. Found C 51.12; H 3.98; S 10.76%.

D ehydration o f acid lb : formation o f anhydride 2

Acid lb  (2 g) was refluxed with acetyl chloride (60 mL) for 2 h. The solution was then 
concentrated under reduced pressure. The resulting yellow anhydride (2) was crystallized, 
from benzene; m.p. 173 — 175 °C (55%).

IR: 1820 and 1760 (rC =  0 ).
Ci2H10O6S. Calcd. C 54.13; H 3.75; S 12.03. Found C 53.87; H 3.54; S 11.68%.

4(71)-fixо-5-carl.о x \ nu tliy I-cyclopcrta[//]th io jh e i:e -6-propicnic acid (3a)

To a cold and stirred mixture of anhydrous aluminium chloride in carbon disulfide 
the anhydride 2 (3 g) was gradually added at such a rate that the temperature of the mixture 
did not exceed 5 °C. The reaction mixture was kept at this temperature for 3 h and then at 
room temperature for 2 days with occasional stirring. Carbon disulfide was removed and the 
product decomposed as usual. The residue was extracted with alkali and the extract washed 
with ether and acidified. The product thus obtained was filtered off, washed with cold water, 
dried and crystallized from benzene-methanol to give 3a (2 g), m.p. 123 —124 °C.

IR: 1740, 1690 (broad).
UV: 235, 330 (e, 13,000 and 15,000).
NMR (DMSO): <5 2.63 (2H, - C H 2-COOH), 3.55 (4H, -  CH2-CH „-COOH ), 7 .1 9 -7 .7  

(d, —CH =  C H - thiophene, J  =  5 Hz. AB system), 10.4 (III. COOH), 11.65 (1H, COOH).
C12H10O5S. Calcd. C 54.13; H 3.75; S 12. 03. Found C 54.51; H 3.71; S 12.66%. g

Reaction of th e  ke to n e  3a with hydroxylam ine: form ation of 3b

A suspension of 3a (2 g) and hydroxylamine hydrochloride (0.5 g) in a mixture of 
pyridine (1 mL) and ethanol (25 mL) was refluxed for 3 h. After cooling, the pioduct was 
filtered off, dried and crystallized from methanol to obtain colourless crystals of 3b, m.p. 
151 °C in 50% yield.

IR: 3400 and 1700.
Cr,Il ..OjiNS. Calcd. C 51.24; H 3.91: N 4.98: S 11.38. Found C 50.88; H 4.12; N 5.32: 

S 11.59%-.

Reaction of oxim e 31> w ith methyl isocyanate: form ation of 3c

A mixture of the oxime ЗЬ (1 g), methyl isocyanate (0.2 mL) and triethylamine (2 drops), 
in dry benzene (20 mL) was refluxed for 5 h. The solvent was evaporated under reduced 
pressure and the oily residue obtained was washed with re-hexane and then triturated with 
methanol to obtain the methylcarbamate (3c) as colourless crystals, m.p. 203 °C (from ben
zene).

IR: 3320, 1700 and 1665.
Cu H uO(iN,S. Calcd. C 49.70; H 4.14; N 8.28; S 9.46. Found C 50.12; H 4.22: N 7.76; 

S 9.91%.
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R eaction of lb  with hydrazine hydrate: form ation of the cyclic 
succinhydrazide derivative 4a

To a solution of lb  (0.01 mol ) in absolute ethanol (30 mL), hydrazine hydrate  (0.01 mol) 
in ethanol (10 mL) was gradually  added dropwise, w ith stirring . The white precipitated product 
was left in ice overn igh t, th en  filtered off and crystallized from methanol to  give 4a. m.p. 
1 8 6 -1 8 8  °C (70%).

IR : 3380 (broad) 1700 and 1640.
C12H 140 4N,S. Calcd. C 51.42; H 4.28; N 10.0; S 11.42. Found C 51.56; II 4.56; N 10.50; 

S 11.89%.

Reaction o f the anhydride 2 with hydrazine hydrate: formation of 4a

The anhydride 2 in ethanol was treated  w ith hydrazine hydrate  as above to  give the 
cyclic hydrazide 4a in 75%  yield, m.p. 190 °C. On adm ixing w ith a sample obtained by the 
hydrazine trea tm en t of lb , the m.p. was not depressed. The IR  spectral bands for bo th  sub
stances were identical.

Reaction of the hydrazide 4a with dim ethyl sulfate: formation of 4b

A solution of d im ethy l sulfate (0.04 mol) in  75 mL of 50%  ethanol was added, w ith 
stirring , over a period of 10 h, to  a refluxing solution of th e  hydrazide 4a (0.01 mol) in 50% 
alcohol (60 mL). A t th e  end of the reaction tim e the  alcohol was evaporated, during which 
w ater was added to  replace t he alcohol. The rem aining aqueous solution was ex trac ted  several 
tim es w ith chloroform and the combined ex tracts were dried over anhydrous sodium sulfate 
to  give 4b (25%). m .p . 128 °C (from hexane chloroform). Q q

IR : 1720 and  1635 (vC =  0 ). У  • /
AMR (DMSO): <5 2.1 (411. A ,B 2 system , - C H 2- C H .- C  ), 2.45 (2H, C H . - C - ) ,

Ó

3.15 (3H, CH3- N ) ,  3.35 (3H , C H .,-N ), 3.92 (3H. C OCH3), 7.2 (thienyl protons).
Cu H 18Ó4N2S. Calcd. C 55.9Ó; H 5.59; N 8.69; S 9.93. Found C 56.11; II 5.53; N 8.32; 

S 10.35%.

R eaction of 4a with methyl isocyanate: formation of 4c

A solution of 4a (1.5 g), m ethyl isocyanate (1 m L) and triethylam ine (2 drops), in dry 
benzene (10 mL) was refluxed for 5 h. The solution was evaporated  to dryness, and the oily 
residue washed w ith  benzene several times and crystallized from acetic acid to give the d icar
bam ate  4c as colourless crystals, m.p. 253 —255.°C; yield 1.1 g.

IR : 3350 (broad), 1710 (broad) and 1680 (broad).
C16II18OfA4S. Calcd. C 48.73: H 4.56; N 14.21: S 8.12. Found C 49.12; II 4.55; N 14.15; 

S 8.23% .

Reaction of 4a with aldehydes: formation of 5

A solution of th e  appropriate  aldehyde (0.005 mol) in ethanol (5 mL) was added drop- 
wise to a cold and s tirred  solution of the hydrazide (4a). (0.005 mol) in ethanol (10 m L) and 
10%  sodium hydroxide solution (5 mL). The resulting  yellow product was allowed to stand  
in an  ice bath overn igh t, then  acidified, filtered off and  crystallized from the proper solvent.

(a )  Reaction of 4a with benzaldehyde: formát ion of 5a

The product ob tained  was crystallized from m ethanol to  give vcllow crystals, m.p.
136 °C, yield 82% . ' о  ()

1 R: 1705 and  1620.
AMR ( C D C I />2.15 (411. A.,B, system C IL - C H .,- C  ), 2.4 (2H. C 1 I .-C  ). 3.7 

( I I I ,  CH N -  ). 7.12 (311. thienyl protons), 7.65 (5H . ph-) 11.56 (III.  COOH). "
Ci»H,fi0 4N.,S. Calcd. C 61.95; II 4.34: N 7.60: S 8.69. Found C 62.22: H 4.33 A 8.00;

S 8.55 о/
/О*
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(b) Reaction of 4a w ith anisaldehyde: form ation of 5b

T he product obtained was crystallized from  dilute m ethanol to  give yellow crystals, 
m .p. 150 °C, in 85% yield. О О

IR : 1700 and 1625. У  /
N M R  (CDCLj): <5 2.33 (4H, A 2B 2 system , CH2- C H 2- C - ) ,  2.55 (2H, CH2- C - ) ,  3.5 

(1H , C H = N —), 3.95 (3H, P h —OCH3), 6.95 (3H, th ieny l protons), 7.7 (5H, P h - ) ,  10.85 
(1Н , C OO H).

C20H 18O5N2S. Calcd. C 60.30; H  4.52; N  7.03; S 8.04. Found C 60.55; H  4.59; N  6.59; 
S 7.68 %.J

(c) Reaction of 4a w ith thienaldehyde: form ation of 5c

T he p roduct obtained was crystallized from  chloroform  to  give yellow crystals , m.p- 
121 °C, in  75%  yield.

IR : 1705 and 1630.
C17H 140 4N2S2. Calcd. C 54.54: H  3.74; N 7.48; S 17.11. Found C 54.55; H 3.54; N  7.59; 

S 16.85% .

(d) Reaction of 4a w ith furfural: form ation of 5d

T he product was crystallized from  dilute m ethanol to  give yellow crystals of 5d, m.p. 
115 °C (70%  yield).

IR : 1700 and 1620.
Ci7H 140 5N„S. Calcd. C 56.98: H  3.91; N 7.82; S 8.93. Found C 57.25; H 4.11; N  8.13; 

S 9 .22% .'

(e) Reaction of 4a w ith cinnam aldehyde: form ation of 6

T he p roduct was crystallized from  chloroform  to  give yellow crystals of 6, m .p. 200 — 
202 °C, in  80%  yield. О О

IR : 1705, 1660 and 1620. У  У
N M R  (DMSO) <5 2.1 (4H, A 2B 2 system  CH2- C H 2- C - ) ,  2.55 (2Н, СН2—С—), 5.23 

(br., 1Н . d , CH —Ph, J  =  6 Hz), 6.1 —6.7 (m, 2Н , СН =  СН), 6.8 (ЗН, th ienyl protons).
C21H 170 4N„S. Calcd. С 64.12; H  4.32; N 7.12; S 8.14. Found С 63.87; H 4.59; N  6.68; 

S 8.59% .

Attem pted brom ination of lb :  form ation of 7

B rom ine (0.02 mol) in  glacial acetic acid (10 m L) was added dropwise a t  0 — 5 °C to  
a so lu tion  o f the  acid lb  (0.01 mol) in  acetic acid (20 m L) After lh , the reaction  m ix tu re  was 
poured in to  crushed ice, and the  p rec ip ita ted  w hite solid was filtered  off and crystallized from  
d ilu te  ace tic  acid to  obtain th e  lactone 7 in  68%  yield, m .p. 180 °C.

IR : 1785 and 1700 (broad). О
У

N M R  (CDOj): ö 1.95 (4H, m, СН2- С Н 2- С ,  Л 2В2), 3.72 (АВХ p a tte rn  for th e  
GH — CH2— group of protons; J a x  =  J  B X  8 Hz, CH2) and 4.85 (t, —CH —), 6.86 (3H , th ieny l 
pro tons), 10.57, 11.15 ( — COOH).

C12H 120 6S. Calcd. C 50.70; H 4.22; S 11.26. Found C 50.58; H 4.41; S 10.89%.

Lactonization of la :  form ation of 7

T he half-ester la  (2 g) was refluxed  for 10 h w ith  a m ixture of hydrobrom ic acid and 
w ater (20 m L , 2 : 1). At the end of th e  reaction, the solid which separated was ta k e n  up in 
e ther an d  th e  ethereal layer ex trac ted  thoroughly  w ith 10% sodium  carbonate solution. The 
alkaline so lu tion  was acidified to  give an  acidic, colourless solid which was crystallized from 
dilu te ace tic  acid in 52% yield, m.p. 175 —178 °C. The substance gave no depression on adm ix
tu re  w ith  com pound 7 previously ob tained . The IR  spectral bands of bo th  substances were 
identical.
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D ehydration of the diacid 7: form ation of the anhydride 8

The diacid 7 (2 g) was refluxed w ith  acety l chloride (60 mL) for 2 h. The solution was 
then  concentrated  under reduced pressure. The p roduc t failed to  solidify.

IR : 1810, 1785 and 1725.

Reaction of th e  [diacid 7 w ith hydrazine hydrate: form ation of the hydrazide 9

To a  solution of 7 (0.01 mol) in  absolute e thano l (30 mL), hydrazine h y d ra te  (0.01 mol) 
in e thanol (10 mL) was added dropwise, w ith  stirring . The white product w hich precip ita ted  
was allowed to  stand  in  an  ice hath  overnight, th e n  filtered  off and crystallized from  benzene 
m ethanol to  give 9, m .p. 163 °C.

IR : 3350 (broad), 1670 (broad) and 1620.
G,„H140 3N4S. Calcd. C 48.97; H 4.76; N 19.04; S 10.88. Found C 49.33; H  4.51; N  18.69; 

S 11.52%.

Reaction of the anhydride 8 w ith hydrazine hydrate: form ation of 9

The anhydride 8 was trea ted  w ith hydrazine hydra te  as above, w hereupon com pound 
9 deposited (m .m.p.).

T reatm ent of the phenylsuccinopyrazoline-propionic 
acid 6 with poly phosphoric acid: form ation of 10

Polyphosphoric acid (40 g) was w arm ed to  80 °C and 2 g of 6 was added  slowly, with 
m echanical stirring. The resulting m ixture was heated  a t 80 °C for 2 h  and  th e n  cooled and 
poured in to  ice-water, w ith  vigorous stirring. A fter standing  overnight, the p ro d u c t obtained 
was ex trac ted  w ith ether. The combined ex trac ts were washed w ith sodium b icarbonate , dried 
over sodium  sulfate and  concentrated . The residue solidified on cooling to  give yellow needles, 
m .p. 177 °C, (from benzene n-hexane).

IR : 1700 and 1620.
C21H 150 3N2S. Calcd. C 67.20; H 4.00; N 7.46; S 8.53. Found C 67.31; H  4.52; N 7.93; 

S 8.98% .
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T wo routes to  A-raor-5-azacholestane derivatives from  the u n sa tu ra te d  lactam
1 are described.

In  our p rev io u s p a p e r  [1] we described  an  effic ien t sy n th e s is  o f A -nor- 
*B -/tom o-5-azacholest-6-en-3-one (1).

C o n trac tio n  o f rin g  В in  th is  co m p o u n d  is th e  su b je c t o f  th e  presen t 
c o n tr ib u tio n  [2 ].

T h e  o x id a tio n  o f co m p o u n d  1 w ith  osm ium  te tro x id e  a ffo rd e d  th e  lac- 
ta m o d io l 2 [1]. F u r th e r  o x id a tio n  w ith  period ic  acid re su lte d  in  th e  fo rm ation  
o f  th e  B -seco-aldeliyde 3. In tra m o le c u la r  condensation  o f  3 p ro c e e d in g  during 
h e a tin g  in  d ioxane  so lu tio n  w ith  c o n c e n tra te d  h ydroch lo ric  a c id  y ie ld ed  the 
u n s a tu ra te d  la c ta m  4 w ith  th e  n o rm a l size o f ring  B.

A lkaline hyd ro ly sis  o f  th e  seco-aldehyde 3 also p ro v id ed  a p ro d u c t  w ith 
6-m em bered  rin g  B, 6 /?-hydroxy-A -nor-5 -azacho lestan -3 -one (6), p ro b a b ly  via 
th e  in te rm e d ia ry  com p o u n d  5. W h en  th e  hydro lysis w as fo llo w ed  b y  acidi
f ic a tio n  o f th e  re a c tio n  m ix tu re , th e  m a in  p ro d u c t was A -reor-5-azacholest-6-en- 
-3-one (7). T he m in o r p ro d u c t w as th e  h y d ro x y lac tam  6 . I t  w as also  proved 
t h a t  co m p o u n d  6 u n d e r acid ic  co n d itio n s  u n d erw en t p a r t ia l  d eh y d ra tio n  
( th e  reac tio n  is rev ers ib le  [1]) to  give th e  u n sa tu ra te d  la c ta m  7. I n  th e  equi
lib r iu m  s ta te  th e  ra tio  o f co m pounds 7 : 6 was ab o u t 4 : 1.

A n a lte rn a tiv e  ro u te  to  in d o liz id in e  azastero ids co n sis ts  in  a rea rran g e
m e n t o f the  lac tam o d io l 2 u n d e r  basic  cond itions. O n h e a tin g  2 in  boiling 
d io x an e  w ith  aqueous K O H , fo rm a tio n  o f th e  isom eric diol 10 to o k  place. 
I t  seem s th a t  in  th e  f irs t  s tep  of th e  re a c tio n  the  o pen -cha in  s t ru c tu re  8 had 
fo rm ed ; th e  iso m eriza tio n  o f 8 via  th e  com m on  enolic fo rm  to  k e to n e  9, followed 
b y  IV -cyclization, a ffo rded  th e  la c ta m o d io l 10.

P eriod ic  ac id  o x id a tio n  o f  10 y ie lded  A -nor-5 -azacho lestan -3 ,6 -d ione  
( 11) .  T he sam e co m p o u n d  w as o b ta in e d  from  the  h y d ro x y la c ta m  6 by  ru th e 
n iu m  te tro x id e  o x id a tio n .

* To whom correspondence should be addressed
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The lac tam o d io l 10 in  T H F  so lu tio n  t r e a te d  w ith  a d ro p  o f  H C 104 
u n d e rw e n t d e h y d ra tio n  to  give th e  u n s a tu ra te d  alcohol 12. C om pound  12 
w h en  allow ed to  s ta n d  in  d ioxane w ith  h y d ro ch lo ric  acid isom erized slow ly to  
6 |-fo rm y l-A -nor-5 -azacho lestan -3 -one  (13).

The com pounds described  above w ill be  su b je c te d  to  biological in v e s ti
ga tions.

Experimental

M.p.’s were determ ined  on a Koffler appara tus of Boetius type and are uncorrected. 
The measurem ents of optical ro ta tio n  were perform ed on a  Perkin-Elm er 241 polarim éter in 
CHC13. IR  spectra were recorded on IR-20 and U nicam  SP 1100 spectrophotom eters in 
CHC13 or in K Br. UY spectra  were taken  on a Specord UV-VIS spectrophotom eter in  ethanolic 
solutions. 'H -NM Rl spectra  were obtained on a Jeol-100 apparatus in CDC13 w ith  TMS 
(0 =  0 ppm ) as in te rna l standard . 6/S,7/?-Dihydroxy-A-nor-B-homo-5-azacholestan-3-one (2) 
was synthesized according to  th e  method previously described by us [1].

Cleavage of lactamodiol 2 by periodic acid

The lactam odiol 2 (1 g) dissolved in T H F  (150 m L ) was trea ted  with a sa tu ra ted  aqueous 
solution of H6I 0 6 (4 g). The reaction  m ixture was allowed to  stand  for 30 min a t room  tem per
a tu re . The organic solvent was evaporated under reduced  pressure a t  room tem pera tu re  and 
th e  residue was ex trac ted  w ith  carbon tetrachloride. The e x trac t was washed w ith  w ater, dried 
(anhydrous Na2S04) and  the  solvent evaporated. The seco-aldehyde 3 obtained (970 mg) did 
n o t exhibit any tendency  to  crystallization. However, th is  m aterial was essentially pure and 
was used in the fu rther transform ations; [ajp5 + 6 9 .5 °  (c 1.0).

IR  (fmaxU): 2731 (CHO), 1741, 1721 and 1701 c m '1 (C =  0 ). |
‘H-NM R: <5 9.79 (m, u>/2 =  5 Hz, 1H, -C H O ) , 8.95 (s, 1H, H C O - N - C O  - ) ,  1.55 

(s, 3H, 19 —CH3), 0.75 (s, 3H, 18-CH3).
UV: Я m ax 226 nm (e =  8900). #
C2fiH4nNOn (417.63). Calcd. C 74.78; H 10.38; N 3.35. Found C 74.63; II 10.44; N 3.26% .

Closure of ring В in the seco-aldehyde 3

To a solution of the seco-aldehyde 3 (150 mg) in  dioxane (30 mL) cone, hydrochloric 
acid (4 mL) was added. The reaction m ixture was refluxed for 20 min, poured in to  w ater and 
ex tracted  w ith benzene. The washed and dried (anhydrous Na2S 04) ex trac t was evaporated  
and  the residue crystallized from  methanol — w ater. Yield of unsaturated  lactam  4 was 
95 mg, m.p. 1 1 7 -1 1 9  °C, [a]J>7 + 92 .5° (c 0.8).

IR  ( f f ) :  2730 (CHO), 1713 and 1681 (C =  0 ) , 1611 c m '1 (C =C ).
■H-NMR: ő 9.31 (s, 1H, -C H O ), 7.36 (s, 1H, 6-H ), 1.17 (s, 3H, 19-CH3), 0.94 (s, 3H , 

18-CH3).
UY: Я m ax 291 nm  (e =  14,700).
C2f)H41N 0 2 (399.62). Calcd. C 78.15; H 10.34; N 3.50. Found C 78.00; II 10.51; N 3.55% .

Synthesis of 6/?-hydroxy-A-nor-5-azacholestan-3-one (6)

To a solution of the seco-aldehyde 3 (450 mg) in  dioxane (30 mL) potassium  hydroxide 
(600 mg) in w ater (3 mL) was added and the reaction  m ixture was refluxed for 2 h . After 
cooling, the reaction m ixture was poured into w ater (200 mL) and ex trac ted  w ith  benzene. 
The ex tract was washed, dried (anhydrous Na2S 04) and  the solvent evaporated. The product, 
hydroxylactain  6, p rec ip ita ted  from hexane as an am orphous solid (290 mg), [a]^5 + 17 .9°

(C l ’° l  KBrIR  (»mix): 3370 ( O - H ) ,  1697 cm “ 1 (C =  0).
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0.84
1H -N M R : ő 5.54 (m, w/2 =  9 Hz, 1H, 6a-H), 4.97 (s, 1H, - O H ) ,  1.43 (s, 3H , 19-CH3), 

(s, 3H , 18-CH,).
C ,H 4.> 0 2 (389.63). Calcd. C 77.07; H  11.12; N 3.59. Fond C 76.92; H 11.25; N  3.56%

D ehydration of the hydroxylactam  6

(а) The above hydroxy lactam  (100 mg) was dissolved in  T H F  (5 mL), one d rop  о 
perch lo ric  acid was added and th e  reaction  m ixture was allowed to  stand  for 0.5 h . I t  was 
th e n  p o u red  in to  water (100 m L) and  ex tracted  w ith CC1,,. Silica gel (70 —270 mesh) chrom atog
ra p h y  of th e  crude m aterial afforded A-nor-5-azacholest-6-en-3-one (7) (65 m g) and  the 
s ta r tin g  hydroxylactam  6 (14 mg).

(б) The seco-aldehyde 3 (970 mg) was dissolved in  dioxane (60 mL), a solution of KOH 
(1 g) in  w a te r (5 mL) was added and  th e  reaction  m ix tu re  was refluxed for 2 h. A fte r cooling, 
cone, hydroch lo ric  acid (3 m L) was added, the reaction  m ix ture  was poured in to  w ate r (100 
m L) an d  ex trac ted  w ith CC14. The ex tra c t was washed w ith  w ater, dried (anhydrous N a2S 04), 
ev ap o ra ted  and chrom atographed on a silica gel (70—270 mesh) column. E lu tio n  with 
benzene — ether m ixture (85 : 15) gave the unsa tu ra ted  lac tam  7 (680 mg), m .p. 102 —103 °C 
(from  aqueous acetone), [a]},7 —30.4° (c 1.0).

IR  ( Ä 1’): 1682 (C = 0 ) , 1648 c m " 1 (C =  C).
’H -N M R : <5 6.69 (dd, J 6_ 7 =  8 Hz, J ,,_8 =  3 Hz, 1H, 6-H), 4.94 (dd, J 6_ , =  8 Hz, 

J , _ 8 =  2 H z, 1H, 7-H), 1.08 (s, 3H , 19-CH3), 0.72 (s, 3H, 18-CH3).
U V : X m ax 247 nm  (e =  16,400).
С28Н 41КО (371.61). Calcd. C 80.80; H 11.12; N  3.77. Found C 80.68; H  11. 13; N  3.62%.
W ith  benzene — ether m ix tu re  (6 : 4) the more polar product, hydroxy lactam  6. was 

e lu ted  (185 mg). I t  precip ita ted  from  hexane as an am orphous solid.

R earrangem ent of the lactam odiol 2

To a solution of the lactam odio l 2 (300 mg) in  dioxane (30 mL) potassium  hydroxide 
(200 m g) in  w ater (8 mL) was added  and the reaction  m ixture was refluxed for 2 h . After 
cooling th e  reaction m ixture was d ilu ted  w ith  w ater and  ex trac ted  w ith benzene. The ex trac t 
was w ashed , dried (anhydrous N a2S 0 4) and th e  solvent evaporated . The residue w as crystal
lized fro m  acetone. Yield of th e  isom eric diol 10 was 255 mg; m.p. 190 — 192 °C, [a]},9 —11.0° 
(c 0.91).

IR  (vmSf): 3305 ( O - H ) ,  1670 c m '1 (C =  0 ).
'H -N M R : <5 5.46 (dd, J ha-OH  =  12 Hz, J hb-OH  =  4.5 Hz, 1H, O - H ) ,  3.83 (dd, 

J ha- H b =  12 Hz, J hb- oh =  4.5 H z, 1H, — С Н дЯ в—OH), 3.12 (t, J ha-H b =  J ha- oh =  
=  12 H z, 1H , - С Я д Н в - О Н ) ,  1.46 (s, 3H, 19-CH3), 0.86 (s, 3H, 18-CH3); th e  unusually  
w ell reso lved  O — H signal a t  6 5.46 disappeared upon shaking the sample w ith  D20  and at 
th e  sam e tim e  the m ethylene p ro tons gave a norm al AB system .

C2eH 46N 0 3 (419.65). Calcd. C 74.42; H  10.81; N 3.34. Found C 74.17: H 10.82: К  3.3C%

R eaction of the diol 10 w ith periodic acid

T he diol 10 (100 mg) dissolved in  freshly distilled T H F  (8 mL) w e s  trea ted  w ith  a solu
tio n  of H 6IO e (100 mg) in w ater (0.5 m L). The reaction  m ix ture  was allowed to  s tan d  for 1 h, 
p ou red  in to  w ater (100 mL) and ex trac ted  w ith benzene. The dried ex tract (anhydrous N a2S 04) 
w as con cen tra ted  and the oily residue chrom atographed on a [silica gel (100 — 200 mesh) 
colum n. W ith  benzene — ether m ix tu re  (7 : 3) A-nor-5-azacholestan-3,6-dione (11) was eluted 
(41 m g), m .p . 159 °C (from acetone). [a]f9 + 36 .1° (c 1.0). The IR  spectrum  of 11 was identiea 
w ith  th a t  described previously [3].

7H -N M R : 8 1.36 (s, 311, 19-CH3), 0.80 (s, 3H, 18-CH3).]

Oxidation of the hydroxylactam  6 by ru then ium  tetroxide

A m ix tu re  of N a I0 4 (2 g) in  w ater (25 mL), CC14 (25 m L) and hydra ted  R u 0 2 (10 mg) 
was sh ak en  un til the black p rec ip ita te  com pletely dissolved. To the above oxidation  m ix ture  
a so lu tion  of th e  hydroxylactam  6 (100 mg) in CCi4 (10 mL) was added dropwise du ring  15 min 
w ith  v igorous shaking. Shaking was continued for fu r th e r  15 m in and then  the low er, yellow

A cta  Chim . Arad. Sri. Thing. 111. 10Г.2
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1 ayer was separated . Several drops of isopropanol were added to  decompose R u 0 4 and the 
black precip ita te  of R u 0 2 was filtered off. The filtra te  was dried (anhydrous N a2S 04) the 
solvent evaporated  and  the residue crystallized from acetone. The p roduc t ob tained, imide 
11 . was identical w ith  the com pound described above (yield 59 mg).

Dehydration of the diol 10 under acidic conditions

The lactam odiol 10 (120 mg) was dissolved in freshly distilled T H F  (10 m L) and a drop 
of perchloric acid was added. The reaction  m ix ture  was allowed to  stand  for 30 m in and then 
poured in to  w ater (100 mL) and extracted  w ith  benzene. The ex trac t was w ashed w ith  water, 
dried (anhydrous N a2S 04) and the solvent evaporated . The crude p roduc t 12 crystallized 
from  acetone (yield 75 mg), m .p. 138 — 142 °C, [a]J,9 —23.4° (c 0.8).

IR  ( Ä ) :  3431 (O H), 1686 (C =  0 ) , 1650 c m '1 (w, C =  C).
'H -N M R : 6 4.80 (s, 1H, 7-H), 3 .8 0 -4 .2 0  (m, 3H, СЯ, OH), 1.14 (s, 3H, 19-CH,), 

0.76 (s, 3H, 18-CH.,). A fter shaking the sample w ith  D.,0 the m ethylene p ro tons gave a normal 
AB system  a t ő 4.Ó5 (2d, J ha-Hb =  12.5 Hz, 2H, CHAH B —OD).

UV: A m ax 244 nm  (f =  14,780).
C2„H„NO., (401.64). Calcd. C 77.75; H 10.79; N 3.49. Found C 77.49; H  10.89; N 3.40%

Isomerization of the unsaturated alcohol 12

The u n sa tu ra ted  alcohol 12 (50 mg) in dioxane (5 mL) solution was tre a te d  w ith cone. 
hydrochloric acid (1 mL) and the reaction m ix ture  was allowed to  stand  for 12 h. The usual 
work-up followed by  crystallization  from  hexane afforded the lactam oaldehyde 13 (28 mg), 
m .p. 129- 132 °C, [oc]}/ - 5 4 .6 °  (c 0.74).

IR  ( Ä ) :  2713 (CHO), 1738 and 1697 c m '1 (C =  0).
'H -N M R ; b 9.45 (s, 1H, -C H O ), 4.60 (m , w/2 =  12 Hz, 1H, 6-H), 1.14 (s, 311, 19-CH.,), 

0.73 (s. 3H, 18-CH.,).
C..„H4nNO., (401.64). Calcd. C 77.75: H 10.79; N 3.49. Found C 77.47; H 10.82; N 3.49% .

Direct transformation of the lactamodiol 2 into aldehyde 13

To a solution of the lactam odiol 2 (150 mg) in  dioxane (15 mL) po tassium  hydroxide 
(200 mg) in w ater (4 mL) was added and the reaction  m ixture was refluxed for 2 h. After 
cooling, the above m ixture was trea ted  w ith cone, hydrochloric acid (2.5 m L), le t to  stand for 
12 h, poured in to  w ater (200 mL) and th en  ex trac ted  w ith benzene. The dried (anhydrous 
N a2SO,) ex trac t was evaporated  and the oily residue crystallized from hexane (yield of lactam o
aldehyde 70 mg), m .p. 1 2 9 -1 3 2  °C, [a]',7 -5 4 .6 ° .
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The mass spectrom etric behaviour of seventeen models of the title  com pounds 
has been investigated  in com praison w ith the analogous norm al steroids. A dom inating 
role of the basic n itrogen atom  in directing the fragm en ta tion  of these types of com
pounds has been established, leading to a very  selective decomposition and low molec
ular ion stab ility .

As experience w ith  some derivatives has show n, the decreasing of the basicity 
of the nitrogen a tom  by introducing appropriate substituen ts and/or the presence of 
other charge localizing centres in the molecules resu lt in  more inform ative spectra dis
playing different fragm ents formed via  decom position of th e  steroidal skeleton itself.

In the case of the steroidal alkaloids investigated  it  has also been shown th a t, 
besides some sim ilarity  to  the analogous steroidal sapogenins, there are in teresting  
new fragm entation  rou tes and , furtherm ore, acy la tion  of the nitrogen a tom  provides 
a possibility to  distinguish betw een the stereoisomeric pairs w ith different spiro-junction

Introduction

D uring  th e  la s t  tw o  decades, a v ast a m o u n t o f  know ledge concern ing  th e  
m ass sp ec tro m e try  o f  n o rm a l stero ids has a c c u m u la ted . S tero ids w ith  th e  
m a in  ty p es of sk e le to n  a n d  h av in g  v a rious su b s ti tu e n ts  (such as O H , O R , 
oxo, etc. groups) in  d iffe ren t positions have  b een  s tu d ie d  sy s tem a tica lly , an d  
co rre la tions b e tw een  th e se  s tru c tu re s  an d  th e ir  e lec tro n  im p a c t in d u ced  
decom positions are  now  well d ocum en ted  [e.g. 1 — 4 ], he lp ing  to  solve s tru c tu ra l  
p rob lem s in  th is  fie ld .

In  c o n tra s t, m o st o f  th e  m ass sp ec tra  o f  n itro g en -co n ta in in g  s te ro id s  
(am ines, azaste ro id s , a n d  s te ro id a l a lkalo ids), w h ich  are  o f grow ing p h a rm a 
ceu tica l im p o rtan ce , w ere m erely  rep o rted  fo r th e  sake o f s tru c tu ra l id e n tif i
ca tio n , and  only  few  p ap ers  deal w ith  th e  in te rp re ta t io n  o f th e  fra g m e n ta tio n  
in som e deta il.

A su rvey  o f  th e  l i te ra tu re  on th e  m ass sp e c tro m e try  of aza s te ro id s  
(i.e. com pounds c o n ta in in g  n itro g en  a to m  in th e  s te ro id a l skeleton) affo rds an 
in te re s tin g  p ic tu re  a b o u t th e  in fluence o f th e  n itro g en  atom  on th e  m ass 
sp ec tro m etric  b eh av io u r.

* To whom ; orrespondence should be addressed
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P a n d i t  et al. s tu d ie d  th e  fra g m e n ta tio n  processes o f 6 -azaeq u ilen in  an d  
6-aza-14/?-isoequilenin  [5], a n d  th e y  fo u n d  th e  m ass sp ec tra  o f  th e se  com 
p o u n d s  sim ilar to  those  o f eq u ilen in  a n d  14/J-isoequilenin, w hich hav e  no  n itro g en  
a to m  in  th e  skeleton : i.e. th e  n itro g e n  a to m  d id  n o t affect th e  fra g m e n ta tio n  
o f  th e s e  com pounds. T h is seem s to  be co n n ec ted  w ith  th e  fa c t t h a t  in  th e  
6-a z a e q u ilen in  isom ers th e  n itro g e n  a to m  is a p a r t  o f a stab le  a ro m a tic  sy stem . 
I n  acco rd an ce  w ith  th is , fo r som e ste ro id s  b e a rin g  n itro g en  a tom s in  a s a tu ra te d  
r in g  sy s te m , th e  fra g m e n ta tio n  p a tte rn s  show  in te re s tin g  d ifferences b e tw een  
th e  m ass  sp ec tra  o f th e  aza s te ro id s  a n d  th o se  o f  th e ir  n o rm al an a lo g u es . This 
c a n  be  seen  from  th e  m ass s p e c tra  o f  som e 6 -azacho lestanes, an d  6 -azaan d ro s- 
ta n e s  ( K u T N E Y  etal. [6 ]) a n d  th o se  o f  som e la c ta m s  h av in g  a n itro g e n  a to m  in 
d if fe re n t  (2-, 3-, 16-, 17-, 6 -, o r 6a) p o sitions o f th e  stero id  sk e le to n  (A p l in  
et al. [7 ], A hmad et al. [8 , 9 ]). A m a rk e d  effect o f th e  n itro g en  a to m  on  th e  
f ra g m e n ta tio n  processes w as o bserved  b y  B a r a n o w s k a  et al. in  th e  m ass 
s p e c tra  o f  9 -azastero ids [10] a n d  b y  V e r c h e r e  et al. fo r 8 ,1 3 -d iazaes tran es  
[11]. T h e  frag m en ta tio n  p a t te r n  w as h ig h ly  suscep tib le  to  th e  p resence  o f a 
n i t ro g e n  hetero  a to m  in  p o s itio n  7 in  th e  case o f 6 ,7 -d iazaequ ilen ins, acco rd ing  
to  P o l l m a n n ’s s tu d y  [12].

A s fa r  as th e  l i te r a tu r e  o f  s te ro id a l a lka lo ids is concerned , o n ly  some 
m ass  sp e c tra l d a ta  h av e  b een  re p o rte d  [13, 14], a n d  no p u b lica tio n  deals w ith  
th e i r  m ass sp ec tro m etric  b e h a v io u r.

F ro m  th e  ab o v e-m en tio n ed  l i te ra tu re  i t  can  be con c lu d ed  t h a t  th e  
p re se n c e  o f a n itro g en  a to m  in  sev era l ty p e s  o f  s te ro id a l sk e le ton  a n d  in  various 
p o s itio n s  has d ifferen t e ffec ts  an d  m a y  cause  a g rea t se lec tiv ity  in  th e  frag 
m e n ta t io n  rou tes. T his se le c tiv ity  leads to  a less in fo rm ativ e  m ass sp ec tru m , 
a n d  hen ce  m akes s t ru c tu ra l  analy sis  m ore d ifficu lt.

T h e  aim  of th is  w ork  is to  s tu d y  th e  ro le  o f th e  n itro g en  a to m  in  th e  elec
t r o n  im p a c t induced  f ra g m e n ta tio n  o f som e 17-aza- an d  2-(4’- m e th y l- l ’- 
-p ip eraz in o )-1 7 a-azaste ro id s  a n d  s te ro id a l a lka lo ids and , fu r th e rm o re , to  
in v e s t ig a te  how  th is  ro le c a n  be in flu en ced  b y  chang ing  th e  b a s ic ity  o f th e  
N -a to m  via d e riv a tiza tio n . T he resu lts  m a y  help  to  e lu c id a te  s tru c tu ra l  
p ro b le m s of com pounds o f th is  ty p e  b y  m ass sp ec tro m e try .

R esu lts  an d  D iscussion

T h e  m odel co m p o u n d s in v e s tig a te d , th e  resu lts  an d  d iscussions are 
p re s e n te d  in  th ree  s e p a ra te  p a ra g ra p h s  o f  th is  p ap er, accord ing  to  th e  d iffe r
e n t  g ro u p s o f th e  co m p o u n d s.
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1. 17-azasteroids

T h e follow ing a n d ro s ta n e  a n d  e s tra n e  d e riv a tiv e s  were e x a m in e d :

Ri

CH3O'

u

K, K2 B.3

a: H H H

b: II - 0 —

C: Cl—CH2—c — 
II 
0

H H

T h e m ass sp ec tra  of 3 /3 -hydroxy-17-aza-5a-androstane  (la) an d  its 
d e r iv a tiv e s  (lb , c) are  show n in  F ig . 1* to g e th e r  w ith  th a t  o f  3 /l-h y d ro x y -5 a- 
-a n d ro s ta n e .

A s can  be seen, th e  a b u n d an ce  o f th e  m o lecu lar ion o f  th is  l a t t e r  com 
p o u n d  is s ign ifican t an d  th e  f ra g m e n ta tio n  o f th e  s te ro ida l sk e le to n  gives rise 
to  sev era l a b u n d a n t frag m en t ions ( th e ir  o rig ins are  in d ica ted  in  th e  s tru c tu ra l  
fo rm u la  in  th e  F igure). C o n tra ry  to  th is , in  th e  case of lb , th e  m o lecu la r  ion 
show s a m u ch  decreased  s ta b ili ty  an d  th e  m ass sp ec tru m  is v e ry  s im p le : th e  
o n ly  a b u n d a n t peak  ex h ib ited  co rresponds to  th e  (M —C H 3)+ io n , a risen  b y  
th e  sp lit t in g  o ff of a m e th y l g roup  from  th e  Clg position  o f  th e  m olecule  (/3- 
c leavage to  th e  N  a tom ) an d  h av in g  an  im m o n iu m  cation  s tru c tu re ,  w hich  is 
to o  s ta b le  to  decom pose.

T h e  m ass sp ec tru m  o f Ic  ex h ib ite d  one m ore peak  (m/z 262) besides th e  
m o lecu la r  ion  an d  th e  ion  (M —C H 3)+ . M e ta s tab le  o b se rv a tio n  su p p o r te d  th a t  
th is  io n  w as form ed from  th e  (M — C H 3)+ io n  b y  loss o f a C 1 C H = C 0  m olecule.

O n th e  basis o f  th ese  o b se rv a tio n s  i t  c an  be concluded  t h a t  fo r  l a —Ic  
th e  o n ly  m ain  reac tio n  cen tre  o f th e  f ra g m e n ta tio n  is th e  n itro g e n  a to m .

T h e  m ass sp ec tra  o f 17 -azaestrone  d e riv a tiv e s  ( I la — c) h a v in g  a ro m atic  
A  rin g  a re  show n in F ig . 2, to g e th e r  w ith  t h a t  o f  3 -m e th o x y -e s tra - l ,3,5(10)- 
-trien -1 7 -o n e , p u b lished  earlie r [15]. B ecause  o f  th e  presence o f  th e  a ro m a tic  
A r in g , th is  la t te r  com pound  gave a s ta b le  m o lecu lar ion  (base  p e a k ), and  
a b u n d a n t p eak s co rrespond ing  to  th e  d eco m position  of th e  e s tro n e  sk e le to n
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(e.g . ions a t  m/z 160, 173, 186 an d  m/z 199 arisen  via bond  ru p tu re s  in  the  
D o r/a n d  C rings, as show n in th e  F igure).

A t th e  sam e tim e , I l a  behaves s im ila rly  to  l a —c: th e  b ase  p e a k  co rre 
sp onds to  th e  (M —C H 3)+ ion , an d  th e  m o lecu la r peak  is w eak , i.e. th e  N atom  
is again  th e  m ain  cen tre  d irec tin g  th e  fra g m e n ta tio n . T he a ro m a tic  A ring 
s tab ilizes on ly  an  ion  a t  m/z 173 w ith  m ed iu m  ab u n d an ce . l ib  decom poses to  
sev era l frag m en ts  u n d e r  e lec tro n  im p a c t, a n d  a t  th e  sam e tim e  th e  s ta b ility  
o f  its  m olecular ion  is en h an ced . The ion  c u rre n t ca rried  b y  f ra g m e n t ions due 
to  decom position  o f  th e  s te ro id a l sk e le ton  is h igher th a n  2 0 %  o f  th e  to ta l. 
T h e  large d ifferences b e tw een  I la  an d  III» are  due to  th e  p resen ce  o f  16-oxo 
g ro u p  in  th e  la t te r ,  w h ich  decreases th e  b a s ic ity  an d  th e re b y  th e  p ro b a b ility  
o f  charge  loca liza tio n  on  th e  n itro g en  a to m . H ence th e  a ro m a tic  A  rin g  can 
acq u ire  a role in  d ire c tin g  th e  fra g m e n ta tio n  an d  stab iliz ing  th e  ion s a t  m/z 160, 
173, 186 an d  110. (This la t te r  is a co m p lem e ta ry  ion  o f m/z 160 o rig inating  
from  th e  (M — 15)+ ion .) T he m ass sp e c tro m e tric  b eh av io u r o f  I lh  suggests 
t h a t  th e  n itro g en  a to m  a n d  th e  a ro m atic  r in g  are com peting  re a c tio n  centres 
d u rin g  th e  fra g m e n ta tio n . T he m ass sp e c tru m  fo r com p o u n d  l i e  show s a 
m o lecu la r peak  o f less a b u n d an ce  th a n  th a t  in  case o f l ib ,  a n d  o n ly  th e  ions 
a t  m/z 160 an d  173 can  be observed  from  th e  fo rm erly  m e n tio n e d  series. This 
is a t t r ib u te d  to  th e  fa c t th a t  th e  ch lo ro ace ty l g roup  p resen t does n o t  decrease 
th e  b as ic ity  o f th e  n itro g en  a to m  as m u ch  as th e  16-oxo g ro u p  d id  in  lib  
a n d , co n seq u en tly , th e  f ra g m e n ta tio n  o f  l i e  is d irec ted  m a in ly  b y  th e  aza- 
n itro g en  a tom .

2. 17a-azasteroids

T he follow ing 2-(4’-m e th y l- l’-p ip e raz in o )-1 7 a-azaan d ro stan es h av e  been 
ex am in ed :

R. R* Ra

a: И 11 11
b: CHa 11 11
c: H - O -
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н
íííf1

F ig .  3

T h e  m ass spectra  o f  th e s e  com pounds are  sh o w n  in P ig . 3. T he e lec tro n  
im p a c t  in d u ced  fra g m e n ta tio n  o f  I l i a —c in d ic a te s  t h a t  as th e  b a s ic ity  o f 
th e  1 7 a-aza-n itro g en  a to m  d ecreases , its fra g m e n ta tio n -d ire c tin g  role w ill be 
s u rp a s s e d  b y  the o th e r c o m p e tin g  reaction  c e n tre , n a m e ly  b y  th e  iV -m ethyl- 
p ip e ra z in o  group.

T h e  m ass sp ec tru m  o f I l i a  shows a m o lecu la r io n  of m ed ium  in te n s ity , 
w h ich  re a d ily  loses a C H 3 g ro u p . E lim ina tion  o f  a w a te r  m olecule in v o lv in g  
/З-c le a v a g e  to  an am in o -n itro g e n  a to m  occurs as a co m p e tin g  p rim ary  p rocess. 
T h e  lo ss  o f  th e  iV -m ethy lp iperazine  p a rt an d  v a r io u s  cleavages of th is  g roup  
lead  to  a b u n d a n t ions a t  m /z 70 , 113 and to  io n  (M — 113)+ . The g rea t e x te n t  
o f th e  fra g m e n ta tio n  fo r I l i a  is  due to  the d iffe re n t ac tiv e  cen tres co m p e tin g  
fo r c h a rg e  localization.

A cta  Chim . A^ad. Sei. Hung. I l l , 1982
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In  th e  case o f I l lh  th e  m ain fra g m e n ta tio n  ro u te  is again  th e  loss o f a 
C H j g roup  from  th e  m o lecu la r ion, an d  th e  p a th w a y s  d irec ted  b y  th e  p iper- 
azino p a r t  are  su rp assed , as com pared  to  I l i a ;  i.e. a m e th y l s u b s ti tu e n t  seem s 
to  enhance  th e  ch a rg e  localizing an d  fra g m e n ta tio n -d ire c tin g  e ffec t o f  th e  
aza-n itrogen  a to m .

In  conclusion , th e  frag m en ta tio n  o f  th e  17-aza- an d  1 7 a-azastero ids 
exam ined  is e x tre m e ly  selective, due to  lo ca liza tio n  o f th e  p o sitiv e  charge 
m ain ly  on th e  n itro g e n  a to m , and  so th e  decom position  o f th e  sk e le to n  is 
su rpassed . D ecrease, how ever, of th e  b a s ic ity  on  th e  n itro g en  a to m  a n d  th e  
presence o f o th e r  ch a rg e  localizing cen tres  (e ith e r  w ith in  th e  s treo id a l sk e le ton  
or as a su b s titu e n t)  re su lt  in  th e  d ecom position  o f  o th e r p a rts  an d  th e  ske le ton  
itse lf, co n seq u en tly  th e  m ass sp ec tru m  w ill p ro v id e  m ore in fo rm a tio n  ab o u t 
th e  s tru c tu re  of th e  com pound.

3. S teroidal alkalo ids

T he com pounds in v es tig a ted  w ere th e  fo llow ing:

IV V

it, К 2

a: solasodanol - H —н a: tomatidine

b: O^V-diidrmy I solasodanol -C O  H - с о н

c: OjiV-diacetylsolasodanol -СОСНз -С О С Н з с: 0,A-diacetyltomatidine

<1: 0,jV-di]>iopionylsolasodanol — СОС'гН.-, — COCzHs

?: .Y-nitrososolasodanol - н - N O с: Л’-nitroso tomatidine

Fig. 4 show s th e  m ass spec tru m  o f  so lasodano l (IVa), to g e th e r  w ith  th a t  
o f tig ogen in  ( re p o rte d  earlie r [16]). T h e  la t t e r  is a s te ro id a l sap ogen in  o f 
analogous s tru c tu re  h av in g  an oxygen a to m  in  th e  F  rin g  in s te a d  o f  an  N H  
group . T he m ass sp e c tru m  of so lasodanol (IV a) an d  th a t  o f its  stereo isom er, 
to m a tid in e  (Va), w ere fo u n d  iden tica l w ith in  th e  lim its o f re p ro d u c ib ility , i.e. 
th e  sp ec tru m  show n in  F ig . 4 corresponds to  b o th  of th em . T he sp e c tra  in  Fig.
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4 in d ic a te  t h a t  th e  elec tron  im p a c t in d u ced  f ra g m e n ta tio n  of IV a a n d  Va is 
m u ch  m o re  selective th a n  th a t  o f  tigogen in . IV a  a n d  Va undergo  d eco m p o si
t io n  via  tw o  frag m en ta tio n  p rocesses lead ing  to  ions a t  m/z 114 a n d  138, r e 
sp e c tiv e ly . T h ey  arise via ro u te s  show n in  th e  F ig u re  an d  co n ta in  a p o s i
t iv e ly  c h a rg e d  n itrogen  a to m . T he m echan ism  o f th e ir  fo rm atio n  seem s o b 
v io u s ly  to  be  th e  sam e as p ro p o sed  b y  D j e r a s s i  et al. [16] fo r th e  fo rm a tio n  of 
ions a t  m /z  115 an d  139 of th e  analogous tig o g en in . No o th e r f ra g m e n ta tio n  
p ro cesses  ch a ra c te ris tic  o f th e  la t te r  co m p o u n d  can  be observed  in  cases o f  
so la so d a n o l a n d  to m a tid in e , d u e  to  th e  p resence  o f  th e  N H  group in s te a d  of 
th e  О a to m .

T h e  m ass spec trum  p ro fo u n d ly  ch an g ed  on  acy la tio n  of th e  n itro g e n  
a to m , as i t  c a n  be seen from  th e  m ass sp e c tra  o f  IVb —e and  Vc, Ve (F igs
5 — 7). T h e se  sp ec tra  e x h ib ite d  m o lecu lar ions a n d  ions a t  m/z 114, 113 a n d
138 to g e th e r  w ith  th e ir  a c y l-s u b s titu te d  an a lo g u es: (113 -f- R ,— H ) + , (114 +  
R 2— H ) ~  a n d  (138 R 2—H ) + , re sp ec tiv e ly ; fu r th e rm o re , th e re  are  f ra g m e n ts
a r is in g  b y  cleavages o f th e  s te ro id a l sk e le ton . T h e  frag m en ta tio n  p a th w a y s  
w ere s u p p o r te d  by  m e ta s ta b le  tra n s itio n s  a n d  b y  on-line co m p u te rized  h ig h  
re s o lu t io n  tech n iq u e  for 0 ,lV -d iace ty lso laso d an o l (IV c). The d a ta  o b ta in e d  
are  su m m a r iz e d  in  T able I. I n  th e  cases of a c y la te d  deriv a tiv es  n u m ero u s  of 
th e  o b s e rv e d  frag m en ta tio n  processes w ere fo u n d  to  be analogous to  th o se
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decribecl b y  D jerassi for tigogen in , and furtherm ore a series of ions seem  
to  be com m on (c , e , f , g  and h) .

m j z  1G1
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Ions m  to  p  c an  be deduced  from  th e se  ions as follows:

m  g — c h 3

n =  m — HORj^

о =  g - O R t

P / —H O R ,

T h e  acy la ted  d e riv a tiv e s  o f IV a an d  Va fa v o u ra b ly  decom pose b y  th e  loss o f 
R 2 (and  R 2—H ), le ad in g  to  ion  k.

The ion  l a rises b y  losing an  X" ra d ic a l from  th e  m o lecu la r ions o f  com 
p ounds h av in g  a n  ^ :N — CO — X  g roup . In  th e  case o f 0 ,iV -d iform ylso lasodanol 
(IV b, X = H )  th is  p rocess is n o t s ig n if ican t, b u t  it  resu lts  in  a b u n d a n t ions, 
w hen  X  =  C H 3 or C2H 5 (IV c, Vc, IV d ). As th e  e lim in a tio n  o f X ’ from  iV -acylated 
cyclic am ines g en era lly  is n o t a s ig n ifican t process, th e  fo rm a tio n  o f l ions 
c a n n o t be ex p la in ed  as a sim ple h o m o ly tic  b o n d  ru p tu re . I t  is reasonab le  
to  reg a rd  i t  as a tw o -s tep  process, s ta r t in g  w ith  a h idden  rin g  o p en in g  reac tio n : 
Loss o f a C5H j ra d ic a l from  th e  m o lecu lar ions is a com m on process also for

I

M *  | j t / - x  г
X =  H lor IVb 

X =  CIIs lor IVc, Vc 

X =  C21I5 for IVd 

Scheme 1
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T ab le  I

High resolution mass spectrum o f 0,N-diacetylsolasodanol (IVc) (70 eV)

m/z (observed) m/z (calc.) Chemical formulae

499.3672 499.3662 ^ 3iH 49N 0 4
484.3402 484.3427 ^ 3oH 46N 0 4

457.3622 457.3537 Q 9H47NO3
456.3550 456.3478 c29h 46n o 3
430.2928 430.2958 C2cH40NO4
399.2924 399.2900 ^26-^39^3
344.2690 344.2715 c2:iH:,„o2
329.2460 329.2480 c22h .,.,o ,.
315.2319 315.2324 C2,H :110 2
285.2588 285.2583 C21H :n
269.2274 269.2270 c20H 29
255.2127 255.2113 C19H 27
222.1492 222.1494 C13H 20NO2
216.1872 216.1878 C1GH 24
180.1396 180.1388 C „H i8NO
161.1337 161.1331 C12H ]7
156.1034 156.1025 csh 14n o 2
155.0936 155.0946 c8h 13n o 2
138.1290 138.1283 C9H 16N
122.1087 122.1095 c9h 14
114.0923 114.0919 C6H i2NO

IV c, V c , a n d  IVd. The C5H j ra d ic a l comes m ost p ro b a b ly  from  th e  C43—C27 
m o ie ty  o f  th e  skeleton  (ring  F ). B esides th e  fra g m e n ta tio n  processes analogous 
to  th o s e  observed  for IV a a n d  Va, som e in te re s tin g  reac tio n s specific to  th e  
g iven  c o m p o u n d  were fo u n d : e.g. th e  m olecu lar io n , as w ell as ions f  a n d  m 
of IV d c a n  lose e ith er a p ro p io n ic  acid  or a n e u tra l  p rop io lac tone  m olecule 
( fo rm a tio n  o f  M —74 an d  M — 72 ions, re sp ec tiv e ly ). I t  is in te re s tin g  th a t  
th e  l a t t e r  process is e n e rg e tic a lly  fav o u rab le , as low  e lec tro n  energy  (14 eV) 
m e a su re m e n ts  have show n i t :  e.g. [ /-72 ]/[/-74 ] =  0.5 a t 70 eV, an d  ^ 2  a t 
14 eV. P a r tic u la r ly  in te re s tin g  d ifferences w ere o b serv ed  in  th e  m ass spec- 
t r o m e tr ic  b e h av io u r o f th e  iV -n itroso  d e riv a tiv es  (IV e, V e). T heir m ass sp e c tra  
d iffe r f ro m  those of th e  o th e r  a c y l-su b s titu te d  co m p o u n d s no t on ly  in  th e  
re la tiv e  ab u n d an ces  o f ions a ris in g  in  analogous p a th w a y s , b u t also in  th e  
a p p e a ra n c e  o f some new in te re s tin g  processes. F o r in s ta n c e , th e  ap p ea ran ce  
of th e  io n  M —44 is r a th e r  su rp r is in g . E x a c t m ass m easu rem en t rev ea led  th a t  
th is  io n  arises  by th e  loss o f  N 20  from  th e  m o lecu la r ion. This su rp ris in g
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Table II

Relative abundance o f  (M —44)+ ions fo r  some N-nitrosopiperidine derivatives*

Compounds M+ (M—44)+

NO

Ö 100 2

NO

H:,0 .N  Х'НзXJ 100 12

NO
1

ihGV C lh  

Л з(Г"] |""CH a
100 100

* Abundance data  are taken from Ref. [181

process has n o t been  described  fo r cyclic  iV -nitrosam ines. F ro m  a su rv e y  of 
th e  p u b lish ed  m ass sp e c tra  o f num ero u s n itro sam in es  it  has been  estab lish ed  
th a t  th e  (M —4 4 )+ ion  is s ign ifican t o n ly  in  th e  m ass sp ec tra  o f  cyclic  n itro s 
am ines w hich h av e  m a n y  s u b s titu e n ts  in  th e  su rround ings of th e  _ N —NO 
p a r t  o f  th e  m olecule, o r  possess a cyclic s tru c tu re  of low s ta b ility  (see com pila
tio n  in T ab le  I I ) .

I n  conclusion , th e  s ign ifican t a b u n d a n c e  of (M —N ,0 ) + ions (i) is 
a t tr ib u ta b le  to  th e  ste rica lly  crow ded a n d /o r  s tra in ed  cyclic s tru c tu re  of 
IVe an d  Ve.

A ccord ing  to  th e  m e tas tab le  tra n s it io n s , th e  (M —N 20 ) + ions can  lose 
a C2H / group , in  w hich  elim ination  o f  c a rb o n  atom s from  th e  C20— C21 posi
tio n s ta k e s  p lace.

C om paring  th e  re la tiv e  ab u n d an ces o f  th e  frag m en t ions c o n ta in in g  no 
n itro g en  a to m , p ro d u ced  from  IVa, Va a n d  th e ir  d e riv a tiv e s , in te re s tin g  
changes can  be o b serv ed  (see T able I I I ) .  T hese d a ta  reveal t h a t  w hile for 
u n su b s titu te d  so lasodano l and  to m a tid in e  p rac tica lly  all fra g m e n ts  co n ta in  
N a to m , th e  ab u n d a n c e  of fragm en ts w ith o u t N atom  becom es s ig n if ic a n t in 
cases o f th e  a c y la te d  deriv a tiv es , in d ic a tin g  th e  large d ifferences in  th e  fra g 
m e n ta tio n -d ire c tin g  role of th e  n itro g en  a to m  in these com pounds.

In  th e  cases o f solasodanol an d  to m a tid in e  th e  fra g m e n ta tio n  s ta r ts  
w ith  h o m oly tic  c leavage of th e  C20— C22 o r th e  C22—О bo n d  (b o th  are in
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Table III

Relative abundance o f fragments containing 
no N  atom, in  the mass spectra o f solasodanol, 

tomatidine and their derivatives*

Compounds I/Z I  % 
100

IVa 4

Va 4

IVb 3 6

IVc 2 4

Vc 2 0

IVd 2 5

IVe 6 4

Ve 6 2

* A bundance data are expressed in the percentage of the to ta l ion current

^ -p o s it io n  to  th e  n itrogen  a to m ), lead ing  to  ions a, b, d an d  M —28. F o r  th e  
a c y l- s u b s t i tu te d  com pounds, how ever, th e  ru p tu re s  o f th e  C22—N  a n d /o r  
C22— C93 b o n d s  also occur as s ig n ifican t p rim a ry  processes (fo rm ation  o f  ions 
f , h , i , g ) .  C onsequen tly , th e  m ass sp ec tro m etric  b e h av io u r of s te ro id a l a l
k a lo id s  a lso  s tro n g ly  depends o n  th e  b as ic ity  o f  th e  n itro g en  a to m  (like in  th e  
aza- a n d  am in o -aza  com pounds). D ecreasing  i ts  b a s ic ity , th e  d irec tin g  ro le  
of th e  h e te ro  a to m  in  th e  fra g m e n ta tio n  decreases, a n d  new  p rim ary  fra g m e n 
ta t io n  p ro cesses  arise, so th e  fu r th e r  decom p o sitio n  o f th e  ions re su ltin g  in  
th is  w a y  w ill p rovide m ore s t ru c tu ra l  in fo rm a tio n .

Table IV

Major ions in the mass spectra o f N-nitrososolasodanol 
(IVe) and N-nitrosotomatidine (Ve)

Main types 1 /2  I  (%)
of ions IVe Ve

M  [m/z 4 4 4 ] 1 . 4 3 . 2

M - N O  [m/z 4 1 1 1 9 . 1 11

j  [m/z 4 0 0 ] 8 . 9 11

j - C M ,  [m/z 3 7 1 ] 7 . 3 8 . 2

h [m/z 3 5 7 ] 16 16

/  [m/z 2 7 3 ] 12 13

d [m/z 1 3 8 ] 8 . 1 6 . 4

b [m/z 1 1 4 ] 10 7 . 4
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C om parison o f th e  m ass sp e c tra  o f  th e  IV and  V ste reo iso m eric  p a irs  made 
possib le a s tu d y  o f th e  m ass sp e c tro m e tr ic  effects of th is  s te r ic  difference, 
■which h ad  n o t been  in v e s tig a te d  so fa r.

As i t  has been  m en tio n ed , th e  m ass sp ec tra  of co m p o u n d s  IVa an d  Va 
w ere  found  to  be id en tica l. In  c o n tra s t  th e  m ass sp e c tra  o f  IV c —Vc and 
IV e —Ve differ in  th e  ab u n d an ces  o f c e r ta in  fragm en ts, i.e. th e s e  isom ers are 
d is tin g u ish ab le  on th e  basis o f th e  m ass sp ec tra . E specia lly  s ig n if ic a n t differ
ences were observed  in  th e  case o f IV -nitroso derivatives (IV e— V e). T he differ
ences for th e  stereo isom eric  p a irs  seem  to  be due to  th e  d iffe re n t m olecular 
io n  s tab ilitie s  (see T ab le  IV ), an d  can  be a t tr ib u te d  to  th e  d if fe re n tly  crow ded 
s tru c tu re s  o f th e  stereo isom ers.

Experim ental

The mass spectra were obtained w ith  an  A EI MS-902 mass spectrom eter operating at 
70 eV electron energy and 150 °C ion source tem perature.

The exact mass m easurem ents were carried out using an on-line com puter technique 
(Instem  DATAMASS-ONE), w ith an accuracy of i l O  ppm  of the ca lcu la ted  values.

The syntheses of the com pounds la  —c, Ila — c, 3(l-hydroxy-5a-androstane and Ilia — c 
will be published elsewhere.

Solasodanol and tom atid ine (IVa. Va) as well as their derivatives (IVb — c, Vc, e) 
were kindly furnished by Dr. L. T o l d y .

*

The authors wish to  th an k  Dr. L. T o l d y  (Institu te  for D rug R esearch, Budapest) 
for the samples.
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As shown by a com parative study  of some stereoisomeric pairs of the title  
compounds, there  are interesting stereoselective fragm entation  pathw ays of diagnostic 
value in elucidating  stereochemical problem s, occurring during the electron im pact 
induced decom position of these isomeric system s.

In  the case of the C/D cis/trans isomeric pairs much easier loss of a C3H) radical 
from  ring D or of а С3Н ,0  group from  the C and  D rings of the ionized molecule has 
been found for th e  C/D cis isomer, resulting  in  significant differences in  the e.i. mass 
spectra. A t th e  same tim e, in the case of B/C cis/trans isomers, w hich gave identical 
e.i. mass spectra, characteristic, stereoselective firs t field free region m etastable pro
cesses (Af —► m/z 191 and 191 -*■ 176 transitions) have been observed by means of 
IK E  spectroscopy.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 111 (3 ) ,p p . 417—423 (1982)

In tro d u c tio n

E ffects o f  s te reo ch em is try  on th e  m ass sp ec tro m e tric  fra g m e n ta tio n  of 
streo ids have  been  a su b jec t o f ex ten siv e  s tu d y  over th e  la s t  tw o  decades. 
F irs t o f all th e  m ass sp ec tra  o f cis/trans isom ers in  A/В  rin g  ju n c tio n  have 
been  com pared  (e.g. [2 — 4]) an d  w ere fo u n d  to  be d iag n o stica lly  d iffe ren t, 
b u t  s tud ies on  s te ro id s  o f d ifferen t B/C or C/D rin g  anella tions h av e  also been 
rep o rted  (e.g. [5 — 7]). As to  n itro g en -co n ta in in g  ste ro ids, o n ly  one pap er 
(P andit  et al. [8 ]) is know n to us to  deal w ith  stereochem ical effects on th e  
m ass sp ec tra  o f azaste ro id s .

In  th e  p re se n t w ork  we re p o rt th e  re su lts  o f our co m p a ra tiv e  m ass 
sp ec tro m etric  e x a m in a tio n  of th e  follow ing stereo isom eric  sy s tem  o f n itrogen - 
co n ta in in g  s te ro id s :

О

* For the previous paper of this series, see Ref. [1]
** To whom correspondence should be addressed

*** P resent address: Chemical W orks of Gedeon R ichter L td., B udapest
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I

n =  3
9H 13H 14H

la a a a
lb ß a a

I la У. ß a
lib ß a a
H e ß ß a

I I

n =  4

B/C trans, C/D cis
B/C cis, C/D cis
B/C trans, C/D trans
B/C cis, C/D cis
B/C cis, C/D trans

la  a n d  lb ,  differing on ly  in  th e  B/C ring  ju n c tio n , co rrespond  to  a B /C cis- 
trans  iso m eric  pair, a n d  th e  sam e  is th e  case fo r I l a  an d  l ie .  H o w ev er, l ib  
h a v in g  C /D  cis geom etry , is d iss im ila r to  b o th  I l a  a n d  l i e ;  a t  th e  sam e t im e , 
H b  a n d  l i e  form  a C/D cis-trans stereo isom eric  p a ir .

R esu lts  an d  D iscussion

Comparison o f the mass spectra

T h e  h igh  reso lu tion  m ass sp e c tra l d a ta  of la ,  b a n d  I l a —c are su m m arized  
in  T a b le  I .

A s th e  d a ta  show fo r th e  l a  an d  lb  isom ers, th e  e lec tro n  im p a c t m ass 
s p e c tra  o f  th is  B/C cis/trans isom eric  p a ir  a re  p ra c tic a lly  id en tica l. T h e  sam e 
a p p lie s  to  th e  I la  an d  l i e  s te reo iso m ers , i.e. d ifference in  th e  B/C a n n e lla tio n  
h as  n o  e ffec t on th e  a b u n d a n c e  o f th e  fra g m e n t ions. T he m ass sp ec tru m  
o f  l i b ,  how ever, ex h ib ited  s ig n if ic a n t d ifferences in  th e  re la tiv e  in te n s itie s  of 
som e f ra g m e n t peaks, as c o m p a re d  w ith  th o se  o f I l a  o r l i e .  In  th e  low  reso lu 
t io n  m ass  sp ec tra  of I la ,  b , c such  peaks w ere fo u n d  to  be f irs t o f a ll due to  
th e  ( i l l —4 3 )+ fragm en ts, b u t  also to  th e  p eak s (M —57)+ , (M —71)+ an d  
( M — 8 5 )+ , all o f th em  bein g  m ore  a b u n d a n t fo r l ib ,  th u s  in d ica tin g  th e  low er 
m ass sp ec tro m e tric  s ta b il i ty  o f  th is  isom er. As i t  tu rn e d  o u t in  th e  cou rse  o f 
h ig h  re so lu tio n  m easu rem en ts , th e  (M —43) + an d  (M —57)+ peaks a p p e a re d  
as d o u b le ts , i.e. b o th  o f th e m  co nsist o f tw o  k in d s o f  ions (see T ab le  1).

T h e  (M —43)+ p eak s a re  com posed o f (M —C2H 30 ) + an d  (M — C3H j) + 
ions. I n  accordance w ith  th e  a b u n d an ce  v a lu es , th e  fo rm a tio n  of th e  la t te r  
io n , n a m e ly  th e  loss o f C3H j ra d ic a l from  th e  m o lecu la r ion, is a v e ry  s te re o 
se lec tiv e  reac tio n , w hich is fa v o u re d  in  case o f th e  C /D -cis isom er, w hile  th e  
re a c tio n  lead ing  to  (M —C2H 30 ) + ions p ra c tic a lly  is n o t  affec ted  b y  s te re o 
iso m e rism . O n th e  basis o f  th e  in te n s ity  d a ta ,  th e  fo rm a tio n  of (A f—71) + 
ions is a lso  a v e ry  s te reo se lec tiv e  process. To ra tio n a liz e  th e se  in te re s tin g  o b se r
v a tio n s  i t  is assum ed th a t  th e  s ta r t in g  s tep  o f  all th e se  f ra g m e n ta tio n  p rocesses
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Table 1

Electron impact (70 eV) mass spectra o f the 8-azagonane isomers (I—II)

Ions

Compounds

la
(B/C-t runs, 

C/D-cis)

lb
(B/C-cis, 
C/D-cis)

Ila
(B/C-trails, 
C/D-trans)

lib
(B/C-cis, 
C/D-cis)

lie
(B/C -cis, 

C/'D-trans)

Relative abundances

M 65 66 67 85 68
M —1 [ M - H ] 100 100 100 100 100
M - 29 [Af—CjH5] 7.7 5.7

1 [M —C2H 30 ] 11 13 25 21 24

JVT—43!
1 [A 7-C 3H ,] 2.0 2.0 1.0 22 5.0
j [M — C3H 50 ] 0.5 1.5 0.6

Л / - 57]
l [Af—C4H9] 0.4 1.5 0.5

AI—71 [A Í-C 4II ,0 ] 1.0 11 1.4

A I - 85 [M - C 5II80 ] 2.0 6.0 2.0
m/z 192 [Cn H 14N 0 2] 11 12 14 17 12

m/z 191 [CuH 13N 0 2] 21 22 35 44 34

m/z 190 [Cn H 12N 0 2] 25 32 19 28 17

m/z 176 [C10H 10NO2] 6.0 7.0 9.0 11 8.0

is a C—C b o n d  fission  ß  to  th e  n itro g en  a to m  an d , fu rth e rm o re , t h a t  fo r th e  
processes fo u n d  to  be stereoselec tive, th is  is a cleavage o f one o f  th e  b o n d s of 
th e  C14 ca rb o n  a to m  a t  th e  C/D rin g  a n e lla tio n  (rou tes A  an d  C in  Schem e 1).

T he lack  o f  ste reo se lec tiv ity  fo r th e  loss o f C2H 30 '  from  th e  m o lecu lar 
ion suggests th e  cleavage o f th e  •̂9 ^11 b o n d  as a p rim a ry  re a c tio n  step
(ro u te  В  in  Schem e 1).

These p rim a ry  steps in  f ra g m e n ta tio n  ro u tes  A  to  C a re  fo llow ed by  
o th e r, p re su m ab ly  n o t stereoselec tive  C — C b o n d  cleavages, as w ell as h y d ro 
gen m ig ra tions.

I t  is rem ark ab le  th a t  f ra g m e n ta tio n  p a th w ay s  analogous to  A  a n d  В  
h av e  also been  proposed  fo r 9-aza-D -hom o-gona-13(14)-en-6-one [9] on  th e  
basis o f d e u te riu m  labeling .

Comparison o f the IK E  spectra

T he ion  k in e tic  energy  ( IK E ) sp e c tra  o f  l a ,  b as well as I l a —c h a v e  also 
been  ta k e n  an d  com pared . T he m ain  p eak s observed  b y  th is  m ass spec-
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Table П

Ion kinetic energy ( I K E )  spectra o f the 8-azagonane stereoisomers ( I—П)

la lb Ila lib Пс
Metastable (B/C-irons, (B/C-cis, (B/C-trans. (B/C -cis. (B/C-cw,
transitions C/D -cis) C/D-cis) CID-trans) C/D-cie) C/D-irane)

Relative abundances

M  — M —15 30 25 10 23 18
M  — M —29 20 18 — — —

M  -*■ Af—43 37 33 18 54 25
M  — M —57 — 17 13
M  — A t—71 — 23 —
M - 43 — m/z 191 35 37 28 26 31
M  — m/z 191 89 100 58 68 71
m/z 191 m/z 176 100 89 100 100 100

[M  — m/z 191]
0.89 1.1 0.58 0.68 0.71

[m/z 191 — m/z 176]

tro m e tr ic  m eth o d  fo r d e te c tin g  m e ta s tab le s  and  th e  c o rre sp o n d in g  tran sitio n s 
are  sum m arized  in  T ab le  I I .

T he re la tiv e  a b u n d a n c e  d a ta  reveal th a t  th e re  are  s ig n if ican t differences 
b e tw een  th e  IK E  sp e c tra  o f C/D cis an d  trans isom ers l ib  a n d  I la ,  c, sim ilarly  
to  th e ir  norm al m ass sp ec tra .

(The peaks, co rresp o n d in g  to  th e  —► (M —43) + , M + —*• (M —57) +
an d  M + —► (M —71)+ m e ta s ta b le  tran s itio n s  are o f  g re a te r  ab u n d an ce  in  
case o f l ib  th a n  for I l a  a n d  l i e ,  in  accordance w ith  th e  in te n s i ty  d a ta  o f th e  
a p p ro p ria te  n o rm al ions show n in  T ab le  I.)

I t  is of p a r tic u la r  in te re s t  th a t  th e  IK E  sp ec tra  of th e  B/C cis and  trans 
isom eric pa irs h av e  also been  fo u n d  to  be d is tin g u ish ab le : s ign ifican t and 
ch a rac te ris tic  d ifferences are  observed  in  th e  re la tiv e  in te n s itie s  o f peaks for 
th e  M + — m/z 191 a n d  m /z 191 —► 176 tra n s itio n s  o ccu rrin g  in  th e  firs t fie ld  
free region of th e  doub le  focussing  m ass sp ec tro m e te r, e ith e r  in  th e  case of 
th e  la  an d  lb  p a ir  o r th e  I l a  an d  l i e  isom ers. T he in te n s i ty  ra tio s  of these 
peaks are h igher b y  20 p e r cen t fo r B/C cis, th a n  fo r B /C trans isom ers (cf. 
T ab le  I I ) .  A t th e  sam e tim e , th is  ra tio  seem s to  be in d e p e n d e n t o f th e  geom etry 
a t  th e  C/D ring  ju n c tio n , as i t  can  be seen w hen c o m p arin g  d a ta  for l ib  and  
l ie .  T he fra g m e n ta tio n  p a th w a y s  lead ing  to  th e  fo rm a tio n  o f ions m/z 191 
an d  176 are show n in  Schem e 2.
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Г

С Н зО ^
■ f Y 8?

СНзСК

m / z  191

-C ili

S c h e m e  2

CioHiuNCV

m ( z  176

S u m m in g  up th e  r e s u lts  o f  th is  co m p ara tiv e  s tu d y , in  th e  e lectron  
im p a c t  m ass spectra  o f th e  C /D  cis/trails ste reo isom ers ex am in ed , m ark ed  
d iffe re n c es  were o b ta in ed  w h ic h  w ere found  to  be m a in ly  due to  a m uch 
e a s ie r  lo ss  o f а C3H) rad ica l f ro m  r in g  D or o f a C4H 70  g ro u p  from  th e  C an d  D 
rin g s  o f  th e  m olecular ion  in  case  o f  th e  C/D cis isom er o f  th e  I I  series.

I n  case of the  B/C cis a n d  trails isom ers, w hich  g av e  id e n tic a l E l  m ass 
s p e c tr a ,  in te res tin g  s te reo se lec tiv e  (m etastab le) p rocesses w ere observed  by  
m e a n s  o f  IK E  spectroscopy fo r  d e te c tin g  th e  m e ta s tab le  decom positions of ions.

T h ese  observations co n c e rn in g  stereochem ical e ffec t on  th e  m ass spec- 
t r o m e tr ic  behav iou r seem  to  b e  app licab le  for d is tin g u ish in g  stereo isom ers of 
r e la te d  com pounds.

E xperim en ta l

All mass spectra were o b ta ined  w ith  an  A EI MS-902 mass spectrom eter a t an electron 
energy of 70 eV and 150 °C ion source tem perature . IK E  spectra  were tak en  changing the 
ESA  v o ltage  a t an accelerating p o te n tia l of 8 kV.

T he  synthesis and ch a rac te riza tio n  of the compounds exam ined have been described 
elsew here [10].
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RECENSIONES

E rn ő  N e m e c z : Clay M inerals 

Akadémiai K iadó, B udapest 1981

The th irties and forties of th e  present cen tu ry  witnessed the beginnings of th e  study  
of clay minerals, b u t its hey-days fall in the fifties and  sixties, in parallel w ith  th e  developm ent 
o f in strum en ta tion  in the relevant field, firs t of all in  th a t  of X -ray studies, th e n  in  therm al 
analysis, infrared spectroscopy, and electron m icroscopy. The basic properties o f th e  clay 
m inerals have been elucidated w ith the help of these instrum ents. This is th e  period  also of 
th e  publication  of comprehensive m onographs. Among others, there appeared R . E . G rim ’s 
“ Clay M ineralogy” (1953), R . J a sm u n d ’s “ Die Silikatischen Tonminerale”  (1955), C. W. 
B r in d l e y ’s “ R ay Identification  and  Crystal S tructu res of Clay Minerals”  (1951, new ed. 
1961), G. M ill o t’s “ Géologie des Argiles”  (1964). These are decisively m ineralogically oriented; 
th e  up-to -date  book by  Mil l o t  deals w ith th e  p rom inent role played by clay  m inerals in 
geological processes.

This handbook in English, by  E rnő INem ec z , is a translation of his “ A gyagásványok” 
published by  the Akadémiai K iadó, in 1973, b u t contains some additional m ateria l. This volume 
is of 547 pages, w ith  217 illustrations, 126 Tables, A uthors’ Index and a S ub ject Index . I t  is 
divided into three parts, preceded by  a preface, and  an introduction by th e  au th o r.

P a rt I, the  longest, deals w ith the in ternal s truc tu res of clay minerals. P a r t  I I  is about 
m ethods of determ ination or identification, and P a r t I I I  about the genetics o f c lay  minerals. 
The distribution according to  volum e is as follows: P a r t I, 258 pages, list of references 14 pages; 
P a r t  I I , 78 pages, list of references 2 pages; P a r t I I I ,  143 pages, list of references 8 pages. 
T he im portance of the several parts  is well characterized by these data . L im its im posed by 
the space available prevented  the inclusion of subjects like the colloid chem istry o f clay m iner
als, and discussion of the ir technological relevance, because to satisfy the  g rea t in terest 
deriving from aspects of practical u tilizations w ould have been impossible in  th is volume, 
w rites the author. The Table of C ontents reveals th a t  the several parts are well arranged and 
easy  to  survey.

In P a rt I the fundam ental general crystal structures of clay minerals are characterized. 
D etailed  discussions are to  he found on the  deform ation phenomena of the octahedra l and 
te trah ed ra l layers in clay m inerals, these m ay  indirectly  affect the m agnitude o f the  c-period 
and  of th e  (OOl)-reflexions w hich are correlated w ith it. These deform ation phenom ena m ay 
cause, m oreover, the change, in function of chemical composition, of the m agn itude  of the 
b-period which is indirectly  deducible from th e  (060)-reflexion in X -ray  stud ies. Following 
a general characterization  there is a good survey of the m ost im portan t groups of the clay 
m inerals (с/. Table 2).

The principal chapter of P a rt I  is an exposition of the types of clay m inerals based 
upon  crystal struc tu re , X -ray  pa tte rn s and  param eters. This chapter has been ex tended  by 
th e  description of some clay minerals no t dealt w ith  in the H ungarian original, also some 
X -ray  d a ta , and bibliographical item s have been added.

In  p a rt 11, about the m ethods of exam ination , are to be found the m any-sided tech
niques for the exact characterization of clay m inerals. Thus, chemical analyses, recording of 
po lariza tion , electron microscopic exam inations, in frared  spectra, X -ray  d iffraction  patterns 
and  therm al dilatom etric da ta  are discussed. N um erous illustrations, d iagram s, and  m ost 
revealing  electron microscopic photographs considerably facilitate the iden tifica tion  of single 
species of clay minerals. Original Tables (с/. Tables 9 1 .. .9 4 )  help to  d is tinguish  between 
types w hich produce sim ilar basic reflections. Very useful are Tables 98 and 99 in  th e  identifi
cation  of different types of clay m inerals w ith  different basic reflexions and  sim ultaneously 
p resen t in the sam ple. T he au tho r is past m aster in X -ray  analysis: the chap te r can be said to 
be the m ost rounded off and m ost thoroughly in terp re ted  part in this book.
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P a r t  I I I ,  the genetical p a r t ,  has two chapters, of w hich the  first deals w ith experim ental 
s tu d ies  o f the genesis of clay  m inerals. Here the m echanism  how prim ary minerals are tra n s 
form ed in to  clay m inerals, an d  how  structural fragm ents produced by the decom position of 
p r im a ry  minerals are synthesised  in to  clay minerals, are discussed on the basis of a theoretical 
ap p ra isa l of the ample in te rn a tio n a l literary m aterial.

T he second chapter deals w ith  investigations of th e  n a tu ra l processes w hich yield 
clay m inerals in diverse geological form ations, viz. w ith in  th e  0 to  5 km  belt of the con tinen tal 
c ru s t, th e n  upon the dry  surface o f the crust, finally  w ith in  th e  hydrosphere. H ydro therm al 
genera tion  of clay m inerals in  th e  0 to  5 km belt is pa id  special a tten tion  and is described in 
d e ta il. H ere a num ber of resu lts  H ungarian  obtained m ain ly  in  collaboration w ith Gy . V a r jú , 
are referred  to . For the discussion o f the beltwise correlation  of ore formation and generation 
of c lay  m inerals. In  m y opinion geologically better founded H ungarian  examples could have 
been c ited  th an  those of M átraszentim re.

As far as the hydrosphere is concerned, a sum m ary  — chiefly based on in ternational 
re su lts  is given on sedim entation  in  lakes, rivers and oceans; b u t some H ungarian form ations 
are m entioned . The sed im en tational processes which yield clay  minerals are sum m arized in 
th e  w ell-arranged Table 126.

A ll in  all, i t  is great jo y  th a t  we can greet th is  book b y  Professor N em ecz . This is one 
of th e  few  comprehensive H u n g arian  works on a geological top ic  th a t  has been published in 
E ng lish  and  thus made accessible for non-H ungarian readers. I t  is a justified hope th a t  the 
professional level and exposition offered in th is book will earn  recognition abroad of H ungarian  
scien tific  efforts. Also th e  good English translation and th e  beautifu l presentation b o th  con
tr ib u te  to  the  success of th is book.

Institu te  o f  Mineralogy and Geology, 
K ossuth University, Debrecen V. Szé k y -F u x

H . D allman  und K .-H . E l ster : E inführung in  die höhere M athem atik fü r  
Naturwissenschaftler und Ingenieure , Band  II

Fischer — Verlag Jena, 1981, 580 Seiten

Z ur alltäglichen A rbeit d e r Physiker und Forschungsingenieure unserer!Zeit is t die 
K e n n tn is  nahezu säm tlicher Zweige der modernen M athem atik  unerlä{lich. W eit über den 
k lassischen  Lehrstoff der D ifferen tia l- und Integralrechnung un d  der analytischen Geometrie 
h inaus benö tig t der N aturforscher un d  Projektingenieur heu te  eine ziemlich gründliche K en n t
nis der D ifferentialgleichungen, der Lehre der kom plexen Funktionen , der W ahrscheinlich
ke itsrechnung  und der m athem atischen  S tatistik , er k an n  aber auch Disziplinen wie die 
Funk tionalanalyse , die m athem atische  Logik und die D istributionstheorie n icht en tbehren . 
S elbstverständ lich  ist es unnö tig , in  diese Zweige so w eitgehend wie der auf dem betreffenden 
G ebiet forschende M athem atiker einzudringen; über g u t fund ierte  Kenntnisse soll jedoch 
jeder N aturforscher und Ingenieur verfügen, besonders was diejenigen betrifft, die au f seinem 
eigenen A rbeitsgebiet A nw endung finden. So ist z. B. die Funktionalanalyse für den Q uanten
ph y sik er, den Q uantenchem iker u n d  den in der Forschung tä tig en  Elektroingenieur unerläß 
lich. U m  jedoch die m athem atischen  Zusammenhänge bezüglich der Banachschen un d  Hil- 
bertschen  R äum e zu verstehen, sind  bestim m te topologische un d  mengentheoretische K e n n t
nisse notw endig.

A uch is t eine wesentlich tiefere  und breitere K enn tn is der linearen Algebra nötig , als 
früher in  Vorlesungen über analy tische  Geometrie v e rm itte lt w urde.

E s is t weiterhin selbstverständ lich , daß sowohl der N aturforscher als auch der in der 
Forschung  tä tige Ingenieur über um fassende und aus - führliche K enntnisse der D ifferential- 
und  In tegralrechnung von F un k tio n en  m it mehreren V ariab len  verfügen muß.

In  der m athem atischen F ach lite ra tu r erscheinen im m er m ehr Bücher, die diesen A n
sp rü ch en  zu entsprechen versuchen . Sie streben eine k lare u n d  bündige D arstellung der ein
zelnen Fachgebiete der M athem atik  an  und heben die en tsprechenden  A nwendungsm öglich
keiten hervor, d.h. es wird gezeigt, wo und wie diese Zweige der M athem atik in der Physik  und  
den technischen  W issenschaften angew endet werden können  und  sollen. Ziel ist also n ich t 
die theoretische Analyse der m athem taischen  Sätze und  K usam m enhänge, sondern eine m ög
lichst k la re  und  verständliche D arstellung  der modernen M athem atik  als unerläßliches W erk
zeug fü r den N aturforscher un d  Ingenieur.
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Dieses Ziel haben sich auch die Professoren H. D a llm a n n  und  K .-H . E lste r  gesetzt. 
Der erste Band ihres W erkes erschien bereits vor m ehreren Jah ren  und wurde von uns au s
führlich rezensiert. D er je tz t erschienen II. Band ist das Ergebnis einer sehr gründlichen und 
umfassenden Arbeit. E r ist in fü n f K apitel gegliedert, nam entlich

I. Grundbegriffe der Analysis und Topologie;
II. Lineare A lgebra;

II I . Funktionen von m ehreren Veränderlichen;
IV. D ifferentialrechnung fü r Funktionen von m ehreren V eränderlichen;
V. Integralrechnung fü r Funktionen von m ehreren V eränderlichen ..

Diese K apitel sind in insgesam t 28 A bschnitte un terte ilt.
K a p i te l  I  (U m fang 105 Seiten) besteht aus folgenden A bschnitten:

1. M e n g e n th e o re tis c h e  H i l f s m i t t e l

Der A bschnitt besteh t aus sechs Teilen und befaßt sich m it den O perationen m it abstrak 
ten Mengen und M engensystem en, die durch viele A bbildungen veranschaulich t werden. Auf 
das direkte P rodukt von Mengen und  auf den oberen und  un teren  Limes von Mengen folgen 
wird einegangen und auch der Begriff Algebra und auch der Begriff Algebra und Sigma - 
A lgebra erwähnt.

2. R e la tio n e n  u n d  A b b ild u n g e n

Der Begriff der R elation und  die Operationen m it R elationen werden im Buch gedrängt 
und  kurz behandelt, um  darau f besierend den Begriff der A bbildung (Funktion) einführen 
zu können. Diese Teile sind infolge der Kürze und  A bstrak theitkein  leichter Lesestoff, 
obwohl die Verfasser auch danach streben, die abstrak ten  Begriffe und  Zusamm enhänge durch 
anschauliche Bilder verständlich  zu machen. Es wereden die Zermelolschen Auswahlaxiome, 
der Satz der wohlgeordneten Mengen und im Zusam m enhang m it den halbgeordnenten Men
gen das Zornsche Lem m a erw ähnt und die Sätze der Boole-Algebra und ihre Anwendung bei 
elektrischen Leitungen, die sog. Schaltalgebra zusam m engefaßt. L etztere wird durch mehrere 
konkrete  Beispiele und A bbildungen anschauluch gem acht.

Dieser A bschnitt benötig t unbedingt eine orale E rklärung durch den Professor, weil 
der Stoff fü r Physik- und  Ingenieurstudenten der niederen Sem estern zu schwer ist.

3. T o p o lo g isc h e  R ä u m e

Dieser A bschnitt (U m fang 25 Seiten) behandelt die w ichtigsten Grundsätze der sog. 
m engentheoretischen oder allgemeinen Topologie. Es w ird nur soviel m itgeteilt, als zum 
V erständnis der folgenden A bschnitte  über die m etrischen, Banachschen und Hilbertschen 
R äum e unbedingt notw endig ist. In  diesem A bschnitt werden auch die kontinuierlichen 
Abbildungen (Funktionen behandelt. Einige Seiten sind den linearen topologischen Räumen 
gewidmet.

4. M e tr is c h e  R ä u m e

Dieser A bschnitt (14 Seiten) faß t die E lem entarbegriffe der m etrischen Räum e zusam 
men: Konvergenz der Punktfolgen, Cauchy-Folgen, Begriff des vollständigen metrischen 
Raumes und separable R äum e sind jene Teile, die die G rundlage zum Studium  der norm ierten 
V ektorräum e, der Banachschen und Hilbertschen R äum e darstellen, deren K enntnis wiederum 
für das V erständnis der Funktionalanalyse unerläßlich sind. Mit der Funktionalanalyse befaßt 
sicht eigentlich kein A bschnitt gesondert, doch verm itte lt der folgende A b s c h n i t t  5: N o r m ie r te  
V e k to r r ä u m e , B u n a c h s c h e  u n d  H ilb e r ts c h e  R ä u m e , im wesentlichen die Vorkenntnisse zum 
S tudium  der Funktionalanalyse.

K a p i te l  I  schließt m it dem A b s c h n i t t  6, worin die R^-Räuine der ,,n” reellen Zehlen und 
die K n-Räum e der ,,n”  kom plexen Zahlen auf einigen Seiten gesondert behandelt werden. 
Der sieben Seiten um fassende Teil über die k o n v e x e n  M e n g e n  des R n-R aum es ist eine Vorberei
tung zur linearen Program m ierung, obwohl von Program m ierung in diesem Teil nicht die 
Rede ist. Dieser Teil über die konvexen Mengen ist sehr gedrängt gefaßt und erfordert deshalb 
eine erhebliche M itarbeit des Lesers.

In K a p i t e l  11  wird auf 124 Seiten die lineare Algebra ziemlich ausführlich behandelt. 
In den A b s c h n i t t e n  7 u n d  8  werden zunächst V ektorräum e eingehend erläu tert. Die Schlüssel-
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Worte dieses einleitenden Teils sind : Basis des Y ektorraum s, lineare U nabhängigkeit und 
A b h äng igke it, Unterräume, lineare M annigfaltigkeiten, Faktorräum e. E s folgen die Behandlung 
von lin ea ren  Funktionalen, die linearen  Abbildungen von V ektorräum en in andere V ektor
räu m e (speziell lineare Abbildungen R l -*■ R m) und kurzgefaßt der Begriff des linearen O perators.

A b s c h n i t t  9  (34 Seiten) befaß t sich m it der M a tr ix r e c h n u n g .  Schon der Begriff der M atrix 
w ird a n h a n d  mechanischer und  elektro technischer Beispiele erläu te rt; auch im w eiteren ist 
der th eo re tisch e  Teil eng m it den A nw endungen verbunden. Die Theorie der in der E lektrizi
tä ts leh re  äußers t wichtigen l in e a r e n  Q u a d r u p o le  wird ausführlich behandelt; ein gesonderter 
Teil ze ig t die Anwendung der M atrix rechnung  in der B etriebsw irtschaft. Die beigefügten 
zah lreichen  Aufgaben erleichtern das E rlernen  der M atrixrechnung.

A b s c h n i t t  10  befaßt sich m it der Lösung von l in e a r e n  G le ic h u n g s s y s te m e n  und m it der 
S tru k tu r  der Lösungen, wobei der in  der Praxis so wichtige Gauss-sche A lgorhythm us einge
hend  b eh an d e lt wird. Die B ezeichnungen entsprechen der m odernen V ektor-Schreibart.

A b s c h n i t t  11 behandelt die E igenschaften  der D e te r m in a n te n  in engem Zusam m enhang 
m it den  V ektorräum en. Es wird gezeigt, wie D eterm inanten den E lem enten ihrer Reihen oder 
Säulen  n ach  entwickelt werden. A uch die Laplace’sche E ntw icklung wird dargelegt, jedoch 
ohne B ew eis. Der Begriff des R angs der M atrix  wird m it Hilfe der D eterm inanten  erläu tert 
und  die Cremer-Regel der Lösung lin era re r Gleichungssysteme angeführt. Abschließend wird 
die A nw endung  der D eterm inanten zu r B erechnung von inversen M atrizen gezeigt.

A b s c h n i t t  12  befaßt sich m it dem  Eigenw ert-Problem , im  w esentlichen nur fü r den 
F all v a n  quadratischen, sym m etrischen, reellen M atrizen. Reelle, aber asym m etrische M atrizen 
w erden n u r  kurz berührt.

Im  1 3 . A b s c h n i t t  wird eine ku rze  Zusammenfassung der Theorie der bilinearen und 
q u ad ra tisch en  Form en m it der geom etrischen D eutung der quadratischen Form en vorgelejjt. 
Des K a p ite l über lineare Algebra sch ließ t m it den G ram -D eterm inanten ab.

K a p i t e l  I I I  behandelt au f 33 Seiten die Eigenschaften der re e le n  F u n k t io n e n  v o n  
m e h r e r e n  V e r ä n d e r l ic h e n , nam entlich der Funktionen R n R .  R  -*■ R n und  R n -*■ R m . Auch 
die A nw endung  von räumlichen Z ylinder- und  Polarkoordinaten wird ausführlich behandelt. 
Beim G renzw ert der Funktionen von  m ehreren  Veränderlichen wird auch auf den iterierten  
G renzw ert sowie auf den Begriff des r e la t iv e n  G rezn z ive r ts  der auf irgendeine Teilmenge des 
D efin itions bereichs beschränkten F u n k tio n  eingegangen. Neben der K o n tin u itä t w ird auch 
der B egriff der H albkontinuität e rw ähn t. F ü r den Leser, der Interesse an der m athem atischen 
P rog ram m ierung  hat, ist der 7 Seiten  um fassende Teil des Buchs über k o n v e x e  F u n k t io n e n  
v o n  m e h r e r e n  V e rä n d e r lic h e n  sehr nü tzlich .

A uf dieses vorbereitende K ap ite l is t das nächste K apitel aufgebaut: K a p i t e l  I V ;  
D i f f e r e n t i a l r e c h n u n g  f ü r  F u n k t io n e n  v o n  m e h r e r e n  V e r ä n d e r lic h e n  (U m fang 126 Seiten).

N ach  einer Einführung in die partie llen  D erivierten w ird der Begriff der differenzi- 
lerbaren  F u n k tio n  erläutert und anschließend der des to talen  D ifferentials, alldies in m oderner 
w ek to ria ler Behandlungsweise. Der Z ielsetzung entsprechend behandelt das Buch eingehend 
die A nw endungen  des totalen D ifferentials in der Geometrie, in  der Fehlerrechnung und in 
der T herm odynam ik . Dieser le tz tgenann te  Teil soll wegen seines großen Interesse für N atu r
forscher besonders hervogehoben w erden . H ier werden noch die D erivierte nach R ichtung, 
der G rad ien t skalarer Funktionen, die D ifferenzierbarkeit konvexer Funktionen und  die 
D ifferenzierung von D eterm inanten b ehande lt, und zwar ebenfalls in  m oderner Weise m it 
den B ezeichnungen der V ektorrechnung, w odurch eine gedrängte D arstellung allgemeinen 
C harak te rs erm öglicht wird.

Im  A b s c h n i t t  19  werden der M itte lw ertsatz  der Funktionen von m ehreren V eränder- 
iclien u n d  die Taylor-Formel abgehandelt.

A b s c h n i t t  2 0  ist sehr in teressan t: darin  werden die im p l i z i t e n  F u n k t io n e n , deren K enn t
nis u n te r  anderem  für die Theorie der Differentialgleichungen sehr w ichtig is t, behan
delt. D ie eine zentrale Stellung einnehm ende Jacobi’sche M atrix bzw. D eterm inante und  die 
inversen A bbildungen, darunter die T ransform ation von rechtw inkligen K oordinaten  in 
p lanare  Polarkoordinaten sowie räum liche zylindrische und sphärische K oordinaten  werden 
darin  b eh an d e lt. Der Begriff der A bhängigkeit bzw. U nabhängigkeit von reellen Funktionen 
wird e ingefüh rt. Dieses Thema ist in m anchen  Lehrbüchern der Analysis etw as vernachlässigt, 
da n u r die l in e a r e  Unabhängigkeit bzw . A bhängigkeit erläu tert wird. Der allgemeinere Begriff 
der U nabhäng igkeit (Abhängigkeit), w orin die Jacobi’sche D eterm inante die H auptrolle 
spielt, is t jed o ch  für alljene unerläßlich , die sich eingehender m it der Theorie der D ifferential
gleichungen befassen wollen.

A b s c h n i t t  21  behandelt die fre ien  und  an Nebenbedingun en gebundenen E x trem 
w ertprob lem e von Funktionen. Ein reichliches Material an Beispielen aus der P raxis, vor 
allem aus der Elekrotechnik m acht den  T ex t interessanter und w ertvoller. U nter den B ei
spielen f in d e t sich auch die hochwichtige Ausgleichsrechnung und Fehlerrechnung (zum indest
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ihre Grundlagen). Die zahlreichen und klaren A bbildungen erleichtern das V erständn is der 
A usführungen.

Der S c h lu ß a b s c h n i t t  22 des K apitels IV befaß t sich m it den D if fe r e n t ia lo p e r a to r e n  d e r  
V e k to r  a n a ly s e .  Skalare und vektoriale R äum e, sta tische und  zeitlich veränderliche R äum e, 
äquipotentia le  Flächen von Skalarräum en werden kurz behandelt. Der Begriff der “ Fendlin ien” 
zur V eranschaulichung von V ektorräum en wird genau definiert. Danach folgt die B ehandlung 
der G radienten  der Skalarräum e m it den betreffenden Rechenregeln. U n ter den Beispielen 
findet m an auch den w ohlbekannten Energiesatz der konservativen K raftfelder. Im  w eiteren 
wird der N a b la -O p e r a to r  als sym polischer V ektor eingeführt. Es folgt die B ehandlung  der 
D iv e r g e n z  von V ektorräum en in höchst anschaulicher Form , so daß der Leser den Q u e lle n d ic h te -  
C h a r a k te r  der Divergenz leicht begreifen wird. Auch hier w ird der Text durch die A bbildungen 
gut ergänzt. Ein tieferes V erständnis des D ivergenzbegriffs wird durch die K o n tin u itä ts 
gleichung und  die Divergenz-Rechenregeln erzielt. Die Invarianz der D ivergenz gegenüber 
orthogonaler K oordinatentransform ationen wird gezeigt. Auch die R o ta t io n  von V ektorräum en 
ist, n ich t zu letzt auch durch zahlreiche A bbildungen, sehr anschaulich dargeste llt, wobei 
gezeigt w ird, daß der R otationsvektor bei F lüssigkeitsström ungen die W ir b e ld ic h te  des die 
S tröm ung beschreibenden V ektorraum s kennzeichnet. U nter den Beispielen fin d e t m an  die 
R o tation  eines steifen Körpers um  eine gegebene Achse, wobei gezeigt w ird, daß  die W inkel
geschwindigkeit (abgesehen von einem F ak to r von 1/2) gleicht der R o ta tion  der Umdrei- 
hungsgeschwindigkeit ist. U nter den Beispielen fefinden sich auch zwei M axwellgleichungen, 
die jedoch nur berührt werden. Es folgen m ehrfache Anwendungen des N abla-O perators 
und schließlich die Verwendung von gekrüm m ten K oordinaten und die D arstellung  der 
bisherigen Ergebnisse der V ektoranalyse m it Hilfe von gekrüm mten K oordinaten .

K a p i t e l  V  behandelt die Integralrechnung m it Funktionen von mehreren V eränderlichen 
(145 Seilen). Der reiche Inhalt dieses K apitels w ird durch die Titel der A bschnitte angedeutet: 
Param eterin tegrale; K urvenintegrale; Ebene Bereichsintegrale: Räumliche Bereichsintegrale; 
O berflächenintegrale: Integrälsätze der V ektoranalysis. Diese Abschnitte sind in  w eitere Teile 
gegliedert. Um einen Überblick über die B ehandlung dieses äußerst w ichtigen Teils der m athe
m atischen Analyse zu egben, seine einige dieser Teile genannt: die Eulersche G am m a-Funktion; 
Potentialberechnung bei Potentialfeldern: L inienintegrale in der Therm odynam ik; T ransfor
m ation  von planaren und  räum lichen In tegralen  in neue Koordinaten: die In teg ra lsä tze  von 
Gauss, Stokes und Green; vor den D oppelintegralen im planaren Bereich w erden die nach 
R iem aun (bzw. Jordon) m eßbaren Mengen kurz  erk lärt. Hier werden keine Beweise geführt 
und  es erfolgt keine tiefgehende B ehandlung der Mengen. Bei den w eiteren A usführungen 
verbleiben die A utoren bei den nach Riem enn m eßbaren Punktm engen, da diese fü r die In teg
ralrechnung ausreichend sind, wobei u n te r In tegralrechnung die obengenannten In tegralarten  
zu verstehen sind. Selbstverständlich bleibt dem gem äß der In tegralbegriff innerhalb  des 
R eim ann’schen Rahm ens und Lebesgueintegrale w erden nicht erwähnt.

Der vorliegende Band II des Lehrbuches erfüllt im  gleichen Sinn wie B and  I eine wich
tige Aufgabe: all die K enntnisse jenen N aturw issenschaftlern und Ingenieuren zu verm itteln , 
die höhere M athem atik zu ihrer Arbeit benötigen. Im  Besitz dieser K enntnisse können sie 
sich ungehindert m it allen Problemen der m odernen Physik, Chemie und  Ingenieurwissene 
schäften befassen. Da dafür notwendige m athem atische A pparat steh t in diesem  B uch zur 
V erfügung. Zwar gibt es in der deutschsprachigen m athem atischen F ach lite ra tu r viele aus
gezeichnete Bücher, die m annigfaltige A nsprüche sowohl der theoretischen M athem atiker als 
auch der an der Anwendung interessierten Physiker und Ingenieure befriedigen, jedoch 
befassen sich diese Bücher größtenteils m it n u r je  einem speziellen Gebiet der M athem atik, 
meostens auch eingehender und in größerem U m fang, als das vorliegende B uch; sie sind eher 
für den theoretischen M athem atiker als für den N aturforscher bzw. Ingenieur bestim m t. In 
den drei Bänden diese Lehrbuchs wird all das in modernen Auffassun,g G ehandlungsart und 
Bezeichnung zusam m engefaßt, w as ein forschender Ingenieur oder Physiker an m athem atischen 
K enntnissen benötigt. Is t er im Laufe seiner Forschungsarbeit dazu genötig t, auch andere 
Gebiete der M athem atik zu betreten , so kann  er ruhig zu Spezialmonographien greifen, die 
er m it den durch das vorliegende Buch erw orbenen K enntnissen ohne Schw ierigkeiten verstehen 
wird.

Ich bin davon überzeugt, daß der zweite B and des Lehrbuchs ebenfalls allgemeinen 
Beifall finden wird, vor allem bei dem Lehrpersonal und den S tudenten  der technischen 
U niversitäten .

L e h r s tu h l  f ü r  M a te m a t ik  der c h e m is c h e n  F a k u l tä t , 
T e c h n is c h e  U n iv e r s i tä t , B u d a p e s t

D. Králik

Acta Chim. Acad. Sei. H ung. I l l , 1982



430 RECENSIONES

Mössbauer spectroscopy, I I  
The Exotic Side o f  the M ethod

E d  U li Go n s e r , V olu m e 25 o f th e  series “ T op ics in  C urrent P h y sic s”

Springer Verlag, Berlin 1981

4
T his book (196 pp ., 67 Figures) consists of nine chap te rs  w ritten by R. L. Co h e n , 

H . F is c h e r , V. I. Go l d a n s k ii, U . Go n ser , S. S. H a n n a , W . H o p p e , R. N. K u z m in , R. L.
M ö s s b a u e r , V. A. Na m io t , B. D. Saw icka  and J .  A. Sa w ic k i .

The firs t volume of th is book is Vol. 5 of the series “ Topics in  Applied Physics” , published 
by  Springer Verlag, Berlin, 1975, reviewed in Acta Chim. A cad. Sei. Hung., 89, 183 (1976).

C hapter 1 (“ In tro d u c tio n ” ), 3 pp., 1 figure) was w ritten  by U. Go n ser , the  ed ito r of
the book. He gives inform ation on the aim of publishing th is  second, new volume, w hich is
to d em onstra te  some “ exotic”  possibilities of the application  of M össbauer spectroscopy when, 
in s tead  of th e  common m easurem en t techniques, less frequen tly  applied measuring equipm ent 
is used , or when the subject o f s tu d y  is less common.

C hapter 2 “A Solution of the  Phase Problem in the S truc tu re  D eterm ination of Biolog
ical Macromolecules” (26 pp ., 12 Figures) is by R. L. M ö s s b a u e r , F. P arak  and W. H o p p e . 
One of th e  difficult problem s in diffractional structure exam ination  of biological m acrom ole
cules is phase determ ination. F o r phase determ ination, the au tho rs make use of gam m a-ray 
nuclear resonance scattering occurring on 57Fe nuclei as reference nuclides. The technical d iffi
cu lty  of th is work lies in th e  fac t th a t  it needs rad iation  sources of great activity  (109 Bq) in 
a sm all area (2 - 4  m m 2) and  special detectors of high counting ra te . The authors illu stra te  the 
app licab ility  and, a t the sam e tim e, its difficulties by dem onstra ting  their m easurem ents on 
a m yoglobin single crystal.

C hapter 3 is “ The G rav ita tional Red-Schift” (18 pp , 3 figures), w ritten by R. V. P o u n d . 
I t  is w ell-know n th a t am ong th e  m easurem ent techniques existing in our times it  is th e  M ö ss
b a u e r  effect th a t enables us to  m easure the smallest energy change. By this method changes 
of 10 _1° eV occurring in the energy s ta te  of the nucleus can be m easured. Applying M ö ssb a u e r  
spectroscopy, th is perm its to  dem onstrate  the effect p red icted  b y  E in s t e in  in 1907, nam ely, 
th a t g rav ita tio n  influences th e  frequency of electrom agnetic rad iation . The author dem on
s tra te s  experim ents in w hich th e  M ö ssba uer  effect was used to prove the so-called g rav i
ta tio n a l red-shift, and he deals in detail w ith the experim ents carried  out in a tower bu ilt in 
1884 for th e  Jefferson Physical L aboratory  of the H arvard  U niversity .

C hap ter 4 of the book (Trends in the D evelopm ent of th e  Gamma Laser, 22 pp.) was 
w ritten  by  Soviet authors: V. I. G o l d a n s k ii, R. N . K u z m in  and  V . A. N am iot . They review 
the possible applications of gam m a lasers and examine th e  new  possibilities arising for Möss
bauer spectroscopy if nuclei could be excited by gam m a lasers. T hough this topic is ra th e r the 
fu turo logy  of the field th an  its  p resen t, i t  is an exciting th ing , nevertheless, to th ink  over, 
together w ith  the authors, those in teresting  experim ents w hich could be carried ou t if the 
technical conditions were developed enough to produce gam m a lasers th a t are suitable for 
exciting nuclei producing M össbauer effect. One of the possibilities dealt with by the au thors 
is th e  transfo rm ation  of nuclei, th e  mass num ber of w hich is less by one than  th a t  of the 
M össbauer isotope, into excited nuclei w ith the necessary m ass num ber, by pulsed neutron-
flux: j  X  -j- n —► ^   ̂X * . N evertheless, the production of th e  necessary neutron generators
and th e  developm ent of rap id  m ethods for isotope separation  are difficult technical tasks.

C hap ter 5 (Nuclear R esonance Experim ents Using Synchro tron  Sources, 18 pp., 7 
Figures) w ritten  by R. L. Co h e n  gives an overview of possible nuclear resonance experim ents 
using synchro tron  sources. The experim ents proposed here are div ided into two classes: nuclear 
fluorescence (or absorption) and  nuclear Bragg scattering experim ents. I t  is emphasized th a t 
for b o th  categories the main technical difficulty arises from  th e  fac t th a t, among the photons 
of the synchro tron  radiation , there  are 108 times more cand ida tes  for electronic scattering, 
eic., processes th an  for nuclear resonance, even if the bandw id th  of the filtered beam  is as 
narrow  as 1 eV. Several propositions are discussed which w ould allow the experim entalist to 
overcom e these problems.

C hapter 6 carries the title  “ Resonance y-Ray P o la rim etry ” (40 pp. 19 Figures) by U. 
Go n ser  and  H . F is c h e r . A fter a b rie f introduction, a thorough  m athem atical description of 
the po larization  phenom ena is given in  term s of density m atrices. Then the general formalism 
is applied  to  the special case of hyperfine interactions in 57Fe. P rac tica l problems, such as the
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production of polarized y-radiations some applications to am orphous m aterials, as well as 
the observation of the Mössbauer — Faraday effect are also discussed.

In  Chapter 7 (Iron -Ion  Im plan tation  Studied by Conversion-Electron Mössbauer 
Spectroscopy, 28 pp., 19 Figures) V. D. Sawicka and J . A. Sawicka discuss the applications 
of conversion-electronM össbauer spectroscopy in iron-ion im plantation  studies. The extremely 
high sensitivity of th e  m ethod allows the study  of 67Fe doses lower th an  1014 atom s/cm3. 
Beside reviewing the results achieved in this field so far, the  authors pay  great a tten tion  to the 
experim ental techniques.

The title of C hapter 8 is “ Selected ‘Exotic’ A pplications”  (18 pp.) by R . S. P reston 
and U. Gonser. The longest p a rt of the chapter gives inform ation on M össbauer experiments 
in connection w ith re la tiv ity  theory. Since the same problem  is discussed in C hapter 3, in 
our opinion it would have been more practical to un ite  Chapters 3 and 8.

In Subchapter 8.2, the authors dem onstrate the  way of using the M össbauer method 
for detecting small m otions of macroscopic objects. An interesting experim ent is the one 
carried out by Bonchev and his colleagues: they  observed the breathing and flickering motions 
of the abdomens of an ts  w ith the aid of Mössbauer spectroscopy. An absorber containing 
1,9Sn was spread on the an ts, and the motions resulted in a line broadening.

Subchapter 8.3 dem onstrates applications concerning the m odulation possibilities of 
gamm a photons. One of the frequently  used principles is the correlation betw een line broaden
ing and diffusion to w hich atten tion  has been called firs t by S in g w i and Sjo l a n d e r .

Subchapter 8.4, 8.5 and 9.6 deal w ith Mössbauer spectroscopic experim ents on iron 
oxide in aerosols, on archeological findings and on biological m aterials, respectively.

In  this chapter. Mössbauer spectroscopic studies on frozen solutions should also have 
been mentioned, since im p o rtan t information on solution chem istry can be obtained by such 
m easurem ents.

Chapter 9 “ The Discovery of the M agnetic H yperfine In teraction  in the Mössbauer 
Effect of 57Fe ”  (6 pp., 2 Figures) by S. S. H anna, is a personal account of the first few years 
of Mössbauer spectroscopy in a very vivid and fascinating style.

D e p a r tm e n t  o f  P h y s ic a l  C h e m is tr y  a n d  R a d io lo g y , 
E ö tv ö s  L o r& n d  U n iv e r s i t y , B u d a p e s t A. V é r t e s  an d  S. N agy

Diffraction Studies on Non-Crystalline Substances

E d ite d  b y  I s tv á n  H a r g i t t a i  and  J .  W .  O r v i l l e - T h o m a s

Akadémiai K iadó, B udapest and Elsevier Scientific Publishing Company, A m sterdam  1981.
pp. 894

The scientific activities started  a t the l l t l i  In ternational Congress of C rystallography 
(W arsaw, 1978) continued in numerous special fields among others in an In te rna tiona l School 
organized under the title  given above by the D iffraction Group of the E ötvös L oránd Physical 
Society at Pécs, H ungary . The invited lectures set the tone of the school and were followed by 
lively round-table discussions and short oral papers. The apparen t success of the school prom pt
ed the Editors to invite m any distinguished partic ipan ts to survey in the form of a book 
the wide range of struc tu ra l studies on non-crystalline m aterials which have been discussed 
during the meeting. This invitation by and the editorial work of H a r g it t a i and O r v ille- 
T hom as resulted in a collection of tw enty com prehensive “ quasi m onographic”  accounts of 
various topics on the structures: of (a) gas molecules (b) liquids, (c) transition  system s between 
non-crystalline and ordered m aterials, and (d) am orphous solids (films, alloys, e tc .) . Only 
N . K a sa i’s contribution  fails to accomplish this standard .

P a r t  O n e  is devoted to studies on molecular structures in gaseous s ta te  by means of 
electron diffraction (e.d.) and theoretical calculations (e.g. the determ ination  of harmonic 
potential functions). The theory and im plem entation of e.d. on gaseous m aterials and its 
im pact on the study  of molecular structures ( e .g . in ternal ro tation  in molecules) are given 
by J .  K a rle  in two papers. K . K u ch itsu  deals w ith the analysis of the geom etrical param eters 
of free molecules while L. V. V ilk o v  presents a survey of the stereochem ical features of various 
organic and organom etallic molecules. The paper of A. H. L ovvrey a ttem p ts  to  elucidate the 
complex problem of large am plitude motions in m olecular system s by the use of various
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techniques of spectroscopy (v ib ra tional, microwave spectroscopy, m agnetic resonance, e tc .)  com
bined w ith  e.d. Thus it forms a linkage w ith  the other two sta tes (liquid and solid) of the 
substances.

P a r t  T w o  helps to glimpse in to  the structures of liquids. The properties of m olecular 
liquids are  presented by M. D. Z e id l e r , while the ion—solvent, so lvent-solvent and  ion—ion 
in te rac tio n s revealed by com bined X -ray  and electron diffraction techniques in aqueous 
e lec tro ly te  solutions are discussed b y  G. P á lin k á s  and E. K á lm á n . A more esoteric approach 
to th e  liq u id  structures is given b y  K . H e in z in g e r  who dem onstrates the power of the molec
u lar dynam ics method in these system s.

P a r t  T h r e e  is introduced b y  th e  paper of A. Gu in e er  who aims to  shed ligh t on the 
con tinuously  varying states of m ateria ls  between the real crystals and disordered system s, 
v iz .  gaseous, liquid and am orphous. S ta rting  from the dynam ic disorder in crystals, he guides 
the  read ers  through the mesophases to  the liquids and am orphous solids. The polym orphism  
of the  la t te r  is classified by J . L. F in n e y  in term s of various com puter constructed models. 
The n e x t pap er deals with the phenom enon of paracrystallin ity  (R . H o sem a n n  and B. St e f f e n ).

P a r t  F o u r  presents exam ples o f the applications of diffraction m ethods in the stu d y  of 
polym ers ( e .g .  manifold investigation  of elastom er-plastom er b lends,partic le  dim ension d is tri
bu tion , e t c . ) .  I t  is worth noting th e  m eticulous calculations of conform ational energy m aps 
on a ta c tic  poly(m ethyl m ethacry la te), which are given by R . L o w el l  and A. H. W in d l e . 
Studies o f relevance to am orphous substances (films, m etallic alloys) are reported  in P a r t  
F iv e .  A m ong others, G. S. Ca r g il l  I I I .  surveys the s truc tu ra l models which enable one to 
describe th e  structures of am orphous m etallic alloys, while T . M izo g u ch i provides th e  theory  
and experim en ta l techniques of n eu tro n  diffraction applied in studying such am orphous alloys.

In  accord with the title  of th e  book, the experim ental technique applied is overw helm 
ingly based  on the diffraction of electrons, neutrons and X -rays encountering non-crystalline 
substances. Nevertheless, the au tho rs  also frequently  rely upon the results of o ther m ethods 
as th e  various ways of spectroscopy, quan tum  mechanics, theoretical chem istry, e tc ., giving 
a b road  approach  to the subject surveyed. The reviewer as a crystallographer has found  m any 
con tribu tions useful and stim ulating  in his own research especially in forming a generalized 
view of th e  com plexity of crystalline and  non-crystalline m aterials. Consequently, he is pleased 
to recom m end this book to all researchers working either inside or outside the realm  of d iffrac
tion  s tud ies covering both crystalline and non-crystalline m aterials.

C e n tr a l  R e s e a r c h  I n s t i tu te  o f  C h e m is t r y , 
H u n g a r i a n  A c a d e m y  o f  S c ie n c e s . B u d a p e s t

A. KÁLMÁN

Soviet Scientific Review s , Section B. Chemistry Reviews, Vol. 3

Harwood A cadem ic Publishers G m bH 1981

T his is a new volume of th e  C hem istry Reviews series, w hich summarizes results of 
research  in  chem istry in the Soviet U nion. The volume under review  comprises four surveys, 
each o f a li tt le  known domain of chem ical science.

T he f irs t paper deals w ith “ Investigations in the Field of Technetium  C hem istry” , its 
au thors are  V. J . Sp it s y n , A. F. K u z in a , G. N. P irogova , and O. A. B a l a k h o v s k ij. We are 
given a tho rough  summary of techne tium  chem istry, th is sum m ary considers the com plete  
body of w ork done up to nowr on th e  investigation of this very  rare metal.

A sh o rt historical survey precedes a discussion of the chemical properties of technetium . 
Its  e lec tron  structure  resembles th a t  o f m anganese though there is some difference in th e  o u te r 
electron shells. Thus also chemical an d  physicochemical characteristic  of the two elem ents 
are sim ilar. The various ionization po ten tia ls , redoxpotentials, com plex form ation, and spectro- 
scopic fe a tu res  of technetium  are d ea lt w ith, finally the p reparation , production of th e  m etal 
are described . These m atte rs  occupy 73 pages, and 152 references are given.

Also th e  n ex t is an in teresting  subject especially for inorganic chemists, reviewed by 
A. M. Sl a d k o v , and entitle d “ C arbyne, a Newr Allotropic Form  of Carbon” . D iam ond, 
g raphite  an d  carbyne th a t forms chains and are known since tw en ty  years are the three form s 
of carbon  w hich show different ty  pes of hybridization, consequently differ in crystal s truc tu re  
and physicochem ical character. The various methods of the p reparation  of carbyne are dis
cussed in de ta il: these methods chiefly use acetylene, respectively carbon as their starting  m a te 
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rials. Less is told abou t physical properties and  still less about the chemical characteris
tics of carbyne. This article takes 35 pages and  66 references are listed.

V. J . Sp s t s in , L. P. K a z a n s k ij, E . A. T o r c h e n k o v a : “ Current S tru c tu ra l and 
Spectroscopic Investigations of H eteropoly-Coinpounds.”  The subject m a tte r is th e  chem istry 
of iso- and hetero-poly com pounds; the in te rp re ta tio n  and  critical survey of s tru c tu ra l studies. 
A general characterization  of the properties of th e  several compounds is given, and  very  useful 
Tables are presented in th is context: it  is a p ity  th a t  these Tables are no t ex tended  to  include 
every m ethod of investigation. The chief source of w hat is told in this paper is th e  work done 
by the authors. Reference to  the literature is given according to the im portance of th e  papers 
in fact quoted, com pleteness in this respect has n o t been aimed at. The several hetero-poly
anions are trea ted  system atically; a great advan tage  of the ir classification here is th a t  diver
gent properties of com pounds w ith similar stru c tu res  are  easily compared.

The only organical chemical paper is th e  w ork of M. J . K a b a t c h n ik , N. N. B ubnov ', 
A. J . P r o k o f je v , and  S P . So lo d n ik o v , en titled  “ The Tautom erism  o f  Free Radicals. 
‘W andering’ Valence” . In  order to be able to  in te rp re t the mechanism o f a g rea t num ber of 
chemical reactions the knowledge of the radicals form ed in the course o f these reactions is 
decisively im portan t. R esults of NMR and E P R  studies furnish the prim ary foundation  of this 
essay. The m igration o f hydrogen, hydrogenotropy, is discussed, so are th e  m etallo tropy  in 
radicals which contain m etals of the II  and I I I  groups, and the “ elem entotropy”  in  groups 
IV and V. The very  detailed and inform ative te x t of nearly 100 pages, w ith  67 references, 
m erits the a tten tion  of theoretical organic chem ists and  of NMR and E P R  spectroscopists.

Department o f Inorganic Chemistry, .  jyAGy
Technical University, Budapest " t

A ndreas M a e h l y  and  Lars S t r ö m b e r g : Chemical criminalistics

70 Figures, 65 Tables, 322 Pages 
Springer Verlag; Berlin, H eidelberg, New York 1981

Its  title  reveals th a t  this book is about the diverse chemical aspects o f criminalistic 
work. I t  is composed of three principal parts, viz. P a rt A ,  General In troduction ; P a r t  B, dealing 
w ith the S tate  of the A rt; and P art C, A uxiliary  A ctivities.

Preceded by a short historical survey, th e  notion of “ Forensic Science”  is explained 
in P a rt A ; here also the place of chem istry w ith in  the set of relevant sciences is determ ined.

P a rt В  is, perhaps, the most valuable one in th is book: it is a compendious presentation 
m ost useful for those active in this field. P a rt В  is divided into 13 chapters, some of which are 
subdivided again. These chapters are'

I. N arcotics and  Dangerous Drugs
II . Explosives

II I . Polym ers
IV. Fibres
V. P ain ts, Varnishes and Lacquers

V I. Glass
V II. Soil

V III. F irearm  Discharge Residues
IX . Fire Investigation
X . Q uestioned Documents

X I. Toxic Substances in Foods
X II . R estoration  of Erased Markings

X III . Miscellaneous

I t  is to be seen th a t  the task  of a chem ist engaged in criminalistic w ork will embrace 
the very wide field th a t  extends from narcotics, proceeds over explosives, pa in ts , toxic sub
stances, to the reconstruction  of erased m arkings. In  the several chapters, au tho rs  discuss the 
chemical possibilities of detection and iden tification ; in the course of such a discussion the 
application of the m ost sophisticated and u p -to -da te  instrum ents, and the com plex utilization 
of a com bination of such instrum ent are explained. A good example of this is the methodology 
concerning narcotics: here ultraviolet-, infrared-, and  m ass-spectrom eters and  various chro
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m ato g rap h ic  techniques are resorted  to . The descriptions, severally, of some m ost im p o rta n t 
m e th o d s; o f th e  m eans of identification of the various substances; of the commercially available 
chem icals are  very  im portan t topics in th is P art. Quite concisely, some basic know ledge 
indispensable for the understanding of these m atters is conveyed in several of these chap te rs, 
a good exam ple  of this is the chap te r about polym ers. G enerally, a practical example is given 
in each ch ap te r: these examples serve to  dem onstrate th e  im p o rtan t role played by, and  th e  
g reat possib ilities inherent in, chem ical techniques u tilized  also in  crime-detection.

W e do n o t doubt, however, th a t  the greatest service th is  book does offer to th e  w orkers 
in th is fie ld  resides in the lists, a t th e  end of the chapters, o f references to the relevant lite ra tu re  
m ostly  o f th e  la s t decade.

T he division of these bibliographies is very in teresting  and useful. G en era l R e fe r e n c e s  
lead to  w orks w hich offer a general view of a given dom ain. Then we are given M e th o d o lo g y  
R e fe r e n c e s , fina lly , S p e c i f i c  R e fe r e n c e s :  these go deepest in  details either regarded from  th e  
po in t o f v iew  of m ethods or of substances to  he determ ined.

In  P a r t  C  th e  authors deal, firs t of all, w ith  questions o f organization, flow of inform ation, 
and co -o rd ination  of efforts.

To sum  u p : chemists, no m a tte r  w hether beginners, or experts of some years’ standing , 
in th is fie ld  hold  an im portan t book in  their hand. The beginner is offered an overall view  of 
“Forensic C hem istry” th a t reveals its  in ternal connexions, possibilities, and limits. The expert, 
on th e  o th e r hand , is helped enorm ously tow ards com pletion of his knowledge by  reference 
to th e  lite ra tu re  about the la test m ethods.

I n s t i t u t e  o f  E x p e r i m e n t a l  M e d ic in e .  j  j j AZ4I
H u n g a r ia n  A c a d e m y  o f  S c ie n c e s , B u d a p e s t
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Two m ain research lines are developed in our laboratory:
— a firs t group is centered on polym er chem istry w ith particular em phasis laid on 
stereospecific diolefin polym erization by coordination catalysis and ring opening poly
merization of oxiranes and lactones by homogeneous catalysis in  the presence of mixed 
oxide cata lysts;
— the second group is devoted to  the application of coordination catalysis to  some 
specific area of organic chem istry: I)  The selectivity and efficiency of carbenes (generated 
from diazocompounds) have been considerably improved by application of rhodium  and 
palladium  catalysts to typical carbene reactions such as cycloadditions, insertion 
reactions and ring enlargement o f  aromatics.

Some exploratory work on isocyanates and azides activation  will also be reported  
together w ith mechanistic inform ations resulting from kinetics m easurem ents. 2) The 
specific functionalization of pe tro leum  hydrocarbons is another field of in te rest: copper 
catalyzed hydrocyanation of diolefins and specific oxidation of alkanes and olefins in  the 
presence of soluble transition  m eta l complexes have been investigated in  th is respect 
together w ith the preparation of novel cobalt and m olybdenum  complexes.

The research  fields of o u r g ro u p  are  cen te red  on th e  ap p lic a tio n  o f  h o 
m ogeneous ca ta ly s is  in  tw o m a in  a reas . I. Homogeneous catalysis ap p lied  to  
th e  con tro l o f ty p ic a l organic reactions such  as carbene reac tio n s, nov e l reac tio n  
o f  he te ro cu m u len es (isocyana te , su lfin y lan iline), syn thesis  o f  he te ro cy c les , 
h y d ro c y a n a tio n  o f olefins an d  o x id a tio n s .

A. Carbene chemistry

C arbenes are  im p o rta n t in te rm e d ia te s  in  organic sy n th esis  a n d  one of 
th e  m ost e leg an t w ays to  g e n e ra te  th e m  is to  decom pose a d iazo  co m p o u n d . 
In  fa c t, we used  diazo esters as ca rb e n e  precurso rs:

N .C H C O O R  A’hP > : CH CO R +  N .
z  catalyst

* This paper was presented a t  th e  F irst Belgian H ungarian Colloquium on Catalysis 
a t M átrafüred, October 19 — 22, 1981.

** To whom correspondence should be addressed.
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Copper c a ta ly s ts  a re  used  since a v e ry  lo n g  tim e  to  p rom ote  carbene 
re a c tio n s : it  is g en e ra lly  accep ted  th a t  c a rb e n e —m e ta l com plexes (carbenoids) 
a re  th e  active species.

In  fact, ou r a p p ro a c h  was to  im prove  o r  m o d ify  carbene reac tio n s by  
in v es tig a tin g  th e  c a ta ly t ic  p roperties of G roup  V I I I  m e ta l com plexes. A screen
in g  led  to  the  d isco v ery  o f  in terestin g  c a ta ly tic  p ro p e rtie s  o f P d  (II)  an d  R h  
( I I )  carboxy la tes. T h e re fo re , th e  m ost ty p ic a l re a c tio n s  o f carbenes h av e  been 
re in v e s tig a te d  w ith  th e s e  ca ta ly s ts :

1 —  C y cloadd ition  to  olefins to  give cy c lo p ro p an es;
2 —  C y cloadd ition  to  acety lenes to  give cyclop ropenes;
3 —  R ing e n la rg e m e n ts  of a rom atics;
4 — In se rtio n  re a c tio n s  in to  0 — H , (N H ), S— H  an d  a lip h a tic  C— H

bonds;
5 — 1,3-dipolar a d d it io n  to  — C = N  a n d  =  C = N — bonds.

1 . Cyclopropanation o f olefins

Rhodium  led to  e ff ic ie n t catalysis o f cy c lo p ro p an e  fo rm atio n  from  ole
f in s . E v en  a re la tiv e ly  in a c tiv e  olefin such as t r a n s  4-octene can  be effic ien tly  
cy c lo p ro p an a ted  w ith  R h  ( I I )  carboxy la tes [1]. H ow ever, th e  efficiency is th e  
r e s u l t  of a subtle a d ju s tm e n t  of th e  co n d itions:

—  sloiv a d d itio n  o f  th e  diazo ester to  a dilute  so lu tio n  o f th e  c a ta ly s t in 
th e  n e a t su b stra te ;

—  proper g ro u p s  m u s t  be p resen t b o th  o n  th e  c a ta ly s t an d  th e  diazo 
e s te r :  for exam ple, in  th e  specific case of t r a n s  4 -octene , efficient cyclop ropa
n a t io n  is only rea lized  w h e n  large lipophilic  g ro u p s  are p resen t b o th  on th e  
c a ta ly s t  (t-Bu-CO O )4R h 2 a n d  th e  diazo e s te r  (n-B u  d iazo aceta te ). T he yield 
d ecreases  by  a fa c to r  o f  t e n  w hen methyl g ro u p s are  p resen t.

In  fact, R h ( I I )  c a rb o x y la te s  are g en era lly  n o t selective in  cy c lo p ro p an a
t io n  o f  d ifferen tly  s u b s t i tu te d  olefins (as o p p o sed  to  P d  ca rb o x y la tes ; see 
la te r )  except in  p a r t ic u la r  cases, e. g. th e  c y c lo p ro p a n a tio n  of A  can  be p e r
fo rm e d  w ith  high re g io se le c tiv ity  and  th e  cy c lo p ro p an e  ca rb o x y la te  B, a 
p recu rso r of a p y re tliro id  ty p e  pesticide has b een  o b ta in ed  in  good y ield  w ith  
R h  ca ta ly sts :

c o o k

Palladium catalysis [2] : P d  (II)  a c e ta te  is less effic ien t th a n  R h  (II)  
c a rb o x y la te s  excep t in  th e  case of a c tiv a te d  o lefins (such as s ty renes) or 
s tr a in e d  olefins (such  as n o rb o rn en e  or n o rb o rn ad ien e ).

Acla Chirn. Acad. Sei. Hung. I l l , 1982
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M oreover, th is  c a ta ly s t is m o re  sen s itiv e  to  steric effects th a n  R h : in 
creased  su b s titu tio n  leads to  a sh a rp  d ro p  o f  th e  yield.

B o th  c a ta ly s ts  are obviously  a c tin g  b y  tw o  com pletely  d iffe ren t m ech a
nism s (see la te r) .

2. Cyclopropanation o f acetylenes

T he cy c lo ad d itio n  of carbenes to  ace ty len es  gives cyclopropenes. C opper 
an d  p a llad iu m  c a ta ly s ts  have been  re p o r te d  as be ing  efficient w ith  disubslituted  
acety lenes b u t  “ t ru e ”  acety lenes g ive re a rra n g e m e n t or p o ly m eriza tio n  p ro d 
u c ts  w ith  these  ca ta ly s ts . In  o p p o s itio n , cyclopropenes are fo rm ed  in  good 
y ie lds even  w ith  th e  “ true”  ace ty lenes b y  usin g  R h  (II)  ca rb o x y la te s  as c a ta 
ly s ts  [3]. N B '  A ch arac te ris tic  o f  th e  R h  c a ta ly s ts  is th e ir  c o m p a tib ility  w ith  
sensitiv e  su b s tra te s  an d  p roduc ts.

3. R ing enlargement o f aromatics

T he classical B uchner sy n th es is  o f  cy c lo h ep ta trien e  c a rb o x y la te s  from  
benzene gives a m ix tu re  of p o sitio n a l iso m ers  (corresponding  to  th e  th e rm o d y 
n am ic  equ ilib rium ) an d  m o d era te  y ie ld . H ow ever, R h (II) trifluoroacetate 
( tr if la te )  ca ta ly zes  th e  fo rm atio n  o f a single isom er w ith  h igh  se lec tiv ity  
( > 9 5 % )  [4] an d  in  p rac tica lly  q u a n t i ta t iv e  y ield . W e o bserved  also  som e 
reg io se lec tiv ity  w ith  su b s titu te d  b en zen e  su b s tra te s .

4. Insertion o f carbenes into X — H  bonds

(X  =  0, (N ), S, C) [5] R h ( I I )  c a rb o x y la te s  and  copper t r i f la te  are  e ffi
c ien t c a ta ly s ts  fo r th e  in se rtio n  o f  ca rb a lk o x y carb en es  in to  alcoho ls and  
m e rcap tan s . E v e n  th e  in sertion  in to  a lip h a tic  C— H  bond  can  be rea lized  w ith  
h igh  efficiency an d  som e se lec tiv ity  b y  u s in g  R h  (II)  salts o f s tro n g ly  e lec tron- 
a t tr a c t in g  ca rb o x y la te s  (trifluoro-acetates, pentafluoroberazoate . . .) as fo r th e  
rin g  en la rg em en t reac tio n  of a ro m a tic s . F o r  exam ple , yields close to  9 0 %  can  
be o b ta in ed  w ith  cyclohexane b u t  th e  e ffic ien cy  is s trong ly  te m p e ra tu re  de
p e n d e n t: th e  b e s t y ields were o b ta in e d  close to  th e  boiling p o in t o f  th e  h y d ro 
ca rb o n . T he d e a c tiv a tio n  of th e  c a ta ly s t ,  p ro b a b ly  by  red u c tio n  o f  R h  ( I I )  to  
R h (I), seem s to  be th e  resu lt o f  th e  d eco m p o sitio n  of some d ia z o e s te r  R h  ( I I )  
com plex  fo rm ed  a t  low te m p e ra tu re s .

5. 1,3-dipolar addition o f carbalkoxycarbenes

A carb a lk o x y carb en e  can  r e a c t  as a 1,3-dipole:

О
e

0
1

' S -
Ф

H

Acta Chim. Acad. Sei. Hung. I l l ,  1982



4 4 0 T E Y S S I É ,  H U B E R T :  M A C R O M O L E C U L A R  C H E M I S T R Y  A N D  O R G A N I C  C A T A L Y S I S

a) C y cloadd ition  to  n itr ile s  occurs easily : oxazoles are fo rm ed  in  good 
y ie ld  p a r tic u la r ly  w ith  co p p er tr if la te  an d  P d  ( I I )  a ce ta te  as ca ta ly s ts .

M oreover, th e  regioselectivity [6] of a t ta c k  o f  acry lon itriles can  be  th u s  
c o n tro lle d : th e  th e rm a l re a c tio n  leads to  th e  exclusive a tta c k  of th e  C =  C 
d o u b le  b o n d  (cyclopropane is form ed a t 100 °C w hereas A 2 py razo lin e  is 
fo rm e d  a t  25 °C b y  cy c lo ad d itio n  of th e  d iazo -g ro u p  an d  fo rm atio n  o f  a A 1, 
p y ra z o lin e  as a tra n s ie n t in te rm e d ia te  w hich re a rra n g es  to  th e  A 2 iso m er or 
d ecom poses to  give th e  cyclop ropane, d ep en d in g  on  th e  tem p era tu re ).

— (,'R — ( = N  +  N 2C H C O O B

b) 1 ,3 -d ipo lar ad d itio n  to  a carbod iim ide  [7] proceeds sm ooth ly  in  th e  
p resen ce  o f R h c a rb o x y la te  o f copper t r if la te  w ith  th e  fo rm ation  of im ino - 
oxazo line .

M echanism  o f the catalyzed carbene reactions

S a l o m o n  a n d  K o c h i [8 ] h a s  d isc u sse d  th e  o cc u r r e n c e  o f  tw o  m e c h a n is t ic  
p a t h w a y s  d u r in g  th e  co p p er  c a ta ly z e d  c y c lo p r o p a n a t io n  o f  o le f in s .

1. A  classical carbenoid mechanism  w hen  co p p e r ace ty l-ace to n a te  is u sed  
as a  c a ta ly s t :  th e  s tro n g  ace ty la ce to n a te  lig an d  p re v e n ts  th e  co o rd in a tio n  o f  
th e  o le fin  to  th e  ca ta ly tic  cen te r:

( I ) M f  XjCHCOOK ----— -  M СНГООК

M t'HC OO R +  =  ----------*■ 1’
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2. a coordinative mechanism  w hich can  be d e tec ted  during  th e  early stages 
of th e  copper triflate  ca ta ly zed  cy c lo p ro p a n a tio n  ( th e  CF3S 0 3 group is a v e ry  
w eak ligand  an d  allows th e  co o rd in a tio n  o f th e  o lefin  to  copper),

M + ^ C = C 'C "  +  NiCHG'OOR M C'
COOK

I I
— c —c -

I I
M—c — H

I
COOK

I1

O ur resu lts  c a n  be exp la ined  b y  assum ing  th e  exclusive p a r tic ip a tio n  o f  th e  
carbenoid process with Rh ( I I )  c a rb o x y la te s  a n d  o f th e  coo rd ina tion  p a th w a y  
w ith  P d  ( I I ) .  T h e  d u a lity  o f  m echan ism  a p p e a rs  upon  p lo ttin g  th e  re la tiv e  
reac tiv itie s  o f  olefins ag a in st th e ir  co m p lex in g  ab ilities tow ards silver. T he 
P d  ca ta ly zed  reac tio n s co rrespond  to  a w id e ly  sca tte red  d is tr ib u tio n  o f  th e  
p lo ts: th e  b e s t co o rd in a tin g  o lefin  d isp lay s, how ever, th e  h ighest re a c tiv i ty . 
In  c o n tra s t, R h  ca ta lysis  leads to  a n arrow  ra n g e  o f re a c tiv ity  an d  c o o rd in a tio n  
is no m ore a d e te rm in in g  fa c to r  in  th is  case.

T he s tru c tu re  of th e  R h  (II)  c a rb o x y la te s  explains th e  re su lts : th e y  are 
stab le  d im ers co n ta in in g  a single co o rd in a tio n  s ite  p er R h.

O n th e  c o n tra ry , P d  a ce ta te  is a tr im er, e a s ily  cleaved in so lu tions, w h ich  p re  
sen ts th e re fo re  several av a ilab le  c o o rd in a tio n  sites.

B. Metal carbonyl catalyzed reactions of cumulenes

1. Reaction o f  isocyanates with aldehydes

(Fe(C O )j, Co2(CO)8 [9]. Im ines are  fo rm ed  in  good yields from  a ro m a tic  
a ld eh y d es (a lip h a tic  ones give aldol c o n d e n sa tio n  p roduc ts of th e  im ine).

/
P h  —  N = C = 0  +  RCH O  — P h — N = C I IR  +  C 0 2

The k in e tic s  o f  th e  reac tio n  is easily  fo llow ed b y  v o lu m etry  [10]. K in e tic  m e a s
u rem en ts  show  th e  slow fo rm a tio n  o f th e  t ru e  ca ta ly tic  species. T he p a r t ia l  or-
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d ers  a re  d iffe ren t: zero in  iso cy an a te , one in  a ldehyde. The c a ta ly tic  cycle  is 
e x p la in e d  b y  th e  follow ing schem e:

М-Р(СО),, R — C'CT + к— N=c = 0

Induction

I

2. Reaction o f sulfinylaniline with isocyanates [11]

P h N =  S = 0  +  P h N = C = 0
м,(СО),

T h e re a c tio n  proceeds th ro u g h  th e  fo rm al cycloco n d en sa tio n  of tw o iso c y a n a te  
a n d  o n e  n itre n e  m o ie ty  (form ed from  P h — N = S = 0  and  th e  c a ta ly s t) .

3. Reaction o f  azides ivith aldehydes

A m id o d eriv a tiv es  are  form ed from  a ld eh y d es  an d  benzyl azide in  th e  
p resen ce  o f  a m e ta l carb o n y l

P h —C P h — C H 2N s
M,(CO),

P h — C i f  У
'N '  У  h

''-> 0
■I

Х Ч  ^

Ph
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C. Hydrocyanation of conjugated olefins

H y d ro c y a n a tio n  o f  b u ta d ie n e  is a v e ry  im p o rta n t in d u s tr ia l  process. 
D u  P ont has devised  an  e ffic ien t sy n th esis  o f  ad ip o n itrile  (a ny lon-6 ,6  p re 
cursor) from  th e  nickel(O ) c a ta ly zed  h y d ro c y a n a tio n  o f b u ta d ie n e :

C opper ca ta ly sis  is also c laim ed  as an  e ffic ien t process in  th e  p a te n t  lite ra tu re .
O ur s tu d y  [12] in  th a t  fie ld  show s th a t  th e  copper ca ta ly z ed  h y d ro c y a n a 

tio n  is s tr ic tly  lim ited  to  th e  m o n o ad d itio n  s tep  (a). M oreover co p p er halides 
are th e  o n ly  ac tive  species. A c tiv a tio n  o f  th e  in ac tiv e  CuCN c a ta ly s t  can  how 
ev er be p ro m o ted  b y  ad d itio n  o f  c ro ty l b rom ide : th e  c a ta ly tic  sy stem  thu s 
o b ta in ed  is even m ore ac tiv e  th a n  cuprous b rom ide. In  fa c t, h a lid e  con ta in ing  
p ro m o te rs  can  acce lera te  th e  reac tio n  (e.g. B rC N , an d  m a in ly  a n  allylic b ro 
m ide such  as c ro ty l b rom ide , a p o te n tia l in te rm e d ia te  in  th e  re a c tio n ). W e have 
proposed  th e  follow ing schem e:

On Hi +  HON --------- H — 0 » C
ON

D. Oxidation of olefins and hydrocarbons

Oxidation o f  cycloalkanes and cycloolefins by Co ( I I I )  acetate (a stoichio
m etric  reac tio n ) h as  also been  in v es tig a ted  in  our la b o ra to ry  [13].

I t  is rep o rted  th a t  th is  o x id a tio n  se lec tive ly  occurs a t  th e  2 n d  position  of 
lin ea r a lkanes [14] and  th a t  even  a te r t ia ry  CH bond  is less re a c tiv e  th a n  a

Acta Chim. Acad. Sei. Hung. I l l , 1982



4 4 4 T E Y S S I É ,  H U B E R T :  M A C R O M O L E C U L A R  C H E M I S T R Y  A N D  O R G A N I C  C A T A L Y S I S

s e c o n d a ry  one. S teric e ffec ts  a re  obviously ac tin g  as we observed  th a t  w ith  
a d a m a n ta n e  th e  (less h in d e re d )  te r t ia ry  C— H  b o n d  is m ore reac tiv e  th a n  th e  
C H 2 g roups.

T h e  m echanism  in v o lv e s  ox ida tio n  of a Co (I l) - ra d ic a l com plex b y  a 
se c o n d  Co (II I )  a ce ta te  m o lecu le  [14]. Catalytic oxidation  o f cycloolefins b y  
m ix e d  c a ta ly s ts  (R h c a rb o x y la te s  associated w ith  а У  o r Mo ep o x id a tio n  c a ta 
ly s t)  le d  to  th e  fo rm atio n  o f  epox ides w ith  th e  Mo c a ta ly s t  an d  epoxyalcohols 
w ith  V O (acac)2 [15].

T h e  m echanism  in v o lv e s  th e  R h ca ta ly zed  ra d ic a l fo rm atio n  o f cycloal
k e n y l  hyd roperox ide , w h ich  a c ts  as an ep o x id a tio n  a g e n t to w ard s th e  double 
b o n d s .

II. C oordination ca ta ly s is  applied to  p o lym er chem istry

T h e  s tereoselec tiv ity  o f  b u ta d ie n e  p o ly m eriza tio n  has been con tro lled  
b y  u s in g  soluble тг-allyl n ic k e l c a ta ly s ts . A n o th er a sp e c t s tu d ied  in  th e  group  
is th e  ring-open ing  p o ly m e riz a tio n  of epoxides an d  lac to n es  in  th e  presence of 
so lu b le  b im eta llic  oxide c a ta ly s ts .

A. P o ly m eriza tio n  of b u tad ien e

T h e  po lim erization  o f  b u ta d ie n e  can c lassica lly  follow  th ree  d iffe ren t 
ro u te s :

(1) 1 ,4-c is-po lym erization ,
(2) 1 ,4 -iran s-p o ly m eriza tio n ,
(3) 1 ,2-polym erization ,
jt-a lly l m etal c a ta ly s ts  c a n  ca ta lyze  v e ry  se lec tiv e ly  these  d ifferen t p o ly 

m e r iz a tio n  m odes of b u ta d ie n e :  Cr an d  Mo c a ta ly s ts  le ad  to  1 ,2 -po lybu tad iene  
(> - 9 5 % ) , w hereas N i an d  Co com plexes give 1,4-cis- or iran s-p o ly b u tad ien e  
(s e le c t iv i ty  >  98% ).

I f  th e  n a tu re  of th e  m e ta l  is an  im p o rta n t fa c to r , i t  is n o tew o rth y  th a t  
th e  s e le c tiv ity  of a m e ta l c a n  b e  v e ry  deeply m od ified  b y  th e  use of d iffe ren t 
ligands. F o r  exam ple, in  th e  p a r t ic u la r  case o f jr-a lly l n ickel, th e  stereoselec
t iv i ty  c a n  be changed from  9 8 %  1,4-cis to  99%  1,4-irtm s b y  using d iffe ren t 
c o u n te r io n s  on the nickel c o m p le x :

X ,  %  cis to  irons: C X 3CO O  (98 : 1), Cl (85 : 14), B r (65 : 33), I ( -:99 ). 
I t  is , how ever, possib le  to  achieve an even h ig h e r degree of con tro l of
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th e  ste reo se lec tiv ity  by  ac ting  on  th e  en v iro n m en t o f th e  c a ta ly t ic  cen ter: 
th e  ligands an d  th e  solvent can  d e te rm in e  th e  selec tiv ity .

T he o rig in a lity  of th e  c o n tr ib u tio n  o f Liege in th is  fie ld  h as  b een  to  find  
th e  fac to rs allow ing th e  contro l o f  th e  d is tr ib u tio n  o f stereoblocks w ithin the 
polymer chains [16].

я -allyl Ni tr if lu o ra c e ta te  g ives c is-1 ,4 -po lybu tad iene  (99% ) in  paraffins 
as so lven t.

A dd itio n  o f an  equ im olar a m o u n t (re la tiv e  to  th e  m e ta l)  o f  phosph ite  
P (O R )3 or alcohol reverses co m p le te ly  th e  se lec tiv ity  (99%  trans).

In  aromatic solvents or in  d ich lo ro m e th an e , an  e q u ib in a ry  p o ly m er is 
o b ta in e d : th e  chains co n ta in  a 1 : 1 ra tio  o f cis an d  Irans doub le  b o n d s .

A dd ition  o f trif lu o ro ace tic  g ro u p  to  th e  ca ta ly s t in  p a ra f f in ic  so lvent 
m odifies th e  cis-se lec tiv ity  to w a rd s  th e  eq u ib in a ry  d is tr ib u tio n .

M oreover, я -allyl nickel com plexes can  be used as coding catalysts for 
eq u ib in a ry  1 ,4 -bu tad iene  p o ly m eriza tio n : d iffe ren t m ean  b lo ck  len g th s  can 
be a d ju s te d  b y  chang ing  th e  so lv e n t.

(4)
N . В : p o ly m eriza tio n  in  benzene lead s to  a s ta tis tic a l d is tr ib u tio n  o f cis and 
trans double b o n d s, th e  d is tr ib u tio n  is close to  a reg u la r a l te rn a tin g  sequence 
in  c h lo rin a te d  so lven ts (as show n b y  300 M Hz H -N M R  sp ec tro sco p y ).

The mechanism

The c is-po lym eriza tion  is th e  re s u lt  o f a b id e n ta te  c o o rd in a tio n  o f b u ta 
d iene in  th e  cisoid con fo rm atio n  to  two co o rd in a tio n  sites o f  n ick e l, w hereas 
th e  trans con tro l o f th e  m ic ro s tru c tu re  is ach ieved  th ro u g h  th e  monodentale 
co o rd in a tio n  o f  b u ta d ie n e  on a single  co o rd in a tio n  site . T he e q u ib in a ry  poly
m er resu lts  f ro m  th e  k ine tic  c o n tro l o f b o th  site  a c tiv ity  b y  a d e lic a te  balance 
o f so lv a tio n : th e  d o rm an t species is in  fa c t a d ib ridged  d im er: o p en in g  of one 
b rid g e  gives th e  ac tive  species w h ich  p re sen ts  th e  tw o  sites c o n tro llin g  the 
m ic ro s tru c tu re  of th e  po lym er:

Act ive species

/  /  ___V i f \1 \ 4 / 1
Л 1

\  N /  /
1

/  \
*\ 1

/  \
□ □ x □

1
Dorman species (

r„4 Iran,s

Application

P re p a ra tio n  o f  b lock  copo lym ers. T he jr-allyl nickel c a ta ly s t  is a living 
c a ta ly s t ,  th e  grow ing chain rem a in s  lin k ed  to  th e  m e ta l c e n te r . T here fo re , it is
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p o ss ib le  to  s ta r t  a novel p o ly m e riz a tio n  by  ad d in g  b u ta d ie n e  a f te r  co n sum ption  
o f  th e  f ir s t  am ount. I f  a  l ig a n d  (phosphite) is a d d e d  p r io r  to  th is  novel b u ta 
d ien e  ad d itio n , th e n  th e  s te re o c o n tro l of th e  p o ly m er (p u re ly  cis in  a p a ra ffin ) 
w ill b e  reversed  d u rin g  th e  second  stage: b lock  trans c a n  th u s  be lin k ed  to  
b lo c k  cis.

MW s  300.000

Diblock copolymers can  b e  e la b o ra te d  from :
1 .3 - diene —  1 ,3 -d iene  s tereob locks
1 .3 - diene —  s ty re n e  
e th y len e  — s ty re n e

M u ltis te reo b lo ck : p o ly (cis-trans)n 1 ,4 -bu tad ienc.

B. R ing open ing  po lym erization  o f epoxides an d  lactones

E pox ides and  la c to n e s  a re  read ily  p o lym erized  on m ixed  oxide c a ta ly s ts  
to  g iv e  po lyethers an d  p o ly e s te rs  [17]. The p ro d u c t o f p ro p y len e  oxide p o ly 
m e r iz a tio n  contains a so lu b le  f ra c tio n  of a ta c tic  o ligom ers (^ 1 2 -m e r  s ta t i s t i 
ca l o p en in g ) and less so lub le  iso ta c tic  high p o ly m er (9 7 % , M W  10e) co rresp o n d 
in g  to  a stereospecific r in g  o p en in g . The s ta n d a rd  c a ta ly s t  used  for these  s tu d 
ies is e a s ily  p repared  b y  h e a t in g  a lum inium  a lk o x id e  a n d  zinc ace ta te  ( 2 : 1 )  
in  d e ca lin e  a t 190%  C fo r  t h e  tim e  necessary  to  reco v e r th e  a lk y la c e ta te  
(se v e ra l hours):

(JtO)aAI—j"OH +  AcO I—Xn—I OAc + КО -A I (OR)*

<RO).Al—O— Z n— O — Al(OK)ä (КОАс)

Carefully controlled h y d ro ly s is  o f the  m ixed  2A1-Zn alkox ides is a m eth o d  
fo r  c a ta ly s t  p rep a ra tio n  a t  ro o m  te m p e ra tu re . C a ta ly s ts  c an  be p rep ared  from  
v a r io u s  m eta ls: Zn, Co, C r, F e , Mo, Al, Ti.

T h ese  com plexes e x is t  a s  aggregates (n  =  1—  to  10) depend ing  on th e  
s o lv e n t, th e  n a tu re  of th e  m e ta ls  an d  of th e  a lk o x y  g ro u p s.
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T he A l—F e , A1 Mo and  A1 Cr com plexes abso rb  oxygen  re a d ily  to  fo rm  
m e ta l-o x y g e n  com plexes w ith  d iffe ren t s to ich io m etries  (M : 0 2) =  1 : 1  (Mo), 
2 : 1 (Fe, Cr).

I I I .  Com plex chem istry

Some u n u su a l com plexes h a v e  been  o b ta in e d  d u rin g  th ese  s tu d ie s  (see 
s tru c tu re s  C a n d  D ) [18, 19].

C

M =  Ni, Co

A =  Allylaraine

OK
КО. /

> \ L
КО' ' O K X H i

-V

Mo- -M o

Н зС^тго.^ ^ o r

'" " a i ;
'O R

RO

1)

R  =  i-Pr
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The aim  of the series of investigations we have undertaken is to  gain a b e tte r
understanding of how various param eters of tu n g sten  carbide preparation m ay  influence 
its  ac tiv ity  as a cata lyst. The variables investiga ted  were the nature of th e  porous 
hydrous oxide, presence of additives, and sto ichiom etry  of the compound.

Several m ethods of preparation of tu n g s ten  oxides were investigated . The 
reac tiv ity  of these oxides tow ards hydrogen and  CO or C 0/C 02 was also s tud ied . The 
natu re  of the precursor and its Na content were stud ied  as param eters w hich influence 
th e  reac tiv ity  of the solid. For a complete understand ing  of the reactiv ity , th erm o 
dynam ic factors were considered.

Introduction

In  1 9 7 3 ,  B o u d a r t  [ 1 ]  fo recasted  t h a t  tu n g s te n  carbide m ig h t possess 
som e in te re s tin g  p ro p e rtie s  re le v a n t to  h e te ro g en eo u s  ca talysis. H is re a so n in g  
w as b ased  on th e  fa c t t h a t  th e  e lec tron ic  s t ru c tu re  o f  tu n g s te n  c a rb id e  (WC)' 
resem bles th o se  o f p la tin u m .

A d d itio n a lly , th e  w ork  of B ö h m  e t al. [2, 3, 4] show ed th e  e ff ic ien cy  of 
tu n g s te n  carb ide  as a c a ta ly s t  fo r th e  o x id a tio n  o f  hyd rogen . I ts  la c k  o f  sen s i
t iv i ty  to  po isons, such  as CO and  H 2S, in c reased  in te re s t  in  th is  new  so lid  [5, 6].

S evera l a u th o rs  h a v e  show n th e  s tro n g  in flu e n c e  [ 7 — 15] o f th e  m e th o d  
o f p re p a ra tio n  o f tu n g s te n  carb ide on i ts  c a ta ly t ic  a c tiv ity . In  p a r t ic u la r ,  th e  
m e th o d  o f p re p a ra tio n  o f  th e  p recu rso r ox ide  w o u ld  ap p ear to  be a d o m in a n t 
s tep  in  d e te rm in in g  th e  f in a l c a ta ly tic  a c t iv i ty  o f  tu n g s te n  carb ide.

T h e  t r a d it io n a l  m eth o d  of p re p a ra tio n  o f  W C com prises e sse n tia lly  th re e  
s tep s : p re p a ra tio n  of th e  p recu rso r ox ide, re d u c tio n  to  th e  m eta llic  s ta te  a n d  
c a rb u riz a tio n .

T u n g s te n  oxide ex is ts  in  tw o form s: th e  w h ite  and  th e  yellow  m o d if ic a 
tio n s . T h e  fo rm er is p re p a re d  [18] from  h o t so lu tio n s of co n cen tra ted  ac id s  an d  
tu n g s ta te s ,  w hile th e  la t te r  from  cold so lu tions o f  d ilu te  acids an d  tu n g s ta te s .

* This paper was presented a t the F irst Belgian — H ungarian Colloquium on Catalysis 
a t M átrafüred, O ctober 19 — 22, 1981.

**T o whom correspondence should be addressed.

Acta Chim. Acad. Sei. H ung„ 111, 1982:



4 5 0 VIDICK et al.: TUNGSTEN CARBIDE

T h u s  th e  aim  o f th is  w o rk  was to  ex p lo re  d iffe re n t m ethods o f p re p a ra tio n  
o f  tu n g s te n  carb ide  to  be ab le  to  co n tro l th e  specific  surface a rea , th e  te x tu re  
a n d  th e  chem ical co m position  of WC.

Experim ental

Preparation o f (NH4)2W 0 4 — (T . A .)

T he stoichiom etric q u an tity  of H2W 0 4 was added  to  an  aqueous solution of NIL, under 
m ixing. The m ixture was refluxed for 10 min. A fter cooling to  25 °C, the solution was freeze- 
dried . A m m onium  tungsta te , very  soluble in  w ater, w as th u s  obtained.

Preparation o f tungsten hydrous oxides

Preparation from  Na2W 0 4 • 2H20
a) Yellow m odification
A 0.267 M  solution of N a2W 0 4 • 2H20  was acidified w ith 12V nitric acid to  pH  5.5. 

1IV n itr ic  acid was then  added to  th a t  stock solution to  p H  0.4. After 30 m in of reaction  a t 
25 °C, th e  solution was deposited in  a furnace a t  60 °C for 4 hrs.

b ) W hite m odification
T he stock solution was acidified to pH  1.4. This so lu tion  was then directly deposited in  a 

fu rnace  held  a t 90 °C for 4 hrs.

Preparation from  (N H 4),W 0 4
a) Yellow m odification
A 0.01 Af solution of T. A. was acidified w ith  I N  n itric  acid to pH  0.35. T hereafter, 

th e  p rocedure was as described above (preparation  from  N a2W 04 • 2H20).
b) W hite modification
A 0.05 M  solution of T. A. was acidified w ith  O.liY nitric  acid to  pH  0.6. The procedure 

th en  w as as described above (preparation  from N a2W 0 4 • 2H»0).

Drying o f hydrated oxides

A fter cooling to  am bien t tem perature, the sam ples were rinsed w ith distilled w ater, 
sep a ra ted  by  centrifuging a t  5000 r.p .m . for 10 m in. T he supernatan t was elim inated  and  the 
solid w as again  suspended in  distilled w ater. E ach  p rec ip ita te  was washed 3 tim es in  th is 
m anner. F inally  the solid was redispersed in  distilled w ater and the suspension was freeze- 
d ried  in  a V IR T IS  freeze mobile 12 apparatus.

Preparation o f am monium tungstate (T . A .)  by lyophilization

A 0.1 M  solution of T. A. was injected th rough  a capillary  tube into liquid hexane which 
was cooled to  —30 °C. A fter filtra tion , the solid, w hich was in  the form of m icrodrops, was 
freeze-dried .

Preparation o f sodium containing samples

T he desired am ount of N a N 0 3 was added to  a so lu tion  of T. A., prepared as described 
above. A fter freeze drying, this procedure yields solid T . A. doped w ith Na. I t  is no tew orthy  
th a t  th e  N a thus introduced was incorporated q u an tita tiv e ly  in to  the hydrated  oxides obtained 
by  p rec ip ita tio n  even after these m aterials had been w ashed several times.

Materials

H igh  p u rity  H2W 04(WCB) and Na2W 04 • 2H 20  (M ERCK) were used as received.
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Thermal treatment

The oxidic precursor of tungsten carbide prepared  by  the methods outlined above was 
first reduced under hydrogen and then carburized under CO or C0/C02.

Generally, 0.5 to  1 g of oxidic precursor was supported  on glass wool and held in  a fixed- 
bed reactor. Flows of H 2 or CO gas, after purifica tion  by passage through a bed of molecular 
sieve (5 Á), could then  be directed a t  the desired tem pera tu res over the solid. This arrangem ent 
ensured good contac t betw een the solid and the gas phase.

The reduction of oxidic precursor was carried  ou t under a flow of H2 (15 L /h) and the 
tem perature  of the solid was raised from  am bien t to  500 °C a t a rate of 1 °C/min. A fter the 
oxide has been reduced for the desired length of tim e, th e  H2 flow was replaced w ith  an  argon 
flow and the solid held a t 500 °C under Ar for one hour. To examine the in term ediate  m etallic 
tungsten , the oven was cooled to  room tem peratu re  and  the solid passivated u nder a flow of 
5%  0 2/H e a t  25 °C for 2 h . W ithout this passivation  trea tm en t, the tungsten  in term ediate  
com busted spontaneously in  air. I t  was verified th a t  th is passivation tre a tm en t modified 
neither the structure  nor th e  specific surface area of th e  product.

A fter reduction and  storing under Ar, CO a t  a flow ra te  of 20 L/h was passed over the 
solid and the tem pera tu re  was raised a t the desired ra te  to  the carburization tem pera tu re . 
A fter carburization for th e  desired length of tim e, th e  CO was replaced w ith an A r flow  cooled 
to  am bien t tem peratu re  and passivated under 5%  0 2/H e a t 25 °C for 2 h.

Gas

H2(N30), CO(N37), C 02(N45), Ar(N46) were used us supplied by A IR  L IQ U ID E  w ithout 
any fu rther purification.

Analytical methods

a) X -ray d iffractom etry
X -ray diffractogram s of solids were recorded on a Philips PW  1051 a p p a ra tu s  using 

K„Cu radiation  ( 1.5418 Á) filtered through Ni.
b) Specific surface areas were m easured on a vacuum  microbalance by  th e  В. E . T. 

method using N2 as adsorbate a t 77 K.
c) E lectron microscopy
Samples were suspended in  high purity  m ethanol and dispersed by u ltrasound . A drop 

was deposited on an  A E I grid w ith carbon support.
Transm ission electron micrographs were obtained  on an A EI EM6 G m icroscope using 

an acceleration voltage of 100 kV.
Scanning electron micrographs were recorded on a JE O L  TEMSCAN 100 CX (accelera

tion voltage 60 kV).
d) T em perature Program m ed R eduction (T PR )
T P R  of oxides was carried under H2 in  an ap p ara tu s  already described in  full details [22].

Results

Oxides prepared fro m  N a2W 0 4

X -ra y  d iffrac to g ram s recorded  b efo re  a n d  a fte r  ly o p h iliza tio n  in d ica ted  
th a t  th e  yellow  m o d ifica tio n  was W 0 3 • H 20  (ASTM file 18 • 1418), w hereas 
th e  w h ite  m o d ific a tio n  w as th e  h ex ag o n a l fo rm  o f tu n g sten  ox id e  [20]. A fter 
ca lc in a tio n  a t  500 °C in  a ir  fo r 4 h , th e  tra n sfo rm a tio n s  o f W 0 3 • H 20  and 
h ex ag o n a l WO., to  th e  o rth o rh o m b ic  fo rm  o f W 0 3 were com ple te . H ow ever, 
th e  X -ra y  d iffra c to g ram  o f  W 0 3 (o rth o rh o m b ic  form ) w as m o d ifie d  b y  th e  
ap p ea ran ce  o f  a n  a d d itio n a l peak  a t  d =  3 .14 A.

Specific su rface  areas o f th e  o x id e  p recu rso rs ca lc in a ted  a t  d iffe ren t 
te m p e ra tu re s  are  p re sen ted  in  T ab le  I I .
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Table I

Atomic absorption analysis o f the Na content o f  different precursors

Starting salt Precursor ! Na content 
(wt%)

Na2W 0 4 • 2H ,0 WO., hexagonal 1.7
WO, ■ H20 1.6

(NH4)2W 04 WO, • 1/3 H ,0 0

w o , • h ,o 0

A n aly sis  b y  a to m ic  a b so rp tio n  of th e  N a  c o n te n t  o f each sam ple is p re 
se n te d  in  T ab le  I.

O xides prepared  from  (N H 4)2W 0 4

X - ra y  d iffrac to g ram s ru n  before and a fte r  freeze-d ry in g  showed c h a ra c te r 
is tic s  o f  b o th  W 0 3 • 1/3 H 20  and  W 0 3 ■ H 20 .  T h e  peaks a t d =  3.671 Ä 
an d  3.31 A  are c h a ra c te ris tic  o f  th e  form er, w h ereas  th e  rem ain ing  p eak s  o f 
th e  l a t t e r  com pound.

A f te r  5 h of c a lc in a tio n  a t  500 °C, X -ra y  d iffrac to g ram s in te rm e d ia te  
b e tw e e n  th a t  o f (hexagonal) W 0 3 and (o rth o rh o m b ic ) W 0 3 were observed .

B efo re  and  a fte r  freeze-d ry in g , th e  yellow  m od ifica tio n  was id e n tif ie d  
as W 0 3 • H 20 .  A fte r c a lc in a tio n  at 500 °C, th e  tran sfo rm a tio n  in to  WO., 
(o rth o rh o m b ic )  was co m p le te .

T h e  specific surface a rea s  of th e  tw o ox ides ca lc in a ted  a t d ifferen t te m 
p e ra tu re s  are  p resen ted  in  T ab le  I I .

T h e  m orphology  o f th e se  oxides is show n in  F ig . 1. The partic les a re  in  
th e  fo rm  o f fine  needles for W O , • 1/3 H ,0  a n d  in  th e  form  of p la te le ts  for 
W 0 3 • H 20 .

Table П

Specific surface areas (m2 g -1 ) o f the different precursors fo r the calcination
temperature indicated

Starting salt Precursor
Temperature (°C)

25 300 500

N a2W 04 ■ 2H„0 W 0 3 hexagonal 7 0 ± 2 — 21
W O , • H20 1 2 6 ± 0 .2 — ! 10.5

(N H 4),W 04 W O , • 1/3 H20 8 2 ± 2 85.7 36

W O , • H20 1 6 ± 0 .1 26.3 13.3
T. A. (lyop) 5 — ! 5.2

N . B .: The errors indicate varia tions observed in  specific surface area between d ifferent 
p reparations
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Fig. 1. Morphology of W 0 3 • 1/3 H 20(A ), W 0 3 • H 20(B ) and (NH4)2W 0 4 p repared  by freeze
drying (С)
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R esu lts  o f a to m ic  a b so rp tio n  analysis fo r th e  so d iu m  con ten t of th e  sa m 
p les a re  presen ted  in  T a b le  I .

P repara tion  o f T . A . by lyoph iliza tion

T his solid p re p a re d  b y  lyoph iliza tion  w as am o rp h o u s a t  25 °C. A fte r  
c a lc in a tio n  a t 500 °C (one n ig h t) ,  i t  was tra n s fo rm e d  to  W 0 3 (o rth o rh o m b ic  
fo rm ). T he specific su rface  a rea s  o f sam ples o f  th is  so lid  calcinated  a t  25 °C 
a n d  a t  500 °C are p re s e n te d  in  Table I I  an d  th e i r  m orphology  is show n in  
F ig . 1.

In flu e n c e  o f  the nature o f  the oxidic precursor a n d  o f  the sodium  content on the 
reac tiv ity , specific surface area and morphology o f  the product tungsten

T h e  T P R  p a tte rn s  o f  W 0 3 • 1/3 H 20(A ), W 0 3 • H 20 (B ) and o f am m o n iu m  
tu n g s ta te  ob ta ined  b y  freeze -d ry in g  are p re se n te d  in  F ig . 2. The re d u c tio n  
te m p e ra tu re  of W 0 3 • H 20  w a s  lower th a n  th a t  o f  W 0 3 • 1/3 H 20 .

T ab le  I I I  p re se n ts  th e  specific surface a re a s  o f  th e  various m eta llic  
tu n g s te n s  ob ta ined  b y  re d u c tio n  of the  th re e  p re c u rso r  oxides fo r sod ium  
c o n te n t  o f  0 and 1.6 w t°/0.

In flu e n c e  o f  carburation tem perature, nature o f  the precursor oxide and the 
carburation  atmosphere

T ab le  IV  p re sen ts  th e  exp erim en ta l c o n d itio n s  u sed  to  achieve c a rb u r i
z a t io n  o f  various sam p les . T h e  sam ples h ad  b e e n  p rev io u sly  reduced  u n d e r

Fig. 2. T P R  patterns of sam ples p repared  by homogeneous precip ita tion  from am m onium  
tungstate; a: W 0 3 • 1/3 H20 , b: V O :1 • H 20 ,  c: (N H 4)2W 04
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Tabic III

Specific surface area (m2 g _I) o f the metallic tungsten obtained by reduction o f the 
oxidic precursors prepared from  ammonium tungstate with and without sodium

Precursor
Na content 

(wt%)
Specific surface area 

(m> g - i)

W 0 3 • 1/3 H 20 0 7 1

1 .6 4 4

w o 3 • h 2o 0 6 4

1 .6 5 7

T. A. (lyoph.) 0 5 .2

1 .6 3 2

Table IV

Attempts at carburization at different temperatures and under different atmospheres 
o f  samples o f metallic tungsten obtained by reduction o f  W 0 3 • 1/3 H .,0

and W 0 3 • H 20

Experi
m ent

num ber
Precursor oxide

Tem perature
ra te

(°C m in-1 )
Increase

gas

Reac
tion

temp.
<°C)

Reaction
gas

Reac
tion
tim e
(hr»)

0/
/О

W 2C
О /

w c

Spec, 
surface 

area 
(m» g->)

l W 0 3 • 1 /3 H ,0 l CO 750 CO 6 75 25 54

2 W 0 3 • 1 /3 H ,0 l CO 750 CO 12 53 47 54

3 W 0 3 • 1 /3 H ,0 l CO 750 CO 24 72 28 50

4 W 0 3 • 1 /3 H ,0 l CO 850 CO 6 47 53 30

5 W 0 3 • 1 /3 H ,0 l CO 850 CO 12 0 100 47

6 W 0 3 • H 20 l CO 750 CO 6 81 19 50

7 W 0 3 • H 20 l CO 750 CO 24 0 100 38

8 W 0 3 ■ H 20 l CO 850 CO 12 44 56 /
9 WO., • 1 /3H 20 l c o / c o 2 750 c o / c o 2 24 100 0 38

1/1 1/1
10 W 0 3 • 1 /3H 20 l c o / c o 2 850 c o / c o 2 12 WOo /

1/1 1 /1

11 W 0 3 • 1 /3H 20 5 Ar 7 2 2 c o / c o 2 3 100 0 /

1/1
12 W 0 3 • 1/3IL O 5 Ar 722 c o / c o 2 24 100 0 /

1/1
13 W O j • 1/3IL O 5 Ar 780 c o / c o 2

10/1

6 48 5 2 /

1 4 W 0 3 • 1/31I20 5 Ar 780 c o / c o 2

10/1

12 0 100 /
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H 2 a t  500 °C for 5 h. T he f in a l  degrees of tra n sfo rm a tio n  c a lc u la ted  on th e  
b a s is  o f  th e  m ost in ten se  X - ra y  d iffrac to g ram  peaks fo r W C a n d  W 2C, are 
p r e s e n te d  in  colum ns 8 an d  9 o f th is  T ab le .

2 5 0  n m

250 nm

F ig . 3. Morphology of tungsten  carb ide prepared by reduction and carburization of 
W 0 3 • 1/3 H 20(A ) and of WO, • H 20(B )

A cta  Chim . Acad. Sei. Hung. I l l , 1982



VIDICK et al.: TUNGSTEN CARBIDE 457

In  th e  case w here th e  precurso r oxide w as W 0 3 • 1/3 H 20 ,  ca rb u rized  a t 
750 °C u n d e r p u re  CO, a d im inu tion  in  th e  %  y ie ld  o f WC w as observed  for 
ca rb u riz a tio n  tim es in  excess of 12 h , as co m p a re d  to  th e  y ield  o b ta in e d  for 
tim es less th a n  12 h  (experiences 2 an d  3). N o such  drop o f W C fo rm atio n  
was observed  w ith  W 0 3 • H 20  as th e  p re c u rso r ox ide. A t 850 °C, tra n s fo rm a 
tio n  o f W 2C an d  W 0 3 • 1/3 H .,0 in to  WC w as co m p le te . In  th e  case o f W 0 3 • H 20 , 
ca rb u rized  a t  850 °C fo r 12 h , only  a p a r t ia l  tra n sfo rm a tio n  w as achieved 
(ex p ts . 5 an d  8).

F igure  3 show s tw o  sam ples of W C o b ta in e d  b y  red u c tio n  o f W 0 3 •
• 1/3 H 20(A ) an d  W 0 3 • H 20 (B ) follow ed b y  c a rb u riza tio n  u n d e r  CO. The 
fo rm er was com posed  o f w ell-separa ted  f in e  g ra in s, w hereas th e  la t te r  was 
com posed o f sq u are  p la te le ts  show ing p ro n o u n c e d  surface roughness.

D iscussion

T he m eth o d  o f hom ogeneous p re c ip ita tio n  allow ed us to  p re p a re  2 oxide 
p recu rso rs b o th  c ry s ta llin e  in  n a tu re  b u t  possessing  d ifferen t te x tu ra l  p ro p 
erties, b o th  ox ide p recu rso rs  were in  th e  fo rm  o f ex trem ely  fine  pow ders.

T he w h ite  m o d ifica tio n  possesses a m o rp h o lo g y  sim ilar to  W 0 3 • 1/3 H 20  
described  re c e n tly  b y  G é r a n d  et al. [21]. T h e  h ig h er s ta te  of d isp e rs ity  form ed 
in  th is  w ork, 80 m 2 g -1  as com pared  to  23 m 2 g -1  for th e  G é r a n d  p re p a ra tio n , 
c a n  be ex p la ined  b y  th e  d ifferen t m e th o d s o f  p re p a ra tio n  used. G é r a n d  et al. 
p rep a red  th e ir  ox ide b y  h y d ro th e rm a l t r e a tm e n t  of a gel a t 120 °C fo r 20 hrs 
in  an  au to c lav e .

T he classic m e th o d  of oxide p recu rso r p re p a ra tio n  o u tlin ed  b y  K u l c is - 
KY [18] re su lts  in  ox ides o f specific su rface a rea s  v a ry in g  be tw een  5 an d  80 m 2 
g -1 , d epend ing  u p o n  th e  exp erim en ta l co n d itio n s . The m ethod  o f p re p a ra tio n  
o f collo idal tu n g s te n  oxide b y  hom ogeneous p rec ip ita tio n  p e rm its  th e  p re p a 
ra tio n  o f tw o p recu rso rs  in  a very  d ispersed  s ta te ,  in  a very  rep ro d u c ib le  m a n 
n er, in  p a r tic u la r  w ith  reg ard  to  th e ir  specific  surface areas. T he use o f  2 ageing 
te m p e ra tu re s  d ep en d in g  on w hich ty p e  o f  p recu rso r was desired , 60 or 90 °C, 
allow ed on  increase  o f th e  specific su rface  a rea  o f W 0 3 ■ 1/3 H 20  b y  a fa c to r  of 
2  an d  en su red  th a t  W 0 3 • H 20  had  a m ore  hom ogeneous m orpho logy  [13].

Table V

Specific surface areas (m2 g -1) o f the two modifications o f the precursor oxides 
prepared from  N a2W 0 4 at the ageing temperature indicated

Sample
Agciug tem perature (°C)

60 90 110

White modif. — 80 38
Yellow modif. 16 — 38
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F ig. 4 . R e la tion  between the w t%  co n ten t of Na in  oxide precursors prepared by h o t petro leum  
a n d  th e  intensity of X -ray  d iffraction  peaks as th e  ra tio  of I28.4o and I 2g.8» (2 ©)

W h e n  using am m onium  tu n g s ta te  in  place o f  sod ium  tu n g s ta te , th e  loss 
o f  sp e c if ic  surface area  o b se rv e d  d u rin g  ca lc in a tio n  o f th e  la t te r  w as la rg e ly  
in h ib i te d  (Tables I I  and  I I I ) .

A  second  ad van tage  o f  th e  fo rm er p recu rso r s a lt w as to  allow in tro d u c tio n  
o f  p ro m o te rs  in to  the  solid. I t  sh o u ld  be recalled  t h a t  u p o n  ad d itio n  o f N a  to  a 
s o lu tio n  o f  T. A. before freeze-d ry in g , th e  p ro m o te r  w as found  to  h a v e  b e e n  
in c o rp o ra te d  q u a n tita tiv e ly  in to  th e  p re c ip ita te d  ox ide.

In flu e n c e  o f  sodium

O n e  o f  th e  firs t effects b ro u g h t ab o u t b y  a d d ito n  of N a was th e  m o d i
f ic a t io n  o f  X -ray  d iffrac to g ram s o f th e  sam ples a f te r  ca lc ination  a t  500 °C. 
T h e  re d u c t io n  in  in te n s ity  o f  th e  p e a k  a t  2 0  =  28.8° in  th e  d iffra c to g ram  o f  
o r th o rh o m b ic  W 0 3 and  th e  a p p e a ra n c e  of a new  p e a k  a t  28.4° whose in te n s i ty  
in c re a se d  w ith  the  sodium  c o n te n t  can  be ex p la in ed  b y  th e  p rogressive  fo r 
m a tio n  o f  a  sodium  tu n g s ta te  b ro n ze  (N a 01W 09O3). W e have p re se n te d  in  
F ig . 4 th e  re la tio n  b e tw een  th e  in te n s ity  o f p eak s a t  d — 3.14 Á  a n d  d  =  
=  3 .09  Á  a n d  the  w t%  c o n te n t o f  N a  in  th e  sam ple. Since a linear re la tio n sh ip  
w as o b se rv e d  for sam ples o f W 0 3 ca lc in a ted  a t  500 °C, an  e s tim a tio n  o f  th e  
N a  c o n te n t  can  be ob ta in ed  fro m  th e ir  X -ra y  d iffrac to g ram s.

T h e  influence of th e  a d d it io n  o f N a to  an  e x te n t less th a n  0 .5%  h as  y e t  
to  b e  s tu d ie d .
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Gas solid reactions

T he high s ta te  o f  d isp e rs ity  of W 0 3 • 1/3 H 20  gave rise to  hopes t h a t  its  
re a c tiv ity  w ith  re sp ec t to  H 2 w ould be g re a te r  th a n  th e  re a c tiv ity  o f th e  less 
d ispersed  W 0 3 • H 20 .

T P R  analyses show ed th a t  th e  la t te r  cou ld  be reduced  a t  a low er te m p e r
a tu re  th a n  W 03 • 1/3 H20 . U pon  ex am in a tio n  o f  T ab le  I I ,  i t  can  be c learly  seen 
t h a t  a t 300 °C ( te m p e ra tu re  o f d e h y d ra ta tio n  o f  W 03 • H20) th e  specific 
surface a rea  of th is  m a te r ia l  increases. P o re  fo rm a tio n  during  th e  d e p a rtu re  
o f  w a te r from  th is  m a te r ia l  can  th e n  p a r tia lly  ex p la in  th e  h igher r e a c tiv i ty  o f  
W 03 • H20. T he second p a r t  o f th e  ex p la n a tio n  arises from  th e  tra n s fo rm a tio n  
o f  th e  tw o  oxides d u rin g  th e  te m p e ra tu re  in c rease . In  th e  process o f  loosing 
th e  w a te r o f h y d ra ta t io n , W 03 • H20  tra n sfo rm s  a t  300 °C in to  (o rth o rh o m b ic ) 
W 03, w hereas W 03 • 1(3 H20  tran sfo rm s a t  400 °C in to  th e  hexagonal p h ase  o f  
W 03. T he d iffe ren t s tru c tu re s  betw een  th e  p h ases  w hich reac t w ith  H2 th u s  
also  c o n tr ib u te d  to  th e  d ifferences in  r e a c tiv ity  observed .

Carburization o f  m etallic tungsten

I n  th e  absence o f  free  carbon , i.e. w here  th e re  is good c o n ta c t be tw een  
th e  solid and  gas p h ases , th e  th e rm o d y n am ic  p h ase  d iagram s in d ica te  t h a t  in  
th e  te m p e ra tu re  ran g e  o f  750 to  850°C, WC is s ta b le  (F ig . 5).

I'ig. 5. Phase diagram  for the system  V C/W ,С/ W O ./W 0:) featuring the ratio  pCOJpCO  and  
the reciprocal absolute tem perature . The numerical values used are those given by B arin ' and 

K n a c k e  assuming th a t the to ta l pressure of CO =  1 a tm
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F ig . 6. P hase  diagram for th e  system  WC/W^C/WC^/WO-j/C featuring the ra tio  pCO/pCO. and 
th e  rec ip rocal absolute tem pera tu re  assuming th a t  th e  partia l pressure of CO is equal to  

(1): 1 a tm , (2): 2/3 a tm , (3): 0.5 a tm

H o w e v e r , d e p o s it io n  o f  c a r b o n  fo r m e d  b y  d is m u ta t io n  o f  CO, a c c o r d in g  
to  t h e  B o u d o u a r d  r e a c t io n , c a n  c o v e r  a n d  is o la te  th e  tu n g s te n  p a r t ic le s  from  
th e  r e a c t io n  a tm o sp h ere .

W e m u s t th erefo re  env isage  reac tio n s  in  th e  solid phase an d  in  such  a 
case n e w  dom ains of s ta b ili ty  a p p e a r  (F ig . 6).

I n  th is  case W2C is th e  o n ly  tu n g s te n  ca rb id e  stab le  a t 850 °C. H ow ever, 
a t 750 °C W C is th e  on ly  s ta b le  phase .

E x a m in a tio n  o f  T ab le  IV  rev ea ls  th a t  th e  tra n sfo rm a tio n  of W  in to  W 2C 
is f a s t  a n d  occurs u n d e r a n y  re a c tio n  co n d itio n s . W e can th e re fo re  p ropose  
th e  fo llo w in g  reaction  schem e:

2 W  +  2 CO W 2C +  C 0 2 2 WC +  C 0 2

L-* C 0 2 +  C

T a k in g  in to  accoun t th e se  d a ta ,  we can  a t te m p t  to  exp la in  th e  b lo ck in g  
a n d  re g re ss io n  observed  in  ex p e rim en ts  2 a n d  3 o f T able IV . As in d ic a te d  
in  F ig . 3 tu n g s te n  derived  fro m  W 0 3 • 1/3 H 20  consists  o f  sm all, w e ll-sep a ra ted  
g ra in s ;  th i s  m orphology  does n o t  change d u rin g  ca rb u riza tio n . T hus a t  750 °C, 
c a rb o n  d ep o sits  in to  th e  g ra in s , iso la tin g  th e  g ra in  from  th e  gas p h a se  an d  
in te r fe r in g  w ith  th e  tra n s fo rm a tio n  o f  W 2C to  W C. One possible e x p la n a tio n  
o f  th e  r e ta rd a t io n  of th is  re a c tio n  can  be fo u n d  in  th e  fa c t th a t  th e  in te rfa c ia l
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■energy fo r th e  system  W C/W 2C m ak es th e  WC phase un stab le  th u s  p rov o k in g  
th e  tra n s fo rm a tio n : 2WC —► W 2C ) C.

T h e  te x tu re  of WC o rig in a tin g  fro m  W 0 3 • H.,0 was to ta l ly  d iffe ren t 
(see p h o to  В in  F ig . 3). The p o ro s ity  o f  th e se  p artic les w ould allow  th e  p e n e tra 
tio n  o f C 0 2 in to  th e  in te rio r o f su ffic ien tly  large  pores th u s  in h ib itin g  th e  dis- 
m u ta tio n  reac tio n  of CO and  allow ing th e  tran sfo rm a tio n  o f W 2C to  W C to  be 
co m p le ted .

In c reas in g  th e  c a rb u riza tio n  te m p e ra tu re  from  750 to  850 °C increased  
th e  r a te  o f d iffusion  of carbon  in  th e  tu n g s te n  crysta llites ( a c tiv a tio n  energy  
40.4 k ca l m o l-1 ) tw ice as m uch  as th e  r a te  o f  carbon  fo rm atio n  on  th e  surface 
of th e  solid (a c tiv a tio n  energy : 20.2 k c a l m o l-1 ). Thus a t  850 °C, W  derived  
from  W 0 3 • 1/3 H 20  w as co m p le te ly  tra n s fo rm e d  to  WC (exp. 5). I n  th e  sam e 
co n d itio n s , ca rb u riza tio n  of W  fro m  W 0 3 • H 20  was in co m p le te  (exp . 8). 
S ev era l reasons m ay  be p roposed  to  e x p la in  th is  la t te r  find ing .

1 .  T he increase of th e  te m p e ra tu re  w ould  no t m ark ed ly  a ffe c t diffusion 
processes in  th e  gas phase. T h u s th e  re a c tio n  ra te  m ay becom e lim ite d  b y  mass 
tra n s fe r  effects.

2. As exp la ined  above, th e  p resen ce  o f  C 0 2 could in h ib it th e  ca rb u riz a tio n  
re a c tio n .

3. T h e  la rg e r partic le  size a sso c ia ted  w ith  W  from  W 0 3 • H 20  could 
re n d e r  i t  less ac tive .

T h e  re su lts  of c a rb u riza tio n  e x p e rim e n ts  carried  o u t in  a m ix tu re  of 
CO a n d  C 0 2 can  be read ily  e x p la in e d  on th e  basis of th e  th e rm o d y n a m ic  
e q u ilib riu m  phase d iag ram  p re se n te d  in  F ig . 6.

T h e  s ta b ili ty  dom ains w hich  w ere de te rm in ed  by  th e  e x p e r im e n ta l con
d itio n s  used  fo r ex p erim en ts  9 an d  10 (T able  IV) exp lain  th e se  re su lts . The 
in h ib itio n  o f th e  reac tio n  a t  th e  in te rm e d ia te  W 2C stage o b se rv ed  in  experi
m e n ts  11 an d  12 (T able IV) can  be re a d ily  exp la ined  on th e  b asis  t h a t  th e  solid

Table VI

Specific surface areas o f  WC reported in the literature

Precursor Specific surface area Ref.

W metal. 2 to  4 [9]
WC16 3 to  5 [2 2 ]

W hite modif. 5.5 to  15.7 [15]
Yellow modif. 3.7 to 11.8
W metal. 30 [16]
Tungstic acid 32 117]
W hite modif. 5 to 15
Yellow modif. 15 [6]
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Table VII

Comparison o f the degree o f  dispersity o f WC and intermediate compounds with 
silicas o f  equivalent particle shape and size

Sample
Specific 

surface area 
(m ! g - ‘)

D ensity  
(g c m - 3)

D
(A)

Spec, surface 
area S i02 

(m3

W 0 3 • H 20 16 7.16 524 52

W 0 3 • 1/3 H ,0 8 0 7.16 105 260

W ex yellow mod. 64 19.3 49 1235

W ex w hite mod. 71 19.3 44 1370

WC 5 0 15.6 77 355

Specific surface area calculated  from S =  ——  where о is the density of silica
Dxo

w as exposed  to  an  excess o f  C 0 2. In  fac t, th e  c o rre c t choice of th e  C 0 /C 0 2 
ra t io  allow ed n o t o n ly  t h a t  th e  reac tio n  cou ld  p ro ceed  to  com pletion  (see 
e x p ts . 13 and  14) b u t  to  p ro ceed  a t  a h igher r a te  t h a n  in  p u re  CO.

D isp ersio n  o f  carbides and  interm ediates

T ab les  V I an d  V I I  co m p are  d a ta  for sp ec ific  su rface  area fo r W  co m 
p o u n d s  ta k e n  from  th e  l i te r a tu r e  w ith  th e  v a lu es  m easu red  in  th is  w ork . To 
o b ta in  a deeper u n d e rs ta n d in g  o f th e  s ta te  o f  d isp e rs io n  ob tained  w ith  o u r 
sam p les , i t  is n ecessary  to  re c a ll th a t  b o th  W  a n d  W C h a v e  v e ry  high d en sity . 
T a b le  V I I  p resen ts  m e a su re d  va lu es  o f specific su rface  a rea  for d ifferent tu n g 
s te n  com pounds p re p a re d  in  th is  s tu d y . T his T a b le  a lso  p resen ts  th e  g ra in  size 
c a lc u la te d  on th e  basis t h a t  a ll solid partic les  a re  sp h erica l. This T ab le  also 
p re se n ts  th e  specific su rface  a rea s  w hich w ould  he  asso c ia ted  w ith  silica in  th e  
fo rm  o f id en tica lly  sized  sp h e rica l partic les. T h u s  th e  s ta te s  of d ispersion a t 
ta in e d  fo r  W  and  its  c a rb id e  a re  com parable  w ith  th o se  o b ta in ed  for th e  m o st 
h ig h ly  d ispersed  silicas.

Conclusions

T h e  m eth o d  o f p re p a ra t io n  of h y d ra te d  o x id es  o f tu n g sten  fro m  
(N H 3) W 0 4 has enab led  u s  to  p re p a re  tw o p recu rso rs  o f  W C. These p recu rso rs  
are  d iffe re n t in  th e ir  c ry s ta llin e  and  te x tu ra l p ro p e r tie s , are free of im p u ritie s  
an d  in  an  h igh ly  pow d ered  s ta te .

A d d itio n  of m ore th a n  0.5 w t%  in  Na cau sed  th e  rec ry sta lliza tio n  o f th e  
ox ide  a n d  large m o d ifica tio n s  in  te x tu ra l p ro p e rtie s .

E x a m in a tio n  o f th e rm o d y n a m ic  d a ta  a llow ed  e x p lan a tio n  of th e  c a r 
b u r iz a tio n  tre a tm e n t d a ta  a n d  show ed th e  ad v a n ta g e s  o f  u sin g  a C 0 /C 0 2 m ix tu re
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to  e ffec t th is  t re a tm e n t. In  p a r tic u la r , th e  fo rm a tio n  of a lay e r o f free  ca rb o n  
(b y  th e  B oudouard  reac tio n ) b locked  an d  re ta rd e d  th e  c a rb u riz a tio n  process. 
T h is  effect ap p eared  a t  d iffe ren t in s tan ces  d ep en d in g  upon th e  te m p e ra tu re  
a n d  th e  te x tu re  of th e  solid. T he use of a p ro p e rly  chosen m ix tu re  o f  CO an d  
C 0 2 caused  acce lera tion  o f th e  c a rb u riz a tio n  re a c tio n  a t th e  expense o f  th e  r a te  
o f  fo rm a tio n  of free carbon .

T he degree of d isp e rs ity  o b ta in ed  fo r  W  an d  WC was close to  th o se  n o r
m ally  re p o rte d  for th e  m ost h igh ly  d isp ersed  silicas.
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The transform ation  of 1-butene was studied in  a flow system  over Re20 7/Al20 „  
M o03/A l,0 3. W 0 3/A120 3 catasysts w ith equal surface coverage and over A120 3 in the 
tem perature range of 323 — 473 K. The rate  of double bond isomerization increased 
continuously over each ca ta lyst w ith increasing tem pera tu re , the rate  of m etathesis 
followed curves w ith m axim a a t different tem peratures. Around the m axima the rate  
of crossm etathesis betw een 1-butene and product 2-butenes surpassed the m etathesis 
ra te  of 1-butene. No correlation was found betw een th e  ra te  of double bond isom erization 
over different ca ta lysts and their acidity determ ined from  the infrared spectra of 
adsorbed pyridine.

Introduction

T he reco g n itio n  o f  th e  co rre la tion  b e tw een  th e  isom eriza tion  and  
m e ta th es is  o f o lefins o v er su p p o rted  tra n s itio n  m e ta l ox ide c a ta ly s ts  is o f g rea t 
im p o rtan ce . A lread y  as e a r ly  as in  1967 B r a d sh a w  et. al. [1] re p o rte d  th e  
increase of th e  se le c tiv ity  fo r C2 -f- Ce o lefin  fo rm a tio n  in  1-butene m e ta th es is  
o v er a CoO • Mo0 3/A120 3 c a ta ly s t  upon  po ison ing  th e  isom eriza tion  a c tiv i ty  
o f  th e  c a ta ly s t w ith  in c o rp o ra tio n  of N a ions. S im ila r increase of se lec tiv ity  in  
m e ta th e s is  o f 1-octene, 2 -octene  and  3 -hep tene  on  m o ly b d en a-a lu m in a  c a ta 
ly s t upon  poisoning  i t  w ith  p o tassiu m  h y d ro x id e  w as o b ta in ed  by  Cr a in  [2]. 
K o b y l in sk i an d  Sw if t  [3] found  th a t  th e  doub le  b o n d  isom eriza tion , lead in g  
to  low se lec tiv ity  o f m e ta th e s is  on m o ly b d en a -a lu m in a , can  be b est suppressed  
b y  th a lliu m  ions. A good co rre la tio n  was o b serv ed  b y  th e m  betw een  th e  co n 
c e n tra tio n  o f th a lliu m  ions in  th e  so lu tion  used  fo r th e  poisoning o f th e  c a t 
a ly s t an d  b o th  th e  a c id ity  o f th e  c a ta ly s t d e te rm in e d  b y  ad so rp tio n  o f a m 
m on ia  an d  th e  se le c tiv ity  in  m eta th esis  o f 1 -b u ten e  a n d  1-octene.

D ecreasing a c id ity  o f  th e  m o ly b d en a-a lu m in a  c a ta ly s t and  its  increasing  
se lec tiv ity  in  o lefin  m e ta th e s is  can  be a tta in e d  b y  poisoning  i t  w ith  a lk a li or 
a lka line  e a r th  m e ta l ions, b u t  th is  t re a tm e n t decreases th e  a c tiv ity  of th e  ca t-

* This paper was presented  a t the first Belgian H ungarian  Colloquiums on Catalysis 
a t M átrafüred, October 19 — 22, 1981.
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a ly s t  in  th e  m eta th esis  as w ell. A n im p ro v em en t of se lec tiv ity  in  1 -octene m e ta 
th e s is  b y  residue form ed d u rin g  th e  p re tre a tm e n t of th e  m o ly b d en a -a lu m in a  
w ith  1 -b u ten e  was described  b y  K o b y l in s k i an d  Sw if t  [4]. N o m eta th esis  
a c t iv i ty  w as observed in it ia lly  w ith  m o ly b d en a-a lu m in a  an d  rh e n ia -a lu m in a  
c a ta ly s ts  b y  Olsthoorn  et al. [5, 6] . M eta th esis  a c tiv ity  o f th e  c a ta ly s ts  was 
in d u c e d  g rad u a lly  b y  c o n ta c tin g  th e m  w ith  re a c ta n ts . S im ilar in d u c tio n  was 
d e sc r ib e d  b y  H all et al. [7, 8]. O ver fre sh ly  ox idized m o ly b d en a-a lu m in a , 
iso m e riz a tio n  of c is-2 -bu tene  p roceeded  via  ca rb en iu m  ion in te rm e d ia te s  [9], 
m e ta th e s is  was n o t o bserved  a t  all. I n  th e  in d u c tio n  period  th e  acid ic  isom eri
z a t io n  decreased  co n co m itan t w ith  th e  in crease  of th e  cis-trans tra n s fo rm a tio n  
v ia  m e ta th e s is . B o th  Ol st h o o r n  et al. [5, 6] an d  H all et al. [7, 8] co rre la ted  
th e  in d u c tio n  of m e ta th esis  a c t iv i ty  w ith  th e  red u c tio n  of th e  tr a n s i t io n  m eta l 
o x id e  b y  th e  re a c ta n t o lefin .

A ccord ing  to  L a v e r t y  et al. [10], in te ra c tio n  b e tw een  co o rd in a tiv e ly  
u n s a tu r a te d  tra n s itio n  m e ta l ions an d  h y d ro x y  groups of th e  ca rr ie r  m a y  resu lt 
n o t  o n ly  in  B rönsted  ac id  s ite s , b u t  a lte rn a tiv e ly  in  surface m e ta l h y d rid e s :

O H

AI M"
/ V  \ \

Al

H+

A
M'!+

/ / \ \ o H
/ \  ,

A.1 M(n+2)4

T h e se  su rface  m etal h y d rid es  w ere p roposed  to  be th e  in itia to rs  fo r carbenes 
w h ich  a re  h y p o th e tica l in te rm e d ia te s  in  o lefin  m eta th esis . T h e  o x id a tiv e  
a d d i t io n  req u ires  ions in  low  o x id a tio n  s ta te  a n d  th e  presence o f  a d o n o r ligand  
su c h  as a n  alkene a lread y  o n  th e  m e ta l.

T h e  fo rm atio n  o f m e ta l h y d rid es  an d  carbenes m ay  be p re fe rre d  if  th e  
B rö n s te d  acid  sites of th e  c a ta ly s ts  a re  po isoned . Such resu lts  w ere re p o rte d  
b y  v a n  R oosmalen  an d  Mol  [11]; an  ex ten siv e  increase of th e  m e ta th e s is  ra te  
o f  p ro p e n e  over W 0 3/S i0 2 w as o b serv ed  b y  th e m  a f te r  th e  B rö n s te d  ac id ity  
o f  th e  c a ta ly s t  was po isoned  sp ec ifica lly  w itli h ex am eth y ld is ilazan e .

O v e r m o ly b d en a-a lu m in a  c a ta ly s ts  red u ced  w ith  h y d ro g en  th is  reverse  
c o rre la tio n  betw een  iso m eriza tio n  an d  m e ta th e s is  w as described  in  th e  oppo
s ite  d ire c tio n  by  E n g elh a r d t  [12]. M eta th esis  w as suppressed  b u t  iso m eriza 
tio n  o f  b u te n e s  enhanced  b y  h y d ro g e n  ad so rb ed  a t h igh te m p e ra tu re .

T h e  inverse co rre la tio n  b e tw een  iso m eriza tio n  and  m e ta th e s is  re p o rte d  
b y  v a n  R oosmalen  and  M ol [11] an d  E n g elh a r d t  [12] can be ex p erien ced  in  
th e  case  o f  d ifferen t tra n s i t io n  m e ta l ox ides on th e  sam e ca rrie r u n d e r  sim ilar 
re a c t io n  cond itions [13]. O v er u n red u ced  R e20 7/A l20 3, Mo0 3/A120 3 and
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W 0 3/A120 3 c a ta ly s ts  th e  m e ta th e s is  of 1 -bu tene  decreases, b u t  i ts  iso m eriza 
tio n  increases in  th e  sequence g iven.

T he a im  of th e  p re sen t w o rk  is to  shed  som e lig h t on th e  c o rre la tio n  be
tw een  iso m eriza tio n  and  m e ta th e s is  of o lefins over d ifferen t a lu m in a  su p p o rte d  
tr a n s it io n  m e ta l oxides.

Experim ental

C atalysts consisting of 4 x l 0 '20 m etal atom /g A120 3 (approxim ately 7%  m etal/A l20 :)) 
(K etjen  CK 300 y-A l,0:); particle size 0.2 —0.4 mm) were prepared by im pregnation . The 
adequate q u a n tity  of molybdic acid and rhenium  heptoxide were dissolved in  a volum e of 
d ilu te am m onium  hydroxide equal to  th e  pore volume of the alum ina, then  th e  im pregnation 
was carried ou t in  a single step. M ultiple step im pregnation was applied in  p repara tion  of the 
tungsta-alum ina catalyst. In  a single step the alum ina was im pregnated w ith  a frac tion  of the 
sa tu ra ted  solu tion  of am m onium  (para) tu ngsta te  in distilled water. The im pregnation  was 
repeated  u n til the  catalyst contained the adequate am ount of tungsten; betw een th e  individual 
steps it  was dried a t 393 К  and calcined a t 773 K. A fter im pregnation each ca ta ly s t was dried 
und calcined for 24 h a t the same tem perature .

E xperim ents were carried ou t in  a flow system  by using the same charge of catalysts 
contain ing 1 g of alumina. Between th e  experim ents the catalysts were regenerated  in  a stream  
of purified oxygen a t 823 К  for 1 h  followed by evacuation a t room tem perature  for I h. Accord
ing to  our experim ental results, the  ra tes of reaction  after regeneration were reproducible to 
w ithin i  5% .

1-Butene (Fluka, purum ), was purified by freezing, evacuation and  distilla tion , it 
contained less th an  1% im purity  (isobutane, n -butane, 2-butene).

The reactions were carried ou t in a quartz  reactor a t atm ospheric pressure between 
323 and 523 К  a t a constant space velocity of 6 .9 x l 0 - 6 mol 1-butene s~ l gALOa- Product 
com position was determ ined by gas chrom atography using a 4 m long colum n w ith 20% 
dibenzylam ine / Chromosorb P  packing; a flam e ionization detector was applied . After the 
emergence of the butene peaks, pentene and hexene were eluted by increasing th e  carrier gas 
flow rate.

In fra red  spectroscopic study  of the alum ina carrier and the ca ta lysts was carried out 
using a P erk in  Elm er 577 double-beam  grating  spectrom eter. Films of 8 —18 mg c m '2 “ th ick
ness” were pressed and placed in to  th e  cell having a calcium fluoride window. The films in the 
cell were trea ted  w ith purified oxygen a t 266 kP a , a t 773 К for 1 h, followed by  evacuation 
a t room  tem peratu re  for 1 h. Then the  films were exposed to 1.3 kPa pyrid ine a t  473 К  for 
0.5 h, and  were pumped a t th e  sam e tem peratu re  for 1.5 h. The infrared spectra  were deter
m ined a t  room  tem perature in  the frequency ranges of 1400 —1700 and  2600 — 3800 cm -1, 
respectively.

Sim ilar experim ents were carried out on separate films when prior to  th e  adsorption of 
pyrid ine the  catalysts were trea ted  w ith  26.6 kPa of 1-butene at room tem p era tu re  for 20 min 
and evacuated  a t the same tem pera tu re  for 0.5 h .

Results and Discussion

O v er fresh ly  o x id ized  m o ly b d en a-a lu m in a  c a ta ly s ts , iso m eriza tio n  of 
n -b u te n e s  w as fo u n d  to  be p ro to n  ca ta ly zed  via  a 2 -b u ty lc a rb e n iu m  ion 
in te rm e d ia te  [9]. U sing c ís-2 -b u ten e  as re a c ta n t, th e  ac id ic  isom eriza tion  
d ecreased  s ig n ifican tly  u p o n  c o n ta c tin g  th e  ca ta ly s t w ith  b u te n e  and  tra n s 
fo rm a tio n  via  m e ta th es is  becam e th e  p rev a ilin g  process [7]. T h e  change in 
th e  c h a ra c te r  of th e  c a ta ly s t  could  be recorded  only  b y  u s in g  a m ix tu re  of 
c is-2 -b u ten e  labelled  w ith  iso topes in  d iffe ren t w ays (e.g . С4Н 8 +  c 4d 8)-
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W hen using 1-b u te n e  as re a c ta n t, th e  d ec rease  o f acidic iso m eriza tio n  
a n d  increase of m e ta th e s is  w ith  increasing tim e  o f  flow  w as s ign ifican t b u t  no t 
so decesive as in  th e  case  o f cis-2-butene [8]. T h is  can  be exp la ined  b y  th e  
lo w er reac tiv ity  o f 1-b u te n e  in  m eta thesis  a n d  its  h ig h er re a c tiv ity  in  acidic 
iso m eriza tio n  th a n  t h a t  o f  cis-2-butene. A n o th e r  d isad v an tag e  arising  from  
th e  u se  of 1-butene as r e a c ta n t  is th a t  c o n c o m ita n t w ith  double bond  iso m eriza
t io n  (E q . 1) and  m e ta th e s is  (E q . 2), p ro d u c ts  o f crossm eta thesis  (E q . 3) 
a p p e a re d  in the  re a c tio n  m ix tu re .

l  C4H S 5A 2— C4H 8 (1)
2 1 C4H S c 2H4 +  3— CeH 12 (2)

1— C4H 8 +  2— C4H 8 C3H 5 +  2— C5H ]0 (3)

A t h ig h e r conversion th e  m e ta th es is  b e tw een  re a c ta n t  and  p ro d u c t o lefins 
m a k e s  th e  processes m o re  com plicated . D esp ite  th e se  d ifficulties, 1 -bu tene  
w as  chosen  to  te s t  th e  iso m eriza tio n  and  m e ta th e s is  a c tiv ity  of th e  c a ta ly s ts  
b e c a u se  th e  com position  o f  th e  reaction  m ix tu re  can  be  de te rm ined  s im p ly  
b y  gas ch ro m ato g rap h y .

T he p roduct d is t r ib u t io n  o b ta ined  over th e  d iffe re n t c a ta ly s ts  a t  373 К  
vs. t im e  on flow is su m m a riz e d  in  Figs 1—4. O ver m o ly b d en a-a lu m in a  (F ig . 1) 
th e  r a te  o f isom eriza tion  d ec reased  co n tinuously  a n d , consequen tly , th e  ra te  
o f  p ro p e n e  and p en ten e  fo rm a tio n  decreased in  a  s im ila r  w ay. T here w as on ly  
a n  in s ig n if ic a n t change in  th e  co n cen tra tio n  o f e th e n e , b u t  th a t  o f hexenes in 
c re a se d  continuously . A t th e  beginning , th e  c o n c e n tra tio n  o f b o th  p en ten es  
a n d  hexenes was low er t h a n  th a t  of th e  co rresp o n d in g  propene and  e th en e . 
U p o n  app roach ing  th e  s te a d y  s ta te  these d ifferences d im in ished ; p resu m ab ly , 
th e y  c a n  be accoun ted  fo r  b y  th e  g rea te r re te n tio n  o f th e  h igher olefins b y  th e  
c a ta ly s t .

A t 373 К  th e  a c t iv i ty  o f  R e20 7/Al20 3 w as h ig h e r  in  m eta th esis  an d  low er 
in  iso m eriza tio n  (F ig . 2) t h a n  those  of m o ly b d en a -a lu m in a . The v e ry  low  
c o n c e n tra tio n  of 2 -b u ten es  in  th e  reaction  m ix tu re  w as th e  re su lt o f low ra te  
o f  iso m eriza tio n  and  h ig h  r a te  o f crossm eta th esis . T h e  unu su a l C3/C5 an d  
C2/C e ra t io s  observed a t  te m p e ra tu re s  above 323 К  in d ic a te  th a t  o th e r  side 
re a c tio n s  have to  be c o n s id e re d . A m ore d e ta iled  s tu d y  o f  th e  processes over 
rh e n ia -a lu m in a  c a ta ly s t is in  progress.

S ilica supported  tu n g s te n  ca ta ly s ts  a re  ap p lied  genera lly  in  olefin m e ta 
th e s is , l i t t le  work has b e e n  d o n e , how ever, w ith  tu n g s te n  oxide su p p o rte d  
o n  a lu m in a . As can be seen  in  F ig . 3, th is  c a ta ly s t  w as effective p red o m i
n a n t ly  in  isom erization  a n d  h a d  a very  low a c tiv i ty  in  m e ta th es is . The ra te  o f  
iso m e riz a tio n  decreased w ith  th e  tim e  on flow , b u t  th e  r a te  of m e ta th esis , as 
in  th e  case of m o lybdena , w as m ore  stab le .
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As has been in d ica ted  b y  Olsthoorn et al. [5, 6] and  by  H all e t al. [7, 8], 
m e ta th e s is  a c tiv ity  of a g iven  c a ta ly s t can  be induced  by  re d u c tio n  o f th e  
tr a n s it io n  m eta l oxides w ith  th e  r e a c ta n t  olefins. The a c tiv ity  o f  M o0 3/A120 3 
and  W 0 3/A120 3 c a ta ly s ts  in  m e ta th e s is  w as co rre la ted  w ith  th e ir  rc d u c ib ility  
by  T homas and  Mo u lijn  [14]. T u n g s ta -a lu m in a  ca ta ly sts  could he re d u c e d  less 
easily  th a n  m o ly b d en a-a lu m in a  c a ta ly s ts  w ith  th e  sam e surface coverage . We 
su pposed  th a t  a t  h ig h er reac tio n  te m p e ra tu re s  th e  W 0 3 w ould  be  reduced

Fig. 1. T ransform ation of 1-butene over а М о03/А120 3 catalyst at 373 K, atm ospheric  pressure; 
feed rate: l x l 0 ~ 2 mol butene s ” 1 то1мо03 (6.8 x lO -6 mol butene s -1 gÄ'.Ch)

15-

0 -
0

hexenes
" • ----------

ч ethene 
------ -

propene

— -------
pentenes

-------A ---------------A--------------- A

cis-2-butene

0.5 1.0 15 2.0 2.5
Time (h)

Fig. 2. Transform ation of 1-butene over a Re20 7/Al20 3 catalyst at 373 K , a tm ospheric pressure; 
feed ra te : 2 X 10_ 2 mol butene s ~ 1 molR^o, (6.8 X lO -6  mol bu tene s _ l gÄLOs)
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Fig. 3. Transform ation of 1-butene over a W Qa/Als0 3 c a ta ly s t a t  373 K, atm ospheric pressure; 
feed rate: 1 X 10 ~2 mol bu ten e  s _ l mol wo, (6 .8 x l O ~ G mol butene s -1 gÄLo3)

m o re  d eep ly , co n seq u en tly , th e  m eta thesis  a c t iv i ty  w ould  increase m ore sig
n if ic a n tly .  As will he seen  la te r ,  a t  any  te m p e ra tu re  s tu d ied , isom eriza tion  
re m a in e d  th e  p revailing  re a c tio n  over tu n g s ta -a lu m in a .

F o r  com parison, e x p e rim e n ts  were carried  o u t  o v e r a pure  a lum ina c a r
r ie r  u n d e r  th e  sam e c o n d itio n s  as on su p p o rted  c a ta ly s ts . I t  has to  be n o ted  
(F ig . 4) th a t  th e  cis/trans-b u te n e  ra tio  in  th e  p ro d u c t  fo rm ed  over a lu m in a  
v a r ie s  b e tw een  0.7— 0.9, w h ile  th e  sam e ra tio  over tu n g s ta -a lu m in a  is 1 .9—2.3,

A cta  Chirn. Acad. Sei. Hung. I l l , 1982
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o v er m o ly b d en a-a lu m in a  2.8— 3.7 and  o v er rh en ia -a lu m in a  only c is -2 -b u ten e  
is observab le . T hese values suggest th a t  iso m eriza tio n  on a lum ina  p ro ceed s 
v ia  o th e r  ro u te s  th a n  on a lum ina  su p p o rte d  tra n s it io n  m etal o x ides. L om 
ba rd o  et al. [15] p resum ed  th a t  b u te n e  iso m eriza tio n  on a lu m in a  p ro ceed s 
via  fo rm a tio n  o f an  ally l ca rban ion . O ver M o0 3/A120 3 ca ta ly sts , h o w ev er, p ro 
to n  c a ta ly zed  isom eriza tion  via  2 -b u ty l ca rb en iu m  ion was su g g ested  b y  
H a ll  et al. [9] desp ite  th a t  th e  observed  cis /tra n s-bu tene  ra tio  w as m o re  th a n  
u n ity . M ost p ro b ab ly , th e  sam e m echan ism  is effective over W 0 3/A1.,03.

D u rin g  th e  period  of ex p erim en ts , s te a d y  s ta te  was no t a t ta in e d , th e r e 
fo re , re su lts  a t  2 h tim e  on flow  w ere co m p ared  to  determ ine th e  te m p e ra tu re  
d ependence  o f c a ta ly s t a c tiv ity . C onversions in  isom erization , m e ta th e s is  
a n d  c ro ssm eta th esis  a t  d iffe ren t te m p e ra tu re s  are  sum m arized in  F ig s  5— 7.

Fig. 5. Tem perature dependence of the ac tiv ity  of ca ta lysts in isomerization of 1-butene 
([2-butenes] -f- 1/2 [propene] -f- 1/2 [pentenes])

Fig. 6. Tem perature dependence of the ac tiv ity  of catalysts in m etathesis of 1-butene
([ethene] -4- [hexenes])
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F i g .  7. Temperature dependence of the concentration of crossmetathesis products formed 
from 1-butene over the catalysts ([propene] -|- [pentenes])

T o ta l iso m eriza tion  conversio n s were d e te rm in e d  as th e  sum  of cis- an d  trans-2- 
-b u te n e  observed  (in  % ) a n d  th e  am o u n t o f  2 -b u ten es  consum ed in  c ro ss
m e ta th e s is  as h a lf  th e  su m  o f  propene and  p e n te n e  (in% ).

T h e  iso m eriza tio n  r a te  increased c o n tin u o u s ly  w ith  raising te m p e ra tu re  
o v er each  of th e  c a ta ly s ts  (F ig . 5). The dec line  o f  th e  conversion cu rv e  over 
tu n g s ta -a lu m in a  a t  373 К  is obvious, because  th e  co n cen tra tion  of 2 -b u te n e s  
w as close to  th e  e q u ilib r iu m  value. O ver rh e n ia -a lu m in a , isom eriza tion  co n 
v ers io n s  m ay  be h ig h e r  because  of consecu tive  c rossm eta thesis .

T h e  tu n g s ta -a lu m in a  c a ta ly s t was th e  m o s t ac tive  in iso m eriza tio n  a t  
a n y  te m p e ra tu re  s tu d ie d . A t te m p era tu res  b e lo w  350 К  the  iso m eriza tio n  
r a te  o v er m o ly b d e n a -a lu m in a  was h igher t h a n  o v e r alum ina, b u t a t  h ig h e r  
te m p e ra tu re s  th e  re v e rse  w as observed. A t te m p e ra tu re s  below 400 K , th e  
iso m e riz a tio n  ra te  w as u n am b ig u o u sly  th e  lo w est o v e r rhen ia -a lum ina.

O ne has to  be ca re fu l w ith  th e  c o n s id e ra tio n  o f resu lts  a t h igher c o n v e r
sions; here  th e  p ro d u c t d is tr ib u tio n  was s tro n g ly  in fluenced  by  th e  r a te  o f 
th e  seco n d ary  c ro ssm e ta th e s is . F o r m ore p rec ise  com parison  of th e  c h a ra c te r  
o f  c a ta ly s ts , m uch  m ore  d e ta iled  k inetic  s tu d ie s  h a v e  to  be carried  o u t.

T he m e ta th es is  a c t iv i ty  of th e  c a ta ly s ts  w as ch a rac te rized  by  th e  a m o u n t 
o f e th e n e  and  hexenes (F ig . 6). Over each c a ta ly s t ,  a m ax im um  can he o b se rv ed  
in  th e  te m p e ra tu re  d ep en d en ce  of th e  a c t iv i ty .  T he m axim um  on rh e n ia -  
a lu m in a  c a ta ly s t occurs a t  340— 350 K , o v er m o ly b d en a-a lu m in a  a t 430— 440 
К  a n d  a p p ro x im a te ly  a t  400 К  over tu n g s ta -a lu m in a . The te m p e ra tu re  d e 
p en d en ce  of m e ta th es is  a c t iv i ty  usually  show s su ch  m ax im a, as re p o rte d  f i r s t  
by  B a n k s  and  B a i l e y  [16] fo r CoO • Mo0 3/A120 3 c a ta ly s t.

T he c o n c e n tra tio n  m ax im a  of the  a m o u n t of propene and  p e n te n e  
(F ig . 7) ap p eared  a t  h ig h e r  tem p era tu res  t h a n  th o se  of th e  m e ta th es is . T h e
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conversion  in  c ro ssm eta th esis  is d e te rm in ed  b y  th e  ra te  of b o th  m e ta th e s is  
an d  isom eriza tion . As th e  isom erization  a c tiv i ty  increases co n tin u o u sly  w ith  
te m p e ra tu re , o p tim a l cond itions for c ro ssm eta th es is  are a t  h igher te m p e ra tu re s  
th a n  fo r m e ta th es is . A round  th e  m ax im um , th e  c o n cen tra tio n  of c ro ssm e ta th e 
sis p ro d u c ts  is m u ch  h ig h er th a n  th a t  o f th e  m e ta th es is  p ro d u c ts  u n d e r  th e  
sam e cond itions. In  a m ix tu re  of 1 -bu tene  an d  2 -bu tenes, w here th e  r a te  of 
in te rn a l m e ta th es is  o f  2 -bu tenes is h igher th a n  th e  p roduc tive  m e ta th e s is  of

Fig. 8. Infrared spectra of pyridine adsorbed on th e  cata lysts; 1. A1.,03; 2. Re20 7/Al,,03; 3.
Mo0 3/A120 3; 4. W O ,/A l,0 :,

Wavenumber (cm-1)

Fig. 9. Infrared spectra of pyridine adsorbed on the catalysts treated previously with 1-butene
a t room tem perature for 20 min: 1. Re20 7/A l,03; 2. MoO.,/A120 3; 3. W 0 3/A120 :,
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1 -b u te n e  [8], accord ing  to  th e  reac tio n  schem e given b y  Ca s e y  et al. [17], 
p re d o m in a n t fo rm atio n  o f th e  p ro d u c ts  o f  c ro ssm eta th esis  is ex p ec ted .

A t te m p e ra tu res  ab o v e  473 K , b esides isom eriza tion  an d  m e ta th e s is , 
m o re  o r  less o ligom erization  w as also o b se rv ab le . T herefore, th e  te m p e ra tu re  
d e p e n d e n c e  of iso m eriza tion  and  m e ta th e s is  a c tiv ity  w as s tud ied  o n ly  u p  to  
474  K .

T h e  in fra red  sp ec tru m  o f p y rid in e , w h ich  is b o th  a Lewis an d  B rö n s te d  
b a se , h a s  been used successfu lly  to  d e te rm in e  th e  ac id ity  o f ox ide su rfaces . 
T h e  s p e c tra  of py rid ine  ad so rb ed  on a lu m in a  an d  on a lum ina  su p p o rte d  t r a n s i 
t io n  m e ta l  oxides can  be seen  in  F ig . 8. T h e  p y rid in e  adsorbed  on a lu m in a  
g a v e  a d so rp tio n  bands a t  1456, 1495, 1574 a n d  1623 c m -1 , w hich are  c h a ra c te r 
is t ic  fo r  p y rid ine  adso rbed  on  Lew is acid sites [18]. All bands ex cep t th o se  
a t  1574 c m -1 increased  in  in te n s ity  as c o m p ared  to  a lum ina . No new  b a n d  a t 
1543 c m - 1 , ch a rac te ris tic  fo r  p y rid in e  ad so rb ed  on B rönsted  acid  s ite s , a p 
p e a re d . T h is  re su lt is in  d isag reem en t w ith  th o se  o f K i v i a t  and  P e t r a k i s  [18], 
R a t n a s a m y  and  K n ö z i n g e r  [19] an d  G i l  et al. [20]; on tn o ly d en a -a lu m in a , 
a p p e a ra n c e  of th e  B rö n sted  acid  b a n d  w as o b serv ed  b y  th em  besides a n  in 
c re a se  o f  th e  in te n s ity  o f Lew is acid  b an d s . T h e  sp ec tra  in  Fig. 8 do n o t show  
a n y  s ig n if ic a n t differences in  th e  ac id ity  o f  th e  th re e  ca ta ly sts .

A s i t  w as found  th a t  th e  a c id ity  o f  m o ly b d en a-a lu m in a  decreased  a f te r  
i t  w a s  c o n ta c te d  w ith  b u te n e s  [7, 8], i t  c an  be  assum ed  th a t  th e  d ifference  in  
iso m e r iz a tio n  a c tiv ity  b e tw een  th e  th ree  c a ta ly s ts  can  be accoun ted  fo r b y  th e  
d if fe re n t  ra te s  of d e a c tiv a tio n  b y  1 -b u ten e . T he in fra red  sp ec tra  in  F ig . 9 
w ere  o b ta in e d  from  adso rbed  p y rid in e  on c a ta ly s ts  a f te r  1-butene w as ad so rb ed  
f i r s t .  N o  sign ifican t d ifference  in  ac id ity  can  be recognized even on th e  basis  
o f  th e s e  sp ec tra .

Conclusions

1. O v er Re20 7/Al20 3, M o0 3/A120 3 an d  W 0 3/A L 0 3 c a ta ly s ts  w ith  tin- 
sam e  su rfa c e  coverage a t  te m p e ra tu re s  below  400 K , th e  ra te  of doub le  b o n d  
iso m e r iz a tio n  o f 1-bu tene  in c reased  an d  th e  r a te  o f  its  m eta th esis  d ec reased  
in  th e  a b o v e  sequence, w hich  is th e  reverse  o f  t h a t  o f th e  red u c ib ility  o f c a ta 
ly s ts . T h e  ra te  of double b o n d  iso m eriza tio n  over every  ca ta ly s t in c reased  
c o n tin u o u s ly  w ith  increasing  te m p e ra tu re , th e  r a te  of m eta th esis  fo llow ed 
cu rv es  w ith  m ax im a a t  d iffe re n t te m p e ra tu re s .

2 . O v er m o ly b d en a-a lu m in a , th e  se le c tiv ity  fo r  th e  fo rm ation  o f  C2 +  Ce 
o le fin s  in c reased  w ith  in creasin g  tim e  on flo w ; s im ila r increase o f se le c tiv ity  
could  n o t  be observed over rh en ia -  an d  tu n g s ta -a lu m in a  ca ta ly s ts .

3. B rö n s te d  ac id ity  of th e  c a ta ly s ts  cou ld  n o t  be revealed  from  th e  in 
f ra re d  s p e c tra  of pyrid ine  ad so rb ed  e ith e r  on  fre sh  o r b u ten e  tre a te d  c a ta ly s ts ;
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no co rre la tio n  was fo u n d  be tw een  th e  iso m eriza tio n  a c tiv ity  o f  c a ta ly s ts  and 
th e  in te n s ity  o f Lew is ac id  h an d s o f th e ir  sp ec tra .

4. I t  can  be assu m ed  th a t  an y  c a ta ly s t  m ore reducib le  b y  th e  re a c ta n t 
o lefin  is m ore ac tiv e  in  o le fin  m e ta th es is  a n d  a t  th e  sam e tim e  i t  h a s  a lower 
B rö n sted  ac id ity . In  o rd e r to  o b ta in  a m ore e x a c t co rre la tion  b e tw e e n  m e ta th e 
sis a c tiv ity , ac id ity  an d  degree o f re d u c tio n  o f  th e  su p p o rted  tr a n s i t io n  m etal 
ox ide ca ta ly s ts , m ore d e ta iled  in v estig a tio n s h av e  to  be ca rr ied  o u t.

The au thor wishes to  express his grateful acknowledgem ent to  Mrs. L. Z s i n k a  for the 
careful experim ental work, and to  Mr. J . P a p p  for the determ ination of th e  in frared  spectra.
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The hydrogen sorption  and surface com position of alloys can be investigated by 
the electrochemical polarization  method. The adap tab ility  of this m ethod is dem onstrated 
by the study of dispersed P d -H g , P t-A u/C  and Pd-Cu/C cata lysts.

The hydrogen sorption characteristics and the ca la ty tic  ac tiv ity  of Pd—Hg 
catalysts strongly depend on the preparation  m ethod. In  the course of poisoning Hg 
enriched in the layers near the surface and displaced the strongly  bound (adsorbed) 
hydrogen, whereas H g influenced mainly the hydrogen dissolved in  the  bulk of Pd—Hg 
catalysts prepared by  sim ultaneous reduction.

On the surface of P t—Au on graphite catalysts P t enrichm ent could be observed, 
which is in connection w ith the heterogeneities developed during preparation . The 
change in the surface phase composition of Pd-Cu/C  cata lysts during aging could be 
explained similarly.

In  o rder to  u n d e rs ta n d  th e  p e rfo rm an ce  of b im e ta llic  c a ta ly s ts  the  
know ledge of th e  su rface  s tru c tu re  is n ecessary . T he ra p id ly  develop ing  p h y s
icochem ical m eth o d s, especially  th e  sp ec tro sco p y  m e th o d s  u su a lly  req u ire  
expensive  and co m p lica ted  e q u ip m en t. W e h av e  chosen th e  re la tiv e ly  quick  
an d  sim ple e lec tro ch em ica l p o la riza tio n , w hich  gives in fo rm a tio n  ab o u t the  
su rface  o f th e  solids.

G a lv an o sta tic  a n d  p o te n tio d y n am ic  p o la riza tio n  h a v e  b een  used for 
c h a ra c te riz a tio n  o f nob le  m e ta l electrodes fo r a long tim e . In  th is  w ay  hydrogen  
an d  oxygen  so rp tio n  an d  even  th e  surface co m position  o f an  a llo y  can  be m eas
ured  [1]. Th ese p o la riz a tio n  m eth o d s w ere a d o p ted  fo r  th e  s tu d y  of pow der 
c a ta ly s ts .

Experimental

A nalytical grade reagents and distilled w ater were used in  ca ta ly st preparations. The 
Pd—Hg catalysts containing 0, 7.5, 15.5, 24, 33 and 50 a t. %  Hg were prepared  by  simultaneous 
reduction w ith NaB 11,. For the preparation  of 1 g cata lyst, 250 cm3 of a solution containing 
HgCl2 and H2PdCl4 in  adequate  am ounts and ra tio  and 200 cm 3 1 w t. °/0 N aB H 4 solution were 
added dropwise to  200 cm 3 H 20  under stirring a t room  tem perature . The ca ta ly st was then 
filtered, washed w ith w ater and dried a t 310 K, in vacuum .

* This paper was presented a t  the first Belgian —H ungarian Colloquium on Catalysis 
-at M átrafüred, October 19 — 22, 1981.

** To whom correspondence should he addressed.
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1 ♦ !
{ Аг/Н 2 ! Ar/H2 I Аг/Н 2
I I t

Fig. 1. The electrochemical cell: a P t  sheet polarizing electrode, b — platinized P t / I l  
reference electrode, c — cata lyst/P t sheet w orking electrode

A n o th e r series of Hg con ta in ing  Pd  catalysts was prepared by poisoning. Pd catalyst 
was p rep a red  by hydrogenation in  a lkaline  medium. 100 cm 3 5 w t. %  H 2PdCl4 solution was 
added to  200 cm 3 7.5% N aH C 03 so lu tion  a t  330 K, under stirring . The cata lyst was filtered, 
w ashed a n d  dried at 330 K, in  v acu u m . Small portions of th is Pd  was poisoned by different 
am oun ts o f HgCl2 in hydrogen atm osphere  for 4 h, while shaking.

T he overall metal content of g rap h ite  supported P t—Au cata lysts is 10 wt. % . Before 
use th e  com m ercial graphite was a c tiv a te d  w ith concentrated H N 0 3 on a steam  bath  (S bet — 
62 dz 5 m 2g -1 ). For the preparation  of cata lysts containing 0, 15, 30, 50, 80 and 100 a t. %  
Au, 0.9 g g raph ite  was im pregnated in  vacuum  with a solution of suitable am ounts of HA uC14 
and H 2P tC l6. The im pregnated, d ry  su p p o r t was treated  w ith  hydrogen for 30 min a t  370 K, 
w ashed w ith  w ater and dried a t 340 K .

T he P d—Cu/C catalysts were p repared  by consecutive reduction . All the catalysts 
con ta ined  5 w t. %  Pd, while the Cu co n ten t was 0, 5, 10, 20, 30 or 40 at. % . 47.5 g ac tivated  
carbon (“ C arbo C E x tra” , S ^  1000 m 2g -1) was im pregnated w ith  350 cm3 1.7 wt. %  H 2PdCl4 
solution. T he im pregnated support w as trea ted  with 5 wt. %  N aB H 4 solution, then  filtered, 
w ashed an d  dried in vacuum. For th e  prepara tion  of the Cu contain ing catalysts, 6 g of 5 wt. %  
Pd/C w as shaken  in 100 cm3 w ater con ta in ing  the appropriate am oun t of CuS04„ in a hydrogen 
atm osphere . A fter filtration and w ashing, th e  catalyst was dried in  vacuum , a t room tem pera
ture .

T he electrochemical cell is show n schem atically in Fig. 1. The working and polarizing 
electrodes were bright P t sheets, an d  th e  reference electrode a p latin ized P t/H 2 electrode. 
A L ugg in  capillary stretched from  th e  reference electrode to  the ca ta ly st powder which was 
placed on th e  horizontal P t working electrode. The three electrodes were separated by ground 
glass ta p s . The dry catalyst could be sa tu ra te d  with hydrogen by  rem oving the reference and 
polarizing electrodes and joining gas lines. After th a t the cell could be filled w ith 0 2-free 
sulfuric acid  electrolyte in Ar a tm osphere . The anodic polarization  s ta rted  from  10 — 50 mV. 
In th is w ay  an  active catalyst could be m easured w ithout p re trea tm en t, in  contrast w ith those 
procedures w hen a powder cata lyst is rendered  measurable by  com pression or by em bedding 
in some solid , conductive medium.

T he ac tiv ities of the cata lysts w ere studied in the liquid phase hydrogenation of cyclo
hexene. 20 m g catalyst and 0.002 m ol cyclohexene were shaken in  12 cm 3 ethanol a t  room 
tem p era tu re  and  atmospheric pressure. The activ ity  was regarded as the in itial value of the 
hydrogen consum ption in un it tim e, referred  to  1 g catalyst.
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R esults an d  D iscussion

In  som e cases th e  e lec trochem ical s tu d y  o f hydrogen  so rp tio n  is o f  sig
n if ic a n t he lp  i f  th e  change in  th e  a c t iv i ty  o f th e  c a ta ly s ts  is to  be in te rp re te d . 
T h e  in v e s tig a tio n  o f  P d  H g c a ta ly s ts  p re p a re d  in  tw o d iffe re n t w ay s  is an 
ex am p le  o f th is .

T he p o te n tio d y n am ic  curves o f  P d -H g  c a ta ly s ts  p re p a re d  b y  s im u l
ta n e o u s  re d u c tio n  are show n in  F ig . 2. T h ere  are  tw o  m ain  h y d ro g en  io n iza tio n  
m ax im a  in  th e  curve o f  unallo y ed  P d . (A n a d d itio n a l th ird  p eak  cou ld  be  d is tin 
gu ished  b y  ap p ly in g  a low er ra te  o f p o te n tia l  change.) The f ir s t ,  w e a k ly  b ound

Fig. 2. Po tentiodynam ic curves of P d -H g  alloy cata lysts prepared by sim ultaneous reduction 
( 0 .5  mol cm -3  sulfuric acid, m — 4  mg, v =  1 0  mV m in -1); a — unalloyed P d , b —  7 .5  at. %  

Hg, c -  1 5 .5  a t. %  Hg, d -  2 4  at. %  Hg

Table I

Characteristics o f hydrogen sorption on Pd—Hg catalysts prepared by 
simultaneous reduction

Hg content, 
a t. %

H ydrogen content (cm:i S '1) Location o f m axim a 
in the  hydrogen 

range,
mVweakly bound strongly bound total

0 4 2 15 5 7 6 3 ,  1 8 5 ,  2 6 0

7 .5 2 9 1 4 4 3 7 0 ,  2 6 0

1 5 .5 и 10 21 8 0 ,  2 5 7

2 4 .0 - - 10 —

3 3 .0 — - 4 —

5 0 .0 - - . 0 -
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h y d ro g e n  is co nsidered  as hydrogen  d isso lved  in  th e  /З-phase; th e  second , 
s tro n g ly  b o und  is a t t r ib u te d  to  adsorbed  h y d ro g e n , accord ing  to  B u r s h t e i n ’ s  

a p p ro x im a tio n  [2].
T he area u n d e r  th e  cu rv e  is decreased b y  H g , i.e. th e  q u a n tity  o f  sorbed  

h y d ro g e n  is low ered  (T ab le  I ) .  The decrease is s ig n if ic a n t a t  th e  p eak  o f th e  
w e a k ly  b o und  h y d ro g e n . F ro m  24 a t .%  H g  th e  tw o  ty p e s  of hyd ro g en  c an n o t 
be  se p a ra te d , fo r th e  en e rg e tic  d is trib u tio n  o f so rb ed  hydrogen  becam e a lm o st 
u n ifo rm . H y d ro g en  so rp tio n  ceased a t  50 a t .% .

T h e  p o te n tia ls  b e lo n g in g  to  th e  h y d ro g en  io n iza tio n  m axim a w ere also 
d e te rm in e d : th e  r a te  o f  p o te n tia l  change w as dec reased  u n til th e  p o sitio n  o f 
th e  p e a k  did  n o t ch an g e  a n y  m ore, and  th e  a p p ro x im a te  value of ohm ic p o 
te n t ia l  d rop  w as ta k e n  in to  accoun t [3].

O n th e  u nalloyed  P d  c a ta ly s t th ree  k in d s  o f  h y d ro g e n  are sorbed (T able I). 
T h e  f i r s t  m ax im um  co rresp o n d in g  to  d issolved h y d ro g e n  sh ifted  from  63 m V

Fig. 3. Iden tity  distances of P d—Hg alloy catalysts as a function  of composition

Fig. 4. Potentiodynam ic curves of Pd  catalysts poisoned by  m ercury, in  0.5 mol dm -3 sulfuric 
acid (m =  4 mg, v =  10 mV m in -1); a — unpoisoned Pd, b — 5 a t. %  overall Hg content,

c — 17.5 a t. %  overall Hg con ten t
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to  80 mV upon  th e  ac tio n  of H g , i.e. th e  energy  of m e ta l-h y d ro g e n  bond  
in c reased . The bond  en erg y  o f th e  s tro n g ly  b o u n d , m ain ly  ad so rb ed  h y d ro g en  
v ir tu a lly  did no t change. (C urves show n in  F ig . 2 were no t re c o rd e d  a t  th is  
“ lim itin g  ra te ” .)

C onsequen tly , H g  influences m a in ly  th e  hydrogen  disso lved  in  th e  hu lk  
o f  th e  P d -H g  c a ta ly s ts  p re p a re d  b y  s im u ltan eo u s  reduc tion . X -ra y  d iffrac tio n  
m easu rem en ts  su p p o rt th is  fa c t (F ig . 3). T h e  id e n tity  d istance  o f  P d  increses 
lin e a rly  w ith  H g c o n te n t. In  th e  course o f p re p a ra tio n , Hg c o n tin u o u s ly  alloyed 
in to  th e  P d  la ttic e , w hile ex p an d in g  it .

T he p o ten tio d y n am ic  curves o f  P d  c a ta ly s ts  poisoned b y  H g  show  o th e r  
c h a ra c te ris tic s  (F ig . 4). As a re su lt o f  p o ison ing , th e  q u a n tity  of s tro n g ly  b o u n d  
h y d ro g e n  decreases p rim a rily . F ro m  an  o v era ll H g co n ten t o f 17.5 a t .%  on, 
on ly  w eak ly  b o u n d , m a in ly  d issolved h y d ro g en  can  be seen. A n o th e r  im p o r ta n t 
d iffe rence  is th a t  th e  b o n d  energy  o f  d isso lved  hydrogen  does n o t change 
b e tw een  0 and  33 a t .%  o f overall H g c o n te n t:  62— 65 mV in each  case.

In  th e  course o f po ison ing , H g is c o n c e n tra ted  in  th e  su rface  la y e rs  and 
d isp laces th e  s tro n g ly  b o u n d  (adsorbed) h y d ro g en . H ow ever, H g  d ep o sited  on 
th e  su rface is p a r t ly  a lloyed  w ith  th e  P d , a n d  because o f i t ,  th e  a m o u n t of 
d isso lved  hydro g en  decreases, too .

T he X -ra y  d iffra c tio n  p eak  o f  P d  w as n o t sh ifted  w ith  in c rea s in g  H g 
c o n te n t , b u t  i t  w as b ro ad en ed  a sy m m e tric a lly  tow ards th e  sm a lle r  angles 
(h ig h e r la ttic e  c o n s ta n t) . T h is is co n sis ten t w ith  th e  p ic tu re  o b ta in e d  in  h y d ro 
gen so rp tio n  in v es tig a tio n s : th e  po isoned  c a ta ly s ts  con ta in  p re d o m in a n tly  
u n ch an g ed  P d ; a sy m m etric  b ro ad en in g  is caused  by  the  vario u s H g -co n ta in in g  
su rface  layers.

O n th e  basis  o f  th e  above fac ts  th e  d ifference  betw een th e  a c t iv i ty  o f th e  
tw o  ty p e s  o f c a ta ly s ts  can  be u n d e rs to o d  (F ig . 5). H g p o iso n in g  caused  a 
ra p id  decrease in  a c tiv ity , w hereas th e  a llo y  c a ta ly s ts  of low H g  c o n te n t a rc

Fig. 5. Relative activ ity  of Pd—Hg catalysts prepared by simultaneous reduction  (1) and by 
poisoning w ith Hg (2), in the hydrogenation of cyclohexene
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m o re  ac tiv e  th a n  th e  P d  itse lf. On alloy ing  th e  a c t iv i ty  ceases a t h ig h e r H g 
c o n te n t  th a n  in  p o ison ing .

T h e  d e te rm in a tio n  o f  th e  surface co m p o sitio n  o f  an  alloy is show n on  th e  
ex a m p le  of g rap h ite  s u p p o r te d  P t-A u  c a ta ly s ts . T h e  tw o ex trem ities  a re  in  
F ig . 6 , th e  v o ltam m o g ram s o f th e  c a ta ly s ts  c o n ta in in g  only P t  or A u besides 
g ra p h ite . The lo ca tio n  o f  th e  ca thod ic  oxy g en  d e so rp tio n  peak  is a b o u t 0.7 V 
fo r  P t  an d  ab o u t 1.2 V fo r  A u. H ydrogen  is so rb ed  on  P t  only.

T he curves o f th e  a llo y  ca ta ly sts  can  be  re g a rd e d  as a sum  o f th e  tw o 
cu rv e s , if  th e re  are  P t- r ic h  an d  A u-rich  p h ases  p re se n t on th e  su rface  [4]. 
T h e  cu rv e  of th e  c a ta ly s t  c o n ta in in g  30 a t .%  A u a n d  p rep ared  by  co nsecu tive  
h y d ro g e n a tio n  is show n in  F ig . 7. The su rface  a re a  o f th e  phases can be  d e te r 
m in ed  from  th e  area  u n d e r  th e  curve: th a t  o f P t  f ro m  th e  hydrogen  so rp tio n , 
t h a t  o f  A u from  o x ygen  d eso rp tio n  [1]. T he c u rv e  o f  th e  su itab le  a m o u n t of 
g ra p h ite  su p p o rt h as  to  be  ta k e n  o ff as th e  b a c k g ro u n d .

T h e  m ost im p o r ta n t  ch a rac te ris tic s  o f th e  c a ta ly s ts  p repared  b y  s im u l
ta n e o u s  red u c tio n  a re  g iv en  in  Fig. 8 as a fu n c tio n  o f  A u con ten t re la te d  to  
th e  o vera ll m e ta l c o n te n t. I t  can  be seen t h a t  th e  surfaces of th e  c a ta ly s ts  
c o n ta in in g  15 and  30 a t .%  A u are hom ogeneous, a n d  A u appears as a new  
p h a se  o n ly  a t 50 a t .% . H o w ev er, th e  surface A u /P t  ra tio  even th e n  is s ig n ifi
c a n t ly  below  th e  b u lk  ra t io .  T he resu lt was th e  sam e i f  th e  ca ta ly sts  w ere p re 
p a re d  n o t w ith  h y d ro g e n , b u t  w ith  N aB H 4 o r H C O H . O nly th e  c a ta ly s ts  
p re p a re d  b y  consecu tive  re d u c tio n  were e x cep tio n s . T hus on th e  su rface  o f

F ig. 6. Potentiodynam ic curves of P t/graphite (1) and  A u/graphite  (2) catalysts in 0.5 mol 
d m -3 sulfuric acid (m =  10 mg, v =  100 mV m in-1)
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Fig. 7. Potentiodynam ic curves of 10 mg 30 a t. %  A u — 70 at. %  P t/graphite ca ta ly s t prepared 
by consecutive reduction  (1) and 9 mg g raphite  support (2) in 0.5 mol d m -3  sulfuric acid

(v =  100 mV m in " 1)

Fig. 8. Surface Au concentration (Aus), dispersity  (D) and activity  (A ) of P t—Au/grapliite 
catalysts as a function of overall Au concentration (Au„)

th e  g ra p h ite  su p p o rte d  P t -A u  c a ta ly s ts  p re p a re d  b y  s im u ltan eo u s  red u c tio n , 
P t  e n ric h m e n t can  be observed . T he re a so n  o f  i t  is th a t  th e  e n te r in g  o f  A u in to  
th e  new  solid  ph ase  is alw ays q u ic k e r th a n  th a t  of P t.

T he ch an g e  in  d isp e rs ity  is n o t s ig n if ic a n t in  th e  range  o f  low  gold  con
te n t ;  th e  decrease  becom es sh a rp  ab o v e  50 a t .% .

T h e  a c tiv i ty  in  th e  h y d ro g en a tio n  o f  cycloliexene increases u n t i l  th e  su r
face o f  th e  c a ta ly s t  is hom ogeneous (up  to  30 a t .% ) . T hen  i t  d ecreases  qu ick ly
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in  acco rdance  w ith  th e  decrease of d isp e rs ity  an d  th e  increase o f  su rface  
A u /P t  ra tio .

O n th e  basis  o f  th e  re su lts  it  can  be  assu m ed  th a t  a hom ogeneous a llo y  
w as fo rm ed  on th e  su rface  of th e  c a ta ly s ts  d u rin g  p re p a ra tio n . The su rface  A u 
c o n c e n tra tio n  in creases  w ith  th e  overall A u c o n cen tra tio n , b u t i t  is a lw ays 
sm alle r th a n  th e  la t te r .  T h e  su rround ings o f th e  ac tive  centers are  ch an g ed  
b y  th e  A u p re se n t in  a few  %  and  th e  change in  a c tiv ity  is due m ain ly  to  th is  
lig an d  effect. T hese conclusions are in c o n tra d ic tio n  w ith  the  view s in  th e  l i t 
e ra tu re  th a t  th e  su rface  o f  P t Au alloys is a lw ay s  heterogeneous and  A u  can 
be  re g a rd e d  sim p ly  as a d ilu tin g  com ponen t [1, 5].

O u r th ird  ex am p le  is ab o u t th e  in v e s tig a tio n  o f P d -C u  ca ta ly s ts  on  a c ti
v a te d  ca rb o n  su p p o rt. In  th is  case a p a r t  o f  th e  p henom ena observed  d u r in g  
ag ing  could  be in te rp re te d  b y  th e  p o te n tio d y n a m ic  curves.

In  th e  curve o f th e  c a ta ly s t of 5 a t .%  Cu p roceed ing  in  th e  anod ic  d ire c 
tio n , a f te r  th e  tw o  h y d ro g en  ion iza tion  m ax im a , tw o  fu r th e r  peaks can  be  seen  
a f te r  p re p a ra tio n  (F ig . 9, cu rv e  a). The p e a k  a ro u n d  340 mV can be a t t r ib u te d  
to  th e  anod ic  d isso lu tio n  o f m eta llic  Cu. T he p e a k  a ro u n d  540 mV can  be in te r 
p re te d  assum ing  t h a t  n o t Cu=Cu, b u t C u -P d  b o n d s  are  b roken . (T h a t is w h y  
th e re  is a 200 mV p o te n tia l  sh ift.) This m ax im u m  can  be a ttr ib u te d  to  th e  d is
so lu tio n  o f some P d -C u  in tc rm e ta llic  com pound  p h ase  [6].

O ne m o n th  la te r  th e  copper d isap p eared  fro m  th e  surface and  th e  a m o u n t 
o f c o m p o u n d  p h ase  decreased . A t th e  sam e tim e  h y d ro g en  so rp tion  an d  th e  
c a ta ly tic  a c tiv ity  also changed . S im ilar re su lts  w ere  observed on th e  in v e s t i
g a tio n  o f  th e  c a ta ly s ts  co n ta in in g  less th a n  30 a t .%  Cu. The c a ta ly s ts  w ere  
s tab iliz ed  only  4 m o n th s  a fte r  p rep a ra tio n . (T hese c a ta ly s ts  were sto red  in  a ir  
closed double .)

I t  m a y  be e s tab lish ed  th a t  up o n  co n secu tiv e  red u c tio n , Cu d ep o sited  in  
h y d ro g e n  a tm o sp h e re  is  a lloyed  w ith  th e  P d  on  c a rb o n . T he m ob ility  o f m e ta l 
a to m s in  th e  surface lay e rs  o f  th e  c a ta ly s ts  is so h ig h  th a t  th e  p e n e tra tio n  o f  
Cu a to m s in to  th e  la tt ic e  o f P d  con tinued  d u rin g  s to ra g e  a t  room  te m p e ra tu re .

A ccord ing  to  th e  “ b o n d -b reak in g ”  seg reg a tio n  th e o ry , in  h y d ro g en  a t 
m o sp h e re , th e  su rface  o f  th e  P d -C u  alloy is p o o r in  Cu, fo r th e  ch em iso rp tio n  
h e a t o f  h y d ro g en  is s u b s ta n tia lly  h igher on P d  [8, 9 ]. T h u s  Cu is easily  a lloyed  
w ith  P d  in  th e  course o f  p re p a ra tio n . The s i tu a tio n  is th e  reverse in  a ir; Cu is 
th e  m ore  v o la tile  co m p o n en t an d  th e  ch em iso rp tio n  h e a t of oxygen is h ig h e r 
on  Cu, to o  [10— 13]. T h e  p rocess during  ag ing  te n d e d  to  th e  c o n tra ry  o f  th e  
ex p ec ted  d irec tion .

T h e  ex p la n a tio n  is th a t  th e  segregation  th e o rie s  w orked  ou t fo r a llo y s 
in  e q u ilib riu m  do n o t say  m uch  ab o u t th e  su rface  com position  if  th e  c a ta ly s t  
is p re p a re d  a t  re la tiv e ly  low  te m p e ra tu re s , in  o u r case  below  400 K . T he d if
ference o f  th e  surface a n d  b u lk  com position  o f  th e  c a ta ly s t  p repared  in  th is  
w ay  is d e te rm in ed  b y  th e  fo llow ing fac to rs:

Acta Chim. Acad. Sei. Hung. I l l , 1982



MALLÄT, PETRÓ: BIMETALLIC CATALYSIS 4 8 5

Fig. 9. Potentiodynam ic curves of 5 a t. %  C u-Pd/C  cata lyst (a) 0.5 m onth, (b) 1.5 m onths, (c) 
2.5 months and (d) 4 m onths after preparation

Fig. 10. Surface and bulk composition of A — В  alloy; 1 — concentration of com ponent В  in 
equilibrium , 2 and 3 — surface enrichm ent of com ponents A  or B, respectively, during prepa

ra tion

1) The h e te ro g en e ity  o ccu rrin g  d u rin g  p re p a ra tio n  (e.g. co n secu tiv e  re d u c 
tio n , o r th e  slow e n te rin g  o f  one o f  th e  com ponen ts in to  th e  so lid  phase, 
w h ich  re su lts  in  a s itu a tio n  s im ila r to  consecutive re d u c tio n ) . T h e  d if
ference  betw een  th e  c h a ra c te r is tic s  o f P d -H g  c a ta ly s ts  p re p a re d  in  tw o 
w ays an d  th e  d ev e lo p m en t o f th e  surface com position  o f g ra p h ite  sup 
p o rte d  P t  A u c a ta ly s ts  w ere in te rp re te d  in  th is  w ay , to o .

2) S ta b iliz a tio n  processes ta k in g  p lace  in  th e  course o f ag in g  —  during  
th e  tim e  fro m  th e  p re p a ra tio n  t i l l  th e  u tiliza tio n .
In  b o th  cases th e  presence  o f  su p p o r t, th e  p a rtic le  size a n d  th e  chem ical 

n a tu re  o f th e  su rro u n d in g  a tm o sp h e re  can  p lay  an  im p o r ta n t ro le .
T he su rface  and  b u lk  com positio n s o f an  alloy c a ta ly s t  p re p a re d  a t  re la 

tiv e ly  low  te m p e ra tu re  a re  co m p ared  w ith  th e  expectab le  e q u ilib r iu m  values 
in  F ig . 10. T he В  com ponen t o f  th e  A — В  a lloy  has th e  low er su rface  energy. 
F ro m  k in e tic  reasons e ith e r  th e  A  o r th e  В  com ponen t can  be  en rich ed  on  th e  
surface o f th e  p artic les d u rin g  p re p a ra tio n . (The p ro b a b ility  t h a t  equ ilib riu m  
acco rd in g  to  th e  given p a r tic le  size is reach ed , is v e ry  sm all.) I n  th e  case of 
su rface  e n ric h m e n t o f  th e  В  co m p o n en t, x B w ill decrease on th e  su rface  during
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s to rag e . T hus, a p p a re n tly , th e  d irection  o f  m ig ra tio n  is c o n tra ry  to  th a t  ex 
p e c te d  on th e  basis o f  seg reg a tio n  th eo ry , p ro v id e d  t h a t  th e  process ta k e s  p lace 
a t  th e  given te m p e ra tu re . T h e  driv ing  force o f  th e  process is th e  free e n th a lp y  
decrease  o f m ix ing .

T  he la t te r  case co rresp o n d s to  th e  p rocess ta k in g  place on carbon  su p 
p o rte d  P d -C u  c a ta ly s ts . T h e  fa c t th a t  m ig ra tio n  o f th e  Cu a tom s from  th e  
su rface  layers (fro m  w h ere  i t  m ay  dissolve in  th e  course  of anodic p o la riza tion ) 
to w a rd s  th e  inside o f  th e  g ra in s  to o k  place o b se rv a b ly  can  be connected  w ith  
th e  h ig h  d ispersity  o f  th e  c a ta ly s ts  and w ith  th e  “ ir re g u la r ity ”  of th e  g ra in s .
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H ydrogen adsorption  isotherm s have been m easured on two Cu --N i bulk  alloys 
(5 at. %  and 30 at. %  Cu) in  a  wide range of pressure (5 X 10 _5 P < J  5 T orr) and  of 
tem perature  (190 К  <, T  460 K).

For bo th  alloy compositions, the isotherm s are of the Temkin type . T he isosteric 
adsorption hea t Q decreases from  an in itia l value of ca. 20 kcal for the 5 a t. %  Cu alloy 
and ca. 12 kcal for the 30%  Cu alloy, to  a value around 7 kcal, identical for b o th  alloys 
a t close to  m onolayer coverage. The ra tio  of the H , monolayer value to  th e  77 К  Kr 
BET m onolayer is =  0.63, identical, w ithin experim ental error, for b o th  alloys.

I t  is concluded th a t  hydrogen adsorption  cannot be used to  “ t i t r a te ”  surface 
N i atom s and th a t the adsorption  site is composed of mixed ensembles of Cu and  Ni 
atom s in  varying proportion  following coverage.

Introduction

N i—Cu alloy  is one o f  th e  m o st ex ten s iv e ly  s tu d ied  b im e ta llic  c a ta ly s ts  
as i t  is o ften  considered  as a m odel sy stem  fo r alloy  ca ta ly sis . D ilu tio n  o f  Ni, 
a v e ry  ac tiv e  m e ta l fo r  ch em iso rp tio n  o f  m o st gases as well as fo r th e  ca ta ly sis  
o f  n u m ero u s reac tio n s , b y  Cu, w hich  is k n o w n  to  be in ac tiv e  in  m a n y  sim ilar 
s itu a tio n s , leads to  effec ts  in  ch em iso rp tio n  an d  ca ta lysis  th a t  h a v e  b een  clas
sified  in to  tw o  m ain  g roups [1]:

—  ligand effects, re la te d  to  changes in  th e  a d so rb a te -ac tiv e  m e ta l  bond  
s tre n g th  due to  changes in  i ts  su rro u n d in g s

—  geometric or ensemble effects, due  to  v a ria tio n s  in  th e  d is tr ib u tio n  of 
th e  av a ilab le  ensem bles o f  ac tiv e  m e ta l a to m s.

W hichever th e  ex p ec ted  lig an d  or ensem ble effect, th e  in te rp re ta t io n  of 
ex p e rim en ta l re su lts  req u ires  th e  know ledge o f  th e  surface c o n c e n tra tio n  of 
ac tiv e  m e ta l. H ere  a co m p lica tio n  arises fro m  th e  well know n  C u su rface  en
ric h m e n t o f  low  d isp e rs ity  C u -N i c a ta ly s ts .

D e te rm in a tio n s  o f th e  su rface  N i c o n c e n tra tio n  have b e e n  c a rrie d  ou t 
b y  severa l m eth o d s.

i. T h eo re tica l c a lcu la tio n s th a t  c learly  d e m o n s tra te d  th e  su rface  enrich-
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m e n t [2, 3]. These th e o re tic a l  ca lcu la tions a re  b ased  on ex p e rim en ta l values 
o f  sev era l p a ra m e te rs  (su rface  free energy , su rface  en tro p y ) th e  v a lu es  of 
w h ich  are som etim es k n o w n  w ith  a large e rro r  o n ly . As a consequence, ca lcu 
la te d  values of su rface  com p o sitio n  can o n ly  b e  considered  as co rrec t w ith in  
a n  o rd e r of m ag n itu d e .

ii. Surface science m e th o d s , m ain ly  A u g er e lec tro n  spec tro scopy  [5, 6]. 
T h e se  m ethods are  m a in ly  ap p lied  to  sing le  c ry s ta l  surfaces, an d  in  th e  case 
o f  C u -N i m ainly  to  th e  110 face. As th is  face is less dense th a n  th e  100 an d  111 
o n es, i t  m ay rep re sen t b u t  a sm all p ercen tag e  o f  th e  surface o f rea l c a ta ly s ts . 
F u r th e rm o re , m e th o d s  o f  c lean ing  o f  th e  su rface  in  surface science stu d ies , 
b y  io n  b o m b ard m en t fo r exam ple, are  v e ry  d iffe ren t from  th e  chem ical 
m e th o d s  used w ith  re a l  c a ta ly s ts . T hus, conclusions d raw n  from  surface science 
s tu d ie s  m ay  no t be v a lid  fo r  rea l c a ta ly s ts .

i i i .  Selective h y d ro g e n  chem isorp tion . O n p u re  N i, a t room  te m p e ra tu re  
a t  n o t  too  low p ressu res  ( P  0.1 T orr), i t  is u s u a lly  assum ed th a t  th e  h y d ro 
gen  coverage  is close to  th e  m onolayer. U n d e r th e  sam e cond itions, p u re  Cu 
do es n o t  adsorb  h y d ro g en . I n  th e  selective h y d ro g e n  chem iso rp tion  h y p o th esis , 
i t  is assum ed  th a t  th e  p ro p e rtie s  of th e  in d iv id u a l N i and  Cu a to m s are  no t 
m o d if ie d  b y  alloying, so t h a t  in  th e  alloy th e  ch em iso rp tio n  sites are  N i a tom s 
t h a t  c an  be “ t i t r a t e d ”  b y  b y d ro g en  a d so rp tio n . I n  th is  h y p o th esis , i t  is in  
f a c t  assum ed  th a t  fo r  H 2 chem iso rp tio n , th e re  is n e ith e r  a ligand  effect nor 
a n  ensem ble  effect. A bsence  o f  ligand  effects is b a se d  on th eo re tica l ca lcu la tio n s 
o f  th e  d en sity  of s ta te s , as well as on e x p e r im e n ta l m easu rem en ts o f th is  
d e n s ity . These m e a su re m e n ts  have  been in te rp re te d  in  th e  fo llow ing m an n er: 
w h e n  a n  ad so rb a te  in te r a c ts  w ith  electrons o f  a c e r ta in  energy level, it  can  
be  k n o w n  w ith  h igh  c e r ta in ty  w heth er th e se  e lec tro n s  o rig in a te  from  N i or 
f ro m  Cu [1]. B u t th e  ab sen ce  of ensem ble e f fe c ts  d id  n o t receive a n y  clear 
ju s t i f ic a t io n . On th e  c o n tr a ry ,  th eo re tica l c a lc u la tio n s  have  show n th a t  e n 
sem b le  effects could a c c o u n t for th e  v a r ia tio n  o f  th e  ad so rp tio n  h e a t w ith  
a llo y in g  [15], and  re c e n t re s u lts  o f  H 2 th e rm o d e so rp tio n  from  110 single c ry s ta l 
faces o f  C u-N i alloys h a v e  le d  to  th e  te n ta tiv e  e x p la n a tio n  th a t  sites c o n s titu te d  
b y  m ix e d  C u-N i ensem bles do  adsorb  h y d ro g en  [16, 17].

T h e  p resen t w ork  h as  b e e n  u n d e rta k e n  m a in ly  to  v e rify  i f  th e  se lective 
c h e m iso rp tio n  h y p o th es is  is v a lid . H ydrogen  so rp tio n  iso therm s m easu red  in  
a  w id e  ran g e  of te m p e ra tu re  and  pressure  w ill a llow  to  d e te rm in e  th e  H 2 
m o n o la y e r  value as w ell as th e  th e rm o d y n am ic  p a ra m e te rs  ch a rac te riz in g  H 2 
a d so rp tio n . These m e a su re m e n ts  will be ca rried  o u t  on  a series of alloys in  th e  
w h o le  ra n g e  of co m position  f ro m  pure N i to  p u re  C u, as well as on b o th  p u re  
m e ta ls . T o  fac ilita te  co m p a riso n  w ith  p rev io u sly  p u b lish ed  resu lts , u n su p 
p o r te d  alloys of low d is p e rs ity  p repared  fo llow ing  th e  m an n er a lread y  used  
b y  S i n f e l t  et al. [8] in  th e ir  w ell know n w o rk  on  e th a n e  hydrogenolysis an d  
c y c lo h e x a n e  d e h y d ro g en a tio n  w ill be used.
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T he p resen t p a p e r re p o rts  re su lts  o b ta in ed  on tw o alloys w id e ly  differing 
in  com position : 5 a t .%  an d  30 a t .%  in  Cu, th a t  should  c o rre sp o n d , follow ing 
pu b lish ed  resu lts , to  w idely  d iffering  Ni surface c o n c e n tra tio n s , in  th e  range 
o f  50— 60%  for 5 %  Cu a llo y  an d  a ro u n d  15%  fo r th e  30%  Cu a llo y  [7, 8].

S tu d y  o f th e  o th e r  com positions is in  progress.

Experimental

Apparatus and procedures

A pparatus and procedures for m easuring the adsorption iso therm s and the therm o
desorption spectra have been described in  a preceding paper [10].

Catalysts

The bulk copper—nickel alloys were prepared following the m ethod described previously 
by a num ber of workers [8, 9, 11 —13]: p recip itation  of the metals as carbonates, calcination in 
air a t 400 °C to  convert the carbonates to  the mixed oxides and reduc tion  in  H 2 a t 400 °C. 
The reduction was conducted following the procedure described in [8]. The e x te n t of reduction, 
always higher th an  99% , was controlled gravim etrically and the com position  of the alloys 
was checked after reduction by dissolving a small sample of cata lyst and  weighing the metals 
separately deposited electrolytically on a P t electrode. The catalysts sto red  and  bottled  in air 
were, before use in  adsorption  m easurem ents, reduced again in situ  in flow ing H„ (30 cm3 STP 
m in -1) a t 400 °C for 8 h, th en  outgassed a t 300 °C (residual pressure in  th e  10 Torr range) 
for 15 h.

Results

General

T he specific  su rface  area  o f  b o th  alloys w as m easu red  b y  K r  adsorp tion  
a t  77 К  in  th e  p ressu re  ra n g e  w here  m u ltilay e r a d so rp tio n  ta k e s  place and 
th u s  th e  B E T  e q u a tio n  is v a lid  (0.03 < / P  0.6). R e sp e c tiv e  values o f K r 
m o n o lay er m (K r) a re :

(6.4 i  0.1) X 1018 m olecules/g  for C u-N i (5%  Cu)
(11.0 d; 0.1) X 1018 m olecules/g  for C u-N i (30%  Cu)
F o r  n e a rly  eq u a l b u lk  com position , S i n f e l t  et al. [8 ]  fo u n d  b y  A r ad 

so rp tio n  a t  77 К  (B E T  m e th o d ), m ono layer values o f th e  sam e  o rd e r of m agni
tu d e ;  fu r th e rm o re , th e  ra tio  o f A r (S i n f e l t ) an d  K r ( th is  w o rk ) m onolayers 
co rrespond ing  to  b o th  alloys are  n e a r ly  equal.

A ll th e  fo llow ing m easu rem en ts  w ere perfo rm ed  on  o n ly  one sam ple of 
each  alloy , b u t  period ic  checks show  th a t  th e  surface a re a  d id  n o t v a ry  in 
th e  course o f th e  ex p e rim en ts  and  th u s  th a t  th e  o u tg ass in g  o r  re d u c tio n  tr e a t
m en ts  d id  n o t cause a n y  s ig n if ic a n t s in te rin g  o f th e  p o w d er. T h is is no t su r
p ris in g  as th e  low d isp e rs ity  m easu red  ind ica tes th a t  b o th  a llo y s  are a lready 
h igh ly  sin te red .

As a genera l a g re e m e n t u p o n  K r ad so rp tio n  cross se c tio n  has no t been 
reach ed , th e  K r  m o n o lay er va lu e  w ill no t be con v erted  in to  su rface  area. B u t
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i t  is k n o w n  from  th e  l i t e r a tu r e  t h a t  for Ni th e  ra tio  o f  H 2 chem iso rp tion  m ono- 
la y e r  to  K r  m onolayer is a ro u n d  1.25 [14]. L e t us n o te  th a t ,  fo r m ost t r a n s i
t io n  m e ta ls , th is ra tio  is b e tw e e n  1 and  1.4 [24]. I n  o rd e r  to  allow an  easier 
c o m p a riso n  e ither be tw een  b o th  alloys or b e tw een  e ach  a llo y  an d  a som ew hat 
th e o re t ic a l  pure Ni su rface , m o s t  o f  th e  follow ing re s u lts  w ill be p resen ted  as 
r e la t iv e  coverage 0 R v a lu e s  w ith

1.25 m (K r)

w h e re  n a is th e  n um ber o f a d s o rb e d  hydrogen  m olecu les.
I n  a m anner q u ite  s im ila r  to  w h a t has been  re p o r te d  in  th e  li te ra tu re  on 

p u re  N i surfaces, on b o th  a llo y s  a phenom enon k n o w n  as “ slow  ch em iso rp tion”  
is o b se rv e d : when in tro d u c in g  H 2 in  th e  presence o f  th e  c a ta ly s t ,  m ost o f th e  
a d s o rp t io n  takes place b e fo re  th e  f irs t  p ressure m e a su re m e n t (t =  1 m in) 
b u t  th e n  a slow decay of th e  p re ssu re  is observed  o v e r  a p e rio d  of m ore th a n  
1 h  a t  ro o m  tem p era tu re , so m e w h a t shorter a t  h ig h e r  te m p e ra tu re s , u n til  an 
e q u ilib r iu m  is reached. T he a m o u n t  adsorbed d u rin g  th e  slow  process, is alm ost 
in d e p e n d e n t of the  te m p e ra tu re :

(2 .5  ±  0.5) X 1017 m o lecu les  H 2/g for 5%  Cu a llo y  
(4 .5  i  0.5) X 1017 m o lecu les  H 2/g for 30%  Cu a llo y .
I n  th e  case of pu re  N i su r fa c e , a com m on e x p la n a tio n  o f th is  well know n 

slow  ch em iso rp tio n  is th e  c o n ta m in a tio n  of th e  su rface  b y  oxygen , e ith e r due 
to  in s u f f ic ie n t reduction  o f  t h e  c a ta ly s t  and  m ig ra tio n  o f  О a to m s from  bu lk  
to  su rfa c e  in  th e  presence o f  H 2, o r  co n tam in a tio n  b y  re s id u a l v acu u m  pressure 
(H 20 )  d u r in g  outgassing [18, 19 ]. O th e r possible e x p la n a tio n s  are  H 2 ab so rp 
t io n  in  th e  b u lk  of th e  m e ta l [20] o r  surface m ig ra tio n  o f  H 2 to  less accessible 
s ite s  [1 4 ]. I n  th e  case o f an  a l lo y  su ch  as N i-C u , w h ere  i t  is a d m itte d  th a t  H 2 
a d s o rp t io n  tak es  place m a in ly  o n  N i and  w here su rface  e n ric h m e n t in  Cu does 
e x is t  [2 , 5 ], a fu rth e r e x p la n a tio n  m a y  be p roposed : c h em ica l pum p in g  o f Ni 
a to m s  f ro m  bu lk  to  su rface  b y  H 2; as a resu lt, th e  su rfa c e  becom es rich e r in  
N i as c o m p ared  w ith  th is  su rfa c e  u n d e r  vacuum . S u ch  p h en o m en a  have  a l
r e a d y  b e e n  observed on P t - S n  a llo y s  [21].

I n  a n  a tte m p t to  o b ta in  m o re  in fo rm atio n  on  th e s e  possible processes, 
th e  fo llo w in g  experim en t w as p e rfo rm e d : th e  N i-C u  a llo y  w as h ea ted  u n d er 
H 2 p re s s u re  a t  300 °C fo r se v e ra l h o u rs , th e n  ra p id ly  coo led  u n d e r  H 2 a t  175 °C 
a n d  o u tg a s se d  a t th is te m p e ra tu re  (in  place of th e  n o rm a l o u tg assin g  te m p e ra 
tu r e  o f  300 °C). F rom  a ro u g h  e x tra p o la tio n  of m easu red  iso th e rm s  (see below), 
one w o u ld  expect the  re s id u a l H 2 coverage 0  a f te r  o u tg a ss in g  a t  175 °C to  be 
less t h a n  0.03, i.e. alm ost n eg lig ib le . A s th e  solid s ta te  d iffu sio n  is m uch slower 
a t  175 °C th a n  a t 300 °C, o n e  w o u ld  also expect e ith e r  a  h ig h e r N i surface 
c o n c e n tra t io n  (due to  chem ical p u m p in g  of N i a fte r  h e a tin g  u n d e r  H 2 a t  300 °C)
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or a lo v e r  surface 0 2 c o n te n t (due e ith e r  to  co m p lem en ta ry  re d u c tio n  before  
low te m p e ra tu re  o u tg a ss in g  or to  slow er d iffu sion ). In  fac t, iso th e rm  m easu re 
m en t perfo rm ed  a f te r  such  ou tgassing  p ro ced u re s  do n o t show a n y  s ig n ifican t 
differences from  iso th e rm s  m easured  a f te r  “ n o rm a l”  ou tgassing , concern ing  
b o th  th e  to ta l  ad so rb e d  am o u n t and  th e  slow  a d so rp tio n  process. T h u s , su rface  
c o n ta m in a tio n  b y  o x y g en  does n o t a p p e a r as a co rrec t ex p la n a tio n  o f th e  slow 
chem iso rp tion  a n d  chem ica l pum p in g  o f N i does n o t ta k e  p lace  in  N i-C u  
alloys.

A n o th er f a c t  w o r th  m en tion ing  is th e  “ a c tiv a te d ”  a d so rp tio n  o b serv ed  
a t  low  te m p e ra tu re s  (T  -< 190 K ): la rg e r  ad so rb e d  am o u n ts  are  o bserved  a t 
low  te m p e ra tu re s  w h en  in tro d u c in g  H 2 a t  ro o m  te m p e ra tu re  (or h ig h er), th e n  
cooling th e  c a ta ly s t  a t  th e  ad so rp tio n  te m p e ra tu re , th a n  u p o n  in tro d u c in g  
H 2 d irec tly  a t th e  a d so rp tio n  te m p e ra tu re . T h is  fa c t is com m on to  H 2 a d so rp tio n  
on m eta llic  c a ta ly s ts  [10, 14, 20].

A n o th e r “ a c t iv a te d ”  ad so rp tio n  p h en o m en o n  is observed  w hen  h e a tin g  
th e  a lloy  a t te m p e ra tu re s  h igher th a n  200 °C u n d e r  H 2 p ressu re , th e n  cooling 
th e  c a ta ly s t a t  a low er te m p e ra tu re ; th e  a d so rb ed  a m o u n t so m easu red  is 
a lw ays h igher th a n  u p o n  in tro d u c in g  H 2 d ire c tly  a t  th e  a d so rp tio n  te m p e ra tu re .

A ll th e  d e so rp tio n  iso therm s re p o rte d  in  th e  follow ing w ere m easu red  
a f te r  in tro d u c tio n  o f  H 2 a t th e  a d so rp tio n  te m p e ra tu re  an d  a fte r  h av in g  
allow ed slow c h e m iso rp tio n  to  proceed  u n til  no  sign ifican t p ressu re  v a r ia tio n  
is m easured .

491

Fig. 1. H.. adsorption  isotherm s on two Cu—Ni alloys: (a) 5%  Cu alloy: (1) T  =  193 K , (2) 
T  =  293 K, (3) T  =  361 K , (4) T  =  417 K, (5) T  =  462 K ; (b) 30%  Cu alloy: (1) T  =  193 K , 

(2) T  =  248 K , (3) T  =  293 K , (4) T  =  364 K, (5) T  =  441 К
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D esorption isotherms

D eso rp tio n  iso th erm s w ere m easu red  a t  p ressu res betw een  ^  5 X 1 0 - 5 
T o r r  a n d  10 T orr, in  th e  te m p e ra tu re  ran g e  o f  193— 460 К  fo r b o th  alloys. 
R e su lts  a re  p resen ted  in  F ig . 1. T he v a r ia tio n  w ith  coverage o f th e  iso ste ric  
h e a t  o f  ad so rp tio n  Q an d  o f  th e  co rresp o n d in g  a d so rp tio n  e n tro p y  A S ,  w hich  
c a n  b e  d educed  from  th ese  iso th e rm s  b y  ap p lic a tio n  o f C lapeyron’s e q u a tio n , 
a re  g iv en  in  Figs 2 an d  3.

Fig. 2. V ariation  of the heat of II. adsorp tion  Q w ith  relative coverage 0fj on two Cu—N i alloys:
(1) 5%  Cu alloy; (2) 30%  Cu alloy

Fig. 3. V aria tion  of entropy of I t ,  adsorp tion  A S' w ith relative coverage 0 p  on two Cu—N i alloys:
(1) 5%  Cu alloy; (2) 30%  Cu alloy
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Fig. 4. Com pensation effect betw een hea t Q and en tropy  A S  of If., adsorption on 5%  Cu—Ni
alloy

A p p a re n tly , ex cep t a t  v e ry  h igh (low  te m p e ra tu re , h igh p re ssu re )  or 
v e ry  low  (low p ressu re , h igh  te m p e ra tu re )  co verages, th e  coverage v a r ie s  a l
m ost lin e a r ly  w ith  th e  lo g a rith m  o f th e  p re ssu re , th u s  co rrespond ing  to  T em- 
k in ’s iso th e rm , w hose d e riv a tio n  is b ased  on  a lin e a r  v a ria tio n  o f Q w ith  0 ,  
in  good ag reem en t w ith  th e  re su lts  o f F ig . 2. F u r th e rm o re , a c o m p e n sa tio n  ef
fec t b e tw een  ad so rp tio n  h e a t an d  a d so rp tio n  e n tro p y  is observed (F ig . 4) for 
th e  5 %  Cu alloy . F o r th e  30%  alloy , a d so rp tio n  e n tro p v  is a lm ost in d e p e n d e n t 
o f th e  a d so rp tio n  h e a t.

M ono layer coverages V m have  been  d e te rm in e d  b y  app ly in g  th e  L a n g 
m u ir a d so rp tio n  eq u a tio n  to  th e  h ig h  p re ssu re  p a r t  o f th e  193 К  iso th e rm , 
im p lic itly  a d m ittin g  th a t  n e a r  fu ll coverage, in  a re s tr ic te d  range o f  coverage , 
th e  a d so rp tio n  h e a t does n o t v a ry  and  th u s  L a n g m u ir’s eq u a tio n  m a y  be a p 
p lied . T h e  follow ing va lu es  are  found :

fo r  5%  Cu a lloy : V m — 4.1 X 1018 m olecules H 2/g, i.e. 6% =  0.51 
fo r  30%  Cu a lloy : V m =  6.9 X 1018 m olecules H 2/g, i.e. 6% =  0.50. 
B o th  v alues o f  V m are also in  ag reem en t to  w ith in  0.1 X 1018 m olecules 

H 2/g w ith  th e  adso rbed  a m o u n t a t  77 К  u n d e r  1 T o rr H.,.

Therm odesorption spectrum

F ig u re  5 illu s tra te s  a few T D S  sp ec tra  m easu red  a t ad so rp tio n  d eso rp tio n  
eq u ilib riu m  w ith  a h e a tin g  ra te  a ro u n d  40 К  m in -1  on bo th  alloys a t  d iffe ren t 
co v erag es. A t all coverages, on ly  one p e a k  is observed . T his p e a k  ap p ears  
r a th e r  sy m m etrica l, ex cep t a t  low 0 R (<< 0.05) w here ta iling  on th e  h ig h  te m 
p e ra tu re  side is observed . T he te m p e ra tu re  o f  p e a k  m axim um  does n o t  depend
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200 300 Í00  500 600 700
T (K)

Fig. 5. T herm al desorption spectrum  of !L  for d ifferent in itia l coverages: (a) 5%  C u-N i alloy, 
(1) 0 R =  0.439; (2) 0 R =  0.112; (b) 30%  Cu-N i alloy, (1) ©R =  0.428; (2) ©R =  0.102

on  co v erag e  fo r 0 R }> 0.15: 410 К  (dr 10) fo r  5 %  Cu alloy, 425 К  (d r 10) fo r 
3 0 %  a llo y , th is  d ifference  in  th e  te m p e ra tu re  o f  p e a k  m axim um  fo r b o th  a l
loys b e in g  n o t s ig n if ican t. A t low er coverages ( 0 R <  0.150) th e  te m p e ra tu re  of 
p e a k  m a x im u m  increases: u p  to  455 К  fo r  5 %  Cu alloy (<9R = 0 .1 1 ) ,  u p  to  
535 К  fo r 30%  Cu a llo y  ( 0 R =  0.045). A t 600 K , fo r b o th  alloys, th e  w hole 
o f  H 2 a b so rb ed  a t  low  te m p e ra tu re s  is d e so rb e d . L e t us recall h ere  t h a t  th e  
te m p e ra tu re s  m en tio n ed  h ere  w ere m easu red  a t  th e  ou tside o f  th e  b u lb  co n 
ta in in g  th e  c a ta ly s t;  re a l te m p e ra tu re  in  th e  c a ta ly s ts  is ce rta in ly  sev e ra l ten s  
o f  К  lo w er. As th e  lo c a tio n  o f  th e  te m p e ra tu re  m easu rin g  device is n o t  e x a c tly  
th e  sam e  fo r b o th  a llo y s, sm all te m p e ra tu re  d iffe ren ces a t  p e a k  m ax im u m  
b e tw e e n  b o th  alloys a re  n o t  s ign ifican t.
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Discussion

As p re se n te d  in  th e  in tro d u c tio n , p rev io u s  w ork  on Cu—Ni a llo y s  e m p h a 
sized tw o  m ain  p o in ts :

— surface  en rich m en t in  Cu [1— 6 ];
possib le  t i t r a t io n  o f su rface  n ick e l a to m s b y  h y d ro g en  ch em iso rp tio n  

considered  as se lec tive , i.e . ta k in g  p lace  ex c lusive ly  or a t le a s t m a in ly  on Ni 
a to m s [1].

T he fo llow ing T ab le  gives th e  su rface  co n cen tra tio n  of N i fo r b o th  alloys 
used in  th e  p re se n t s tu d y , as d e te rm in ed  b y :

—  A uger e lec tro n  spectro scopy  (A E S) [5];
—  selec tive  h y d ro g en  ch em iso rp tio n  (SH C) [7— 8];
—  th e o re tic a l calcu la tions [2— 4].

L e t us n o te  t h a t  th e  value b y  SHC o f R ef. [7] was o b ta ined  using  th e  adso rbed  
a m o u n t o f H 2 a t  293 К  a t a p ressu re  in  th e  5 X 1 0 ~ 2 T orr ra n g e . H ow ever, 
th e  va lu e  of R ef. [8] was o b ta in ed  a t  293 K , using th e  so-called  d is tin c tio n  
b e tw een  “ rev e rs ib le”  and  “ irrev e rs ib le”  ad so rp tio n s  so th a t  th e  m easu red  a d 
so rbed  am o u n t m u s t co rrespond  to  a n  eq u ilib riu m  pressure  e q u a l to  the  
p ressu re  ex is tin g  above th e  c a ta ly s t a t  th e  en d  o f a p um ping  s ta g e ; th is  m ay  
be e s tim a te d  to  lie in  th e  10~ 3— 1 0 ~ 4 T o rr  ran g e . In  b o th  ca se s ,th e  adso rbed  
a m o u n t th a t  is supposed  to  co rresp o n d  s to ich io m etrica lly  to  N i su rface  a tom s, 
is m easu red  on one p a rtic u la r  iso th e rm , th e  293 К  one, chosen a rb i t r a r i ly ,  a t 
one p a r tic u la r  p ressu re  ~  5 X 1 0 “ 2 T o rr  in  one case, ~  10 ~3— 10 ~ 4 T o rr  in  
th e  o th e r, also chosen  a rb itra r ily , w ith o u t a n y  ju s tif ic a tio n .

T he se lec tive  ch em iso rp tion  h y p o th e s is  can  now  he co n sid e red  in  the  
lig h t o f th e  re su lts  o b ta in ed  in  th e  p re se n t s tu d y . If, as u su a lly  a d m itte d , 
on ly  o r m a in ly  ch em iso rp tio n  ta k e s  p lace  o n  Ni, th e  com pletion  o f  th e  m ono- 
la y e r  on  Ni m u s t co rrespond  to  a sh a rp  b re a k  in  th e  th e rm o d y n a m ic  p a ra m e 
te rs  c h a ra c te riz in g  th e  H 2 ad so rp tio n . No such  b reak  is observed , e ith e r  in  the  
a d so rp tio n  h e a t, o r  th e  e n tro p y  o f a d so rp tio n . On th e  c o n tra ry , one observes 
a sm o o th  decrease  o f the  ad so rp tio n  h e a t  w ith  increasing  co v erag e : fo r the  
e n tro p y , v a r ia tio n  is aiso sm ooth  b u t  fo llow ing  th e  alloy, an  in crease  o r decrease 
is observed . T h u s , o u r resu lts  do n o t s u p p o r t th e  selective ch e m iso rp tio n  h y 
p o th esis . On th e  c o n tra ry  th e y  su p p o rt a m odel w here ad so rp tio n  ta k e s  place

Surface concentration o f  Ni (% )

Method AES [5] SHC [8] SHC [7] Theoretical [4]

95%  Ni c* 80+ ox 40 ^  65+ 40 -  60

70%  Ni 40 ^  20 14 1 0 -2 0

=  Value deduced by interpolation from  published curves.
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oil ensem bles of N i an d  Cu a to m s; rich  in  N i a t  low  coverage and  p ro g ress iv e ly  
r ic h e r  in  Cu as coverage increases, in  v e ry  good ag reem en t w ith  th e o re tic a l 
m odels [15]. I t  is in te re s tin g  to  no te  th a t  th e  a d so rp tio n  h ea t a t  low  coverage  
is h ig h e r  on  th e  5 %  Cu alloy  w here ensem bles r ic h e r  in  N i m u st ex is t, b u t  a t 
p ro g ress iv e ly  h ig h er coverages, adso rp tio n  ta k in g  p lace  on ensem bles p o o re r 
in  N i, th e  a d so rp tio n  h e a t becom es equal on  b o th  alloys. T h a t is th e  reaso n  
w h y  th e  H 0 m o n o lay er va lu es  are in  f irs t  a p p ro x im a tio n  equal on b o th  c a ta 
ly s ts . O th e r  recen t s tu d ies  o f H 2 adso rp tio n  on  110 single c ry sta l faces o f C u -N i 
alloys h a v e  also been  in te rp re te d  in  te rm s o f  ensem bles [16, 17].

T h e  am o u n ts  o f  ad so rb ed  H 2, assum ed to  co rresp o n d  s to ich io m etrica lly  
to  N i su rface  a to m s, w ere m easu red  in  R efs. [7] a n d  [8] u n d er te m p e ra tu re  an d  
p ressu re  con d itio n s chosen  a rb itra r ily , as show n ab o v e . The H 2 m onolayer v a l
ues d e te rm in e d  in  th e  p re se n t p a p e r  are n o t a r b i t r a r y  values b u t c h a ra c te ris tic  
p ro p e rtie s  o f th e  alloys s tu d ie d . U n fo rtu n a te ly , in  th e  fram e of an  in te rp re ta 
tio n  b y  ensem bles, th e  m o n o lay er value is n o t s im p ly  re la ted  to  th e  N i su rface  
c o n c e n tra tio n  as i t  depends u p o n  th e  u n k n o w n  d is tr ib u tio n  fu n c tio n  o f Ni 
a to m s in  th e  ensem bles d e fin in g  th e  ch em iso rp tio n  sites. T h a t is th e  reaso n  
w hy a p p ro x im a te ly  eq u a l va lu es  of th e  m o n o lay er are  o b ta in ed  on tw o  alloys 
w idely  d iffe ren t in  b u lk  co m position  and  c e r ta in ly  also in  surface com position . 
T h u s th e  H 2 m o n o lay er v a lu e  is n o t a m easure o f  th e  rea l Ni surface com posi
tio n . N ev e rth e le ss , i t  allows to  conclude th a t  th e  su rface  of b o th  alloys is en 
rich ed  in  Cu, b u t  th is  p o in t is n o t confirm ed on low  d isp e rs ity  C u-N i alloys.

I t  is possib le t h a t  m ore unam biguous conclusions on surface com position  
an d  d is tr ib u tio n  fu n c tio n  in  th e  ensem bles could  be d raw n  from  e n tro p y  d a ta .

Fig. 6. E n tro p y  of hydrogen adsorbed on two Cu-N i alloys: (1) 5%  Cu-Ni alloy; (2) 30%. 
Cu-Ni alloy. Comparison w ith theoretical models: Curve 1: T ranslational entropy (ideal gas); 

Curve 2: T ranslational entropy (V o lm er  model)
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E n tro p y  of H  in  th e  ad so rb ed  phase as a fu n c tio n  o f coverage is g iv en  fo r b o th  
alloys in  F ig . 6. Im p o r ta n t  d ifferences do a p p e a r  as th e  en tro p y  is slow ly  d ec reas
in g  w ith  coverage on  30 %  Cu alloy, w hereas an  inverse v a r ia tio n  is o bserved  
on  5 %  Cu alloy. T he v a r ia tio n  o f th e  tra n s la tio n a l en tro p y  w ith  coverage , 
c a lc u la ted  for a tw o -d im ensiona l gas, e ith e r  idea l o r non-ideal (V o l m e r  m odel) 
[22], is also  rep resen ted  in  F ig . 6. As th e  ro ta t io n a l  co n tr ib u tio n  to  th e  e n tro p y  
is q u ite  negligible an d  as th e  v ib ra tio n a l te rm  rep resen ts  less th a n  I  e n tro p y  
u n it  [23], th e  tra n s la tio n a l e n tro p y  is eq u a l, in  f ir s t  ap p ro x im atio n , to  th e  to ta l  
e n tro p y . A greem ent b e tw een  ca lcu la ted  a n d  exp erim en ta l va lu es  is sa tis fa c 
to ry  fo r 30%  Cu alloy . B u t fo r 5 %  Cu alloy , no m odel of a d so rp tio n , e ith e r  
m obile  o r im m obile (co n fig u ra tio n a l e n tro p y ) , can  account for th e  e x p e rim e n 
ta l  v a lu es . P ro b ab ly , a sy s te m a tic — in v es tig a tio n  of several alloys w ith  d iffere t 
com positions should  th ro w  som e lig h t on  th is  p roblem .

As concerns th e  T D S  resu lts , th e  m o st su rp rising  fac t is th e  ex is ten ce  of 
a u n iq u e  peak  of d e so rp tio n  as one shou ld  ex p ec t th e  surface o f a n  a llo y  to  be 
h ig h ly  heterogeneous w ith  re sp ec t to  H 2 a d so rp tio n . H 2 m e a su re m e n ts  on a 
110 single c ry s ta l ind eed  show  th ree  p eak s , a t t r ib u te d  to  pure N i s ite s , to  m ixed 
Ni Cu sites an d  to  p u re  Cu sites [1 6 ,1 7 ]. B u t  th is  re su lt m ay  be p a r t ic u la r  to  
th e  110 face w here a to m s in  th e  second lay e r ju s t  b en ea th  th e  su rface  are 
p a r t ly  a p p a re n t. As th e  110 face is less dense  th a n  th e  111 an d  100 faces, it  
m a y  re p re se n t b u t  a v e ry  sm all fra c tio n  o f  th e  to ta l  surface in  th e  b u lk  alloys 
u sed  in  th is  s tu d y . T h u s , from  th e  T D S  re su lts , i t  again  ap p ears  t h a t  H 2 a d 
so rp tio n  tak es  place on  m ixed  ensem bles o f  C u -N i atom s, w hose co m p o sitio n  
v a rie s  slow ly w ith  coverage , w ith  the possib le  excep tion  of v e ry  low  coverages 
(6>R <  0.05).

T h e  ad so rp tio n  h e a t Q m ay  also be deriv ed  from  TD S using  th e  re la tio n  
v a lid  fo r d issociative a d so rp tio n  an d  T D S  sp e c tra  m easured  a t  e q u ilib riu m :

q =  R Tl FJ>m 2

ß n ° 6>m(l -  &m)

w here  T m, 0 m. P m are , resp ec tiv e ly , te m p e ra tu re , pressure an d  co v erag e  a t 
p e a k  m ax im u m , F  th e  p u m p in g  speed, th e  am o u n t a d so rb e d  a t  full 
coverage  (expressed in  th e  sam e u n its  as th e  p ro d u c t F P m) an d  ß  th e  h ea tin g  
r a te .  T h e  Q values d e riv ed  in  th is  m a n n e r are  in  agreem ent, w ith in  e x p e rim e n 
ta l  e rro r , w ith  th e  v a lu es  o f Fig. 2, d eriv ed  from  th e  iso therm s.

Conclusions

S tu d y  o f H 2 a d so rp tio n  on tw o C u—Ni alloys w idely d iffering  in  com posi
t io n  h as  show n th a t :

—  th e  H 2 m o n o lay er values per u n it surface are equal;
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— th e  a d so rp tio n  h e a t  decreases slow ly w ith  increasing  coverage: th e  
in i t ia l  h e a t is h ig h er o u  low  Cu alloys, b u t  th e  h e a ts  a t high coverage are  
e q u a l on  b o th  alloys.

These facts do n o t  s u p p o r t the  m odel o f  se lec tive  chem iso rp tion  o f  H 2 
o n  N i a tom s or p u re  N i ensem bles a t th e  su rfa c e  o f th e  alloy an d  th u s  H 2 
a d s o rp tio n  does n o t a llow  to  m easure th e  su rface  N i co n cen tra tio n .

M ore in fo rm a tio n  w ill ce rta in ly  be d ed u ced  fro m  an  ex tensive s tu d y  now  
i n  p rogress on a series o f  C u Ni alloys of v a r ia b le  com position .

*

Thanks are due to Mr. G. Thiry who conducted most of the experiments.
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The isotope exchange and hydrogenolysis of C2H6 w ith IX on evapo ra ted  Rh 
film s were measured in a flow reacto r during the build-up of hydrocarbon  coverage 
and  during displacem ent from  the surface of chemisorbed hydrocarbon residues. The 
gaseous composition was continuously determ ined by mass spectrom etry. T he adsorption 
ra te  of light ethane, the rate  of desorption of adsorbed C2 radicals by  th e  mechanisms 
of bo th  single exchange and m ultiple exchange, the hydrogenolysis ra te  and  th e  hydro
carbon coverage C$ were sim ultaneously m easured. The value of Cg is determ ined  from 
th e  in tegrated  in—out to ta l mass balance.

I t  is shown th a t all chem isorbed hydrocarbon radicals (Cg) are reversib ly  chemi
sorbed and th a t the ra te  of m ethane form ation is always simply p ropo rtional to  the 
am ount of Cg. On the contrary , the ra te  of single exchange is independent o f Cg but is 
sim ply proportional to  the adsorption  ra te  of ethane.

D uring the build-up, an increase of ac tiv ity  for multiple exchange is observed 
together w ith an increase of ac tiv ity  for hydrogenolysis. During the d isplacem ent, it  is 
concluded th a t ethane is formed from  chem isorbed C, radicals, thus th e  b reak ing  of the 
C — C bond is reversible. I t  is also concluded th a t , in spite of the sm all hydrocarbon 
coverage (less than  2% ), the ra te  lim iting  step  of hydrogenolysis is m ethane desorption 
and th a t the most abundan t surface in term ed ia te  is a C, radical. An analysis of the 
results obtained by the m ethod used here allows to determine also the ra tes  of surface 
steps such as the breaking of the С —C bond.

Introduction

In the study of cata lysts, the hydrogenolysis reaction o f ethane has been 
used ex ten sively  as a test reaction ow ing to  its very large dem anding properties 
and its structure sen sitiv ity  [1—12]. On the other hand, it appears th a t the 
m echanism  o f that reaction is still under discussion and it is not clear which 
step  is responsible for the dem anding aspect and structure sen sitiv ity .

It is not reasonable to  assum e the sam e mechanism and furtherm ore the 
sam e step  being rate-determ ining on all cata lysts, as made for exam ple in 
th e  exten sive work of Sin fe l t .

* This paper was presented a t the F irst Belgian Hungarian Colloquium on Catalysis 
a t  M átrafüred, October 19 — 22, 1981.

+ Maitre de Recherches of the “ Fonds N ational de la Recherche Scientifique” .
* * To whom correspondence should be addressed.
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T h e m ultip le b o n d in g  o f  th e  various ra d ic a ls  re su ltin g  from  th e  d isso c ia 
tiv e  chem iso rp tion  o f  e th a n e  h a s  been p ioposed  to  be  th e  reason for th e  s t ru c 
tu re  se n s itiv ity  [1— 12].

W e have an a ly zed  th e  effect of H 2 p re ssu re  a n d  hydrogen  coverage on  
th e  a d so rp tio n  step  o f  a lk a n e s  [13].

I t  appears th a t  th e  a c tiv e  site for a lk an e  ch em iso rp tio n  is com posed o f 
a la rg e  ensem ble o f H  ch em iso rp tio n  sites a n d  t h a t  th e re  is co m p etitio n  fo r 
a d so rp tio n  betw een h y d ro g e n  an d  th e  alkane. T h e  a d so rp tio n  ra te  of th e  a lk an e  
is th u s  strong ly  d e p e n d e n t o n  th e  hydrogen  co v e rag e  th a t  appears in  th e  r a te  
e q u a tio n  as (1 — 0 H)Z, w h e re  Z  is th e  n u m b er o f  H  chem isorp tion  sites d e 
f in in g  th e  active site  fo r a lk a n e  chem isorp tion . A s a re s u lt ,  th e  ad so rp tio n  s te p  
p re se n ts  a dem anding  c h a ra c te r  [14] and th e  su rface  coverage function  c o n ta in s  
a n  im p o r ta n t  c o m p en sa tio n  effect [15].

I t  has been show n  [16] th a t  th e  a d so rp tio n  s te p  o f e thane  on rh o d iu m  
film s o b ey  th e  sam e m e c h a n ism  w hatever h a p p e n s  to  th e  adsorbed ra d ic a l, 
ex ch an g e  w ith  D2 or h y d ro g en o ly s is .

O n th e  o ther h a n d , w e h av e  previously  sh o w n  in  th e  s tu d y  of C H 4— D 2 
ex ch an g e  th a t  i t  is possib le  to  f in d  exp erim en ta l co n d itio n s  such th a t  th e  co m 
p o s itio n  of rad icals ch em iso rb e d  on the m e ta l su rfa c e  m ay  reach  eq u ilib riu m  
in  1 0 2 to  103 s [17]. I t  is th e n  also possible in  a flo w  system  to  derive  th e  
co v erag e  from  th e  in te g ra te d  v alue  of the  in —o u t m ass  balance.

I n  th e  work p re s e n te d  here , we have m e a su re d  th e  hydrogeno lysis o f 
e th a n e  an d  the  ex ch an g e  w ith  D 2 on e v a p o ra te d  rh o d iu m  film s d u rin g  th e  
b u ild -u p  in  h y d ro ca rb o n  co v erag e  as well as d u r in g  th e  cleaning of th e  su rface  
o f  h y d ro c a rb o n  residues w ith  hydrogen. T he use  o f  h y d ro g en  in  th e  fo rm  o f
D., allow s to  d istingu ish  a n  e th a n e  m olecule t h a t  h a s  n e v e r been adsorbed  fro m  
a n  e th a n e  molecule t h a t  h a s  b een  adsorbed, a n d  w ill th u s  appear in  th e  gas 
p h a se  as one of th e  d e u te r a te d  isom ers of e th a n e . W e c a n  th u s  m easure s im u l
ta n e o u s ly  th e  a d so rp tio n  r a t e  o f ligh t e th an e  (R a), th e  desorp tion  ra te  o f  a d 
so rb ed  C2 species fo llow ing  s im p le  exchange (R s ) a n d  m u ltip le  exchange (R ME) 
m ech an ism , th e  h y d ro g en o ly s is  ra te  (R A) a n d  th e  to ta l  hyd rocarbon  su rface  
co v erag e  (Cs ) a t a n y  m o m e n t during  the  t r a n s ie n t  perio d  necessary  fo r  th e  
su rface  com position , th e  a c t iv i ty  and the  s e le c tiv ity  o f th e  ca ta ly s t to  re a c h  
s te a d y  values.

E xperim ental

The reaction vessel, of U H V  type , was build from “ V arian”  parts, the bulb in w hich the  
film  is evaporated was of P y rex  glass (Fig. 1). The procedure of film  preparation has already  
been described [16].

D euterium  is allowed to  flow  in the reaction vessel w ith  th e  reaction bulb a t reac tion  
tem p era tu re  (liquid th e rm o sta t) u n ti l  an adsorption-desorption  equilibrium is a tta ined . The 
reac tio n  bulb is then isolated by closing valve 3.

The alkane is then  in tro d u ced  under flow conditions in  th e  “ by  pass” until steady  flow 
conditions are attained. The opening of valve 3 represents tim e  zero of a “build-up” experim ent.

A cta  Chim. Acad. Sei. Hung. I l l ,  1982
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Ínlet
Ion pump

Diffusion
pump

M ass  
spectro

F ig . 1. Schem atic diagram of th e  U HV  reaction vessel

Two ex p e rim en ts  w ill be analyzed  h e re , con d u c ted  a t 50 °C an d  a d e u te 
riu m  pressure  o f  4.3  X 1 0 - 3 T orr. The vo lu m e flow  ra te  for D 2 w as 88.9 c m 3 s _1. 
T he f ir s t  e x p e rim en t (R h  1882) co rresponds to  a “ bu ild -u p ”  in  h y d ro c a rb o n  
coverage u n til s te a d y  cond itions of c a ta ly tic  a c t iv i ty  are a tta in e d , w h ereas  th e  
second one (R h  1883) co rresponds to  a “ c le a n in g ”  o f th e  surface in  ch em iso rb ed  
h y d ro ca rb o n  resid u es. F igu res 2 and  3 show  how  th e  p a rtia l p ressu res  o f  th e  
d iffe ren t species in  th e  gas phase v a ry  w ith  t im e  d u rin g  these tw o  ex p e rim en ts . 
U n d e r th e  co n d itio n s  used  here i t  ta k e s  m o re  th a n  an  h our to  reach  s te a d y  
c a ta ly tic  a c tiv ity . F u rth e rm o re , m u ltip le  ex ch an g e  and  hydrogeno lysis  p ro 
duce on ly  p e rd e u te ra te d  e th an e  and  m e th a n e , w ith  account o f th e  iso top ic

( 1 )

R esults

5* Acta Chim. Acad. Sei. H ung. I l l , 1982

The “ cleaning” of the surface from  hydrocarbon residues s ta rts  upon turning of the in let valve 
2 for the hydrocarbon. All the  flow is entering the m ass spectrom eter. The flow is of m olecular 
type owing to  the pressure range. Thus the in troduction  of a second component (alkane) in  the 
gas flow does not m odify th e  partia l pressure or th e  volum ic flow rate of the first com ponent 
(D2). Furtherm ore, th e  diffusion rate, which is equal to  the  conductance of the vessel, is about 
10 L s-1 for D2, w hereas th e  volume flow rates used in the vessel are 2.500 cm3. The m ain 
residence tim es range from  about 15 to 250 s. These ra te s  were calculated by use of the following 
equation:

where Ф\п and Фоиt are th e  molecular flow in and ou t the reaction vessel (in inolec. s “ 1), V  is 
the volume of the reac tio n  vessel and p i  is the p a rtia l pressure of gas i.  The tim e constan t 
necessary to obtain a signal in the mass spectrom eter proportional to the pressure is of the 
order of a few seconds.

R e a c ta n t s

Catalyst: evaporated  R h film  under UHV conditions ( p  <  10” 9 Torr), R h filam ent 
from Johnson—M atthey  (99.9%  purity)

C2H6 from “ L’A ir L iquide” (99.95% pu rity )
1)2 from  “ L’A ir L iquide” (isotopic pu rity  b e tte r  th a n  99.6%), purified by diffusion 

through a Pd-A g th im ble. Analysis of the gas com position was performed continuously  by 
mass spectrom etry (V arian  GD 150).
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d ilu t io n  in  th e  d eu te riu m  gas th a t  in  th e se  ex p erim en ts  rem ains c o n s ta n t  a t 
P / ( P  _|_ D ) =  9.7 x  1 0 - 3 in  R h  1882 an d  o f  4.3 X 10~3 in  Rh 1883.

F o r  R h  1882, th e  v a lu e  o f th e  v a rio u s  ra te s  (Ra =  ad so rp tio n  r a te  of 
l ig h t e th a n e  C2P 6, R SE r a te  o f  single ex ch an g e , R ME ra te  of m u ltip le  ex ch an g e  
in  e th a n e  m olecules p er second  an d  R H r a te  o f  hydrogenolysis in  m e th a n e  
m o lecu les  p er second) ca lc u la ted  using E q . (1) are p lo tted  ag a in st t im e  in 
F ig . 5 , to g e th e r  w ith  th e  h y d ro c a rb o n  c o n te n t o f  th e  surface exp ressed  as th e  
n u m b e r  o f carbon  a to m s Cg. T hese re su lts  show  th a t  th e  se lec tiv ity  fo r  h y d ro 
g en o ly sis , m ultip le  exch an g e  an d  single ex ch an g e  v a ry  strong ly  d u r in g  th e

F ig. 2. R h  1882: V ariation of th e  different partia l pressures w ith time. Curve 1: pressure of 
CD4 in  2 X 1 0 "5 Torr, curve 2: pressure of C2Pf( in  1 X 10“4 Torr, curve 3: pressure of C2P 5D in 

5 x l 0 -c  Torr, curve 4: pressure of C2D6 in l x l O -5 Torr

Fig. 3. R h  1883: V ariation of the different partia l pressures w ith time. Curve 1: pressure of 
CD4 in  2 X 10“ 5 Torr, curve 2: pressure of C2P6 in 5 > 10~5 Torr, curve 3: pressure of C2P 5D in 

5 X 10-6  Torr, curve 4: pressure of C2DG lX lO -0 Torr

A cta  Chim. Acad. Sei. Hung. I l l ,  1982
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Time ( s )

Fig. 4. Rh 1882: Build-up in hydrocarbon coverage. Curve 1: instant carbon mass balance on 
the surface in 2 X 1013 atom s s ” 1, curve 2: to ta l chem isorbed hydrocarbon residues in 5 x  1016

carbon atom s

Time ( s )

Fig. 5. R h .882: V ariations of the rates of adsorption  (R a). hydrogenolysis (R h)’ single exchange 
( ä s e ) and multiple exchange ( R jme) to ge tber w ith  the variations in hydrocarbon coverage 
(Cs) w ith tim e. Curve 1: R h in 2 X 1013 molec. sec“ 1, curve 2: R a in 5 X 1013 molec. sec-1 , curve 

3: R se in 5 X 1 0 1S molec. sec-1 , curve 4:  R m e  l n  1 X Ю 13 molec. sec *, cu rve 5:
Cg in 5 X 1016 atom s

b u ild -u p  in  liy d ro carb o n  coverage. T he h y d ro c a rb o n  coverage is d e riv e d  fron t 
th e  to ta l  in -o u t m ass b a lance  (F ig. 4) on  th e  su rface . The coverage in  h y d ro c a r 
b o n  residues, expressed  as th e  n u m b er o f  c a rb o n  atom s Cs , reaches a v a lu e  of 
2.8 X 1016 Cs , as com pared  to  th e  n u m b e r o f  chem isorp tion  sites m e a su re d  b y  
H 2 ch em iso rp tio n  o f 1.8 X 1018 H  sites. In  o th e r  w ords, th e  h y d ro c a rb o n  
coverage  a t  s tead y  co n d itions is s till v e ry  sm all. T he ra te  of single ex c h a n g e  is 
a lw ays p ro p o rtio n a l to  th e  ad so rp tio n  r a te  o f  ligh t e thane , in d e p e n d e n tly  of

Acta Chim. Acad. Sei. H ung. I l l ,  1982
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th e  v a lu e  of Cs . T h e  increase  of a c tiv ity  fo r m u ltip le  exchange sh o u ld  be 
d esc rib ed  b y  tw o tim e  c o n s ta n ts , d ifferen t b y  a  fa c to r  larger th a n  100. T he 
la rg e r  o f  these  tw o  tim e  c o n s ta n ts  is e q u iv a le n t to  th e  one ch a rac te riz in g  th e  
v a r ia t io n  of R H as w ell as th e  v a ria tio n  o f Cs . I t  c a n  also be seen th a t  th e  r a te  
o f  m e th a n e  fo rm a tio n  is a lw ays n early  p ro p o r tio n a l to  Cs . In  ex p e rim en t R h  
1883, th is  p ro p o rtio n a lity  is va lid  (Fig. 6), w h e reas  in  b o th  ex p erim en ts  th e re  
is no  sim ple re la tio n  b e tw e e n  R ME and  Cs .

F ig u re  7 show s t h a t  in  R h  1883, th e  p a r t ia l  p ressu re  of ligh t e th a n e  d e 
creases ex p o n en tia lly  w ith  tim e  w ith  a tim e  c o n s ta n t  of abou t 60 s. L e t us r e 
m e m b e r here th a t  th e  vo lu m e flow  ra te  o f lig h t e th a n e  ou t of the  re a c tio n  ves-

Time ( s)

Fig. 6. R h  1883: Cleaning of the surface in  Cr and C2 species. Curve 1: R h/Q$ in 1 X  10 3 molec. 
s “ 1 C s1, curve 2: R me/^S 2 х Ю- 4 molec. s -1 C s1, curve 3: Cs in 5 x l 0 16 atom s

Fig, 7. R h  1883: E xponentia l decay of the pressure in  C2P G (curve 1: 5 X 10 5 T orr), of Л$Е 
(curve 2 in  2 x l 0 12 molec. s -1 ) and of Д ме (curve 3 in  1 X 1013 molec. s - 1 ) w ith  tim e

A cta  Chim. Acad. Sei. H ung. I l l ,  1982
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Fig. 8. Rh 1883: D ecay of jRh (curve 1 in  2 x l 0 13 molec. s 1), of R me (curve 2 in 1 X 1013 
molec. s _1) and of Cg (curve 3 in  5 x lO le atom s)

sei is 32.5 cm 3 s -1  an d  th e  vo lum e flow ra te  e q u iv a le n t to  th e  ad so rp tio n  ra te  
a t  s te a d y  co n d itio n s is 11.5 cm 3 s -1 . T he v o lu m e  o f th e  reac tio n  vessel being  
o f  2570 cm 3, th e  c a lc u la te d  tim e  co n stan t fo r th e  decrease o f th e  pressure  o f 
C2D e is ab o u t 59 s. T h is re su lt allows to  conc lude  th a t  in  th e  w hole p ressu re  
ra n g e  covered in  R h  1883, th e  ad so rp tio n  ra te  is a lw ays f ir s t  o rd er in  Р сгр,-

One also sees in  F ig . 7 th a t  th e  ra te  o f  single exchange is alw ays p ro p o r
tio n a l to  P CjPt a n d  th u s  to  R a. The ra te  o f  m u ltip le  exchange behaves in  a 
co m p le te ly  d iffe ren t w ay. W hen  p lo ttin g  log J?ME versus tim e  (Fig. 8), i t  a p 
p ea rs  th a t  th e  decrease  o f R Mi d u ring  th e  c lean in g  in  h y d ro ca rb o n  residues is 
ch a rac te rized  b y  tw o  tim e  co n stan ts . O n th e  o th e r  h a n d , th e  sam e F igu re  show s 
t h a t  th e  decrease o f  R H a n d  Cs is ch a rac te rized  b y  th e  sam e tim e  c o n s ta n t, 
1.25 X 103 s, w h ich  is close to  th e  inverse o f th e  p ro b a b ility  o f deso rp tio n  o f a 
ca rb o n  a to m  from  th e  su rface , RH/CS (Fig. 6).

Discussion

The sim ple p ro p o r tio n a lity  of R SE to  R a is  in  ag reem en t w ith  a reac tio n  
schem e p rev io u sly  p ro p o sed  for th e  a d so rp tio n  o f  m e th a n e  an d  e th an e  [16]. 
T h is  schem e, co rresp o n d in g  to  a reac tive  ty p e  m ech an ism , is

(C2H 0)g +  (H )a +  Z S ^  (C2H 7)a (C2H 5)a +  (H 2)g (2)

U n d e r th e  co n d itio n s u sed  here , viz. a large excess o f gaseous D 2 and  v e ry  fa s t 
exchange b e tw een  th e  gaseous d eu te riu m  an d  th e  pool o f chem isorbed  h y d ro 
gen  atom s, (H a) m u st be a d eu te riu m  a to m . T h e  reverse  reac tio n  o f  s tep  1

Acta Chim. Acad. Sei. Hung. I l l , 1982
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(d eco m p o sitio n  of th e  com plex  (C2H 7)a m ay  on ly  give rise to  single exchange 
h u t  as i t  expresses th e  p ro b a b il i ty  fo r an  adso rbed  C2H 6 m olecule in  th e  form  
o f  th e  associa tion  com plex  (C2H 7)S to  undergo  ch em iso rp tion  or d eso rp tio n , 
as lo n g  as th e  h y d ro ca rb o n  co v erag e  rem ain s sm all, th e  ra tio  o f th e se  p ró b á 
lni it ies w ill no t be affec ted  b y  v a r ia tio n s  in  Cs .

A s d u ring  th e  b u ild -u p  in  Cs as well as d u rin g  th e  clean ing  o f th e  surface 
in  Cs , R H/C S is alw ays a b o u t c o n s ta n t an d  close to  th e  in v erse  o f  th e  tim e  
c o n s ta n t  charac teriz ing  th e  d ecrease  o f R H an d  Cs (F ig . 6), th e  p ro d u c t o f 
h y d ro g en o ly s is  m ust be a Cx ra d ic a l. T h e  v a r ia tio n  o f R ME in  tw o  s tep s  in  b o th  
e x p e r im e n ts  would suggest th e  ex is ten ce  o f  tw o  ty p es  o f s ites, one in d u c in g  
o n ly  ex ch an g e  w ith  a sh o rt tim e  c o n s ta n t for th e  surface to  a d a p t  to  th a t  
sp ec ies . T h e  o ther one in d u ces b o th  exchange an d  h y d ro geno lysis , th e  r a te  o f 
w h ich  w o u ld  v a ry  w ith  a t im e  c o n s ta n t in  th e  range  o f  103 s. A n im p o r ta n t 
o b je c tio n  to  th a t  in te rp re ta t io n  is t h a t  R SE is in d ep en d en t o f Cs a n d  sim ply  
p ro p o r t io n a l  to  R a. T hus o n ly  one ty p e  of site  should  give rise  to  single ex 
c h an g e ! A nyw ay , th is  could  be  ex p la in ed  b y  chem iso rp tion  on  s ite  1 th ro u g h  a 
r e a c tiv e  ad so rp tio n  m ech an ism  a n d  ch em iso rp tio n  on site  2 th ro u g h  a d is
so c ia tiv e  m echanism . T his is in  c o n tra d ic tio n  w ith  prev ious re su lts  concern ing  
R a [16 ], w here it  has been  sh o w n  th a t  th e  ad so rp tio n  o f e th a n e  p roceeds 
th ro u g h  th e  sam e m echan ism  u n d e r  cond itions o f b o th  exchange an d  h y d ro 
g en o ly s is .

I t  is  im p o rta n t to  n o te  h e re  t h a t  d u rin g  th e  slow decrease in  R ME (second 
p a r t  o f  decrease  of jRme in  F ig . 8) th e  va lu e  o f Д МЕ is alw ays p ro p o r tio n a l to  
th e  s q u a re  o f R H (Fig. 9). T h e  su rface  being  m ain ly  com posed o f C2 rad ica ls , 
th is  is ex p e rim en ta l p ro o f t h a t  th e  b re a k in g  o f th e  C— C b o n d  on  th e  surface 
is a  re v e rs ib le  step . F u r th e rm o re , since th e  am o u n t o f C2 rad ica ls  on  th e  sur-

F ig . 9. R h  1883: Rme versus during the cleaning of the surface in C, and C2
species
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face is sm all as com pared  to  th e  C4 ra d ic a ls , w hereas the  ra te  o f M E  is o f  the  
sam e o rd e r o f m ag n itu d e  as th e  ra te  o f  liyd rogeno lysis, the  p ro b a b il i ty  o f de
so rp tio n  o f a C2 rad ica l is m uch la rg e r th a n  t h a t  o f a C4 rad ical. T h u s , th e  square  
d ependence  o f  R ME on jRh m u st be re la te d  to  th e  k inetics o f th e  re v e rse  s tep  
o f C— C b o n d  b reak in g  an d  n o t to  th e  e q u ilib riu m  of th a t  s tep .

T h u s we now  m ay  consider th e  fo llow ing  reac tio n  schem e:

® © ® ®
(C2H e)g —  (C2H 7)a ^  . . .  (C2H x)a —  . . .  (CjHy)a ^  . . .  (C H 4)g

0 C, 0 Cl (3)

w here all C2H X are in  equ ilib rium  w ith  each  o th e r  and  all CjHv a re  also  in  eq u i
lib riu m  w ith  each  o te r. S tep  4 is co n sid e red  as alw ays ou t o f e q u ilib r iu m  be
cause we know  [16] th a t  u n d e r th e  e x p e rim e n ta l conditions u se d  here  the  
re a d so rp tio n  o f CH4 m ay  be co m p le te ly  n eg lec ted . Let us now  a n a ly z e  th e  re 
su lts  ill th e  fram e  o f E q . (3):

and
d 0 Ct/dt =  R 2 +  R '3 - R ' i -  R 3 (4)

d<9Ci/dt R 3 -  Щ  R 4 . (5)

It is interesting to note that

^2 =  -̂ SE (6)

^2 =  ^ME (7)

and R  H =  ^4 (8)

In  th e  f ir s t  p a r t  o f Fig. 5, Cs is neg lig ib le  a n d  R'3 m ust th u s  also  b e  negligible. 
B u t i f  Jf?ME, w hich m u st be p ro p o rtio n a l to  0 Cs, reaches a s te a d y  v a lu e , we 
m a y  w rite  th a t

dOc,
dt

0

S M  =  (Ra)1 -  ( ^ ) l  =  ( * a ) l  -  ( t f SE)l -  (* M e ) i

=  (1.90 0.22 0.32) X l 0 13=  1.36 XlO13 molec. »“ к

(9)

In  th e  above general schem e, it is log ical to  suppose th a t

R:,otGC2 and R 3 sc0Ci 

Thus R 3 should vary as R'2 =  ДМЕ.

( 1 0 )
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W e m ay  now  c a lc u la te  th e  value o f R 3 u n d e r  s te a d y  conditions (end  o f 
F ig . 4) an d  as again

dt

5 7 v  1012
R 4 =  1.36 X 10 1013 — — --------= 2 .4 2  X lO 13 m olec . s 1

3.2 X 1012

R 2 =  1.70 X 1013 —  0.19 X 1013 =  1.51 X 10 13 m olec. s - 1 

R'2 =  5.7 X 1012 m olec. s -1

R'3 =  2.42 X 1013 +  5.7 X 1012 -  1.51 X Ю 13 =  1.48 X 1013 m olec. s - 1

A s in  th e  f in a l p a r t  o f F ig . 8, we m easure in  fa c t th e  r a te  of step  3'. th e  e x t r a 
p o la tio n  o f R me, to  t =  0 in  F ig . 8 co rresp o n d in g  to  R'3, gives the v a lu e  o f 
R'3 u n d e r  s te a d y -s ta te  c o n d itio n s  (end of R h  1882). T h is  va lue  is ab o u t 2.2 X Ю 12 
m olec. s _1, in  d isag reem en t w ith  th e  value o f 1.48 X 1013 calcrdated above.

T h u s  th e  schem e ex p ressed  b y  E q. (3) is to o  sim ple . On th e  o th e r h a n d , 
i t  is also  d ifficu lt to  reco n c ile  th e  value o f th e  t im e  co n stan t ch a ra c te riz in g  
th e  f i r s t  fa s t decrease o f R ME (F ig . 8), w hich is a b o u t  200 s, w ith  the  tim e  co n 
s ta n t  ch a rac te riz in g  th e  f i r s t  fa s t increase o f R ME (F ig . 5), wdiich is less th a n  
a b o u t 10 s.

W e there fo re  p ro p o se  a schem e as follow s:

® © ® ® ©
(C2H 6)g —  (C2H 7)a —  (C2H x)a —  (C2H y)a —  ( C i t y . . .  — > (C H 4)g

0 c , 0 c , 0 Cl (11)

w h ere  n one  of th e  C2 ra d ic a ls  are  in  eq u ilib riu m  w ith  each o ther. С2Н Л an d  
C2H V m a y  th a n  co rre sp o n d  to  d ifferen t degrees o f  d eh y d ro g en a tio n  o r m a y  
also co rresp o n d  to  d iffe re n t positions of th e  sam e  rad ica ls  on th e  su rface , if  
th e y  a re  m obile.

I t  follow s th a t  th e  v a lu e s  of R 2, R 3, R'3 a n d  R 3 are  th e  sam e as th e  one 
c a lc u la te d  above. B u t now , th e  ra te  of 2.2 X Ю 12 m olec. s -1 (e x tra p o la tio n  
o f  jRme to  R me t — 0 in  F ig . 8) gives the  value  o f R 4 in

Л̂ ~  =  R i - R ' i - R „  w ith  R 5 =  R H . (12)
df

W e th e n  ca lcu la te  fo r s te a d y -s ta te  conditions:

f í4 =  R 5 +  R ; =  2.2 X 1012 +  9.0 X 1012 =  1.12 X 1013 molec. s e c - 1.

A cta  Chim. Acad. Sei. H ung. I l l , 1982
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T h e ra te  c o n s ta n t o f s tep  2 ' in  th is  schem e is la rg e r th a n  th e  r a te  co n stan t of 
s tep  3 ' and  0 Cj 0 Cj. T h is explains th e  large  difference in  th e  v alues of th e  
tim e  co n stan ts  ch a ra c te riz in g  th e  f irs t  fa s t increase  of R ME (F ig . 5) o r ch arac
te riz in g  th e  f irs t  fa s t decrease o f  jRme (F ig . 8).

As a conclusion , th e  tra n s ie n t m e th o d  used  here to g e th e r  w ith  th e  use of 
D 2 provides s im u lta n e o u s ly  ex tensive  in fo rm a tio n  on  th e  v a rio u s  ra te s  (i?a, i?SE, 
K ME, R h ) and  on  th e  h y d ro c a rb o n  coverage d u rin g  th e  perio d  w here th e  surface 
com position  is a d a p tin g  to  th e  gas phase . T h is b o d y  o f in fo rm a tio n  gives an 
in s ig h t in to  su rface  s tep s  th a t  is no t av a ilab le  from  co n v en tio n a l k inetic  
s tu d ies .
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S tud ies o f  benzene a d so rp tio n  h a v e  b een  perform ed b y  F o u r ie r  T ran sfo rm  
In fra re d  S pectroscopy  on a N i/S i0 2 c a ta ly s t  a t  room  te m p e ra tu re .

T he in fra red  sp ec tra  w ere m easu red  on  D igilab FTS-14 a n d  a  D igilab  
F T S-20  in fra red  in te rfe ro m eters . T h e  in fra re d  cell, th e  m e th o d  o f  sam ple 
p re p a ra tio n  an d  ex p erim en ta l te c h n iq u e  h av e  been  described e lsew here  [I] .

A specia lly  p rep ared  disc p ressed  fro m  th e  im p reg n a ted  silica  sam ple 
a llow ed  to  reco rd  th e  sp ec tra  below  1300 c m “ 1 dow n to  600 c m -1 . T h e  com pa
riso n  o f th e  in fra red  and  R a m a n  [2] sp e c tra  leads to  th e  f ir s t  spectroscop ic  
ev id en ce  o f  CAv sy m m etry  g roup  fo r  a d so rb ed  benzene on N i. M ore th a n  25 
b a n d s  of chem isorbed  benzene w ere d e te c te d  and  a w eak v ib ra tio n a l coupling 
b e tw een  n e ig h b o u rin g  benzene m olecules w as observed, too .

P a r t  o f  tl  íe adsorbed  benzene a t  low  coverage is ch em iso rb ed  w ith  loss 
o f  i ts  a ro m a tic  ch a rac te r. The fo rm a tio n  o f C4 species was fo u n d  o n  hydrogen - 
“ r ic h ”  surfaces, w hile on h y d ro g en -“ p ° t)r”  surfaces, Ce species w as form ed 
d u rin g  chem osorp tion . The co m p ariso n  o f v ib ra tio n a l d a ta  fo r  chem iso rbed  
benzene  an d  condensed  Ni w ith  C6H e a t  low  tem p era tu re  ( ~  10 K ) [3] an d  th e  
o rg an o m eta llic  yr-complexes o f M(CeH ß)2 [4] show ed th a t  th e  b en zen e  ring  
p e r tu rb a tio n  is s im ilar and  w eak  in  th e  f irs t  tw o  cases b u t m u ch  s tro n g e r  for 
san d w ich  m olecules.

All o u r observa tions are in  good ag reem en t w ith  th e  re su lts  o f  H igh 
R eso lu tio n  E lec tro n  E n erg y  loss sp ec tro sco p y  on Ni(100) a n d  (111) single 
c ry s ta l  faces [5] w ith  th e  ex cep tio n  o f  th e  um brella  ( r u ) v ib ra tio n . M ore de
ta ile d  re su lts  w ill be pub lished  v e ry  soon.

* This paper was presented a t the firs t B elg ian- Hungarian Colloquium on Catalysis 
a t  M átrafüred, October 19 — 22, 1981.
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C6- and C5-cyclization of heptane isom ers (and also, olefin form ation as a related 
process) over P t-b lack  have been studied in  pulse and circulation system s. H ydrogen- 
deficient conditions favour arom atization, via  presum ably term inal olefins. C6-Cycliza- 
tion  in the presence of more hydrogen is accom panied by internal olefin fo rm ation . 
R elative reactiv ities of all heptane isomers have  been measured: this shows th a t  cycliza- 
tion  is easier betw een term inal m ethyl groups. O ptim um  hydrogen pressures for both 
types of cyclization have been determ ined (and  compared w ith hydrogenolysis, too). 
Earlier m echanism  suggestions for arom atiza tion  and cyclopentane form ation  have been 
confirm ed; the distinction  between tw o types of bond shift mechanism s producing 
arom atics (from  substitu ted  pentanes) and  sa tu ra te d  isomers, respectively, has received 
additional support facilitating the iden tifica tion  of these two reactions w ith  mechanisms 
proposed in the literature .

Introduction

Several p a ra lle l reac tions m ay  o ccu r w h en  alkanes are re a c te d  o v er P t 
c a ta ly s ts . I t  has b een  show n th a t  th e  s e le c tiv ity  o f ca ta ly sts  is g re a tly  in flu 
enced  b y  th e  p resence  of hydrogen ; in  h e liu m , a ro m atiza tio n  (an d  som e olefin  
fo rm a tio n ) are th e  m ain  p roduc ts, w h ereas  C5-cyclic alkanes an d  sk e le ta l iso
m ers also a p p e a r  in  h y d ro g en  [1]. T he y ie ld s  o f  these  reactions h a v e  m ax im a  
as a  fu n c tio n  o f h y d ro g en  p a r tia l p re ssu re ; th is  w as show n in  b o th  p u lse  [2] 
a n d  s ta tic -c irc u la tio n  reac to rs  [3]. A h y p o th e s is  has been p u t  fo rw a rd  th a t  
th e  p o sitio n  o f  th e  m ax im a  as a fu n c tio n  o f  th e  hydrogen  p ressu re  w o u ld  be 
c h a ra c te r is tic  o f  th e  degree o f d issoc ia tio n  o f  th e  surface in te rm e d ia te  fo r the  
g iv en  re a c tio n  [4]. T h is hypo thesis m a y  be  re la te d  to  th e  m ore e x a c t fo rm u la 
tio n  o f reac tiv e  a d so rp tio n  b y  F r e n n e t  et ul. [5] w ho claim ed th a t  Z  “ p o te n tia l  
a d so rp tio n  s ite s”  shou ld  in te ra c t w ith  th e  m olecule (in a d d itio n  to  th e  single 
“ la n d in g  s ite ” ). T hese sites are, as a ru le , occupied  by  h y d ro g en ; th u s  th e  
h y d ro g en  coverage  ap p ears  in  the  ex p re ss io n  o f  th e  reaction  ra te  in  th e  Z -th  
pow er (Z  being  genera lly  a high n u m b er). T h is  re su lts  in  ra th e r  s te e p  h y d ro g en  
dependencies .

* This paper was presented a t the F irst B elgian — H ungarian Colloquium on Catalysis 
at M átrafüred, O ctober 19 — 22, 1981.

** To whom correspondence should be addressed.
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A ro m a tiz a tio n  w ould  re q u ire  th e  m ost d isso c ia ted  surface in te rm e d ia te s . 
T h is  w o u ld  correspond  to  th e  stepw ise a ro m a tiz a tio n  m echanism  in v o lv in g  
su rfa c e  a lk en es, a lkad ienes a n d  a lkatrienes as in te rm e d ia te s  [6, 7]. T h e  a ro 
m a tiz a t io n  o f  su b s titu te d  p e n ta n e s  tak es  p lace  v ia  d ehydro -isom eriza tion , in 
v o lv in g  s im ila rly  or s till m o re  d issociated  su rfa c e  in te rm ed ia tes  [8]. T h is , 
p re s u m a b ly  bo n d  sh ift ty p e  re a c tio n  differs f ro m  th e  process p roducing  s a tu 
r a te d  iso m ers  [9]. H ydrog en o ly sis  also re q u ire s  m u ltip ly  d issociated  in te r 
m e d ia te s  b u t  because th e  re a c tio n  requires s to ic h io m e tric  hydrogen  u p ta k e , th e  
m a x im u m  yield  lies a t h ig h e r  hydrogen  p re ssu re s  [9]. C5-Cyclic re a c tio n s  
(r in g  o p e n in g  an d  closure as w ell as C5-cyclic isom eriza tio n ) requ ire  less d is 
so c ia te d  su rface  species. As opposed  to  l i te ra tu re  suggestions [10] a f la t  ly in g  
h a lf -h y d ro g e n a te d  in te rm e d ia te  was suggested  fo r  i t  [11], w hereby  th e  cycli- 
z a t io n  s te p  w ould resem ble  th e  associative co m p lex  suggested b y  L i b e r 

m a n  [ 1 2 ] .

O lefin s w ould be b y -p ro d u c ts  of cy c liza tio n . A  hydrogen-rich  e n v iro n 
m e n t fa v o u ra b le  for C5-cyclic rac tio n s w ould p ro d u c e  in te rn a l o lefins w hile  
m o s tly  te rm in a l olefins h a v e  been  found u n d e r  hyd rogen -defic ien t c o n d i
tio n s  [11]. T h is could be ex p la in ed  b y  th e  d iffe re n t ty p e s  of ad so rp tio n  u n d e r  
th e se  tw o  co n d itions [13].

I n  o rd e r  to  collect ch em ica l evidence fo r  th e  above-m en tioned  re a c tio n s , 
i t  is re a so n a b le  to  aim  a t  th e  s tu d y  o f as m a n y  isom ers as possible. T h u s , th e  
-com m on fe a tu re s  can  be co llec ted  and th e  in d iv id u a l fea tu res  m ay give in fo r 
m a tio n  as  f a r  as th e  co rre la tio n s  betw een  re a c t iv i ty  an d  m olecular s t ru c tu re  
are  co n c e rn e d . H e p tan e  iso m ers  were se lec ted  fo r  th e  p resen t w ork, b ecau se  
th e y  u n d e rg o  ra th e r  easily  all reac tio n s e n u m e ra te d  an d  th e y  do n o t r e s u lt  in  
so n u m e ro u s  p ro d u c ts  w hich  w ould  ren d er e v a lu a tio n  in to le rab ly  d iff icu lt.

T h e  p re se n t w ork  w ill deal w ith  th e  c y c liz a tio n  reactions of h e p ta n e  
iso m ers  (p a y in g  p a r tic u la r  a t te n t io n  to  th e ir  h y d ro g e n  dependence) a n d , also 
re la te d  iso m eriza tio n  processes will be ta c k le d . H ydrogenolysis w ill fo rm  a 
s e p a ra te  p u b lica tio n .

Experimental

A pparatus

A CHROM  31 type gas chrom atograph  served for analysis of the reaction p roduc ts . 
Two ty p e s  of reactors could be jo ined  to it  a lternatively : a pulse-type microreactor [14] or a 
s ta tic -c ircu la tio n  reactor of 160 cm 3 volume [15] from  w hich 1 cm3 gas samples could be 
in tro d u ced  by  means of a six-way sam pling valve. Sam ples were introduced in the liquid  s ta te  
in to  th e  m icroreactior using a syringe and a rubber sep tum . The analysis was carried ou t using 
a 50 m  steel capillary column w etted  by squalane.

Catalyst

P t-b la c k  was reduced from  aqueous solution of H2PtC l6 by HCHO in the presence of 
K O H  [16]. I t  was pretreated  a t 633 К  in H2 for 1 hour: th e  H 2 was introduced a fter h ea tin g  
up th e  c a ta ly s t in air. This type of trea tm en t has reported ly  produced the largest crysta llites
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[17]. The specific surface of th is P t-Ыаск after sin tering  was about 2 m 2/g (B ET, N 2), its 
average crystallite size: abou t 30 nm. The cata lyst was regenerated  a t the tem perature  of the 
m easurem ent by the  oxygen of air, followed by hydrogen trea tm en t. This trea tm en t was 
claimed to  be able to  restore ca ta ly tic  ac tiv ity  [18]. Since, however, the to ta l ac tiv ity  of the 
ca ta ly st decreased som ew hat from  one day to  ano ther, its  actual ac tiv ity  level was checked 
by  standard  n-heptane experim ents. The results have been corrected w ith respect to  the daily 
ac tiv ity  level.

Hydrocarbons

n-H eptane (n-H p), 2-m ethylhexane (2-MHx), 3-m ethylhexane (3-MHx), 3-ethyl- 
pen tane (3-EP), 2 ,3-dim ethylpentane (2,3-DMP), 2 ,4-dim ethylpentane (2,4-DM P) and 2,2,3- 
trim ethy lbu tane  (2,2,3-TMB) were gas chrom atographic standards supplied by  M ERCK. 
2,2-D im etliylpentane (2,2-DMP) and 3,3-dim ethylpentane (3,3-DMP) were “ purum ”  grade 
FLU K A  reagents. T heir gas chrom atographic p u rity  corresponded to  the 99.5%  purity  
claimed by the  suppliers. The hydrocarbons were used w ithou t fu rther purification; when they 
were filled in to  the storage vessels of the circulation appara tu s, they  were de-aerated by  triple 
freeze-thaw  cycles.

Carrier gases were purified  by  a deoxygenating colum n and dried. H ydrogen to  the 
circulation appara tu s was fed through a palladium  tb im ble.

Evaluation

Peak areas were hand  calculated using the response factors taken  from the lite ra tu re  [19]. 
R eaction ra tes could be su bstitu ted  by conversion values taken  in  the 5th m inute.

R esults

Selectivity o f  hep tane isom er conversions in  hydrogen and helium

T he effect o f h e lium  or h y d ro g en  on  th e  se lec tiv ities has b een  s tu d ied  
in  pu lse  sy s tem . T ab le  I  gives sum m arized  d a ta  on  se lec tiv ities observed  in  
h e liu m . H ere , a p a r t  fro m  ex ten siv e  f ra g m e n ta tio n , m o s tly  a ro m a tiz a tio n  and

Table I

Selectivity o f  transformations o f heptane isomers (H e carrier gas, pulse system ,
T  =  663 K)

Starting
C,H„

Conversion
(mol%)

Selectivity (%)

< C, Toluene Benzene Olefin

n-Hp 0.50 60.3 6.0 23.8 9.8
2-M Ilx 0.76 45.6 17.5 28.0 8.8
3-MHx 0.88 60.3 7.2 27.4 5.0
3-EP 0.75 59.6 1.8 22.9 15.7
2,3-DMP 0.56 56.9 1.9 18.7 22.4
2,4-DMP 0.27 64.3 13.7 22.1 a

2,2-DMP 1.26 83.2 4.5 4.8 7.5
3,3-DMP 0.67 71.5 3.8 7.9 16.8
2,2,3-TMB 0.87 88.4 1.1 a 10.5

* N ot separated  from  the reactan t

0  Acta Chim. Acad. Sei. Hung. I l l , 1982



5 1 6 ZIMMER et al.: CYCLIZATION OF С,-ALKANES

Table П

Selectivity o f transformations o f  heptane isomers (H , carrier gas, pulse system ,
T  =  663 K)

Starting
C,H„

Conversion
(mol%)

Selectivity (%)

<  c , Aromatics Olefin C5-cyclic Isomer Othera

n-Hp 0.40 17.0 4.0 62.7 11.0 5.3 —

2-MHx 0.81 14.3 14.8 20.1 41.6 4.9 4.3
3-MHx 0.76 11.8 7.1 63.4 15.8 1.3 0.6
3-EP 1.36 12.3 — 57.8 26.4 3.5 —
2,3-DMP 0.70 4.3 — 72.6 22.6 0.4 —
2,4-DMP 0.86 13.7 — b 76.3 3.5 6.5
2,2-DMP 0.28 11.0 — 50.4 38.6 — —
3,3-DMP 0.08 37.4 — 62.6 -  ! — —

2,2,3-TMB 0.22 50.0 — 50.0 — —

“ N o t identified products 
b N o t separated from the re a c ta n t

o le fin  fo rm a tio n  p red o m in a te s . I t  m u s t be n o ted  t h a t  a considerab le  p a r t  o f 
a ro m a tic s  appeared  as b en zen e . O lefin  fo rm a tio n  se lec tiv ities are  also re la 
t iv e ly  h ig h . Because o f th e  la rg e  n u m b e r o f possib le p o sitio n a l doub le  b o n d  
iso m ers , in  some cases (e.g. w ith  2 -m eth y lh ex an e , 2 ,4 -d im e th y lp en tan e ) som e 
o f th e m  m ig h t have o v erlap p ed  w ith  th e  p eak  of u n re a c te d  h y d ro ca rb o n s , th u s  
h ig h e r  o le fin  selectiv ities (e.g. in  th e  case o f 3 -e th y lp e n ta n e  o r 2 ,3 -d im e th y l- 
p e n ta n e )  cou ld  ra th e r  be re g a rd e d  as ty p ic a l. N everthe less, th e  tra n s fo rm a tio n  
o f  o le fin s  to  arom atics [18] is m ore  ty p ic a l u n d e r th ese  cond itions.

I n  hyd rogen , a ro m a tiz a tio n  a n d  hydrogeno lysis  are b o th  su p p ressed . 
A p a r t  f ro m  th e  expected  a p p e a ra n c e  o f C5-cyclic p ro d u c ts  an d  isom ers, th e  
h ig h  o le f in  fo rm atio n  se le c tiv ity  sh o u ld  be p o in te d  o u t (Table I I ) . T he co m p o 
s itio n  o f  th e  olefins changes in  a  w ay  p red ic ted  on  th e  basis of e x p e rim e n ts  
w ith  3 -m e th y lp e n ta n e . [11]. T y p ic a l re su lts  are show n in  T able  I I I .

E ffec t o f  molecular structure on the reaction directions

T a b le s  I  and  I I  have  a lre a d y  show n th a t  th e  se lec tiv ities depend  s tro n g ly  
on  th e  m o lecu la r s tru c tu re . I f  co n v ersio n s are re fe rred  to  a selected  s ta n d a rd  
c o m p o u n d  (n -hep tane  seem ed m o s t reaso n ab le ), a c lear p ic tu re  can  be o b ta in e d . 
T ab le  IV  d em o n stra te s  th a t  th e  c rack in g  o f nongem inal isom ers are  close to  
each  o th e r ,  te r t ia ry  C a tom s b e in g  som ew hat m ore reac tiv e . Q u a te rn a ry  C 
a to m s  in c re a se  the  fra g m e n ta tio n  te n d e n c y  severa l tim es. A ro m a tiz a tio n  o f
2 -m e th y lh e x a n e  takes place w ith  m ax im u m  yields. T h is m ay  be due to  s ta 
t is t ic a l  e ffec ts : th e  tw o te rm in a l m e th y l groups increase  th e  p ro b a b ility  o f  1,6-
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rin g  closure by  a f a c to r  o f 2. I t  shou ld  be n o ted  th a t  s u b s ti tu te d  p en tan es  gave 
o n ly  sligh tly  less a ro m a tic s  th a n  re-heptane. E v e n  2 ,2 ,3 -tr im e th y lb u ta n e  gave 
a sm all am o u n t o f a ro m a tic  p ro d u c ts . O lefin fo rm a tio n  fro m  each  isohep tane  
w as h igher th a n  t h a t  fro m  re-heptane. N e ith e r th e  h ig h er f ra g m e n ta tio n  nor 
th e  h igher olefin  fo rm a tio n  o f h y d ro ca rb o n s w ith  q u a te rn a ry  C a to m  was 
observed  in  h y d ro g e n  (T able V). L arg er d ifferences w ere observed  in  aro- 
m a tiz a tio n  a c tiv ity : in  h y d ro g en , m e th y lh ex an es  fo rm ed  m o st a rom atics while 
a ro m a tiza tio n  re q u ir in g  ske le ta l re a rran g em en t could  n o t be observed  a t  all.

E ffect o f  hydrogen pressure on catalytic selectivity

No com parison  a t  a single h y d rogen  p ressu re  could  give reliab le  resu lts  
on  th e  re la tiv e  r e a c t iv i ty  o f  v a rio u s h ep tan e  isom ers. T h is w as in v es tig a ted  in  
th e  c ircu la tio n  sy s te m , chan g in g  th e  hyd ro g en  p ressu re  w ith  fix ed  h y d rocarbon  
p ressu re . R esu lts a re  show n in  Figs 1 —9 for all h e p ta n e  isom ers stu d ied .

Table III

6* A da Chim. Acad. Sei. Hung. I l l ,  1982
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Table H I ( c o n tin u e d )

Starting
C,H„

onversion to olefins 
(moI%) in Product olefin

Selectivity of individual 
olefins (%) in

He Hs He H,

3-M Hx 0 . 1 0 1 0.513 r 100 -

— 4.3

28.1

x
f

— 17.0

[

' X  '■1 50.6

2.2-DMP 0.303 0.148 XX 64.4 21.2

xx 35.6 78.8

Table IV
R e la t i v e  co n versio n s o f  h e p ta n e  is o m e r s  re la te d  to  n o rm a l h e p ta n e  (pulse system , 

He carrier gas, T  =  663 K)

Starting
C,H„ < C , Aromatics Olefin

n-Hp 1.0 1.0 1.0
2-MHx [.! 2.3 0.9
3-MHx 1.0 1.3 0.7
3-EP 1.3 1.1 1.8
2,3-DMP 1.3 0.8 2.0
2,4-DMP 0.5 0.7 a
2,2-DMP 6.1 0.7 2.3
3,3-DMP 2.3 0.7 2.3
2,2,3-TMB 3.6 0.1 2.4

“ N o t separated from the re a c ta n t
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Table V

Relative conversions o f heptane isomers related to normal heptane (pulse system , 
H j carrier gas, T  663 K)

Starling
C,H„ <C, Aromatics Olefin C5-cyclic Isomers

n-Hp 1.0 1.0 1.0 1.0 1.0
2-MHx 1.1 5.5 0.7 2.5 1.2
3-MHx 1.1 3.6 2.1 1.6 0.4
3-EP 2.2 — 1.4 7.5 3.1
2,3-DMP 0.5 — 1.7 1.9 0.2
2,4-DMP 0.9 — a 4.8 1.0
2,2-DMP 0.5 — 0.6 2.1 —
3,3-DMP 0.8 — 0.3 — —
2,2,3-TMB 0.9 — 0.7 — —

a N ot separated  from the reactan t

T h e y ields o f m ost p ro d u c ts  h av e  m ax im a  as a fu nc tion  o f  th e  h y d ro g en  
p re ssu re . As a genera l conclusion, i t  c a n  be s ta te d  th a t  th e  p a r t ia l  p ressu re  a t 
th e  m ax im a  d ep en d s on th e  a d so rp tio n  s tre n g th  o f the  re a c ta n t  h y d ro c a rb o n . 
T h is “ s tre n g th ”  m ay  correspond  to  th e  degree of d issociation  o f  th e  surface 
in te rm e d ia te  in  q u estio n  an d  th is  is as follow s:

C6-dehydroisomerization < Cg-dehydrocyclization < Hydrogenolysi s
olefin formation

< C5-cycl ic react ions < Bond shi f t  skeletal 
isomerization

T his o rd e r is m ore or less th e  sam e as p ro p o sed  p rev iously  fo r P t  [4] an d  P d  
[9] c a ta ly s ts . O ne conspicuous ex cep tio n  is th a t  bond  sh ift iso m eriza tio n  was 
p u t  a t  th e  en d  o f  th e  sequence since i t  h a s  its  (very  fla t)  m a x im u m  a t  h ighest 
h y d ro g e n  p ressu res. I t  w as im possib le  to  de te rm ine  th e  e x a c t m a x im u m  for 
b o n d  sh ift iso m eriza tio n  w ith  h ex an es  as re a c ta n ts :  w ith  h e p ta n e s , how ever, 
som e p rocesses (e.g. 2 -m eth y lh ex an e  fro m  n -h ep tan e  or th e  re v e rse  reac tion ) 
could  h av e  o ccu rred  via  a bond  sh ift m ech an ism  only.

W hereas th e  sequence of th e  m ax im a  depended  on th e  ty p e  o f  th e  reac tio n  
a n d  th e  s tru c tu re  o f th e  re a c ta n t p la y e d  a secondary  role in i t ,  th e  a c tu a l reac
tio n  ra te s  (he ig h ts , an d  som etim es also th e  position  of th e  m ax im a) depended  
s tro n g ly  on th e  s tru c tu re  of th e  h y d ro c a rb o n  (F igs 1— 9).

Acta Chim. Acad. Sei. H ung . I l l , 1982
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p(H2) [ l 04 Pa]

Fig. 1. R a tes  of transform ation of n-heptane as a function  of the  hydrogen pressure (s ta tic  
circulation system , hydrocarbon pressure 1.23 k P a , T  =  603 K)

p ( H 2 ) [ l O ^ Pa ]

F ig . 2. R a te s  of tra n s fo rm a tio n  of 2 -m eth y lh ex an e  as a  fu n c tio n  of th e  hydrogen  p ressu re
(co n d itions: see F ig . 1)
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p(H2 ) [104 Pa]

i 'ig . 3. R ates of transfo rm ation  of 3-m ethylhexane as a function of the hydrogen pressure
(conditions: see Fig. 1)

p IH2) [Ю4 Pa]

F ig . 4. R a tes  o f tra n s fo rm a tio n  of 3 -e th y lp en ta n e  as a fu n c tio n  of th e  h y d ro g en  pressure
(conditions: see F ig . 1)

Acta Chim. Acad. Sei. H ung. 122, 1982
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p (H2) [10‘ Pa]

Fig. 5. R a te s  of transform ation of 2 ,2-dim ethylpentane as a function  of the hydrogen pressure
(conditions: see Fig. 1)

p (H2) [104 Pa]

Fig. 6. R a te s  o f  tran sfo rm a tio n  of 2 ,4 -d im e th y lp en ta n e  as a  fu n c tio n  of th e  hy d ro g en  p re ssu re
(c o n d itio n s : see F ig . 1)
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p(H2) [ l 0 4 P a ]

Fig. 7. R ates of transform ation of 2 ,2-dim ethylpentane as a function of the hydrogen  pressure
(conditions: see Fig. 1)

O N
E E

p ( H 2 ) [ l o ' - P a ]

F ig . 8. R a te s  o f tra n s fo rm a tio n  of 3 ,3 -d im eth y lp en tan e  as a fu n c tio n  of the  h y d ro g e n  p re ssu re
(conditions: see F ig . 1)
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p(H2) [10‘ Pa]

Fig. 9. R ates of transfo rm ation  of 2 ,2,3-trim ethylbutane as a function  of the hydrogen pressure
(conditions: see Fig. 1)

K in e t i c  p a r a m e te r s

T he pulse sy s te m  p e rm itte d  us to  d e te rm in e  a p p a re n t ac tiv a tio n  en e rg y  
v a lu es  ta k in g  th e  (u su a lly  low) conversion p ro p o r tio n a l to  th e  re a c tio n  r a te .  
T h e  resu lts  ( to g e th e r  w ith  analogous l i te ra tu re  d a ta  [8]) have been  co m p iled

Table VI

Apparent activation energy for the aromatization o f  hexanes and heptanes 
(pulse system , H e carrier gas, calculated from  th e  to ta l arom atic yield)

Reactant
E&1 kj/mol

Present study Literature data [8,20]

n-H p 45 jt-H x 42
2-M IIx 31
3-MHx 34

3-EP 78 2-MP 75
2.3-DMP 71 3-MP 71
2,4-DMP 64 2,3-DMB 84
2,2-DMP 67 2,2-DMl) 84

ECP 85 MCP 75

Acta Chim. Acad. Sei. H ung . I l l , 1982
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in T ab le  V I. The h ig h e r energy  b a rrie r  o f a ro m a tiz a tio n  o f su b s titu te d  p e n ta n e s  
is  obv ious; no large  d ifferences can  be seen b e tw een  hexanes and  h e p ta n e s  in  
th is  respect.

In  th e  presence  o f hyd ro g en , h igher energ ies o f  ac tiv a tio n  have  b een  r e 
p o rte d  [20]. T h u s , i t  can  be expec ted  th a t  th e  E a va lu es  for a ro m a tiz a tio n  
m easured  in  th e  p resence  o f hyd ro g en  (i.e . in  c ircu la tio n  a p p a ra tu s )  w ill 
be h igher th a n  th o se  re p o rte d  in  T able V I. A co m p lica tio n  arises h ere  t h a t  
—  w ith  all th e  m a x im u m  ty p e  curves show n in  F igs 1— 9 —  ra te  va lu es  ta k e n  
a t  a rb itra ry  h y d ro g en  p ressu res could easily  co rresp o n d  to  d ifferen t h y d ro g en  
o rders. A reaso n ab le  sug g estio n  w as [3] to  re la te  th e  E a va lues to  th e  m ax im u m  
yields w here th e  re a c tio n  o rd e r w ith  resp ec t to  h y d ro g e n  is zero. As th e  te m 
p e ra tu re  increases, th e  m ax im a  are sh ifted  to  h ig h e r an d  h igher h y d ro g e n  
p ressures as d e m o n s tra te d  h y  Fig. 10. T his m eans t h a t  a t  h igher te m p e ra tu re s  
a h igher h y d ro g en  p ressu re  is necessary  to  m a in ta in  th e  sam e —  o b v io u sly  
o p tim u m  —  h y d ro g e n  coverage. The a p p a re n t en erg y  o f a c tiv a tio n  v a lu es  
d e te rm in ed  in  th e  w ay  show n above m ay  co rresp o n d  therefo re  to  c o n s ta n t 
an d  o p tim um  h y d ro g e n  coverages. T he E a v a lu e  d e te rm in ed  fo r re-heptane 
a ro m a tiz a tio n  o n  th e  basis o f F ig . 10a is 136 k J  m o l-1 . T his can  be co m p ared  
w ith  th e  value o f  226 k J  m o l-1  reca lcu la ted  o n  th e  basis of Ref. [20] for 
re-hexane over P t-b la c k  in  hyd rogen  o f c o n s ta n t 1 b a r  pressure, using  a pu lse  
sy stem . H ere 2 -m e th y lp e n ta n e  gave th e  sam e E a v a lu e , ind ica tin g  th a t  r e a r 
ran g em en t is no lo n g er ra te -d e te rm in in g  in  H 2. A s im ila r resu lt has b een  ob-

F ig . 10. R a te s  of to lu e n e  (a), e th y lcy c lo p en tan e  (b) a n d  2 -m eth y lh ex an e  (c) fo rm a tio n  from
n -h ep tan e  as a fu n c tio n  of th e  h y drogen  pressure a t  583 К  (1). 603 К  (2) and  633 К  (3) (s ta tic -

c irc u la tio n  system , h y d ro carb o n  p ressu re  1.23 kP a)
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ta in e d  in  th e  p resen t s tu d y  fo r 2 -m e th y lh ex an e  (E a for a ro m a tiz a tio n  in  h y 
d ro g e n : 244 k J  m o l-1 ). S ince th e  C5-cyclic reac tio n s requ ire  h ig h e r hyd ro g en  
co v e ra g e  and  th is  ab so lu te  v a lu e  c an n o t be alw ays m ain ta in ed  a t  h ig h e r te m 
p e r a tu r e  (no m ax im um  is reach ed  a t 633 К  in  Fig. 10b) no e x a c t c a lcu la tio n  
w as possib le  for th ese  processes.

D iscussion

T h e  above fa c ts  are  in  acco rdance  w ith  previous suggestio n s ab o u t 
r e a c t io n  ro u tes  an d  m ech an ism s an d  also give ad d itio n a l in fo rm a tio n . As fa r 
as arom atization  is co n cern ed , th e  re su lts  a re  in  ag reem ent w ith  th e  stepw ise 
d eh y d ro c y c liz a tio n  o f  h y d ro c a rb o n s  (a lk an e  —► olefin  —► diene —>■ tr ie n e )  w ith  
a t  le a s t  6 carbon  a to m s in  th e ir  m ain  ch a in  [4, 6, 7]. A new  o b se rv a tio n  is th a t  
th e  r a te  o f  cyclization  decreases if  a m e th y l g roup  is a tta c h e d  to  th e  carb o n  
c h a in : F ig . 11 d em o n s tra te s  th e  fo llow ing o rd e r o f reac tio n  ra te s :

A ro m a tiz a tio n  is o fte n  acco m p an ied  b y  re a rran g em en t o f th e  m olecule. 
T w o su c h  reac tio n  ty p e s  occu r here : one invo lv es  a ro m a tiza tio n  o f  a lkanes 
w ith  5 o r 4 C atom s in  th e ir  cha in . T his p rocess has been show n to  occu r via  
b o n d  sh if t ty p e  d eh y d ro iso m eriza tio n  [8]. T h e  sam e m echan ism , re q u ir in g  
v e ry  d isso c ia ted  surface in te rm e d ia te s , sh o u ld  he va lid  w ith  h e p ta n e  isom ers, 
to o . T h is  m echanism  shou ld  be  able to  a ro m a tiz e  even  2 ,2 ,3 - tr im e th y lb u ta n e  
(T a b le  I ) .  This re a c tio n  w as a t t r ib u te d  to  a M cK e r v e y — R o o n e y —  Sam m an  
ty p e  [21] bond  shift re a rra n g e m e n t m ech an ism  [9]. The a t tr a c t iv e  fe a tu re  o f 
th is  p ro cess  was th a t  i t  cou ld  ex p la in  th e  re a c tiv ity  o f q u a te rn a ry  carb o n  
a to m s , to o . S a tu ra te d  isom ers w ere in te rp re te d  in  Ref. [9] b y  th e  m eta la - 
c y c lo b u ta n e  in te rm ed ia te  o f  G a r in  an d  G a u l t  [22]. L a te r, h o w ever, G au l t  
a n d  A m ir —E b r a h i m i  describ ed  th e  m e ta lacy c lo a lk an e  m echan ism  as one in 
v o lv in g  surface carbenes [23]. Such species can  be form ed u n d e r  hy d ro g en - 
d e f ic ie n t conditions a n d  sh o u ld  be re sp o n sib le  fo r th e  re c e n tly  recogn ized  
h o m o lo g a tio n  reac tio n s [24—26] o ccu rrin g  also  on P t ,  a t h ig h  te m p e ra tu re  
a n d  lo w er hydrogen  p ressu res . T herefo re , w e a t t r ib u te  now  th e  d eh y d ro iso 
m e r iz a tio n  to  a m e ta la c y c lo b u tan e  ty p e  d eh y d ro iso m eriza tio n  in v o lv in g  surface 
c a rb e n e s  as in te rm ed ia te s . T hese re a rra n g e d  su rface  species fo rm  a ro m atics  
w ith  lo w  surface h y d ro g en  coverages like i t  w as proposed  b y  SÁRKÁNY and  
T é t é n y i  [25]:
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Fig. 11. R ates of arom atization  of n-hexane and various heptane isomers as a function  of the 
hydrogen pressure (conditions: see Fig. 1; 1: re-Hx, 2: 2-MHx, 3: 3-MHx, 4: n-H p, 5: 3-EP,

6: 2,4-DMP. 7: 2,2,3-TMB)
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Table VII

R a t i o  o f  th e  a r o m a t i z a l i o n  p r o d u c t s  f r o m  h e p t a n e  i s o m e r s  
(as a function of the tem perature , pulse system )

a ) He carrier gas

Starting Benzene/toluene at T (K)
C7Hle 603 633 648 663 678 693

n-H p — 0.97 1.27 1.79 2.00 2.58
2-MHx 0.51 1.28 1.44 1.63 1.91 2.03

3-MHx 0.79 2.05 2.74 3.80 4.54 5.45
3-EP 3.95 6.69 12.3 12.7 14.9 13.6

2.3-DMP 3.58 6.32 7.40 9.86 8.75 8.72

2,4-DMP — — _ 1.64 —
2,2-DMP — 0.50 0.74 1.07 1.46 1.63

3.3-DMP 1.23 1.59 2.67 2.06 2.IB 2.42

b) H2 carrier gas

Starting Benzene/toluene at T (K)
ЦН1в 633 648 663 678 693

n-Hp no benzene 0.13
2-MHx 0.46 0.47 ! 0.17 0.16 0.07
3-MHx — no benzene —

L ite ra tu re  value: benzene/toluene =  1.41 (He carrier gas, n-heptane 
683 K ) [34]

feed.

A n o th e r  a ro m atiz in g  re a c tio n  invo lv in g  sk e le ta l re a rran g em en t is th e  
fo rm a tio n  o f benzene in  p a ra lle l w ith  to lu en e . T h is  d eg rad a tio n  can  be q u ite  
s ig n if ic a n t as ju d g e d  from  T ab le  I . T ab le  Y I I  show s benzene/to luene  ra tio s  as 
a fu n c tio n  o f th e  te m p e ra tu re . T his show s th a t  th e  s tru c tu re  o f th e  r e a c ta n t  
is th e  m o st im p o r ta n t  fac to r  d e te rm in in g  th is  ra tio . T he o u ts tan d in g  benzene 
fo rm a tio n  from  3 -e th y lp e n ta n e  an d  2 ,3 -d im e th y lp e n ta n e  shows th a t  th e  n e 
cessity  o f  sk e le ta l re a rra n g em e n t fav o u rs  d e g ra d a tio n  a lth o u g h  th e  c o rre la tio n  
is n o t w ith o u t excep tions. T h is su p p o rts  th e  p a r tic ip a tio n  o f carbenes in  th e  
re a c tio n  a n d  so does th e  low  benzene fo rm a tio n  fro m  gem -d im eth y lp en tan es 
w hose sk e le ta l re a rra n g em e n t shou ld  be easier via  th e  McK ervey— R ooney  
Samman m ech an ism  [21].

I f  benzene  w ere a seco n d ary  p ro d u c t fo rm ed  via  h y d ro g en a tiv e  e lim i
n a tio n  o f  th e  side m e th y l g roup  o f to lu en e , in c reas in g  c o n ta c t tim e  an d  h y 
d ro g en  p ressu res  w ould  lead  to  en h an cem en t o f benzene  fo rm ation . In s te a d , 
benzene  cou ld  be observed  a lm o st exclusively  in  pu lse  system  (excep tio n :
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n -h e p ta n e , Fig. 1) an d  in  h e lium  only . T hus, th e  fo rm a tio n  o f benzene  should 
invo lve  a d eh y d ro g en a tiv e  ro u te  w here benzene an d  re s id u a l su rface  carbon  
a to m  are  form ed:

T h e  la t te r  p ro d u c t d e a c tiv a te s  th e  c a ta ly s t. T his is show n b y  F ig . 12, in d ic a t
in g  t h a t  th e  am o u n t o f benzene increases, an d  th a t  o f th e  m e th a n e  fragm en t 
decreases w ith  c a ta ly s t d e a c tiv a tio n  (and  decreasing  to ta l  conversion ). A sim 
ila r  m echan ism  w as suggested  b y  L ie t z  an d  V ö l t e r  [27] fo r low  te m p e ra 
tu re  d em eth y la tio n . O u r f in d in g s are in  ag reem en t w ith  th e  fa c t t h a t  th e  de
so rp tio n  energy b a rr ie r  o f benzene fo rm a tio n  from  h e p ta n e  is m u ch  h igher 
th a n  th a t  o f to lu en e  p ro d u c tio n  [28].

T h e  se lec tiv ity  is sh ifted  to w ard s C5-cyclization  an d  isom erization  in  
h y d ro g en . The o p tim u m  h y d ro g en  p ressu re  fo r these  p ro d u c ts  is h igher th a n  
th e  v a lu e  of ~  15 k P a  fo r a ro m atics  and  varies as a fu n c tio n  o f  th e  s tru c tu re  
o f  th e  r e a c ta n t (T able  V I I I ) .  The close ag reem en t fo r th e  o p tim u m  pressure 
fo r iso m er and  C5-cyclic fo rm a tio n  is  strik in g . T he reaso n  w h y  2 -m eth y lh ex an e  
is an  excep tion  is n o t c lear.

Cg-cyclization is also fav o u red  i f  rin g  closure occurs b e tw een  tw o  p rim ary  
ca rb o n  a to m s (F igs 1 — 8). T h is w ould  be in  ag reem en t w ith  th e  “ d ica rb y n e”  
m echan ism  o f  G a u l t  and  co-w orkers [10, 22, 23]. T he h ig h e r o p tim u m  liydro-

Fig. 12. Conversion of n-heptane and selectivity of arom atization and m ethane formation 
during cata lyst deactivation  (pulse system , T  =  633 K , He carrier gas, hydrocarbon pulses

w ithout subsequent regeneration)
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Table V n i

Optimum hydrogen pressure (kP a) for  CB-cyclic and isomerisation reactions 
(c ircu lating  system, T  =  603 K)

In itia l
C,H 1S C5-cyclization

C5-cyclic
isom erization

n-tlp 22 -2 7 2 2 -2 7
2-MHx 3 2 -3 7 1 8 -2 5
3-MHx 2 8 -3 5 3 0 -4 0
3-EP 3 2 -3 7 3 3 -3 8
2,4-DMP 3 8 -4 5 40 — 50
2,2-DMP 1 6 -2 2 1 5 -2 2
3,3-DMP 2 0 -2 5 2 0 -2 5

g e n  p ressu re  for th is  re a c tio n  (as com pared  w ith  a ro m a tiz a tio n ) c o n trad ic ts  
th is  h y p o th esis , since d ic a rb y n e s  are v e ry  s tro n g ly  d isso c ia ted  species. W e 
p re fe r  to  a ttr ib u te  th e  h ig h e r r e a c tiv i ty  of m e th y l g roups to  th e ir  less h indered  
r o ta t io n  p e rm ittin g  easier r in g  c losure and a m ore facile ap p ro ach  o f th e  chain  
en d s .

O u r experim en ts (T ab le  V I I I )  seem to  con firm  th a t  C5-cycliza tion  and  
C5-cy c lic  isom erization  re q u ire  a com m on “ C”  su rface  species w hich m a y  n o t 
be  a  “ re a d y ”  cy clopen tane  species [29]. The o p tim u m  h y d ro g en  p ressu re  ob
s e rv e d  shou ld  be d ic ta te d  b y  th e  req u irem en ts  o f th is  su rface  species.

A  d u a l site m ech an ism  w as proposed  in  R efs [4, 11, 12] fo r C5-cycliza- 
t io n , in v o lv in g  a single d isso c ia tio n  (preferab ly  n e a r to  a te r t ia ry  ca rb o n  atom ) 
a t  a  “ ho ld ing  site” . W ith  su c h  an  adso rp tion , th e  m olecule  w ould be held 
“ f l a t ly ”  on  th e  surface a n d  a second active s ite  w ould  be responsib le  for 
c y c liz a tio n . A side re a c tio n  o f  th is  h a lf-h y d ro g en a ted  species w ould  p roduce  
o le fin s  [11]; accordingly , th e i r  d o u b le  bond w ould be m a in ly  n e a r to  th e  te r t ia ry  
C a to m  or, a t least, in  in te rn a l  positio n . This is co n firm ed  b y  T ab le  I I I  show 
in g  th e  p redom inance o f su ch  o le fin s  in  hyd rogen  (w here C5-cycliza tion  d om i
n a te s  o v e r a ro m atiza tion ).

A n o th e r piece o f ev id en ce  fo r such a su rface in te rm e d ia te  is th e  p re 
d o m in a n c e  of the  c is-d im e th y lcy c lo p en tan e  isom ers in  th e  p ro d u c ts  o f cycliza
tio n . T h is  is illu s tra ted  b y  T a b le  IX  show ing th a t  th e  trans-fc is-ra tio  is sh ifted  
in  f a v o u r  of the  c£s-isomer fo r  each tem p e ra tu re  in v e s tig a te d . Also th e  d if
f e re n t  reac tiv itie s  o f v a rio u s  a lk y lp e n ta n e s  (F igs 4 — 8) in d ic a te  th a t  th e  rest 
o f  th e  m olecule also p lay s  a n  im p o r ta n t role in  d e te rm in in g  its  re a c tiv ity  
w h ich  w ould  no t be th e  case  w ith  “ edgewise”  a d so rb ed  d icarbenes o r d ica r
b y n e s . T h e  n o n reac tiv ity  o f  3 -m e th y lh ex an e  ( = “ 2 -e th y lp e n ta n e ” ) is especially  
w o r th  m en tion ing  (c f . F igs 3 a n d  4). All these  prob lem ? a re  to  be tack led  in  
d e ta i l  elsew here [33].

A c ta  Chim . Acad. Sei. Hung. I l l , 1982



ZIMMER et al.t CYCLIZATION OF C,-ALKANES 531

T ab le  IX

Trans/cis ratios o f dimethylcyclopentanes formed from  heptane isomers 
(pulse system , H 2 carrier gas)

Initial
C,H„

2,3-DMP 2,4-DMP

Product t/c- 1,2-DMCP t/c- 1,3-DMCP

T  (K)

633 — 1.15
648 1.33 1.13

663 1.39 1.09
678 1.73 1.19
693 2.75 1.09

Thermodynamical equilibrium values [32]

600 4.50 1.57
700 3.69 1.47

T he fo rm a tio n  o f isom ers via  bond  sh ift has low er m ax im u m  yields and  
it  show s less sh a rp  m ax im a  as a fu n c tio n  o f th e  h y d ro g en  p ressu re  (F igs 1 and  
2 ; reac tio n s n H p  —»- 2M H x an d  reverse). A ccord ing  to  th e  co n cep t o f F r e n - 
N E T  et al. [5], such  a b eh av io u r is ch a ra c te ris tic  o f  su rface  in te rm ed ia tes  
w here th e  n u m b e r o f  surface a tom s p a r tic ip a tin g  in  th e  re a c tiv e  com plex  is 
sm all. T h is w ould p o in t to  an  in te rm e d ia te  a tta c h e d  to  a single P t  a to m  as 
suggested  e.g. fo r th e  M c K e r v e y — R o o n e y — S a m m a n n  m echan ism  [21]. 
S ingly  d issocia ted  species in  such iso m eriza tion  have  b een  suggested  b y  th e  
ex p erim en ts  o f K a r p i n s k i  an d  G u cz i, too  [30]. O n th e  o th e r  h a n d , th e  sharp  
m ax im a  o f C5-cyclic reac tio n s  as a fu n c tio n  o f th e  h y d ro g en  p ressu re  shows 
m u ltia to m ic  surface sites, in  ag reem en t w ith  th e  suggestions of V a n  S c h a ik  
et al. [31]. The f la t  ly in g  in te rm e d ia te  suggested  earlie r [4, 11, 12] fulfils these 
re q u ire m e n ts , too .

S um m ariz ing , th e  re a c tiv ity  of h y d ro ca rb o n s  is d e te rm in ed  m ain ly  by  
its  p rim a ry  a d so rp tio n . T h is, in  tu rn ,  is in flu en ced  b y  e ssen tia lly  tw o  fac to rs: 
b y  th e  s tru c tu re  o f th e  r e a c ta n t  (leng th  o f th e  carb o n  ch a in , th e  c h a ra c te r  o f 
its  b ran ch in g , th e  s tre n g th  o f vario u s C —H  an d  С— C bonds) an d  also b y  th e  
s ta te  o f th e  c a ta ly s t su rface , f ir s t  o f all th e  a m o u n t an d  c h a ra c te r  o f the  h y 
drogen  p resen t on  (or below ) th e  surface as a n o n sto ich io m etric  com ponen t. 
T his la t te r  fac to r  m a y  p la y  ev en tu a lly  a m ore im p o r ta n t  ro le as fa r  as th e  
c h a ra c te r  o f p rim a ry  a d so rp tio n  is concerned . O ur re su lts  a re  in  general agree
m en t w ith  th e  a ssu m p tio n  th a t  th e  degree o f  d issocia tion  o f th e  surface in te r 
m ed ia tes  is d e te rm in ed  m ain ly  by  th e  a m o u n t and  a v a ila b ility  o f surface hy-
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d ro g é n : m ore hydro g en  w ill b r in g  ab o u t less d issoc ia ted  su rface  species. T hese 
sp ec ies  re a c t accord ing  to  th e i r  ch a rac te r , each  re a c tio n  ty p e  invo lv in g  its  
o w n  ty p e  of surface in te rm e d ia te . We could con firm  o u r  p rev ious suggestion  
a b o u t  th e  ch a rac te r o f  th e  seq u en ce  of “ h y d ro g en  s e n s it iv ity ”  o f v a rio u s reac 
t io n s  a n d  assign v a rio u s su rface  species to  each  re a c tio n . In  consequence of 
th e  m o re  num erous re a c tio n  p ossib ilities  w ith  h e p ta n e  isom ers (as com pared  
w ith  hex an es) a m o d ific a tio n  h as  been suggested  as fa r  as th e  tw o ty p e s  of 
b o n d  sh if t reac tio n  are  co n cern ed .
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In  th e  a m m o x id a tio n  o f  p ro p y len e  to  acry lo n itrile , n itr ic  ox ide  (NO, 
fo rm ed  from  th e  o x id a tio n  o f N H 3) can  he p o s tu la te d  as a com m on  in te r 
m ed ia te . T he reac tio n  o f  N O  w ith  ally l ra d ic a l can  yield ally l ox im e. E ach  of the  
tw o  stereo isom ers o f th e  a lly l oxim e can  undergo  tw o m a jo r re a c tio n s : trans- 
e lim in a tio n  an d  B eck m an n  re a rra n g em e n t. I n  th e  case o f th e  th e rm o d y n a m i
cally  m ore fav o u red  tran s-a lly l oxim e, b o th  o f these  reac tio n s  le ad  to  one and 
th e  sam e p ro d u c t, ac ry lo n itrile . The v e ry  sam e reac tions o f  th e  c ts-ally l oxim e 
y ie ld  h y d ro g en  cy an id e  an d  ace to n itrile , th e  m ain  b y -p ro d u c ts  o f  th e  com 
m ercia l a m m o x id a tio n  process, as also ace ta ld eh y d e  an d  fo rm a ld eh y d e , w hich 
read ily  undergo  a lm o st com plete  o x id a tio n  u n d e r th e  p rocess conditions. 
T hese reac tio n s  can  be sum m arized  as follows:

/гапд-climination oi H2O .

f r a  n s -allyl 
oxime

ACRYLOMTRILK

Adsorbed
allyl

radical 
f NO

ria-allyl
oxime

Beckmann rearrangement, — H2O

/rap.s-eliminal ion

Beckmann rearrangement

СНзОНО +  HCX 

CH30N +  CH20

D eta ils  of th e se  re a c tio n  schem es h av e  been p u b lish ed  elsew here [1]. 
R ecen t ex p e rim en ta l re su lts  from  en tire ly  d iffe ren t sources s u p p o r t th e  above 
re a c tio n  m echan ism  in v o lv in g  NO an d  ally l oxim e as in te rm e d ia te s . Some of

* This paper was presented a t the F irst Belgian — H ungarian Colloquium on Catalysis 
a t M átrafüred, October 19 — 22, 1981.
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th e  p ra c tic a l difficulties e n c o u n te re d  in  acry lo n itrile  p la n ts  can  also be given 
a  r a t io n a l  ex p lan a tio n  on  th e  b as is  o f th is  m echan ism .

M ulticom ponen t m o ly b d a te  ca ta ly s ts  can  u n d erg o  rad ica l surface re 
c o n s tru c tio n  during  a m m o x id a tio n , as show n fro m  X P S  analysis of fresh  and  
u se d  c a ta ly s ts  [2, 3].
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H ydrogen-m olybdenum  oxide bronzes, prepared by hydrogen spillover on P t 
particles deposited onto MoO„ were outgassed in  different conditions.

The rem oval of oxygen atom s from  the oxide la ttice  as w ater molecules results 
in the form ation of ill-crystallized suboxides in  the external shell of the  bronze particles. 
As a consequence, the reversible character of the bronze is affected, and the am ount of 
hydrogen atom s occluded in the bronze la ttice , th a t can be retroceded  when brought in 
the presence of an  acceptor molecule such as ethylene, is reduced.

In tro d u c tio n

H ydrogen  b ronzes re fe r to  those m e ta l oxides w hich  c a n  accom m odate  
h y d ro g en  atom s in  th e ir  la ttic e . S everal oxides are su scep tib le  to  form  such 
in se rtio n  com pounds [1]. T he m ost b ro ad ly  know n are  th o se  p rep ared  from  
W 0 3 an d  M o03.

T hese com pounds h av e  been  o b ta in ed  b y  d iffe ren t m e th o d s . G l e m se r  
an d  L u t z  [2, 3] fo rm ed  th e  h y d ro g en -tu n g s ten  oxide b ro n ze  by  generating  
n ascen t hyd rogen  from  Z n an d  HC1 in  an  aqueous so lu tio n  c o n ta in in g  W 0 3. An 
e lectrochem ical p rocess w as used by  Ch e v r ie r  [4] an d  H o b b s  [5].

H xM o 0 3 an d  H xW 0 3 w ere also p roduced  using  h y d ro g en  spillover 
[6— 11 ] onto  P t  p a rtic le s  dep o sited  by  im p reg n a tio n  on th e  oxide surface. 
D issociation  of h y d ro g en  occurs on th e  P t  partic les  an d  th e  H  atom s invade 
th e  oxide la ttic e . U sing th is  p rocedure  in se rtio n  co e ffic ien ts  x  =  1.6 and
0.35 h av e  been ach ieved  in  H xM o 0 3 an d  H xW 0 3, re sp ec tiv e ly .

T he h y d ro g en  b ronzes can  be considered  as h y d ro g e n  reso rvo irs; B o n d  
et al. [12— 14] w ere th e  f ir s t  w ho to o k  a d v a n ta g e  of th is  p a r t ic u la r i ty  to  carry  
o u t th e  h y d ro g en a tio n  o f olefins. T h e  h y drogen  a tom s are  su p p lied  from  th is 
reservo ir, accord ing  to  a rev e rsa l sp illover phenom enon , th e  P t  partic les  acting  
as g a tes  th ro u g h  w hich  th e  H  a to m s leave th e  bronze la tt ic e .

* This paper was presented a t the F irst Belgian H ungarian Colloquium on Catalysis 
a t M átrafüred, October 19 — 22, 1981.

** To whom correspondence should be addressed.
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M ore recen tly , M a r c q  e t a l.  [15], s tudy ing  th e  h y d ro g e n a tio n  of e thy lene , 
s u p p lie d  ad d itio n a l in fo rm a tio n  concern ing  the  role o f P t ,  th e  degree o f re v e r
s ib i l i ty  o f  th e  bronze w ith  re s p e c t  to  th e  cond ition ing , a n d  th e  effect of te m 
p e r a tu r e  an d  ethylene p re ssu re  on  th e  reaction  ra te .

T h e  physical and  c h em ica l p ro p e rtie s  have b een  in v e s tig a te d  b y  severa l 
a u th o r s  [16— 28]. A g reat d e a l o f  th is  lite ra tu re  is co n cern ed  w ith  th e  m obil
i t y  o f  th e  hydrogen  atom s in  th e  b ronze  la ttice , from  N M R  m easu rem en ts .

T h is  paper aims to  focus on  th e  effect of th e  c o n d itio n in g  of P t /H xMo0.j 
u n d e r  v a c u u m  on th e  re tro c e ss io n  o f la ttic e  hyd ro g en  a to m s.

Experimental

Preparation o f the bronze

M oO;j (analytical grade) was im pregnated  with a 0.2 M  hexachloroplatinic acid solution 
in  o rder to  deposit 2 w t %  P t on to  M o 0 3.

W a te r was slowly evaporated  a t 60 °C under continuous s tirr ing . The powder was then 
oven-d ried  a t 120 °C during 14 h.

T he im pregnated oxide was hea ted  under vacuum  a t 200 °C for 2 hours in order to  
decom pose H 2PtClf). This operation  was achieved in an all-glass ap p ara tu s  described else
w here [15].

T he tem perature was then  low ered to  60 °C and hydrogen of approxim ately  200 Torr 
w as in tro d u ced  into the reactor. T races of w ater tha t could be produced during this step were 
rem oved  using liquid nitrogen g e tte r.

F ro m  the pressure drop of H 2, th e  insertion coefficient was calculated . After removing 
th e  excess of hydrogen, the bronze was subm itted  to conditioning. T hereafter, the bronze was 
b a c k - t i t ra te d  w ith hydrogen, and C2H 4 (from  Matheson) was ad m itted  in  the reaction apparatus 
( to ta l  vo lum e: 1.3 liter). The fo rm ation  of C2H6 was followed as a function  of time.

Conditioning

T hree  ways of conditioning th e  bronzes were investigated:
i) D ynam ic outgassing: a fte r  b ronze form ation the excess of H 2 was first evacuated 

from  th e  vessel. Thereafter the bronze was outgassed for increasing tim es and a t different 
tem p e ra tu re s  under a dynamic residual pressure lower th an  10 “ 9 B ar.

ii) S ta tic  outgassing: the bronze  w as first outgassed under dynam ic vacuum ; in  the 
m ean tim e, th e  tem perature was increased  from 60 °C to the desired one. W hen this tem 
p e ra tu re  w as reached, the reactor w as iso lated  from the pum ping system  and the bronze was 
m a in ta in ed  a t  th a t tem perature generally  fo r 14 h. The gas phase com position was analyzed 
by  gas chrom atography.

iii)  S ta tic  outgassing in  the presence of a liquid nitrogen ge tte r: th e  same procedure as in 
ii) was used , bu t the static outgassing was performed in the presence of a liquid N2 getter in 
order to  rem ove from the gas phase w ater leaving the bronze surface. A t the end of th is con
d ition ing  period, the quantity  of w ate r collected in the getter was analyzed by gas chrom a
to g rap h y .

Reaction w ith ethylene

T he reaction was carried o u t by  circulating C2H4 (around 40 T orr) onto the catalyst 
for periods of tim e up to 24 h. using an all-glass recirculation appara tus.

Product analysis

T he separation of H20 , C2H4 and  C2H c w as made on a po rapak  R  column, 2.5 long and 
1/8" in  d iam eter. The carrier gas w as He. The oven tem perature was program m ed between 
50 and  120 °C, a t a rate of 8 °G/min. The catharom eter tem perature  was 200 °C.
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Symbols

The various sym bols used in this paper are th e  following:
nH , num ber of millimoles of H2 occluded in  th e  bronze
X in num ber of H atom  per Mo atom  (insertion  coefficient)
J n H 2(tit.) num ber of millimoles of H2 rein troduced after outgassing the bronze

(back-titra tion )
d X (tit.)  varia tion  of X  corresponding to  zlnH 2(t it.)
dreH2(H20 )  num ber of millimoles of H2 rem oved as H 20  during the conditioning 
zJX(H20 ) varia tio n  of X  corresponding to  ZlnH2(H 20 )

Results

P re lim in a ry  ex p erim en ts  d e ta iled  elsew here [15] have  show n t h a t  ou t- 
gassing (d y n am ic ) H xM o 0 3 a t  in creasin g  te m p e ra tu re s , n am ely  60, 120 an d  
160 °C fo r 14 h , each  th e rm a l t r e a tm e n t b e in g  followed by  a b a c k - t i t r a t io n  
w ith  h y d ro g en , re s id te d  in  changes o f A x  ( ti t .)  (i.e . th e  v a r ia tio n  o f  X  co r
respond ing  to  th e  q u a n ti ty  of H 2 re in se r te d  in  th e  bronze d u rin g  th e  back- 
t i tra t io n ) , t h a t  w ere ap p reciab le  especia lly  a t  120 and  160 °C.

I t  w as th e n  su sp ec ted  th a t  w a te r  m olecu les were produced  d u r in g  th ese  
tre a tm e n ts , th e  o x ygen  atom s being  n ecessa rily  supplied from  th e  o x ide  l a t 
tice . C o n seq u en tly , low er-oxides should  be  fo rm ed , w hich in  tu rn  sh o u ld  affect 
th e  c a ta ly tic  p e rfo rm an ces  w hen re a c tin g  C2H 4 on to  th e  bronze.

A  s tra ig th fo rw a rd  evidence fo r th e  fo rm a tio n  of low er ox ides, fo r  in s tan ce  
b y  X -ra y  d iffra c tio n , was d ifficu lt to  ach iev e , because these  b ro n zes a re  u n 
stab le  in  a ir  an d  n o t w ell-crystallized . T h ere fo re  i t  was fe lt th a t  th e  q u a n t i ta 
tiv e  d e te rm in a tio n  o f w a te r  form ed d u rin g  th e  cond ition ing  t r e a tm e n t ,  w ould 
y ield  in fo rm a tio n  on  th e  s tru c tu ra l d e g ra d a tio n  th a t  occur d u rin g  ou tg assin g , 
w hich in  tu r n ,  shou ld  show  up  in  th e  c a ta ly t ic  resu lts .

F o r t h a t  p u rp o se , th ree  bronzes (0.8 g) p rep ared  a t  60 °C w ere  tre a te d  
in  th e  fo llow ing  w ays:

i) one b ronze  w as ou tgassed  u n d e r  d y n am ic  vacuum  a t 160 °C fo r 14 h;
ii) th e  second  one was ou tgassed  a t  60 °C, and  th e re a fte r  th e  re a c to r  was 

iso la ted  fro m  th e  pum p in g  system  an d  th e  te m p e ra tu re  was ra ised  a n d  m ain 
ta in ed  a t  160 °C fo r 14 h;

iii) th e  th ird  bronze was t r e a te d  as in  ii), h u t  th e  w a te r  fo rm e d  du ring  
th e  c o n d itio n in g  w as co n tinuously  rem o v ed  from  th e  gas p h a se , using  a 
liqu id  n itro g e n  g e tte r.

A fte r  14 h  o f cond ition ing , th e  a m o u n t of w ate r form ed in  ii) a n d  iii) was 
d e te rm in ed  b y  gas ch ro m ato g rap h y , a n d  th e  th ree  bronzes w ere b a c k - t i t ra te d  
w ith  N2. T h e  re su lts  are given in  T ab le  I .

O bv io u sly , m ore w a te r is fo u n d  using  th e  th ird  c o n d itio n in g  m ethod , 
i.e. w hen  th e  w a te r  is con tinuously  rem o v ed  from  th e  gas phase . I t  sh o u ld  also 
be  p o in te d  o u t th a t  th e  d isc rep an cy  b e tw een  ZlnH2(H 20 )  an d  A n H 2 ( tit .)  is
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Table I

Influence o f the conditioning method on the am ount o f  water formed after 14 h at 
160 °C from  2%  P t/H xM o 0 3 (0.8 g)

Conditioning

Dynamic
vacuum

(0

Static
vacuum

(ii)

Static vacuum 
with liquid Nj 

getter (iii)

* in 1.44 1.63 1.55
z1/iH2(H20 ) (mmole) 0.23 0.74
Л Х (Н ,0) - 0.07 0.26
zlnH2 (tit.) 0.35 0.20 0.25
/IX (tit.) 0.13 0.07 0.08

r a th e r  ap p reciab le  in  ru n  iii), a lthough  th e  v a lu e s  o f  zlnH2 ( tit.)  in  ru n s  ii) a n d  
iii) do  n o t differ m uch.

I n  a n o th e r se t o f  ex p e rim en ts , th e  in flu e n c e  o f th e  tim e  and  te m p e ra 
tu r e  o f  th e  cond ition ing  (m e th o d s  ii and  iii) on  th e  a m o u n t of w a te r p ro d u c e d  
w as in v e s tig a te d .

A  b ro n ze  w ith  X in =  1 .55, p rep ared  a t  60 °C , w as h ea ted  a t 160 °C u n d e r  
s ta t ic  v a c u u m  (w ith o u t cold  t ra p )  and  th e  w a te r  fo rm ed  was dete rm in ed  as a

Fig. 1. E v o lu tio n  of zlX(H20 ) as a function  of the outgussing tim e (h) a t 160 °C; open sym bols: 
outgassing under sta tic  vacuum  in th e  presence of a liquid N2 ge tte r; full symbols: outgassing

u nder static vacuum
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fu n c tio n  o f  tim e . T h ree  o th e r b ronzes w ere tre a te d  u n d er s im ila r co n d itions 
for d iffe ren t tim es , b u t  in  th e  presence o f  a liq u id  n itro g en  g e tte r.

F ig u re  1 show s th e  evo lu tion  o f  A X  (H 20 )  as a fu nc tion  o f tim e . T h e  shape 
o f th e  cu rv e  co rrespond ing  to  th e  co n d itio n in g  conducted  w ith o u t a liqu id  
n itro g e n  g e tte r  (i.e. o f a co n cen tra tio n  g ra d ie n t in  th e  gas phase) seem s to  in 
d ica te  t h a t  th e  w a te r  form ed w ould re m a in  adsorbed  on th e  su rface  o f  th e  
b ronze . I t  could  a c t as a b a rrie r  for th e  d e so rp tio n  tow ards th e  gas phase .

O n th e  c o n tra ry , in  th e  presence o f  a cold tra p , th e  a m o u n t o f  w a te r  
fo rm ed  a f te r  14 h is n ea rly  four tim es as m u ch .

T h e  b ronzes ou tgassed  in  th e  p resence  o f a liqu id  n itro g en  t r a p  were 
b a c k - t i t r a te d  w ith  hyd ro g en . The values g iven  in  T able I I  show  th a t ,  a f te r  one 
h o u r o f  o u tg assin g , th e  am o u n t o f H 2 re in se rte d  in  th e  b ronze co rresponds 
a p p ro x im a te ly  to  th e  am o u n t o f H 2 rem o v ed  as w a te r [ZlnH2( tit .)  ^ / l n H 2 
(H 20 ) ] .  T h is suggests th a t  a th in  su rface  la y e r  o f suboxides does n o t  p rev en t 
th e  fo rm a tio n  o f a bronze. H ow ever, th e  s to ich io m e try  in  th e  o u te r  shell m ay  
be d iffe ren t from  th a t  o f th e  bu lk .

Table II

Influence o f  the outgassing time on the amount o f water formed at 160 °C under 
static vacuum with liquid  N 2 getter

Outgassing time
(h) l 5 14

Sample weight (g) 0 .8 1 1 0 .8 2 9 3 0 .8 4 8 5

x in 1 .6 0 1 .6 7 1 .6 3

biH ,(H .,0) (mmole) 0 .0 8 0 .2 7 0 .7 4

J X (H ,0 ) 0 .0 3 0 .1 0 0 .2 6

zlraH2 (tit.)  (mmole) 0 .1 1 0 .1 8 0 .2 5

A X  ( t i t . ) 0 .0 4 0 .0 7 0 .0 9

Table Ш

Influence o f the outgassing temperature on the amount o f water formed under 
static vacuum with liquid  N , getter

Outgassing temperature 
(C) 120 140 150 160 180

Sample weight (g) 0 .9 0 2 6 0 .8 4 4 0 .8 3 0 4 0 .8 4 8 5 0 .8 6 4 7

* in 1 .6 3 1 .5 0 1 .6 1 1 .6 3 1 .5 5

zJraH2(H2()) (mmole) 0 .1 4 0 .2 5 0 .4 5 0 .7 4 0 .8 7

/1X(IT,0) 0 .0 5 0 .0 9 0 .1 6 0 .2 6 0 .3 0

/InH , ( tit .) 0 .1 8 0 .3 4 0 .3 6 0 .2 5 0 .2 8

/IX  (tit.) 0 .0 6 0 .1 2 0 .1 3 0 .0 9 0 .1 0
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F o r  in c reasin g  co n d itio n in g  tim es, th e re  is an  increasing  d isc rep an cy  
b e tw e e n  th e se  tw o  values. A fte r  14 h , on ly  one th i rd  of th e  to ta l  H 2 lo s t  as 
H 20  c o u ld  be  re in se rted  in to  th e  oxide la ttic e . T h is  re su lt m ay  be acco u n ted  
fo r b y  irrev e rs ib le  s tru c tu ra l d am age occu rring  in  th e  surface lay e r o f  th e  
b ro n ze .

A n o th e r  se t o f ex p erim en ts  h as  been  c a rrie d  o u t in  o rd er to  s tu d y  th e  
in flu e n c e  o f  th e  ou tgassing  te m p e ra tu re . B ronzes w ere p rep ared  u sin g  th e  
u su a l p ro c e d u re  an d  co n d itioned  a t  d iffe ren t te m p e ra tu re s  for 14 h . T h e re a f te r  
th e y  w ere  b a c k - t i t ra te d  w ith  h y d ro g en . T he e x p e rim e n ta l d a ta  are g iv en  in  
T ab le  I I I .  T h e  am o u n t of w a te r  re leased  in creases  lin ea rly  w ith  th e  co n d itio n -

03

Fig. 2. R elationship between /1X (tit.)  and  I X( 11 oO)

Fig. 3. X -ray  p a tte rn s  recorded after the form ation of the bronze (A), after outgassing (s ta tic  
w ith  liqu id  N2 getter) a t 160 °C for 14 h (B), and  a fter back-titration w ith

hydrogen (C)
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ing te m p e ra tu re . T he A rrhenius p lo t g ives an  ac tiv a tio n  en e rg y  o f  6 0 - 6  
Jo u le /m o le .

T he re la tio n sh ip  betw een  A X (tit.)  a n d  /1X (H 20 )  a fte r 14 h  o f  t r e a tm e n t  
is show n in  F ig . 2. F o r /dX (H 20 )  values lo w er th a n  0.1, th e  in itia l s to ic h io m e try  
o f  th e  b ronze  is a p p a re n tly  res to red . B e y o n d  th is  value, th e  e lim in a tio n  o f H 2 
as w a te r  becom es irreversib le . This a g a in  in d ica tes  th a t  th e  b ro n z e  can  no 
longer he re s to re d  in  its  in itia l s ta te , p ro b a b ly  as a resu lt of s t ru c tu ra l  la ttic e  
dam age.

In  o rd e r to  confirm  th is  p o in t, X - r a y  d iffrac togram s w ere re c o rd e d  on 
sam ples ta k e n  a t  d iffe ren t steps d u rin g  th e  condition ing  in  sea led  tu b e s  a t 
room  te m p e ra tu re . T he spectra  show n in  F ig . 3 correspond to  th e  in i t ia l  b ronze 
(A), th e  com p o u n d  outgassed  a t  160 °C fo r  14 h (B) and  b a c k - t i t r a te d  w ith  
H 2 (C), re sp ec tiv e ly . T he outgassed  b ro n ze  d iffers from  th e  in it ia l  one  b y  th e  
p resence of sev era l d iffrac tion  lines a t  2 .9 , 5.9, 6.25, 7.8 and  8.55 ° 0 ;  th e  in 
te n s ity  o f th e  m a in  peaks is also w eak er. T h e  ad d itiona l peak s h a v e  a lm ost 
com ple te ly  d isap p ea red  in  th e  X -ra y  d iffra c to g ra m  of th e  b a c k - t i t r a te d  sam ple, 
b u t  th e  in te n s ity  o f th e  m ain  peaks is n o t  re s to re d  as in  th e  in it ia l  b ro n ze .

I t  m ay  be concluded  th a t  o u tg a ss in g  th e  bronze brings a b o u t  tw o  im 
p o r ta n t  m o d ifica tio n s: i) p ro d u c tio n  o f  a tra n s ie n t phase, w h ich  is  a lm ost 
com ple te ly  rem o v ed  a fte r  b a c k - ti tra tio n , a n d  ii) th e  in itia l b ronze  s t ru c tu re  is 
re s to re d  p a r tia lly  u p o n  h a c k - titra tio n . T h e  fa c t th a t  th e  b a c k g ro u n d  be
tw een  0  =  3° an d  0  =  6° has s ig n if ic a n tly  increased  suggests t h a t  th e  m a te 
ria l has becom e p a rtia lly  am orphous. T h ese  s tru c tu ra l d a ta  c o n firm  th e  ex p e r
im e n ta l o b se rv a tio n s  discussed ea rlie r. T h e  ad d itio n a l w eak p e a k s  observed  
in  sp ec tru m  В h a v e  n o t been id en tified  on  th e  basis of th e  X -ra y  d a ta  availab le  
in  th e  l i te ra tu re , b u t  u n d o u b ted ly  th e y  a re  cha rac teris tic  of a m ix tu re  o f sub- 
oxides. T he d iffrac tio n  peaks of th e  in i t ia l  b ronze coincide re la t iv e ly  well 
w ith  th o se  g iven  b y  B ir till  and  D ic k e n s  [21] for H 1C8M o 0 3.

H ydrogenation o f  ethylene

I t  can  be a n tic ip a te d  th a t  th e  s t r u c tu r a l  m odifications p ro v o k e d  b y  the  
p re tre a tm e n t co n d itio n s should  a ffec t th e  c a ta ly tic  p roperties.

F o u r b ronzes (X in 1.42 0.04) p re p a re d  a t 60 °C a n d  o u tg a sse d  a t
120, 140, 160 an d  180 °C for 14 h (d y n a m ic  outgassing) w ere r e a c te d  w ith  
C2H 4. T he e x p e rim e n ta l curves, co rre sp o n d in g  to  th e  ca ta ly s ts  w h ic h  w ere or 
w ere n o t b a c k - t i t r a te d  are show n in  F ig . 4. As expected , b a c k - t i t r a t io n  and  
o u tgassing  te m p e ra tu re  affect th e  in it ia l  r a te  an d  th e  yield o f C2H e.

T he b ronzes w hich were su b m itte d  to  various con d itio n in g s in  s ta tic  
v acu u m  a t  sev era l te m p e ra tu res  (cf. th e  p reced ing  section) w ere b a c k - t i t ra te d  
an d  re a c te d  w ith  e thy lene  a t 160 °C. T h e  e th an e  p rodu c tio n  versus  tim e  is 
show n in  Fig. 5. H ere  again, i t  is c le a r  t h a t  th e  ca ta ly s t a c t iv i ty  is s trong ly
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Fig. 4. Influence of the conditioning tem perature (dynam ic) on the formation of e thane  a t 
160 °C. F u ll sym bols: outgassing followed by back-titra tion  w ith  H2; open symbols: outgassing 

w ith o u t back-titra tion . (1): Outgassing a t 120 °C; (2) a t  140 °C; (3): a t 160 °C;
(4): a t 180 °C

Fig. 5. In fluence of the conditioning tem perature (in s ta tic  vacu u m  w ith liquid N2 getter) on 
the fo rm ation  of ethane a t  160 °C; (a) outgassing for 14 h  a t  120, 140, 150 and 180 °C, re 

spectively; (b): outgassing a t 160 °C for 1.5 an d  14 h, respectively

Acta Chim . Acad. Sei. Hung. I l l , 1982



MARCy <-t al.: REVERSAL SPILLOVER OF HYDROGEN 5 4 3

Fig. 6. Relationship betw een the am ount of C.,H„ (inmole/g) produced after 24 h of reaction 
a t 160 °C and ZlX(H20 ). Full symbols: bronzes outgassed in sta tic  vacuum  w ith liquid Ns 

getter. Open sym bols: outgassed in dynam ic vacuum  [/JX (II20 )  values extrapolated
from Fig. 2]

influenced  b y  th e  te m p e ra tu re  and how  th e  bronze was o u tgassed . Indeed , 
for an  id en tica l c o n d itio n in g  te m p e ra tu re , th e  y ields of C2H 0 o b ta in ed  fo r th e  
bronzes p re tre a te d  in  s ta tic  cond itions a re  h ig h er th a n  tho se  o b ta in ed  w ith  
th e  bronzes o u tg assed  in  dynam ic v a cu u m  (com pare  th e  cu rves in  Fig. 5 to  
th o se  in  Fig. 4 , w ith  b a c k -titra tio n ).

These re su lts  co n firm  th a t  th e  s t ru c tu ra l  m od ifica tions due  to  th e  loss 
o f la ttic e  oxygens as H 20  during  th e  o u tg ass in g  s tep  h av e  a p ro n o u n ced  in 
fluence  on th e  c a ta ly tic  ac tiv ity , and  th a t ,  th e  m ore severe th e  ou tgassing  
cond itions, i.e. th e  s tru c tu ra l  dam age, th e  low er is th e  b ronze perfo rm ance.

In  o rder to  i l lu s tra te  th is  p o in t, th e  a m o u n ts  o f C2H e p roduced  a fte r 
24 h  o f reac tio n  w ere p lo tte d  in  Fig. 6 a g a in s t J X ( H 20 )  d e te c te d  a fte r o u t
gassing. A lin ea r  re la tio n sh ip  is ob ta in ed .

I t  is m ost im p o r ta n t  to  p o in t ou t th a t  d u rin g  th e  h y d ro g e n a tio n  of e th y l
ene, th e  q u a n t i ty  o f  w a te r form ed is a lm o st u n d e te c ta b le . T races  of w a te r 
w ere found a f te r  24 h  o f reac tio n  only , i.e. w hen  th e  C2H c fo rm a tio n  ten d s 
to w ard s  a p la te a u .
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Conclusions

T w o  m ain  conclusions c a n  be d raw n  from  th is  s tu d y .
1. T h e  outgassing o f h y d ro g en -m o ly b d en u m  oxide bronzes a t te m p e ra tu re  

h ig h e r  t h a n  120 °C is a cco m p an ied  b y  th e  fo rm a tio n  o f w a te r  m olecules, in  
a m o u n ts  t h a t  are depend ing  o n  th e  tim e , te m p e ra tu re  an d  m ethod  o f o u tg a ss 
in g . U p o n  rem oval of w a te r  (i.e . rem o v a l o f oxygen  a to m s from  th e  b ro n ze  
la t t ic e ) ,  irreversib le  s tru c tu ra l m o d ifica tio n s are in d u ced : suboxides a re  fo rm ed  
a n d  th e  e x te rn a l surface la y e rs  becom e p a r tia lly  am o rphous. B a c k - t i tr a 
t io n  w ith  hyd ro g en  does n o t re s to re  th e  bronze in  its  in it ia l  s to ich io m etry .

2. T h e  to ta l  n u m b er o f  H  a to m s w hich are  in v o lv ed  in  th e  re tro cessio n  
p ro cess  to w a rd  an  accep to r m olecu le , (e.g. e thy lene) is s tro n g ly  d ep e n d e n t 
u p o n  th e  cond itions of th e  b ro n z e  fo rm a tio n  and  o f its  ou tgassing .

T h e  lin ea r re la tio n sh ip  b e tw e e n  th e  am o u n t o f  w a te r  rem oved  d u rin g  
th e  c o n d itio n in g  of th e  b ro n ze  a n d  th e  yield  of C2H e suggests th a t  th e  m o tio n  
o f  th e  H  a tom s from  th e  b u lk  to w a rd  th e  P t  p a rtic le s  is in h ib ite d  b y  th e  
p e r tu r b a t io n  resu lting  from  th e  cond ition ing . The m ore  severe th e y  a re , th e  
low er is th e  hydrogen  re tro cess io n .

*
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Hydrogen adsorption isotherm s are studied  on two supported P t  ca ta ly s ts  in  an 
exceptionally wide range of pressure (5 • 10-5  —150 Torr) and tem p e ra tu re  (77 К  — 
550 К). Therm odesorption spectra, B o u d a r t  ti tra tio n  and oxygen chem isorp tion  are 
also measured.

On bo th  cata lysts, isotherm s are T e m k in  like, due to  large decrease of the 
adsorption  heat w ith  coverage. F or one of th e  catalysts the monolayer va lu e  determ ined 
from  the isotherm  allows to  calculate on th e  basis of a stoichiometric r a t io :  num ber of 
H  adsorbed atom s/num ber of surface m eta l atom s equal to  1, a d ispersion  value of 
132%  indicating a very  high dispersion as well as the existence of surface P t atom  
bound to  more th an  one Й atom .

Results obtained by B o u d a rt  t i tr a tio n  do not correspond to  any  sim ple stoichio
m etric ra tio  and depend on tim e and pressure.

A t the ligh t of these results, th e  va lid ity  of some usual procedures for measuring 
th e  dispersion of supported cata lysts by  H 2 adsorption  and related m ethods are  discussed, 
nam ely procedures of outgassing, d istinction  between “reversible”  and  “ irrever
sible”  forms of adsorption, ex trapo la tion  to  zero pressure.

Introduction

H y d ro g en  a d so rp tio n  on a su p p o r te d  m eta l ca ta ly s t is a v e ry  classical 
m e a su re m e n t th a t  has th re e  m a in  p u rp o ses :

i) D e te rm in a tio n  o f th e  th e rm o d y n a m ic  p aram eters  c h a ra c te r iz in g  the 
h y d ro g e n  adso rbed  s ta te .

ii) M easurem ent o f th e  d isp e rs io n  o f  th e  m eta l c a ta ly s ts , i.e . th e  ra tio  
o f  th e  n u m b er ns o f su rface  m e ta l a to m s  to  th e  to ta l m e ta l a to m  n u m b e r nt 
th ro u g h  th e  d e te rm in a tio n  o f th e  n u m b e r  n Hm of hyd rogen  a to m s  adsorbed  
a t  fu ll coverage. T h a t  im plies th e  know ledge  o f th e  s to ich io m etric  r a t io  H c =

_  _?Hm_ j n  £ac t m ost o ften  is ta k e n  as u n ity .
ns
iii) Id e n tif ic a tio n  o f th e  d iffe ren t possib le adsorbed spec ies , as a h e te r

o g en e ity  —eith e r “ a  p rio r i”  or in d u c e d  — , m ay have co n seq u en ces  on  the

* This paper was presented a t  th e  F irs t B elgian—H ungarian C olloquium  on Catalysis 
a t  M átrafüred, October 19—22, 1981.

+ “ Maítre de Recherches”  of th e  “ Fonds N ational de la Recherche Scientifique” .
**T o whom correspondence should be addressed.
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c a ta ly t ic  activ ity . T e m p e ra tu re  program m ed d e s o rp tio n  is a classical m e th o d  
u s e d  for th is purpose.

I n  the  p resen t w o rk , tw o  P t  ca ta ly sts  o f  v e ry  d ifferent d ispersion  are  
s tu d ie d  by hydrogen  a d s o rp tio n  iso therm s a n d  th e rm o d eso rp tio n  m e a su re 
m e n ts . This s tu d y  is c o n d u c te d  in  an ex c e p tio n a l w ide range of p ressu re , u p  
to  sev en  powers o f te n -  a n d  o f  tem p era tu re- 77 to  600 K , m uch w ider th a n  in  
m o s t  o f  th e  p receding  p u b lis h e d  studies. S uch  w id e  ranges are n ecessary  fo r 
a n  as com plete as p o ss ib le  ch a rac te riza tio n  o f th e  h y d ro g en  ad so rp tio n  [1], 
a n d  p a rticu la rly  for th e  d e te rm in a tio n  o f th e  v a r ia t io n  w ith  coverage o f  th e  
e n th a lp y  and en tro p y  o f  a d so rp tio n . As, for m o s t tra n s itio n  m etals, th e  d e 
p e n d e n c e  of coverage w ith  p ressu re  is w eak, th e  s lo p e  d 0 /d  log10 P  is a ro u n d
0.1 o r  less in  the  c o m m o n ly  s tud ied  te m p e ra tu re  ra n g e  [1]. Such a com p le te  
s tu d y  seems p a r tic u la r ly  u s e fu l for one of th e  s tu d ie d  c a ta ly s ts  th a t  is th e  f i r s t  
re fe re n ce  E uropean  c a ta ly s t  E u ro  Pt-1.

I n  the  l i te ra tu re , m o s t  studies d evo ted  to  h y d ro g en  adso rp tion  in  a 
m u c h  m ore restric ted  ra n g e  o f  experim en tal c o n d itio n s , have the  sole p u rp o se  
o f  de te rm in in g  th e  c a ta ly s t  dispersion. O ur m o re  com plete s tu d y  allow s 
n a m e ly  us to  com m ent o n  th e  u su a l procedure o f  d isp e rs io n  m easurem ent b a sed  
o n  gas —  and specially  h y d ro g e n  — ad so rp tion .

Experimental

Catalysts
Two P t catalysts are used .
The first one is the R eference  Euro Pt-1. f t  is p rep a red  b y  im pregnation of S i02 (Sorbsil 

AQ U 30 silica gel from C R O S S F IE L D  Chemicals) w ith  (P t(N H 3)4Cl2 in alkaline solution. 
T o ta l surface area is 185 (A  10) m z g -1 . Platinum con ten t o f th e  particles (mesh size betw een 
0.5 an d  1 mm) exclusively used  in  th e  present study is 1.772 X  Ю 20 atom  P t per gram of ca ta ly st.

T he second cata lyst, P t  10A, supported on y-Al20 3 (Degussa), was prepared in  the 
“ In s t i tu t  de Recherches sur la  C ata lyse” (Lyon, France). I t s  P t  con ten t is 3.1 X lO 20 atom  P t 
p e r g ram  of catalyst.

R o th  catalysts are red u ced  in  situ by flowing H 2 a t  300 °C. Prelim inary m easurem ents 
show ed th a t  more drastic tr e a tm e n t  — higher tem perature o f reduction , prelim inary oxidation 
a t  m ore or less high tem p era tu re  — have no influence on th e  hydrogen  adsorption capacity  of 
b o th  cata lysts.

Apparatus and procedures
A ppara tu s

The all Pyrex glass a p p a ra tu s  is shown schem atically in  Fig. 1. Main features are:
1) Glass valves w ith s ta in less  steel bellows and v ito n  seals, no greased stopcocks.
2) Evacuation th rough  an  oil diffusion pump. B ack diffusion  of the oil to  the ca ta ly st 

is p rev en ted  by a cold cap above th e  pum p and a cold tr a p  a t  190 K.
3) Possibility of baking th e  w hole apparatus up to  180° (h igh tem perature lim it for th e  

v ito n  seals of the valves) allow ing to  obtain  a vacuum in  th e  low  10 ~7 Torr range in the whole 
a p p a ra tu s .

4) Three pressure gauges:
— a quartz Bourdon gauge (Texas Instrum ent w ith  a range 0 — 260 Torr, and a lim it 

of sen s itiv ity  of ed 10~3 T orr;
— a differentially m o u n ted  P iram  gauge (range: 10 - 5 —10-1 Torr);

- an  ionization gauge.
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/jn Glass valves with 
^  "stainless steel below 
- S - = Stainless steel valves 
G.jn =Gas introduction 
G.out=Gas out put 
HVL = High vacuum line

1 = Low pressure reactor 
2= High pressure reactor 
3 = Texas gauge 

£,5=Pirani gauges 
6,7,8= Calibrated volumes 

9 = Ionization gauge 
10,11 = Calibrated leaks

HVL

Fig. 1. A pparatus

5) Two different reactors containing different am ounts of cata lyst:
— the low pressure reactor, w ith a volum e around 150 cm3 may be evacuated  w ith a 

pum ping speed a t the catalyst level (not a t  the ou tpu t of the pump) around 10 liters/sec for 
H 2. I t  contains an am ount of cata lyst corresponding to  a few square m eters of m etal. P ractical 
pressure range of m easurem ent is 5 х Ю -5 <  P  <  5 Torr;

— the high pressure reactor, w ith m uch smaller volume (c*; 20 cm3), contains a much 
higher am ount of catalyst 100 square m eters of m etal), bu t the pum ping speed a t the 
ca ta ly st level is only of a few cm 3 sec“ 1.

P ractical pressure range of m easurem ent is 200 10“ 2 Torr. Range of operating
pressures for both  reactors overlaps in  the 1 Torr —10“ 2Torr range so th a t reproducib ility  from 
one sample to  the other as well as of the outgassing and measuring procedures can be checked.

Isotherm procedure
Isotherm s are measured mainly in  the desorption mode bu t it  is checked in  a few cases 

w ith  narrow er pressure ranges th a t iden tical results are obtained in the adso rp tion  mode.
In  the high pressure reactor, desorption  isotherm s are measured using a classical volu

m etric procedure. In  the low pressure reacto r, similar volum etric procedure is used down to 
around 5 x  10“ 3 Torr; a t lower pressures th e  ca ta ly st is evacuated through a fixed leak (a few 
tens of cm 3 sec“ 1) the conductance of w hich is much smaller than  the pum ping speed of the 
ca ta lyst for hydrogen (always larger th a n  10 liters sec-1); under such conditions, a quasi 
equilibrium  does exist between gaseous and  adsorbed phases. Amount of hydrogen evacuated 
is m easured behind the leak by the ionization gauge th a t has been calibrated against the Pirani 
gauge and the response of which is in teg ra ted .

Before any isotherm  m easurem ent, the cata lyst is outgassed a t 350 °C for 15 hours. 
The residual pressure a t this tem perature  is in the 10“ 7 Torr range m easured ju s t above the 
ca ta lyst.

Procedure fo r  thermodesorption spectrum measurements
A quite similar procedure is used for obtaining the therm al desorption spectrum . A given 

am ount of hydrogen is adm itted  to  the ca ta ly st, generally a t room tem perature . The cata lyst 
is then  cooled to  77 К  where the H 2 am oun t in  the gas phase is really negligible as compared 
to  the adsorbed am ount. The system  is th en  evacuated through a fixed leak  of 70 ml sec-1 
and the cata lyst is heated a t a ra te  in the range 10 to 40 deg C/min. Pressure is m easured by  a 
P irani gauge and the desorbed flow m easured by the ionization gauge is in teg ra ted . T em 
perature  is measured by a therm ocouple fixed a t the outside of the bulb  contain ing the 
cata lyst. Due to the low heating ra te  and the  low pum ping speed through the leak , the therm o- 
desorption spectrum  so obtained is m easured a t adsorption-desorption equilibrium .

8* Acta C.him. Acad. Sei. H ung. I l l , 1982
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Euro Pt-1
Results

General

F irs t of all, th re e  im p o r ta n t  resu lts m u s t be g iven :
i) O n th e  p u re  S i0 2 su p p o rt alone, a t  te m p e ra tu re s  T  >  190 K , a d 

so rp tio n  is co m p le te ly  neg lig ib le , th e  ad so rb ed  a m o u n t na (in m olecules H 2 
p e r  g ram  of su p p o rt)  is  less th a n  2 X 1016 a t  p re ssu re s  P  around  1 T orr. Low 
b u t  sig n ifican t v a lu e  o f  n a a ro u n d  2 X 1018 m olecu les H 2 p er gram  o f su p p o rt 
is o b ta in e d  a t th e  sam e p re ssu re  a t  77 K .

ii) A d so rp tio n  a t  77 К  is an  a c tiv a te d  p h en o m en o n . W hen in tro d u c in g  
H 2 on  th e  c a ta ly s t a t  77 K , n a is 1.79 X 1020 a t  P  =  20 T orr, b u t a f te r  h ea tin g  
to  ro o m  te m p e ra tu re  a n d  cooling to  77 K . n a v a lu e  rises to  2.20 X 1020 a t th e  
sam e p ressure .

iii) W hen H 2 is in tro d u c e d  a t  high te m p e ra tu re  o r w hen th e  c a ta ly s t is 
h e a te d  u n d er H 2 p re ssu re  befo re  iso therm  m e a su re m e n t a t a low er te m p e ra 
tu re ,  one observes t h a t  th e  adsorbed  a m o u n t is sy s tem atica lly  h igher th a n  
w h en  H 2 is in tro d u c e d  in  th e  presence o f th e  c a ta ly s t  a t  th e  te m p e ra tu re  of 
d e so rp tio n  iso th e rm  m ea su re m e n t. E x a c t d e te rm in a tio n  of th e  te m p e ra tu re  
T  —  p ro b a b ly  a ro u n d  200 °C — a t  w hich th is  k in d  o f ac tiv a ted  ad so rp tio n  
ta k e s  p lace was n o t u n d e r ta k e n  b u t  a sy s te m a tic  s tu d y  o f th e  effect o f h ea tin g  
th e  c a ta ly s t  u n d er H 2 a t  300 °C for 2 hours b efo re  iso th e rm  m easu rem en ts is 
d esc rib ed . In  th e  n e x t  p a r t  re su lts  o b ta in ed  w h en  in tro d u c in g  H 2 a t  th e  iso 
th e rm  te m p e ra tu re  arc  re p o rte d , w hereas a f te r  th is  p a r t  resu lts  o b ta in ed  
a f te r  h e a tin g  a t  300 °C a re  given.

t f 2 desorption isotherm s  (H 2 in tro d u c tio n  a t  th e  iso th e rm  tem p era tu re )

D eso rp tion  iso th e rm s  are  m easured  a t  th e  fo llow ing  tem p era tu res : 77 K , 
193 K , 290 K , 373 K , 450 K , 520 К  and  592 K . T h e  re su lts  are given in  Figs 
2 a n d  3 w here th e  ad so rb ed  a m o u n t per g ram  o f c a ta ly s t  n a is p lo tted  as a fu n c 
tio n  o f  th e  lo g arith m  o f th e  p ressure . All th e se  iso th e rm s  show in a la rge  p re s 
su re  ra n g e  a linear d ep en d en ce  betw een  n a an d  ln  P , ch a rac te ris tic  o f th e  so- 
ca lled  “ T e m k i n  is o th e rm ” .

T he isosteric  h e a t  o f  ad so rp tio n  Q (0 )  in  th e  ran g e  0.45 X 1020 <7 na ■< 
<  1.14 X 1020 m olecules H 2 is de te rm ined  usin g  iso th e rm s  of Fig. 2 o b ta in e d  
in  th e  te m p e ra tu re  ra n g e  193 <7 T  <7 390 K . T he v a r ia tio n  of Q (0 )  w ith  co v 
erag e  is show n on cu rv e  1 in  Fig. 4. A n a n o th e r  d e te rm in a tio n  o f Q (0 )  is 
th e  fo llow ing: a t th e  en d  o f  a desorp tion  iso th e rm , i.e. a t  a low p ressu re , th e  
c a ta ly s t  is sub jec ted  to  a stepw ise  rise of te m p e ra tu re  inducing  a d eso rp tio n ; 
i f  th e  te m p e ra tu re  s tep  is sm all as well as th e  v o lu m e  o f th e  system , th e  induced  
d e so rp tio n  is also sm all; th e  conditions are th e n  v e ry  close to  isosteric  and  th e
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Fig. 3. Н 2 adsorption isotherm s on E uro  Pt-1 a t 77 К

ra tio  o f th e  p ressu re  befo re  an d  a fte r  th e  te m p e ra tu re  s tep  allow s th e  d e te rm i
n a tio n  o f Q (0 ):  th e  so d e te rm in ed  Q (0 )  v a lu es  are g iven in  F ig . 1, an d  are 
in  v e ry  good ag reem en t w ith  cu rve  1.

C orrespond ing  va lu es  o f th e  d iffe ren tia l e n tro p y  o f  a d so rp tio n  are also 
ca lcu la ted  an d  g iven  in  F ig . 5. As can  he seen on F ig . 6, a co m p en sa tio n  effect 
does ex ist b e tw een  A S  (0 )  and  Q (0 ) . A  s im ila r co m p en sa tio n  effect fo r H 2 
ad so rp tio n  on R u  h as  a lre a d y  been  described  [21].
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A s the  value n aoo co rre sp o n d in g  to  full coverage m u st be close to  th e  n a 
v a lu e  a t  high pressure on  th e  193 К  iso therm  an d  as th e  Q and  /IS  va lu es  m ay 
b e  considered  as c o n s ta n t in  a sm all A&  in te rv a l n e a r  fu ll coverage, L angm ui 
is o th e rm  form ula is ap p lied  to  th e  exp erim en ta l p o in ts  allow ing to  d e te rm in e  
th e  n aoo value: 1.17 X 10 20 m olecules H 2.

F ig . 5. V ariation  of th e  H 2 a d so rp tio n  e n tro p y  on E u ro  P t-1  w ith  coverage
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Fig. 6. Compensation effect betw een heat and entropy

U sing th is  v a lu e  o f  naoo as w ell as Q a n d  AS values of F ig s  4 a n d  5, the 
full se t of iso th e rm s can  be re c a lcu la ted  u s in g

C alcu la ted  p o in ts  are  re p o rte d  in  F ig . 2, in  good agreem ent w ith  ex p e rim en 
ta l  iso therm s in  th e  te m p e ra tu re  ra n g e  193— 390 K.

I t  can  also  be seen in  F ig . 2 t h a t  fo r th e  iso therm s a t  te m p e ra tu re s  
450 К  a d e v ia tio n  ap p ears  b e tw een  th e  experim en ta l and  c a lc u la te d  values. 

In  fa c t, w hen considering  a te m p e ra tu re  in te rv a l  larger th a n  193 <  T  <  390 K, 
th e  C lapeyron p lo t ln  P  =  f  (1 /Т ) a t  c o n s ta n t  coverage ceases to  be  lin ea r  and 
a low ering  of th e  iso steric  a d so rp tio n  h e a t  is observed (Fig. 7). T h is  ph en o m e
n o n  m u st be re la te d  to  th e  p h en o m en o n  a lre a d y  m entioned o f  a m o re  im por
t a n t  adsorbed  a m o u n t a t  low te m p e ra tu re  i f  hydrogen is in tro d u c e d  a t  a high 
te m p e ra tu re  (see th e  n e x t p a r t) . T h is  “ a c tiv a te d ” or “ h ig h  te m p e ra tu re ” 
a d so rp tio n  on ly  occurs s ig n ifican tly  a t  tem p era tu res  h ig h e r t h a n  400 K. 
T h is  is th e  reaso n  w hy we did n o t succeed  in  determ ining  th e  a d s o rp tio n  heat 
a t  low  coverage (0  <[ 0.4). A t 373 К  i t  is possible using a v e ry  ro u g h  e x tra 
p o la tio n , to  e s tim a te  th a t ,  for ex am p le , a t  a low coverage 0  a ro u n d  0.1, the

w ith  0  = ( 1 )
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Fig. 7. Variation w ith  te m p e ra tu re  of the H2 apparen t ad so rp tio n  heat on Euro P t-1

e q u ilib riu m  pressure sh o u ld  ce rta in ly  be low er t h a n  10 ~ 9 Torr, th a t  is fa r  
f ro m  th e  possibilities o f  o u r  a p p a ra tu s . The on ly  w a y  to  realize such low  c o v e r
age v a lu es  is th en  to  m e a s u re  adsorp tion  iso th e rm s  a t  h igher te m p e ra tu re s , 
b u t  com plica tion  arises f ro m  th e  “ ac tiv a ted ”  a d s o rp tio n  tak in g  place.

A  few  rem arks h a v e  a lso  to  be made co o ce rn in g  th e  adsorp tion  iso th e rm s  
a t  77 К  (Fig. 3). I n  th e  lo w  pressure dom ain  ( P  <  0.1 Torr), th e  ad so rb e d  
a m o u n t is alm ost in d e p e n d e n t  of the  p ressu re . A t  h ig h er pressures ( P  >  
> 1 . 0  T orr) a co n siderab le  in c rea se  in  the  a d so rb e d  a m o u n t is observed, t h a t  
m u s t  p ro b ab ly  be re la te d  t o  m olecular a d so rp tio n  o n  th e  silica su p p o rt. A t 
h ig h  pressures th e  e ffec t o f  te m p e ra tu re  a t  w h ich  h y d ro g e n  is firs t in tro d u c e d  
o n  th e  ca ta ly s t (77 K , o r  290  o r  573 K) is n eg lig ib le . A t  low  pressures, th e  ef
fe c t o f  th e  tem p e ra tu re  o f  in tro d u c tio n  was a lre a d y  m en tioned .

D esorption isotherms w ith  introduction at high tem perature  (“ a c tiv a te d ”
adsorption)

In  these  e x p e rim en ts , th e  ca ta ly st is sy s te m a tic a l ly  heated  for 2 h o u rs  
a t  573 К  in  th e  p resence  o f  a  know n am ount o f  h y d ro g e n  (hydrogen p re ssu re  
a t  573 К  around a few  T o rrs )  before low ering th e  te m p e ra tu re  to  th e  v a lu e  
w h e re  desorp tion  iso th e rm  is  m easured. We d id  n o t  in v es tig a te  the  p ossib le  
e ffec ts  o f  th e  te m p e ra tu re  a n d  th e  dura tion  o f th e  h e a t in g  in  hydrogen.
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In  fac t, for iso th e rm s  m easu red  a t  te m p e ra tu re s  h ig h er th a n  450 K , we 
do no t n o tice  a n y  s ig n if ican t d ifference b e tw een  th e  so m easu red  desorp tion  
iso therm s and  d eso rp tio n  iso th erm s m easured  b y  d irec t in tro d u c tio n  o f H 2 
a t th e  te m p e ra tu re  o f  e x p e rim en t. T his is th e  reaso n  w h y  th e  re su lts  g iven  in 
Fig. 8 o n ly  concern  iso th e rm s  in  th e  low te m p e ra tu re  (T  390 K ) reg ion  w here 
sig n ifican t d ifferences w ith  re su lts  o f Fig. 2 w ere observed . As seen in  th e  
fig u re , th is  difference in  ad so rb ed  q u a n tity  is a p p ro x im a te ly  c o n s ta n t in  th e  
w hole p ressu re  d o m ain  s tu d ie d  an d  its  value is close to  1.0 X 1019 m olecules 
p e r gram  of c a ta ly s t, in  fa c t 8 .5%  in  coverage.

T h is value is c o n firm ed  as follows:
1) th e  d ifference b e tw een  ca lcu la ted  a n d  m easu red  ad so rb ed  a m o u n t 

on th e  450 К  “ n o rm a l iso th e rm ”  (see Fig. 2) is also  close to  1.0 X 1019 m ole- 
cules/g;

2) th e  d ependence  o f th e  isosteric  a d so rp tio n  h e a t, d e te rm in ed  as fu r 
th e r  on is g iven in  F ig . 3, cu rv e  2. In  a f irs t a p p ro x im a tio n  th e  genera l sh ap e  
o f  th e  Q =  / ( 0 )  cu rv es  (1) an d  (2) o f Fig. 3 is v e ry  s im ila r, b u t  cu rve  (2) is 
sh ifted  to w ard s h ig h er coverage  b y  a A 0  of a b o u t 1.0 X 1019 m olecules/g ;

3) th e  a m o u n t re m a in in g  adsorbed  on th e  c a ta ly s ts  a t  600 К  an d  P  az 
Cs: 10~ 5 T o rr is also o f  th e  o rd er o f 1.0 X 1019. B u t a t  th is  te m p e ra tu re  and  
p ressu re , th e  ad so rb ed  A m ount ca lcu la ted  w ith  p ro ced u re  an d  d a ta  o f th e  
n e x t p a r t  should  he less th a n  5 X 1017 m olecules/g i.e . alm o st negligible. I t  
m u st be no ticed  th a t ,  on  th e  600 К  iso th e rm  in  th e  1 0 ~ 4 —  10 T o rr  ran g e , 
th e  slope

d In P

F ig. 8. H 2 ad so rp tio n  iso th e rm s  on E u ro  P t-1 . In fluence  o f h e a tin g  u n d e r H 2 a t  570 К
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o f th e  iso th e rm  is v e ry  sm all; neverth e less  th e  c a ta ly s t  can  be o u tg assed  and  
th e  su rfa c e  be cleaned a t  th e  sam e  te m p e ra tu re , a t  a p ressu re  on ly  tw o  orders 
o f  m a g n itu d e  low er (a few 10 “ 7 T o rr) w ith in  a few  hours. T he ad so rb ed  am o u n t 
c o rre sp o n d in g  to  th e  “ a c tiv a te d  a d so rp tio n ”  is th u s  on ly  v e ry  slow ly desorbed  
a n d  th e  d y n am ic  deso rp tio n  p ro c e d u re  in  th e  h igh  te m p e ra tu re  an d  low  p res
su re  re g io n  does no t allow  to  m easu re  rea l equ ilib riu m  values.

Therm odesorption spectrum  (TD S)

A  ty p ic a l TD S o b ta in e d  w ith  an  in itia l coverage o f  1.2 X 1020 m olecules 
H 2/g  ( 0  ad 1.0) is show n on  F ig . 9, curve 1. C learly , th e  T D S co n ta in s  th ree  
w ide a n d  overlapp ing  p eak s . T h e  low  te m p e ra tu re  one w hich  is th e  less im 
p o r ta n t ,  ap p ears  a round  213 K . T h e  larg est p eak  ap p ea rs  a t  365 К  an d  a  th ird  
s t r u c tu r e  appears in  a sh o u ld e r a ro u n d  495 K . A ll te m p e ra tu re s  m en tio n ed  are 
m e a su re d  w ith  a th e rm o co u p le  fix e d  to  th e  ex te rn a l p a r t  of th e  b u lb , as near 
as p o ss ib le  to  th e  c a ta ly s t, th e  re a l te m p e ra tu re  of th e  c a ta ly s t  is c e rta in ly  
low er a n d  th e  te m p e ra tu re  d ifference be tw een  c a ta ly s t  a n d  therm o co u p le  
m a y  c e r ta in ly  reach  a few  te n s  o f degrees C.

W e h av e  stud ied  th e  in flu en ce  of d iffe ren t fac to rs  on th e  p o sitio n  and 
a m p li tu d e  of the  d ifferen t p eak s .

Heating rate AO deg/min

F ig . 9. T h e r m a l  d e s o r p t i o n  s p e c t r u m  o f  H ,  o n  E u r o  P t - 1
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In fluence  o f  the in itia l coverage

In  T able I  a re  g iven th e  resu lts  o f a series o f TD S w ith  increasin g  initial 
coverages na, w ith  in d ica tio n  of th e  te m p e ra tu re  an d  th e  p re ssu re  o f th e  peak 
m ax im um , as w ell as o f th e  am o u n t deso rbed  a t  623 К  (w hen m easu red ).

T he m ajo r conclusions to  be d raw n  from  th is  T ab le  are :
—  The low  te m p e ra tu re  p eak , alw ays sm all is on ly  o b se rv ed  a t high 

coverage (0  7> 0.8).
— The h ig h  a n d  m edium  te m p e ra tu re  p eak s sh ift to w a rd s  h ig h er te m 

p e ra tu re s  w hen th e  coverage d im in ishes.
— A t 623 К  a n d  a t  a p ressu re  a ro u n d  1 0 “ 5 T o rr a p a r t  o f  hydrogen 

am o u n tin g  to  a b o u t 0.5 to  1.0 X 1019 m olecules/g is n o t deso rb ed .
M edium  an d  high te m p e ra tu re  p eak s are  poo rly  re so lv ed . F o r low 

in itia l coverage, m ed iu m  te m p e ra tu re  p eak  ap p ears  as a sh o u ld e r on  th e  high 
te m p e ra tu re  one. F o r h igh in itia l coverage, th e  h igh  te m p e ra tu re  p e a k  appears 
as a shou lder on  th e  m ed ium  te m p e ra tu re  one. B o th  h av e  a b o u t th e  same 
im p o rtan ce  fo r in it ia l  coverage a ro u n d  0  =  0.5.

In flu en ce  o f  the adsorption o f  hydrogen at 300 °C

In  these  ex p e rim e n ts , a know n a m o u n t o f H 2 is in tro d u c e d  on th e  c a ta 
ly s t a t  300 °C fo r  one h o u r, th e n  th e  w hole system  is cooled  to  77 К  and 
p rogram m ed h e a tin g  is se t up . In  T ab le  I I  th e  th e rm o d e so rp tio n  sp ec tra  ob
ta in e d  in  th is  w ay  are  g iven  for tw o d iffe ren t values o f th e  coverage  and  m ay 
be com pared  w ith  th e  co rrespond ing  values in  T ab le  I.

Two conclusions m ay  be d raw n  from  th ese  re su lts :
-— A fter h e a tin g  a t  300 °C, an  im p o r ta n t sh ift of th e  p e a k s  to w ard s high 

te m p e ra tu re  is o b se rv ed , m ore th a n  120 К  fo r coverage и 4  X 1019, around  
60 К  fo r coverage  a ro u n d  2 X 1019 m olecules/g.

—  The a m o u n t o f  H 2 n o t desorbed  a t  350 °C (end o f  th e rm o d eso rp tio n ) 
is m ore im p o r ta n t a f te r  h e a tin g  a t  300 °C.

Oxygen chem isorption

A d so rp tio n  o f 0 2 is s tu d ied  a t  te m p e ra tu re s  193, 290, 326 an d  430 К  
and  a t  a p ressu re  a ro u n d  1.3 T orr. R esu lts  are  show n in  F ig . 10. P a r t  of the 
ad so rp tio n  is slow  an d  th e  adso rbed  a m o u n t increases w ith  te m p e ra tu re .

B o u d a r t  titration

B o udart  t i t r a t io n  [12] is also p erfo rm ed  on d iffe ren t sam ples a t  room  
te m p e ra tu re  in  th e  p ressu re  range  10—20 T o rr, w here close to  m onolayer 
coverage in  H 2 is ach ieved . naco v alue  is 11.7 X  Ю 20 ( +  0.05) m olecule H 2/g.
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Table I

Thermodesorption spectrum. Effect o f initial coverage

No.
Initial coverage 

at 77 К
Г )

Amount 
desorbed at 

623 К

Temperature Tm (K) and pressure (TorrxlO3) for the three 
TDS peaks P1? P2 and P3 observed

p, Pг P,

11 T P T P T P

21 0.97 0.45 576 1.03

7 1.35 * 541 2.11

20+ 2.11 1.59 378 SS 0.86 536 4.14

25 2.65 2.24 389 SS 1.5 509 5.03
6 2.81 * 511 5.03

12 3.92 * 383 SS 3.4 491 7.1
14 4.16 3.62 405 SS 4.8 485 6.60

5 5.14 * 396 S 6.90 472 8.10
32+ 5.40 4.55 436 8.6 472 8.6

16 6.52 6.11 395 8.7 495 S 12.3

9 9.25 * 265 8 . 0 371 16.2 496 S 9.8

2+ 12.0 * 213 7.3 365 15.7 495 S 9.4

+ see also Fig. 9; * not m easured ; ** molee. I I2 per g X 10 19; S: shoulder; SS: small 
shoulder

Table II

Thermodesorption spectrum . Effect o f H 2 adsorption at 330 °C*

No.
Initial coverage at 

77 К x 10“ 11 molcc. 
H2 per gram

Amount desorbed 
at 623 К x 10- 18 

molec. H2 per gram

Temperature (K) and pressure (TorrXI0s) 
for the TDS peaks

p. P3
T (K) P (Torr) x 103 T (K) Р(Тогг) x 10s

13 3.80 * He 526 6.4 606 5.0
15 4.08 2.91 525 6.5 610 5.26

19 2.16 1.14 _ — 585 3.4

31 2.10 1.01 — — 599 3.0

* E xperim ents 13 and 15 are to  be compared w ith experim ents 12 and 14 of Table I, 
ex perim en ts  19 and 31 w ith experim en ts 20 of Table I.

** N o t measured.

F o llo w in g  ra tio s  of 0 2 c h e m iso rp tio n  (Oc) or H 2 t i t r a t io n  (H T) to  h y d ro g en  
m o n o la y e r  п ат are found:

Oc : naoo : H T =  0 .475  ( ±  0.25) : 1.00 : 1.725 ( ±  0.070)
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Fig. 10. 0 2 chemisorption a t d ifferent tem peratures

F u rth e rm o re , i t  is show n  th a t  s ta tio n a ry  v a lu es  o f  0 C and  H T a re  o n ly  o b ta in e d  
a fte r  several h o u rs , th e  k inetics o f th e  p ro cess  be ing  also pressure  d ep en d en t. 
O , chem iso rp tion  is also  stro n g ly  te m p e ra tu re  d ependen t.

Pt 10 A

H 2 desorption isotherm s

D ue to  l im ita tio n  on th e  availab le  a m o u n t o f c a ta ly s t th e  p ressu re  range  
is, in  th is  p a r t  o f  th e  s tu d y , lim ited  to  a b o u t 5 orders o f m ag n itu d e  (1 0 ~ 5 — 

^ 1  T orr).
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A  phenom enon  q u ite  s im ila r to  th e  one re p o r te d  w ith  E u ro  P t-1 , i.e . a 
c o m p le m e n ta ry  a d so rp tio n  o f  H2 w hen  th e  gas is in tro d u ced  a t  te m p e ra tu re  
o f  Csi 100 °C or h igher, is a lso  o b served  w ith  P t  10 A. N evertheless, a t  p re ssu re s  
a ro u n d  10 ~2 T orr or low er, th e  p h en o m en o n  is slow enough so th a t  a com p le te  
s e t  o f  iso th e rm s up  to  200 °C w ith  neglig ib le c o n tr ib u tio n  of th is  “ a c tiv a te d  
a d s o rp t io n ”  is o b ta in ed  b u t  in  a re s tr ic te d  p ressu re  range. A dsorbed  a m o u n ts  
a re  r e p o r te d  in  F ig . 11 as a fu n c tio n  of th e  lo g a rith m  of th e  pressure  fo r te m 
p e ra tu re s  193, 290, 373 an d  473 K .

T h e  v a r ia tio n  w ith  coverage  0  o f th e  iso steric  h ea t o f a d so rp tio n  Q 
d e te rm in e d  as in  th e  p reced in g  p a r t  as w ell as th e  correspond ing  e n tro p y  
v a r ia t io n  A S  is given in  F ig . 12.

Fig. 12. V ariation w ith coverage of H 2 adsorption hea t and entropy on P t 10 A.

Fig. 13. Therm al desorption spectrum  of H 2 on P t 10 A
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T he naoo value d e te rm in ed  b y  th e  L an g m u ir p lo t of th e  h ig h  coverage 
p o in ts  o f th e  193 К  iso th e rm  is eq u a l to  1.08 X 1019 m olecules H 2 p e r  g ram  of 
c a ta ly s t .  U sing th is  v a lue  as w ell as Q an d  A S  F igs 10 and  12, one  m a y  ca l
c u la te  u sing  eq u a tio n  (1), th e  p o in ts  in d ica ted  in  Fig. 11, in  good  a g reem en t 
w ith  th e  exp erim en ta l iso th e rm s.

T he “ a c tiv a te d  a d so rp tio n ”  m easu red  b y  h ea tin g  u n d er FI2 p re ssu re  a t 
100 °C rep resen ts  ab o u t 0.7 X 1018 m olecules p e r gram  i.e. 6 .5%  o f  n aoo.

T h e r m o d e s o r p tio n  s p e c tru m

F ig u re  13 shows 3T D S  sp e c tra  co rresp o n d in g  to  th ree  d iffe ren t coverages. 
T h ese  sp ec tra  are com plex: 5 la rg e  a n d  o v erlap p in g  peaks m ay  be  d is tin g u ish ed . 
F o llo w in g  th e  in itia l coverage v a lu e , a g iven  p eak  m ay  ap p ea r as a shou lder 
o f  a n o th e r  peak  or as th e  p rin c ip a l peak .

In  T ab le  I I I  are g iven  th e  re su lts  (te m p e ra tu re  an d  p re ssu re  a t  peak 
m a x im u m  ) o f a series o f T D S w ith  in creasin g  in itia l coverage.

Table I I I

Thermodesorption spectrum. Effect o f  initial coverage 
(m easured a t 77 K)

In it ia l coverage a t 77 К 
(molecules Hf/g) x  10“ 18

I
2.1* 3.35 5.15* 7.20 13.0**

Temp. ( i ) — — — 2 1 3

l

Press. (2 ) - - —

S
4 .2 2

Temp. ( 1 )
1

— — — 2 5 8
2

Press. (2 ) - - — —
P

5 .6 0

Temp. 0 ) — — 3 9 2 3 2 4 3 2 3

3 P p S
Press. (2 ) 3 .1 4 3 .3 9 4 .8 9

Temp. (1 ) 4 9 2 4 6 9 4 9 9 4 6 3

4

Press. (2 )

P
2 .4 4

P
2 .9 2

p

3 .2 2

P

3 5 6

Temp. (1 ) 3 4 3 5 5 9 5 4 6 5 5 4 5 5 3

5 P S S s s

Press. (2 ) 1 .9 2 2 .0 6 0 .9 3 2 .8 9 2 .9 3

(1) K ; (2) T orrX lO 3: * see also Fig. 13; S: shoulder; P: resolved peak
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B o udart  t i t r a t io n

D ue to  th e  l i t t le  a m o u n t of ca ta ly s t a v a ila b le  an d  to  th e  vo lum e o f th e  
a p p a ra tu s ,  B o u d a r t  t i t r a t io n  is perform ed a t  2 T o rr . C orresponding v a lu e  o f 
n a (see F ig . 10) is 8 х Ю 18 m olecules H 2 p e r g ra m  o f  c a ta ly s t. F or Oc a n d  H T 
v a lu e s  a re : 5 .4 x 1 0  m olecu les 0 2 and  1 7 .7 x 1 0  m olecules H 2 and  th e  r a tio :

Oc : п.л : H T is 0.675 : 1 : 2.22

L e t us ou tline  th e  fa c t t h a t  Oc v alue  is ju s t  h a lf  o f  th e  m onolayer v a lue  naoo.

D iscussion

T h e  discussion is d iv id e d  in to  tw o p a r ts . T h e  f i r s t  p a r t  is d ev o ted  to  th e  
p ro p e r tie s  of th e  c a ta ly s ts  w e have  s tu d ied . I n  th e  second p a r t , in  th e  lig h t o f 
o u r re su lts , th e  u su a l p ro ced u re s  o f m easu rem en t o f  hydrogen  coverage an d  
c a ta ly s t  d ispersion b y  ch em iso rp tio n  te c h n iq u e  a n d  re la ted  m eth o d s are  
d iscussed .

P roperties of th e  P t  ca ta ly sts  and com parison

D is p e r s io n  o f  the c a ta ly s ts

F o r  E uro  P t-1 , th e  c a lcu la ted  ra tio  n Hm/to ta l  P t  using naoc v a lu e  an d  
k n o w n  co n cen tra tio n  o f  P t  (5 .74% ) lead to  a n  “ a p p a re n t”  d ispersion  v a lu e  
(o n  th e  basis o f a H /P t  su rface  a to m  equal to  1) o f  132% . Such high a p p a re n t  
d isp e rs io n  values h av e  a lre a d y  been rep o rted  in  th e  l ite ra tu re  [3], [15], [16].

O n th e  o ther h a n d , th e  s tu d y  by  e lec tron  m ic ro sco p y  [4] of th is  c a ta ly s t  
show s th a t  th e  m a x im u m  o f  th e  partic le-size  d is tr ib u tio n  fu nc tion  as w ell as 
th e  v o lu m e  average o f  th e  p a rtic le  size lies in  th e  ran g e  1.6 — 2.0 n m  th a t  
sh o u ld  correspond to  re a l d isp ers io n  in  th e  ran g e  0 .6 — 0.7. I t  has nev erth e less  
b e e n  show n recen tly  [22] t h a t  due to  insuffic ien t c o n tra s t ,  an  im p o rta n t p o rtio n  
o f th e  v e ry  sm all p a r tic le s  c a n n o t be d e tec ted  b y  d a rk -fie ld  e lectron  m icro s
co p y . T h is conclusion is — a fo rtio ri — also v a lid  fo r iso lated  m e ta l a to m s. 
T h u s , th e  d ispersion as m e a su re d  b y  e lectron  m ic ro sco p y  is only a low er lim it 
v a lu e . O n th e  o ther h a n d  i t  is also know n th a t  fo r u n su p p o rte d  m eta l c a ta ly s t  
m a d e  o f  large p artic les , w h ere  com parison  b e tw een  n Hm and  B E T  surface a rea  
is p o ssib le , th e  s to ich io m e tric  ra tio  H c is close to  1 [23].

T hese considera tions le a d  to  th e  follow ing conclusions:
i) th e  tru e  d isp e rs io n  o f  E u ro  P t-1  is h igh , ^> 6 5 %  a t  least, b u t p ro b a b ly  

close  to  100% ;
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ii) a n  im p o r ta n t p a r t  o f th e  P t  a to m s a t  full coverage are  b o u n d  to  tw o  
H  a to m s a t  le a s t. T h a t is n o t im possib le fo r a to m s ly ing on c ry s ta l  edges or 
ev en  in  ( H I )  p lan es if  every  tr ia n g u la r  se t o f  P t  a tom s defines a p o te n tia l  s ite  
for ch em iso rp tio n  o f a H  a to m  [5];

iii) th e  v a lu e  o f  th e  rea l s to ich io m etric  ra tio  H c for h ig h ly  d isp ersed  
c a ta ly s t  rem a in s  an  open  q uestion .

F o r P t  10 A, a p p a re n t d ispersion  ca lc u la ted  using  naoo (1.08 X  Ю 19 H 2/g) 
a n d  P t  c o n c e n tra tio n  (3 .1 0 X lO 20 a to  s/g) is 6 .75%  i.e. a low v a lu e . H ere  no 
d iscussion  a b o u t th e  s to ich iom etric  ra tio  H c is possible as no o th e r  ph y sica l 
in fo rm a tio n  on  th is  c a ta ly s t is ava ilab le  to  us.

“A ctivated  adsorption”

B o th  c a ta ly s ts  show  th e  sam e p h en o m en o n  o f a co m p lem en ta ry  a d so rp 
tio n  w hen  h e a tin g  u n d e r H 2 a t  a te m p e ra tu re  h ig h er th a n  400 К  fo r  P t  10 A, 
esi 450 К  fo r E u ro  P t-1 . This co m p le m e n ta ry  ad so rp tio n  re p re se n ts  a ro u n d  
6 .5 %  o f th e  m o n o lay er for P t  10 A, ~  8 %  fo r E u ro  P t-1 . In  th e  case o f  E u ro  
P t-1 , i t  is show n in  th is  s tu d y  th a t  p a r t  o f  H 2 ad so rb ed  u n d er th ese  co n d itio n s  
does n o t deso rb  in  TD S ex p erim en ts  a t  350 °C b u t  prolonged h e a tin g  u n d e r 
v acu u m  a t  th e  sam e te m p e ra tu re  allow s to  o b ta in  rep roducib le  re su lts  an d  
th u s  to  desorb  th e  h igh  te m p e ra tu re  a d so rb ed  fo rm .

Tw o possib le  ex p lan a tio n s  o f th is  p h en o m en o n  can be g iven:
— a d so rp tio n  o f H 2 in  th e  b u lk  o f  m e ta l;
— sp illover o f H 2 on th e  su p p o rt.

T h e  f ir s t  one seem s d ifficu lt to  reconcile w ith  th e  h igh  dispersion o f E u ro  P t-1  
b u t  c a n n o t be re je c te d  fo r P t  10 A. F o r E u ro  P t-1 , th e  spillover e x p la n a tio n  
is s tro n g ly  su p p o rte d  b y  a recen t w ork  [6].

A dsorp tion  heat

I t  is in te re s tin g  to  com pare  th e  a d so rp tio n  h e a t on tw o c a ta ly s ts  o f  such 
d iffe ren t d ispersion . A dso rp tio n  h e a t a t  in it ia l  coverage is n o t m easu red  b u t ,  
b y  e x tra p o la tio n , one m ay  deduce s im ila r v a lu es , a ro u n d  25 kcal a t  0  =  0 fo r 
b o th  c a ta ly s ts . O n th e  c o n tra ry , th e  v a r ia tio n  w ith  coverage is q u ite  d iffe re n t: 
for P t  10 A one observes a m o no tonous decrease  w hereas fo r E u ro  P t-1  Q 
seem s to  re m a in  ap p ro x im a te ly  c o n s ta n t u p  to  0  ^  0.4, th e n  decreases s teep ly . 
A te n ta t iv e  e x p la n a tio n  is th a t  a h igh v a lu e  o f  Q corresponds to  low  c o o rd in a 
tio n  P t  su rface  a to m s th a t  are  m uch m ore  num ero u s on a h ig h ly  d isp e rsed  
c a ta ly s t .

T h is e x p la n a tio n  is also in  ag reem en t w ith  th e  TDS re su lts . O ne m a y  
assum e th a t  on  E u ro  P t-1 , th e  h igh te m p e ra tu re  p eak  corresponds to  th e se  
low  c o o rd in a tio n  P t  a to m s, th e  m ed ium  te m p e ra tu re  peak to  H 2 ad so rb e d  on
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c ry s ta l  faces, w hereas th e  low  te m p e ra tu re  p e a k  — v e ry  sm all in  fa c t — sh o u ld  
be a t t r ib u te d  to  a loosely  b o u n d  form , p ro b a b ly  m olecularly  a d so rb ed  a n d  
o b se rv e d  o n ly  a t  h ig h  coverage  an d  low te m p e ra tu re .

T h e  ex istence  o f  fiv e  p eak s  in  th e rm o d e so rp tio n  on P t  10 A  is less easy  
to  e x p la in . N ev erth e less , on  th e  (100) p lanes o f  P t ,  up  to  five peaks h av e  been  
o b se rv e d  in  th e rm o d e so rp tio n  a t  h igh coverage  [7] w hereas on ly  one p eak  
a p p e a re d  on  th e  (111) p lan es. I t  is th u s  n o t  su rp r is in g  th a t  com plex  T D S  are  
o b se rv e d  o n  a low  d isp e rs io n  c a ta ly s t w here one w o u ld  expect a low er h e te ro 
g e n e ity , as well developed  c ry s ta l faces m u s t c e r ta in ly  ex ist on such  c a ta ly s t .

A d s o r p tio n  e n tr o p y

U sin g  th e  a d so rp tio n  e n tro p y  values o f  F ig s  5 an d  11, i t  is easy  to  c a l
c u la te  th e  e n tro p y  S a o f th e  adso rbed  p h ase  a n d  to  com pare th is  v a lu e  w ith  
c a lc u la te d  e n tro p y  [8] in  ad so rb ed  phase co rresp o n d in g  to  d iffe ren t m odels:

— co n fig u ra tio n a l e n tro p y  (im m obile ad so rp tio n );
— tra n s la tio n a l e n tro p y  (m obile a d so rp tio n )  ca lcu la ted  follow ing e ith e r  

th e  id e a l tw o  d im ensional gas m odel or th e  V O L M E R  m odel of non  id ea l tw o  
d im e n s io n a l gas.

I n  th ese  ca lcu la tio n s , co n trib u tio n s  to  t o ta l  en tro p y  of ro ta t io n a l  an d  
v ib ra t io n a l  te rm s a re  n o t t a k e n  in to  acco u n t: r o ta t io n a l  te rm  is rea lly  neglig ib le  
fo r h y d ro g e n , an d  co n sid e rin g  th e  p u b lished  v a lu e s  o f v ib ra tio n  fre q u e n c y  of 
H  a d so rb e d  on m eta ls  as a co rrec t order o f  m a g n itu d e , v ib ra tio n a l te rm  m u s t 
be a lw ay s  less th a n  1 e n tro p y  u n it  [9].

R e su lts  o f th is  co m p ariso n  is show n in  F ig . 13. F o r P t  10 A, th e  tw o  
d im e n s io n a l ideal gas m odel m a y  be re jec ted  b u t ,  ta k in g  in to  acco u n t possib le  
e rro rs  o n  S a o f severa l e n tro p y  u n its , i t  seem s d ifficu lt to  decide b e tw e e n  th e  
V O L M E R  m odel a n d  th e  co n fig u ra tio n a l e n tro p y  as im p o rta n t d ifferences 
b e tw e e n  th e  b o th  m odels o n ly  ap p ear a t  h ig h  coverage  w here no e x p e rim e n ta l 
p o in ts  a re  ava ilab le . L e t us n o te  n everthe less, in  fa v o u r  of th e  V O L M E R  m o d el, 
t h a t  H 2 a d so rp tio n  a t  te m p e ra tu re s  h ig h er t h a n  aá  250 К  is considered  as a 
m o b ile  one [23]. F o r E u ro  P t-1 , th e  s itu a tio n  seem s ra th e r  sim ilar fo r coverage  
0  u p  to  a ro u n d  0.75. A t h ig h e r  coverage e x p e rim e n ta l values o f S a in c rease , 
so t h a t  a ro u n d  fu ll coverage  ag reem en t w ith  id e a l gas m odel seem s to  be  good 
v a r ia t io n  o f S a w ith  coverage  show ing th e  sam e  general shape — decreases 
u p  to  0  asá 0.75 th e n  increases fo r 0.75 <1 0  <1 1.0 — have a lre a d y  been  
d e sc rib ed  for P t  foil [24] as w ell as for N i film  [25], and in te rp re te d  in  [24] 
b y  a n  increase  o f th e  v ib ra tio n a l en tro p y  d u e  to  low ering of th e  v ib ra tio n  
f re q u e n c y .
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C oncluding rem arks

1) The adso rbed  am o u n t of H 2 on  b o th  P t  ca ta ly sts  v aries lin e a r ly  w ith  
th e  lo g arith m  of p ressu re , follow ing th u s  th e  Темкш  iso th e rm . T h is  is con
f irm e d  b y  th e  large  v a ria tio n s  o f a d so rp tio n  h e a t w ith  coverage . L an g m u ir 
e q u a tio n , m ost o ften  used  for e v a lu a tin g  h y d ro g en  coverage in  k in e tic  eq u a 
tio n s , m ay  n o t be ap p lied  here.

2) “ A c tiv a te d ”  ad so rp tio n  ta k e s  p lace  w hen  heating  b o th  c a ta ly s ts  u n d er 
h y d ro g e n  a t  te m p e ra tu re  a ro u n d  450 К  o r h igher, and  m u s t p ro b a b ly  be 
a t t r ib u te d  to  h y d ro g en  sp illover on th e  su p p o rt.

Comments on usual procedures o f m easurem ent of the dispersion  
of supported catalysts by H 2 adsorption and B oudart titration

As th e  E u ro  P t-1  c a ta ly s t h as  b een  s tu d ie d  in  m any  E u ro p e a n  la b o ra 
to r ie s , i t  is now  possib le  to  com pare  th e  re su lts  and  m ethods o f  th e  m easu re 
m e n t o f  d ispersion  b ased  on h y d ro g e n  a d so rp tio n . F our m ain  to p ic s  w ill be 
d iscussed :

a) o u tgassing  p rocedures an d  c lean in g  o f th e  surface;
b) d is tin c tio n  betw een  th e  so-called  “ rev ersib le”  and “ irre v e rs ib le ”  form s 

o f  ad so rp tio n ;
c) th e  p ro ced u re  o f “ e x tra p o la tio n  to  zero  pressure” ;
d) th e  B o u d a r t  t i tr a t io n .

O utgassing procedure

F ro m  th e  H 2 ad so rp tio n  iso th e rm s o f F ig . 2, one m ay d educe  t h a t  re s id u a l 
p ressu res  low er th a n  1 0 ~ 6 T orr a t  te m p e ra tu re  a round  300 °C a re  n ecessa ry  in  
o rd e r to  o b ta in  a m e ta l surface p ra c tic a lly  vo id  o f hydrogen. T h a t  is c e rta in ly  
n o t a genera lly  accep ted  p ro ced u re , since  th e  am o u n t of ad so rb ed  F l2 m easu red  
in  o u r  la b o ra to ry  has been alw ays s ig n if ic a n tly  higher th a n  th o se  m easu red  
in  o th e r  E u ro p e a n  lab o ra to rie s .

In  m ost la b o ra to rie s  a d so rp tio n  m easu rem en ts  are p e rfo rm e d  in  tw o 
ty p e s  o f a p p a ra tu s :

i) V o lum etric  a p p a ra tu s  o f th e  classica l B E T  type  w here r e s id u a l p ressu re  
a t  th e  c a ta ly s t level m ay  be e s tim a te d  in  th e  1 0 “ 3 Torr ran g e  a l th o u g h  m uch  
low er p ressu re  are  o ften  c ited  in  th e  l i te ra tu re . The d ifference is d u e  to  th e  
fa c t t h a t  res id u a l p ressu re  is u su a lly  m easu red  ju s t  above th e  p u m p  th a t  is 
co n n ec ted  to  th e  b u lb  co n ta in in g  th e  c a ta ly s t  by  low c o n d u c tan ce  cap illa ry  
tu b in g s ;

ii) C h ro m ato g rap h ic  a p p a ra tu s  (b y  pu lse  in jection  or f ro n ta l  ana lysis) 
w here  H 2 p ressu re  d u rin g  o u tgassing  is fix ed  b y  th e  im p u rity  c o n te n t  — gen
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e ra lly  n o t m en tio n ed  — o f th e  carrie r gas. As 1 p p m  im p u r ity  does co rresp o n d  
to  £=: 1 0 Tor r  in  p a r tia l  p ressu re  th a t  is be low  d e te c tio n  lim it of m ost ch ro 
m a to g ra p h ic  d e tec to rs , th e  residua l p ressure co u ld  be  in  m ost cases in  th e  
1 0 - 3  T o rr range.

F ro m  Fig. 2 i t  is c le a r  t h a t  for residua l p re ssu re s  in  th a t  range te m p e ra 
tu r e  as h igh  as 400 °C is n ecessary  to  o b ta in  neg lig ib le  (0  <  0.01) re s id u a l 
co v erag e . In  fac t i t  is possib le  to  ca lcu late  a n  iso s te re  corresponding to  neg li
g ib le  coverage (0  =  0.01 fo r  exam ple) th a t  re la te s  th e  ou tgassing  te m p e ra tu re  
to  th e  residua l p re ssu re  lim it  of th e  a p p a ra tu s  a t  th e  ca ta ly s t level. S uch  
iso s te re  m ay  be c a lc u la ted  fo r  every  c a ta ly s t i f  th e rm o d y n a m ic  d a ta  on a d so rp 
t io n  a re  availab le . I f  th e  re q u ire d  te m p e ra tu re  o f  o u tg assin g  o f a c a ta ly s t  is 
to o  h igh , e.g. due to  s in te r in g  problem s, th e  sole p ro ced u re  is to  m odify  th e  
a p p a ra tu s  and  th e  p ro c e d u re  o f m easu rem en t in  o rd e r  to  o b ta in  low er re s id u a l 
p ressu res , by  using  h ig h e r co n d u c tan ce  and  p u m p in g  speed , and sm aller ac tiv e  
su rfa c e  area . This p ro b lem  is discussed below .

L e t us m en tio n  b esid es  th a t  w hen u sin g  ch ro m ato g rap h ic  tech n iq u es , 
0 2 im p u r ity  c o n te n t o f  th e  ca rr ie r  gas m u st also  be  con tro lled  since due to  th e  
t i t r a t io n  of adso rbed  0 2 [10], [11], higher th a n  re a l  va lues for adsorbed  H 2 can  
he  o b ta in e d .

D istinction  between “ reversible” and  “ irreversible”  adsorbed hydrogen

U sually , th e  d e te rm in a tio n  o f the  d isp e rs io n  o f  a c a ta ly s t [17, 18, 19] is 
b a se d  on  th e  a m o u n t o f  so-called  irreversib ly  a d so rb e d  hydrogen  (H in) [14]. 
T h e  com m on p ro ced u re  o f  m easu rem en t is th e  fo llow ing: to ta l  a m o u n t o f 
a d so rb e d  hydro g en  (H tot) is f ir s t  m easured  a t  ro o m  te m p e ra tu re , th e  b u lb  
c o n ta in in g  th e  c a ta ly s t  is th e n  ev acu a ted  b y  p u m p in g  or is flushed  w ith  a n  
in e r t  gas (accord ing  to  th e  tech n iq u e  — v o lu m e tr ic  or ch ro m ato g rap h ic  — ) 
a t  th e  sam e te m p e ra tu re  fo r  a sh o rt tim e, u su a lly  t e n  m in u tes  to  h a lf  a n  h o u rs  
d u r in g  ev acu a tio n  re v e rs ib ly  adsorbed  h y d ro g e n  (fTrev) is assum ed to  deso rb  
a n d  ca n  be m easu red  in  a  su b seq u en t a d so rp tio n  m easu rem en t.

# irr is th e n  g iv en  b y  H in =  H tot — # rev 
I n  fa c t  th is  p rocedure  m a y  be  criticized  from  b o th  th e o re tic a l as well as p r a c t i 
ca l p o in ts  of view.

F ro m  a th e rm o d y n a m ic  p o in t of view , e v e ry  a d so rp tio n  m ust be re v e rs 
ib le . T he te rm  i f rev is th e n  a p rac tica l one (m a y b e , n o t  very  well chosen) 
d e s ig n a tin g  a p a r t  o f th e  a d so rb ed  hydrogen  e ith e r  loosely  bound to  th e  m e ta l 
f ix e d  on th e  su p p o rt. M ost people assum e, w ith o u t ju s tif ic a tio n , th a t  th is  p a r t  
is n o t  involved  in  th e  s to ic h io m e try  o f th e  d isso c ia tiv e  reaction  of H 2 w ith  
su rfa c e  m e ta l a to m s.

F ro m  a p ra c tic a l p o in t  o f view , as show n  in  th e  follow ing, th e  m e a su re 
m e n t o f f i rev is s tro n g ly  d ep en d en t upon  e x p e r im e n ta l conditions. In  fa c t,
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Table IV

Time (in sec) necessary to realize a J©  0.01 at different pressures and for  
different pum ping speeds 

(in cc. sec-1)

Pumping speed: (cc. sec-1)
(Torr)

1 10* 10* 10«

10-2 3 102 3 3 10-2 3 10-4

10-4 3 104 3 10-’ 3 3 1 0 -2

10"6 3 10» 3 10' 3 102 3

10-8 3 108 3 10» 3 104 3 102

Ю-Ю 3 1010 3 108 3 10» 3 10'

Given values m ust be m ultiplied by the m etal surface area expressed in m 2

w h en  ev acu a tin g  th e  c a ta ly s t  a f te r  H tot m easu rem en t, th e  H 2 p ressu re  f irs t 
decreases very  ra p id ly , b u t  a f te r  a few m in u tes  reaches a v e ry  slow ly decreasing 
b u t  a lm o st c o n s ta n t v a lu e : a t  th is  p o in t com plete  e lim in a tio n  o f / i rev is cu r
re n tly  a d m itte d . N ev erth e less , th is  op in ion  w as q u estio n ed  in  [10] tvhere th e  
a u th o rs  w ro te: “ I t  is n o t c lear from  our d a ta  w h e th e r ( a )  d e so rp tio n  is essen
tia lly  reversib le  . . .  (b )  o r equ ilib riu m  prevails  b e tw een  H 2 gas an d  H  adsorbed  
a n d  th e  ra te  of loss o f  H 2 re flec ts  th e  v alue  o f eq u ilib riu m  H 2” . As show n below, 
a ssu m p tio n  (b )  is th e  co rrec t one.

T he a p p a re n t irre v e rs ib ility  o f a d so rp tio n  o f som e p a r t  o f  adsorbed  
h y d ro g en  resu lts  from  tw o  fac to rs :

i) The im p o ss ib ility  o f rea liz ing  H 2 p a r tia l  p ressu re  low  enough  as to  
co rrespond  to  neglig ib le equ ilib riu m  coverage (0  <  0.01): a ro u g h  e x tra p o la 
tio n  o f  th e  293 К  iso th e rm  o f Figs 2 and  10 allow s to  e s tim a te  t h a t  th e  eq u i
lib riu m  pressure co rresp o n d in g  to  a coverage a ro u n d  0.01 is in  th e  10 ~ 12 
T o rr  range.

ii) The d u ra tio n  o f  th e  ev acu a tio n  necessary  for deso rb ing  m o st ( >  99% ) 
o f adso rbed  h y d ro g en  is v e ry  long. In  T ab le  IV , th is  d u ra tio n  is e v a lu a te d  in  
th e  follow ing m a n n e r: le t us consider a c a ta ly s t  sam ple  w here  fu ll coverage 
is 1019 m olecules H 2 t h a t  co rresponds to  a b o u t 1 sq u are  m e te r  o f  m etal.*  
W e ca lcu la te  th e  tim e  n ecessary  to  realize  a Zl0 of 0.01 i.e. to  p u m p  1017 m ole
cules H 2, as a fu n c tio n  o f th e  p ressure , for d iffe ren t va lu es  of th e  pum ping  
speed  a t  th e  c a ta ly s t  level. F o r th is  c a lcu la tio n  w here m a n y  o rders o f  m agn i
tu d e  a re  invo lved . T he p ressu re  w ill be considered  as c o n s ta n t, as, in  fac t,

* C orresponding for exam ple  to  1 g o f c a ta ly s t co n ta in in g  0 .65%  P t  in  100%  dispersion.

Acta Chim. Acad. Sei. H ung. I l l ,  1982



5 6 8 CRUCQ et al.: CHARACTERIZATION OF Pt CATALYSTS

fo r  A 0  =  0.01, th e  e q u ilib r iu m  value of th e  p re ssu re  varies b y  less th a n  a 
f a c to r  o f  2.

I n  T able IY  all v a lu e s  below  the  line of se p a ra tio n  co rrespond  to  large 
o r  v e r y  large d u ra tio n . M ost s tu d ie s  on re a l c a ta ly s ts  a re  in  th is  c a teg o ry , due 
m a in ly  to  low ev a c u a tio n  sp eed  — in  th e  ran g e  o f  1 cc se c -1  fo r c h ro m a to 
g ra p h ic  a p p a ra tu s , n o t la rg e r  in  classical v o lu m etric  a p p a ra tu s  w ith  cap illa ry  
tu b in g s .  T h a t is th e  re a so n  w h y  a q u a s i-s ta tio n a ry  p ressu re  is ra p id ly  a tta in e d  
w h e n  pu m p in g  on th e  c a ta ly s t .  T h a t is also th e  re a so n  w hy  flow  ra te  effects 
s u c h  as th e  one described  in  [17], from  15 to  70 cc m in “ 1, c an n o t h av e  any  
s ig n if ic a n t effect on H rtv m e a su re m e n t: o rders o f  m a g n itu d e  in  th e  v a ria tio n  
o f  f lo w -ra te  or punp ing  sp eed  a re  necessary  for th e  H rev v a lu e  to  v a ry  no ticeab ly .

T h e  only possib ilities fo r  e lim inating  w hole ad so rb ed  h y d ro g en  are th e n :
i) using s im u ltan eo u s ly  low  area sam ples ( a i  1 c m 2) an d  h igh  p u m p 

in g  sp eed  ( >  103 lite rs  s e c “ 1) as in  surface science s tu d ies  on single c ry sta ls ;
ii) or, a lte rn a tiv e ly , as in  m o st stud ies on re a l c a ta ly s ts , rising  th e  te m 

p e r a tu r e  so th a t  low er e q u ilib r iu m  coverages co rresp o n d  to  th e  sam e s ta tio n a ry  
p re s s u re . T h a t was in d eed  n o te d  in  [20] b u t  su rp ris in g ly  in te rp re te d  as th e  
a u th o r s  w rote: “ an  in c re a s in g  p a r t  of H  a tta c h e d  to  P t  becom es rev ersib ly  
a d s o rb e d  w ith  increasing  te m p e ra tu re ” .

A s a conclusion, d is tin c tio n  betw een  H rev an d  H irr is n o t ju s tif ie d : th e  
t o t a l  a m o u n t of adso rbed  h y d ro g e n  is rev e rs ib ly  ad so rb ed . F u rth e rm o re , th e  
v a lu e  o f  H rtv depends on  se v e ra l poorly  rep ro d u c ib le  fac to rs : a m o u n t of c a ta 
ly s t ,  d u ra tio n  of pu m p in g , p u m p in g  speed a t  th e  level o f  th e  c a ta ly s t  bed th a t  
is  r e la te d  to  am oun t, g ra n u lo m e try  porosity  an d  p ack in g  of th e  c a ta ly s t.

E xtrapo la tion  to zero pressure

E x tra p o la tio n  to  zero  p ressu re  has been in tro d u c e d  b y  B e n s o n  and  
B o u d a r t  [2] w hen w o rk in g  o n  a lu m in a  su p p o rte d  P t  c a ta ly s t ,  in o rd e r to  tak e  
in to  a c c o u n t th e  a d so rp tio n  o f  H 2 b y  th e  pu re  a lu m in a  su p p o rt, th a t  depends 
l in e a r ly  u p o n  pressure. T h is p ro ced u re  has been  e x te n d e d  b y  m an y  researchers 
to  a ll m easu rem en ts on s u p p o r te d  m eta l c a ta ly s ts , in  m ost cases w ith o u t an y  
ju s t i f ic a t io n ,  i.e. w ith o u t v e rify in g  th a t  th e  p u re  su p p o rt does effec tively  
a d s o rb  hydrogen .

F o r  E uro  P t-1  w here  i t  has been verified  t h a t  th e  p u re  S i0 2 su p p o rt 
does n o t  adsorb H 2 a t all, i t  is v e ry  easy to  show  th a t  th e  e x tra p o la tio n  to  zero 
p re s s u re  m ay  lead to  c o n flic tin g  resu lts . I n  F ig . 14 we have p lo tte d , in  th e  
u s u a l  w a y  described in  th e  l i te ra tu re , p a r t  of th e  H 2 ad so rp tio n  iso th e rm  a t 
290 К  in  Fig. 2. As lin ea r  p lo ts  do no t allow to  cover th e  h ig h  p ressu re  range  
re a liz e d  in  our m e asu rem en ts , cu rv e  1 of F ig . 14 re p re se n ts  th e  ex p erim en ta l 
p o in ts  fo r 0.03 <  P  <  0.2 T o rr , cu rve  2 these  p o in ts  fo r 0.03 <  P  <  2 T orr, 
s e v e ra l po in ts  in th e  ra n g e  0 .03 <  P  <  0.2 are  re p re se n te d  on b o th  curves.
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Fig. 14. E n tro p y  of H adsorbed on P t 10 A and E uro P t-1. Comparison w ith theo re tica l models

P (torr)

Fig. 15. E x trapo la tion  to  zero pressure of a linear isotherm  in two d ifferent h u t overlapping
pressure ranges

The choice o f these  p ressu re  ranges is a rb itr a ry ,  sim ilar cu rv es  a re  o b ta in ed  
a t  o th e r  p ressu re  ranges e ith e r  h ig h er o r low er. The genera l sh a p e  o f b o th  
cu rves is v e ry  sim ilar b u t  th e  e x tra p o la tio n  to  zero p re ssu re  is d ifferen t. 
S im ila r cu rves have  been  o b ta in ed  on  d iffe ren t m etal c a ta ly s ts  e ith e r  su p 
p o rte d  o r n o t, as well as on  m e ta l film s [13].

As a conclusion, an d  ex cep t fo r th e  case w here a d so rp tio n  o n  th e  pure 
su p p o rt m a y  ju s tify  i t ,  th e  p ro ced u re  o f  ex trap o la tio n  to  zero  p re ssu re  leads 
to  re su lts  depend ing  u p o n  th e  te c h n iq u e  used  — p a rtic u la r ly  th e  ran g e  of 
s tu d ie d  p ressu re  — an d  up o n  th e  th e rm o d y n am ics  of th e  a d s o rp tio n  process.
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T h is  p rocedure  m ay  n e v e rth e le ss  allow n o t to o  b a d  com parison  be tw een  th e  
d isp e rs io n s o f d iffe ren t c a ta ly s ts  of the  sam e m e ta l  on  th e  sam e su p p o rt. B u t 
fo r  t h a t  purpose, s im p le r m e th o d  exists.

B o u d a r t ’s titra tion

A ll preceding re m a rk s  concerning o u tg a ss in g  procedures, d is tin c tio n  
b e tw e e n  reversib le a n d  ir re v e rs ib le  adsorbed  h y d ro g e n  and  e x tra p o la tio n  to  
zero  p ressu re  m u st fu lly  a p p ly  to  the B o u d a r t  t i t r a t io n . B u t th e  p re se n t 
w o rk  ra ised  some new  p ro b le m s as several e x p e r im e n ta l facts u su a lly  n o t 
m e n tio n e d  in  th e  l i te r a tu r e  a re  here p u t in  ev id en ce :

1) 0 2 “ ch em iso rp tio n ”  is tim e and te m p e ra tu re  dependen t. T h en  i t  is 
n o t  q u ite  ce rta in  t h a t  th is  re a c tio n  usually  m e a su re d  a t  room  te m p e ra tu re  is 
l im ite d  to  th e  surface.

2) H 2 t i tra tio n  is tim e  a n d  pressure d e p e n d e n t, p ro b a b ly  because d isp lace 
m e n t  o f  H 20  fo rm ed  o n  th e  m eta l and  its  s u b se q u e n t adsorp tion  on  th e  
s u p p o r t  m ay  no t he c o m p le te  and  should possib le  d e p e n d  upon th e  n a tu re  o f 
th e  s u p p o r t. The ab o v e  fa c ts  m ay  provide a t  le a s t  p a r t ly  an  ex p lan a tio n  to  
th e  con flic ting  re su lts  co n ce rn in g  sto ich io m etries  o f  B o u d a r t ’s t i t r a t io n  
r e p o r te d  in  th e  l i te ra tu re  [2 0 ].

Concluding rem arks

M easurem ent o f th e  d isp e rs io n  of a su p p o r te d  c a ta ly s t  by  H„ a d so rp tio n  
re m a in s  a d ifficu lt p ro b le m . I t  involves

i) th e  know ledge o f  th e  sto ich iom etric  r a t io  H c =  nHm/num ber o f  P t  
su rfa c e  atom s;

ii) th e  d e te rm in a tio n  o f  th e  H 2 m onolayer v a lu e .
C oncerning th e  f i r s t  p o in t ,  i f  a general a g re e m e n t ex ists on a H c v a lu e  

e q u a l to  1 for low d isp e rs io n  ca ta ly sts  [12], e x a c t  s to ich iom etry  of h ig h ly  
d isp e rse d  ca ta ly sts  is s till a n  open  question  b u t  i t  m ak es no doub t th a t  I J C 
v a lu e  m a y  be s ig n ifican tly  h ig h e r  th a n  1.

C oncerning th e  H 2 m o n o lay e r, best v a lu e  is o b ta in e d , as done in  th e  
p re s e n t  w ork, th ro u g h  a n a ly s is  o f  a full se t o f  iso th e rm s  in  a large p re ssu re  
ra n g e , b u t  th a t  is a le n g th y  ta sk . For a ra p id  d e te rm in a tio n , it seems t h a t ,  
fo r P t  c a ta ly s t, w h a te v e r  is th e  dispersion, close to  m onolayer value o f th e  
H 2 a d so rb e d  am oun t is o b ta in e d  by  a single m e a su re m e n t either a t  ro o m  
te m p e ra tu re  a t P  >  100 T o r r ,  or a t  d ry  ice te m p e ra tu re  a round  1 T orr.

P rocedures of e x tr a p o la t io n  to  zero p re ssu re , a n d  d istinc tion  b e tw een  
re v e rs ib le  and  irreversib le  fo rm  o f adsorbed H  a re  com plica ted  and  lead  to  
q u e s tio n a b le  resu lts.
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B o u d a r t  t i t r a t io n  is  a ls o  a q u e s t io n a b le  m e th o d  as i t s  e x a c t  s to ic h io m e 
t r y  is  s t i l l  a m a t te r  o f  c o n tr o v e r s y  a n d  th e  re su lts  seem  to  d e p e n d  o n  sev era l 
e x p e r im e n ta l fa c to r s  su c h  as p r e ssu r e  a n d  d u ra tio n  o f  c h e m is o r p t io n  an d  
t i t r a t io n .

*

The authors acknowledge the partic ipa tion  in  this work of Dr. L. T o u h n a y a n  from the 
“ In s titu t de Rccherches sur la Catalyse”  (Lyon, France). Thanks are also due to  M r. G. T h ir y  
who perform ed most of the experim ental work.

R E F E R E N C E S

11] H a y w a r d . D. O., T r a p n e l l , B. M. W .: Chemisorption, B u tterw orths, 1974
[2] B e n s o n , J . E ., B o u d a r t , M.: J . C atal., 4, 704 (1965)
[3] T s u c h i y a , S., A m e m o m i y a , Y ., C v e t a n o v i c , R. J .:  J . Catal., 19, 245 (1970)
[4] W e l l s , P. B.: Newsletters R esearch Group on Catalysis of the Council o f E urope, No 13.
[5] R e n o u p r e z , A., F o u i l l o u x , P., C a n d y ,  J .  P .: In Growth and  P roperties of Metal

Clusters, Ed. B o u r d o n , J . ,  E lsevier, 1980, p. 537.
[6] K r a m e r , R., A n d r e , M.: J . C atal., 58, 287 (1979)
[7] L u , К . E ., Ry e , R . R .: Surf. Sei., 45, 677 (1974)
[8] V l a r k , A.: The Theory of A dsorption and Catalysis, Academic Press, 1970
[9] Behm , R ., Christmann, К ., E rtl , G.: Surf. Sei., 99, 320 (1980)

[10] U c h i j i m a , T., H e r m a n , J . M., I n o u e , Y ., B u r w e l l , R. L., Butt , J .  B ., C o h e n , J . B.:
J . Catal., 50, 464 (1978)

[11] Ca r b a l l o , L., S e r r a n o ,  C., W o l f , E . E ., C a r b e r r y , J . J .: J . C atal., 52, 507 (1978)
[12] Va n n ice , M., B enson , J . E ., B o u d a r t ,  M.: J . Catal., 16, 348 (1970)
[13] Unpublished results from  our labora to ry
[14] B a r b a u x , Y ., R o g e r , B., B e a t j f i l s , J . P ., G e r m a n in , J. E .: J . Chim. P hys., 67, 1035

(1970)
[15] D a l l a  B e t t a , R. A., B o u d a r t , M.: 5th In te rn . Congr. on Catalysis (M iami 1972), Ed.

H i g h t o w e r , J .,  Yol. 2, p. 1329.
[16] P o l t o r a k , О. M., B o r o n i n , Y. S.: Zh. Fiz. K him ., 39, 1476 (1965)
[17] H a n s e n , A., G r u b e r , H. L.: J .  C atal., 20, 97 (1971)
[18] D e n  O t t e r , G. J .,  D a u t z e n b e r g , R. M.: J . Catal., 53, 116 (1978)
[19] M e a r s , D. E „  H a n s f o r d , R. C.: J . C atal., 9, 125 (1967)
[20] W i l s o n , G. R ., H a l l , W. K .: J . C atal., 24, 306 (1972)
[21] S c h w a r z , J . A.: Surf. Sei., 87, 525 (1979)
[22] Y a c a m a n , M. J .,  D o m in g u e z , J . M.: J . C atal., 67, 475 (1981)
[23] N o r t o n , P. R., R i c h a r d , P. J .:  Surf. Sei., 44, 129 (1974)
[24] P r o c o p , M„ V ö l t e r , J .:  Surf. Sei., 47, 520 (1975)
[25] S w e e t , F., R i d e a l , E.: 2nd In tern . Congr. on Catalysis, Technip (Paris) 1960, p. 175.

A ndre  CRUCQ 
L . D e g o l s  
G. L ie n a r d  
A lfred F r e n n e t

U n ité  de R ech erch es  su r la C atalyse H e te ro g e n e , 
BP 243, C am pus P la in e  U LB , Bid d u  T rio m p h e , 
B -1050 B ru x e lle s , B elgium

A da Chim. Acad. Set. H ung. I l l , 1982





A cta  Chimica Academ iae Sc ien tiarum  H ungaricae , Tom us 111 ( 4 ) ,  p p . 5 7 3 - >89 (1982)

CHAIN LENGTHENING REACTIONS ON THE 
Pt/Al20 3 REFORMING TYPE CATALYST*

J .  Ma r g it f a l v i1**, M. H e g e d ű s 1, S. G ő bö lö s1, E. K w a y s s e r 1, L. K o ltai2
and F . N a g y 1

( 1Central Research Institute fo r  Chemistry o f  the Hungarian Academy o f  Sciences, 
Budapest. - Department o f  Applied Chemistry, Technical University, Budapest)

Received O ctober 19, 1981 

A ccepted for publication  Jan u ary  14, 1982

Form ation of toluene from  n-hexane was studied on P t/A l20-j reform ing type 
catalysts. Toluene selectivity  da ta  were obtained in  continuous-flow an d  pulse reactors. 
The toluene form ation was influenced by the therm al tre a tm en t processes applied 
before the ca ta ly tic  reaction . High tem perature  hydrogen tre a tm en t strongly  reduced 
the yields of toluene. Correlation was obtained between the ageing process induced by 
carbonaceous surface overlayer and the toluene form ation. The re a c tiv ity  of the formed 
carbonaceous deposits on the P t/A l20 3 ca ta lysts was studied by  pyrolysis gas chroma
tography. Form ation of toluene is discussed in  term s of a surface depolym erization 
reaction and a new reaction  m echanism  is proposed.

R ecen tly  grow ing in te re s t  has b een  p a id  to  s tu d y  th e  c h a in  len g then ing  
hom ologation  reac tio n s  [1—4], how ever, fo rm atio n  o f  h y d ro c a rb o n s  w ith  
increased  chain  le n g th  h a d  been  o bserved  in  earlier s tud ies.

F o rm a tio n  o f  to lu en e  in  th e  re a c tio n  o f n-hexane on  P t  a n d  P d  ribbon  
was observed  b y  G ry a zn o v  et al. [5 — 6] a t  re la tiv e ly  low  te m p e ra tu re s  in 
th e  absence o f h y d ro g en . S tu d y in g  n -h ex an e  d eh y d ro cy c liza tio n  on  N i/A l20 3 
c a ta ly s ts  in th e  absence  o f  h y d ro g en  tra c e s  o f to luene  w ere o b ta in e d  [7—8]. 
T h e  to lu en e  fo rm a tio n  from  n -h ex an e  w as s tu d ied  on n ickel c a ta ly s ts  b y  G uczi 
an d  co-w orkers [10, 11]. In  recen t w orks it  has been show n t h a t  hom ologation  
o f  h y d ro ca rb o n s ta k e s  p lace on  d iffe ren t m e ta l c a ta ly s ts  [4, 9 ], how ever, 
n e ith e r  P t  film s [2], P t  b lack  [3] n o r P t /S i0 2 [4] c a ta ly s ts  a p p e a re d  to  be 
ac tiv e  in  th is  reac tio n . C o n tra ry  to  th is  recen t resu lts  th e  fo rm a tio n  o f to luene 
has b een  observed  from  n -h ex an e  on  0 .5%  P t/A l20 3 c a ta ly s t m o d ified  by  NaNO., 
in  th e  absence o f  h y d ro g en  using  a pu lse  re a c to r  [12].

W ith  re sp ec t to  th e  re a c tio n  m ech an ism  th e  d isp ro p o rtio n a tio n  o f a lkane 
w as suggested  b y  Sa c h t l e r  [13]. H ow ever, resu lts  o b ta in e d  b y  G u cz i et al. 
using  14C -tracer te c h n iq u e  [10, 11] d id  n o t su p p o rt th e  d isp ro p o rtio n a tio n  
m echan ism , an d  th e  d irec t a lk y la tio n  o f  benzene was p ro p o sed . R ecen tly  it 
has been  suggested  th a t  th e  re a c tio n  proceeds via  carbenes fo rm e d  b y  fragm en-

* This paper was presented a t the F irst Belgian — H ungarian Colloquium on Catalysis 
at M átrafüred, October 19 — 22, 1981.

** To whom correspondence should be addressed.

yield Chim. Acad. Set. H ung. I l l ,  1982



5 7 4 MARGITFALVI et at.: CHAIN LENGTHENING REACTIONS

t a t io n  o f  th e  in itia l h y d ro c a rb o n  and  the  ch a in  le n g th e n in g  reac tio n  can  h e  
co n s id e re d  as a carbene in s e r t io n  in to  th e  doub le  b o n d  o f a te rm in a l o lefin  
[1 — 3 ]. T he h y d ro carb o n  fo rm e d  in  th is  w ay  w ith  h ig h e r  ca rb o n  num ber can  
f u r th e r  re a c t as its  p recu rso r a n d  via  d eh y d ro cy c liza tio n  to lu en e  can  be fo rm ed .

I n  ou r previous w orks fo rm a tio n  of to lu en e  fro m  n -h ex an e  w as observed  
o n  P t/A l20 3 ca ta ly s t u n d e r  th e  conditions o f se lec tiv e  a ro m atiza tio n . I t  w as 
su g g e s te d  th a t  on P t/A l20 3 c a ta ly s t  the  ca rb en e -a lk en e  in se rtio n  m echan ism  
[1 — 3] h a d  less im p o rtan ce  a n d  o th e r surface re a c tio n s  m ig h t be invo lved  in  
th e  to lu e n e  fo rm ation  [14]. I n  our fu rth e r s tu d y  o n  su p p o rte d  p la tin u m  c a ta 
ly s ts  [15] i t  was d e m o n s tra te d  th a t  fo rm ation  o f  to lu e n e  from  n-hexane could  
be  d iscu ssed  in  term s o f  su rfa c e  d epo lym eriza tion  o f  th e  cyclic po lym eric  
c a rb o n aceo u s  overlayer fo rm e d  on th e  ca ta ly s t, th u s ,  fo rm a tio n  of to luene  on  
P t/A l20 3 or o ther re fo rm in g  ty p e  ca ta ly sts  m ig h t b e  co n n ec ted  to  th e  c a ta ly s t  
d e a c tiv a tio n  ra th e r  th a n  to  th e  o le fin -ca tbene  in te ra c tio n  suggested  earlier.

T h e  lack  of su ffic ien t e x p e rim e n ta l d a ta  on th e  ro le  o f  su p p o rted  p la tin u m  
c a ta ly s ts  in th e  to luene  fo rm a tio n  from  n -hexane p ro m p te d  us to  p resen t our 
e x p e r im e n ta l d a ta  o b ta in ed  in  th e  course of th e  s tu d y  o f n-hexane d eh y d ro 
c y c liz a tio n  reaction .

Experim ental

D ehydrocyclization of n -hexane has been studied in slug-im pulse and continuous-flow 
reac to rs . The reactor set-up has been  described elsewhere [15 —17]. Reaction products were 
sep a ra ted  on a 3.6 m long colum n filled  w ith 10% DC 410 on Chromosorb P-HMDS a t 325 K.

Three different P t/A l20 3 ca ta ly s ts  w ith 0.5% P t co n ten t were used. Pt/Al20 3 (I) was 
p repared  from  PtCl4 solution by  im pregnation  in 0.5 M  hydrochloric acid.* Pt/Al20 3 (II) and 
P t/A l20 3 ( I I I )  were prepared from  [(CH3)3PtCl]4 by im pregnation  of the dehydroxylated a lu 
m ina in  n-hexane solution. The dehydroxylation  of the carrier was carried out in  vacuum  
(1.0 k P a )  a t  300 °C. The therm al decom position of the m ethy l—p la tin u m  complex was carried 
ou t b y  T herm al Programmed R eac tio n  (TPR) up to  300 °C e ith e r in nitrogen or in hydrogen 
atm osphere  [catalyst (II) and  ( I I I ) ,  respectively]. The heating  ra te  was 15 °C/min.

Before the catalytic reac tio n  th e  catalysts were tre a ted  using the following standard  
procedure. F irs t the catalysts were calcined in oxygen flow a t  a definite tem perature for one 
hour. T he tem perature was th e n  ra ised  or lowered in  n itrogen  flow to  the tem perature of 
hydrogen  trea tm en t and n itrogen  w as replaced by hydrogen.

The cata lyst samples were tr e a te d  in hydrogen for 1.5 hours. In  each run  fresh ca ta lyst 
sam ples has been used. N um bers in  parenthesis indicate th e  tem pera tu re  of oxygen and 
hydrogen  trea tm en t, respectively.

T he am ount of hydrogen chem isorbed was determ ined b y  therm al programmed desorp
tion  m ethod . Catalysts were analysed  for their chlorine co n ten t a fte r p re treatm ent processes.

The reactiv ity  of the carbon  deposits formed on th e  ca ta ly s t in  the continuous-flow 
experim en ts was studied by pyro lysis gas chrom atography. F u rth e r  details of this method are 
described elsewhere [18]. A pplying th is  method it  was established th a t  catalysts P t/A l,0 3 (II)  
and  ( I I I )  a fter their p reparation  co n ta in  trace am ount of carbon  deposits. The carbon content 
of c a ta ly s t ( II)  was higher th a n  th a t  o f catalyst (III), a lthough th e ir  absolute am ount was no t 
determ ined .

The characteristic da ta  of o u r cata lysts are sum m arized in  Table I.

* A fter im pregnation the P t/A l20 3 (I) catalyst was dried a t  125 °C and was reduced in 
hydrogen  a t  400 °C.

A cta  Chim. Acad. Sei. Hung. I l l ,  1982
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Table I

Characterization o f  the P t/A l20 3 catalysts

Catalyst

Preparation Temperature of thermal 
treatment [°C] Chlorine

content
final

Carbon
content H/Pt*

from in
Initial Final

O, H,

Pt/A l„03 (I) H3PtCl„ HC1 H 2 (400) 400 500 1.06 — 1.78
400 575 0.86 — 1.43
500 500 0.96 — 1.91

P t /А Ш з (II) [(CH3)3PtCl]4 rt-C„H l4 N2 (up to
300 by
T P R ) 400 500 — trace** 2.50

Pt/AL,03 (III) [(CH3)3PtCl]4 "-C .H 14 H 2 (up to
300 by
T P R ) 400 500 — trace** 2.56

* Measured by therm al program m ed desorption  after cooling in hydrogen  atm osphere. 
** Carbon content of cata lyst (II) is ab o u t five times higher than th a t  o f ca ta ly s t (III).

Results

Conversion and selectivity data o f n-hexane dehydrocyclization measured 
on Pt/Al20 3 (I) catalyst in the continuous flow reactors are summarized in 
Table II. Formation of toluene was observed in all experiments, however, its 
yield has been influenced by the reaction conditions and the cata lyst treatment 
procedure.

Formation of toluene on Pt/A l20 3 catalyst has been increased by
(i) increasing feed rate

(ii) decreasing the temperature of oxygen treatment
(iii) decreasing the temperature of hydrogen treatment and
(iv) increasing the reaction temperature.
One of the most striking experimental data is a sharp decrease in the 

methane and toluene formation as the reaction proceeds, although, in some 
experiments formation of toluene passes through a definite maxim um . The 
pronounced formation of toluene at the beginning of the reaction intended us 
to  study this reaction by the slug-pulse method, which can give more reliable 
information on the activity of the “ fresh” catalysts. This m ethod can also 
give a possibility to compare the activ ity  of the “fresh” and “ used” catalyst 
thus the ageing phenomena can also be modelled. Conversion data and yields 
measured in the first impulses on Pt/A l20 3 (I) catalyst are summarized in 
Table III.

A cta  Chim. Acad. Sei. H ung. I l l ,  1982



5 7 6 MARGITFALVI et al.: CHAIN LENGTHENING REACTIONS

Table II
n-Hexane dehydrocyclization on Pt/A l20 3 (I) catalyst in  continuous flow reactor

No.

Pretreatment
temperature

[°C]
Reaction

temperature
[°C]

Feed
rate
[ h - 1]

Time
[min]

Conver
sion

Seleetivities [%]

0 , Hs ^ ( С Л ) i-Ce MCP В T

1 9 8 .9 2 1 .0 — 7 8 .3 0 .7

l . 4 0 0 5 0 0 5 0 0 3 .2 30 8 2 .5 2 1 .8 1 5 .8 4 .0 4 8 .5 9 .9

6 0 7 1 .1 2 1 .2 2 1 .0 8 .4 4 3 .7 5 .6

1 9 8 .5 2 1 .2 — - 7 8 .4 _

2 . 4 0 0 5 7 5 5 0 0 3 .2 3 0 7 8 .1 1 9 .5 1 2 .4 5 .5 5 9 .2 3 .4

6 0 7 2 .3 1 6 .3 1 7 .2 8 .3 5 4 .9 3 .3

3 1 0 0 .0 3 9 .0 — — 5 6 .0 5 .0

3 . 4 0 0 5 0 0 5 0 0 1 .5 4 6 9 4 .6 4 8 .5 4 .8 0 .9 4 3 .8 2 .0

9 0 8 5 .2 4 8 . 4 8 .0 3 .5 3 8 .1 2 .0

3 1 0 0 .0 6 2 .0 — — 3 5 .6 2 .4

4 . 4 0 0 5 0 0 4 2 5 1 .5 4 6 9 7 .3 5 8 .8 9 .9 1.0 2 9 .1 1 .2

9 0 9 6 .7 5 6 .4 1 3 .7 1.0 2 7 .9 0 .9

3 1 0 0 .0 3 7 .1 — — 5 9 .5 3 .4

5 . 5 0 0 5 0 0 5 0 0 1 .5 4 6 9 5 .0 4 9 .6 1 .4 — 4 6 .6 2 .4

9 0 8 5 .0 5 0 .0 6 .0 1 .7 4 0 .6 1 .7

A m ount of cata lyst: 0.5 g; H  : CH =  5 : 1 ;  i-C6 =  2-m ethylpentane +  3 -methyl- 
pen tan e  +  2,3-dim ethylbutane; В =  benzene; MCP m ethylcyclopentane; T =  toluene

Table III
n-Hexane dehydrocyclization on Pt/A l20 3 (I) catalyst in  slug-pulse reactor

No.

Temperature )f

Conver
sion
[%]

Seleetivities [%]
pretreatm ent reaction

[°C]
£(С,-С5) i -C. MCP В T

0 2 H,

l . 4 0 0  i 5 0 0 3 7 0 5 0 .0 1 0 .0 4 0 .0 1 5 .0 3 2 .0 2 .8

2 . 4 0 0 5 0 0 4 4 0 7 4 .0 8 .7 2 0 .0 4 .3 5 6 .0 9 .3

3 . 4 0 0  ■ 5 0 0 4 8 0 9 2 .0 1 2 .0 3 .3 0 .7 6 9 .0 1 1 .0

4 . 4 0 0 6 0 0 4 8 0 7 9 .0 4 .9 8 .1 2 .2 7 8 .0 5 .8

5 . 3 0 0 5 0 0 4 8 0 7 7 .0 1 1 .0 5 .7 1 .7 6 8 .0 1 3 .0

6 . 6 0 0 5 0 0 4 8 0 9 7 .0 1 7 .0 1 . 6 0 .5 7 5 .0 6 .1

A m ount of catalyst: 0.22 g; H 2 : CH =  5 : 1 ;  results o b ta ined  in  the first pulses under 
quasi-sta tionary  conditions

Acta Chim  .Acad. Sei. Hung. I l l ,  1982
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F i g .  1 . Trends in toluene selectivities obtained in slug-pulse experiments: (1) — oxygen treat
ment at 400 °C, hydrogen treatment at 500 °C; (2) — hydrogen treatment at 500 °C, reaction 
at 480 °C; (3) — oxygen treatment at 400 °C, reaction at 480 °C. Results obtained in the

first pulses; H2 : CH =  5 :1

As it can  be seen th a t  th e  y ield  o f  to lu en e , th e  ch a in -len g th en in g  p ro d u c t, 
c a n  be co m p ared  w ith  th e  y ields o f o th e r  b y -p ro d u c ts  as c rack in g  p ro d u c ts , 
m e th y l-cy c lo p en tan e  and  iso -hexanes. B elow  370 °C th e  fo rm a tio n  o f  to lu en e  
o n  P t/A l20 3 c a ta ly s t w as neglig ib le. I t  cou ld  also be estab lished  t h a t  ho m o lo g a
t io n  to o k  place u n d er th e  con d itio n s o f  se lective a ro m a tiza tio n , th u s ,  cond i
tio n s  o f  “ deep”  frag m en ta tio n , as p ro p o sed  earlie r [1 — 3], w as n o t  a necessity  
fo r  th e  chain -len g th en in g  re a c tio n .

M ore sy stem atic  d a ta  on th e  to lu e n e  fo rm atio n  on th e  P t/A l20 3 (I) c a ta 
ly s t  a re  p resen ted  in  F ig . 1, w here  se lec tiv ities for to lu en e  fo rm a tio n  are 
show n  as a fu n c tio n  o f  th e  conversion  a n d  th e  influence o f th e  re a c tio n  te m 
p e ra tu re  an d  te m p e ra tu re s  o f  oxygen  a n d  h y drogen  tre a tm e n ts  o n  th e  to lu en e  
se le c tiv ity  can  be d em o n stra ted .

T he tre n d s  observed  in  th e  pu lse  re a c to r  were th e  sam e as o b ta in e d  in  
th e  co n tin u o u s flow ex p erim en ts .

T he influence o f ageing on  to lu en e  fo rm atio n  has also b e e n  s tu d ie d  b y  
th e  slug-pulse  m ethod  co m p arin g  th e  a c t iv i ty  o f th e  c a ta ly s ts  as w ell as th e  
y ie ld s  o f to lu en e  fo rm a tio n  on  th e  “ fre sh ”  an d  “ used”  c a ta ly s ts . T h e  ageing 
in v o lv ed  loss o f ca ta ly tic  a c t iv i ty  an d  change in  th e  se le c tiv ity  d a ta  as well 
as th e  in fluence  o f th e  te m p e ra tu re  o f  h y d ro g en  tre a tm e n t on  th e  age in g  can 
be  ch a rac te rized  com paring  th e  K °/K °° an d  У?/У?° d a ta  i.e. ra t io s  of th e

A d a  Chim. Acad. Sei. H ung. 111, 1982
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a c t iv i ty  (or yield) o f  th e  “ fre sh ”  ca ta ly s t to  th e  a c t iv i ty  (or yield) o f th e  “ u se d ”  
c a ta ly s t .  R esu lts m e a su re d  on th e  P t/A l20 3 (I) c a ta ly s t  trea ted  in  o x ygen  a t  
4 0 0  °C are  show n in  T a b le  IY . The y ie ld  o f  to lu e n e  possesses th e  h ig h e s t

Tabic IV
C a t a l y s t  a g e i n g  o n  Pt/Al20 3 (I) c a t a l y s t  i n  s l u g - p u l s e  r e a c t o r  

Ageing induced activity and selectivity changes

No.
cata ly s t

Temperature o f 
hydrogen 
treatm ent

X ° I X ° ° (S°/S0o)B (S 7 s ° ° ) z (S°/S°°)T

l . 4 0 0 1 .1 9 0 .9 1 1 .2 8 0 .5 5 2 .0 0

2 . 4 8 0 1 .2 0 1 .0 1 1 .0 0 0 .4 5 1 .8 0

3 . 5 0 0 1 .2 1 1 .11 1 .0 2 0 .4 5 1 .6 4

4 . 6 0 0 1 .7 5 1 .2 7 0 .7 2 0 .5 0 1 .1 3

Temperature of oxygen treatment: 400 °C 
Reaction temperature: 480 °C
X  — conversion; о — data measured in the first pulse; oo — data measured in the 

J 5 -  20th pulses
В — benzene; 27 — cracking products; I — iso-hexanes; T — toluene

F i g .  2 .  Conversion curves obtained at different reaction temperatures: (1) — oxygen treatment 
at 500 °C, hydrogen treatment at 500 °C; (2) — oxygen treatment at 400 °C, hydrogen treat
ment at 500 °C; (3) — oxygen treatment at 400 °C, hydrogen treatment at 575 °C. Feed rate: 

1.5 hour-1 . Amount of catalyst: 0.5 g

Acta Chim. Acad. Sei. Hung. I l l ,  1982
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F i g .  3 .  Selectivity changes as function of the reaction temperature: a) catalyst treated in oxygen and hydrogen at 400 and 500 °C, 
respectively: b) catalyst treated in oxygen and hydrogen at 400 and 575 °C, respectively; c) catalyst treated in oxygen and hydrogen at

500 and 500 °C, respectively
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Y ?/Y ?° va lu e . T he ageing-induced  a c tiv ity  loss exp ressed  in  K°IK°° r a t io  a p 
p e a re d  to  be h ig h er on th e  c a ta ly s t t re a te d  in  h y d ro g e n  a t  h igher te m p e ra tu re . 
T h e  h ig h es t e x te n t o f loss in  th e  to luene y ie ld s w ith  ageing is in ag reem en t 
w ith  o u r re su lts  o b ta in e d  in  th e  con tinuous flow  reac to r , w here v e ry  fa s t  
decrease  in  th e  to lu en e  y ie lds has been o b se rv ed .

T he in fluence  o f th e  th e rm a l tre a tm e n t processes on th e  c a ta ly s t ageing  
w as also  s tu d ie d  in  a co n tin u o u s flow  re a c to r  a t  d iffe re n t reac tio n  te m p e ra tu re s . 
R e su lts  o b ta in ed  on  P t/A l20 3 (I) c a ta ly s t a f te r  t r e a tm e n t  processes (400, 500), 
(400, 575), (500, 500) are  show n in Fig. 2. U n d e r  o u r experim en ta l co n d itio n s 
b e tw e e n  425 an d  500 °C th e  ageing process a p p e a re d  to  be m ore p ro n o u n ced  
in  th e  follow ing o rder:

(500, 500) <  (400, 500) <  (400, 575).

S e le c tiv ity  d a ta  o b ta in e d  a fte r  45 m inu tes a n d  240 m inu tes on s tream  a re  
show n  in  F ig . 3. I n  th e se  series o f ex perim en ts th e  y ie ld  of to luene  in c rea sed  
u p o n  increasin g  th e  re a c tio n  tem p era tu res . A fte r  60 m inu tes of re a c tio n  no 
s ig n if ic a n t changes w ere o bserved  in to lu en e  fo rm a tio n . The d ifferences in  
to lu e n e  y ields w ere m ore p ronounced  in  th e  f i r s t  30—40 m inu tes, w h ich  is 
show n  in  F ig . 4 fo r th e  series o f experim en ts c a rr ie d  o u t a t  425, 450 an d  500 °C 
on  P t/A l20 3 (I) c a ta ly s ts  a f te r  d ifferen t th e rm a l tr e a tm e n t  procedures.

C om paring  se le c tiv ity  changes a t d iffe ren t re a c tio n  tem p era tu res  i t  c a n  
be seen  th a t  th e  th e rm a l tr e a tm e n t  processes n o t o n ly  con tro l th e  ageing p rocess

time hour

2 3 и
t im e ,  hour

F i g .  4 .  Toluene yields as a function of the reaction temperature and temperature of hydrogen 
treatment. Oxygen treatment at 400 °C. a) hydrogen treatment at 500 °C, b) hydrogen treat

ment at 575 °C. Reaction temperatures: (1) — 500 °C; (2) — 450 °C: (3) — 425 °C.
Catalyst: Pt/Al.,0, (I)

A cta  C h im . A cad . S e i. H u n g . I l l ,  1982
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t =£6. min  Toluene t 2Д0 min

P t / A 203 (1) А В P t / A j 0 3 (l.) A 8 

t = i6.  min  Tntи pn^ I =240 min

P t / A l , 0 , ( l )  А В P t / A |  0,(1.) А В

F i g .  5. Change in selectivities after carburation with ethane and ethylene catalyst treated in 
oxygen and hydrogen at 400 and 500 °C, respectively. A — carburation with ethane, В — car

buration with ethylene. I — reaction temperature: 500 °C, II — reaction
temperature: 450 °C

b u t  change the  re a c tio n  selec tiv ities in  d iffe ren t w ay  depending o n  th e  re a c tio n  
te m p e ra tu re . T h u s , th e  form ed ca rb o n aceo u s  overlayer possesses a d efin ite  
in fluence  on th e  o vera ll c a ta ly tic  p e rfo rm an ce .

To s tu d y  th e  in fluence of th e  ca rb o n aceo u s deposits on th e  c a ta ly tic  
a c t iv i ty  and  se le c tiv ity  d a ta  as w ell as on  th e  to luene  fo rm a tio n  th e  P t/A l20 3 
(I) c a ta ly s ts  t r e a te d  a t (500, 500) w ere te s te d  a fte r c a rb u ra tio n  b y  e th y len e  
an d  e th a n e  in th e  presence of h y d ro g en  a t  th e  te m p e ra tu re  o f  re a c tio n  for 
one hour.

T he n -h ex an e  d eh y d ro cy c liza tio n  re a c tio n  was carried  o u t  a t  450 and  
500 °C. R esu lts  o b ta in e d  in  these  series o f  experim en ts are  sh o w n  in  F ig . 5. 
O ur d a ta  d e m o n s tra te  th a t  th e  re a c tio n  p a th s  involved ageing a n d  th e  c a r
b u ra tio n  induced  ageing resu lted  in  th e  sam e tre n d s  in th e  change o f  se lec tiv ity

10* Acta Chim. Acad. Sei. Hung. I l l ,  1982
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v a lu e s . F o rm a tio n  o f  to lu e n e  has been s ig n if ican tly  red u ced  on th e  c a rb u ra te d  
c a ta ly s ts  as i t  is show n  in F ig . 6.

T h e  o bserved  d ifferences on th e  e th a n e  a n d  e th y len e  p re tre a ted  c a ta ly s t  
m a y  in d ic a te  th e  d ifferences betw een  th e  fo rm s o f  carbonaceous o v erlay ers  
fo rm e d  d u rin g  th e  c a rb u ra tio n  p rocedure . T h e  d ifferences in  th e  re a c tio n - 
p ro d u c t  d is tr ib u tio n , as w ell as in  th e  su rface  re a c tio n  in  th e  course o f  th e  
c a rb u ra tio n  p rocess m a y  be  responsib le fo r  th e  o bserved  differences in  th e  
s e le c tiv ity  d a ta . D u rin g  c a rb u ra tio n  w ith  e th a n e , m e th an e  was th e  on ly  
re a c tio n  p ro d u c t, w hile  e th y le n e  resu lted  in  m in o r a m o u n t of h igher h y d ro 
c a rb o n s , inc lud ing  b en zen e , how ever, th e ir  fo rm a tio n  ceased en tire ly  as th e  
c a rb u ra tio n  p roceeded .

O n ou r P t/A l20 3 (I) c a ta ly s t  th e  fo rm a tio n  o f  u n sa tu ra te d  alkenes w as 
n eg lig ib le , how ever, o u r [(C H 3)3P tC l]4 o rig in a te d  c a ta ly s ts  P t/A l20 3 ( I I )  an d  
P t/A l20 3 ( I I I )  show ed h ig h  d eh y d ro g en a tio n  a c t iv i ty ,  i.e. th e  yield of hexenes 
w as co m p arab le  w ith  th e  y ields o f m e th y lc y c lo p e n ta n e  and iso-hexanes. T he 
d iffe rences in  p ro d u c t se lec tiv ities  be tw een  th e se  c a ta ly s ts  are show n in  F ig . 7. 
B ased  o n  th e  carb en e  o lefin  in se rtio n  m echan ism  one w ould  expect h igher y ie ld  
o f  to lu e n e  on th ese  c a ta ly s ts , how ever, on th e se  c a ta ly s ts  th e  fo rm a tio n  o f

F i g .  6 .  Influence of carburation on the toluene yield: I — reaction temperature: 500 °C, 
II — reaction temperature: 450 °C, (1) — Pt/AhO, (I), (2) — after carburation with ethylene,

(3) — after carburation with ethane

A cta  C h itn . A cad. Se i. H u n g . I l l ,  1982
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Toluene

(II.) Ilii) II.)
F i g .  7. Comparison of selectivity data obtained on different Pt/AL,Oa catalysts. Reaction time: 
240 min; reaction temperature: 500 °C; catalyst treated in hydrogen at 500 °C (oxygen treat
ment is omitted). Conversion data on I, II and III: 41.2, 44.3, 32.6; toluene selectivities:

1.72, 1.47 and 1.70, respectively

F i g .  8 .  Pulse reactor data in the prestationary, quasi-stationary and post-stationary periods. 
(Data shown as a function of time on stream.) (1) — Total reactor outlet (response function); 
(2) — benzene; (3) — toluene (lOx); (4) — methane (50x). Selectivities on catalyst No. 2 
relative toluene yields: (5) — catalyst No.l; (6 ) — No. 2. Relative rates of ageing ( K 0/ K 00)  No.

1 — 1.26; No. 2 — 1.48

to lu e n e  even  a t  th e  b eg in n in g  o f  th e  re a c tio n  a jtpeared  to  be less th a n  th a t  of 
on  th e  P t /A h 0 3 (I) c a ta ly s t .

T he lack  o f in creased  a m o u n t o f to lu en e  on c a ta ly s ts  w ith  h ig h e r  d eh y d ro 
g e n a tio n  a c tiv ity , c an  he  considered  as an  in d irec t evidence a g a in s t th e  car- 
bene-o le fin  in te rac tio n s . A lth o u g h  our ex p erim en ta l d a ta  h a v e  a lre a d y  given

Ada Chim. Acad. Sei. Hung. I l l , 1982
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su ff ic ie n t ind irect e v id en ces  for the co rre la tio n  b e tw een  th e  c a ta ly s t ageing 
a n d  to luene  fo rm a tio n  w e h av e  fu rth e r e x p e r im e n ta l d a ta  to  s u p p o r t  our 
su g g e s tio n  th a t  th e  fo rm a tio n  o f toluene can  be  re la te d  to  th e  c a ta ly s t ageing.

In  our slug-pulse m e th o d  the  pulse w as a  sq u are -lik e  fu n c tio n  fo r th e  
re a c t io n  in let (I) as sh o w n  in  Fig. 8. The r e a c to r  o u tle t (R) h ad  a response 
fu n c tio n , which co n sis ted  o f  th ree  defin ite  p a r t s :  p re -s ta tio n a ry  (I), quasi- 
s ta t io n a ry  (II) an d  p o s t- s ta t io n a ry  (II I )  p e rio d s . R esu lts  o b ta in ed  in  th e  
q u a s i-s ta tio n a ry  (II)  p e r io d s  w ere discussed b e fo re , how ever, fu r th e r  in fo rm a
t io n  w as furnished b y  p ro d u c t  d istribu tions m e a su re d  in  th e  (I) an d  ( I I I )  
p e r io d s  shown in F ig . 8. I n  perio d  (I) th e  fo rm a tio n  o f benzene an d  c rack ing  
p ro d u c ts  precedes th e  fo rm a tio n  of to luene a n d  th e  s ta tio n a r ity  in to luene  
fo rm a tio n  needs longer t im e  to  be achieved. F ro m  th e  sequence of th e  a p p e a r
a n c e  o f  th e  reaction  p ro d u c ts  th e  streng th  of a d s o rp tio n  o f th e  p ro d u c ts  surface 
in te rm e d ia te s  can be e v a lu a te d , consequently  in  th e  fo rm atio n  o f to lu en e  a 
s tro n g ly  re ta ined  su rface  sp ec ies  should be in v o lv e d .

In  period ( I I I )  th e  a m o u n t of to luene in th e  re a c to r  o u tle t decreases 
o n ly  s ligh tly , while th e  t o t a l  reac to r  o u tp u t as w ell as th e  am o u n t of benzene 
a n d  m e th a n e  show a s h a rp  decrease. On c a ta ly s t  sam p le  №  2 th e  fo rm atio n  
o f  h ig h e r  a lky l-a rom atic  h y d ro ca rb o n s  (C8 — C10) w as also observed  in  trace  
a m o u n ts .  A dd itional in fo rm a tio n  was o b ta in e d  b y  com paring  th e  re la tiv e  
y ie ld  o f  to luene m easu red  in  tw o  experim ents sh o w n  also  in  Fig. 8. The re la tiv e  
y ie ld s  w ere calcu lated  as th e  ra t io  of the fo rm ed  to lu e n e  to  the  re a c to r  o u tle t. 
O n  o u r  ca ta ly s t sam ples th e  re la tiv e  yield o f to lu e n e  w as high and  increased  
in  th e  sam e order (№  1 <  №  2) as the ra te  of c a ta ly s t  d eac tiv a tio n  expressed  
in  K °IK °°  ratios.

Discussion

O u r experim en ta l d a ta  c learly  d e m o n s tra te d  th e  fo rm atio n  o f  to lu en e , 
t h e  c h a in  leng then ing  p ro d u c t ,  on p la tin u m  c o n ta in in g  alum ina  su p p o rte d  
c a ta ly s ts  under co n d itio n  o f  selective a ro m a tiz a tio n .

W ith  respect to  th e  m ech an ism  of to luene  fo rm a tio n  benzene a lk y la tio n  
w i th  m onocarbon  fra g m e n ts  o n  th e  surface h as  b e e n  proposed  [9]. R ecen tly  
i t  h a s  b een  suggested t h a t  c a rb e n e  like species a n d  te rm in a l  olefins are invo lved  
in  th e  to luene  fo rm a tio n  a n d  a carbene in se rtio n  m ech an ism  via m etallocyclo- 
b u ta n e  in term ed ia te  h as  b e e n  proposed [1—4]. U n d e r  ou r ex p erim en ta l con
d it io n s  we did no t o b se rv e  a n  increase in to lu en e  y ie ld  on ca ta ly s ts  p roducing  
u n s a tu r a te d  hydrocarbons in  h ig h er am ounts. As w ell as no h ep tan e  fo rm a tio n  
w a s  fo u n d . We could n o t  o b ta in  any e x p e rim e n ta l ev idence su p p o rtin g  th e  
ea rb en e -o le fin  in sertion  m e c h a n ism . We observed  a c e r ta in  bu ild -up  period  in  
o u r  con tin u o u s flow e x p e r im e n ts  when th e  to ta l  a m o u n t of p roduc ts leav ing  
th e  re a c to r  is less th a n  th e  a m o u n t of hexane in tro d u c e d . The fo rm a tio n  of

A c ta  C liim . Acad. Sei. H ung. I l l , 1982
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to luene  was m ore p ro n o u n ced  in th is period . The bu ild -up  p e r io d  can  be 
re la ted  to  th e  fo rm a tio n  o f an  unknow n su rface  overlayer, w i.ich  c a n  consist 
o f d iffe ren t surface species from  to  C0 as well as ca rbonaceous po lym eric  
e n titie s  w ith  d iffe ren t e x te n t o f d eh y d ro g en a tio n  and  s tre n g th  o f  a d so rp tio n . 
T h u s , we suggest th e  fo rm a tio n  o f th o se  species w hich m ay be re sp o n s ib le  for 
th e  to lu en e  fo rm a tio n  in  th is  b u ild -u p  period . F u rth e rm o re , th e  increased  
re la tiv e  yield of to lu en e  in  th e  p o s t-s ta tio n a ry  period m easured  in  slug-pulse 
ex p erim en ts  (F ig . 8) m a y  be  considered  as fu r th e r  evidence, t h a t  in  th e  fo rm a
tio n  o f to luene  a s tro n g ly  b o n d ed  po lym eric  carbonaceous su rfa c e  overlayer, 
responsib le  for ageing , shou ld  be invo lved . F o rm a tio n  of h igher a lk y l a rom atic  
h y d ro ca rb o n s an d  s u b s titu te d  n a p h th a le n e  deriv a tiv es  in tra c e  a m o u n t gave 
fu r th e r  su p p o rt on  th e  cyclic s tru c tu re  o f  th is  overlayer. C o n seq u en tly , we 
consider th a t  to lu en e  an d  o th e r  a lky l a ro m a tic  as well as co n d en sed  a rom atic  
h y d rocarbons can  be considered  as p ro d u c ts  o f h y d ro d ep o ly m eriza tio n  o f the 
cyclic  polym eric carb o n aceo u s surface o v erlay e r. In  th e  b u ild -u p  p e rio d  m en
tio n e d  above a lth o u g h  se lec tiv ity  to w ard s  benzene fo rm atio n  is h ig h , re la tiv e ly  
large  am o u n t o f m e th a n e  has been fo rm ed . F o rm atio n  o f r e la t iv e ly  large 
a m o u n t of m e th a n e  c a n  be exp la ined  assum ing  th e  fo rm a tio n  o f  a m u ltip ly  
bo n d ed , p a r tly  d eh y d ro g e n a te d  Ce e n ti ty  on th e  fresh p la tin u m  c a ta ly s t  cov
ered  w ith  h y d ro g en . T h is m u ltip ly  bon d ed  species in th e  p resence  o f  availab le  
su rface  hyd rogen  ca n  re a c t w ith  C — C b o n d  ru p tu re  w ith  th e  fo rm a tio n  of 
m e th an e .

In  o rder to  u n d e rs ta n d  th e  role o f  th e  carbonaceous su rfa c e  overlayer 
as w ell as th e  ro le o f  ageing  processes in  to luene fo rm atio n  th e  in fluence  of 
th e  h igh  te m p e ra tu re  h y d ro g en  t r e a tm e n t on th e  ageing p rocesses should  he 
d iscussed. In  th e  l i te ra tu re  no d a ta  is av a ilab le  w ith  respect to  th e  ro le  of the 
s tro n g ly  chem iso rbed  h y d ro g en , fo rm ed  a t  h igh  te m p e ra tu re , in  th e  ca ta ly s t 
ageing . W e h av e  o b serv ed  h igher d e a c tiv a tio n  ra te s  on c a ta ly s ts  tre a te d  in 
h y d rogen  a tm o sp h ere  a t  h igher te m p e ra tu re s . W e also o b se rv ed  decrease in 
c a ta ly tic  a c tiv ity  an d  in  hydrogeno lysis  se lec tiv ity  upon in c re a s in g  te m p e ra 
tu re  o f h y d rogen  tre a tm e n t .  D ecrease in  m e th an e  fo rm atio n  w as ev en  more 
p ronounced . O ur T P D  ex p erim en ts  also  dem o n stra ted  an  in c re a se  in  the 
a m o u n t of s tro n g ly  chem isorbed  h y d ro g en , how ever, th e  to ta l  a m o u n t of the 
ad so rb ed  h y d ro g en  d e tec ted  by  T P R  w as less a fte r high te m p e ra tu re  hydrogen 
tre a tm e n t. E x p la n a tio n  g iven  by  Me n ő n  an d  F roment  [19, 20] c a n  be applied 
to  discuss our e x p e rim e n ta l re su lts .

The loss o f to ta l  a c tiv ity  on P t/A l20 3 c a ta ly s ts  u p o n  in c re a s in g  th e  tem 
p e ra tu re  of h y d ro g en  tr e a tm e n t can  be a t tr ib u te d  p a r tly  to  th e  self-poisoning 
b y  th e  s trong ly  ch em iso rb ed  hydrogen . I t  can  also be e s ta b lish e d  th a t  follow
ing h igh te m p e ra tu re  h y d ro g en  t r e a tm e n t th e  m obility  of th e  o v e ra ll hydrogen 
pool is d im in ished . T he low ered m o b ility  m ay  be responsible fo r th e  suppression 
o f  th e  m ain  h y d ro g en  consum ing  re a c tio n s , i.e. th e  fo rm a tio n  o f  m e th a n e  and

Acta C him . A c a d . S e i.  H u n g . I l l , 1982
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h y d ro d ep o ly m eriza tio n  o f  th e  form ed carb o n aceo u s po lym eric  overlayer. U pon  
su p p re ss in g  of b o th  re a c tio n s  th e  ra te  of ageing  m a y  increase. In  th e  absence 
o f  a v a ila b le  hydrogen  th e  Cx su rface  species can  ta k e  p a r t  in th e  surface p o ly 
m e r iz a tio n  reaction . P ro b a b ly ,  th is  type of su rface  reac tio n s  takes place u n d e r  
c a rb u ra t io n  w ith  e th a n e  o r  e th y len e .

T h e  m obility  o f th e  su rfa c e  hydrogen can  b e  decreased  b y  th e  c a rb o n 
a c e o u s  overlayer itself. P r o b a b ly  th is  change in  th e  m o b ility  m ay  be responsib le  
a t  le a s t  p a r tly  for th e  in c re a s e d  ageing process a n d  decrease  in  to luene  fo rm a 
t io n  o n  carburized c a ta ly s ts .

I n  th e  absence o f  m o b ile  hydrogen an d  p re se n c e  o f  th e  stronger fo rm  of 
ch em iso rb e d  hydrogen th e  p r im a r ily  form ed c a rb o n a c eo u s  polym eric o v e rlay e r 
c a n  b e  fu rth e r  d e h y d ro g e n a te d  w ith  th e  fo rm a tio n  o f  m ore s trong ly  b o n d ed  
su rfa c e  hyd rocarbon  re s id u e , i.e. th e  ageing p ro cess  becom es m ore p ro n o u n ced . 
T h u s , th e  fo rm ation  o f to lu e n e  can  be considered  as  a re a c tio n  w hich decreases 
th e  ag e in g  process.

I n  th e  lite ia tu re  th e re  a re  only scarce d a ta  o n  th e  re a c tiv ity  o f su rface  
c a rb o n aceo u s  overlayer in  o x id iz in g  or reducing  a tm o sp h e re . In  order to  p ro v e  
o u r  h y p o th es is  on th e  ro le  o f  depo lym eriza tion  o f  su rface  carbonaceous o v e r
la y e r  in  th e  toluene fo rm a tio n  we applied fla sh  p y ro ly s is  in  hydrogen  a tm o 
sp h e re  using  pyrolysis gas ch ro m a to g rap h y . A cco rd in g  to  our proposed re a c 
t io n  ro u te s , for th e  fo rm a tio n  o f toluene in  h y d ro g e n  atm osphere  an d  a t

Table V

R e a c t i v i t y  o f  d ifferen t s u r fa c e  c a r b o n  o verla yers s tu d ie d  b y  p y r o l y s i s  g a s  c h ro m a to g ra p h y

Catalysts*

P t /A f p ,  (I) + P t/А ^О з (I) +  А1,03
quartz

P t/A l,0 3 A W *

Ü C . n g * * * 4 0 .7 9 6 5 .5 5 1 4 .3 9

Г _L Г О/Ъ1 ^ /О 7 5 .6 5 8 6 .7 7 5 1 .4 2

Г 0 //о 6 .2 0 3 .4 9 1 3 .6 2

п 0*-> 1 о 8 .7 2 2 .9 2 7 .1 5

Т  о1 - /о 2 .7 4 2 .2 2 3 .6 8

С, 4 -  С ,
6 .5 9 1 6 .8 2 4 .7 4В +  т

с ,  +  Со
1 2 .2 0 2 4 .8 0 3 .7 8

Сз
в

3 .1 8 1 .3 2 1 .9 4т
* The catalyst bed was diluted with quartz and AL,03.

** Carbon overlayer formed on pure alumina.
*** Amount of total reaction products, expressed in carbon equivalent. Reaction 

temperature: 5 0 0  °C ; catalyst pretreatment: (5 0 0 ,  5 0 0 ) ;  reaction time: 4  hours. Pyrolysis in 
hydrogen at 9 0 0  °C, time of pyrolysis: 1 0  sec; В — benzene, T  — toluene.
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Table VI

In f lu e n c e  o f  c a r b u r a t io n  on  the r e a c t iv i ty  o f  su r fa c e  ca rb o n  o v e r la y e rs  
Pyrolysis GC data

Experim ental conditions

n-Hexane
dehydro

cyclization

Ethane*
treatm ent

E thane trea tm en t +  
-|- n-hexane dehydro

cyclization

V C . , , B 103.56 89.21 77.65
C, +  a, % 62.87 71.92 64.54
C„ % 11.63 3.37 4.10
R  ° //0 5.92 6.91 4.79
T, % 4.10 3.23 2.19
C, +  c 2
В +  T 6.27 7.09 9.20

c, +  c„ 
C3

5.41 21.34 15.74

в
T

1.44 2.14 2.19

Reaction temperature: 475 °C; pretreatment (500, 500)
* After 1 hour treatment with H, : C2H6 = 5 : 1  hydrogen-ethane mixture.

h ig h er te m p e ra tu re s , th e  su rface “ carb o n ”  re a c tin g  w ith  h y d ro g en  should give 
a lk y l a rom atic  h y d ro c a rb o n s . In  T able V th e  py ro lysis  p ro d u c ts  o f th e  surface 
carbonaceous o v e rlay e r a re  show n for d iffe ren t P t/A l20 3 c a ta ly s ts . As it  can  
be  seen to luene  can  be considered  as one o f th e  c h a ra c te r is tic  re a c tio n  p roducts. 
T h e  m ost s trik in g  d a ta  is th e  fo rm atio n  o f benzene an d  to lu en e  on th e  p la tin u m  
free  carrier.

I t  ap p eared  v e ry  in te re s tin g  to  com pare th e  re a c tiv i ty  o f th e  surface 
carbonaceous o v e rlay e r form ed

(i) in  n -h ex an e  d eh y d ro cy c liza tio n ,
(ii) a fte r ca rb u riz in g  w ith  e th an e ,

(iii) in  n -h ex an e  deh y d ro cy c liza tio n  a fte r  ca rb u riz in g  w ith  e th an e .
T hese  resu lts  are  su m m arized  in  T able V I S ig n ifican t changes have been 
o b served  in  th e  re a c tio n  p ro d u c ts . T he ra tio s  o f  th e  re a c tio n  p ro d u c ts  also 
a lte re d . I t  in d ica ted  th a t  th e  e th an e -o rig in a ted  ca rb o n aceo u s overlayer m ay  
also  have a cyclic ty p e  su rface  s tru c tu re . This su rface  o v e rlay e r reac tin g  w ith  
h y d ro g en  can  give benzene, to luene  and  h igher a lk y l a ro m a tic s .

W ith  re sp ec t to  th e  m echan ism  of to luene  fo rm a tio n  as well as of fo r
m a tio n  o f h igher a lk y l a rom atics we can  n o t exclude  th e  in v o lv em en t o f 
carbene-like  CHX (x  2) or C2H V (y 4) species, w hich  can  reac t w ith  a
s tro n g ly  d eh y d ro g en a ted  cyclic Ce surface in te rm e d ia te .

A dd itio n a lly , we m ay  suggest th a t  all o f th e  a lk y l a ro m atics  and  con
d ensed  a rom atics can  also he form ed from  one p recu rso r, i.e. from  a polym eric

A d a  C him . A ca d . S e i. I lu n g . I l l , 1982
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CH,

С ,—Cs

(0)
(II)

( 1 )
( I D

- H

(U| -HI
Ca H u

(3)
-H trau,s'-CY.Hs (■4)

C H ,

- H  (1)

I

c t . s - C i i H «

( 10 )

- H

C2H4 СаНв

Reaction Scheme 
S ch em e 1

cy c lic  su rface  overlayer p a r t ly  responsib le  for th e  c a ta ly s t  d e a c tiv a tio n  an d  
th e  fo llow ing  reac tion  schem e is p roposed  (see R e a c tio n  Schem e). A ccep ting  
th e  co n secu tiv e  d e h y d ro g e n a tio n  ro u te  for n -hexane d eh y d ro cy c liza tio n  [22] 
fro m  litransoicT'> hexadienes ch em iso rb ed  on th e  c a ta ly s t , fo rm a tio n  of benzene 
is h in d e re d . H ow ever, th e se  species can  be invo lv ed  in  m e th a n e  fo rm a tio n  
( ro u te s  4 , 5) p rovided  th e re  is av a ilab le  hydrogen  a t  th e  c a ta ly s t  su rface , or 
in  a f u r th e r  d eh y d ro g en a tio n  s te p  (ro u te  6) i t  can  be c o n v e rte d  to  a po lym eric  
cy c lic  su rface  overlayer [23]. I f  th e re  is no availab le  h y d ro g e n  on th e  c a ta ly s t 
su rfa c e  fu r th e r  d eh y d ro g en a tio n  o f  th is  overlayer can  ta k e  p lace (ro u te  7). 
H o w e v e r , in  the  presence o f  a v a ilab le  hyd ro g en  d e p o ly m eriza tio n  of th ese  
cy c lic  species can tak e  p lace  ( ro u te  8 an d  9) w ith  th e  fo rm a tio n  o f to lu en e  an d  
o th e r  a lk y l arom atics as w ell as m e th a n e , C2 — C5 h y d ro c a rb o n s , h ex an e  an d  
b e n z e n e  as i t  has been o b ta in e d  in  th e  p o s t-s ta tio n a ry  perio d  in  th e  slug-pulse 
e x p e r im e n ts  or in  th e  f la sh  p y ro ly s is  experim en ts. A t h ig h er te m p e ra tu re s
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b o th  ro u tes  m ay h av e  a n  im p o rtan ce , while a t  low er te m p e ra tu re s  ro u te  9 has 
on ly  m ino r im p o rtan ce . T hese  cyclic carbonaceous o verlayers m a y  also be 
fo rm ed  from  lower h y d ro c a rb o n s  as m e th an e , e th an e  an d  e th y le n e  to o . In  this 
case in th e  fo rm atio n  o f  su rface  carbon  th e  s tro n g ly  d e h y d ro g e n a te d  species 
m ay  be involved an d  th e  cyclic s tru c tu re  can  be form ed b y  s te p  b y  s tep  add i
tio n  o f these  species (ro u te s  10 an d  I I ) .  I f  th is  Cx species is s tro n g ly  bonded 
to  th e  surface, p ro b a b ly , i t  can  be considered  as an  e lec tro n -d efic ien t surface 
species. This e lec tron  d efic iency  can  re su lt in  th e  scavenger effec t, i.e. supp res
sing  th e  fo rm ation  o f  to lu e n e  observed  in  th e  case o f th e  c a rb u riz ed  ca ta ly sts . 
T he low er to luene y ie ld s on  ca rb u rized  c a ta ly s ts  can  also be a t t r ib u te d  to  the 
decrease in th e  r e a c tiv i ty  o f  th e  overall su rface  hyd rogen  pool. H ow ever, to  
propose m ore d e ta iled  m ech an ism  o f ageing-involved  su rface  re a c tio n s  more 
d e ta iled  stud ies on th e  P t —C— H  te rn a ry  system  are needed .
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The synthesis of methane from H2 and CO, was investigated on alum ina supported 
Rh ca ta lyst. Special a tten tion  was paid to  th e  identification  of surface species formed 
during the reaction  or surface interaction. In frared  spectroscopic m easurem ents revealed 
th a t linear and bridged CO, and adsorbed form ate species were present on the surface. 
The form ation of surface carbon was also detec ted  during the reaction . Evidences are 
presented to  show7 th a t  the surface form ate is located on the support.

D etailed m easurem ents were perform ed concerning the reac tiv ity  and possible 
roles of these surface species in the ca ta ly tic  reactions. On the basis of th e  results 
obtained the possible modes of the hydrogenation  of CO, are discussed.

Introduction

T he c u rre n t energy  prob lem  has in i t ia te d  renew ed in te re s t in coal as 
an  energy  source, in  its  conversion  to  H 2 CO and  in th e  h y d ro c a rb o n  sy n 
thesis  via  th e  F isch e r—T ropsch  reac tio n . A lth o u g h  the  F ischer — T ro p sch  p ro 
cess is a t  p re se n t re g a rd ed  as a high cost ro u te  from  coal to  liq u id  fuel, it is 
e s tim a te d  th a t  m o st o f th e  cost is asso c ia ted  w ith  syn thesis  gas (H , an d  CO) 
p ro d u c tio n  [1].

In  view  o f th is  p ro b lem  it seem ed p ro m is in g  to  tu rn  to  C 0.„ as an  a l te r 
n a tiv e  ca rb o n  source  th e  p ro d u c tio n  o f w hich  does n o t req u ire  coal and  its  
con v ersio n  to  sy n th es is  gas. A no ther fa c to r  is th a t  wc have large  fie lds of 
n a tu ra l ca rb o n  d iox ide , th e  ca ta ly tic  tra n s fo rm a tio n  o f w h ich  in to  m ore 
v a lu ab le  ca rb o n  c o n ta in in g  com pounds seem ed  to  be o f g re a t technological 
im p o rta n c e . W h en  th is  w ork  was s ta r te d  in  o u r lab o ra to ry  th e re  w as very  
l i ttle  in fo rm a tio n  on th e  h y d ro g en a tio n  o f  CO., in th e  lite ra tu re .

In  th e  f irs t  p a r t  o f  our w ork we in v e s tig a te d  th e  h y d ro g e n a tio n  o f C 0 2 
on  a lu m in a  su p p o rte d  noble m eta ls  [2 — 5]. W e found  th a t  specific  ra te s  for 
th e  fo rm a tio n  o f C H 4 (expressed  in te rm s  o f  tu rn o v e r  nu m b er, r a te s  p er un it 
su rface  a rea  o f  m e ta ls) decreased  in th e  o rd e r R u  R h  P t I r  P d  [3].

* This paper was presented a t the F irst Belgian — H ungarian Colloquium on Catalysis 
a t M átrafüred, O ctober 19 22, 1981.

**T o whom correspondence should be addressed.
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T h is  order is so m ew h at d iffe ren t from  th a t  fo u n d  by  V a n n i c e  [ 6 ]  (R u  
R h  P d  P t  Ir) for th e  fo rm a tio n  o f CH,t from  a CO -f- H 2 gas m ix tu re  a t  th e  
sa m e  te m p e ra tu re  an d  u n d e r  v e ry  sim ilar co n d itio n s. In  th e  co m p ariso n  of 
o u r d a ta  w ith  those o b ta in e d  b y  V a n n i c e , th e  fo llow ing was e s tab lish ed : th e  
sp ec ific  ac tiv ities  (iVCH ) o f  R u ,  P t  an d  I r  agreed  s trik in g ly  in  th e  tw o  re a c 
t io n s .  T h e  ac tiv a tio n  energ ies d iffe red  ap p rec iab ly  on ly  on R u. T he c a ta ly tic  
b e h a v io u rs  of R h and  P d , h o w ev e r, w ere m ark e d ly  d iffe ren t in  th e  tw o  p ro 
cesses. I n  th e  case o f  th e  H 2 -)- CO reac tio n  th e ir  specific ac tiv itie s  a re  th e  
sa m e , a n d  ab o u t one o rd er o f  m a g n itu d e  less th a n  th a t  of th e  m ost a c tiv e  R u . 
O n  th e  o th e r  hand , th e  specific  a c tiv ity  o f R h  fo r th e  h y d ro g en a tio n  o f  C 0 2 
is tw o  o rd e rs  of m ag n itu d e  h ig h e r  th a n  th a t  o f P d ; a n d  ab o u t six tim es h ig h e r 
th a n  in  th e  p roduction  o f C H 4 fro m  th e  H 2 -f- CO m ix tu re . The a c tiv ity  o f  P d , 
w h ic h  w as found to  he th e  le a s t  effective c a ta ly s t  fo r th e  fo rm atio n  o f C H t in  
th e  H 2 -f- C 0 2 reac tio n , is m o re  th a n  one o rd er o f  m a g n itu d e  lower th a n  in  th e  
H 2 -f- CO reac tio n .

I n  o rd e r to  estab lish  th e  rea so n  o f th e  h igh  efficiency of R h  c a ta ly s t  and  
th e  p o ssib le  m echanism  o f th e  h y d ro g en a tio n  o f C 0 2, we in v es tig a ted  th e  low 
te m p e r a tu r e  in te rac tio n  o f H 2 -)- CO, and  p a id  a g re a t a tte n tio n  to  th e  id e n tif i
c a t io n  o f  surface species fo rm ed  d u rin g  th e  reac tio n .

B y  m eans of in fra red  sp ec tro sco p y  we d e tec ted  adso rbed  CO an d  ad so rb ed  
fo rm a te  ion . B y chem ical a n a ly s is , th e  p resence o f  surface carb o n  w as co n 
f irm e d .

I n  th is  paper we give a n  acco u n t of th e  ch a ra c te ris tic s  of th e  fo rm a tio n  
o f  th e s e  surface species, we co m p are  th e ir  b eh av io u rs  w ith  those  o b se rv ed  
d u r in g  th e  adso rp tion  of th e se  com pounds in  th e  absence of H 2 and  th e n  we 
e x a m in e  th e ir  re a c tiv ity  a n d  p ossib le  roles in  th e  c a ta ly tic  reactions.

Experimental
M a t e r i a l s

The catalysts were prepared by impregnating alumina (Degussa P 110 Cl) support w ith 
a solution of RhClj • 3H2() to yield a nominal 1 and 5 wt. % metal. The impregnated powders 
were dried at 373 K. Before any measurements the catalysts were oxidized for 30 min and 
reduced for 60 min at 673 К i n  s i t u .  For infrared studies, transparent thin wafers (30 X 10 mm) 
were prepared at high pressure.

M e t h o d s

Infrared spectra were recorded by a Specord 75 IR double-beam spectrometer (Zeiss, 
Jena). In a Kiselev-type infrared cell all spectra were recorded at the temperature of the 
infrared beam at ^  313 K. In the high-, and low-temperature cell constructed in our lab
oratory, the spectra were taken at the reaction temperature in vacuum or in the gas flow.

In the study of the reaction of adsorbed formate species a specially designed microcell 
was used. The small volume of the cell ( ~  15 mL) made it possible to flush the gas phase 
entirely into the gas-chromatographic column.

Adsorption measurements were carried out in a Sartorius microbalance. The hydro
genation of C02 and CO was studied in a flow micro-reactor at atmospheric pressure.Tempera
ture programmed reaction (TPR) experiments were also performed in this reactor. The dispro
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portionation of CO and the reactivity of surface carbon were investigated in a microcatalytic 
pulse system.

The pulse reactor was incorporated between the sample inlet and the analytical column 
of the gas chromatograph. The percentage exposed (the dispersity) of rhodium was determined 
by H, adsorption at 298 К by use of a dynamic impulse method [4]. The dispersity of 5% 
Rh/AL,0;) was 30.2% and that of 1% Rh/Al,03 was 33.2%.

Results and Discussion

Formation o f adsorbed CO

U pon a d m ittin g  o f  th e  H 2 -f- C 0 2 m ix tu re  (3.3 k P a  o f each gas) in to  th e  
cell a t  300—373 K , th e  follow ing sp ec tra l changes o ccu rred . E v en  a t th e  
b eg inn ing  o f th e  a d so rp tio n , new  bands ap p ea red  b e tw een  2020—2039, an d  a t 
1870 c m '1 (F ig. 1). O n ra is in g  th e  ad so rp tio n  te m p e ra tu re  th e  in te n s ity  of th e  
b a n d  betw een  2020 an d  2039 c m '1 increased  u p  to  388 K , b u t i t  decreased 
above  th is  te m p e ra tu re .

I t  is to  be m e n tio n e d  th a t  these  hands w ere n o t d e te c te d  on pu re  alum ina 
u n d e r  the  sam e co n d itio n s .

In  order to  fa c il i ta te  th e  in te rp re ta tio n  o f th e  above  re su lts , we exam ined 
th e  in fra red  sp e c tra  o f ad so rb ed  CO reco rded  u n d e r  th e  sam e conditions. 
In f ra re d  spectro scop ic  m easu rem en ts  on th e  a d so rp tio n  o f  CO over R h/A l20 3 
u n equ ivoca lly  show  th a t  a t  leas t th ree  k in d s o f  a d so rb ed  CO ex ist on th e

/С О
surface  [7— 16]: a tw in  s tru c tu re ,R h  , ab so rb in g  a t  2101 an d  2035 c m '1;

Ч Ю

F i g .  1 . (A) Infrared spectra observed at room temperature after adsorption of CO, and H2 +  C02 
(1 : 1) on Rh/Al,03. (A) (1) base, (2) 3.3 kPa CO, at 298 K, (3) 6.65 kPa H„+CO„ at 298~K, (4> 

at 373 К, (B) 5.3 kPa CO,+ H„ (1 : 1) at different temperatures for 5 min

A da Chim. Acad. Sei. Hung. I l l , 1982
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Fig. 2. In fra red  spectra observed a t room  tem perature  after adsorption of CO of different 
pressure (A) on 5% Rh/ALO. a t 298 К  (spectrum  2) and 373 К  (spectra 3 — 5), (B) on 1%

R h/A l20 3 a t 298 К

A d a  Chim. Acad. Sei. Hung. I l l  1982

a l in e a r  fo rm , R h —CO, a b so rb in g  a t  2060 — 2070 cm  an d  a b rid g ed  form , 
R b \

^CO  yield ing  a b ro ad  b a n d  a t  1855— 1870 cm h T he m o st in te re s tin g
R h /
fe a tu re  o f  th e  adsorp tion  o f CO is th e  fo rm atio n  of th e  tw in  s tru c tu re .

A s th e  spectra  in  F ig . 2 show , th e  above surface species w ere fo rm ed  on 
sa m p le s  u sed  in  th e  p resen t w o rk , to o . The doub le t due to  th e  tw in  s tru c tu re  
a p p e a re d  a t  2104 and  2035 c m - 1 . T h e ir  in tensities w ere a lm o st eq u a l. W eak  
b a n d s  d u e  to  bridged CO a p p e a re d  a t  1860—1870 c m -1 , a n d  lin e a rly  b o nded  
CO p ro d u c e d  a band  a t  2060— 2070 c m '1. F igure 2 also show s th a t  th e  fo rm a
t io n  o f  th e s e  surface species d e p e n d s  on  th e  R h  c o n te n t, i.e. on  th e  d ispersion  
o f R h , as in  th e  case o f 1%  R h /A l20 3 m ain ly  th e  tw in  b a n d  ap p ea red  in  th e  
s p e c tru m .

O n  com parison  of th e se  s p e c tra  w ith  th a t  o b ta in ed  a f te r  co ad so rp tio n  
o f th e  H 2 -f- C 0 2 m ix tu re , th e  fo llow ing  can  be s ta te d  a b o u t th e  la t te r  sp ec tru m :

(i) th e  doublet due to  tw in  CO w as com pletely  m issing ;
(ii) th e  linearly  b o n d ed  CO ap p e a re d  a t  a so m ew hat low er freq u en cy , 

2020 — 2039 c m " 1;
(iii) no  significant ch an g e  cou ld  be observed in  th e  ap p e a ra n ce  of 

b r id g e d  CO.
W e o b ta in ed  sim ilar s p e c tra  d u rin g  th e  ca ta ly tic  re a c tio n , a t  473— 573 K . 

T h e  in te n s i ty  of linearly  b o n d e d  CO was som ew hat less an d  ap p e a re d  a t  
2020 c m “ 1.
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W e propose th e  follow ing e x p la n a tio n  fo r th e  above fea tu re  o f th e  sp e c tra  
[16, 17]. T he absence o f th e  tw in  s tru c tu re  ca n  n o t he a t tr ib u te d  to  th e  low  
surface  c o n c e n tra tio n  o f CO, as th ese  su rface  s tru c tu re s  appeared  a t  a ll co v e r
ages o f  CO (F ig . 2). I t  is m ore p robab le  t h a t  th e  adsorbed  hydro g en  p re v e n ts

th a t  o f  u n p e r tu rb e d  lin ea rly  bonded  CO is in  ag reem en t w ith  th e  e x p e c ta tio n  
th a t  th e  H  chem iso rbed  to  th e  rh o d iu m  a to m  o f a carbonyl is e le c tro n -d o n a t
ing, w hich  increases th e  тг-d o n a tio n  from  th e  rh o d iu m  in to  th e  a n tib o n d in g  
71 o rb ita l o f th e  CO, re su ltin g  in  a decrease  in  vc o .

A n a lte rn a tiv e  v iew  rep resen ted  b y  som e Ja p a n e se  w orkers [18] is th a t  
th e  a p p e a ra n ce  o f  CO b an d s a t  low er freq u en c ies  is exclusively  d u e  to  th e  
coverage effect. T h is a rg u m en t is based  on  th e  re su lts  of S omorjai a n d  D u b o is

[19] on  R h  single c ry s ta ls . A ltho u g h  th e re  is no  d o u b t th a t  th is  is a n  ex is tin g  
effec t, n ev erth e less  on th e  basis o f sev era l o b se rv a tio n s we believe  t h a t  th e  
d iffe ren t IR  sp ec tra  o f adso rbed  CO fo rm ed  in  the H 2 C0 2 surface interaction  
an d  in  th e  re a c tio n  can  no t be a t tr ib u te d  m erely  to  th e  low coverage o f  CO.

T he p h en o m en a  o f th e  absence o f  tw in  CO and  th e  a p p ea ran ce  o f  te r 
m in a l CO a t low er frequencies on R h  a re  n o t u n iq u e  for the  H 2 -f- C 0 2 in te r 
ac tio n  (or for C 0 2 a d so rp tio n  as I iz u k a  a n d  T a n a k a  [18] conclude) th e  sam e 
b e h a v io u r w as experienced  in o th e r  cases, when adsorbed CO was produced  in  
a surface reaction on R h .

T he d ecom position  of adso rbed  fo rm ic  ac id  on a lu m in a -su p p o rte d  R h  
y ie ld in g  CO, C 0 2, H 2 an d  H 20  as p ro d u c ts , gave  a CO band  a t  2030 — 2040 c m -1 
an d  a w eaker one a t  1875 c m -1 , h u t  n e v e r  a tw in  CO band  a t  a ll. S im ila rly  
as in  th e  case o f th e  H 2 -f- C 0 2 in te ra c tio n , th e  b a n d  in ten sity  of lin e a r  CO was 
s ig n ifican tly  h ig h er th a n  th a t  observed  a t  h ig h  C 0 2 exposure, b u t  th e  b a n d  
г till ap p e a re d  a t  low er frequency . S im ilar o b se rv a tio n  was m ade in  th e  s tu d y  
o f th e  a d so rp tio n  an d  decom position  o f  H 2CO on R h/A l20 ;! [20].

In  a d d itio n , Y a n g  and  Ga r l a n d  [21] fo u n d  th a t  the  presence  o f  h y d ro 
gen sh ifts  th e  2062 c m -1 b a n d  ( te rm in a l CO) to  low er frequencies, 2038 — 2027 
c m -1 , a t  433 K , w ith o u t causing an y  d ecrease  in  its  in tensity .

I t  is to  be m en tio n ed , how ever, t h a t  th e  adm ission of even 0 .6 — 13 P a  CO 
a t  300 К  on to  a su rface  tre a te d  w ith  th e  H 2 -f- C 0 2 gas m ix tu re  a t  373 К  for 
10 h o u rs  p ro d u ced  a tw in  b a n d  a t 2104 a n d  2038 c m -1 . This m a y  in d ica te  
th a t  th e  CO fo rm ed  in  th e  H 2 -f- C 0 2 su rface  reac tio n  adsorbs o n  d iffe ren t 
s ites, or in  th e  p resence  of a la rger a m o u n t o f  CO th e  adsorbed  h y d ro g e n  will 
be rep laced  b y  CO.

th e  fo rm a tio n  o f th e  tw in  s tru c tu re , a n d  t h a t  in s tead

is fo rm ed . T he fa c t t h a t  th e  v ib ra tio n  o f  th is  species is som ew hat lo w er th a n

11 Acta Chim. A cad. S e i. H u n g .  I l l , 1982
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Formation o f adsorbed form ate

U p o n  in tro d u c tio n  o f  th e  H 2 -f- C 0 2 r e a c ta n t  gas m ix tu re  a b so rp tio n  
b a n d s  also ap p ea red  a t  1375, 1395 and  1596 c m -1 . W eak b an d s w ere also 
o b se rv e d  a t  2914—2910 c m -1 (Fig. 1). As th e  adsorp tion  of H C O O H  on 
R h /A l20 3 an d  on A120 3 s u p p o r t alone p ro d u c e d  e x a c tly  th e  sam e a b so rp tio n  
b a n d s , th e  1596 a n d  1380 c m “ 1 bands a re  a ss ig n ed  to  th e  a sy m m etric  an d  
sy m m e tr ic  0  — C—О s tre tc h in g  v ib ra tio n s o f  ad so rb e d  form ate ion. T h e  1395 
c m “ 1 b a n d  re la te s  to  a C H  deform ation  m ode , w h ile  th e  w eak b a n d  a t  2 9 1 4 — 
2921 c m “ 1 is a t t r ib u te d  to  th e  CH s tre tc h in g  v ib ra tio n .

In  th e  p resence o f  th e  H 2 -)- C 0 2 gas m ix tu re  w eak fo rm a te  b a n d s  
a p p e a re d  even a t  300 K . T he in tensities fo r  fo rm a te  bands grew  w ith  th e  
in c re a se  o f th e  a d so rp tio n  (reaction) tim e  a n d  te m p e ra tu re  up to  423 K . F ro m  
th e  te m p e ra tu re  d ep en d en ce  o f th e  in itia l r a t e  a n  ap p a ren t a c tiv a tio n  en e rg y  
o f  17.6 k j /m o l w as c a lc u la ted  for th e  fo rm a tio n  o f fo rm ate  ion  (F ig . 3). 
A bo v e  th is  te m p e ra tu re , w h en  th e  CH4 fo rm a tio n  w as detec tab le , th e ir  in te n 
sitie s  decreased . A t g iv en  tem p era tu re  a n d  gas com position , h o w ev er, th e  
in te n s it ie s  of fo rm a te  b a n d s  varied  only l i t t le  w ith  th e  reac tio n  tim e ; th e ir  
p o s itio n  was re m a rk a b ly  c o n s ta n t during th e  re a c tio n .

T h e  fac t th a t  th e  lo c a tio n  and  b e h a v io u r o f  th e  form ate b an d s re su ltin g  
fro m  th e  H 2 +  C 0 2 in te ra c tio n  on su p p o rted  R h fu l ly  agrees w ith  th o se  o b se rv ed  
fo llow ing  th e  a d so rp tio n  o f  form ic acid on th e  A120 3 support alone suggests  
t h a t  th e  fo rm ate  io n  resides not on the R h, but rather on the oxide support. T h is 
co n c lu s io n  seems to  be  co rro b o ra ted  b y  th e  q u a n t i ta t iv e  d e te rm in a tio n  o f  th e  
su rfa c e  fo rm ate-ion  c o n c e n tra tio n  using A m e k o m i y a ’s  correlation  [ 2 2 ]  b e tw e e n

F i g .  3 . Arrhenius plots of formate formation for Rh/Al30 3

A c ta  C h im . A ca d . S e i. H u n g . I l l ,  1982
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th e  abso rb an ce  o f th e  fo rm a te  b an d  (1596 c m -1 ) and the  a m o u n t o f  fo rm ate  
ion ; a t  s a tu ra tio n  a t  373 К  th e  n u m b er o f  fo rm ate  groups on R h/A l.,0 ., was 
fo u n d  to  be 5 tim es h ig h er th a n  th e  n u m b e r o f surface R h a tom s.

The q u estio n  is s till open, how ever, as to  w hether th e  fo rm a te  ion  is 
to ta l ly  bonded  to  th e  s u p p o r t or w h e th e r p a r t  o f  it  occupies a fra c tio n  o f  th e  R h.

In  o rder to  answ er th is  q u estio n  we in v es tig a ted  the  H 2 -f- C 0 2 in te ra c 
tio n  an d  th e  a d so rp tio n  o f  H C O O H  on  R h /S i0 2. As shown p rev io u sly  b y  m a n y  
w orkers, S i0 2 adsorbs H C O O H  in  a m o lecu la r fo rm  [23, 24] and  o n ly  to  a sm all 
e x te n t , in  c o n tra s t to  m a n y  o th e r oxides (A120 3, MgO, ZnO , T i0 2 etc.). The 
ad so rb ed  H CO O H  is re la tiv e ly  w eak ly  h e ld  to  th e  S i0 2; a d so rp tio n  o f  H C O O H  
on  R h /S i0 2 and  on  S i0 2 alone a t  298 К  p ro d u ced  a b and  a t  1720 c m “ 1 w hich  
w as easily  e lim in a ted  b y  ev acu a tio n  a t  298 K . W e found no in d ic a tio n  fo r th e  
fo rm a te  ion on R h /S iO , a t  298—573 K , a t  a n y  pressure of H CO O H  or H 2 -f- C 0 2 
m ix tu re . As we h av e  no reason  to  assum e t h a t  th e  adso rp tio n  o f  fo rm ic  acid 
sh o u ld  be basica lly  d iffe ren t on R h  su p p o r te d  b y  A120 3, in  th e  l ig h t  o f  th e  
re su lts  o b ta in ed  on  R h /S i0 2 we m ay  sa fe ly  conclude th a t  the form ate  ion is 
unstable on Rh and that the formate bands fo u n d  fo r  alumina supported R h  sample 
relate exclusively to form ate ion bonded to the support.

This conclusion  is su p p o rted  b y  o u r re c e n t Auger and  e le c tro n  energy  
loss m easu rem en ts  on  c lean  R h  foil u n d e r u ltra h ig h  vacuum  c o n d itio n s  [25]. 
A d so rp tio n  of fo rm ic  ac id  on R h  a t  НО К  p roduced  in tense losses a t  11.6 eV; 
i t  d isap p eared , how ever, above 270 K , in d ic a tin g  th e  high in s ta b ili ty  o f  fo rm ate  
g roups on R h .

The formation o f surface carbon

C arbon fo rm a tio n  could  n o t be d e te c te d  a fte r adsorp tion  o f  C 0 2 (1.3 — 53 
k P a )  on  red u ced  R h /A l20 3 a t  300—573 K . In  th e  presence o f  H 2, how ever, 
th e re  w ere som e in d ica tio n s  for th e  fo rm a tio n  o f surface ca rb o n  a t  th e  te m 
p e ra tu re s  (523 — 573 K ) o f th e  c a ta ly tic  re a c tio n .

I ts  am o u n t w as d e te rm in ed  in  th e  fo llow ing  w ay: a fte r th e  c a ta ly t ic  ru n  
h a d  been  com ple ted , th e  H 2 -)- C 0 2 -f- H e  flow  was rep laced  w ith  H e  a n d  th e  
sam p le  was k e p t in  H e flow  fo r 10—20 m in  a t  548 K , w hich acc o rd in g  to  IR  
spectroscop ic  m easu rem en ts  are  su ffic ien t to  rem ove all ch em iso rb ed  species 
from  th e  c a ta ly s t su rface . A fte rw ards H e w as rep laced  w ith  a H 2 -f- H e  s tream . 
T he fo rm atio n  o f  C H 4 observed  is due to  th e  hyd rogenation  o f su rfa c e  carbon  
fo rm ed  in  th e  H 2 -f- C 0 2 reac tio n .

In  o rder to  e s ta b lish  th e  effects o f  th e  reac tio n  tim e an d  th e  te m p e ra tu re  
o n  th e  carbon  d ep o sit, th e  R h  sam ples w ere tre a te d  w ith  th e  r e a c ta n t  gas 
m ix tu re  u n d er th e  sam e cond itions, a n d  th e  surface was th e n  re a c te d  w ith  H 2 
pulses (1 m L) in  a H e flow  u n til  C H 4 fo rm a tio n  ceased. Some re su lts  a re  show n 
in F ig . 4. The a m o u n t o f  ca rbon  d ep o sited  increased  in itia lly  b u t  so o n  reached  
a s te a d y  value. I ts  lim itin g  ra tio  to  th e  n u m b e r of surface R h  a to m s , C /R lqS),

11* Ada Chim. Acad. Sei. Hung. I l l , 1982
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F i g .  4 .  The amount of surface carbon formed in the H2 +  C02 reaction at 573 К on Rh/Al20 3 
at different reaction times. The amount of carbon was determined in the form of CH4 by 

treating the surface with H2. The sample was flushed with He before H2
(introduction.

w as 0.26. I t  is to  b e  m e n tio n e d  th a t  d u rin g  th e  h y d ro g en a tio n  of CO th e  
a m o u n t  of the  ca rb o n  d e p o s it  on R h sam ples a t  473 — 573 К  was a b o u t 3— 5 
tim e s  h igher th a n  in  th is  case .

As it  seem ed v e ry  l ik e ly  th a t  the  fo rm a tio n  o f  su rface  carbon in  H 2 C 0 2 
re a c t io n  occurred th ro u g h  th e  fo rm ation  an d  d isso c ia tio n  of CO, we in v e s tig a te d  
th is  process se p a ra te ly  o n  R h  A120 3 ca ta ly s t.

Disproportionation o f  CO

T he process w as in v e s tig a te d  firs t b y  th e  p u lse  techn ique . One CO pu lse  
c o n ta in e d  41.6 fim ol CO, w h ich  was 3.8 tim es  la rg e r  th a n  th a t  of su rface  R h  
a to m s . The e x te n t o f CO d isp ro p o rtio n a tio n  w as b a se d  on th e  d e te rm in a tio n  
o f  C 0 2 evolved.

A considerab le a m o u n t of CO adsorbs a t  298— 473 К  on reduced R h /A l.,0 3 
su rfa c e , b u t  only  v e ry  sm a ll am o u n t of C 0 2 ( ~  1 %  o f CO) w as fo u n d  in  th e  
e f f lu e n t a t 473 K . S u b se q u e n t CO pulse d id  n o t  p ro d u ce  C 0 2 in d ica tin g  t h a t  
n e i th e r  d isp ro p o rtio n a tio n  n o r  dissociation o f CO o ccu rred  a t th is  te m p e ra tu re . 
T h e  d isp ro p o rtio n a tio n  o f  CO, how ever, to o k  p la c e  a t  higher te m p e ra tu re s . 
A t  548 K , abou t 10%  o f CO pulse d isp ro p o rtio n a te d .

A ttem p ts  w ere m a d e  to  determ ine th e  a p p a re n t  ac tiv a tio n  energy  o f  CO 
d isp ro p o rtio n a tio n  o n  1%  R h /A l20 3. This wras d o n e  in  a flow  system  a t  553 — 
— 623 K . CO ( ~  10% ) w as  added  to  a flo w in g  s tre a m  of helium , a n d  C 0 2 
fo rm a tio n  w as follow ed in  t im e . The ra te  o f C 0 2 fo rm a tio n  declined very  q u ick ly  
in  th e  f irs t  m inu tes b u t  a f te r  3—6 m inu tes re a c h e d  a n early  c o n s ta n t v a lu e  
{F ig . 5). The a c tiv a tio n  e n e rg y  of the  CO d isp ro p o rtio n a tio n  was c a lc u la te d  
fro m  th e  s tead y  s ta te  r a te  o f  C 0 2 fo rm ation ; wre o b ta in e d  37 k j/m o l. N o te  t h a t  
H a r r i o t  and  V a n  H o  [27] o b ta in ed  41.8 a n d  50 k j /m o l  for the  sam e p rocess 
o n  25 %  Ni/SiOo.

A c la  C h in .  Acad. Sei. H u n g . I l l ,  1982
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F i g .  5 .  The CO, evolution as a result of CO disproportionation on 1% Rh/Al.,O t (10% CO in He
stream); (A) at 623 К (В) at 593 К

The reactivity o f surface species detected

T he re a c tiv ity  o f th e  adso rbed  CO

The h y d ro g en a tio n  o f  ad so rb ed  CO on R h /A l20 3 h as  b een  s tu d ied  by 
F u j i m o t o  et al. [26]. T h ey  h av e  fo u n d  th a t  th e  “ b rid g e”  CO w as h y d ro g en a ted  
a t  low er te m p e ra tu re s  th a n  th e  “ lin e a r”  CO to  form  h y d ro c a rb o n s  consisting  
m ain ly  o f m e th an e . T he “ tw in ”  CO on R h/A l20 3 d eso rb ed  w ith o u t being 
h y d ro g en a ted . I t  is v e ry  lik e ly , how ever, th a t  th ese  re su lts  re f le c t only  the  
su scep tib ility  o f th e  ad so rb ed  CO to w ard s d issociation . T h is process can  be 
p ro m o ted  b y  a c tiv a te d  h y d ro g en . In  th is  resp ec t i t  is im p o r ta n t  to  m en tion  
th a t  th e  surface ca rb o n  can  be h y d ro g en a ted  to  C H , ev en  a t  300— 373 K , 
w here  no h y d ro g en a tio n  o f adso rbed  CO was observed  (see la te r) .

T he re a c tiv ity  o f th e  adso rbed  fo rm a te

W e have  show n befo re  th a t  the surface fo rm ate  ion  fo rm ed  in  th e  H 2+ C 0 2 
re a c tio n  resides n o t on th e  R h  b u t on th e  a lum ina  s u p p o r t. In  sp ite  of th e  
lo ca tio n  o f  th e  fo rm a te  g roup , how ever, it can  n o t be  co nsidered  a totally 
inactive surface species. As th e  su rface  co n cen tra tio n  o f  fo rm a te  group on 
R h /A l20 3 rem ained  th e  sam e even  a f te r  5 or 13 hours o f  re a c tio n , it  seem s very  
lik e ly  t h a t  th is  su rface  c o n c e n tra tio n  rep resen t a s te a d y -s ta te  va lue .

Iso to p e  su b s ti tu t io n  ex p erim en ts  confirm  th is  v iew . O n rep lac ing  th e  
H 2 in  th e  reac tin g  gas m ix tu re  w ith  D., a t  473— 523 K , th e  C— H  bands a t

A d a  Chim. Acad. Sei. Hung. I l l ,  1982
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2914  a n d  2850 c m -1 an d  th e  fo rm a te  C —H  d efo rm a tio n  b a n d  a t  1395 c m -1 
d e c re a sed  in  in ten sity . I n  p a ra lle l, new bands a p p ea red  a t  2200— 2100 c m -1 
(C— D  stre tch ing ), in d ic a tin g  th e  occurrence o f th e  d eco m position  o f HCOO~ 
a n d  th e  fo rm ation  of D C O O “ species [28].

I t  appears to  be im p o r ta n t  th a t  these sh ifts o ccu rred  on ly  a t  th e  te m 
p e ra tu re s  where th e  m e th a n e  fo rm a tio n  proceeded; below  th ese  te m p era tu res  
th e  sh if ts  occurred v e ry  slow ly .

T hese observations are in  co n tra s t w ith  th o se  o f  D alla B etta and  
S h e l e f  [29] on R u/A 120 3. I n  th is  case th e  in fra red  h a n d s  due to  fo rm ate  ion 
w ere  fo rm ed  slowly an d  c o n tin u e d  to  grow in in te n s ity  even  a fte r  th e  reac tio n  
h a d  reach ed  a s te a d y -s ta te . In  ad d itio n , no iso tope su b s ti tu t io n  w as observed 
d u r in g  th e  reaction .

A n o th e r im p o rta n t o b se rv a tio n  is th a t  in  th e  p resence  o f  H 2 th e  s ta b ility  
o f  th e  fo rm ate  decreased  ap p re c ia b ly , and  s im u ltan eo u sly  C H 4 was form ed 
(F ig . 6). This was c learly  m a n ife s te d  a t 425 K , w hen  th e  decom position  of 
su rfa c e  fo rm ate  is slow a n d  th e  m e th an a tio n  o f CO is neglig ib le; hydrogen

F i g .  6 .  Changes in the intensity of formate band (1595 cm-1) (A) at 423 К (C) at 523 К. (B) 
Changes in the surface concentration of formate ion and the amount of methane formed on 

Rh/Al20 3 in the presence of H2 at 423 К

A c ta  C h in i. A cad. Sei. H ung. I l l , 1982
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a c tiv a te d  b y  R h , how ever, can  reac t w ith  fo rm a te  adso rbed  on th e  su p p o rt 
to  y ield  m e th an e  [30]. I n  th e  te m p e ra tu re  ran g e  o f m e th a n a tio n  re a c tio n  on 
R h/A l20 3, how ever, th e  s ta b ili ty  of fo rm ate  ion is considerab ly  less, and  only 
a sm all fra c tio n  o f  i t  re a c ts  w ith  a c tiv a te d  h y d ro g en  (F ig . 6).

As th e  decom p o sitio n  o f  adsorbed  fo rm a te  y ields CO and  C 0 2 in  th is 
te m p e ra tu re  range , i t  can  n o t be e stab lished  w ith  c e r ta in ty  w h e th e r th e  sligh t 
C H 4 fo rm a tio n  is a re su lt  o f  h y d ro g en a tio n  o f adso rbed  fo rm a te  th ro u g h  a 
d iffe ren t surface com plex , or w h e th e r it is a p ro d u c t of h y d ro g en a tio n  of CO or 
C 0 2 fo rm ed  in  th e  decom p o sitio n  o f ad so rb ed  fo rm a te .

T ak in g  in to  acco u n t a ll these  o b se rv a tio n s an d  re su lts , we m a y  conclude 
th a t  th e  surface fo rm a te  is a b y -p ro d u c t o f th e  H 2 - f  C 0 2 re a c tio n ; its  surface 
c o n c e n tra tio n  is co n tro lled  b y  th e  te m p e ra tu re  an d  p ressures o f  th e  reac tin g  
gases. I t  seem s v e ry  lik e ly  t h a t  th e  p ro d u c tio n  o f  CH4 an d  o th e r h y d ro ca rb o n s 
in  th e  h y d ro g e n a tio n  o f C 0 2 on supp o rted  R h  occurs only  to  a neglig ib le e x te n t 
th ro u g h  th e  fo rm a tio n  an d  reactions o f su rface fo rm a te . This view is further 
supported by the observation that the formation o f the formate ion was not detected 
on R h /S i0 2 at either temperatures, although the hydrogenation o f  C 0 2 proceeded 
rapidly on this sample above 573 K .

T he re a c tiv ity  of th e  su rface  carbon

In  th e  su b se q u e n t m easu rem en ts we in v e s tig a te d  th e  re a c tiv i ty  of surface 
ca rb o n  fo rm ed  in  th e  d isp ro p o rtio n a tio n  o f CO on su p p o rte d  R h  sam ples. 
C arbon  w as p ro d u ced  b y  in jec tio n  of CO pulses (5— 10) in  H e s tre a m  flow ing 
over th e  red u ced  R h  sam ples a t  548 K . T he am o u n ts  o f C 0 2 fo rm ed  an d  th a t  
o f  CO u n re a c te d  w ere de te rm in ed . A fte rw ards th e  re a c to r  w as f lu sh ed  w ith  
H e a t  548 К  for 10 m in , w hich  accord ing  to  IR  spectroscop ic  s tu d ie s , are  suf
fic ien t to  rem ove  a d so rb ed  gases, th e n  cooled in  H e flow  to  d iffe ren t te m 
p e ra tu re s .

T he re a c tiv ity  o f  su rface  carhon  w as in v e s tig a te d  f irs t  b y  pulse technique 
in  H e flow  u n til  C H 4 fo rm a tio n  ceased, or decreased  to  v e ry  sm all values. 
I t  ap p ears  th a t  a sm all p a r t  o f surface ca rb o n  (1 —2% ) can  be h y d ro g en a ted  
to  CH4 on Rh/ALjOj a t  room  te m p e ra tu re . A t h ig h er te m p e ra tu re s  th e  m e th an e  
fo rm a tio n  was m ore  p ro nounced . A t 548 К  a b o u t 80%  o f su rface  carbon  
reac ted  w ith  th e  f ir s t  H 2 pulse . T rea tin g  th e  su rface  w ith  a d d itio n a l H 2 pulses 
p ro d u ced  CH4 in  decreasing  q u an titie s . R a ising  th e  te m p e ra tu re  to  623— 673 K , 
we s till observed  a s lig h t C H 4 fo rm atio n  w hich  ind ica tes th a t  som e p a r ts  of 
ca rb o n  are  v e ry  u n re a c tiv e  tow ards H„.

T he a c tiv a tio n  energy  o f th e  h y d ro g en a tio n  o f  su rface ca rb o n  on R h/A l20 3 
has b een  d e te rm in ed  in  a flow  system. T he a m o u n t o f  surface c a rb o n  p roduced  
w as k e p t  c o n s ta n t ( ~ 2 0  /шиЛ/g  c a ta ly s t)  in  ev e ry  ex p e rim en t. T h is corresponds 
to  a coverage o f  a b o u t 0 .60— 0.9 o f a m o n o lay er,T h e  resu lts  are  show n in  F ig . 7.
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F i g .  7. (A) Rates of carbon hydrogenation over 1% Rh/Al20 3 at different temperatures. (B) 
TPR spectra with 1! following carbon deposition by exposure of 1% Rh \l.,()., to 5 CO pulses

a t 548 К  (1) and a t 603 К  (2)

I t  a p p e a rs  th a t  d epend ing  o n  th e  te m p e ra tu re  a b o u t 10— 24%  o f  su rface  
c a rb o n  re a c t  w ith  H 2 in  a v e ry  fa s t  process in  th e  te m p e ra tu re  ran g e  o f 442— 
513 K . T h e  am o u n t o f su rface  ca rb o n  reac ted  in  th is  s tage  increases w ith  th e  
rise  o f  te m p e ra tu re . T he v a lu e  o f  a c tiv a tio n  energy  d e te rm in ed  from  th e  te m 
p e ra tu re  dependence o f  th e  in i t ia l  r a te  of m e th a n e  fo rm a tio n  (m eth an e  fo rm a 
tio n  e x tra p o la te d  to  zero t im e )  w as 54 k j/m o l.

T h e  resu lts  o f th ese  m e a su re m e n ts  show ed t h a t  d iffe ren t k inds o f  su rface  
c a rb o n  e x is t  on th e  su rface . I n  o rd er to  con firm  th is  a ssu m p tio n  an d  to  
d e te rm in e  th e  reac tiv itie s  o f  d iffe ren t carbons th e  m e th o d  o f temperature 
program m ed reaction (T P R ) sp ec tro sco p y  w as used .

S om e ch a rac te ris tic  T P R  sp e c tra  are also show n in  F ig . 7. I t  ap p ea rs  
t h a t ,  f ro m  th e  p o in t o f  re a c t iv i ty ,  several form s o f su rface  ca rb o n  can  be 
d is tin g u ish e d . A v e ry  l i t t le  fo rm a tio n  of C H 4 w as reg is te red  a t  303— 323 К  
(w e d e s ig n a te  th is  stage  w ith  a 4). T he m ain  stage  o f C H 4 fo rm a tio n  w as observed  
a t  4 2 3 — 593 K , Tmax =  515 К  (a ,) w ith  a sm all p e a k  a t  690 К  (ß ). W h en  R h 
sa m p le s  w ere  exposed to  CO a t  603 K ,  th e  re a c tiv i ty  o f  surface ca rb o n  fo rm ed  
w as m u c h  less. In  th ese  cases th e  oc2 peak  becam e v e ry  sm all, and  th e  m a jo rity  
o f  c a rb o n  re a c te d  in  th e  ß  s ta g e .

A  possible mechanism o f  hydrogenation o f C 0 2

O n  th e  basis of th ese  re su lts  we propose t h a t  th e  fo llow ing e le m e n ta r)  
s tep s  a re  occurring  in  th e  m e th a n a tio n  of C 0 2 on  R h /A l20 3. ( ^  re p re se n ts  
th e  a c t iv e  sites for a d so rp tio n  an d  reac tio n )
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H 2(g) +  2  5k — 2 H  — 5k (1 )

c o 2(g) +  ■ & —*■ с о ,  — 5k (2 )

2  H  —  5k C 0 2(g) —►

*1о5k
/

 
\

 
©

 
©

 
a

(3)

H  —  5k +  c o 2(g) —► H C O O  —  5k (4a)

н  —  5k +  с о ,  — *  — H C O O  —  5k +  5k (4b)

H C O O  —  *  +  2  H  —  5k —
C O \

>  +  н 20 +  2 *  
w

(3)

C 0 4
—v

Н /
c  — 5k +  н о  — 5k (6 )

C —  *  -*■ [C ] —  * (7 )

C —  5k +  2  H 2(g) —► C H 4 -f- 5k (8 )

[C ] — • 5k +  2 H 2(g) —*■ C H 4 -f- 5k (9 )

[C] less reactive surface carbon

As reg ard s th e  ro le a n d  im p o rtan ce  o f su rface species fo rm ed  during  th e  
c a ta ly tic  reac tio n  we can  say  th e  fo llow ing:

(i) The a d so rp tio n  an d  d issocia tion  o f C 0 2 on R h  in  th e  absence of H 2 
is v e ry  lim ited . In  th e  p resence o f  H 2, how ever, th e  d isso c ia tio n  of C 0 2 is 
g re a tly  enhanced  an d  can  be easily  d e te c te d  s lig h tly  ab o v e  room  te m p e ra tu re . 
As th e  r a te  o f m e th a n a tio n  o f CO, is m u ch  h igher th a n  th a t  o f  CO, th e  dissocia
tio n  o f CO, c an n o t be th e  ra te - lim itin g  s tep .

(ii) A lth o u g h  we h av e  s tro n g  ev idences, w hich show , t h a t  th e  fo rm ate  
g roup  form ed in  th e  H , +  C 0 2 re a c tio n  locates on th e  a lu m in a  su p p o rt, we 
can  n o t exclude th e  p o ssib ility  th a t  th e  fo rm a tio n  o f CO in  th e  H , -f- C 0 2 
re a c tio n  occurs th ro u g h  th e  fo rm a tio n  an d  decom position  o f  fo rm a te  ion. This 
re a c tio n  m ay  occur a t  th e  m e ta l/su p p o rt in te rp h ase .

O ur fu r th e r  ex p e rim en ts  show ed th a t  th e  fo rm a te  g roup  can  n o t be 
considered  a to ta l ly  in ac tiv e  species in  th e  m e th a n a tio n  re a c tio n , as it  reac ted  
w ith  a c tiv a te d  h y drogens even  a t  425 К  y ield ing  C H ,.

T ak ing  in to  a cco u n t, how ever, th a t  th e  fo rm a tio n  o f  fo rm a te  was not 
d e te c te d  on R h /S iO , a t  300— 673 K , a lth o u g h  th e  h y d ro g e n a tio n  of CO, pro
ceeds rap id ly  on th is  sam ple  above 470 К  [5] we m ay  conclude  t h a t  th e  p roduc
tio n  o f  C H 4 occurs on ly  to  a negligible e x te n t th ro u g h  th e  fo rm a tio n  and  d irec t 
h y d ro g en a tio n  o f  su rface  fo rm ate  species.
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(iii) In  our opinion th e  im p o r ta n t  steps in  th e  h y d ro g e n a tio n  of C 0 2 are 
th e  d isso c ia tio n  of ch em iso rb ed  CO form ed in  th e  re a c tio n  an d  th e  su b seq u en t 
h y d ro g e n a tio n  of surface c a rb o n . A s we have show n, th e  d isp ro p o rtio n a tio n  of 
CO d o es  occur on R h/A l20 3 a t  e lev a ted  te m p e ra tu re s , a n d  a p a r t  o f su rface 
c a rb o n  c a n  be h y d ro g en a ted  in to  C H 4 even a t  373 K , w here  no h y d ro g en a tio n  
o f  c h em iso rb ed  CO was ex p e rie n c ed .

T h e  fa c t th a t  th e  fo rm a tio n  o f  CH4 is fa s te r a n d  occurs w ith  low er a c tiv a 
t io n  e n e rg y  th a n  w hen we u se  th e  H 2 -f- CO m ix tu re  can  be  a t tr ib u te d  to  th e  
d iffe ren ces  in  the  surface c o n c e n tra tio n  of CO an d  C. W h en  we use a H 2 -f- CO 
m ix tu re ,  CO adsorbed on  R h  c a n  fu n c tio n  as a po ison  to w a rd  h y d ro g en  ch em i
s o rp t io n , an d  hence re su lts  in  a decreased  m e th a n a tio n  ra te .  I n  ad d itio n , th e  
p ro d u c tio n  of surface ca rb o n  (s te p  6) will be m uch  la rg e r, as a consequence, 
n o t  a ll  th e  surface carb o n  c a n  b e  h y d ro g en a ted  in  th e  f i r s t  in s ta n t , an d  th e re  
w ill b e  su ffic ien t tim e for a p a r t  o f  th e  carbon  to  be tra n s fo rm e d  to  less re ac tiv e  
fo rm s  (s te p  7). I t  is ve ry  lik e ly  t h a t  th is  ageing process co rresponds to  th e  t r a n s 
f o rm a tio n  of carbidic c a rb o n  in to  th e  less reac tiv e  am o rp h o u s an d /o r g ra 
p h it ic  fo rm .

I n  th e  case of h y d ro g e n a tio n  o f  CO.,, th e  c o n c e n tra tio n  o f adso rbed  CO, 
a n d  h e n c e  th e  co n cen tra tio n  o f  su rface  carbon , is re la tiv e ly  low. T he carb o n  
fo rm e d  c a n  reac t rap id ly  w ith  th e  la rg e  excess of H 2, an d  th e re  is less p o ssib ility  
fo r  th e  accu m u la tio n  and  a g in g  o f  surface C.
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Iron-ruthenium catalysts prepared from a mixture of Fe.j(CO) 12 and Ru3(CO) 12 
( A ) ,  H2FeRu:i(CO) 13 (В ) and Fe2Ru(CO) I2 (C) deposited on Cab-O-Sil from hexane 
solution have been investigated in the CO/H2 reaction at different temperature, at 1 and 
19 bar pressures. Catalyst A  possesses the same activity as C in agreement with the 
composition, whereas catalyst В  with the highest amount of Ru is the most active 
among them. All catalysts decomposed in helium have higher activity than those de
composed in hydrogen. The apparent activation energy on aged catalysts is always lower 
than on fresh ones which is due to the surface carbon being active in the hydrocarbon 
formation. The mechanism includes three types of carbons, i . e .  those active in methane 
formation, in olefin formation and in deactivation. The olefin formation requires 
surface carbon and metallic sites together the latter being responsible for the activated 
form of CO adsorption, and in parallel to that, to deactivation process. The role of 
hydrogen on the surface is affected by the CO coverage during the reaction.

In tro d u c tio n

P rev io u sly  [1] we have show n th a t  b im eta llic  c a ta ly s ts  p re p a re d  from 
a  m ix tu re  of iro n  a n d  ru th e n iu m  m onom eta llic  carb o n y l c lu s te rs  are m ore 
ac tiv e  in  CO h y d ro g e n a tio n  th a n  th e  sam e m eta ls  p re p a re d  fro m  aqueous 
so lu tio n  o f in o rg an ic  sa lts . I ro n  fo rm ed  a fte r  th e  d eco m p o sitio n  o f  F e3(CO)12 
d ep o sited  on C ab — О — Sil revealed  v e ry  low  a c tiv ity  fo r o le fin  fo rm a tio n  [1]. 
O n  th e  c o n tra ry , ru th e n iu m  p rep a red  in  th e  sam e w ay  as iro n  show ed  a very  
h igh  a c tiv ity  b u t  th e  se lec tiv ity  w as sh ifted  tow ards th e  m e th a n e  fo rm ation . 
B im eta llic  c a ta ly s ts  show ed in te rm e d ia te  a c tiv ity  b u t  c o m p a ra tiv e ly  high 
se lec tiv ity  fo r o lefin  fo rm atio n . T he fo rm a tio n  of b im eta llic  p h a se  beside iron 
oxide phase  w as p ro v ed  b y  te m p e ra tu re  p rog ram m ed  d eco m p o sitio n  [1] and 
b y  M össbauer sp ec tro sco p y  [2]. I t  w as th e n  assum ed th a t  i f  b im e ta llic  c a ta 
ly s ts  are fo rm ed  from  a m ix tu re  o f  tw o  m onom eta llic  c lu s te rs , th e  behav iour 
concern ing  th e  decom position  sp e c tra  an d  th e  ca ta ly tic  a c t i t i t y  should  be 
s im ila r to  tho se  p re p a re d  from  b im eta llic  c lusters  deposited  in  th e  sam e tvay.

* This paper was presented at the first Belgian—Hungarian Colloquium on Catalysis 
at Mátrafüred, October 19 — 22, 1981.

** To whom correspondence should be addressed.
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T h e su g g ested  sim ila rity  h as  b e e n  proved by  te m p e ra tu re  p rog ram m ed  decom 
p o s itio n  [3], how ever, we do  n o t  have  da ta  on th e  a c t iv i ty  o f these c a ta ly s ts . 
I n  th e  p re sen t w ork th e  a c t iv i ty  and  se lec tiv ity  o f  th e  c a ta ly s ts  p re p a re d  
fro m  F e 2Ru(CO )12 an d  H 2F e R u 3(CO)13 will be co m p ared  to  th a t  p rep a red  from  
a m ix tu re  of tw o m o n o m e ta llic  clusters and  th e  m ech an ism  of th e  C O /H 2 
r e a c t io n  w ill be discussed in  te rm s  of the  d iffe ren t ty p e s  of surface carbons 
a ssu m e d  prev iously  [4].

Experim ental

C a t a l y s t s

Catalyst A  was prepared in the following way: A mixture of 0.5 wt. % iron in form of 
Fe3(CO)12 and 0.5 wt. % Ru in form of Ru3(CO)12 was deposited from hexane solution. Cab—О— 
Sil HS 5 (Cabot Corporation, Massachusetts) was previously evacuated overnight at 570 К  to 
10-3 Pa. The solution containing the mixture of the carbonyl clusters was frozen and evacuated 
three times to remove all traces of air. At room temperature Cab—О—Sil wTas impregnated by 
the solution of clusters and the hexane was frozen out followed by overnight evacuation at 
room temperature. The supported carbonyl cluster was stored under CO atmosphere to mini
mize the decomposition due to the ambient atmosphere.

Catalysts В  and C contained iron ruthenium metals in 1 wt. % prepared in the way 
described for catalyst A  by using H2FeRu3(CO)13 and Fe2Ru(CO)12 bimetallic clusters, re
spectively. In atomic composition this latter one resembles to that of catalyst A .

All three catalysts were decomposed either in hydrogen by heating it up to 770 К or 
in helium heated to 570 K. The characteristics of the decomposition and the chemisorption of 
the catalysts prepared in this way have been given elsewhere [3].

C a t a l y t i c  a p p a r a t u s

Continuous flow type tubular reactor working in a differential regime at a conversion 
level below 1% has been used. Most of the reactions were carried out at atmospheric pressure but 
the catalytic apparatus could be pressurized up to 60 bar. At the effluent part of the system 
two sampling valves were connected in series; one of them was connected to FID to measure 
the total hydrocarbon production, the other was connected to a chromatographic column 4 m 
in length filled with га-octane on Porasil C to separate the hydrocarbon products. The separation 
was very good up to C4 i . e .  olefins and paraffins could be easily separated however, above C4 
the hydrocarbons could be analysed only by the carbon number. For analysis a Pacard 427 
chromatograph was used connected to an integrator type Chinoin Digint p . 34. Calibration for 
the individual hydrocarbons were carried out and the total mol percentage for the hydrocarbons 
could be calculated. From these values the selectivity for the individual hydrocarbons was 
calculated by

S| = Ct
Z J C i
i

( 1 )

where С,- is the concentration of the г**1 species in moles.

Results

P re v io u s ly  [3] we c o m p a re d  th e  ca ta ly tic  a c t iv i ty  o f  c a ta ly s ts  A , В  an d  
C to  t h a t  con ta in ing  o n ly  iro n  an d  prepared  fro m  F e 3(CO)12 deposited  on 
Cab — О — Sil. These re su lts  c le a r ly  showed th a t  th e  a c t iv i ty  sequence for C O /H 2 
r e a c tio n  is В  C pure iron. S im ultaneously , th e  th re sh o ld  te m p e ra tu re
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Fig. 1. Tem perature dependence of the reaction ra te ; (1) catalyst A  decom posed in  He, (2) 
cata lyst В  decomposed in He, (3) cata lyst В  decomposed in H2, (4) ca ta ly s t C decomposed in 

He, (5) ca ta lyst C decomposed in H2

increases in  th e  reverse  d irec tio n . In  F ig . 1 th e  te m p e ra tu re  dependence of 
th e  re a c tio n  is p resen ted . U n d e r s te a d y  s ta te  cond ition , i.e. w h en  th e  ac tiv ity  
o f th e  c a ta ly s ts  is a lread y  stab ilized  in  th e  CO /H 2 reac tio n , c a ta ly s t  A  decom 
posed  in  helium  ap p ears  to  be th e  m o st ac tiv e  and  c a ta ly s t  C decom posed  in 
h y d ro g en  is th e  least ac tiv e  one. C a ta ly s t A  decom posed in  h e liu m  has the 
sam e a c tiv ity  as c a ta ly s t  C w h ich  co rresponds to  w h a t we e x p e c te d  on the  
bases o f th e  sam e com position  o f c a ta ly s ts  A  and  C. The energ ies o f ac tiva tion  
o f th e  reac tio n s are  g iven  in  T ab le  I.

A ll c a ta ly s ts  w hich  have  been  decom posed in  h e liu m , possess consider
a b ly  low er energy  of a c tiv a tio n  fo r th e  reac tio n  th a n  t h a t  decom posed  in 
h y d ro g en .

P rev ious in v es tig a tio n s  h av e  show n [1, 5, 6] th a t  m e ta l c a rb o n y l clusters 
decom posed  in  helium  c o n ta in  som e a m o u n t o f ca rb o n  e n c a p tu re d  in  the  
m e ta llic  fram e , th u s  th e  low er a c tiv a tio n  energy was assu m ed  to  be due to  
th e  p resence o f su rface  ca rb o n  w h ich  is ac tiv e  in  th e  h y d ro c a rb o n  fo rm atio n .

Table I

Apparent energies o f  activation o f  CO -f- H 2 reaction

Catalyst Decomposition Energy of activation, 
kJ mol-1

A Не/570 К 71
В Не/570 К 71
В Н,/770 К 109
С Не/570 К 79
С Н,/770 К 102

Acta Chirn, Acad, Sei. H ung. I l l ,  1982'
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F ig .  2 .  Change of the reaction ra te  b y  th e  tim e on stream  a t  525 К ; (1) cata lyst В  decomposed 
in  H e , (2) cata lyst В  decomposed in  H 2, (3) catalyst C decomposed in  He, (4) catalyst C de

composed in H2

W e h a v e , therefore, s tu d ie d  th e  effect of tim e on s tre a m  on th e  a c tiv ity  o f th e  
d if fe re n t  c a ta ly sts , an d  on th e  o th e r  hand , on th e  s e le c tiv ity  of the  c a ta ly s ts . 
I n  F ig s  2 and 3 a c tiv ity  a n d  se lec tiv ity  of th e  m a in  p ro d u c ts , respective ly , 
a re  p re se n te d . On th e  c o n tr a ry  to  earlier s tu d y  on  F e /A l20 3 c a ta ly s ts  [7, 8], 
h e re  t h e  activ ities c o n tin u o u s ly  decreased  as th e  c a ta ly s ts  w ere aged.

Table II

T h e  e ffe c t  o f  te m p e r a tu r e  a n d  w o r k in g  c o n d itio n  o n  th e  r e a c t io n  ra te  a n d  se le c tiv i ty

Decomposition and 
dispersion of the 

catalyst

Addition
treatment

and
remarks

r/K
Reaction 

rate 
108 mol
s -’g"1

SCx sc2 Sc,- «с, Sc,- Sc,

c Initial 525 50 0.57 0.048 0.087 0.015 0.164 0.12

Fe„Ru(CO)I2 Stabile 524 13 0.73 0.02 0.100 0.007 0.099 0.05

He/300 Stabile 554 43 0.69 0.035 0.112 0.006 0.10 0.05

D  =  0.28
He/500 524 17 0.77 0.023 0.087 0.008 0.08 0.04

H2/500 524 5.9 0.73 0.017 0.11 0.006 0.12 0.04

C Initial 524 8.9 0.74 0.02 0.09 0.006 0.103 0.041

H„/500 Stabile 526 3.0 0.81 0.01 0.07 0.009 0.098 0.032

оIIQ Stabile 553 10 0.73 0.016 0.097 0.01 0.119 0.028

A
R u3(CO)12 +

+  F e :i(CO)12

Initial 527 31 0.72 0.026 0.085 0.011 0.115 0.036

Stabile 527 17 0.72 0.016 0.077 0.008 0.13 0.042

IIe/300 
D  =  0.6

Stabile 551 31 0.68 0.024 0.116 0.005 0.138 0.0015
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As fa r as se lec tiv itie s  o f th e  th ree  m ain  p ro d u c ts , m e th an e , e th y len e  and 
p ropene are  concerned  in  F ig . 3 d iffe ren t fe a tu re s  are  rev ea led . G enerally  
speak ing , on c a ta ly s t  В  co n ta in in g  75 a t  %  R u  m e th an e  se lec tiv ity  is high 
an d  slig h tly  decreases w ith  tim e . On c a ta ly s t C co n ta in in g  on ly  33 a t  %  ru th e 
n ium , th e  m e th a n e  fo rm a tio n  increases regard less o f  w h e th e r th e y  w ere decom 
posed in  helium  o r in  hyd rogen . N orm ally , e th y len e  fo rm a tio n  increases, 
especially  a t  th e  b eg in n in g  o f th e  reac tio n , b u t  th e  se lec tiv ity  v a lu e  is low  on 
c a ta ly s t  В  decom posed  in  hyd rogen . The sam e is va lid  fo r p ropene fo rm atio n  
on th e  sam e c a ta ly s t .  O n c a ta ly s t C p re p a re d  in  helium  p ropene fo rm atio n  
in itia lly  is v e ry  h ig h  b u t  a f te r  a c o n s ta n t d ecrease, th e  se lec tiv ity  becom es 
sim ilar to  those  c h a ra c te r is tic  of th e  o th e r c a ta ly s ts .

Fig. 3. Change of the selectivities by  the tim e on stream  a t  525 К ; (1) cata lyst В  decomposed 
in H 2, (2) cata lyst В  decomposed in  H2, (3) catalyst C decomposed in  He, (4) ca ta lyst C decom

posed in H 2
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612 SCHAY, GUCZI: CO/H. REACTION

Fig. 4. E ffect of the to ta l pressure on the selectivities on cata lyst В  decomposed in  He a t 
570 K ; b lank 1 b a r pressure, shadowed 19 bar pressure

In  T ab le  I I  th e  se lec tiv itie s  o f c a ta ly s ts  A  an d  C b o th  p re p a re d  in  helium  
b y  deco m p o sitio n  up  to  570 К  are co m p ared , as well as th e  effect o f  te m p e ra 
tu re  on  th e  se lec tiv ity  in  th e  low  te m p e ra tu re  ran g e  (below 570 K ) is show n. 
I t  is in te re s tin g  to  no te  th a t  a t  th e  b eg inn ing  o f th e  reac tio n  c a ta ly s ts  A  a n d  C 
b e h a v e  d iffe ren tly , how ever, in  th e  s te a d y  s ta te  regim e th e  se lec tiv ity  values 
a re  s im ila r  to  each o th e r in d ic a tin g  th a t  b o th  c a ta ly s ts  b eh av e  in  th e  sam e 
w a y  u n d e r  th e  sam e o p e ra tin g  cond itio n s. T em p era tu re  increase  te n d s  to  
d ec rea se  m e th an e  fo rm a tio n  a n d  acce lera te  olefin  p ro d u c tio n .

H ow ever, w hen deco m p o sitio n  ta k e s  p lace u p  to  770 К  in  h y d ro g e n  th e  
a m o u n t o f  m eth an e  fo rm ed  in it ia lly  and  in  th e  s tab le  regim e is h ig h er th a n  
t h a t  fo rm e d  on helium  decom posed  c a ta ly s ts  and  sim u ltan eo u sly  o lefin  is also 
sm a lle r . C a ta ly s t C show s h ig h e r a c tiv ity , b u t ,  a t  th e  sam e tim e , h ig h er m e th a n e  
fo rm a tio n  a fte r  h ea tin g  up  th e  c a ta ly s t  in  helium . T he reg en e ra tio n  in  h y d ro 
gen  te n d s  to  sligh tly  increase  th e  o lefin  fo rm atio n .

T h e  effect o f p ressu re  in c rease  is rev ea led  in  th e  decrease o f o le fin  fo rm a 
tio n  a n d  sligh t increase o f  th e  p ro d u c tio n  o f h igher h y d ro ca rb o n s (see F ig . 4).

Discussion

I t  has been p roved  [2, 3] th a t  b im eta llic  iro n -ru th en iu m  c a ta ly s ts  can  
be  p re p a re d  b y  d ecom position  o f  b im eta llic  ca rb o n y l c lu sters , th u s  th e re  is 
no  d o u b t th a t  in  th e  p re sen t case our c a ta ly s ts  are  — a t le a s t p a r t ly  — b im e ta l
lic  ones. I t  has also b een  p ro v ed  th a t  th e  c a ta ly s ts  decom posed in  helium  
co n sis t o f  sm aller pa rtic le s  th a n  th o se  p rep ared  b y  h y d ro g en  tr e a tm e n t  [3]. 
I n  th e  d iscussion  i t  is, th e re fo re , n ecessary  to  consider a t  leas t tw o  fa c to rs , 
i.e. th e  ru th e n iu m  co n te n t, a n d  th e  size of th e  m eta llic  p artic les .
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P rev io u sly  th e  CO a c tiv a tio n  m echan ism  has heen  given on iro n -ru th e n iu m  
film s deposited  u n d e r U H V  cond ition  [9]. I t  w as estab lish ed  th a t  due to  th e  
lack  o f C 0 2 in  th e  gas ph ase  th e  f irs t s tep  a fte r  th e  CO a d so rp tio n  is th e  fo rm a
tio n  o f th e  a c tiv a te d  fo rm  of CO in w hich ca rb o n  an d  oxygen  are  loosely  con
n ec ted  to  each  o th e r, b u t  n o t com ple te ly  d issoc ia ted  an d  a t  th e  sam e tim e  
b o th  a to m s are  lin k ed  to  tw o m e ta l sites. T he sam e m echan ism  is g iven  as 
one o f a lte rn a tiv e s  b y  D r y  [10] and  R a u t a v o u m a  an d  V a n  d e r  B a a n  [11].

T he follow ing s tep  is th e  re a c tio n  o f oxygen  in  th e  a c tiv a te d  form  of 
CO w ith  h y d ro g en  to  fo rm  w a te r leav in g  th e  a c tiv a te d  carb o n  on th e  surface 
to  p a r tic ip a te  in  d iffe ren t tra n sfo rm a tio n  on th e  surface. B i l o e n  also fav o u red  
th is  in itia tio n  m echan ism  because he described  th e  in itia tio n  s tep  as th e  t r a n s 
fo rm a tio n  of CO m olecule adso rbed  in itia lly  on  a single site , i.e. on to p  o f a 
m e ta l a to m , in to  a s tro n g ly  ad so rbed  s ta te  on a m eta llic  m u ltis ite  follow ed 
b y  th e  rem o v a l o f oxygen  in form  o f w a te r  [12]. The presence of th is  ac tiv e  
carbon  w as p roved  also b y  in situ  M össbauer ex p erim en ts  [4] in  w hich  ac tive  
su rface  species could  be observed  regard less o f w h e th e r surface ca rb id e  had  
b een  fo rm ed  or n o t. P rev io u sly  k in e tic  ev idence w as found  [4] th a t  th e  ac tive  
surface ca rb o n  m ay  p a r tic ip a te  in  fu r th e r  tra n s fo rm a tio n s , i.e. i) p o ly m eriza tio n  
to  fo rm  olefins an d  h ig h er h y d ro ca rb o n s , ii) fo rm a tio n  o f m e th an e  an d  iii) fo rm a
tio n  o f s ta b le  ca rb id e  responsib le  fo r th e  d e a c tiv a tio n  o f  th e  c a ta ly s ts . This is 
su m m arized  in  th e  fo llow ing schem e:

CH. i olefins I gas phase

—1

C.......... 0 --------- H20
fc . * adsorbed

phase
C , H

[C] - e -----  [Cfc C-C -

4 . . Jcarbide (deactivation ) 

S c h e m e  1

w here m obile an d  im m obile  surface carbons are  d en o ted  b y  [C ]m an d  [€ ],, 
re sp ec tiv e ly . * *

T he p ro p o rtio n  o f  these  surface species is la rgely  in fluenced  b y  th e  c ry s ta l
lite  s ite  o f th e  c a ta ly s t  as well as b y  th e  h y d ro g en  coverage on th e  surface. 
C onsequen tly , se lec tiv ity  should be d iscussed  in  te rm s o f th e  fac to rs  w hich 
in fluence  these  tw o p a ram e te rs  m en tio n ed .

D ue to  th e  ca rb o n  re ta in ed  on c a ta ly s ts  В  an d  C decom posed  in  helium  
th e  m e ta l d ispersion  is h igher co m p ared  to  th a t  p roduced  b y  decom position
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in  h y d ro g e n  [1, 3]. This r e s u lts  in  a h igher a c tiv ity  an d  h igher se le c tiv ity  for 
o le f in  fo rm atio n , an d  for h y d ro c a rb o n s  o f low er m o lecu la r w eigh t. D ue to  th e  
p re se n c e  o f carbon d ep o s ited  d u rin g  th e  decom position  an d  to  th e  sm all 
p a r t ic le  size there  is a d e p le tio n  in  h y d ro g en  on th e  surface. T h e  m e ta l
lic  s ite s  needed for CO a c tiv a tio n  are av a ilab le  fo r m obile su rface  carb o n  
fo rm a tio n  leading m ain ly  to  o lefins. D ue to  th e  sm all p a rtic le  size e th y len e  
a n d  p ro p y len e  are th e  m a in  p ro d u c ts . This is in  ag reem en t w ith  B a s s e t ’s 
r e s id ts  [13] in w hich th e  m a in  in itia l p ro d u c ts  are  olefins w ith  low  carbon  
n u m b e r  o n  Fe/A l20 3 p re p a re d  fro m  F e3[CO]12, b u t  as soon as th e  p a rtic le  size 
in c re a se s  olefin d is tr ib u tio n  sh if ts  to  h igher ca rb o n  nu m b er.

F u rth e rm o re  d ep le tio n  in  hydrogen  occurs w hen  th e  c a ta ly s t is s tab ilized . 
A c c o rd in g  to  Scheme 1 p a ra lle l to  an  increase in  o lefin  fo rm atio n , d e a c tiv a tio n  
also  ta k e s  place. The d eco m p o sitio n  in  h y d ro g en  favours th e  fo rm a tio n  of 
la rg e r  c ry s ta llite s , w hich in  tu r n ,  gives w ay  to  th e  p re fe ren tia l fo rm a tio n  of 
s ta b le  c a rb o n  deposit a n d  th u s  to  m e th an e  fo rm a tio n  in  a la rg e r p ro p o rtio n .

W h e n  tire c a ta ly s t co m p o sitio n  is sh ifted  to  a ru th e n iu m  ’•ich c a ta ly s t, 
h y d ro g e n  coverage increases. T h u s , ca rbon  fo rm a tio n  is som ew hat p re v e n te d  
in  C om parison  to iron  r ic h  c a ta ly s t .  This again  decreases olefin  fo rm a tio n  and  
s e le c t iv i ty  shifts to  m e th a n e  fo rm a tio n  (see F ig . 3). T he ex p e rim en ta l fac t, 
i.e . t h a t  th e  sw itch off c a rb o n  m onoxide  from  th e  re a c ta n t  m ix tu re  re su lts  in  
th e  cease  o f  olefin p ro d u c tio n , does no t m ean  th e  absence o f re ac tiv e  ca rb o n  
on  th e  su rface , b u t th e  in c rea se  in  h y d ro g en  coverage  accelera tes h y d ro g en 
a t io n  o f  m ono-carbon  species r a th e r  th a n  ch a in  fo rm a tio n  lead ing  to  ole
f in s . T h is  is in  excellent a g re e m e n t w ith  th e  re su lts  o b ta in ed  on iron  ru th e n iu m  
film s  [9 ], an d  w ith  m e a su re m e n ts  on c a ta ly s t A  c a rr ied  ou t earlier [14]. The 
p r e s e n t  experim en ts on  c a ta ly s t  В  a t  h igh  p ressu re  seem s to  su p p o rt th e  role 
o f h y d ro g e n  coverage, i.e. b y  in c reas in g  th e  to ta l  p ressu re  inc luded  hyd ro g en , 
th e  h y d ro g e n a tio n  a c tiv ity  in c reases .

*

T he au thors are indebted to  Mrs G. S t e f l e r  a n d  to  Mr I. B o g y a y  for the help in the 
ex p erim en ta tio n s.
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The ca ta ly tic  oxidation of propene on V20 5(001) and VeO13(001) surfaces has 
been investigated  using X PS and X -ray d iffraction  techniques. I t  has been established 
th a t V20 5 itself has exhibited no catalytic a c tiv ity  and in course the reaction  the oxida
tion  sta te  of th e  cata lyst decreased. V1+ ions were suspected to  play an  im portan t role 
in  the p relim inary  adsorption of propene. SIMS studies have confirmed th a t adsorption 
of propene requires the presence of V 4+ ions on the surface.

In tro d u c tio n

In  th e  g en era lly  accep ted  reac tio n  schem e fo r th e  c a ta ly tic  o x id a tio n  of 
p ro p en e  to  acro le in  on tra n s itio n  m eta l ox ides, i t  is believed  th a t  th e  reac tio n  
p roceeds th ro u g h  th e  fo rm atio n  of an  a lly lic  in te rm e d ia te  [1]. T herefore  an  
ocH has to  he a b s tra c te d  from  propene. I t  is fu r th e rm o re  believed  th a t  s tab iliz a 
tio n  o f th e  a lly lic  in te rm e d ia te  tak es  p lace  o n  a tra n s itio n  m e ta l ion , w hich 
h a s  d -e lec trons av a ilab le  for bond  fo rm a tio n  [2]. N ex t, la tt ic e  oxygen  is 
in se r te d , lead in g  to  acro le in  fo rm atio n . T h is is th e  M a r s - V a n  K r e v e l e n  
schem e [3], w h ich  leaves th e  c a ta ly s t in  a re d u ced  s ta te . T herefo re , i t  c an  he 
supposed  th a t  a n  ac tiv e  o x id a tio n  c a ta ly s t  h a s  w eak ly  b o und  la ttic e  oxygen 
an d  has th e  p o ss ib ility  o f form ing low er ox ides by  c ry s ta llo g rap h ic  shear 
m echan ism s. As V20 5 co n ta in s  w eakly  b o u n d  v a n a d y l la ttic e  oxygen  an d  easily  
form s low er ox ides b y  a c ry sta llo g rap h ic  sh e a r m echan ism , one could  suppose 
t h a t  Y2Os shou ld  be an  ac tiv e  o x id a tio n  c a ta ly s t .  B o th  M a r g o l i s  an d  L a l y a - 
r o v a  [4] an d  Co l p a e r t  [5] show ed th a t  to  o b ta in  an  ac tiv e  o x id a tio n  c a ta ly s t, 
th e  p resence  of low er oxides on th e  c a ta ly s t  su rface  w as a n ecessary  cond ition . 
O n th e  o th e r  h a n d  B u t t  an d  K e n n e y  [6] co n firm ed  th a t  on v a n a d ia  c a ta ly s ts , 
la tt ic e  oxygen  w as in se rted  in to  th e  h y d ro c a rb o n .

*This paper was presented a t the First Belgian —H ungarian Colloquium on Catalysis 
at M átrafüred, O ctober 19 — 22, 1981. A fully detailed  m anuscript concerning this work 
will be subm itted  to  B erichten der Bunsengescllschaft.

** To whom correspondence should be addressed.
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T h e  aim  of th is  w ork  w as to  o b ta in  in fo rm a tio n  concern ing  th e  a d so rp 
t io n  s ta g e  of the  reac tio n , b y  s tu d y in g  b o th  th e  c a ta ly tic  o x id a tio n  o f  p ropene 
o n  V 20 5(001) and  VeO13(001) surfaces and  th e  ad so rp tio n  o f p ro p en e  by  
se c o n d a ry  ion mass sp e c tro m e try  on  these  surfaces.

T he c a ta ly tic  o x id a tio n  o f  p ro p e n e  in to  a c ro le in  on 
V20 5( 0 0 1 )  a n d  V ,0 13(0 0 1 )  su rfa c e s

V 20 5(001) surfaces [7]

T o  ensure s to ich io m e try  o f  th e  V20 5(001) su rfaces a s ta n d a rd  ox id iz in g  
t r e a tm e n t  w as applied : 24 h o u rs  a t  850 К  u n d e r 1 a tm  0 2. A fte r th is  t re a tm e n t ,  
th e  V 20 5(001) surfaces a lw ays show ed  a period  o f zero a c tiv ity . X -ra y  d iffrac 
t io n  a n d  X P S  showed th a t  in  th is  ph ase , on ly  V20 5 w as p re sen t on th e  c a ta ly s t  
su rfa c e . A fte r  a ce rta in  t im e , d ep en d in g  on  th e  o p e ra tin g  co n d itions su ch  as 
e.g. p a r t ia l  pressure of p ro p e n e  a n d  reac tio n  te m p e ra tu re , acro lein  fo rm a tio n  
s ta r t s .  B o th  X P S  and  X - ra y  d iffrac tio n  show  th a t  th e  c a ta ly s t  is now  in  a 
r e d u c e d  s ta te . The presence o f  V 4+ ions a t  th e  su rface  is e s tab lish ed . As a 
f u n c t io n  o f tim e, acrolein  fo rm a tio n  goes th ro u g h  a m ax im u m  an d  decreases 
a g a in . A t  th is  po in t, X P S  a n d  X -ra y  d iffrac tio n  show  th a t  thej c a ta ly s t  is 
now  in  a n  even fu rth e r  re d u c e d  s ta te .

V 60 i 3(001) surface

V 60 i 3(001) surfaces, w h ich  a lre a d y  in itia lly  c o n ta in  Y 4+ ions, n e v e r show  
a  p e r io d  o f  zero ac tiv ity . R e a c tio n  is alw ays im m ed ia te  an d  th e  sam e p ro d u c t 
d is t r ib u t io n  is observed as in  th e  acro le in  fo rm a tio n  s tag e  o f V20 5. T h is p ro d u c t 
d is t r ib u t io n  on V60 13 is n o t  tim e  d ep en d en t h u t  te m p e ra tu re  d e p e n d e n t. 
A b o v e  720 К  i t  changes a n d  a s im ila r p ro d u c t d is tr ib u tio n  is o b ta in e d  as on  
th e  f u r th e r  reduced  Y20 5.

C o n c lu s io n

I t  is c learly  show n th a t  V 20 5 its e lf  is n o t ac tiv e . R educed  V20 -  a n d  V60 13 
b o th  a re  ac tiv e  ox idation  c a ta ly s ts  an d  b o th  co n ta in  V 4+ ions. V20 5 does n o t 
c o n ta in  Y 4+ ions. This cou ld  m e a n  th a t  V 4+ ions p la y  an  im p o r ta n t  ro le  in  
th e  a d s o rp tio n  of propene as a d so rp tio n  is a necessary  co n d itio n  for th e  o x id a 
t io n  re a c t io n  to  occur. SIM S w as used  to  s tu d y  th e  a d so rp tio n  o f p ro p en e  on 
V20 5(001) an d  V60 13(001) su rfaces  in  o rder to  o b ta in  in fo rm atio n  concern ing  
th e  a d s o rp tio n  site.
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A d so rp tio n  o f  p ro p e n e  o n  V20 5(0 0 1 )  a n d  V60 13(0 0 1 )  sin g le  
c ry s ta l su rfa ce s

F ingerprin t spectra o f  the clean surfaces

Before th e  a d so rp tio n  o f p ropene on V ,0 5(001), red u ced  V20 5(001) su r
faces, or V0O13(001) single c ry s ta l surfaces, SIM S fin g e rp rin t sp ec tra  of th e  
c lean  surfaces h ad  to  be  ta k e n , in  order to  c h a rac te rize  th e  su rface . E ach  
su rface , i.e. th e  fre sh ly  U H Y  cleaved  V2O5(001) su rface , th e  red u ced  V20 5 
surface an d  th e  Ve0 13(001) su rface , are ch a ra c te riz e d  b y  a d iffe ren t V xOy 
c lu ste r in te n s ity  ra tio . F u rth e rm o re  a d iffe ren t Vx0 ^  c lu s te r in te n s ity  ra tio  
is observed  for V60 13(001) surfaces in  fu n c tio n  o f  oxygen  coverage. B y com 
p arin g  th e  SIM S re su lts  o b ta in ed  on V20 3 su rfaces w ith  A D PSD  (angu lar

m /  e

Fig. 1. a: SIMS spectrum of a freshly UHV cleaved V20 5(001) surface, b: SIMS spectrum of the
reduced V20 6(001) surface
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d e p e n d e n t pho ton  s tim id a te d  d eso rp tio n  of ions [8]) re su lts , a m o d e l for th e  
f re s h ly  cleaved  and  re d u ced  V20 5 surfaces could be p roposed . B y  com paring  
th e  re s u lts  ob tained  on V60 13(001) surfaces w ith  L E E D -L E IS  re su lts  [9] on 
VeO i3 a surface m odel for th e  d iffe ren t V0O 13(001) surfaces could  also  be p ro 
p o se d . T h e  SIMS sp ec tra  o f  th e  fresh ly  U H V  cleaved  an d  th e  red u ced  V20 5(001) 
su rfa c e  a re  shown in F igs l a  a n d  b .

A dsorp tion  o f  p ro p e n e  o n  V2Os(0 0 1 )  a n d  Vc0 13(0 0 1 )  su r fa c e s

O n ly  reduced  V2O5(001) a n d  V60 13(001) surfaces are  fo u n d  to  adsorb  
p ro p e n e . T he appearance  in  th e  SIM S sp ec tru m  of a p eak  a t  m/e =  108, w hich 
c a n  b e  iden tified  as VOC3H 5f , on  red u ced  V20 5(001) surfaces confirm s th a t  th e  
a d s o rp t io n  occurs in  th e  a lly lic  fo rm . The SIM S sp ec tra  o f a red u ced  V 20 5(001)

jFig. 2. a : SIMS spectrum  of a reduced  V„05(001) surface, b: SIMS spectrum  of a reduced 
V2O5(001) surface after propene adsorption
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su rface  before  and  a fte r ad so rp tio n  a re  show n in Figs 2a and  b . As o n ly  red u ced  
V 2O5(001) surfaces an d  Y60 13(001) su rfaces ad so rb  propene th e  ro le  o f  V 4+ ions 
in  th e  ad so rp tio n  seems confirm ed . F u r th e rm o re  on VeOI3(001) su rfaces  an 
a d d itio n a l p eak  a t  m/e =  92 (YC3FI5+) is fo u n d . The oxygen coverage  o f  th e  
YgOisiOOl) surface is re flec ted  in  th e  re la tiv e  in ten s ity  ra tio  o f  th e  VO C3H ^ 
p e a k  as can  be seen b y  com paring  F igs 3a a n d  b .

O n th e  surfaces w hich adso rb  p ro p en e , ad d itio n a l peaks, id e n tif ie d  as 
V O H + , V O H j', Y 0 211+ and  V 0 2H ^  are  fo u n d , ind ica ting  t h a t  th e  x H  is 
a b s tra c te d  a t  th e  c a ta ly s t surface an d  rem a in s  on th e  surface u n d e r  th e  con
d itio n s  o f th e  perfo rm ance of th e  a d so rp tio n .

F ig. 3. a: SIMS spectrum  of a partia lly  [oxygen covered V60 1:,(001) surface after propene 
adsorption , b: SIMS spectrum  of an oxygen free VcO13(001) surface a fte r propene

adsorption
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Conclusion

T he ad so rp tio n  s tu d y  confirm s th a t  a d so rp tio n  only  takes p lace if  V 4 + 
ions are  p resen t on th e  su rface . I t  could also be  e s tab lish ed  th a t  the  a d so rp tio n  
o f  p ro p en e  occurs in  th e  a lly lic  form  and th a t  h y d ro g e n  is a b s tra c te d  on  th e  
c a ta ly s t  surface.

G eneral conclusion

As a general co n c lu sio n  of th is  w ork a m odel fo r th e  ca ta ly tic  o x id a tio n  
o f  p ro p en e  to  ac ro le in  is p roposed  confirm ing  th e  generally  accep ted  m odel 
fo r th e  ox ida tio n  o f p ro p en e  to  acrolein on t r a n s i t io n  m eta l oxides.
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A brief report is given on the m ain research activities of the Applied Chemistry 
Group at the In s titu te  of Industrial C hem istry of Liege U niversity. I t  covers the 
following fields: industrial chem istry (chem ical, petrochemical and polym erization 
processes), chemical engineering (chemical reaction engineering, applied physical 
chem istry, heterogeneous catalysis) and m athem atical methods applied to  chemical 
engineering (sim ulation, optim ization, dynam ics and control of chem ical systems).

T he a c tiv ity  o f th e  G roup o f A pp lied  C hem istry  (GAC) is focussed  on 
tw o m ain  top ics:

— th e  d ev e lo p m en t of new processes an d  new  p roduc ts or a n y  co m b in a 
tio n  o f b o th  g iv ing  an  answ er to  th e  a c tu a l anx io u s search  of p a r t ia l  a lte rn a tiv e s  
to  p e tro c h e m is try ;

th e  use o f c o n tin u o u s  3 -phase c a ta ly tic  system s w hich a re  th e  spec ia l
ity  o f  th e  G roup  an d  w hose know ledge allow s to  overcom e th e  co m p lex ity  
o f m ost o f th e  reac tio n s  m en tioned  h e re a f te r .
a . T he p rob lem s w h ich  a re  ac tu a lly  se t to  th e  econom ic and in d u s tr ia l  w orld 
a re  becom ing  m ore an d  m ore w o rry in g : sh o u ld  th e  tra d itio n a l raw  m a te ria ls , 
n a tu ra l  gas an d  oil, rem ain  still av a ilab le  an d  a t  w hat price ?

B y  s tu d y in g  th e  processing of a lte rn a tiv e  or com p lem en ta ry  ra w  m a te ria ls  
fo r th e  p ro d u c tio n  of chem icals, th e  GAC tr ie s  to  give answ ers to  th e se  questions.

T he raw  m a te ria ls  used are  ren ew ab le  an d  b ro ad ly  a v a ila b le  in our 
co u n trie s . M oreover, th is  assures th e  in d ep en d en cy  w hat th e  supp lies concern .

T he new p ro d u c ts  s tu d ie d  concern  sec to rs like food an d  d ru g s. The 
a c c e p ta tio n  c rite ria  in  these  fields a re  v e ry  severe. The processes lead in g  to  
th e ir  m a n u fa c tu re  are  th e n  n ecessarily  o f  g re a t com plex ity : a t  th e  reac tio n  
level (processing  o f  m u ltip h ase  sy stem s) an d  a t  the  techn ica l lev e l (allow ing 
h igh  q u a lity ) .

* This paper was presented at the F irst 
a t  M átrafüred, October 19 22, 1981.

** To whom correspondence should be

Belgian — H ungarian Colloquium on Catalysis 

addressed.
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b. T h re e -p h a se  catalysis m a y  be considered as one o f th e  m ost com plex  s te p  
o f in d u s t r ia l  processes. T he p ro d u c tio n s  w hich  h a v e  ju s t  been  evoked, m o s tly  
b e lo n g  to  th e  th ree  phase sy s tem s. The GAC in c ludes a te am  whose w orks on 
th e  u se  o f  these  system s, spec ia lly  in  co n tin u o u s  tric le -bed  reac to rs , a re  o f  
som e r e p u ta t io n .

T h e  trick le-beds are  la rg e ly  used in  th e  o il-refin ing  in d u stry . T he GAC 
h as e n la rg e d  th e ir  ap p lica tio n s  to  th e  m a n u fa c tu re  of fine chem icals. T h e  
a m o u n t  o f  re a c ta n ts  t r e a te d  is n a tu ra lly  fa r  low er in  th e  second case. F o r an  
a p p lic a t io n  to  an  o th e r sca le  an d  to  o th e r p ro d u c ts , th is  has re q u ire d  th e  
a d a p ta t io n  o f  th e  p a ra m e te rs  u sed  in  h y d ro tre a tm e n t an d  a b e tte r  u n d e rs ta n d 
ing  o f  th e  o p era tio n  and  c o n tro l o f th is  k in d  o f  re a c to rs . P rov id ing  th is , one 
can  b e n e f i t  o f th e  in h e re n t ad v a n ta g e s  of th e  tr ic k le -b e d  reacto rs. I t  can  be 
ea s ily  u n d e rs to o d  th a t  th e se  ad v an tag es  are  th e  ones w hich allow to  sa tis fy  
th e  s e v e re  specifications of f in e  chem icals. In d e e d , th e  p lug-like flow d im in ishes 
th e  d isp e rs io n  an d  leads to  h ig h  conversions. T h e  low  liq u id -so lid  ra tio  m in i
m izes th e  possib le side re a c tio n s  ta k in g  p lace in  hom ogeneous phase.

T h e se  tw o ad v an tag es c o n tr ib u te  to  reach  th e  g re a t p u rity  of th e  p ro d u c ts  
so m e tim e s  w ith o u t any  p u rif ic a tio n .

S ince  1974, th e  D e p a r tm e n t of In d u s tr ia l  C h em istry  is in te re s te d  in  
c a rb o h y d ra te  processing. T hese  are  indeed issued  from  n a tu ra l and  ren ew ab le  
so u rces  w h ic h  are m oreover b ro a d ly  availab le  in  o u r c o u n try . So com es x y lose  
fro m  th e  d eg rad a tio n  of th e  hem icellu lose co m p o n en ts  of w oody p la n ts , co rn  
cobs a n d  s tra w . Glucose a n d  fru c to se  are o b ta in e d  b y  acid hydro lysis o f  th e  
sa c c h a ro se  com ing, in  our c o u n try , from  sugar b e e t. M altose as well as g lucose 
a re  p ro d u c e d  from  th e  h y d ro ly s is  of s ta rch . C oncern ing  lac tose , i t  is p re se n t 
in  th e  m ilk  o f  all m am m als a t  2 — 8%  c o n c e n tra tio n s .

I t  is p roduced  from  w h ey  sep a ra ted  from  its  p ro te in s . I t  is a c tu a lly  
a v a ila b le  in  g rea t q u a n titie s  h u t  has a very  sm all m a rk e t. P rocessing o f  th e se  
d if fe re n t ra w  m ateria ls  leads to  a n u m b er o f v a lu a b le  p roduc ts.

O u r  la b o ra to ry  does sp ec ia lly  s tu d y  th e  fo llow ing  tre a tm e n ts : se lec tive  
h y d ro g e n a tio n  in  order to  g e t fin e  or v e ry  p u re  chem icals , ox ida tio n  b y  c a ta 
ly t ic  as w ell as b y  en zy m atic  processes, and  h y d ro g en o ly sis  w hich is an  a l te r 
n a tiv e  ro u te  for m a n u fa c tu r in g  som e p ro d u c ts  like  glycerol by  d irec t non  
p e tro c h e m ic a l w ay.

H y d rogena tion  of ca rb o h y d ra tes

T h e  p ro d u c ts  o b ta in ed  b y  c a rb o h y d ra te  h y d ro g e n a tio n  seem a c tu a lly  to  
h av e  go o d  m a rk e t persp ec tiv es  i f  th e y  can  be p ro d u c e d  suffic ien t p u r ity  (w ith  
a m in im u m  refin ing  steps). M oreover, for so rb ito l p ro d u c tio n , the  c a p a c ity  o f  
c u r re n t[p la n ts  is h igh enough  to  m ake a co n tin u o u s p rocess desirable. A ll th e se  
rea so n s  sugg ested  to  our la b o ra to ry  team  to  a p p ly  th e  trick le-bed  tech n o lo g y
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to  th e se  p ro d u c tio n s . M oreover, th is  allow s to  use a m ore expensive  c a ta ly s t  
w h ich  w ould  n o t su p p o rt th e  h igh losses en co u n te red  in  b a tc h  p rocessing . 
T hi s is th e  reaso n  w h y  we perform  all o u r s tu d ie s  on ru th e n iu m  c a ta ly s t  w hich  
is m u ch  m ore ac tiv e  th a n  th e  well k n o w n  R a n e y  nickel c a ta ly s t. T h is w as 
possib le because we developed a p a te n te d  re a c tiv a tio n  procedure  w h ich  allow s 
th e  ru th e n iu m  c a ta ly s t  to  ex h ib it a life o f  reaso n ab le  len g th .

T he co m b in a tio n  o f these  tw o  a d v a n ta g e s  (reacto r lead in g  to  h igher 
se le c tiv ity  and  m ore ac tiv e  ca ta ly s t)  en ab les  o u r la b o ra to ry  to  define a broad  
p ro g ram  o f resea rch .

W e f irs t  s ta r te d  in  d em o n stra tin g  th e  a lread y  m en tioned  a d v a n ta g e s  of 
trick le -b ed  re a c to rs  on  s tirred  ta n k  re a c to rs  b y  run n in g  m an y  com parison  
ex p e rim en ts . T h en  we developed an  isothermal m icro  tric le-bed  re a c to r  o f  7 m m  
in  d iam e te r  w ith o u t an y  m ass or h ea t t ra n s fe r  lim ita tio n s in  o rd e r to  s tu d y  
th e  h y d ro g e n a tio n  reac tio n s  in  such an  in s ta lla tio n .

W e show ed th a t  th is  was su ita b le  fo r k in e tic  stud ies and  d e te rm in ed  
th e  o p tim u m  o p e ra tin g  conditions for th e  h y d ro g e n a tio n  of glucose a n d  m altose  
in to  so rb ito l an d  m a ltito l, re spec tive ly . W e th e n  were read y  to  sw itch  to  a 
la rg e r scale closer to  th e  in d u str ia l co n d itio n s.

W e are  now  s tu d y in g  th e  b eh av io u r o f  an  adiabatic com pletely  a u to m a te d  
tr ick le -b ed  re a c to r  o f 19 m m  in d iam e te r  an d  4 m  in  len g th . T he re su lts  we 
go t a re  enco u rag in g  an d  allow  any  scale u p . W e are now on th e  p o in t to  b u ild  
a p ilo t p la n t for th e se  reac tio n s. So, th is  is a n  exam ple  of a 5 years s tu d y  w hich  
has en co u n te red  a ll th e  problem s of a p rocess developing from  th e  k in e tic  
s tu d ies  to  th e  scale up  included th e  specia l designs req u ested  fo r ru n n in g  
m edium  p ressu re  vessels.

T his re sea rch  has show n th e  in te re s t  o f using  th e  trick le -b ed  te c h n iq u e  
for c a rb o h y d ra te  h y d ro g en a tio n . D u rin g  th is  tim e  we stu d ied :

th e  p ro d u c tio n  o f h igh p u r ity  so rb ito l w hich  is la rgely  used  in  p h a r 
m acy , cosm etics, a lim e n ta tio n  and  in d u s tr ia l  su rfa c ta n ts ;

— th e  p ro d u c tio n  o f food grade m a lt i to l  for m edical purposes a n d  d ie t; 
th e  m a x im iza tio n  of th e  m a n n ito l-so rb ito l ra tio , b o th  p ro d u ced  from

fru c to se . M ann ito l, w hich  is specially  p ro d u c e d  by  th is  w ay , has a n  ex ten d ed  
use in  th e  co n fec tio n  o f ta b le ts  in  d rugs;

— th e  d e fin itio n  o f p u r ity  re q u ire m e n ts  o f lactose before h y d ro g en a tio n .
L a c tito l seem s to  have  good p e rsp ec tiv e s  as fa r as its  f a t ty  e s te rs  have

re c e n tly  show n specific  d e te rg en t p ro p e rtie s .
O ur know ledge o f  th e  sa tu ra tio n  o f  th e  C = 0  double bo n d  in  c a rb o h y 

d ra te s  has led us to  develop techn iques fo r  th e  tran sfo rm a tio n  of k e to n e  in to  
seco n d ary  alcoho l. W e have focussed o u r  a tte n tio n  on th e  a c tiv a tio n  an d  
d e a c tiv a tio n  o f su p p o rte d  ru th e n iu m  c a ta ly s ts  fo r th is specific re a c tio n .
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H ydrogenolysis of carb o h y d ra tes
к

T h e  hydro lysis of cellu lose and  hem icellu lose glucose an d  xy lose , re 
s p e c tiv e ly , is well know n. O u r p u rp o se  is to  c o n v e rt these  5- and  6 -ca rb o n  
m o lecu les  in to  sm aller ones. G lycol an d  g lycero l are  p re fe rred  to  h y d ro ca rb o n s  
b e c a u se  th e y  are m ore v a lu a b le . Since 1979, w e s tu d ied  th e  p o ss ib ility  of 
g ly c e ro l p ro d u c tio n  b y  th is  w a y  in  su ffic ien t am o u n ts  an d  p u rity . T he e x p e r i
m e n ts  a re  con d u c ted  in  tw o  a g ita te d  s lu rry  re a c to rs . T hey  allow to  w o rk  a t  
250 d eg rees  and  250 b a r. T h e  in fluence  o f  th e  d iffe ren t variab les is s tu d ie d  
a n d  g o o d  perspectives are su sp ec ted . T he s tu d y  o f ca rb o h y d ra te  h y d ro ly s is  
im p lie s  n u m ero u s analysis fac ilitie s . F o r th is  p u rp o se , tw o au to m ated  liq u id  
c h ro m a to g ra p h s , one gas c h ro m a to g ra p h  d ire c tly  connec ted  to  th e  in s ta lla tio n  
(b o th  b e lo n g in g  to  th e  D e p a rtm e n t)  and  one gas ch ro m a to g rap h  c o n n e c te d  
w ith  a m ass  spec trom eter a re  used .

O xidation  of g lucose

G lucon ic  acid and  p a r t ic u la r ly  its  g lu c o n a te  sa lts  are of in te re s t  as 
s e q u e s t r a n t  used  in  p h a rm a c y  an d  in  in d u s tr ia l  c lean ing . B u t w h a t sp ec ia lly  
h as  in te r e s te d  us in  th is  re a c tio n , is th a t  i t  c a n  be perfo rm ed  b y  c lassica l 
c a ta ly s is  as w ell as en zy m atic  ca ta ly s is . T his is a good o p p o rtu n ity  to  co m p are  
th e  u se  o f  a tr ick le -bed  re a c to r  w ith  chem ical an d  biological c a ta ly s ts . T he 
in fo rm a tio n  and  analogy  t h a t  shou ld  be o b ta in e d  could be an  open  d oor to  
b io te c h n o lo g y  and  su p p o rte d  enzym e p rocessing  w hich  is ac tu a lly  b ro a d ly  
re c o g n iz e d  as a field of im p o r ta n t  d ev e lo p m en t.

V alo riza tio n  of w oolw ax

W o o lw a x  is an  im p o r ta n t b y -p ro d u c t o f  c ru d e  wool w ashing. T he p o te n 
t ia l  a p p lic a tio n s  of th is  p ro d u c t a re  n u m ero u s (e.g. in  cosm etic an d  p h a rm a 
ce u tic  in d u s tr ie s , syn thesis o f  f a t ty  alcohols, . . .) b u t  o ften  re s tr ic te d  b y  th e  
p re se n c e  o f  poisons like su lfu r  com pounds. A resea rch  of our group in  th is  
fie ld  is th e  developm ent of a h y d ro d e su lfu riz a tio n  process of w oolw ax in a 
tr ic k le -b e d  reac to r. This re a c tio n  is p re se n tly  checked  in  a h igh p ressu re  fully' 
a u to m a tiz e d  trick le-bed  re a c to r .

W e h a v e  seen how  th e  D e p a r tm e n t is s tu d y in g  th e  v a lo riza tio n  of n a tu ra l  
raw  m a te r ia ls . I t  is also ac tiv e  in  o th e r  fie lds a n d  we w ould like to  m en tio n  
o th e r  re se a rc h es  done in our la b o ra to rie s .
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H ydro trea ting  of heavy petroleum  frac tio n s  and  liquefied coal

D uring  th e  p a s t  y ea rs , th e  h y d ro tre a tin g  processes o f h eav y  p e tro leu m  
frac tio n s becam e m o re  an d  m ore im p o r ta n t econom ically . A t p re se n t, a b o u t 
40 pe rcen t o f th e  to ta l  a m o u n t o f th e  oil p ro d u ced  in  th e  w orld is h y d ro tre a te d , 
i.e., rough ly  1 b illion  o f  to n s  p er year. F u r th e rm o re , th e  d irec t liq u e fac tio n  of 
coal w ill yield in  th e  fu tu re  a large am o u n t o f  a h ea v y  oil co n ta in in g  su lfu r, 
n itro g en  and h e a v y  m e ta ls , req u irin g  th u s  a n o th e r  h y d ro tre a tin g  process.

In  th e  fram e o f  o u r re search  concern ing  th e se  h y d ro tre a tin g  processes, 
we h av e  ad o p ted  tw o  m a in  w orking o r ie n ta tio n s . T he f irs t one consists in 
developing  a new  n o n  co n v en tio n a l c a ta ly s t fo r th e  dem eta lliza tio n . T he con
v en tio n a l h y d ro d esu lfu riza tio n  c a ta ly s ts —c o n ta in in g  group V I — group  Y II  
m e ta l oxides — are re la tiv e ly  rap id ly  d e a c tiv a te d  b y  coke an d  m e ta l su lfur 
d eposits .

D ue to  th e  re la tiv e ly  h igh  price o f th e se  e la b o ra te d  o f these  c a ta ly s ts , it  
is o ften  necessary  to  use a g u ard  reac to r  c o n ta in in g  a cheaper c a ta ly s t  w ith  a 
h igh  adso rp tion  c a p a c ity  to  rem ove a large a m o u n t o f m e ta l (N i, V).

W e are now  dev e lo p in g  such a c a ta ly s t  b ased  on p o lym eta llic  ocean 
nodu les w hich seem s to  h av e  a good d e m e ta lliz a tio n  cap ac ity . T hese nodules 
h av e  a re la tiv e ly  low  p rice  because th e y  m a y  he u sed  by  m eta llu rg ica l in d ustries 
a f te r  th e ir  u tiliz a tio n  as c a ta ly s t. This c a ta ly s t  is c u rre n tly  checked  in  a fu lly  
au to m a tized  la b o ra to ry  scale tric le-bed  re a c to r , w ork ing  a t  h igh te m p e ra tu re  
an d  pressure an d  p rocessing  h eav y  oil d is tilla te s  an d  residues.

O ur second re se a rc h  o rien ta tio n  in  th is  h y d ro tre a tin g  field consists in 
im prov ing  th e  design o f  th e  reac to rs  in w hich th is  process is g enera lly  achieved , 
i.e ., th e  trick le -b ed  re a c to rs . In  such re a c to rs , th e  gas and  liq u id  flow s are 
co m ple te ly  hete ro g en eo u s lead in g  to  a re la tiv e ly  po o r g as-liq u id  solid  c o n ta c t.

In  o rder to  im p ro v e  th is  co n tac t b y  a p ro p e r re a c to r  design, we have  
s ta r te d , a few years  ago, to  develop a h y d ro d y n a m ic  m odel describ ing  a n a ly ti
ca lly  th e  heterogeneous n a tu re  o f th e  flu id  flow s.

This m odel, b ased  on  a stochastic  d e sc rip tio n  o f b o th  flu id  flow s and  
p ack ing , has been  successfu lly  applied  in  th e  s im u la tio n  of la b o ra to ry  scale 
trick le -bed  reac to rs  p rocessing  various re a c ta n ts . A t p resen t, we are  analysing  
th e  scale-up p rob lem s in  a large scale flow  m odel (e.g. th e  liqu id  d is tr ib u to r  
effects).

V alorization  of gasified  coal

One of the  m o s t in te re s tin g  w ay to  g asify  coal in  E urope is th e  u n d e r
g ro u n d  coal g asifica tio n  b y  an  oxygen s team  m ix tu re . O ur g roup  p a rtic ip a te s  
in  a research  co n cern in g  th is  ty p e  o f g asifica tio n  w ith in  th e  fram ew o rk  o f th e  
B e lg ian -G erm an  p ro je c t fo r U.C.G. a t  g re a t d e p th  (I.D .G .S .T .). One o f  its
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m a in  c o n tr ib u tio n  is th e  d e v e lo p m en t of a chem ical engineering m e th o d o lo g y  
fo r  th e  m odelling of th e  v a r io u s  k ine tic  processes (m ass and  h e a t tra n sfe rs )  
o c c u rr in g  in  th e  gasifier. F ro m  o f m ore “ c a ta ly tic ”  p o in t o f v iew , o u r g roup  
is n o w  developing new  c a ta ly s ts  fo r th e  sh ift re a c tio n  in  o rd er to  a d ju s t  th e  
C O /H 2 ra t io  in th e  gas.

T h is  reaction  is g e n e ra lly  rea lized  u n d e r su ch  a co n d itio n  w h en  th e  
e q u ilib r iu m  is n early  re a c h e d . T h u s  th e  conversion  o f ca rb o n  m o n o x id e  in to  
h y d ro g e n  is fac ilita ted  b y  lo w  te m p e ra tu re  o p era tio n s. T h a t is th e  re a so n  w hy  
th e  o ld  h igh  tem p era tu re  c a ta ly s ts  co n ta in in g  iro n  oxides are  p re se n tly  rep laced  
b y  lo w  tem p era tu re  c a ta ly s ts  co n ta in in g  copper oxide. U n fo r tu n a te ly , th ese  
c a ta ly s ts  are very  su lfu r sen s itiv e .

T h a t  is the  reaso n  w h y  new  low te m p e ra tu re  c a ta ly s ts  a re  now  u n d er 
d e v e lo p m e n t w hich w ould  re s is t  to  sm all a m o u n t o f su lfur co m pounds (e.g. 
1 %  o f  H 2S).

T h e  best so lu tions re p o r te d  in  th e  l i te ra tu re  seem  to  be a Co—M o—К  
o r a Co — Mo — Li m ix tu re . T h e  c o n tr ib u tio n  o f ou r g roup  consists in  develop ing  
c a ta ly s ts  w ith  sim ilar p ro p e rtie s  b u t  con ta in in g  ch eap er m eta ls  th a n  Co or Mo.

T h is  reaction  is c o n tin u o u s ly  perfo rm ed  in  a so-called B e r t t  re a c to r , 
s t i r r e d  w ith  tu rb in e . I t  is o n  line connected  to  a gas c h ro m a to g ra p h . The 
in s ta l la t io n  is com plete ly  e q u ip p e d  for co n tro llin g  and  re g u la tin g  a ll th e  
v a r ia b le s  of the process. T h is  is m an ag ed  in  re a l tim e  b y  a m ic ro -co m p u te r  
w h ic h  au to m a tica lly  o rders th e  analysis o f  th e  p ro d u c ts  an d  decides to  co m 
m a n d  th e  regu lation  loops. T h e  f in a l d a ta  acq u is itio n  is only  rea lized  w h en  th e  
v a r ia b le s  are tested  to  be m e a n in g ly  s tab le . So can  th e  co m p u ter p e rfo rm  alone 
a  c o m p le te  “ exp erim en ta l p la n ”  a n d  record  all th e  d a ta . These d a ta  m a y  th e n  
b e  t r a n s fe r re d  to  a b igger c o m p u te r  for fu r th e r  processing an d  sp ec ia lly  for 
p a ra m e tr ic  id en tifica tio n . T h e  d ire c t connection  be tw een  th e  tw o  co m p u te rs  
w ill a lso  be studied .

T h is  m icro -com puter in s ta l la t io n  is genera lly  designed an d  m a y  serve  to  
d e v e lo p  o th e r com puter sy s te m s  fo r m anag ing  o th e r  reac tio n s.

D esulfurization  o f  in d u s tr ia l su lfu r con ta in in g  ligh t gases

O u r purpose is to  s tu d y  th e  a d so rp tio n  o f su lfu r com pounds (H 2S, COS, 
m e rc a p ta n )  on several so lid  c a ta ly s ts . The s tu d y  is co n d u c ted  in  a co n tin u o u s  
f ix e d  b e d  reacto r. The in s ta l la t io n  is designed for a u to m a tic  co n tro l a n d  a u to 
m a tic  sam p lin g  and an a ly s is .

W e determ ined  b y  th is  w ay  th e  o p tim um  o p e ra tin g  cond itions fo r v a rio u s  
z inc  o x id e  ca ta lysts.
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C haracteriza tion  o f ca ta ly s t s tructure

W h en  develop ing  a new process based  on self-m ade or co m m erc ia l c a t
a ly s ts , it  is o ften  useful to  cha rac terize  th e  v a rious types of ch eck ed  c a ta ly s ts .

To do th is , we developed v a rio u s tech n iq u es  and m eth o d s , w h ich  are, 
e ssen tia lly :

d e te rm in a tio n  o f p o io s ity , pore size d is trib u tio n  b y  H g  p o ro s im e try  
(m acro p o res), and  ad so rp tio n  and d e so rp tio n  iso therm s (m icropores);

k in e tic s  and th e rm o d y n am ics o f gas vapor and liq u id , a d so rp tio n  
o n to  a d so rb e n ts ;

— th e rm o g rav im e tric  s tu d y  o f  c a ta ly s t  partic les (e.g. v a r io u s  o x ida tion  
levels o f  R u  su p p o rted  ca ta ly s ts );

— a d e ta iled  in te rp re ta tio n  o f a d so rp tio n  desorption  iso th e rm s  (B .E .T . 
m eth o d s).
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In  a recen t s tu d y  o f  th e  s to ic h io m e try  o f  0 2—H 2 ti tr a t io n s  on  su p p o rted  
p la tin u m  ca ta ly s ts , P rasad  et ál. [1] fo u n d  th a t  no con sis ten t s to ic h io m e try  
w as observed  w hen th e  ch em iso rp tio n  v a lu es  fo r 0 2 and  H 2 w ere o b ta in e d  from  
m easu rem en ts  on fre sh ly  reduced  c a ta ly s t  surfaces; a few 0 2— H 2 cycles a t 
ro o m  te m p e ra tu re , h ow ever, sm oo th  o u t o r “ hom ogenize”  th e  su rface  to  give 
rep ro d u c ib le  resu lts  in  th e  t i tra tio n s .

To in v estig a te  w h y  a fresh ly  red u ced  P t  — A120 3 c a ta ly s t su rfa c e  is often  
n o t re liab le  or rep ro d u c ib le  in  gas t i t r a t io n s ,  th e  effect o f th e  re d u c tio n  te m 
p e ra tu re  itse lf  on th e  p ro p e rtie s  o f th e  c a ta ly s t  w as firs t s tu d ied . T h e  tech n iq u es 
em p lo y ed  were c a ta ly tic  a c tiv ity  s tu d ie s , ch em iso rp tion  of H 2 on  th e  c a ta ly s t 
a n d  tem p e ra tu re -p ro g ra m m e d  d eso rp tio n  o f  H , from  it. T he m a in  re s id ts  of 
th is  s tu d y  (Men ő n  a n d  F ro m en t  [2]) are :

1. R educ tion  o f  P t —A120 3 c a ta ly s ts  in  H 2 a t  increasing  te m p e ra tu re s  in 
th e  ran g e  450—600 °C h as a s tro n g  a t te n u a t in g  effect on h y d ro g en o ly s is  of 
re-pentane an d  re-hexane a t  300—400 °C. T h e  c a ta ly s t can  be re s to re d  to  its 
o rig in a l a c tiv ity  b y  a ir  o x id a tio n  a t  500 °C, follow ed b y  re d u c tio n  a t  400 °C. 
T h is show s th e  re v e rs ib ility  o f th e  a t te n u a t io n  and  th e  absence o f  s in te r in g  or 
p e rm a n e n t s tru c tu ra l changes o f  th e  c a ta ly s t .

2. The a t te n u a tio n  o f hyd rogeno lysis  caused  by  high te m p e ra tu re  H 2 is 
s im ila r  to  th a t  p ro d u ced  on ch lo rid ing  or m ild  su lfid ing  of th e  c a ta ly s t .

3. I t  is th e  s tro n g e r  ch em iso rp tio n  o f H 2 a t  higher te m p e ra tu re s  (possib ly  
in v o lv in g  th e  su b -su rface  layers o f  P t  as well) w hich renders a f ra c t io n  o f  the  
su rface  P t  a tom s so u n re a c tiv e  th a t  th e y  c a n n o t reac t an y  m o re  w ith  H 2 or 
О» d u rin g  surface t i t r a t io n s  a t  20 °C or w ith  th e  paraffins a t  300 — 400 °C.

4. The p ro fuse  d eso rp tio n  o f  H 2 from  th e  ca ta ly s t in  th e  ra n g e  o f 50— 
300 °C during  T P D  is an  in d ica tio n  o f  th e  s tro n g  hydrogeno lysis  a c t iv i ty  of

* This paper was presented a t the F irs t Belgian — H ungarian Colloquium  on Catalysis 
a t  M átrafürcd, October 19 — 22, 1981.
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th e  c a ta ly s t .  The P t  s ite s  resp o n sib le  for th e  h y d ro g en o ly sis  seem to  be th o se  
w h ic h  also  get a t te n u a te d  b y  th e  stronger c h e m iso rp tio n  of H 2.

S im ila r resu lts  h a v e  also  been o b ta in ed  fo r  P t — S i0 2, P t —T i0 2 a n d  
p la t in u m  b lack  (Menőn  a n d  F roment [3]).

T h e  above re su lts  a re  in  b ro ad  ag reem en t w ith  tho se  ob ta in ed  [4], in  
r e c e n t  y ea rs  by  T é t é n y i, P a á l , Guczi, Nagy , E n g elhardt  and  o thers a t  th e  
I n s t i tu te  o f Iso topes a n d  C en tra l R esearch I n s t i tu te  for C hem istry  o f  th e  
H u n g a i ia n  A cadem y o f S ciences, em phasizing  th e  im p o rtan ce  of re s id u a l 
h y d ro g e n  re ta in ed  in  c a ta ly s ts .  Self-inh ib ition  o f  c a ta ly tic  a c tiv ity  b y  such  
re s id u a l  hyd rogen  seem s to  b e  a general p h en o m e n o n  occurring  in  th e  case o f  
s u p p o r te d  m etallic  c a ta ly s ts  a n d  even oxide c a ta ly s ts . I t s  unsuspected  p resence  
m a y  p e rh a p s  have v it ia te d  so m e of th e  p ioneering  w o rk  in  th e  field o f c a ta ly s is .
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In  our paper we presented evidences for the chain lengthening ac tiv ity  of transi
tion  m etals, which seems to  be a general phenom enon under conditions of “deep” frag
m entation . The chain  lengthening of hydrocarbons in a m etal—hydrogen—carbon hetero
geneous system  supports the recent suggestions th a t  incorporation  of surface carbon 
in to  hydrocarbons during F ischer—Tropsch synthesis m ay take  place via  oxygen-free 
CHX species. The experim ental results in the present study  and in  Ref. [9, 10] emphasize 
th a t the form ation of trace am ount of isomers under hydrogen deficient conditions as 
well as the apparen t m ethylpentanes — benzene transfo rm ation  can he in terpreted  by 
C! insertion-C j abstraction  mechanism.

In troduc tion

In te ra c tio n  o f s a tu ra te d  h y d ro carb o n s w ith  m e ta l su rface  in  th e  presence 
o f  h y d ro g en  leads to  th e  ru p tu re  o f th e  С —C b o n d  a t  e lev a ted  te m p e ra tu re s . I t  
has been  e s tab lish ed , th a t  th e  h y d ro g en /h y d ro ca rb o n  ra tio  p lay s an  im p o rta n t 
role in  th e  fo rm a tio n  o f p ro d u c t d is tr ib u tio n  p a t te rn .  T h u s , in la rg e  excess of 
h y d rogen  on ly  single C — C bond  ru p tu re  occurs a n d  th e  p ro d u c t d is trib u tio n  
p a tte rn  is c h a ra c te r is tic  to  th e  m e ta l in v es tig a ted . F o r  ex am p le , on  N i ca ta ly s ts  
u n d e r such  co n d itio n  te rm in a l sp littin g  [1 — 3] o f th e  C — C b o n d  c a n  be observed 
(а -sp littin g ), w hereas on P t  c a ta ly s ts  th e  C—C b o n d  ru p tu re  is m ore or less 
s ta tis tic a l [4, 5] dep en d in g  on th e  s tru c tu re  o f  th e  h y d ro c a rb o n , d ispersion, 
alloy ing , etc. A t low  h y d ro g en /h y d ro ca rb o n  ra tio s , how ever, deep fra g m e n ta 
tio n  p reva ils  [2, 3, 6] re su ltin g  in  selective fo rm a tio n  o f m e th a n e  an d  poisoning 
of th e  c a ta ly s ts . U sing 14C in te rm ed ia te  tra c in g  [2, 3, 6] we have  a lread y  
d e m o n s tra te d , th a t  in  th e  absence o f hyd rogen  th e  r a te  o f  d eso rp tio n  of in te r 
m ed ia te  p ro d u c ts  is con sid erab ly  slower th a n  th a t  o f th e  C— C bond  ru p tu re  
on th e  su rface .

In  th e  p re se n t p a p e r we wish to  sum m arize  e x p e rim e n ta l d a ta  concerning 
chain  len g th en in g  in m e ta l h y d ro carb o n  system s o b ta in e d  in  ou r lab o ra to ry .

* This paper was presented a t the First Belgian — H ungarian  Colloquium on Catalysis 
at M átrafüred, October 19 — 22, 1981.

**To whom correspondence should be addressed.
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Table I

Free energy changes ( 1 /' ) o f  n-pentane —e n-hexane transformations at 600 К

Reaction A F ,  kJ m ol-1

a) CH4 +  C5H 12 =  C„H14 +  H2 61.7
b) 2 C5H 12 =  C6H ,4 +  C4H 10 0.4
c) 2 C5H 12 +  3 H 2 =  C„H14 +  4 CHj -1 9 .5

I n  T a b le  I th e  free energy  c h a n g e  (AF)  for various h y p o th e tic a l n -p en tan e  
— n -h e x a n e  tran sfo rm a tio n s  is p re sen ted . As show n b y  d a ta  in  T ab le  I  reac 
t io n  a, i.e. add ition  of m e th a n e  to  p en tan e , is th e rm o d y n am ica lly  u n fav o u rab le , 
w h e re a s  th e  hyd rocarbon  “ s e t t in g  u p ”  m igh t p roceed  i f  th e  re a c tio n  is accom 
p a n ie d  b y  “ deep” f ra g m e n ta tio n  o f  n -p en tan e  (see fo r exam ple  re a c tio n  c). 
I t  is im p o r ta n t  to  no te , h o w ev e r, th a t  the  re a c tiv ity  o f h y d ro ca rb o n s  in  hydro- 
g en o ly s is  generally  increases w ith  increasing m olecu lar w eigh t, t h a t  is, th e

Table II

Catalyst* Tvt%/Si02
F/BET
m 2/g -° mL KA

D
%

■b
nm

1

d v
nm

0.3-Ni-B 2.5 0.3 270 50
0.9-Ni-B 6.2 0.9 110 25
16-Ni-Imp 15 4.1 16 6.7 5.7
27-Ni-Dep 13.3 6.6 27 3.7
46-Ni-Dep 13.3 11.1 46 2.2 Í
9.5-R u-Im p 5 1.2 9.5

Ru-B 6.7 15
Rh-B 2.5 20
Pd-B 2.2
Re-B 6.5 10.5
Os-B 2.3

11-Os-Imp 3 0.44 11 9.1 6.7
Ir-B 7.4
P t-B 4.3 10

44-P t-E xch 1.5 0.39 44 5.4 3.6
Cu-Ni-Imp 2.5 — 2.5 0.08
A u-N i-Im p 2.5 — 2.5 0.13

1

* T he in itial number is th e  dispersion as measured by hydrogen chem isorption; B, 
E xch , Im p  and  Dep, respectively, in d ica te  m etal black, preparation  by  ion exchange, im preg
n a tio n  an d  deposition.
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p ro b ab ility  o f ch a in  len g th en in g  m u st be  s tro n g ly  dependen t on k in e tic  
conditions.

The f irs t sy s te m a tic  stud ies on h o m o lo g a tio n  o f sa tu ra te d  h y d ro ca rb o n s  
have  been  p erfo rm ed  b y  O ’D o n o h o e , C l a r k e  a n d  R o o n e y  [7, 8] w ith  W , R h , 
P d , Mo, N b film s. O u r re c e n t p ap er deals w ith  th e  hom ologation  a c tiv i ty  of 
N i ca ta ly s ts  an d  o f  G roup  V U Ib  tra n s itio n  m e ta ls  (N i, Co, R u , R h , P d , Os, 
I r ,  P t) , an d  from  G roup  V I I  R e. D iscussion o f  th e  observed  resu lts  m a y  give 
deeper in sigh t in to  th e  c a ta ly tic  beh av io u r o f  tra n s i t io n  m etals in  h y d ro c a rb o n  
tran sfo rm a tio n s  u n d e r  h y d rogen  defic ien t co n d itio n s . Some of our resvdts has 
a lread y  been  p u b lish ed  in  Refs [9, 10].

E xperim en ta l

All cata ly tic  m easurem ents have been perform ed in  a glass made circulating system  
volume of 0.132 L connected via a sampling valve to  a P ackard  424 gas chrom atograph. The 
products were analysed either w ith a capillary colum n (50 m) filled w ith squalane a t 323 К  or, 
in  order to  dim inish the tim e of the analysis, w ith a 6 m  long column w ith squalane on chromo- 
sorb P  a t 343 K.

Supported noble m etal catalysts were prepared by  im pregnation using w ater soluble 
chlorine compounds. In  order to  avoid support effects m eta l blacks were prepared, too. Method 
of preparation  has a lready been published [11]. C haracterization  of the catalysts is in  Table II . 
The num ber of active m etallic sites was determ ined from  hydrogen adsorption  isotherm  
m easured in  the 0.1 — 1 m bar pressure range a t 295 K . Surface area of metal blacks was inferred 
from  BET/N2 m easurem ents. Value of the average partic le  size (ds) assuming spherical particles 
as well as the m ain crystallite  size obtained from X -ray  d iffraction  data  (dv) are listed in  Table 
II , too.

R esu lts  and  D is c u s s io n

R e a c t i v i t y  o f  h y d r o c a r b o n s  in  c h a in  le n g th e n in g

F o rm a tio n  o f  p ro d u c ts  on 0.9-N i-B , 4 6 -N i-D ep  an d  C u -N i-Im p  (2.5 w t%  
each) c a ta ly s ts  as a fu n c tio n  of tim e  is d ep ic ted  in  F igs l a ,  b and  c, re sp ec tiv e ly . 
I t  has g en era lly  been  observed  th a t  th e  r a te  o f fo rm atio n  o f h y d ro c a rb o n  
frag m en ts  slows dow n w ith  tim e  in d ica tin g  t h a t  th e  c a ta ly s t su rface  is covered  
b y  carbonaceous deposits  a t  th e  very  b e g in n in g  of th e  m e ta l-h y d ro c a rb o n  
in te ra c tio n . F u r th e r  on  we rep o rt upon  th e  in it ia l  p ro d u c t d is tr ib u tio n  p a tte rn s  
m easured  a t  1 — 5 %  conversions (a t 2 —5 m in u te s  c o n ta c t tim e) as w ell as u p o n  
th e  m ax im um  r a te  o f fo rm a tio n  o f h y d ro c a rb o n s  w ith  h igher ca rb o n  n u m b er 
th a n  th e  p a re n t one. R esu lts  are su m m arized  in  T ab le  I I I .

In  F ig . 2 we sum m arized  d a ta  on th e  se le c tiv ity  o f ch a in  le n g th e n in g  
m easured  on  4 6 -N i-D ep t a t  613 К  using  n o rm a l p ara ffin s . As show n on  F ig . 2 
th e  p ro b a b ility  o f  ch a in  len g then ing  increases w ith  increasing  ca rb o n  n u m b e r 
in  ag reem en t w ith  th e rm o d y n am ic  e x p e c ta tio n s . W e did  n o t observe  hom o- 
logues fo rm a tio n  w ith  p ro p an e  in  the  te m p e ra tu re  range 523—663 K . F ro m  
n -b u tan e  n -p e n ta n e , n -p en ten e  and tra c e  a m o u n t o f  2 -m e th y lb u tan e  w ere
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T a b ic  H I

Product

Catalyst Hydrocarbon РИС/РЖг T I  к с, с , С3 с.

46-N i-D ep Propane 1.5 613 67 23 — —

n-Butane 1.5 615 43.5 32 13.5 9.7
n-Pentane 1.5 613 50.1 24.6 6.3 7.5
ra-Hexane 1.5 613 45.3 13 4.9 2.3
7i-Heptane 1.5 613 33.2 14.2 7.4 2.9

16-N i-Im p ra-Pentane 1.5 623 63.0 17.3 6.5 3.5
c-Pentane 1.5 623 61.5 10.1 7.7 5.3
2,2-Dim ethylpropane 1.5 620 62.5 14.3 18.5 5.1
2,3-D im ethylbutane 1.5 625 75.4 10.4 6.7 4.3
2,2-Dim ethylbutane 1.5 623 66.5 8.7 14.3 6.8
2-M ethylpentane 1.5 625 66.2 6.3 4.7 3.2
3-Metliylpentane 1.5 620 63.5 7.4 6.3 6.1
Methylcyclopentane 2 623 53.5 6.3 4.6 4.3
2-M ethylpentane 2 583 52.7 12.1 6.3 4.8
3-M ethylpentane 2 583 55.7 15.3 5.8 6.2

Ni-Cu/SiOo c-Pentane 2 613 21.2 18.6 13.9 14.2
N i-A u/SiO . c-Pentane 2 613 17.4 14.3 22.7 16.1
0.9-N i-B гг-Pentane 1 573 84.1 5.7 3.6 4.8

c-Pentane 1 573 80.2 5.7 2.4 3.2
16-N i-Im p 71-Pentane 1 573 81.4 6.3 2.4 3.6

c-Pentane 1 573 74.6 5.5 2.6 4.3
27-N i-Dep n-Pentane 1 573 66.5 16.8 4.3 3.6

c-Pentane 1 573 52.3 10.2 13.6 2.2
46-N i-D ep n-Pentane 1 570 60.6 14.2 3.2 2.1

c-Pentane 1 570 53.8 10.7 3.6 4.3
Co-B n-Pentane 2 623 76.9 12.3 3.2 1.3
R u-B n-Pentane 2 623 60.3 13.1 8.6 10.2
Rli-B n-Pentane 2 623 63.9 16.5 4.7 6.3
Pd-B b /i-Pentane 2 623 47.2 6.3 7.4 8.2
Re-B 71-Pentane 2 623 88.2 5.5 3.6 1.6
11-O s-Im p ti -Pentane 2 623 83.2 6.7 4.7 2.8

Os-B Ti-Pentane 2 623 82.5 10.2 2.4 1.1
Ir-B 77-Pentane 2 623 57.8 16.6 9.2 8.3
P t-B c 71-Pentane 2 623 26.6 6.3 8.2 6.4

44 -P t-E x ch d n-Pentane 2 623 22.0 23 11.1 8.5

a i?H =  Ia te of form ation of homologues (С„-ц) in  mol m -2  (met) s -1 ; 
b 28 .2%  pentenes;
0 40 .7%  pentenes, 5.1%  cyclopentene;
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distributions

iCi nCs 2MP 3MP 2MH MCP В T X «Н

t r 1.3®
— — - — — -

2.3 x  10~"
— — 2.1 — - — 9.5 2.3 6.3x10-»

1.5 4.3 0.7 — t r — 10.2 14.5 3.3 6 .2x10-»
— — - — — — 20.2 16.6 5.5 6.6ХЮ-»

1.2 — 0.7 - — — 5.5 2.3 — 1.1x10-»
1.4 — 0.8 — — — 9.5 3.7 t r 2.7 x  10“»

3.2 — t r — — t r — — _
3.7 t r — — — t r — — —
2.8 — — — t r — 6.7 10.1 — 6.3 X 10-»
1.2 2.8 — — — — 3.6 9.1 — 4.7x10-»
1.3 0.6 3.3 2.1 1.1 — 8.5 12.3 2.1 9 .6x10-»
1.6 2.7 — — — — 5.2 14.6 — 1.2x10-»
3.2 0.1 - — — — 3.6 10.1 — 9.6x10-»
- 20.1 6.3 5.7 — — 1.3x10-»

18.3 t r tr 3.7 6.2 1.3 — 1.4x10-»
0.1 — t r — 1.7 — — 7 .2 x 1 0 - '°
0.2 2.9 0.2 — — — 5.2 — - 3.6x10-»
0.1 — 0.1 — — — 6.1 — 7.7x10-»
0.2 3.6 0.1 — — — 7.8 1.3 1.2x10-*
— — — — — — 8.7 0.1 i . i x i o - »

0.6 7.7 0.1 — — — 11.2 2.1 2.8x10-»
1.1 — 2.2 — — — 15.5 1.1 3.6x10-»
0.1 1.9 0.6 19.5 5.5 7 .4x10 '»
— — — 6.3 — 9 .6 x 1 0 - ' °

1.5 — 0.3 4.7 1.3 8 .3x10-»
0.6 — 0.2 7.8 t r 1.6x10-»
2.1 — 0.6 — 2.6X 10-"
— — - 1.1 — 1.52x10-»
— — — 2.6 — 1.2x10-»
— — — 3.8 — 3 .3 x 1 0 “»

1.5 — — 6.6 — 5 .2 x 1 0 - '°
6.5 — — 0.2 — 1.1 x i o - ' 2
4.3 — — 0.7 — 2 .3 x 1 0 “"

a 4.6 pentenes, 11.8 cyclopentene; 
e 0.1%  pentene

A d a  Chim. Acad. Sei. H ung. I l l , 1982



638 SÁRKÁNY et al.: CHAIN LENGTHENING

а) Ы с)

F ig. 1. T ransform ation of cyclopentane at 623 K on46-N i-D ep, (a); 0.9-Ni-B, (b) and Cu-Ni-Imp, 
(c) ca ta ly sts . (1) — m ethane; (2) — ethane; (3) — propane +  bu tane; (4) — benzene; (5) —

toluene; (6) — m ethylcyclopentane

Fig. 2. Percentage of Cn+I p roducts (distribution expressed in  term s of carbon num ber) in 
hom ologation of norm al paraffins on 46-Ni-Dep c a ta ly s t (рнс/РНг =  1-5, T  =  613 K)

fo rm e d . n -P en tan e  a n d  n -h ex an e  resu lted  m a in ly  in  th e  fo rm ation  o f b en zen e  
a n d  to lu e n e . F o r h e p ta n e  th e  se lec tiv ity  o f hom ologues fo rm ation  is less th a n  
t h a t  fo r n -p en tan e  a n d  n -h ex an e  owing to  th e  d em eth y la tio n  o f xy len es 
a t  613 K .

T h e  sen s itiv ity  o f  c h a in  leng then ing  fo r th e  s tru c tu re  of th e  s ta r t in g  
h y d ro c a rb o n  is d e m o n s tra te d  in  F ig . 3 u s in g  v a rio u s  pen tan e  an d  h ex an e
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n P  c P  2 , 2 DM P 2 , 3 D M B  2 ,2D M B 2 M P  3 M P  M C P

Fig. 3. Effect of the hydrocarbon structu re  upon form ation of C„+j p roducts (ca ta ly s t 16-Ni
-Im p, T  =  623 К , Рнс/РНг — 1>5)

isom ers, n -P en tan e , cy c lo p en tan e , 2 -m e th y lp en tan e  and  3 -m e th y lp e n ta n e  yield 
m a in ly  benzene an d  to lu en e . 2 ,2 -D im eth y lp ro p an e , 2 ,3 -d im e th y lb u ta n e  and
2 .2 - d im e th y lb u ta n e  w ere in ac tiv e  in  th e  hom ologue fo rm atio n . T h e  m echan ism  
o f ch a in  len g th en in g  could be verified  on  th e  basis of th e  ab o v e  ob se rv a tio n s. 
A m ong  th e  hom ologues th e  Cn+1 p ro d u c ts  in  th e  case of 2 ,2 -d im e th y lp ro p an e ,
2 .3 - d im e th y lb u ta n e  an d  2 ,2 -d im e th y lb u ta n e  confirm s th a t  th e  c h a in  len g th en 
ing  does n o t ta k e  place sim p ly  b y  a lk y l or carbene reco m b in a tio n s .

In  Schem e 1 th e  p roposed  m ech an ism  is depicted . A cco rd in g  to  the  
m echan ism  th e  key  s tep  is th e  carbene in se rtio n  in to  te rm in a l o le fin  via  m eta llo 

i d  CH < H .I
T

Xi - O H i

R - C H  — CH*

CH
■pv

I t — CH r C H 2 
Xi

X i — C H 2 R  - C H 2 C H = C H 2

T
Xi

Scheme 1

C«-dehydro-
o y c l i s a t i o n

cy c lo b u ta n e  fo rm ation . O n N i c a ta ly s ts  carbene in sertion  is r e a d i ly  followed 
b y  1 ,6-cyclization  re su ltin g  in  th e  fo rm a tio n  o f  arom atics. A s fa r  as 2,3-di
m e th y lb u ta n e  an d  2 ,2 -d im e th y lb u ta n e  is concerned th e  a b sen ce  o f  an y  C7 
h y d ro ca rb o n s m ay  be in te rp re te d  b y  ste ric  reasons. As sh o w n  in  Fig. 3 
2 -m e th y lp en tan e  y ields m ore  to lu en e  th a n  3 -m eth y lp en tan e  a l th o u g h  in  the  
l a t t e r  h y d ro ca rb o n  th e  p ro b a b ility  o f  fo rm atio n  o f  a v in y l g ro u p  is g rea ter. 
A ll th e se  evidences co n firm  th a t  c h a in  len g th en in g  is a h ig h ly  se n s it iv e  reaction  
fo r  s teric  an d /o r e lec tron ic  fac to rs .
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T h e selectiv ity  a n d  th e  r a te  of fo rm ation  o f  b e n z e n e  is larger w ith  cyclo 
p e n ta n e  th a n  th a t w ith  re -p en tan e . This difference in  r e a c tiv ity  and  se lec tiv ity  
seem s to  prove th a t  r in g  o p e n in g  on carbon p o iso n e d  c a ta ly s t resu lts  in  th e  
fo rm a tio n  of te rm inal o le fin . R e tu rn in g  to  th e  p ro b le m  o f p ro d u c t d is tr ib u tio n  
p a t t e r n  from  bo th  re -p en tan e  an d  cyclopentane sm a ll am o u n t of b ran ch ed  
h y d ro c a rb o n s  are fo rm ed  a s  w ell. The 2 -m e th y lp en tan e /b en zen e  ra tio  w as 
1 . 5 x l 0 -2  and 2 . 3 x l 0 _1 a t  603 К  on N i-В a n d  46 -N i-D ep , respective ly . N o

F ig . 4. R ate  oibenzene fo rm ation  (R r) and °f fragm entation  (Rpj) w ith  re-pentane a t 573 К  
on 16-N i-Im p (circles) and 0.9-Ni-B (squares)

lo9 PH2

F ig . 5. P artia l pressure of b enzene (1), toluene (2) and o f fragm en ts  a t 2 minutes co n tac t 
time on 46-N i-D ep, T  =  603 K , p^C =  2.66 k N m -2
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traces  o f 3 -m e th y lp e n ta n e  or m e th y lcy c lo p en tan e  can  be observed  su g g estin g  
th a t  in te rn a l d o u b le  bo n d  is inaccessible to  ca rb en e  insertion  on N i c a ta ly s t .

N i-C u /S i0 2 an d  N i-A u /S i02 b im eta llic  c a ta ly s ts  behaved , h o w ev er, in  a 
d ifferen t w ay . O n th e se  ca ta ly sts  benzene a n d  m eth y lcy c lo p en tan e  a p p e a re d  
in  com m ensurab le  q u a n ti ty . On N i-A u /S i0 2 trace s  of 2 -m e th y lp e n ta n e  and
3 -m e th y lp en tan e  cou ld  be detec ted  as w ell. T h e  origin o f m e th y lc y c lo p e n ta n e  
is s till u n d e r  d iscussion .

K inetic  results

T he ra te  o f  fo rm a tio n  of p ro d u c ts  h a s  been  given in  Figs 4 a n d  5 as a 
fu n c tio n  o f h y d ro g e n  p ressu re  for n -p e n ta n e  a t  573 К  and  for 2 -m e th y lp e n 
tan e  a t  603 K , re sp ec tiv e ly . As rev ea led  b y  F igs 4 and  5 th e  re a c tio n  o rd e r 
w ith  re sp ec t to  h y d ro g en  is positive for f ra g m e n ta tio n  in  th e  p re ssu re  ra n g e  
of h y d ro g en  in v e s tig a te d  w hereas th e  r a te  o f  h y d ro ca rb o n  “ b u ild in g  u p ”  i.e. 
fo rm atio n  o f  b en zen e  an d  to luene passes th ro u g h  a m axim um  of 1 : 2 h y d ro - 
ca rb o n /h y d ro g en  ra t io . Such volcano sh a p e d  k in e tic  curves have  b een  g en era lly  
observed  in  h y d ro c a rb o n  tran sfo rm a tio n s  [12]. In  our case th e  fo llow ing e x p la 
n a tio n s can  be g iven . The rig h t side o f th e  cu rve  can be in te rp re te d  b y  th e  
low c o n c e n tra tio n  o f  carbene and  olefin  on th e  su rface . C hem isorp tion  m e a su re 
m en ts w ith  H 2/re-butane m ix tu res have  c o n firm ed  th a t  th e  su rface  coverage  
of h y d ro c a rb o n  decreases sharp ly  w ith  in c rea s in g  H 2/n -b u tan e  ra tio . T h e  posi
tiv e  re a c tio n  o rd e r o f frag m en ta tio n  in d ic a te s  t h a t  hydrogen  sw eeps h y d ro 
carbon  species o ff th e  surface. As fa r as th e  le f t  side of th e  vo lcano  sh ap ed  
curve is concerned  one has to  consider t h a t  in  th e  absence of h y d ro g e n  b o th  
in te rm ed ia te s  i.e. ca rb en e  and  olefin m a y  b e  d eac tiv a ted  b y  loosing h y d ro g e n , 
th e re b y  g iv ing  rise  to  th e  decrease of th e  w o rk in g  active sites.

T he re a c tio n  o rd e r w ith  resp ec t to  h y d ro c a rb o n , b, has also b e e n  d e te r 
m ined a t  603 K . T hese  d a ta  are su m m arized  in  T able IV . The v a lu e  o f  b is 
positive b u t  co n sid e rab ly  less th a n  u n i ty  fo r  b o th  frag m en ta tio n  a n d  ch a in

T ab le  IV

R e a c t i o n  o r d e r  w i t h  r e s p e c t t o  h y d r o c a r b o n  i n  h o m o l o g a t i o n

HC Catalyst Г/К b p ьр*

nP 46-Ni-Dep 603 0.33 0.52
2MP 16-Ni-Dep 603 0.23 0.48
nP Ni-B 603 0.25 0 .3 6

2MP Ni-B 603 0.13 0.33
2MP Ni-B 633 0.07 0.19

* 6, — hydrocarbon order of fragm entation .
** b2 — hydrocarbon order of chain lengthening.

Acta Chim. Acad. Set. Hung. I l l , 1982



642 SÁRKÁNY et ai.: CHAIN LENGTHENING

le n g th e n in g  suggesting  th a t  th e  c a ta ly s t su rface  is covered m ain ly  b y  h y d ro 
c a rb o n  ow ing to  th e  low excess o f  h y d ro g en  a n d  to  th e  high re a c tio n  te m 
p e ra tu re .

T h e  a p p a re n t a c tiv a tio n  energies are  17 — 32 an d  88— 105 k J  m o l-1  fo r 
b en z e n e  fo rm a tio n  and  fra g m e n ta tio n , re sp ec tiv e ly , from  n -p en tan e  in  th e  
te m p e ra tu re  range 550—600 К  w ith  46-N i-D ep  ca ta ly s ts . W ith  2 -m e th y l-  
p e n ta n e  w ith  th e  sam e c a ta ly s t  th e  a c tiv a tio n  energies are 15 — 25 an d  75 — 85 
k J  m o l-1  fo r to luene  fo rm a tio n  an d  fra g m e n ta tio n . The ap p a ren t a c t iv a tio n  
e n e rg y  o f  th e  fo rm atio n  o f  benzene  becom es n e g a tiv e  above 653 K . A t su ch  
h ig h  te m p e ra tu re s  th e  ra te  o f  d eso rp tio n  o f  b en zen e  (toluene) and  its  f ra g m e n 
t a t io n  o n  th e  surface becom es co m m en su rab le  ow ing to  th e  larger a c tiv a tio n  
e n e rg y  o f  th e  la t te r  process.

E ffe c t o f  dispersion o f  Ni catalysts upon chain lengthening

F ig u re  6 shows th e  se le c tiv ity  and  th e  r a te  o f benzene fo rm a tio n  (in  
b ra c k e ts )  from  n -p en tan e  on  N i c a ta ly s ts  o f v a rio u s  dispersion. A p p a re n tly  
th e  c ry s ta l l i te  size of Ni in flu en ces th e  p ro b a b ili ty  of chain  len g th en in g  to  
c e r ta in  e x te n t;  it  increases w ith  decreasing  c ry s ta llite  size. This o b se rv a tio n  
m a y  em p h asize  th e  im p o rta n c e  o f surface sites o f  low  coord ination  i.e. edges, 
k in k s , co rn e rs  etc. in  ca rb en e  in se rtio n . T he sh ap e  o f th e  k inetic  cu rves (co m 
p a re  F ig . l a  and lh )  p u ts  th e  m a tte r , h o w ever, in  a n o th e r ligh t. W ith  N i-B

Fig. 6. Percentage of Cn+j p roducts and ra te  of th e ir  form ation on various N i ca ta ly sts a t
573 К , рнс/РНз =  1
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T ab le  V

C/Nis ratio after 60 minutes contact time

Catalyst HC P H C lP U i T/K
C/Nie

A< В

0.9-Ni-B cP 2 603 3.98 3.47

0.9-Ni-B cP 2 643 9.22 7.15

0.9-Ni-B nP 2 603 4.86 4.03
46-Ni-Dep eP 1.5 633 0.67 0.33
46-Ni-Dep eP 2.5 603 0.38 0.33

46-Ni-Dep cP 0.04 602 0.03 0.04

* р н с  =  53.2 m bar; A — sam ple oxidized a t 773 К  and C02 m easured; В — sample 
hydrogenated  a t 773 К  and CH4 m easured.

c a ta ly s ts  th e  ra te  o f benzene  fo rm a tio n  d rops rap id ly  in d ic a tin g  th a t  c a r 
bonaceous deposits arc  a c c u m u la ted  on th e  su rface  b locking  th e  a c tiv e  sites. 
A nalysis o f  carbon  c o n te n t o f  w ork ing  c a ta ly s ts  has confirm ed o u r susp ic ion . 
T h e  v alue  of th e  n u m b er o f  ca rb o n  a to m  p e r surface N i a to m s, C /N is, is p re 
se n te d  in  T ab le  IV . A fte r  60 m in u te s  c o n ta c t tim e  th e  a m o u n t o f  c a rb o n  on 
N i-В is eq u iv a len t to  3 — 5 m ono layers d epend ing  on th e  e x p e rim e n ta l con d i
tio n s . 46-N i-D ep c a ta ly s ts  seem s to  be m ore  re s is ta n t to  ca rb o n  po ison ing . 
O x id a tiv e  tre a tm e n t gives la rg e r va lu es  for C /N is th a n  th e  re d u c tiv e  one p o in t
ing  to  th e  fac t th a t  p a r t  o f  th e  carb o n aceo u s deposits is in  g ra p h ite  fo rm .
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Fig. 7. Tem perature program m ed hydrogenation of carbon deposit from 0.9-Ni-B cata lyst. 
T  =  593 К ; (1), C/Nis =  0.8; (2), C/Nis =  1.5; (3), C/Nis =  3.7
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4 0 0

Tr °C

Fig. 8. Position of peak tem p era tu res  as a function of ca rb u ra tio n  tem perature (Tr); (1) a form;
(2) ß form; (3) у  form

T h e re a c tiv ity  o f su rfa c e  carbon  d ep o sits  h a s  b een  in v estig a ted  in  m ore 
d e ta i l  b y  te m p e ra tu re  p ro g ram m ed  h y d ro d e so rp tio n  (T P H D ) m easu rem en ts . 
I n  th e se  experim en ts th e  su rface  carbon  w as fo rm e d  from  ethy lene  a t  d iffe ren t 
re a c t io n  te m p e ra tu re s  (T r). F igure 7 show s a ty p ic a l  T P H D  m easu rem en t 
re v a lin g  d ifferent su rface  s tru c tu re s  of c a rb o n . P o s itio n  of th e  peak  te m p e ra 
tu r e  (T p) is sh ifted  to  h ig h e r  te m p e ra tu re s  w ith  increasing  c a rb u ra tio n  te m 
p e ra tu re  (T r) as d ep ic ted  in  F ig . 8. The d isp e rs io n  does only  s ligh tly  in fluence  
th e  p o s itio n  of th e  p eak s  a t  e leva ted  te m p e ra tu re s , b u t  th e re  is considerab le  
d iffe ren ce  in  the  a m o u n t o f  th e  various fo rm s o f  ca rb o n  on these  sam ples.

T able  V I

Composition o f carbon deposits as measured by T P H D , C/Nis =  3.3 — 4.2

Catalyst Tr! к
Distribution, %

a ' a + ß Y «5*

0.3-Ni-B 623 ».9 52.6 34.3 12.5
723 — 11.3 43.0 44.7

0.9-Ni-B 623 1.0 58.1 30.6 10.3
16-Ni-Imp 633 3.3 45.1 46.5 5.1

723 1.5 39.4 48.6 10.5
46-Ni-Dep 623 5.6 37.4 45.8 , 1.2

723 2.9 32.1
I

64.7 3.3

* Calculated from carbon  balance.
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A ccord ing  to  th e  d a ta  in  T ab le  V I a t  623 К  on N i-В c a ta ly s t  p a r t  o f th e  carbon  
dep o sits  can  be fo u n d  in  th e  h ig h ly  u n reac tiv e  ő form , w hereas o n  th e  m ore 
d ispersed  c a ta ly s ts  a ’, a , ß  an d  у  form s are d o m in a ted . A p p a re n tly  th e  s tab ility  
o f th e  m ore re ac tiv e  fo rm s is la rg e r on sm all c ry s ta llite s  ev en  in  th e  absence 
o f  hyd rogen . O n th e  basis  o f th e  above p re sen ted  o b se rv a tio n s  we m ay  safely 
propose th a t  am o rp h o u s (y) an d  g rap h itic  (8) ca rb o n  is in a c tiv e  in  th e  course 
o f ch a in  len g h ten in g , w hereas a an d  ß  fo rm s m ig h t serve h y p o th e tic a lly  as a 
source  of carbene.

A c tiv ity  o f  transition  metals in  chain lengthening

The chain  len g th en in g  a c tiv ity  o f V U Ib  m e ta ls  a n d  R e has been  te s ted  
b y  m easuring  th e  r a te  o f fo rm a tio n  of benzene from  n -p e n ta n e  w ith  b lacks a t  
623 К  using a 2 : 1 h y d ro g en /h y d ro ca rb o n  m ix tu re . T he e x p e rim en ta l resu lts  
a re  d ep ic ted  in  F ig . 9 to g e th e r  w ith  th e  e th an e  h y d rogeno lysis  a c tiv ity  of these 
m e ta ls  [23] a t  523 К  (H 2/H C  =  10). In  b o th  th e  second an d  th ird  rows th e  
r a te  o f benzene fo rm a tio n  increases m oving from  rig h t to  le f t. S im ilar resu lts  
w ere o b ta in ed  w ith  silica su p p o rted  m etals. A t 623 К  b o th  P d  an d  P t  blacks 
y ie ld  only sm all a m o u n t o f Cn+1 p ro d u c ts . T h e  low  a c tiv i ty  o f these m etals 
c a n  be in te rp re te d  in  te rm s o f th e ir  poor ca rb en e  fo rm a tio n  a c tiv ity  since 
selfpo isoning  influences on ly  slig h tly  th e  fo rm a tio n  o f  olefins. T he p resen ted  
d a ta  in  F ig . 9 rev ea l th a t  th e  hydrogenolysis an d  ch a in  len g th en in g  a c tiv ity  
sho w  rem ark ab le  para lle lism  over these m eta ls . T ak in g  in to  acco u n t th a t  chain

Fig. 9. Rate of benzene form ation (u>horm mole m - s ')  from n-pentane a t  623 К  and of 
hydrogenolysis of ethane (ichydr» mole m -2 s -1) a t  523 К  on tran sition  m etal blacks
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le n g th e n in g  requires ca rb en e  fo rm a tio n  a c tiv ity , fu rth e rm o re , th a t  ru p tu re  o f 
С — C b o n d  is m ore sen sitiv e  fo r  ca rb o n  poisoning th a n  th a t  o f C — H  bond  
th e  o b se rv ed  correlation  seem s to  he rea listic  and  em phasizes th e  im p o rtan ce  
o f  c a rb e n e  fo rm ation  a c tiv ity .

T h e  resu lts  of O’D o n o h o e , Cl ark e  and  R o o n e y  [7, 8] w ith  W , N h , Mo, 
R h , P t ,  P d  film s to g e th e r w ith  o u r re su lts  in  references [9, 10] a n d  in  th is  
p a p e r  p e rm it to  suggest t h a t  h y d ro c a rb o n  “ b u ild -u p ’4 b y  CHX in se rtio n  is a 
g e n e ra l phenom enon  u n d e r c o n d itio n s  of “ deep’4 fra g m e n ta tio n .

M e c h a n ism  o f  isomerization a n d  arom atization on N i and  Co catalysts

F i r s t  we should like to  r e tu r n  an d  discuss th e  m ech an ism  o f isom er fo rm a
t io n  o b se rv ed  under h y d ro g e n  d e fic ien t conditions on  v a rio u s  N i an d  Co c a ta 
ly s ts .  F ro m  n-pen tane b esid e  b en zen e  sm all a m o u n t o f  2 -m e th y lp e n ta n e  and 
2 -m e th y lb u ta n e  could be o b se rv e d  as well. I t  is o u r op in ion  th a t  2 -m ethy l- 
b u ta n e  stem s from  2 -m e th y lp e n ta n e  via  ru p tu r in g  o f th e  С — C b o n d  b e tw een  
p r im a r y  a n d  secondary  c a rb o n  a to m s . In  2 -m e th y lp en tan e  [14, 15] th e  re a c tiv 
i t y  o f  Cx — Си bond is la rg e r  b y  a fac to r of 5 — 8 th a n  th a t  o f C1 — Сш  bo n d  
o v e r N i ca ta ly sts . W e p ro p o se  th e re fo re  th a t  iso m eriza tio n  o f p e n ta n e  tak es  
p la c e  b y  a CHX addition — abstraction  mechanism . T his re a c tio n  ro u te , w hich 
is c o m p le te ly  d ifferent from  th e  sk e le ta l re a rra n g em e n t o f h y d ro ca rb o n s  ob 
se rv e d  o n  P t ,  Ir , P d  c a ta ly s ts , c a n  be regarded  as a n  “ external Cx sh ift” .

T h e  m echanism  of a ro m a tiz a t io n  of 2 -m e th y lp en tan e  an d  3 -m eth y lp en - 
t a n e  o n  N i and  Co c a ta ly s ts  be lo n g s also, accord ing  to  o u r op in io n , to  th is

log PH2

Fig. 10. Toluene/benzene ratio  in  tran sfo rm atio n  of 2-m ethylpentane on 46-Ni-Dep a t 603 К  
(circles) and  on 13-Co-Imp a t 593 К  (squares)
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log , kNm 2

Fig. 11. Toluene/benzene ratio  in transform ation  of 3-m ethylpentane on 46-N i-Dep a t 603 К 
(circles) and on 13-Co-Imp a t 593 К  (squares)

p rob lem . T h eo re tica lly  th e  fo rm atio n  o f  ben zen e  from  m e th y lp e n ta n e s  requ ires 
e ith e r  b o n d -sh if t o r C5-cyclization  a c t iv i ty  [16]; th e  n-hexane species form ed 
on th e  su rface  m a y  th e n  p a rtic ip a te  in  1 ,6 -ring  closure re su ltin g  in  th e  fo rm a
tio n  of benzene. O n P t ,  P d  c a ta ly s ts  th e  m echan ism  of benzene fo rm a tio n  can 
be ex p la in ed  th is  w ay . R ecen t resu lts  [17, 18] w i th 13C labelled  3 -m e th y lh ex an e  
on P t /A l ,0 3 c a ta ly s ts  have  confirm ed t h a t  beside 1,6-ring closure a n  a d d itio n a l 
re a c tio n  ro u te  is w ork ing  w hich in v o lv es  1 ,5-ring closure, rin g  o p en in g  and 
1,6-ring  c losure  in  th e  adsorbed  p h ase . As fa r  as Co and  Ni c a ta ly s ts  are  con
cerned  th e re  is no evidence in  th e  l i te r a tu r e  for th e ir  C5-cy c liza tio n  a c tiv ity . 
C arefu l s tu d y  o f  tra n sfo rm a tio n  o f 3 -m e th y lp e n ta n e  over Y H Ib  G ro u p  m eta ls  
has p ro v ed  th a t  on ly  P t ,  I r , R h  an d  P d  p ro m o te  C5-cyclization  [19]. S kele ta l 
re a rra n g e m e n t a c t iv i ty  o f Co and  N i co u ld  also be ru led  o u t [19].

O n th e  basis  o f  th e  ch a in -len g th en in g  a c tiv ity  of Co a n d  N i c a ta ly s ts  
benzene fo rm a tio n  from  m e th y lp e n ta n e s  can  be in te rp re ted  by  carbene insertion  
— m ethyl abstraction m echanism . T h e  p o s tu la te d  m echan ism  consists  o f 
th e  follow ing consecu tive  steps in  th e  ch em iso rp tio n  phase: c a rb en e  in se rtio n  
in to  m e th y lp e n ta n e  resu ltin g  in  th e  fo rm a tio n  o f  m e thy lhexane  species, 1,6-ring 
closure follow ed b y  th e  d em e th y la tio n  o f  to lu en e . In  Figs 10 an d  11 th e  to lu en e / 
benzene ra tio  fo rm ed  from  2 -m e th y lp e n ta n e  and  3 -m e th y lp en tan e  h as  been 
d ep ic ted  as a fu n c tio n  o f hyd ro g en  p re ssu re  on 46-N i-D ep a n d  13-C o-Im p 
c a ta ly s t ,  re sp ec tiv e ly . W ith  in creasin g  h y d ro g en  pressure th e  s e le c tiv ity  o f 
to lu en e  fo rm a tio n  decreases since h y d ro g e n  p rom otes d e m e th y la tio n  o f  to luene .

T he p ro p o sed  carbene in se rtio n —m e th y l a b s trac tio n  m ech an ism  has been 
verified  b y  ra d io tra c e r  experim en ts, as w ell. In  these  ex perim en ts 14C -benzene
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Table VII

Measurements with l4C-benzene — 2-methylpentane mixtures

Catalyst T/K a QTÍ6B0 ев,'ев»

0.9-Ni-B 623 30.5 0.22 0.36
0.9-Ni-B 573 25.5 0.07 0.49
46-Ni-Dep 563 17.8 0.03 0.63
46-Ni-Dep 583 25.6 0.11 0.49
46-Ni-Dep 623 12.1 0.2 0.63

a  — conversion in  % ; oBo — in itia l specific ac tiv ity  of benzene; Qj and are th e  
actual specific activ ities of toluene and  benzene, resp.

lias b e e n  a d d e d  to  2 -m e th y lp en tan e /h y d ro g en  m ix tu re . R esults are co llec ted  
in T a b le  V I I .  A ccord ing  to  th e  carbene in se r tio n  m odel th e  ra d io a c tiv ity  o f  
to lu en e  sh o u ld  be zero if  th e  rad io ac tiv e  b en zen e  is n o t frag m en ted . T h is  
re q u ire m e n t as show n in  T ab le  V II  is fu lfilled  be low  615 K . A p p earan ce  o f  
in a c tiv e  to lu e n e  confirm s th e  carbene in se r tio n  m odel th u s  a lk y la tio n  o f  
b en zen e  co u ld  be ru led  ou t. A t e lev a ted  te m p e ra tu re s  frag m en ta tio n  o f b en zen e  
m a y  se rv e  as a carbene source, th u s  th e  to lu e n e  fo rm ed  becom es ra d io a c tiv e , 
as w ell.
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ERRATA

The correct formula of the 2,5-disubstituted fu rán  ring on p. 253 in Vol. I l l  is as follows:
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