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R ece iv ed  N o v em b er 25, 1980 
A ccepted fo r p u b lic a tio n  M arch  12, 1981**

T he e x tra c tio n  of i ro n ( I I I )  from  its  aq u eo u s perch lo rate  so lu tio n s  in  p resence of 
salicylic acid  in to  th e  new  a n d  ind ig en o u s so lv e n t tri-isoam yl p h o sp h a te  (T A P ) d ilu ted  
w ith  c a rb o n  te trach lo rid e  h as  b een  s tu d ie d  u sin g  sp ec tro p h o to m etric  te c h n iq u e . The 
h igher v a lu es fo r th e  d is tr ib u tio n  coefficien t fo r iro n (III)  are o b ta in e d  a t  a n  in itial 
p H  of 3.15 fo r th e  aqueous p h ase  a n d  [H 2sal] =  0.1 m ol d m -3 . A d y n a m ic  equ ilib rium , 
in th e  aqu eo u s phase, ex is ts  b e tw een  a n u m b e r  o f  species co n ta in in g  iro n ( I I I )  and 
salicylate  an ion . The com position  of th e  e x tra c te d  species is F e S a l-H sa l  • 2T A P.

In tro d u c tio n

T he fo rm a tio n  o f iro n (III)-sa licy lic  ac id  com plexes is r a th e r  w ell know n 
a n d  th e  concep t has been used to  develop  m eth o d s  for the  q u a n t i ta t iv e  d e te rm i­
n a tio n  o f  iro n ( I I I ) ,  th e  salicylic  acid  a n d  ev en  some of its  d e r iv a tiv e s  [1 — 3]. 
Salicylic  acid (H.,sal), a d ibasic  ac id , m ay  fu n c tio n  as a doub ly  c h a rg e d  biden- 
ta t e  ligand  ( s a l-2 ) or a singly  ch a rg ed  m o n o d en ta te  ligand ( H s a i - ). I t  form s 
com plexes w ith  iro n (I I I )  h av in g  F e : lig an d  ra tio s  of 1 : 1, 1 : 2 a n d  1 : 3 [4]. 
I n  th e  e x tra c tio n  o f u ran iu m (V I) [5] in to  m e th y l iso-butyl k e to n e  (M IB K ) 
in  th e  presence o f salicylic ac id  th e  species ex trac ted  w ere fo u n d  to  be 
U 0 2(H sa l)2 and  U(X( H sa l)2 • H 2sal. H ow ever, fo rT h (IV ) the  m o lecu la r fo rm ula 
o f  th e  e x tra c te d  m o ie ty  was T h (H sa l)4 • H 2sal [6]. The species fo rm ed  w ith  
b e ry lliu m (II)  w hen  it  is e x tra c te d  in to  am y l alcohol has been re p o r te d  as n e u tra l 
B e(Sal) [7]. T e rn a ry  la n th a n id e  com plexes o f the  ty p e  M n l(H sa l)3 -(T B P )2 
fo llow ing e x tra c tio n  m ethods h a v e  b een  p repared  and c h a ra c te r ise d  [9]. 
D u rin g  th e  p a r t i t io n  of c o b a lt( I I )  b e tw een  its  aqueous so lu tio n  co n ta in in g  
salicy lic  acid an d  T B P , it has b een  suggested  th a t  the  e x tra c te d  species is 
C o (H sa l),-2 T B P  [8].

W e have p rep a red  th e  new  so lven t tri-iso am y l p h o sp h a te  (T A P ) by  an  
ind igenous process and  th e  so lv en t is m uch  ch eap er th a n  T B P . T h e  p o te n tia li­
t ie s  of th is  new  so lven t have a lre a d y  been  estab lished  for th e  e x tra c tio n  of 
tr iv a le n t  m eta ls , e.g. G a (III) , I n ( I I I ) ,  T l ( l l f )  [10] and F e (I I I )  [11] from  th e ir

* To w hom  correspondence sh o u ld  be ad d ressed
** In  final form  accepted  S e p tem b e r 14, 1981
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h y d ro h a lic  acid so lu tions. T h e  s tud ies were e x te n d e d  to  in v estig a te  th e  c h e la te  
e x tra c tio n  system  for iro n ( I I I )  in  th e  presence o f  sa licy lic  acid, and  th e  re su lts  
are  re p o r te d  in  th is  co m m u n ica tio n .

Experimental

T ri-iso am y l phosphate (T A P )

I t  h a s  been  p re p are d  fro m  fuse l oil, a b y -p ro d u c t o f  I n d ia n  Alcohol In d u s try  [10] an d  
w as d ilu te d  w ith  carbon  te tra c h lo r id e .

S tock  solution of iro n (I II )

F e rr ic  hydrox ide  w as fresh ly  p rec ip ita ted  b y  th e  a d d itio n  of aqueous am m onia  in to  a 
so lu tio n  of fe rric  n itra te  (A R , B D H ). T he h y d ra te d  ox ide  w as th o ro u g h ly  w ashed to  rem o v e  
a n y  a d so rb e d  ions and  th e n  d isso lv ed  in perchloric acid  (6 0 %  A R ) to  get a stock  so lu tio n  of 
fe rric  p e rch lo ra te . The iron  c o n te n t  o f th is so lu tion  w as d e te rm in e d  sp ec tro p h o to m etrica lly  
b y  th e  co n v en tio n al th io c y a n a te  m e th o d  [12].

A ll th e  o th er reag en ts  a n d  so lu tions were p re p a re d  fro m  th e  A nalaR  grade chem icals.

E x traction  procedure

15 m l  o f th e  d ilu ted  T A P  w as p re-equ ilib ra ted  w ith  a n  eq u al volum e of th e  so lu tio n  
co n ta in in g  th e  desired a m o u n ts  o f salicylic acid a t  an  a p p ro p r ia te  p H  b u t n o t i ro n (I II ) .  I t  is 
o b se rv ed  th a t  e x tra c tio n  of sm all a m o u n ts  of salicylic acid  ta k e s  p lace  and i t  is p H  d e p en d e n t. 
N ev erth e le ss , th e  d is tr ib u tio n  cu rv e  for salicylic acid  is in d e p e n d e n t of in itial [H „Sal]t0tai 
p ro v id ed  i t  is m a in ta in ed  as <  1 0 - I  M  (M  =  mol d m “ 3 a n d  th e  n o ta tio n  is used in  all th e  
f ig u res a n d  th e  tex t) . C o n seq u en tly , for all th e  su b se q u e n t ex trac tio n s of iro n ( I I I )  th e  
[II-2Sal ]total w as tak e n  to  be < 1 0 _1 M .  10 m b of th is p re -e q u ilib ra te d  solvent was th e n  ad d ed  
to  a n  a q u eo u s  lay er hav in g  id e n tic a l conditions and  d esired  a m o u n ts  of iro n (III) . T h e  layers 
wen- sh a k e n  vigorously  fo r 15 m in u te s  (which is su ffic ien t to  a t t a in  equilibrium ) a n d  allow ed 
to  s ta n d  a n d  th en  th e  lay e rs  w ere  sep ara ted .

5 m b  a liquo ts from  b o th  lay e rs  were w ithd raw n , th e  o rg a n ic  acid decom posed b y  t r e a t ­
m e n t w i th  cone. H N 0 3 an d  f in a lly  th e ir  iro n (III)  c o n te n t w as e s tim a te d  sp ec tro p h o to m etrica lly . 
T he sa lic y la te  c o n cen tra tio n  w as ev a lu a te d  from  th e  sp e c tra l  d a ta  by  a m eth o d  re p o rte d  
ea rlie r [8] w h ich  u tilized  th e  fo rm a tio n  of m ono sa licy la te  i ro n ( I I I )  species show ing  s tro n g  
a b so rp tio n  a t  530 nm  in th e  a q u eo u s  phase. H ow ever, in  som e cases, th e  analysis o f salicylic  
acid  w as also checked b y  in d e p e n d e n t  m ethod , i.e. b y  th e  v o lu m e tric  brom om etric  m e th o d  
re p o rte d  ea rlie r [4]. T he m ass b a la n ce  for th e  iro n (III)  c o n te n t  o f th e  aqueous an d  organ ic  
lay e r h a s  been  checked.

T h e  p H  of th e  so lu tio n s w ere  m easured  acc u ra te ly  w ith  a s ta n d a rd  p H  m ete r (E C IL , 
H y d e ra b a d , In d ia). T he ionic  s t r e n g th  was m ain ta in ed  a t  0.5 M  th ro u g h o u t these ex p erim e n ts  
b y  th e  a d d itio n  of ca lcu la ted  a m o u n ts  of co n cen tra ted  so lu tio n  of sodium  p erch lo rate . I t  was 
fu r th e r  a ssum ed  th a t  u n d e r  th ese  conditions th e  a c t iv i ty  fa c to rs  are co n stan t a n d  hence 
c o n c e n tra tio n s  can be used  in s te a d  o f  activ ities in th e  sy s te m . A ll th e  equ ilib ra tions w ere  done 
in  g lass s to p p e red  m easu ring  cy lin d e rs  in a th e rm o sta tic  b a th  m a in ta in ed  a t  25 +  1 =C.

Results and Discussion

T h e  d is tr ib u tio n  ra t io  (D ) for iro n (I I I )  w as ev a lu a ted  a t a c o n s ta n t 
[H 2Sal]totai while th e  in it ia l  m e ta l c o n cen tra tio n  w as in  the  range of 1 0 ~ 2 — 
— 1 0 “ 5 M . The re su lts  (g iv en  in  Table I) show  t h a t  a t an  in itia l i ro n ( I I I )
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T ab ic  I

Effect o f  the iro n (III)  concentration on the distribution ratio at p H  =  3.15 
[H2sal]totai =  1 0 - ’ M , vol. o f aq . la y e r  =  vol. o f org. layer =  10 m b, 

[TAP] =  10% vol/vo l in  CCI4, ß  =  0.5 M

S. No. 1 2 3 4

F e ( I I I )  cone, in mol d m -3  

D istrib u tio n  ra tio  (D )

i . o x i o - »

8.49
4 .0 x 1 0 -*
8.49

l . o x i o - 3

8.49
5 .0 X 1 0 -3
9.55

5 6 7 8

F e ( I I I )  cone, in mol d m -3  

D istrib u tio n  ra tio  (D )

8.0 x  1 0 -3  
10.18

1.0 X lO -2 
10.61

2.0 x  10~2 
11.04

5 .0 x 1 0 -2
11.67

c o n c e n tra tio n  of less th a n  10 _3 M  th e  d is tr ib u tio n  ra tio  is in d e p e n d e n t o f  th e  
iro n ( I I I )  c o n c e n tra tio n . A t h igher m e ta l c o n c e n tra tio n  th e  values o f  D  show  
slig h t and  g rad u a l increase and th e  co lo u r o f  th e  organic layer ch an g es  from  
p u rp le  to  p ink . W h en  th e  sp ec tra  o f  th e  tw o  layers were ta k e n , th e  e x tra c ts  
a t  low  iro n (III)  con cen tra tio n s show ed  m ax im u m  abso rp tion  a t 530 u n i w hile 
fo r th o se  w ith  F e ( I I I )  >  10 3 M  th e  Amax is sh ifted  tow ards low er w a v e le n g th s . 
A lso th e  increasing  iro n (III)  c o n c e n tra tio n  w ould  b ring  th e  eq u ilib riu m  p H  to  
a low er value t h a n  th a t  of th e  in it ia l  an d  th is  should  give decreased  v a lu e  of 
D  b u t  on th e  c o n tra ry  the  D  v a lu es  a re  increased . H ence it  is q u ite  ev id en t 
t h a t  an o th e r species is form ed a t h ig h e r  co n cen tra tio n s of iro n ( I I I ) .  T h e  fact 
t h a t  th e  D  v a lu es  a t  lower [F e ( I I I ) ]  u p  to  10 ~ 3 M  are in d e p e n d e n t o f  th e  
m e ta l c o n c e n tra tio n  suggests th e  e x tra c tio n  o f only m ononuclear species.

F igure  1 show s th e  plots o f log  D  vs. p H  a t d ifferen t [H 2Sal]totai a n d  if can  
lie seen th a t  a t a n  in itia l pH  of 3.15 fo r [F e ( I I I ) ]  =  1 0 -4 M  m ax im u m  e x tra c ­
tio n  is observed  a t  [H 2Sal]totai 1 0 _1 M . T he  figure also in d ic a te s  t h a t  th e  
D  va lues show  a g ra d u a l increase as th e  in it ia l  p H  increases, a t ta in  a m ax im a  
an d  th e n  decrease. H ow ever, w hen  th e  salicylic  acid co n c e n tra tio n  decreases 
th e  m ax im a are  sh ifted  tow ards h ig h e r p H  values.

From  th e  a lre a d y  repo rted  v a lu es  o f  th e  equ ilib rium  c o n s ta n ts  [4. 13, 14] 
fo r th is  e x tra c tio n  system  invo lv in g  o th e r  e x tra c ta n ts  it  ap p ears  t h a t  below  
p H  2.0 th e  p re d o m in a n t species p re se n t in  th e  aqueous phase is F e ( I I I )  w hereas 
in  th e  pH  ran g e  o f  2.0 5.0 F e S a l+ an d  F e S a b  have been fo u n d  to  be th e
m a in  species. H o w ev er, as ex p ec ted , th e  e x tra c tio n  of iro n (H I)  a t  v a ry in g  
p H  values d ep en d s on th e  sa licy la te  av a ilab le  in  th e  system  c o n ce rn ed . The 
eq u ilib ria , in  th e  aqueous phase, c a n  be rep re sen ted  as follows:

F e 3+ -f  H 2Sal ^ F e S a l +  +  2H + (1)
FeSal + +  H sa i -  ^  FeSal ■ Hsai 
F eS a l+ -f- H s a i -  7=^ FeSal+  -j~ H  +

1* A d a  Chim. Acad. Sei. llu n g . 110, 1982
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(3)



4 PA N D EY , R U PA IN W A R : EXTRACTION O F IR O N (IIl)-SA LIC Y LA TE

T h erefo re , i t  c a n  be  suggested  th a t  a t  low  p H  th e  equilib rium  show n b y  
e q u a tio n  ( 1) is m a in ta in e d  w hich is followed b y  th e  second eq u a tio n  a t  h ig h e r 
sa lic y la te  c o n c e n tra tio n s . H ow ever, a t  c o n s id e ra b ly  h igher p H , i.e. 6.0 a n d  
ab o v e  th e  eq u ilib riu m  show n in  (3) seem s to  be m ore p red o m in an t in  th e  
aq u eo u s p h ase .

T h e  increasing  tre n d  o f  th e  d is tr ib u tio n  ra t io s  w ith  an  increase in  p H  
(F ig . 1) m a y  be  a t t r ib u te d  to  th e  fa c t th a t  a t  lo w er p H  values th e  eq u ilib riu m

pH

F ig . 1. F e ( I I I )  e x tra c tio n  as a fu n c tio n  of to ta l  salicylic  ac id  co n cen tra tio n s [F e3+] =  1 0 - i  iff. 
(1) H ,sa l =  2 X 10 - 1 M ;  (2) H 2sal =  3.3 X 10 ~2 M ;  (3) H .sa l =  4 X 10 - 3 Af; (4) H.,sal =  10 M ;  

(5 ) H ,sa l =  1 0 - 2 M ;  (6) H .sa l =  10“ 3 M .  [T A P ] =  10%  vol/vol in CCI,

F ig . 2. E x tra c t io n  of F e ( I I I )  as a fu n c tio n  of log [H s a l~ ]aq a t  co n stan t pH . (a) p H  =  3.15, 
(b) p H  =  4.0; [F e3 + ] =  1 0 -1  M . [TA P] =  10%  v o l/vo l in  CCI,, n =  so lva tion  n u m b er

Acta Chim. Acad. Sei. Hung. 110. 1982
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o f E q . (1) is sh ifted  to  th e  le ft. As th e  p H  rises H sai -  p a rtic ip a te s  in  th e  equ i­
lib riu m  process and  allows an  increased  e x tra c tio n  by giving u n c h a rg e d  species. 
H ow ever, increasing  th e  p H  v a lu e  s till fu r th e r  th e  D  values d ec rease  an d  th is  
can  be a t t r ib u te d  to  th e  h y d ro lysis  o f  i r o n ( I I I )  species. The p o ss ib ility  of th e  
fo rm a tio n  o f in e x tra c ta b le  p o ly n u c lea r  species also can n o t h e  ru le d  out. 
F u r th e r  d e ta iled  evidence described  below  in d ica tes  th a t  in  th e  p H  range  of
2.0 — 5.0 th e  anionic species (FeSal^“) th o u g h  exists in  th e  a q u e o u s  p h ase  is 
n o t e x tra c te d .

P lo ts  o f  log D  vs. log [H s a l- ]aq. a re  show n in  Fig. 2. T h u s  we m ay 
conclude  th a t  th e  e x tra c te d  species c o n ta in s  one H sa i-  ion  p e r  iro n  a to m  
an d  con sid erin g  th a t  th e  u n ch a rg ed  species are co m p ara tiv e ly  m ore  easily 
e x tra c te d  in to  th e  organic lay e r a n o th e r  m olecule of Sal2 - is a sso c ia te d  and  
hence th e  m o lecu lar fo rm ula  o f  th e  species c a n  be speculated  to  be  F eS a l • H sai.

T h e  e x tra c tio n  o f n e u tra l  species viz . F eS ahH sal is s u b s ta n t ia te d  by  
th e  a b so rp tio n  sp ec tra  of th e  o rgan ic  la y e r  w h ich  shows a sharp  p e a k  a t  530 nm . 
T h is p e a k  has been  rep o rted  [4] to  co rre sp o n d  w ith  th e  F e S a l+ c a tio n  in  th e  
aqueous so lu tio n  w hereas th e  o th e r  species fo rm ed , viz. FeSal^" a n d  th e  F eS alj~ , 
show  ab so rp tio n s  re spec tive ly , a t  490 a n d  430 nm . All these  a b so rp tio n s  are 
re la te d  to  th e  charge  tra n s fe r  tra n s i t io n  fro m  th e  phenolic o x y g e n  o f the  
sa licy la te  g roup  to  th e  m e ta l a to m  a n d  since  th e re  is no sh ift in  th e  ab so rp tio n  
m ax im a  a t  530 nm  i t  m ay  be in fe rred  t h a t  th e  phenolic oxygen  o f  th e  H sa i-  
an ion  does n o t co o rd in a te  to  i ro n ( I I I ) .

F ig . 3. V a ria tio n  of log D  w ith  log C j-др using  c a rb o n  te trach lo rid e  as a d ilu e n t a t  (a ) p H  =  3,15, 
(b ) p H  =  4.0. [F e 3+] =  1 0 “ 4 M ,  С-рдр =  %  co n ce n tra tio n  of T A P  in  CC14 v o l/vo l; n  =

=  so lv a tio n  n u m b e r
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G en era lly , in  such c h e la te  ex trac tio n  sy stem s th e  behav iou r of th e  m e ta l 
d e p e n d s  o n  its  ten d en cy  to  r e a c t  w ith  th e  d o u b ly  charged  salicy late  an io n  
w h ich  in  t u r n  depends on  th e  size o f th e  ca tio n . T h u s  b e ry lliu m (II) w hich  has 
sm all io n  ra d iu s  (0.31 Á) a n d  la rg e  fo rm atio n  c o n s ta n t  [7] is e x tra c te d  in to  
am y l a lco h o l as Be —S a l-2 H 20  w hereas th e  M n (II)  a la rger ca tion  (0.80 Á) 
w ith  a sm a ll fo rm ation  c o n s ta n t  is ex trac ted  in to  T B P  as M n(H sal)2-2 T B P . 
T h e  fo rm a tio n  co n stan t o f  i r o n ( I I I )  (ion rad iu s  =  0 .64 A) shows c learly  t h a t  
i t  r e a d i ly  fo rm s sa licy late  co m p lex es and  th e  s y s te m  is v e ry  sim ilar to  th o se  
for th e  d iv a le n t m etals. T h e  fo rm u la  of th e  e x tra c te d  species eva lua ted  in  th e  
sy s te m  u n d e r  in v es tig a tio n  is fu r th e r  su p p o rted  b y  e x tra c tio n  o f F e ( I I I )  in to  
th e  T B P  w h ere  th e  fo rm a tio n  o f  sim ilar ty p e  o f  species h a s  been estab lished  [15].

T h e  effect of v a ry in g  th e  T A P  c o n c e n tra tio n  (in  carbon  te tra c h lo rid e )  
on  th e  d is tr ib u tio n  ra tio  is show n  in  F igure  3, w h ich  shows th e  p lo ts  o f  
log  D  vs. log  CTAp a t th e  tw o  p H  values o f  3.15 an d  4.00. The slope fo r 
b o th  th e  s tra ig h t lines show n in  F igure 3 is n e a r ly  tw o  ind ica ting  th e re b y  
t h a t  th e  e x tra c te d  species is in v a riab ly  d isso lv a te d  an d  has th e  fo rm u la  
F eS a l • H s a i -2TA P. S im ilar re su lts  are o b ta in ed  w h e n  T A P  is d ilu ted  w ith  
b en z e n e  in s te a d  of ca rb o n  te tra c h lo r id e .

*

W e  a re  th a n k fu l to th e  D ire c to r , I. T ., B. H . U ., fo r p ro v id in g  lab o ra to ry  facilities. O ne 
o f us (B . D . P .)  is th an k fu l to  th e  C. S. I. R ., New D elh i fo r  th e  aw ard  of a P o s t-d o c to ra l 
F e llo w sh ip .
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O x id a tiv e  d ecarb o x y la tio n  of L -cysteine b y  p e rm a n g a n a te  in  su lfu ric  acid  m edium  
has been fo u n d  to  be  f irs t  o rder in  b o th  o x id a n t  a n d  su b s tra te  co n cen tra tio n s . V arious 
hypo theses fo r th e  m echanism  of acid  ca ta ly s is  h a v e  b een  te s ted . T he energy  a n d  
e n tro p y  of a c t iv a t io n  have  been ca lcu la ted  as 52.7 a n d  56.5 k J  m o l-1 an d  101.7 a n d  
— 94.9 J  m o l-1  K _1 fo r tw o stages o f  th e  re ac tio n , resp ec tiv e ly . A m echan ism  is p ro ­
posed, w hich  is in  ag reem en t w ith  th e  e x p e rim e n ta l d a ta .

P o tassiu m  p e rm a n g a n a te  lias been  fo u n d  to  be a good ox id ising  agen t 
a n d  th e  k inetics o f  o x id a tio n  o f v a rious o rg an ic  co m pounds h av e  been  s tu d ied  
b y  previous w o rk ers  [1 — 5]. H ow ever, c a re fu l su rv ey  o f th e  l i te ra tu re  reveals 
t h a t  o x id a tiv e  d e c a rb o x y la tio n  o f am ino ac ids b y  p e rm a n g a n a te  has received  
l i t t le  a tte n tio n  [6 — 8]. T he p re sen t p a p e r deals w ith  th e  k in e tic  stud ies o f th e  
o x id a tiv e  d e c a rb o x y la tio n  of L -cysteine b y  p o ta ss iu m  p e rm a n g a n a te  in  su lfuric  
ac id  m edium .

L-Cysteine h as  a n  —SH  g roup , w hich  is ra p id ly  ox id ized  by  p o tassiu m  
p e rm a n g a n a te  to  a n  —S 0 3H  [9— 10]. T h e  o b je c t o f  th e  p re se n t in v e s tig a tio n  
w as to  s tu d y  th e  o x id a tiv e  d eca rb o x y la tio n , w h ich  is a re la tiv e ly  m uch  slow er 
process as co m p ared  to  th e  o x id a tio n  o f S H  g roup  to  —S 0 3H  g roup . T he 
a m o u n t o f p o ta s s iu m  p e rm a n g a n a te  re q u ire d  fo r th e  o x id a tio n  o f th e  th io l 
g roup  to  sulfonic ac id  g roup  was d e te rm in e d  b y  ad d in g  p e rm a n g a n a te  so lu tion  
to  a so lu tion  o f  L -cysteine to  give a p in k  co lo u r (in  excess) an d  t i t r a t in g  th e  
excess o f p e rm a n g a n a te  aga in st p rev io u sly  s ta n d a rd iz e d  hypo  so lu tion .

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 110 (1)-, p p • 7 -  11 (1982)

E x p erim en ta l

L-Cysteine, p o ta s s iu m  p e rm an g an a te  a n d  o th e r  chem ica ls u sed  w ere B D H ’A R ’/SM ’G R ’ 
g rade. D oubly  d is tilled  w a te r  was used  to  p rep are  a ll so lu tions. T he reac tio n  vessels w ere 
co a ted  w ith  b lack  p a in t  to  exclude an y  p h o to ch em ica l effect.

So lu tions o f su lfu ric  acid  w ere s ta n d a rd iz e d  a g a in s t p rev io u sly  s ta n d a rd ize d  sod ium  
hy d ro x id e  so lu tion . P o ta ss iu m  p e rm a n g an a te  so lu tio n  w as p re p are d  b y  th e  m eth o d  of 
Vogel [11].

T he req u is ite  a m o u n ts  o f L-cysteine an d  su lfu ric  acid  w ere ta k e n  in  th e  re ac tio n  fla sk  
a n d  k e p t in a  th e rm o s ta t  a t  th e  desired  te m p e ra tu re  w ith in  ± 0 .1  °C. T he flask  o f p o tass iu m

* To w hom  co rrespondence  should  be  ad d ressed . P re se n t address: 15, R a d h e y  S kyam  
S tre e t .  B ram h  Pole G a te , U D A IP U R  (R a j.) , 313001 IN D IA .

Acta Chim. Acad. Sei. Hung. 110, 1982
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p erm anganate  was also kept in the th erm osta t. R equisite volum e of perm anganate w as then  
rapidly m ix ed . The kinetics o f the reaction  was follow ed by estim ating unreacted perm anganate  
iod om etrica lly .

R esu lts and D iscussion

S to ic h io m e try  o f th e  re a c tio n  w as s tu d ied . I t  w as o b se rv ed  t h a t  tw o  
e q u iv a le n ts  o f  p e rm an g an a te  w ere  co nsum ed  b y  fiv e  e q u iv a le n ts  o f L -cysteine. 
F o rm a tio n  o f  am m onium  ions a n d  ca rb o n  d iox ide  w as co n firm ed  b y  u su a l 
te s ts . 2 -S u lfo ace ta ld eh y d e  w as d e te c te d  as th e  re a c tio n  p ro d u c t. T h e  in d u ced  
re d u c tio n  o f  m ercuric ch lo ride b y  th e  re a c tio n  m ix tu re  in d ica te s  th e  p a r t ic ip a ­
tio n  o f  f re e  rad ica ls  [12].

W h e n  th e  co n cen tra tio n s  o f  L -cyste in e an d  su lfuric acid  w ere in  excess, 
th e  f a d in g  o f  p e rm an g an a te  fo llow ed  a f ir s t  o rd er r a te  law . T h e  p seu d o -firs t 
o rd e r r a t e  c o n s ta n ts , k x an d  k 2, a re  lis te d  in  T ab le  I.

T able  I

Variation o f  'L-cysteine and perm anganate concentrations

c(H2S 0 4) =  2.0 mol d m -8 Tem perature =  303 °K

c(K M n04) x 104 
(mol dm -8)

c(L-cysteine)
X 104 (m ol d m -8)

Atj(10-4 s - 1) fc2(1 0 -4 в "1)

4.0 10.0 6.13 3.13

6.0 10.0 6.40 3.06

8.0 10.0 6.13 2.95

10.0 10.0 6.06 2.96

10.0 15.0 9.03 4.80

10.0 20.0 12.80 6.40

10.0 25.0 17.06 8.53

T ab le  I I

V ariation o f  su lfuric  acid concentration

c ( l - cysteine) =
=  10~* mol d m -8 ;

c(K M n04) =
=  10-8 mol d m -8 ;

Tem perature =  303 °K

c^HjSO*) mol d m - 8 fc ,(1 0 -4 s - 1) k t (1 0 - 4 в " 1)

2.0 6.06 2.96

2.5 8.08 3.93

3.0 10.18 4.95

3.5 12.80 6.40

4.0 17.05 8.83

A cta  Chim . Acad. Sei. Hung. 110, 1982
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The v a r ia tio n  o f p e rm an g an a te  c o n c e n tra tio n  has p rac tica lly  no effect 
on  th e  ra te  c o n s ta n ts , confirm ing  th a t  th e  o rd e r  w ith  respect to  p e rm a n g a n a te  
is u n ity .

The p lo t o f  log к vs. log [L -cysteine] w as fo u n d  to  be linear an d  th e  slope 
w as u n ity , in d ic a tin g  th a t  th e  o rd e r o f  th e  re a c tio n  w ith  re sp ec t to  th e  su b ­
s tr a te  L -cysteine is one. T here is no  k in e tic  ev idence  for in te rm e d ia te  com plex  
fo rm a tio n  b e tw een  su b s tra te  an d  p e rm a n g a n a te  [13]. T he ra te  h as  b een  found  
to  increase w ith  th e  increasing  c o n c e n tra tio n  o f  su lfu ric  acid. T he p seu d o -firs t 
o rd e r ra te  c o n s ta n ts  are  listed  in  T ab le  I I .

F u rth e r  in  a n  a tte m p t to  co rre la te  th e  r a te  o f  o x id a tio n  w ith  acid  con­
c e n tra tio n , v a rio u s  hypo theses fo r th e  m ech an ism  o f acid c a ta ly s is  w ere 
te s te d . In  th is  case , e ith er o f tw o  Zu c k er— H ammett p lo ts [14], are lin ea r, 
in d ica tin g  th a t  th e  reac tio n  is acid  c a ta ly z ed , how ever, none o f  th e se  p lo ts 
p roduces th e  id e a l slope o f u n ity . I n  v iew  o f  th e se  d ep artu res  o f  id ea l slope 
v a lu es , a p p lic a b ility  o f B u n n ett’s h y p o th es is  [15] an d  th e  B u n n e t t —Olsen

l .f .e .r . [16], w ere te s te d . The va lu es  o f  —H 0 a n d  log  а н 2о correspond ing  to  acid 
co n cen tra tio n s h a v e  been  ta k e n  from  P a u l  a n d  Long [17] an d  B u n n ett  [18] 
respective ly .

The va lu es  o f  B unnett  p a ra m e te rs  со, со* an d  Ф w ere fo u n d  to  be —6.9,
1.16 and 0.85 fo r  th e  f irs t  s tage  an d  —6 .6 , 1.25 an d  0.83 for th e  second s tag e , 
re sp ec tiv e ly .

P rim a ry  s a l t  effect was n o t o b se rv ed , b u t  a lin ea r p lo t o f  log к  a g a in s t 
ion ic  s tre n g th  w as o b ta in ed  a t  h ig h er c o n c e n tra tio n s  o f added  n e u tra l  sa lts . 
T h is ind ica ted  t h a t  th e  re a c tio n  invo lves a t  le a s t a n e u tra l m olecule in  th e  
r a te  d e te rm in in g  s te p .

A ctiva tion  param eters

The re a c tio n  w as stu d ied  a t  d iffe ren t te m p e ra tu re s  to  e v a lu a te  th e  a c tiv a ­
tio n  p a ram e te rs . T h e  resu lts  a re  su m m arized  in  T ab le  I I I .

Table III
A ctiva tion  param eters

c(L-cysteine) =  10- * mol dm ~ *; c (K M n O ,)=  10~4 mol dm - *;
c(H tS 0 4) =  2.0 mol d m -«

Stage
A E * / IS * pZ

(k J  m o l-1) (J  m o l -1 К -1) (dm* m ol-1 e -1)

First 52.7 101.7 7.995 x10s

Second 56.5 -94 .9 1.750 x10е

Acta Chim. Acad. Sei. H ung. k110% 1982
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T h e  in fo rm a tio n  gained  from  th e  e x p e rim en ta l d a ta  leads to  th e  fo llow ing  
p ro b a b le  m echan ism , w hich  ex p la in s th e  observed  re su lts  well.

H jN  + C H R C O O -  +  H +  ^  H 3N  + C H R C O O H  ( 1)

H + +  MnO^~ H M n 0 4 (2 )

H 3N + C H R C O O H  +  H M n 0 4 +  H 20  H 3N + C H R C 0 0 - + H M n 0 r + H 30  +
(3)

H 3N + C H R C O O  • H 3N + C H R  +  C 0 2 (4)

H 3N  + C 'H R  +  H M n O r +  H , 0 - ^ H 2N  + = C H R  +  H M n 0 4_  +  H 30  +

(5)
H +  +  H M n 0 4-  H 2M n 0 4-  (6)

2 H 2M n 0 4~ ^ 4 0 H -  +  М пО Г +  M n3 + (7)

H 2N + =  C H R  +  H ,0  R C H O  +  H +  +  N H 3 (8)

w here R  =  — SH  (or — S 0 3H) fo r L -cysteine (or L -cysteic acid).
T h e  c o n c e n tra tio n  o f  H M n 0 4 w as d e te rm in ed  from  th e  e q u a tio n  (9) as

[H M n 0 4] 

[H +] [M n 0 4- ] free
(9)

F ree  [M n 0 4 ] can  be ca lcu la ted  as

F ree  [M n04 ] =  in it ia l  [M n 0 4 ] — [H M n 0 4] form ed (10)

I t  w ill lead  to  th e  inc lu sio n  o f  a K 2 te rm  in  th e  n u m e ra to r  o f th e  r a te  law . 
T h e  r a te  expression fo r th is  m echan ism  h as b een  derived  as

d  [M n 0 4- j  k , K 2 K 2 [H 3N + C H R C O O -] [H +]2 [M n 0 4 ] [H 20 ]

d t  1 +  K 2 [H+]
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H om ogeneous so lid  so lu tions o f  ca lc ium , s tro n tiu m  a n d  le a d  h y d ro x y la p a tite  
h av e  been p re p a re d  o v e r  th e  en tire  co m p o sitio n a l ran g e  by  th e  m e th o d  o f co-pre­
c ip ita tio n  in  a q u eo u s  m ed ia . F requencies a n d  assig n m en ts  fo r th e  in fra re d  abso rp tion  
a n d  th e  la ttic e  c o n s ta n ts  o f  th e  solid so lu tio n s h av e  been  m ea su re d  a n d  fo u n d  to  v a ry  
lin ea rly  w ith  c o m p o s itio n  be tw een  th o se  o f  th e  p u re  an d  m em bers.

In tro d u c tio n

C alcium  h y d ro x y la p a ti te  (C aH A ), C a10(PO 4)6(O H )2, th e  p rin c ip a l ino r­
gan ic  c o n s titu e n t o f  h u m a n  hones an d  te e th  [1, 2 ] belongs to  a n  isom orphous 
series o f  com pounds k n o w n  as a p a tite s . C alcium  h y d ro x y la p a tite  (CaH A ) also 
ex is ts  in  n a tu re  as th e  m in e ra l h y d ro x y la p a tite , w hich is s im ila r  i f  n o t iden tical 
to  th a t  in  bone m a te r ia l , i t  can  be p re p a re d  in  aqueous so lu tio n s  [3, 4]. The 
ionic rad ii [5] o f  ca lc iu m  (0.099 /tm ), s tro n tiu m  (0.113 /tm) an d  lead  (0.120 /tm) 
are  close to  each  o th e r  to  enable solid so lu tions to  be fo rm ed  be tw een  iso­
m o rp h o u s su b stan ces  c o n ta in in g  th ese  ions [5]. A p a tite  u n d erg o es a series of 
ca tio n ic  and an ionic  re p la c e m en t reac tio n s  [6]. T he C a2+ —► S r2+ an d /o r P b 2 + 
rep lacem en t reac tio n s  in  C aH A  are o f  ex trem e  biological sign ificance  and in  
v iew  o f its  a c tio n  on  calcified  tissue  is in te re s tin g . T h ey  fo rm  th e  basis of 
in co rp o ra tio n  o f S r2+ a n d  P b 2+ in to  h u m a n  sk e le ta l sy stem  acco rd ing  to  th e  
follow i ng eq u a tio n :

Ca10(P O 4)e(O H )2 +  nS r2+ +  m P b 2+ —

-  C a10_(n+m)S rnP b m(P O 4)e(O H )2 +  (n  +  m) Ca2^

Solid solu tions o f  ca lc iu m , s tro n tiu m  and  lead h y d ro x y la p a tite s  w ere prepared 
se p a ra te ly  earlie r [7] b y  firing  m ix tu re s  co n ta in in g  v a rio u s  p roportions of 
calc ium , s tro n tiu m  an ti lead h y d ro x y la p a tite  a t ab o u t 1300 °C. T hese sam ples

* To w hom  co rresp o n d en ce  should  lie addressed
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p r e p a r e d  b y  th e  solid s ta te  re a c tio n  were, how ever, fo u n d  to  be d isco n tin u o u s 
a n d  non-hom ogeneous.

N o w  an  a tte m p t has b e e n  m ad e  by  th e  m e th o d  o f c o -p rec ip ita tio n  [8 — 10] 
to  p r e p a re  th e  hom ogeneous so lid  so lu tions of m ixed  (Ca -f- Sr -f- Pb) h y d ro x y l- 
a p a t i t e  o v e r th e  en tire  c o m p o s itio n a l range.

Experimental

M a ter ia ls

A ll chem icals used for th e  p re p a ra tio n  of these sam p le s w ere e ith e r A R  (B D H ) or 
E . M e r c k  e x tra  pure g rade. W a te r  u se d  in  the  p re p a ra tio n  a n d  fo r w ash ing  w as bo iled  to  
re m o v e JC 0 2, a n d  th en  used  im m e d ia te ly .

P re p a ra tio n

S to ich io m etric  q u a n titie s  o f a m m o n iu m  dihydrogen  p h o sp h a te  (S o lu tio n  A) a n d  a so lu ­
tio n  c o n ta in in g  Ca2+, Sr2+ a n d  P b 2+ io n s in the p ro p o sitio n  d esired  fo r th e  solid so lu tions 
(S o lu tio n  B ) were p repared  s e p a ra te ly  in  carbondiox ide free  d o u b ly  d istilled  w a ter. T h e  p H  
of th e s e  S o lu tio n s  was a d ju s te d  a b o v e  11 by  th e  ad d itio n  o f e th y le n ed iam in e . T h en  a p a r t  of 
so lu tio n  В  w as p u t in a flask  (2 d m 3) f i t te d  w ith  two se p a ra tin g  fu n n e ls  an d  a d e liv e ry  tu b e . 
S o lu tio n  A  a n d  Solution В w ere p o u re d  ind iv idually  in to  th e  se p a ra tin g  funnels a n d  ad d ed  
d ro p w ise  to  th e  co n ten t of th e  f la sk  sim u ltan eo u s ly . P re c ip ita tio n  w as carried  o u t in  carb o n - 
d io x id e  f re e  a tm osphere  an d  th e  m ix tu re  w as stirred  v ig o ro u sly  b y  b u b b lin g  C 0 2 free a ir  to 
p re v e n t  th e  fo rm atio n  of c a rb o n a to -a p a ti te s .

T h e  p re c ip ita te  and m o th e r  liq u o r  w ere aged b y  bo iling  u n d e r  re flu x  for 30 m in  to  
im p ro v e  th e  hom ogeneity  an d  c ry s ta l l in i ty  o f the  p re c ip ita te , a n d  th e  m a in ten an ce  of th e  
desired  p H  d u rin g  p rec ip ita tio n  w as en sü red  by tes tin g  th e  f i l t r a te  a f te r  sep a ra tio n  o f th e  
p re c ip ita te ,  since  any a lte rn a tio n  o f p H  o f th e  m edium  d u rin g  p re c ip ita tio n  leads to  th e  fo rm a­
tio n  o f c a lc iu m  deficient a p a tite s  [11]. T h e  p rec ip ita te  w as w ash ed  th o ro u g h ly  w ith  d o u b ly  
d is tilled  w a te r  to  free it from  a m m o n iu m  sa lts . Sam ples d ried  a t  100 °C fo r few  hours w ere 
a n a ly se d  co lo rim etrica lly  [12] a n d  th e i r  m o la r volum es w ere d e te rm in e d  b y  d en sity  m e th o d  
using  to lu e n e  [13] as a solvent.

jn fra red  absorp tion  techniques

S a m p le  used  for in frared  s tu d ie s  w ere  acetone w ashed a n d  a ir  d ried . All th e  b a n d s  w ere 
reco rd ed  o n  a  G ran ting  In frared  S p e c tro p h o to m e te r  m odel 577 (P e rk in -E lm er)  in  K B r. A few  
m illig ram s o f  th e  sam ple was g ro u n d  w ith  tw o  drops of N u jo l in  a n  a g a te  m o r ta  r. A b o u t 50 mg 
of a f in e  p o ly th y le n e  pow der (V E S T O L E N A  6016 Chein. W eke H ue ls , G erm a ny) was ad d ed . 
The re s u ltin g  p a s te  was m elted ra p id ly  a t  a b o u t 140° and  p ressed  be tw een  g lass p la te s  to  a 
s lig h tly  w ed g ed -sh ap ed  film  of an  a v e ra g e  th ickness of 0.1 m m .

X -ra y  d iffra c tio n  techniques

S a m p le s  dried  at 110° for few  h o u rs  w ere used for X -ra y  d iffrac tio n . T he X -ra y  d iffrac ­
tion  p a t t e r n  o f  th e  sam ples were o b ta in e d  w ith  Siemens Pow der d iffra c to m e te r  w ith  NaCl(Tl) 
c o u n te r e m p lo y in g  CuKa (N ickel f i lte re d )  rad ia tio n  w ith  a scan n in g  speed of 1 degree (20) 
per m in  (u s in g  tu b e  voltage of 30 kV  a n d  24 m A, respectively).

Lattice c o n sta n t measurements

C aH A , S rH A  and P b H A  are  h e x a g o n a l w ith two la ttic e  c o n s ta n ts  a 0 an d  c0. T hese 
were d e te rm in e d  [14, 15] for all th e  sa m p le s  by  m easuring th e  d iffrac tio n  a n g le  2(~). o f th e  
th ree  p la n e s  (312), (213) and (321). E a c h  sam ple was th o ro u g h ly  m ix ed  w ith  25%  NaCl 
(rec ry s ta lliz e d  fro m  HC1) w hich se rv ed  as a  s ta n d a rd . So th a t  th e  o b se rv ed  v a lu e s  of sin 0  for 
the so lid  so lu tio n  lines could be c o rre c te d  d irec tly  for ab so rp tio n  a n d  in s tru m e n ta l  erro rs . 
The la t t ic e  c o n s ta n t  of NaCl a t  26° w as ta k e n  to be 0.56403 p m  [16]. A least sq u a re s  ca lcu la ­
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t io n  o n  th e  co rrec ted  v a lues of sin  0 fo r th e  th re e  re flec tio n s th en  gave th e  tw o  p a ra m e te rs , 
a 0 a n d  c0, fo r each  sam ple . T h e  d iffrac tio n  lines w ere  q u ite  sharp  an d  th e  d iffra c tio n  angle 
w as re a d  b y  co u n tin g  o v er th e  to p  of th e  p eak  w ith  th e  scaling u n it and  e s tim a tin g  th e  position  
of m ax im u m  in te n s ity  from  a p lo t o f in te n s ity  a g a in s t  2 0 . T he average p ro b a b le  e rro r  in  u n it 
cell p a ram e te rs  is less th a n  ± 0.005 /an .

Results and D iscussion

T he resu lts  o f  chem ical analysis  o f  th e  sam ples are g iven  in  T ab le  I. 
B ased  on th e  fa c t th a t  a m ole o f each  sam p le  has a to ta l 10 g -a to m s o f  calcium  
an d /o r s tro n tiu m  an d /o r lead  th e  m o lecu la r fo rm ula  of th e  sam p les  w as cal­
c u la te d  from  th e  re su lts  o f  co lum n  2 —4 a n d  inc luded  in  colum n 6 o f  th e  T ab le  I.

T he g-atom  ra tio
(Ca —(— Sr — Pb)

P
in  a m ole o f each sam ple w as ca lcu la ted

from  th e  resu lts  o f  co lum ns 2 — 5 an d  g iv en  in  colum n 8 of th e  ta b le . T h e  fac t
. Ca Sr P b

th a t  th e  observed  v a lu e  o f  m olar g -a to m  r a t io  o f —— , ——, ——  fo r  th e  en d  mem -
Gci -j- Sr j pjj r P P

hers  a n d ----------p ----------  w ere fo u n d  to  be  eq u a l to  1.658 ( th e o re tic a l 1.67) is

c o n s is ten t w ith  th e  fo rm a tio n  o f  h o m ogeneous solid so lu tion  [13]. T h is was 
fu r th e r  su p p o rted  b y  th e  closeness o f th e  v a lu es  of m olar vo lum e o f th e  m em ­
b ers  and  th o se  o f th e  in te rm e d ia te  sam p les  w hich  lie w ith in  th e  ra n g e  o f end 
m em bers.

T he fo rm a tio n  o f solid so lu tions c a n  be  fu r th e r  confirm ed b y  th e  X -ray  
d iffrac tio n  analysis. I t  is w ell e s tab lish ed  th a t  all the  m em bers o f  th e  a p a tite  
series ex h ib it hexagon al-b ip y ram id aJ class —6jm  (space g roup  P ß3ltn) [17, 18]. 
L a ttic e  p a ra m e te rs  show ed u n it cell d ila tio n  consequen t upon  th e  in tro d u c tio n  
o f b igger ions S r2+ (0.115 /an ) and P b 2+ (0.120 /an ) in place o f C a2+ (0.099 /an) 
ion  in  th e  a p a tite  la ttic e . Such d ila tio n  w ith  th e  p roportion  o f Ca — Sr — P bH A  
w as ev id en t th a t  th e  u n it cell vo lum e o f th e  sam ples ca lcu la ted  on  th e  basis 
o f  th e  ex p erim en ta lly  de te rm in ed  la tt ic e  c o n s ta n t increased w ith  th e  p ro p o r­
tio n  o f s tro n tiu m  and  lead  c o n te n t in  Ca — S r—PbH A . This, o f  co u rse , is th e  
re a l ev idence fo r solid so lu tio n  in  th is  series and  clearly shows t h a t  th e se  p rep ­
a ra tio n s  are n o t m ix tu re s  o f tw o  c o m p o n en ts  or one com ponen t w ith  absorbed  
m a te ria l.

T he CaHA and  its  solid so lu tions w ith  s tro n tiu m  and  lead  h a v e  hexagonal 
c ry s ta llin e  s tru c tu re  and  are  in te re s tin g  exam ples of solid s ta te  o f  fa ir ly  sim ple 
m olecules o f te tr a h e d ra l  sy m m e try  w h ere  b an d s  becom e allow ed d u e  to  re la ­
tio n  o f th e  m olecu lar sy m m e try  [19] se lec tio n  rules due to  th e  in fluence  of 
s ite  sy m m etry . T he ideal sy m m e try  o f  tr ib a s ic  phosphate  ion  in  th e  free or 
u n d is to r te d  s ta te  is te tra h e d ra l — a m e m b e r o f Td  po in t g roup . In  th is  ideal 
sy m m e try  co n d itio n  only a few a b so rp tio n  b a n d s  corresponding to  v4 (570 cm J) 
an d  v3 (1075 c m -1 ) o f PO ]~  and  vx (630 c m -1 ) and v3 (3450 c m “ 1) o f  O H

Acta Chim. Acad. Sei. H ung. 110, 1982



A
cta C

him
. A

cad. Set. H
ung. 110, 1982

Table I

Chemical analysis o f  calcium , strontium  and lead hydroxylapatiles and their solid solutions

I S
am

pl
e 

N
o. Wt О/

/О

Molecular formula
Mol.
vol.

G-atom
ratio

C a + S r+ P b
P

Lattice
param eter
w

U nit cell 
volume

Í L a ‘c x  10* 
2

Frequency (cm -1)

Cn Sr Pb P p o j- PO*~
v*

O H -
v*a C

l 39.88 — — 18.51 Ca10(PO 4)6(O H )2 338.32 1.665 0.932 0.686 0.523 570 1075 3450
2 25.19 7.77 18.37 14.99 Ca7.8S r1.1P b 1.1( P 0 4)e(0 H )2 336.42 1.664 0.943 0.690 0.531 565 1072 3450
3 21.99 6.91 25.70 13.98 Ca7-3Sr1 „jPb, 66( Р 0 4)6(0 Н ). 335.98 1.666
4 22.86 14.44 14.25 14.95 Cii7 2Sr2 0őP b 0 86( P 0 4)6(0H).> 336.18 1.658
5 16.10 13.35 28.71 12.88 Ca58Sr2.2P b 2( P 0 4)e(0 H )2 332.72 1.664 0.949 0.698 0.544 562 1070 3445
6 13.91 12.62 33.92 12.18 Ca5.3Sr2 2PK, 5( P 0 4)e(0H).. 340.12 1.662
7 14.67 18.64 24.57 12.97 ^ a 5.25^r 3 .0 5 P b j 7( P 0 4)6(0 H )2 336.84 1.660

8 10.07 16.11 36.82 11.40 Ca4.4Sr3 0P b2 9( P 0 4)6(0 H )2 337.57 1.658 0.955 0.707 0.558 560 1070 3442
9 6.62 14.48 45.64 10.24 Ca3Sr3P b 4( P 0 4)e(0 H )2 339.88 1.666

10 7.40 20.87 35.78 11.07 Ca31Sr4P b 2 9(PO ,)6(O H )2 331.32 1.664

11 4.85 19.76 42.17 10.23 Ca2.2Sr4.1P b 3.7( P 0 4)6(0 H )2 342.16 1.665 0.962 0.714 0.572 558 1065 3440
12 2.31 17.75 49.74 9.30 C a,.15Sr4 05P b 4 8( P 0 4)6(0II)., 344.40 1.665

13 2.11 23.53 42.55 9.79 Ca4Sr5 4P b 3 9( P 0 4)c(0H )., 342.56 1.665
14 22.42 48.42 9.05 Sr5.2Pb ,.8( P 0 4)6(0 H )2 348.12 1.666 0.968 0.774 0.587 555 1062 3435
15 - 59.20 - 12.57 ^ гю( Р 0 4)с(О Н )2 364.61 1.665 0.974 0.726 0.596 550 1060 3425
16 — — 77.74 6.95 P b 10(PO 4)e(OH), 348.96 1.664 0.986 0.738 0.621 545 1055 3430
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w ere observed  c learly . F rom  th e  sp ec tra  o f  th e  sam ples, it  could  b e  seen  th a t  
th e  v3 and  v4 freq u en c ies  co rrespond ing  to  P 0 4_ ion  and v1 and  v3 co rre sp o n d in g  
to  0 H ~  ion a re  sh ifted  to  low er freq u en c ies  a n d  th e  shape o f th e  p e a k s  was 
a ffec ted  b y  th e  in tro d u c tio n  o f s tro n tiu m  a n d  lead ion in to  th e  sam p le s . The 
sh ift o f th e  v3 a n d  r4 o f  P 0 4~ v ib ra tio n s  to  low er frequencies m a y  b e  d u e  to  
th e  effect o f  b in d in g  energy  and  a to m ic  m ass. T he low ering o f  f re q u e n c y  of 
v3 o f  0 H ~  in d ic a te s  th e  presence o f  h y d ro x y l g roup  in  th e  a p a t i te  [20]. This 
h y d ro x y l g roup  in  h y d ro x y la p a tite  lies in  th e  in te rn u c lea r  axis c o in c id e n t w ith  
sixfold  screw  ax is . In  B arnes  exp ression  [21].

1 у ж
V  = ----------------------

2n c fi

w hich  gives a re la tio n sh ip  betw een  freq u en cy , a tom ic  m ass and  fo rce  c o n s ta n t. 
T he v ib ra tio n a l frequencies are  d e p e n d e n t o n  th e  redu c tio n  m ass  /t o f  th e  
p a r tic ip a tin g  a to m s  an d  resto rin g  forces К  b e tw een  atom s, a ll o th e r  te rm s 
rem ain in g  c o n s ta n t. W hen  th e  eq u ilib riu m  d is tan ce  betw een th e  p o s itiv e  and  
th e  n eg a tiv e  a to m s  o f th e  m olecule is d ec rea sed  К  generally  in c rea se s  in  th e  
above eq u a tio n . T h is equ ilib rium  d is tan ce  dep en d s on th e  ionic ra d ii  o f  th e  
p a r tic ip a tin g  a to m s  in  th e  m olecule. S u b s ti tu t io n  of Ca2+ w ith  а ц  io n  like 
S r2+ an d /o r P b 2+ gives rise to  s tro n g e r c o o rd in a tio n  of th e  P 0 4~ g ro u p  th ro u g h  
oxygen . T h is in  t u r n  w eakens th e  P —О b o n d , low ering К  (in c rea s in g  P —0  
bo n d  leng th ) a n d  th e  frequency  is low ered . T h e  P 0 |~  b ond ing  is n o rm a lly  
a ro u n d  520 c m -1 an d  bending  m odes do n o t  sh ift very  m uch  u n d e r  these  
cond itions. B u t h e re  th e  su b s titu tio n  is m o re  com plex , p resu m ab ly  b ecau se  of 
th e  sp littin g  o f  th e  tr ip ly  degenerate  m ode  a t  600 c m -1 and  th u s  th e re  is an  
increase in  th e  freq u en cy  from  520 c m -1 to  570 c m -1 . This th e o re tic a l e x p la n a ­
tio n  agrees w ell w ith  th e  ex p erim en ta l d a ta .

*

T he a u th o rs  a re  h igh ly  gratefu l to  P rof. G. F erraris of U niversity  o f  T o rin o  (I ta ly )  
fo r X -ray  d a ta  a n d  D r. M. M. D har, F . N . A ., C. D. R . I .,  L ucknow  for In fra re d  sp e c tra ,  a n d  th e  
fin an c ia l su p p o rt to  th e  a u th o rs  b y  th e  U n iv e rs ity  G ra n ts  Commission is g ra te fu lly  acknow l­
edged.
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FIVE-COORDINATE MANGANESE(II) AND IRON(II) 
COMPLEXES OF ^-(A ^iV ’-DIACETYL AND N,N'- 

-DIBENZOYL)]-DlAMINOPYRIDINE

S. K. S a n g a l * , S. K. S a h n i  and V. B. R a n a

(D epartm ent o f  Chem istry, M eerut College, M eerut-250001, In d ia )

R eceived  J a n u a ry  13, 1981 
A ccep ted  fo r p u b lic a tio n  A pril 16, 1981

T he five-co o rd in a te  m an g a n ese (II)  a n d  iro n (II)  com plexes o f tw o  new  ligands 
2,6-(iV,iV’-d iacety l) d iam in o p y rid in e , (D A P ) a n d  2,6-(iV,iV’-dibenzoyl) d iam in o p y rid in e  
(D B P ) hav e  th e  fo rm ula  (M L X 2) w here  M =  M n(II) o r F e (II) , L  =  D A P  or D B P ; 
X  =  C l- , B r - , NOjf or N C S - . T he com plexes have  been ch arac te rised  on  th e  basis o f  
e lem en tal analysis, e lectrica l co n d u ctan ce , sp ec tra l (in frared  a n d  e lec tro n ic) a n d  m ag n e t­
ic su scep tib ility  d a ta . All th e  com plexes a re  h igh-spin  and  a p p ea r to  h a v e  trig o n a l bi- 
p y ra m id a l s te reo ch em istry . B o th  D A P  a n d  D B P  ac t as JV ,0 ,0 - tr id e n ta te  chelating  
agen ts.

In  recen t y ea rs , a large n u m b e r o f  fiv e-co o rd in a te  com plexes o f  th e  firs t 
t r a n s i t io n  m eta l ions h av e  been  re p o rte d  an d  th e ir  th e rm o d y n a m ic , m agnetic  
a n d  spectroscop ic  aspects  h av e  been  d e a lt w ith  a t leng th  [1 — 9]. H ow ever, 
re la tiv e ly  a few  fiv e -co o rd in a te  m an g an ese (II)  and iro n (II)  com plexes have 
b een  s tu d ied  [2 — 6]. I t  is now  well e s tab lish ed  th a t  th e  fo rm a tio n  o f a five- 
c o o rd in a te  com plex  depends u p o n  th e  sh ap e  and  size o f th e  m e ta l ion  besides 
th e  ionic rad ii and  n a tu re  o f  th e  c o u n te r  ion  [2]. F iv e -co o rd in a tio n  can  he 
ach iev ed  successfully  b y  th e  use o f  su ffic ien tly  bu lky  ligands in  w h ich  in te r ­
d o n o r a to m  d is tan ces  an d  angles closely  m a tc h  th e  edges o f  th e  co o rd in a tio n  
p o ly h e d ra  [1, 2]. Tw o such ligands con fo rm ing  to  th is  c r ite r ia  h a v e  been 
sy n th es ised  b y  a c e ty la tio n  an d  b e n zo y la tio n  of 2 ,6 -d iam in o p y rid in e . One of 
th e se  ligands (D A P) has been  found  to  fo rm  five-coo rd inate  co m p lex es w ith  
d iv a le n t co b a lt, n ickel an d  copper [7]. T hese stud ies are  поле e x te n d e d  to  
m an g an ese (II)  and  iro n (II)  com plexes w ith  2,6-(iV,./V,-d iacety l) d ia m in o p y ri­
d ine , (D A P) an d  2,6(7V,iY’-d ibenzoyl) d iam in o p y rid in e , (D B P ) w hose  s tru c ­
tu re s  a re  dep ic ted  belowr:

(DAP) (DBP)

* To w hom  correspondence should  be ad d ressed
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E xperim ental

A ll th e  chem icals u sed  w ere  o f  analy tica l g rad e  a n d  so lv en ts  w ere dried  before u se . 
T h e  lig an d s  w ere sy n thesised  b y  a  m e th o d  described e a rlie r  [10]. T he ligands D A P an d  D B P  
m e lt a t  203 °C an d  176 °C, re sp ec tiv e ly .

P repara tion  o f  complexes

A  g en era l p rocedure  w as a d o p te d  to  syn thesise  th e  co m plexes: th e  iro n (II)  com plexes 
w ere p re p a re d  u n d e r a  s tre am  o f n itro g e n .

T h e  ap p ro p ria te  m e ta l sa lt  (0 .01 m ole), dissolved in  su ffic ien t q u a n tity  of a m ix tu re  o f 
e th a n o l a n d  ace tone  (1 : 1), w as m ix e d  w ith  th e  h o t so lu tio n  o f th e  lig an d  (0.01 m ole) in ace to n e  
(50 m b). T h e  m ix tu re  w as re flu x e d  fo r  2 h r  on  a  w a te r b a th  a n d  cooled. T he c ry sta ls se p a ra te d  
o n  coo ling  w ere  w ashed w ith  ace to n e  a n d  dried . Yield -7000.

A n a ly tic a l procedures and p h ysica l m easurem ents
T h e  m eth o d s used  fo r th e  d e te rm in a tio n  of С, H  a n d  N  a re  th e  sam e as described earlie r

[7]. T h e  m e ta l co n ten ts  w ere  d e te rm in e d  b y  ED TA  t i t r a t io n  using  E riochrom e B lack-T  a n d  
su lp h o sa licy lic  acid, re sp ec tiv e ly  as a n  ind ica to r. T h e  e lec tr ica l conductance  in  d im e th y l 
fo rm am id e  w ere d e te rm in ed  on  a n  E lico co n d u c tiv ity  b rid g e  ty p e  CM82T. T he d e ta ils  o f 
p h y sic a l m easu rem en ts  a re  th e  sam e as described earlier [10, 11].

R esults and D iscussion

T h e  an a ly tica l d a ta  (T ab le  I) reveal 1 : 1 m e ta l to  ligand  s to ich io m etry  
fo r  a ll th e se  com plexes. T h e  com plexes are p a r t ia l ly  so luble  in  com m on organ ic  
so lv e n ts , b u t  h igh ly  so luble  in  d im eth y l fo rm am id e  an d  these  com plexes are

Table I

A n aly tica l and magnetic data

Complex
Calculated % Found, % [X eff. 

BM
M etal Nitrogen Halogen M etal Nitrogen Halogen

[Mn(C9H 11N 30 2)Cl2] 17.24 13.16 22.25 16.58 14.10 22.80 5.84

[Mn(C9H 11N 30 2)Br2] 13.48 10.29 39.21 14.00 10.05 40.00 5.88

[Mn(C9H u N 30 2)(N 0 3)2] 14.78 18.81 - 15.15 18.25 - 5.80

[Mn(C9H n N 30,)(N C S)2] 15.06 19.17 — 15.20 19.52 - 5.86

[Fe(C9H 11N 30 2)Cl2] 17.50 13.12 22.18 17.65 13.20 21.88 5.25

[Fe(C9H n N 30 ,)B r2] 13.69 10.26 39.11 10.42 10.85 38.65 5.12

[Fe(C9H 11N 30 2)(N 0 3)2] 15.01 18.76 14.85 19.02 - 5.18

[Fe(C9H n N 30 2)(NCS)2] 15.30 19.12 - 15.05 19.15 — 5.20

[M n(C19H 13N 30 2)Cl2] 12.47 9.52 16.09 12.52 10.00 16.05 5.82

[M n(C19H 13N 30 2)Br2] 10.37 7.92 30.12 8.02 8.00 30.20 5.84

[M n(C19H 13N 30 2)(N 0 3)2] 11.13 14.16 — 11.80 14.50 - 5.83

[M n(C19H 13N 30 2)(NCS)2] 11.31 14.40 - 11.50 15.00 - 5.87

[Fe(C 19H 13N 30 2)Cl2] 12.67 9.50 16.06 13.00 9.20 16.00 5.10

[Fe(C 19H 13N 30 2)Br2] 10.54 7.90 30.13 10.84 7.95 30.00 5.18

[Fe(C 19H 13N 30 2)(N 0 3)2] 11.11 14.14 — 11.00 14.82 - 5.25

[Fe(C 19H 13N 30,)(N C S)2] 11.49 14.35 — 11.50 14.52 — 5.24
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n o n -co n d u c tin g  in  th is  so lven t. A cco rd in g ly , th e  com plexes m a y  b e  fo rm ula ted  
as [M LX2]. w here L D A P or D B P  an d  X  =  C l- , B r - , N C S -  or N 0 3 . 
T hese fo rm u la tio n s a re  fu r th e r  su p p o r te d  b y  th e  in frared  a n d  e le c tro n ic  spectra 
o f th e  com plexes.

In frared  spectra

T he in fra red  sp ec tra  o f  2,6-(iV ,iV ,-diacety l) d ia m in o p y rid in e  has been 
recen tly  re p o rte d  [7]. T he p re se n t a ss ig n m en ts  are based on  i .r . s tu d y  of DAP 
an d  o th e r re la te d  com pounds [12 — 14] and  th e ir com plexes. T h e  infrared  
sp ec tra  o f  D A P  an d  D B P  show  b a n d s  a t 1690, 1520, 1230, 650 a n d  550 c m -1 
a t tr ib u ta b le  to  am ide-I (vC~ O), a m id e - I I  (rCN -f- <5NH), a m id e - I I I  (<5NH), 
am ide-IV  (С —О in -p lane  d e fo rm a tio n ) and  am ide-V I (C O ou t-of-p lane 
d efo rm atio n ) v ib ra tio n s , [12 —15], re sp ec tiv e ly . These b a n d s  a p p e a r  in the  
1 6 4 0 -1 6 5 0 , 1 5 5 0 -1 5 6 0 , 1 2 5 0 -1 2 6 5 , 655, and 5 8 0 -5 8 5  c m -1  regions, re ­
spective ly . In  th e  sp ec tra  o f th e  co m p lex es, th e  dow nw ard sh if t in  a m id e -I  band 
(40 c m -1 ) an d  u p w ard  shift in  th e  a m id e - I I  and  am ide-YI b a n d s  a re  com patib le  
w ith  th e  am ide-oxygen  c o o rd in a tio n  to  th e  m etal atom  [14— 16]. T h e  hands 
occurring  a t  ca. 370 c m -1 assigned  to  r(M —0 ) v ib ra tio n s, s u b s ta n t ia te  the  
am ide-oxygen  coo rd in a tio n . T he b a n d  a t  ca. 3250 c m -1 o ccu rrin g  in  th e  spectra 
o f  ligands, assigned to  vN H , a p p e a r  in  th e  spectra  of com plexes as b ro a d  bands 
a t  ~ 3 2 5 0 — 3000 c m -1 , confirm  th e  am ide  oxygen c o o rd in a tio n  in  ketonic 
form  and  ru le  o u t th e  possib ility  o f  k e to  enol K C O N H R ’ — - R C (O H ) N R ’ 
ta u to m e risa tio n .

T he p y rid in e  ring  v ib ra tio n s  m o st affected  on its c o o rd in a tio n  to  a m etal 
a to m  inc lu d e  8a (py rid ine  ring  d e fo rm a tio n ), 6a (in-plane r in g  deform ation) 
an d  16b (o u t-o f-p lane  rin g  d e fo rm a tio n ) v ib rations. In  th e  s p e c tra  of free 
ligands th e se  v ib ra tio n s  occur a t  1585, 610, and  400 c m -1, re sp e c tiv e ly . In  the 
sp ec tra  o f  com plexes, these  b an d s  a p p e a r  a t higher freq u en c ies  ~ 1 6 0 5 , 630 
an d  425 c m -1, re spec tive ly . T he u p w a rd  sh ift in  8a, 6a a n d  16b v ib ra tions 
in d ica te s  th e  co o rd in a tio n  o f p y r id in e  n itro g en  to  th e  m e ta l a to m . This con­
te n tio n  fin d s  su p p o rt by  th e  a p p e a ra n c e  o f r(M n-py) and  v (F e -p y ) bands ca. 
240 and  250 c m -1, respective ly .

T he ch loro  com plexes o f M n (II)  an d  F e (II)  show m ed ium  in te n s i ty  bands 
ca. 260 cm 1 and  in  brom o com plexes new  bands are o b se rv ed  ~ 2 1 0  c m -1. 
T hese b an d s  m ay be assigned to  r (M —Cl) and v(M — B r) v ib ra t io n s  [18], 
re sp ec tiv e ly . T he m eta l-ha logen  freq u en c ies  observed in  th e  s p e c tra  o f these 
com plexes are  low er th a n  tho se  o b se rv ed  for four-coord inate  com plexes and 
are  m uch h igher th a n  those  for h ig h -sp in  six-coordinate c o m p lex es  of these 
m e ta l ions invo lv ing  b o th  b rid g ed  o r  te rm in a l halogen a to m s  [18, 19]. The 
in te rm e d ia te , values o f  j>(M— X ) v ib ra tio n s  suggest th a t th e  p re s e n t  com plexes

r ( M - C l )
are  fiv e -co o rd in a te . T he ra tio  in  the  presen t c o m p lex es  com es out

t>(M B r) 1 1
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to  b e  0 .78  — 0.81 and is c o m p a ra b le  to  other f iv e -c o o rd in a te  com plexes rep o rted  
e a r lie r  [20].

T h e  th io cy an a to  c o m p le x e s  show three c h a ra c te r is t ic  bands a t 2050, 815 
a n d  485  c m -1 assignable to  v(C N ), r(CS) and d(N CS) v ib ra tio n s  and are co n ­
s is te n t  w ith  m onoden ta te  N -b o n d e d  th iocyanate  g ro u p  [18, 21]. This m ode o f  
c o o rd in a tio n  is su p p o rted  b y  th e  appearance o f n e w  b a n d s  a t ca. 270 a n d  
275 c m -1  characteristic  o f  rF e  — NCS and »Mn—N C S v ib ra tio n s , respective ly . 
T h e  n i t r a to  complexes sho w  n e w  bands in th e  1460 — 1475, 1255 —1260 an d  
890 — 900 cm -1 regions a t t r ib u ta b le  to  different N O  s tre tc h in g  v ibrations [18]. 
A n  a d d itio n a l band  a t  ca. 1750 w ith  a shoulder on  th e  low  energy side a t  ca. 
1740 c m “ 1 is also observed  in  th e  spectra of n i t r a to  com plexes. The presence 
o f tw o  b a n d s  w ith  sm all s p l i t t in g  ( ~ 1 0  c m “ 1) also in d ic a te s  th a t  th e  n i tr a te  
g ro u p s  a re  coord inated  m o n o d e n ta te ly  [22]. T h e  p re se n c e  of weak bands a t  
ca. 265 c m “ 1 in  these c o m p le x e s  m ay be assigned to  v(M — 0 N 0 2) v ib ra tio n s .

M a g n e tic  moments and electronic spectra

T h e  m agnetic m o m en ts  (T ab le  I) a t room  te m p e ra tu re  of m anganese a n d  
iro n  com plexes lie b e tw een  5 .80  and  5.88 and 5.10 a n d  5.25 BM, respectively . 
T h ese  v a lu es  are well in  th e  r a n g e  of high-spin co m p lex es  o f these m etal ions. 
T h e  (ie{{ va lu es  of iro n (I I )  com plexes are, h o w ev er, s lig h tly  lower th a n  th e  
p re d ic te d  (5.1 — 5.5 BM) v a lu e s  [23].

T h e  electronic sp e c tra  o f  m anganese com plexes reco rd ed  in  nu jo l m u ll 
a n d  d im e th y l form am ide sh o w  bands at ca. 16 500, 19 200 and 22 000 cm -1 . 
T h e  p o sitio n s  of these b a n d s  a re  com parable to  th o se  fiv e -co o rd in a te  com plexes 
fo r  w h ic h  a trigonal b ip y ra m id a l  geom etry has b e e n  estab lished  by X -ra y  
m e a su re m e n t [5, 25]. T h e  w e a k  in tensity  bands c a n  b e  a t tr ib u te d  to  the  spin- 
fo rb id d e n  transitions fro m  th e  ground sex te t to  th e  f ir s t  excited q u a r te t  
lev e ls  [5].

T h e  iro n (II)  com plexes sh o w  one band  in  th e  v is ib le  region a t ca. 12 000 
c m “ 1 a n d  another in  th e  n e a r  i .r .  region a t ca. 4000 c m “ 1. The n a tu re  of th e  
l a t t e r  b a n d s  is no t c e r ta in  d u e  to  th e  possib ility  o f  a b so rp tio n  by  the ligands 
in  th is  region. H ow ever, th e  b a n d  observed ^ 1 2  000 c m “ 1 indicates th a t  
i r o n ( I I )  com plexes are a lso  five-coo rd inated  [24]. O n  th e  basis of sim ple 
c ry s ta l  f ie ld  calculations Ci a m p o l i n i  et al. [5] p re d ic te d  tw o  spin-allow ed-bands 
fo r t r ig o n a l  b ipy ram ida l co m p lex es . Accordingly, th e  b a n d  ^ 1 2  000 c m “ 1 can  
be  a ss ig n ed  to  5A — 5E(1) a n d  th e  possible ass ig n m en t o f  th e  b an d  ~ 4 0 0 0  c m “ 1 
c a n  b e  5E(2) -h»' 5e(2) in  t r ig o n a l  b ipyram idal fie ld . T h e  sp ec tra  in nujol m u ll 
a n d  in  coo rd ina ting  d im e th y l fo rm am id e  solu tion  a re  a lm o s t sim ilar in d ica tin g  
p e n ta -c o o rd in a tio n  in  so lid  s t a t e  and  in solution.

O n  th e  bad s of m a g n e tic , i.r . and electronic s p e c tra l  studies it appears 
t h a t  th e s e  complexes a re  fiv e -co o rd in a te  and h av e  tr ig o n a l  b ipyram idal geom-
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e try  w ith  th e  tr id e n ta te  ligand  fo rm ing  a tr ig o n a l base an d  anions being 
p resen t in  ax ia l po sitio n s. The s tru c tu re  o f  th e se  com plexes m ay  be proposed 
as follows:

К X К

*

T he a u th o rs  a re  th a n k fu l to  U. G. C. a n d  C. S. I. R ., New Delhi fo r fin an c ia l assistance, 
to  C. D. R . I. L u ck n o w  fo r e lem en tal analyses a n d  to  R . S. I. С., I. I . T . M ad ras for recording 
i. r . sp ec tra .
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MODIFIED CROWN ETHERS, I
C A R B O N IC  A C ID  D E R IV A T IV E S  C O N T A IN IN G  O N E  C R O W N  E T H E R  U N IT  

( P R E L I M I N A R Y  C O M M U N IC A T IO N )

B . Á g a i, I. B it t e r , É . Cs o n g o r  an d  L . T ő k e  *

(D epartm ent o f  Organic Chemical Technology, Technical U niversity , B u dapest)

R eceived D ecem ber 16, 1981 
A ccepted  for p u b lica tio n  F e b ru a ry  3, 1982

A lthough  crow n e thers are  w idely  u sed  in  chem ical reac tio n s as phase 
tra n s fe r  c a ta ly s ts  b y  v ir tu e  o f th e ir  c a tio n  com plexing  ab ility , re la tiv e ly  few 
exam ples are p u b lish ed  on th e ir  ap p lica tio n  fo r effecting  tra n s p o r t  processes 
o f  ca tions in  b io logical system s [1]. In  th is  resp ec t crow n e th e rs  o f selective 
N a + , K + an d  Ca2+ com plexing  ab ility  a n d  w ith  s ta b ility  c o n s ta n ts  o f  ab o u t 
log К  ~  5 are re g a rd ed  to  be th e  m ost in te re s tin g  com pounds [2]. On th e  
o th e r  h an d , th e  so lu b ility  o f crow ns in  w a te r  an d  lipoids seem s to  be a v e ry  
im p o r ta n t fa c to r  besides s ta b ility  c o n s ta n ts  an d  se lec tiv ity . L igan d s of ion- 
selective m em b ran e  electrodes are ex p ec ted  to  posses th e  sam e fea tu res  as 
m en tio n ed  ab o v e . In  an  a tte m p t to  sa tis fy  all these  dem ands, we aim ed a t  
p rep a rin g  new  crow n deriv a tiv es  th e  so lu b ility  of w hich in  w a te r  a n d  apo lar 
so lven ts can  be a lte re d  over a w ide range  w ith o u t considerab le decrease o f 
th e  s ta b ility  c o n s ta n t. F o r th is  purpose th e  read ily  availab le  benzo-15-crow n-5
( la )  an d  benzo-18-crow n-6  (lb ) were used  as s ta r tin g  m ateria ls  [3]. 
N itra tio n  o f  l a ,  b a n d  ca ta ly tic  h y d ro g e n a tio n  of th e  n itro  com pounds b y  
know n m ethods [4]** led to  2a, b [5], w hich  w ere tran sfo rm ed  in to  4a, b crow n 
isocyanates w ith  excess phosgene in  bo iling  chlorobenze. T he iso cy an a te  4c 
w as p rep ared  from  2a in four steps. T he y ields or phosgena tion  w ere excellen t 
(87— 94% ); co m p o u n d s 4a, b, c were p u rified  b y  v acu u m  d is tilla tio n  o r rec ry ­
sta lliza tio n .

The crow n iso cyana tes 4a, b, c read ily  re a c te d  w ith  alcohols a n d  am ines 
afford ing  th e  u reas  an d  u re th a n s  5— 25 w hich  h ad  d ifferen t so lub ilities and  
p a r titio n  coeffic ien ts betw een  w a te r  an d  ap o la r m edia  (e.g. 14 is soluble in  
w a te r , while 24 is dissolved by  n -h ep tan e). A dd itions were effec ted  in  d ioxane 
o r m ethy lene  ch lo ride so lu tion  a t room  te m p e ra tu re , using 1:1 m o la r ra tio s.

* To w hom  correspondence should  be addressed .
** In s tead  o f Pd/C  in  D M F, described in th e  l ite ra tu re , we used  R aney-N i in 

M eO II-H .,0  so lven t.
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Ai— H -3 S =  8.1 ppm, s

Ai— IT 0 S - 7.1! ppm , s

4 n Y о//0 М-р-(B p.)> 
°с

IR
t> N = C = 0 ,

c m -1
M + (%)

a l H 87.0 1 5 0 -1 5 2 /0 .1 2280 309 (35)

ь 2 H 87.4 1 6 8 -1 8 0 /0 .1 2290 353 (3.7)

c 1

ог

94.0 116 (petro leum  sp irit) 2270 354 (32)

T h e  p u re  products w ere o b ta in e d  a f te r  re c ry s ta lliz a tio n  in  y ields of 
90— 9 3 % . I n  th e  p rep a ra tio n  o f  th e  u re th a n s  16— 25 a few  drops of tr ie th y l-  
am ine  c a ta ly s t  was used.

A l! n ew  com pounds h av e  been  id en tified  b y  co rrec t e lem en ta l analy sis  
an d  s p e c tr a l  d a ta . The IR  sp e c tra  have  tw o v e ry  in tense  b ands a t  1230— 
1220 c m ^ 1 (C— О— Cas) an d  1130— 1115 cm 1 (C— О — Cs), c h a ra c te ris tic  of 
the  p o ly e th e r  ring. For th e  d e riv a tiv e s  co n ta in in g  N 0 2 group, th e  c o rre sp o n d ­
ing re g io n s  a re  1280— 1220 c m " 1 an d  1170— 1110 c m 1. In  th e  sp ec tra  o f  th e

Acla C him . Acad. Sei. Hung. 110, 1982
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n

1
2

I
1
0

1 

1

1

1
1
0

1

1
1
2
1

1

1
1
1

* Shoulder

Y X—R

H N H  C H 2CH 2C H P h ,

H N H  C H 2C H 2C H P h 2

NOj N H  — C H 2C H 2C H P h 2

II N H  CH 2C II2C„H3(0 C H 3)2 3,4

H N H  -  CH 2C H 2CcH 3(0 C H 3)2 3,4

n o 2 N H  -  CH 2C H 2C6H 3(0 C H 3)23,4

II N H — C H 2— C H s— l /

H

H

II
II
II
II

NO,

II
II

NO,

II

II
II
II

N H  CH 2CH2N  [C H (C H 3)2] 2

N H  CH 2C H , O H

N H  C H 2C H 3

O C H 3

O C H 3

O C H 3

O C H (C H 3)2

O C H (C H 3)2

O C H (C H 3),

O C H 2C H 2N (C H 2C H 3)2

O CH 2C H 2O CH 2C H jN (C H 2CH 3)2

O C H 2C H 2O C H 2C H 2O C H 3

M.p.,
°c

IR
vN—C—X, cm-

II
0

125 1660*/1630

129 1680*/l 635

185 1695 /1640

152 1680*/1640

148 1670*/1630

165 1695 /1640

130 1640

117 1640

88 1640

1 22 1635

78 1640

128 1720 /1700

83 1720 /1700

147 1740 /1725

139 1700*/1685

104 1690

138 1720

83 1685

75 1685

69 1690

53 1690
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2 8 Á G A I e t a l .:  M OD IFIED  CROWN E T H E R S , I

u re th a n s  16—25 the  re sp e c tiv e  p a ir  of bands c a n  be  recognized a t 1195 
1180 c m -1  and  1110— 1090 c m - 1 . The rCO bonds o f  th e  u reas 5—15 a p p e a r 
a t  1630— 1690 cm -1 , w hile th o s e  o f the  u re th an s  a t  1685— 1740 cm -1 , m ostly  
w ith  sh ou lder. In  th e  ’H — N M R  spectra  th e  О— C H 2 g roups of th e  ring  an d  
th e  c h a in  exhibit a b ro a d  m u lt ip le t  at <5 =  3.4— 4.5 p p m . O nly th e  signals 
o f  C H 2 groups a tta ch ed  to  n i tro g e n  atom  can be d is tin g u ish ed  in th e  sp ec tra  
o f  th e  u rea s  5—15 a t 2 .8— 3.2  p p m .

T h e  com plex s ta b il i ty  co n stan ts  were m e a su re d  in  alcohol and , as 
e x p e c te d , th e  m agnitudes w e re  fo u n d  to  be in d e p e n d e n t o f  th e  side chain . T he 
log  К  v a lu es  for N a+ ion  w ere  fo u n d  to  be 3.4— 4.2 , d ep en d in g  on th e  n u m b e r 
o f  th e  r in g  m em bers. U n fo r tu n a te ly , none of th e  co m p o u n d s  had  an y  se lec t­
iv i ty  in  th e  com plexation  o f  a lk a lin e  and a lkaline e a r th  m e ta l cations. Since 
b is -c ro w n  com pounds h a v e  b e e n  repo rted  to  e x h ib it in c reased  se lec tiv ity  [6], 
w e d e c id e d  to  prepare c a rb o n ic  acid  derivatives o f  t h a t  ty p e . This trill be th e  
s u b je c t  o f  a forthcom ing  p a p e r .

*

S u p p o r t  of th is re sea rch  b y  th e  Chinoin P h a rm aceu tica l a n d  C hem ical W orks is g ra te ­
fu lly  acknow ledged .
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In  ou r p rev io u s p a p e r [1] we re p o r te d  on  th e  p re p a ra tio n  o f  u re th a n  and  
u re a  d e riv a tiv e s  co n ta in in g  one c row n e th e r  u n it. These co m p o u n d s  can 
a d v a n ta g e o u s ly  be u sed  for effecting  N a + , K + ion tra n sp o rt th ro u g h  artific ia l 
a n d  biological m em branes.**  Owing to  th e  lack  o f se lec tiv ity  o f  co m p lexa tion , 
how ever, th e  co m pounds are  n o t su ita b le  ligands fo r m em b ran es  o f ion- 
se lective e lec trodes. R ecen tly , b is-benzo-15-crow n-5  [2] an d  12-crow n-4  d e riv a ­
tiv e s  [3] have  b een  re p o rte d  to  ex h ib it selec tive  com plexation  o f  K + a n d  N a+ 
tio n s , re sp ec tiv e ly . I n  these  ligands th e  tw o  crow n u n its  are  lin k e d  w ith  a 
flex ib le  chain  so t h a t  th e  op tim al c o n fo rm a tio n  can be ach iev ed  d u rin g  com ­
p lex a tio n . S m i d  et ál. have  found  [4] t h a t  th e  s ta b ility  c o n s ta n t o f  bis [3,4- 
-(1’, 4 ’, 7’, 10’, 13’-p en tao x acy c lo p en tad eca -2 -en e)-p h en y lca rb e to x y ] e th e r  in 
T H F  for p o ta ss iu m  p ic ra te  is m uch g re a te r  th a n  th a t  o f th e  co rrespond ing  
m onocyclic benzo-15-crow n-5 d e riv a tiv e . Ja p a n e se  researchers h a v e  pub lished  
th e  syn thesis  o f  b is-crow n e thers c o n ta in in g  am ide an d  e s te r  m o ie ties in  th e  
ch a in  a n d  th e ir  a p p lica tio n  as ligands o f  m em branes in  ion-se lec tive  electrodes
[5].

W e su p p o sed  th a t  th e  com plex ing  a b ili ty  an d  p a r tic u la r ly  th e  selectiv ­
i ty  o f b is-crow n e th e rs  should  depend  o n  th e  len g th , th e  n u m b e r  a n d  q u a lity  
o f  th e  h e te ro a to m s an d  on th e  steric  o r ie n ta tio n  of th e  chain  lin k in g  th e  crow n 
u n its . Besides th e se  fac to rs  we w a n te d  to  in v es tig a te  th e  effect o f  su b s titu e n ts  
in  th e  a ro m a tic  rin g , w hich m ay  in flu en ce  th e  se lec tiv ity  o f co m p lex a tio n  by  
fix in g  a un iq u e  co n fo rm atio n  in  th e  co m p lex  b y  m eans o f s tro n g  in tram o lecu la r  
h y d ro g en  bonds. F o r  th is  purpose th e  n itro  g roup  in  ortho p o s itio n  to  th e  chain  
seem ed  to  be su ita b le .

+  F o r P a r t  I ,  see R ef. [1]
* To w hom  correspondence  should  b e  addressed  

** M easu rem en ts  hav e  been carried  o u t  in  a S arto riu s  a p p a ra tu s  u s in g  an  a rtific ia l 
s to m ach  w all m em b ran e . W e m easured  th e  r a te  o f  sod ium  d in itro p h en o la te  (D N P ) tra n sp o rt  
in w a te r  in th e  p re sen ce  o f crow n e th e r u re th a n s  a n d  u reas. D N P  c o n ce n tra tio n s  on  b o th  sides 
o f  th e  m em b ran e  w ere m easu red  b y  UV sp ec tro sco p y .
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T h e  crow n e th e r iso c y a n a te s  3, 4, 5, p re p a re d  b y  th e  p h o sg en a tio n  o f 
th e  co rre sp o n d in g  am ines [1 ], p ro v ed  to  be ex ce llen t s ta r tin g  m ate ria ls , b e ­
cause  t h e y  a d d  b ifu n c tio n a l alcohols an d  am ines v e ry  read ily , affo rd ing  th e  
u r e th a n s  a n d  ureas 6— 23 (S chem e 1). The a,co-diam ines o r glycols were allow ed  
to  r e a c t  w ith  tw o eq u iv a len ts  o f  crow n iso cy an a te  in  d ioxane or ch lo ro fo rm  
a t  a m b ie n t  te m p e ra tu re  (w ith  glycols, tr ie th y la m in e  c a ta ly s t was used).

6 — 23

Scheme 1

Y ields a r e  60— 80% . A ccord ing  to  P opova’s m e th o d  [6], we have p re p a re d  
tr«m s-4,4’-d iam inod ibenzo-18-crow n-6  an d  tr e a te d  i t  w ith  th e  iso cy an a tes  3 
a n d  5 to  o b ta in  th e  tris -c ro w n  e th e rs  26 and  27 (S chem e 2).

A ll com pounds w ere c h a ra c te riz e d  b y  c o rre c t e lem en ta l analysis, IR , 
UV a n d  ]H — N M R sp ec troscop ic  da ta .*  T he la t t e r  a re  in  accordance w ith  
th o se  o f  th e  sim ilar m ono-crow n e th e r  deriv a tiv es  [1]. E lec trochem ical m easu re ­
m e n ts  h a v e  been carried  o u t in  o rd er to  e s tab lish  th e  selectiv ities o f  th e se  
c o m p o u n d s  fo r  a n um ber o f c a tio n s . D etails w ill be re p o rte d  elsew here; h ere  
we m e n tio n  th a t  com pounds 17, am ong th e  o th e r  n itro  derivatives, e x h ib its

* I R ( K B r ) :  u rea  1620/1680 sh  (6 , 8 , 10); 1690 (7, 9) u re th a n  1735 (11, 14, 17); 
1715/1690 sh  (12 , 13, 15, 16, 18— 21)

' H - N M R  (60 M H z, CDC13 T M S): N 0 2 d e riv a tiv e s  A r— H -3 <5(ppm) 8.0— 8.1 s, 
At— H - 6  7 .6 — 7.7 , s; deriva tives w i th o u t  N 0 2 A r— H-3 ő (ppm ) 7.1— 7.2 d ; A r— H -5,6 6 .7 — 6 .8  
dd ; O — C H 2 3 .5 — 4.5 m.
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Y n x Z м.р °с

H 1 CH, с н . 183
NO, 1 NH с н , 235

II 1 NH (СН,)4 180
NO* 1 NH (СН,)4 230

H 1 NH (СН, О —СН,), 134
n o 2 1 0 - 172

II 2 0 — 132
H 1 0 С Н ,-0 -С Н , 84

NO, 1 О С Н ,-0 -С Н , 120
H 2 0 С Н ,-0 -С Н , 64
H 1 О C H ,-S -C H , 135

NO, 1 О C H ,-S -C H , 100
H 2 О CH2- S - C H 2

N

87

H 1 О W
СН2—О О—с н -

134

H 1 О ё
с н 2—о  о —сн -

150

H 2 О <о)
с н 2—о  0 —с н 2

ё
/ О

109

NO, 1 О 119

NO, 1 О тт 192
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27 (n =  2)

24 („ =  I)

25 (n =  2)

Scheme 2

v e ry  re m a rk a b le  K + -ion s e le c tiv ity (log
К Na +

К к +
sam e o rd e r  of m agn itude  as t h a t  o f valinom ycin  lo g

3.0  

К ш

T his value is o f th e

К K +
3-4 , but

lig an d  is m ore selective to w a rd s  N H 4 R b + a n d  C s+ ions. The lack o f th e  
n itro  g ro u p  (e.g. 16) d r a m a tic a l ly  decreased th e  s e le c tiv ity . These observations 
s u p p o r t  o u r  hypothesis o n  th e  im p o r ta n t role o f  th e  n i t ro  group in th e  fo rm a ­
tio n  o f  selective com plexes.

S u p p o r t  o f  th is  r e s e a rc h  b y  t h e  C h in o in  P h a rm a c e u t ic a l  a n d  C h e m ica l W o rk s  is g r a t e ­
fu lly  a c k n o w le d g e d .

Acta Chim . Acad. Sei. Hung. 110, 1982



ÁGAI e t al.: M O D IF IE D  CROW N ETH ERS, I I 3 3

R E F E R E N C E S

|1 ]  Á g a i , В ., B itter , I . ,  C s o n g o r , É .,  Tő k e , L .:  A c ta  C him . A cad . S ei. H u n g . ( I n  th e  p ress)
[2] W a d a , F ., W a d a , Y ., Goto, T ., K ik u k a w r , K .: C h e m is try  L e t te r s ,  1980, 1189
[3] I k ed a , I . ,  K atayam a , T ., Okahara , M ., S hono , T .: T e tra h e d ro n  L e t t . ,  1981, 3651
[4 ] B o u r g o i n , M ., W o n g , K . H ., H u i , L . Y .,  S m i d , L :  J .  A m . C hem . S o c ., 97 , 3462 (1975)
[5] K i m u r a , K ., Ma e d a , T .,  T am ura , H .,  S h o n o , T .:  J .  E le c tro a n a l .  C h e m ., 95, 91 (1979)
[6 ] P opova, Y . A ., P odgo rnaya , I .  V ., P ostovskii, I . Y ., F rolova, N . N .: K h im . P h a rm .,

10, 6 6  (1976)

B éla Á g a i

I s tv á n  B it t e r  
É v a  Cso n g o r  
L ászló  T ő k e

H - l l l l  B u d a p e s t, M űegyetem  rkp . 3.

3 Acta Chim. Acad. Sei. H ung. 110, 1982





Acta Chimica Academiae Scientiarum Hungaricae, Tomus 110 (1), pp. 35 — 38 (1982)

SYNTHESIS OF iVMSONICOTINOYL-S^-DIPHENYL^- 
-(SULFAMOYLPHENYLAZO)-l,2-DIAZOLES AS 

ANTIMALARIAL AGENTS

С. P . S in g h

(Chemical Laboratories, Sahu  J a in  College, N a jibabad-246763  U. P . In d ia )

R e c e iv e d  F e b ru a ry  2 3 , 1981 
A c c e p te d  fo r  p u b lic a tio n  M a y  1, 1981

A  se rie s  o f  iV - Í8 o n ic o tin o y l-3 ,5 -d ip h e n y l-4 -( su lfa m o y lp h e n y la z o ) - l ,2 -d iazo les 
h a v e  b e e n  s y n th e s iz e d  b y  th e  c o n d e n s a tio n  o f  s u l f a m o y lp h e n y la z o - l ,3 -d ip h e n y l- l ,3 -  
-p ro p a n e d io n e  w i th  iso n ic o tin ic  ac id  h y d ra z id c , u s in g  g la c ia l a c e tic  ac id  as th e  co n ­
d e n s in g  a g e n t .  S o m e  o f  th e  p ro d u c ts  sh o w e d  s ig n if ic a n t  a n t im a la r ia l  a c t iv i ty  a g a in s t  
Plasm odium  berghei K B G  173 in  sw iss m ice .

In troduc tion

A su rvey  o f  th e  l i te ra tu re  reveals th a t  d iazole d e riv a tiv e s  possess various 
ty p e s  o f biological a c tiv itie s , viz., p o ten tia l an titu b e rc u lo u s  [1], an tineop lastic
[2], a n tid iab e tic  [3], a n tife r ti l i ty  [4], a n tirh e u m a tic , a n ti- in fla m m a to ry , ana l­
getic , a n tip y re tic , ad ren o ly tic , n a rco s is-p o ten tia tin g  [5] an d  a n titu m o r  [6, 7] 
ac tio n s, etc. Iso n ico tin ic  acid hyd raz id e  (IN H ) is used as an  an titu b e rcu lo u s
[8 ] and  a n titu m o r  [9] ag en t. In  view  o f th e se  o b se rv a tio n s , i t  was th o u g h t 
d esirab le  to  sy n th es ize  som e new  diazole d e riv a tiv e s  h av in g  th e  su lfonam ide 
m o ie ty  a tta c h e d  th ro u g h  an  azo linkage a t  p o sitio n  4 an d  an  ison ico tinoy l 
m o ie ty  a t  positio n  1 in  th e  hope th a t  th e  re su ltin g  co m p o u n d s m ay  prove to  
possess v a luab le  ph arm aco lo g ica l p ro p ertie s .

The p resen t co m m u n ica tio n  describes th e  sy n th esis  o f  TVMsonicotinoyl- 
-3 ,5 -d ip h eny l-4 -(su lfam oy lpheny lazo )-l,2 -d iazo les o f ty p e  (A )  b y  th e  con­
d en sa tio n  of su lfam o y lp h en y lazo -l,3 -d ip h en y l-l,3 -p ro p an ed io n es  [10] w ith  
IN H , using  glacial ace tic  acid as th e  condensing  ag en t, an d  th e  s tu d y  o f th e  
bio logical a c tiv ity  o f  th e  p ro d u c ts . T he hom o g en eity  an d  p u r ity  of th e  com ­
p o u n d s were checked  b y  TLC an d  th e ir  s tru c tu re s  e s tab lish ed  by  IR , NM R 
sp ec tra l s tud ies an d  e lem en ta l analyses (Schem e 1).

E xperim ental

All th e  c h e m ic a ls  u se d  w ere  e i th e r  B D H  o r  E . M e rck  p ro d u c ts  o f  A n a la r  g ra d e , e x c e p t 
I N H  (С . С. P . N a j ib a b a d ) .

3 : Acta Chim. Acad. Sei. Hung. 110, 1982



3 6 SING H : 1.2-D IA ZO LES AS ANTIMALAKIAL AGENTS

where:

X  — Cl. — l>r, —-F , X O 2 , — ( 'И з . — ОСЫз, — Г 0 2 Н.

Synthesis of IV1-iso n ico tin o y l-3 ,5 -d ip h en y l-4 -(X )-azo -l,2 -d iazo le s

A  m ix tu r e  o f  th e  a p p r o p r ia te  su lfa m o y lp h e n y la z o -1 .3 -d ip h e n y l- l ,3 -p ro p a n e d io n e  (0 .1  g) 
a n d  is o n ic o t in ic  ac id  h y d ra z id e  (0 .5  g ) in  g la c ia l a c e tic  ac id  w a s  re f lu x e d  o n  a n  o il b a t h  a t  
160 — 1 7 0  °C fo r  6  h  an d  th e n  a l lo w e d  to  s t a n d  o v e rn ig h t. T h e  c o lo u re d  c o m p o u n d  w h ic h  
s e p a r a t e d  w a s  f ilte re d  off, w a s h e d  w e ll w i th  w a te r ,  d r ie d  a n d  r e c ry s ta l l iz e d  f ro m  a  m ix tu re  
o f  g la c ia l  a c e t ic  ac id  a n d  D M F .

B y  a n a lo g o u s  p ro c e d u re s , s e v e ra l  s u b s t i tu te d  1 ,2 -d iazo les h a v e  b e e n  sy n th e s iz e d , th e i r  
c h a r a c t e r i s t i c s  a re  re c o rd e d  in  T a b le  I .  T h e  y ie ld s  w ere  b e tw e e n  70 a n d  3 0 % .

I R  an d  N M R spectra

1 R  s p e c t r a  in  K B r  w ere  r e c o r d e d  o n  a  P e rk in -E lm e r  g r a t in g  I R  s p e c tro p h o to m e te r .  
T h e  s p e c t r a  h a d  c h a ra c te r is t ic  p e a k s  a t  780 c m - 1  ( a ro m a tic  r in g ) , 1580 c m - 1  ( N = N  —) 
1600 c m - 1  (C — N ); 1740 c m - 1  ( C = 0  o f  tert. a m id e  h a v in g  N  in  d iazo le  r in g )  w h ic h  h e lp e d  
i n  e s t a b l is h in g  th e  s tru c tu re s  o f  th e  c o m p o u n d s .

T h e  s t ru c tu r e s  o f th e  s u b s t i t u t e d  d ia z o le s  w ere  also  c o n f irm e d  b y  'H -N M R  s p e c tra  
s tu d i e s .  I n  C D C I3  so lu tio n , th e  fo llo w in g  ö (p p m )  v a lu e s  w ere  o b ta in e d :  7 .47  7 .50  (2 s, 10,

C (C fiH 5)._,): 7 .35  (d d , 2, m e ta  to  N = N  C6 H .,X , J  =  6  H z ); 7 .12  (d d , 2, 4 -p y r id in e c a rb o n y l ,  
ortho  t o  C — O , J  — 9 a n d  2 H z ) ; 7 .9 3  ( d d ,  2, ortho to  X , J  =  9 a n d  3 H z); 8 .04  (d d , 2, 4 - p y r id in e ­
c a r b o n y l ,  meta  to  C = 0 ,  J  =  9 a n d  2 H z ) .

W h e r e  X  =  s u b s t i tu e n t  g ro u p .

A c ta  Chirn. Acad. Sei. H un". 110, 1982
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T able  1

Characteristics o f  N l-isonicotinoyl-Z£-diphenyl-b-( X ) azo-1,2-diazoles

X M.P.°C Colour Molecular formula
Nitrogen

Rf ValueS
Found Calcd.

1 2 3 4 5 6 7 8

1 . P henyl 146 d ark  yellow C27H i9N50 16.29 16.31 0.8457

2 . 2-C hlorophenyl 165 pale  yellow C,7H 18NsOCI 15.10 15.12 0.7079

3. 3-Chlorophenyl 203 lig h t b row n c 27h 18n 6o c i 15.10 15.12 0.6954

4. 4-C hlorophenyl 156 brow n c 27h 18n , o c i 15.09 15.12 0.7234

5. 4-B rom ophenyl 245 d ark  yellow C27H ]8N6OBr 13.76 13.78 0.7534

6 . 2 ,4 ,6-T ribroinophenyl 249 yellow C27H 16N5O B r3 10.47 10.51 0.9856

7. 3-F luorophenyl 289 pale yellow C27H 18N5OF 15.63 15.66 0.8499

8 . 2-Chloro-4-nitro-
phenyl 211 pale yellow C27H 17N A C 1 16.51 16.54 0.5683

9. 2-N itrophenyl 274 lig h t yellow 0*7^ 18^г,03 17.63 17.72 0.7943

1 0 . 3 -N itrophenyl 267 brow n C27H I8Nf,0 3 17.69 17.72 0.8682

1 1 . 2 -M ethylphenyl 133 pale yellow  
needles c 28h 21n 5o 15.78 15.81 0.9160

1 2 . 4-M ethylphenyl 173 w hite  needles c 28h 21n 6o 15.79 15.81 0.9237

13. 2-M ethoxyphenyl 221 pale yellow c 28h 21n 5o 2 15.21 15.25 0.8360

14. 4-M ethoxyphenyl 188 d a rk  brow n c , 8h 21n 50 . 15.21 15.25 0.8860

15. 4-A m inodiphenyl 265 d ark  yellow c 23h 21n 6o 16.14 16.15 0.8239

16. 1-N aphthy l 240 red c 31h 21n 5o 14.59 14.62 0.5909

17. 2-N aph thy l 235 yellow
needles c 31h 21n 5o 14.56 14.62 0.5448

18. 4-C arboxyphenyl 275 dark  yellow ^28^19^5^3 14.78 14.80 0.7665

19. 4 -H ydroxypheny l 199 pale yellow Q.7h ,9n 6o 2 15.69 15.73 0.7099

2 0 . 2 ,3 -D im eth y l-l-
-phenylpyrazolone 282 brow n C32H 20N702 18.15 18.18 0.8091

2 1 . 2 -Sulfonainidobenzene 191 d ark  yellow ^27-^20^r»^3^ 16.52 16.54 0.5023

2 2 . iVl-2 -pyridy lsu lfon-
am idobenzene 285 dark  yellow c 32h 23n ,o 3s 16.70 16.75 0.6988

23. iV1-2 -pyriiriidylsulfon-
am idobenzene 262 red C31H 22N803S 19.07 19.11 0.5838

24. iV1-2 -thiazoly lsulfon-
am idobenzene 215 pale yellow 

needles ^ЗоИ21^70382 16.51 16.58 0.9084

25. iV1-2 -guanylsulfon- 
am idobenzene 295 pale yellow c 28h 22n 8o 3s 20.31 20.36 0.6284

26. ]\И-2(4,6 -d im ethy l) 
pyrim idylsulfon- 
am idobenzene 321 pale yellow C33H2rN80 3S 18.21 18.24 0.4511

27. iV1-2 -acetylsulfon-
am idobenzene 278 brow n C29H 22Ng0 4S 15.21 15.27 0.6924
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Biological assay

A ll com pounds w ere  screened  for th e ir  a n tim a la r ia l  a c tiv ity  ag a in s t 
P la sm o d iu m  berghei K B G  173 m ala ria  in  Swiss m ice b y  th e  Osdene  an d  K us- 
SELL m eth o d  [11]. Som e o f  th e  p roducts, n am e ly , iV1-isonico tinoyl-3 ,5-d iphe- 
nyl-4-(JV1-su lfonam idobenzeneazo)-, -4-(iV1-2-th iazo ly lsu lfonam idobenzene- 
azo)-, -4-(iV1-2-py rim idy lsu lfonam idobenzeneazo )-, -4-(iV1-2-(4 ,6-d im ethyl)- 
p y rim id y lsu lfo n am id o b en zen eazo )-, and 4-(7V1-2 -py ridy lsu lfonam idobenzene- 
a z o ) - l ,2 -diazoles show ed s ig n if ican t an tim a la ria l a c t iv i ty .

*

T h e  a u th o r  w ishes to  ex p ress  th e ir  cordial th a n k s  to  th e  S a h u  Ja in  College, N a jib a b a d  
fo r la b o ra to ry  facilities a n d  to  D r. S hyam  S in g h , C D R I, L u ck n o w  for spectra l d a ta  a n d  ele­
m en ta l analyses.

T h e  a u th o r  is also in d e b te d  to  D r. T. R. Sw e e n y , D ire c to r , W . A. R . I ., W ash in g to n  
(D . C.), fo r te s tin g  th e  c o m p o u n d s  as an tim alaria l ag en ts  a n d  to  C SIR , New D elh i, fo r 
f in an c ia l assistance .
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C alcu la tions based  o n  s ta tis t ic a l  th erm o d y n am ic  m eth o d s  h a v e  b een  perform ed 
to  e s tim a te  th e  p reex p o n en tia l fac to rs  o f fou r-cen ter m olecu lar e lim in a tio n  reactions 
o f  d ia lky l e th e rs . T he changes in  ov era ll sy m m etry , th e  n u m b er o f o p tic a l isom ers, th e  
th ree  m ain  m o m en ts  o f in e rtia  a n d  th e  h in d ered  in te rn a l ro ta tio n s  fro zen  in  th e  ac tiv a ­
tio n  process m ak e  com parab le  c o n tr ib u tio n s  to  th e  ac tiv a tio n  e n tro p y . T h u s neglect 
o f th e  role o f  th e  change in  overall ro ta t io n  can  only be ju s t if ie d  in  th e  d ifferential 
m e th o d  o f e s tim a tio n  of a c tiv a tio n  en tro p ies  w hen th e  s t ru c tu re  o f th e  ac tiv a ted  
com plex  is t ig h t .

C alcu la tions w ere m ade  fo r th e  follow ing e thers (in  p a re n th e se s  are th e  
lg (A 8D0/ s - 1 v a lu es): m e th y l e th y l e th e r  (12.6), m eth y l iso b u ty l e th e r  (11.7), m ethy l 
(eri-bu ty l e th e r  (13.6), d ie th y l e th e r  (13.2), d i-n -propyl e th e r  (12 .4), d i-n -b u ty l e ther 
(12.1). T he e s tim a te d  p reex p o n en tia l fa c to rs  a re  in  reasonab le  a g re e m e n t w ith  th e  da ta  
availab le  in  th e  l ite ra tu re .

Introduction

T he th e rm a l decom positions o f  d ia lk y l e thers are c o m p lic a te d  processes 
ch a rac te rized  b y  th e  co m p e titio n  o f  rad ica l and  m olecu lar reac tio n s  [1 — 3]. 
M odelling o f th e  re a c tio n  system s is a m a jo r  m ethod  in  th e  e s tab lish m en t of 
th e  re la tiv e  k in e tic  ro les o f th e  co m p e tin g  processes and  in  th e  e lu c ida tion  of 
th e  possible m echan ism s o f th e  reac tio n s . To set up a m odel, th e  r a te  constan ts  
o f  th e  e le m e n ta ry  reac tio n s o f th e  assum ed  m echanism , i f  possib le , charac­
te riz e d  b y  th e  A rrh en iu s  p a ra m e te rs , m u s t be know n. S ince o n ly  a lim ited  
n u m b e r o f r a te  c o n s ta n ts  are  av a ilab le  fo r th e  e lem en ta ry  re a c tio n s  involved 
in  th e  m echan ism s o f d ia lky l e th e r  decom positions, s tu d ies  to  e s tim a te  th e  
A rrh en iu s  p a ra m e te rs  are  o f im p o rtan ce .

T he th e rm o ch em ica l ca lcu la tio n s ou tlin ed  below are  a im ed  a t  ob ta in ing  
th e  estim a ted  a c tiv a tio n  en trop ies and , co n seq u en tly , th e  preexpo­
n e n tia l fac to rs  o f  th e  reac tio n s ch a ra c te riz e d  b y  th e  gen era l e q u a tio n

H • C ^

R O - C - C H  ^  R O  • C <  R O H  +  > C  =  C <  (1)

I I

fo r th e  c u s to m a ry  te m p e ra tu re s  o f th e rm a l decom positions.
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T h e  p reex p o n en tia l fa c to rs  o f  uuim olecular re a c tio n s  are genera lly  
e s tim a te d  via  tra n s itio n -s ta te  th e o ry  b y  a d ifferen tia l m e th o d  (see e.g. [4, 5]). 
In  th e  ap p lic a tio n  o f th e  m e th o d  th e  ro ta tio n a l e n tro p y  change (zliS°0*) is 
u su a lly  le f t  o u t o f co n sid era tio n , since  th e  la tte r  is n o rm a lly  negligible for sm all 
m olecu les [6 , 7]. Since th e  m o lecu les stud ied  here a re  o f  considerab le  size an d  
th e  p ro d u c ts  o f  th e  th ree  p r in c ip a l m om ents of in e r tia  in crease  considerab ly  
in  th e  a c tiv a tio n  process, th e  o m ission  of dS°0* re su lts  in  a n  e rro r no longer 
n eg lig ib le . To avoid th is  source  o f  e rro r, the  overall e n tro p ie s  o f th e  m odels 
o f  th e  r e a c ta n t  m olecules an d  a c tiv a te d  com plexes w ere c a lc u la ted . This p ro ­
c e d u re  m a d e  i t  possible to  ch eck  th e  probable erro rs o f  th e  calcu lations b y  
c o m p a riso n  o f  th e  ca lcu la ted  a n d  exp erim en ta l d a ta  fo r th e  m olecules.

Calculation of A S by a statistical m echanical method*

I t h  as been  show n b y  B e n s o n  [4] th a t  S° an d  C°p T c a n  be e s tim a ted  w ith  
su ff ic ie n t p recision  using c h a ra c te r is tic  frequencies fo r th e  in d iv id u a l in te rn a l 
degrees o f  freedom , p ro v id ed  th e  p e r tin e n t m olecu lar s tru c tu re  d a ta  needed  
in  th e  c a lc u la tio n  of th e  c o n tr ib u tio n s  o f o ther degrees o f  freedom  are know n. 
T he re l ia b il i ty  o f th e  e s tim a tio n  is enhanced  by  th e  fa c t t h a t  th e  co n trib u tio n s  
o f v ib ra t io n a l  degrees o f freed o m  a re  re la tiv e ly  sm all in  m olecules no t in v o lv ­
ing  h in d e re d  in te rn a l ro ta tio n s .

T h e  S°  and  Cp r  fu n c tio n s  o f  h indered  in te rn a l ro ta tio n s  can  also be 
c a lc u la te d  w ith  high p recision , p ro v id e d  th e  ro to rs  a re  sy m m etrica l an d  th e  
fram e  th e y  are  a tta ch ed  to  is r ig id .

A lth o u g h  th eo re tica lly  u n ju s tif ie d , reliable e s tim a tio n s  have  also been  
m ad e  fo r  asy m m etric , rig id  ro to rs  u sing  th e  eq u a tio n s  v a lid  for sy m m etrica l 
rig id  ro to r s  [4].

I n  th e  case of m olecules c o n ta in in g  non-rig id  ro to rs , th e  ca lcu la tion  of 
S° a n d  Cp T fo r th e  ro to rs is th e o re tic a l ly  unfounded . I f  th e  ca lcu la tio n  is m ade 
b y  u s in g  th e  equations va lid  fo r  rig id  ro to rs, th e  th e rm o d y n a m ic  func tions 
are  o v e re s tim a te d , since th e  re d u c e d  m om ent o f in e r tia  is also o v erestim ated . 
T he d iffe ren ce  is no t im p o r ta n t  in  m o s t cases, how ever. I n  th e  p resen t p a p e r 
th e  S°  a n d  C°p T functions o f  h in d e re d  ro to rs are  also ca lcu la ted  for ro to rs  
h a v in g  a loose s tru c tu re , by  u s in g  th e  equations v a lid  fo r sy m m etrica l, r ig id , 
co ax ia l ro to rs . The m eth o d  a p p lie d  gives resu lts  w ith  e rro rs  n o t exceding 
^ 1  ca l m o l_ 1K _1.

T h e  p reex p o n en tia l fa c to r  o f  a un im olecular r a te  c o n s ta n t can  be ca l­
c u la te d  f ro m  th e  ac tiv a tio n  e n tro p y  [4, 8] via th e  e q u a tio n

* U n its  o f  S° and  Cp a re : cal m o l - 1  K - 1  (e.u.): 1 cal =  4.184 J .
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ekT  l* a* n a S ° * i r------  в T
h a n *

( 2)

(l*  is th e  reac tio n  p a th  degeneracy , a* an d  a are  th e  o v era ll sy m m etry  n u m ­
b ers , w hile n* and  n  are  th e  n u m b ers  o f o p tica l isom ers o f  th e  a c tiv a te d  com plex 
an d  th e  re a c ta n t m olecule, respective ly ).

ASy*  w as e s tim a te d  b y  using  id en tica l ca lcu la tio n  p rocedures fo r th e  
a c tiv a te d  com plexes an d  th e  re a c ta n t m olecules. T he tr a n s la tio n a l en tro p y  
ch an g e  is zero; how ever, im p o r ta n t changes occur in  th e  v ib ra tio n a l en tro p y , 
th e  en tro p ies  o f  e x te rn a l an d  in te rn a l ro ta tio n s , th e  sy m m e try  an d  th e  n u m b er 
o f  o p tica l isom ers.

I n  th e  ca lcu la tio n s m ade fo r th e  m olecules, som e o f  th e  ro ta tio n a l b a r­
rie rs  o f  th e  h eav ie r ro ta tio n s  h av e  been  changed  s lig h tly  to  o b ta in  a b e tte r  
ag reem en t be tw een  ex p e rim en ta l and  ca lcu la ted  o vera ll en tro p ie s  and  m olar 
h e a t capac ities [1, 13]. A lth o u g h  th is  p ro ced u re  m ay  re su lt  in  sizeable errors 
in  th e  ca lcu la tio n  o f  th e  c o n tr ib u tio n s  o f  indÍY7id u a l ro to rs , i t  is su itab le  for 
th e  c a lcu la tio n  o f th e  sum  o f th e  co n tr ib u tio n s  o f  h e a v y  ro to rs . Since th e  
degrees o f freedom  o f th e  ro to rs  in  th e  a an d  ß  positions to  th e  e th e r oxygen  
a re  changed  in  th e  a c tiv a tio n  process, even  a co n sid erab le  e rro r  in  th e  cal­
c u la te d  c o n tr ib u tio n s  o f  th e  in d iv id u a l ro to rs  is ex p ec ted  to  give m erely  a 
neg lig ib le  e rro r in  AS%-*, because in  all th e  e th e rs  consid ered  here  (w ith  th e  
ex e p tio n  of D N B E ) h ea v y  ro to rs  are  on ly  p resen t in  th e  a  an d  ß  positions to  
th e  e th e r  oxygens. In  th e  alky l g roup  n o t invo lved  in  th e  a c tiv a tio n  process, 
th e  change in  th e  c o n tr ib u tio n  o f  th e  ro to r  in  th e  a  p o sitio n  to  th e  e th er oxygen  
is sm all and  can  he e s tim a te d  Yvith reasonab le  precision .

T he accu racy  o f  th e  e stim a tio n  o f  AS^-* depends u p o n  th e  fu lfilm ent o f 
th e  follow ing a ssu m p tio n s:

a) U sing th e  c h a ra c te ris tic  frequencies g iven  b y  B e x s o n  in stead  of th e  
a c tu a l va lues, no m a jo r e rro r is co m m itted .

b) A pp lica tio n  o f  th e  equ a tio n s valid  for sy m m e tric a l, coaxial, rig id  
ro to rs  for th e  c a lcu la tio n  o f th e  co n tr ib u tio n s  o f  n o n -co ax ia l, asym m etric , 
loose ro to rs  o f  m olecules and  a c tiv a te d  com plexes gives a good ap p ro x im atio n , 
o r a t  least th e  erro rs co m m itted  are com p en sa ted  in  th e  ca lcu la tio n  o f A S y* . 
T h e  m odels chosen  are  co rrec t; th e  ca lcu la ted  q u a n titie s  do n o t depend m uch 
o n  th e  bond  d is tan ces  an d  angles assigned.

T he fu lfilm en t o f  th e  above cond itions is il lu s tra te d  in  th e  cases of th e  
e th e r  m olecules, w here th e  ag reem en t b e tw een  th e  c a lc u la ted  and experi­
m e n ta l d a ta  is reaso n ab le  (see below ). H opefu lly , c a lc u la tio n s  o f th e  S° and  
C° T func tions o f  th e  m odels describ ing  th e  a c tiv a te d  com plexes give resu lts  
o f  s im ila r accu racy .

T he c o n tr ib u tio n s  o f tra n s la tio n a l, ro ta tio n a l a n d  v ib ra tio n a l degrees o f  
freedom  w ere ca lcu la ted  b y  using  th e  follow ing eq u a tio n s  o f  s ta tis tic a l m echan-
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ics [9]:

S?r =  Я  (1.5 In M  +  2 .5  ln  T )  - 2 .3 1 5 ,

C p.tr =  2 .5  R .

S°ot =  2.2878 lg ( I A I B I c  10120) +  6.8634 lg T  -  4 .5756 lg <rex -
6 .8966 ,

C ° rot = 1 . 5  R ,

s°ib  — R
и

e l l —1
— ln  (1 — eU ) , and

c °'->p,vib
R U 2 eU

(eU -  l )2

(3)
(4)

( 5 )

( 6)

(? )

( 8 )

w here  M  is  th e  m olecular m ass , R  is th e  m olar gas c o n s ta n t (1.987 cal m o l-1  
К  ~ г), I a I b I c  is th e  p ro d u c t o f  th e  th re e  m ain  m om ents o f  in e r tia , crex is th e  
e x te rn a l sy m m e try  n u m b er a n d  U  =  hvjkT . The p ro d u c t I AI BI C w as c a l­
c u la te d  b y  th e  m ethod  of H i r s c h f e l d e r  from  th e  m asses a n d  th e  Ca r t e sia n  
c o o rd in a te s  o f  th e  atom s [10]. T h e  b o n d  d istances an d  b o n d  angles w ere th e  
av e ra g e  v a lu e s  suggested fo r d im e th y l  e th e r and  p a ra ff in s : r(C — H ) =  109.4 
r ( C - O )  =  141.6, r (C -C )  =  153.7 p m ; < (C O C ) =  3.897, < (H C C ) =  3.823, 
< (C C C ) =  3.821 rad  [11].

F o r  th e  ca lcu la tion  o f th e  S °  a n d  C° T functions o f  in te rn a l  ro ta tio n s , th e  
ro ta t io n a l  b a rr ie rs  were ta k e n  fro m  th e  lite ra tu re  o r e s tim a te d . C orrections 
w ere m a d e  in  th e  ro ta tio n a l b a r r ie rs  o f  some h eavy  ro to rs , b u t  th ese  never 
ex ceed ed  0.5 kcal m o l-1 . T he c a lcu la tio n s  were p e rfo rm ed  w ith  a d ig ita l 
c o m p u te r  [ 12].

T h e  assu m p tio n s m ade re g a rd in g  th e  s tru c tu re  o f  th e  a c t iv a te d  com plex , 
an d  th e  ca lcu la tio n s p e rfo rm ed , a re  illu s tra te d  on th e  ex am p le  o f D E E  
(T able  I ) .

I n  th e  m olecular d eco m p o sitio n  of D E E , a fo u r-m em b ered  a c tiv a te d  
co m p lex  is  fo rm ed  [Eq. (1)].

R o ta t io n  around  th e  C— C a n d  C — 0  bonds in v o lv ed  in  th e  reac tio n  is 
h in d e re d  b y  in te ra c tio n  b e tw een  th e  e th e r  oxygen an d  th e  h y d ro g en  a to m  o f 
one o f  th e  m e th y l groups.

T h e  decom position  o f in te rn a l  degrees of freedom  in to  n o rm a l coo rd inates 
w as p e rfo rm e d  according to  s ta n d a rd  p rocedures [4]. C h a rac te ris tic  frequencies 
e s tim a te d  o n  th e  basis o f b o n d  le n g th  — bond d istance  co rre la tio n s  (ref. [4], 
T ab le  A  13) w ere used in  th e  c a lc u la tio n s . The m issing frequenc ies w ere c a l­
c u la te d  v ia  th e  equation

A cta  Chim . A cad . Sei. Hung. 110, 1982
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Table I

E stim ation  o f  the preexponential factor o f  molecular decomposition o f  d iethyl ether*

DEE D E E*

Degrees of 
freedom t7(cm-1) S|»l Degrees of 

freedom v/cm-1 S»*8

B ond stretches B ond stretches

C - H 1 3100 0.00 C • H 1 2 2 0 0 0.00
0  • H 1 2 2 0 0 0.00

C - 0 1 1100 0.06 C • 0 1 r. c. —

c - c 1 1100 0.09 C -C 1 1300 0.03

Deformations D eformations

(H —C—C)/jW 3 1150 0.16 H c ^ c 3 800 0.62

(H —C—0)(w 1 1150 0.05 H C - 0 1 800 0.21
H - C - H 2 1450 0.03 II • C -H 2 1100 0.12
C - 0  c 1 400 0.96 C 0  • c 1 280 1.53

C C - 0 l 400 0.96 C -C  • 0 1 280 1.53

(CH2)r L 700 0.31 H • o - c I 800 0.21
( C - 0  C)0.p. 1 170 2.44

H indered  rotations H indered rotations

C H 3 ^  CH2O E t 2 4.16 C H 3 /  C H ,O E t+ 1 2.08

F 0 =  3400 cal m o l -1 V 0 =  3400 cal m o l-1

I r =  5 .2 x 1 0 -* °  g  cm 2 I r =  5 .2 x 1 0 -* °  g cm 2

E t  /  O E t 2 11 .01 E t  /  O E t*  1 5.69

V 0 =  5000 cal m o l-1 V 0 =  5500 cal m o l-1

I r =  3 .3 x l O -39  g cm 2 / r =  4 .5 + 1 0 - 39 g cm 2

Opt. isomers — К  In 2 1.38
A  C O * /
^^ro t 2 .02

17.79 17.86

A S ° ,* ' =  0.7; d S ° * '  =  - 0 .7 5 ;  Aoo =  1 0 13 2

* S°’ =  S°/cal m o l - 1 K _1 
** D egeneration

T h e  d is tan ces  b e tw een  a to m s in v o lved  in  th e  rin g  of th e  a c tiv a te d  com plex 
a re  r ( 0  • H) =  138, r ( 0  • C) =  223, r(C — C) =  140, r(C • H ) =  209 pm ,* in  
ag reem en t w ith  th o se  suggested  in  th e  l i te ra tu re  [14]. T h e  chan g in g  of th e  
assu m ed  bo n d  angles w ith in  reasonab le  lim its  re su lts  in  a neglig ib le  change in  
th e  co m p u ted  S°  a n d  Cp functions.

* r  =  r 0 -f- 00 p m , fo r th e  b reak ing  b o n d s; < ( H  • О • C) =  3.142 ra d .

Acta Chim. Acad. Sei. Hung. 110, 1982
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I n  t h e  calcu lations o u tlin e d  ab o v e , th e  n u m b er o f  d iffe ren t a tom s p re se n t 
in  th e  m o lecu le , th e  C artesian  c o o rd in a te s  of th e  a to m s, <rex, an d  th e  c h a ra c ­
te r is t ic  freq u en c ies  of th e  n o rm a l in te rn a l degrees o f  freedom  Mere used  as 
in p u t  d a ta .  I n  th e  ca lcu la tion  o f  th e  co n trib u tio n s  o f  h in d e red  in te rn a l r o ta ­
tio n s , th e  re d u c e d  m om ents o f in e r t ia  o f  th e  ro to rs , th e  ro ta tio n a l b a rrie rs  an d  
th e  sy m m e tr ie s  of ro ta tio n s  se rv e d  as in p u t d a ta . T h e  e rro rs  caused  b y  th e  
o v e re s tim a tio n  o f th e  S° an d  C° T fu n c tio n s  o f  th e  b u lk y  loose ro to rs  an d  b y  
th e  a p p lic a t io n  of th e  c h a ra c te r is tic  frequencies o f  th e  no rm al degrees o f  
f reed o m  a re  o f  com parab le  m a g n itu d e  for th e  m olecule an d  th e  a c tiv a te d  
co m p lex  (w ith  th e  exception  o f  th e  tw o  ro to rs  frozen  in  th e  a c tiv a te d  com plex). 
H ence , th e  e rro r com m itted  in  th e  e s tim a tio n  o f  th e  a c tiv a tio n  e n tro p y  is 
c o n s id e ra b ly  reduced .

I n  o rd e r  to  decrease th e  r e la tiv e  erro r caused  b y  th e  assignm en t o f  th e  
ro ta t io n a l  b a rr ie r  of th e  h in d e re d  in te rn a l ro ta tio n s , id en tica l b a rr ie r  h e ig h ts  
w ere a s su m e d  for iden tical ro to rs  in  sim ilar positions.

R esu lts

A n  e x a m in a tio n  o f th e  th e rm o ch em ica l feas ib ility  o f  th e  m o lecu lar e lim i­
n a t io n  in  th e  chosen group o f  d ia lk y l e thers shows (T able I I )  th a t  th e  free 
en e rg y  ch an g es  in  these  re a c tio n s  a re  considerab le in  m ost cases. Since th e  
s im ila r r e a c tio n  o f d im ethy l e th e r  is u n fav o u rab le  because  o f  its  la rge  p o sitiv e  
AG° v a lu e , th e  p reexponen tia l fa c to r  fo r th is  com pound  w as n o t e s tim a ted .

W ith  th e  ca lcu la tion  p ro c e d u re  o u tlin ed  above, th e  en tro p ies  an d  m olar 
h e a t c a p a c itie s  o f th e  follow in g  d ia lk y l e thers an d  a c tiv a te d  com plexes fo rm ed  
from  th e m  w ere  ca lcu la ted : d im e th y l e th e r  (D M E), m e th y l e th y l e th e r  (M E E ), 
m e th y l n -p ro p y l e ther (M N P E ), m e th y l isopropy l e th e r  (M IP E ), m e th y l iso­
b u ty l  e th e r  (M IB E ), d ie thy l e th e r  (D E E ), d i-n -p ropy l e th e r  (D N P E ) an d  di-u- 
b u ty l  e th e r  (D N B E ).

T h e  ro ta tio n a l barrie rs  a ssu m ed  for th e  in d iv id u a l ro to rs  on  th e  basis 
o f l i t e r a tu r e  d a ta  [15] are l is te d  in  T ab les I I I  an d  IV  for th e  m olecules an d  
a c t iv a te d  com plexes, re sp ec tiv e ly .

T h e  ca lcu la ted  en tro p y  a n d  m o la r h e a t c a p a c ity  co n tr ib u tio n s  o f th e  
v a rio u s  d eg rees  o f freedom  are  sh o w n  in  Tables V an d  V I. A com parison  o f th e  
c a lc u la te d  a n d  experim en ta l d a ta  d em o n stra te s  th e  re lia b ility  o f  th e  c a l­
c u la tio n s .

I t  is to  be no ted  th a t  th e  c o n tr ib u tio n s  o f  v a rio u s m e th y l ro to rs  in  d if­
fe re n t e th e r  m olecules can  he c a lc u la te d  woth h igh p rec ision  fo r all th e  com ­
p o u n d s  s tu d ie d . Since th e  c a lc u la tio n  for th e  m e th y l ro to rs  p re se n t in  th e  
a c t iv a te d  com plexes gives r e s u lts  o f  sim ilar p recision  an d  (w ith  th e  ex cep tio n  
of a few  ro to rs )  only m ethy l ro to rs  a re  p resen t in  th e se  species, th e  sum  o f th e
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Table II

E xam ina tion  o f  the thermochemical feasib ilities o f  molecular elim ina tions*

E ther RO H Olefin лн^о ■̂Sgóo Kc.m

D im ethyl e ther (DM E)** CH3OH : CH2 88.9 40.0 56.9 4 x l 0 “18
M ethyl e thy l e th e r (M E E ) CH3OH C ,H 4 15.5 34.3 1 2 .0 28
M ethyl n-propyl e th e r (M N PE ) CH3O II C3H„ 12.6 35.7 16.0 3.5 XlO2
M ethyl isopropyl e th e r  (M IP E ) C H 3O II c 3Hr, 16.0 38.3 14.7 1.5 xlO 2
M ethyl t-bu ty l e th e r (M T B E ) C H 3O H i-C ,H 8 16.7 41.0 16.1 3.9 XlO2
M ethyl isobuty l e th e r  (M IB E ) C H 3OH i-C4H 8 1 1 .0 34.7 — 16.8 6 . 1 X 1 0 2

D iethy l e ther (D E E ) CoHjOH C,H 4 16.1 37.1 13.6 77
Di-ra-propyl e th e r (D N P E ) C3H ,O H C3H„ 1 2 .2 38.3 18.5 1.7 X 103
D i-n-bu ty l e th e r (D N B E ) C4H„OH 1-C,H8 13.1 38.1 — 17.4 8.8 X 102

* Л Щ '0 =  d t f ° 00/ kcal m o l- 1; ZlS8° '(, = /1S |00/e.u.; AG°'0 =  <4GJ00/kcal m o l - 1 
** <4Gg00 e s tim a te d  from  d f f j 98 an d  , 1S “,)8

Table I I I

Calculation o f  thermodynamic fu n c tio n s o f  hindered internal rotations; 
barriers to rotations and reduced moments o f  inertia fo r  different ethers*

VI, Ir.l VI, II., V i, G.« V'0ti Vi, I f ,

DM E 2800 4.82

M EE 3100 5.05 5000 26.8 3400 5.06

M N PE 3100 5.25 5000 34.3 7200 37.6 3400 5.25

M IPE 3400 5.23 5000 34.3 3600 5.20 3600 5.20

M IB E 3100 5.27 5000 42.0 8000 55.3 3600 5.29 3600 5.29

M TBUE 3400 5.27 2500 38.4 4000 5.21 4000 5.25 4000 5.25

D E E 3400 5.24 5000 33.4

D N P E 3400 5.31 5300 52.1 7200 75.8

D N B E 3400 5.33 5300 56.1 7500 95.6 6500 184.4

* K ,i =  К ,i/cal m o l“ 1; I f j  =  Jr i/1 0 ~ ,u g cm 2;
enum eration  o f h indered  ro ta tio n s, illu s tra ted  on the exam ple o f  M IB E :

. CH3
H.C-1 O - CH,-2-CH r.

СП;,

co n tr ib u tio n s  o f  th e  ro to rs  frozen in  th e  a c tiv a tio n  process c a n  also he estim ated  
w ith  reasonab le  precision .

As th e  d a ta  o b ta in ed  are used fo r th e  ca lcu la tion  o f  ЛS^-*, th e  error com ­
m itte d  is fu r th e r  reduced , for th e  c o n tr ib u tio n s  o f th e  d eg rees o f freedom  no t 
involved  in th e  a c tiv a tio n  process cancel ou t.
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Table IV
C alculation o f  therm odynam ic fu n c tio n s  o f  hindered internal rotations; barriers to rotations and reduced mom ents o f  inertia  fo r  d ifferen t cyclic

activated complexes*

Vi., I'r.l v ; . ,  n , , VI., I ’r , . V i,, K . t V i., I ',., VI,.

MEE 3600 5.18
MNPE 3600 5.23 3900 5.29
MIPE 3900 5.26 3900 5.27
MIBE 3600 5.26 3600 5.29 3600 5.29
MTBUE 4000 5.29 4700 5.28 4700 5.28
DEE 3400 5.24 5500 45.2
DNPE 3400 5.31 5300 56.0 7700 78.9 3600 5.33
DNBE 3400 5.33 5399 60.4 7500 104.1 7000 155.1 5800 60.4 3400

* V'o.i - -  V„, ,/cal ■ m ol >; I'r i =  I r illO  40 g cm 2; 
en u m eratio n  of h indered  ro ta tio n s, 
illu s tra te d  on the  exam ple o f M IB E :

CH3

C H 3— Ü • C H ,

&

Table V

Calculation o f  entropies and molar heat capacities o f  different ethers* (298 K)

Sii s° / S" rot ĉalc. •''exp. c°P',t c e .r C j t ,  V Cp U- rot. Cp', calc. Cp, exp.

DME 37.41 20.95 1.34 4.48 64.18 63.83 4.97 2.98 3.51 4.30 15.75 15.73
MEE 38.2 24.03 3.37 9.50 75.08 74.24 4.97 2.98 7.95 6.48 22.33 21.45
MNPE 38.82 25.65 4.26 15.00 83.74 83.52 4.97 2.98 9.97 8.54 26.46 26.89
MIPE 38.82 25.70 4.63 11.61 80.76 80.86 4.97 2.98 9.87 8.49 26.31 26.55
MIBE 39.34 27.10 5.96 15.41 89.83 91.09 4.97 2.98 13.03 10.51 .31.58 31.50
MIBE 39.34 26.04 6.55 12.08 84.01 84.36 4.97 2.98 13.37 10.54 31.86 32.07
DEE 38.82 24.13 4.33 15.17 82.45 81.90 4.97 2.98 10.00 8.61 26.56 26.89
DNPE 39.78 26.55 7.18 28.01 101.22 100.98 4.97 2.98 16.50 12.96 37.41 37.83
DNBE 40.50 28.39 9.96 42.06 120.90 119.60 4.97 2.98 22.80 17.00 47.77 48.76

* S V =  S//cal mol 1 K -1 Cp\ i =  Cp [1 cal mol -1 K - i
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F rom  th e  ca lc u la ted  C° values th e  p a ra m e te rs  o f th e  e q u a tio n

C° =  a +  b T  +  c T 2 +  c T 3 (10)

■were ca lcu la ted  fo r th e  in d iv id u a l m olecules an d  ac tiv a ted  com plexes b y  using 
n o n -lin ea r least sq u ares  [16]. These v a lu es  w ere used to  ca lcu la te  from
th e  eq u a tio n

T

J AC°*- g - * T  ( 11)

298

an d  th e  p reex p o n en tia l fac to r  from  e q u a tio n  (2) a t d iffe ren t te m p e ra tu re s  
(T ab le  V II).

The in se n s itiv ity  o f  th e  a c tiv a tio n  e n tro p y  to  th e  s tru c tu re  o f  th e  ring 
in  th e  ac tiv a te d  com plex  is re flec ted  in  th e  re la tiv e ly  sm all ch an g e  in  th e  
in tr in s ic  e n tro p y  o f  overall ro ta tio n  (0.8 ^  0.2 cal m o l-1 K _1). T h e  abso lu te  
e n tro p y  in c rem en t is g rea te r b y  1.38 ca l m o l-1 K -1 for th e  la s t  th re e  com ­
p o u n d s  (Table V II ) , re flec tin g  an  e x te rn a l sy m m etry  change o f  2 .

Since tw o  in te rn a l ro ta tio n s  are  lo s t in  th e  a c tiv a tio n  p rocess, a sub­
s ta n tia l  loss in  th e  in te rn a l ro ta tio n  e n tro p y  occurs, especia lly  w hen  b o th  
ro to rs  are h eav y .

O n th e  o th e r  h an d , an  increase in  th e  v ib ra tio n a l e n tro p y  is observed 
m o s tly  due to  th e  tw o  new  v ib ra tio n s  rep lac in g  th e  frozen ro to rs . T h e  en tropies 
o f these  degrees o f  freedom  depend  on w h e th e r or no t low fre q u e n c y  v ib ra ­
tio n s appear. S u b s titu tio n  in  а -position  to  th e  О-atom  in  th e  rin g  seem s to  
be v e ry  fav o u rab le  in  th is  resp ec t ow ing to  th e  presence o f C — C - 0  low fre­
quency  bendings in  th e  ac tiv a te d  com plex .

On th e  basis o f  these  co n sid era tio n s th e  nearly  tw o o rd e r o f  m agn itu d e  
d ifference in th e  ^ - fa c to rs  o f M IB E  an d  M TB E m olecular decom positions is 
easily  exp laned : th e  decrease in  th e  e n tro p y  due to  th e  freezing  o f  t-wo ro to rs 
is sm aller, th e  increase  in  th e  v ib ra tio n a l co n trib u tio n s and  th e  re a c tio n  p a th  
degeneracy  are  g re a te r  in  th e  la t te r  case.

The c a lcu la ted  M -factors can  be checked  against tho se  re p o rte d  in  the  
l i te ra tu re  in  on ly  a few cases. T he ,4 -fac to r ca lcu la ted  for th e  m o lecu la r decom ­
p o sitio n  of D E E  (lg M /s-1 ) =  13.2 Az 0.3) is in  reasonable ag reem en t w ith 
tho se  de te rm in ed  ex p erim en ta lly  [Se r e s  an d  H uhn  [2] (13.9), F oucaut  and  
Ma r t in  [3] (13)], b u t  i t  is co n sid e rab ly  low er th e n  th a t  d e te rm in e d  experi­
m en ta lly  by L a i d l e r  an d  McK e n n e y  [17] (18) and th a t  e s tim a te d  by  H augen  
an d  B enson  [14] (14.4).

The v a lu e  now  es tim a ted  for M T B E  (13.6) is lower th a n  b o th  th e  experi­
m e n ta l value o f D aly  and  W e n t r u p  [18] (14.4) and th e  e s tim a te d  value of 
B en so n  and  cow orkers [14] (13.9).

A da  Chim. Acad. Sei. H ung. 110, 1982
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Table VI

Calculation o f  entropies and molar heat capacities o f  cyclic activated complexes* (298 K)

t̂r V s p S«. rot. ‘-’opt. i ‘̂ ealc. Cp'tr Cp,r c e.v Cp',1. rot. Cp' calc.

MEE* 38.21) 24.81 6.31 1.99 1.377 73.31 3.97 2.98 10.48 2.09 20.52
MNPE* 38.82 26.73 8.30 3.92 1.377 79.15 4.97 2.98 13.44 4.20 25.59
MIPE* 38.82 26.35 8.28 3.84 1.377 78.67 4.97 2.98 13.48 4.11 25.52
MIBE* 39.34 27.83 9.36 6.03 1.377 83.94 4.97 2.98 15.76 6.29 3.000
MTBE* 39.34 26.89 12.45 5.29 1.377 85.35 4.97 2.98 18.11 5.93 31.99
DEE* 38.82 26.15 8.40 7.77 1.377 82.52 4.97 2.98 13.72 4.27 25.95
DNPE* 39.78 28.54 11.10 15.92 1.377 96.72 4.97 2.98 19.89 8.47 36.31
DNBE* 40.50 30.51 13.98 28.93 1.377 115.30 4.97 2.98 26.33 12.75 47.03

* S f ' =  Sf/cal m o l- 1 K 1; C°p'l l - r o t= C °PiLmtJcal m o l- 1 K 1

Table V II

Activation entropies and preexponential factors o f  molecular elim ination reactions*

Ether

-H-3

AS°„*' rot ^ 2#8, int - a s ;* '
l *  (Г* n

10-»* Л.,,!«-1) Ю-^хЛооО»-1)

MEE 0.78 3.56 —7.51 -  5.33 -3 .3 3 -3 .6 0 0.5 3.6 3.7
MNPE 1.08 4.04 11.08 -5 .9 7 -5 .5 3 -  5.79 1 2.4 2.5
MIPE 0.65 3.65 - 7.77 -5 .6 5 -2 .6 5 -2 .7 6 1 10 11
MIBE 0.73 3.40 -9 .3 8 -4 .5 1 - 7.37 -7 .7 2 0.5 0.47 0.47
MTBE 0.85 5.90 -  6.79 -4 .3 9 1.29 1.30 0.5 36 44
DEE 2.02 4.07 -7 .4 0 -  4.87 -0 .6 0 -0 .7 5 0.5 14 15
DNPE 1.99 3.92 -1 2 .0 9 -7 .2 5 5.63 -5 .9 5 1 2.2 2.3
DNBE 2.12 4.02 13.13 -8 .3 5 -6 .5 7 -6 .8 9 1 1.4 1.4

* A S p * ' =  A S t *Icu\ m o l- 1 К “ 1

S
E

R
E

S
: D

E
C

O
M

PO
SIT

IO
N

 O
F D

IA
L

K
Y

L
 E

T
H

E
R

S



S E R E S : DECOM POSITION O F  D IA L K Y L ETH ERS 49

O n th e  basis o f  th e  above resu lts , th e  follow ing conclusions a re  draw n:
a) The e s tim a te d  values o f th e  A  fa c to rs  are  in fluenced  to  s im ila r  ex ten ts  

b y  th e  n u m b er o f  H  a to m s p resen t in  ß  position  to  th e  e th e r  oxygen , the  
n u m b e r o f in te rn a l ro ta tio n s  chang ing  ap p rec iab ly  in  th e  a c tiv a tio n  process,* 
th e  reduced  m o m en ts  o f  in e r tia  o f th e  frozen  ro to rs , an d  th e  ch an g e  in  the  
p ro d u c t o f th e  th re e  p rin c ip a l m om en ts o f in e rtia .

b) The a c tiv a tio n  en tro p ies  decrease w ith  increasing  te m p e ra tu re . On the  
o th e r  h an d , th e  A  fa c to rs  are  p ro p o rtio n a l to  th e  te m p e ra tu re  [E q . (2)]. The 
re su ltin g  co m p en sa tio n  effect renders th e  p reex p o n en tia l fa c to rs  n e a r ly  inde­
p e n d e n t of te m p e ra tu re .

c) O f th e  8 reac tio n s  s tu d ied , th e  re a c tio n  p a th  d eg en era tio n s  ca lcu la ted  
from  th e  sy m m e try  n u m b ers  an d  b y  sim ple coun tin g  are  id e n tic a l in  only
4 cases.

One of th e  referees** called  th e  a u th o r ’s a tte n tio n  to  th e  good linear 
co rre la tio n  b e tw een  th e  ca lcu la ted  AH°aoQ an d  In A aog (i.e . A S ° *) v a lu es  (r2 =  
=  0.84); on th e  o th e r  h a n d , no such co rre la tio n s  w ere fo u n d  b e tw e e n  e ither 
ZlSgoo and  In A a00 (r 2 =  0.43) or AGaoo an d  In A aoo (r2 =  0.15).

T he f irs t o b se rv a tio n  is p ro b a b ly  a consequence o f th e  d o u b le  effect of 
c h a in  b ran ch in g  a t  th e  C -atom  in  а -po sitio n  to  th e  o th e r o x y g en :

a) A H °  inc reases because o f th e  p ronounced  s tab iliz in g  effect of the  
О -a to m . (The e n th a lp y  o f  fo rm a tio n  is considerab ly  g re a te r  in  th e  case of 
re-dialkyl e thers.)

b) The ^4-factor increases for th e  reasons discussed above.
Since m ost o f th e  effects in fluencing  th e  m ag n itu d e  o f  A S °*  h av e  little  

e ffec t on zlS°, th e  absence o f a good lin e a r  co rre la tio n  b e tw e e n  /ISeoo an(i 
In  ^4800 is u n d e rs ta n d a b le . T he sam e app lies to  th e  possib le c o rre la tio n  of 
zlGgoo an d  In A aoo, since th e  fo rm er is co nsiderab ly  d ep en d en t o n  ASg00.

F ro m  a c o m p ariso n  o f  th e  e s tim a te d  d a ta  and  th e  few  exp erim en ta l 
d a ta  availab le , th e  jio ssib ility  o f  th e  p resence o f a low -frequency  p seu d o -ro ta ­
t io n  in  th e  a c tiv a te d  com plex  can n o t be ex luded . The re a li ty  o f  th is  assum p­
t io n  can n o t be ju d g e d  w ith o u t fu r th e r  ex p erim en ta l in v es tig a tio n s .
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THE 1 : 1 AND 1 : 2 COMPLEX FORMATION 
BETWEEN /5-CYCLODEXTRIN AND BENZOIC ACID

Á. BUVÁRI1, J. SZEJTLI2 and L. BARCZA1*
( '  D epartment o f  Inorganic and A nalitica l C hem istry , L . Eötvös U niversity , B udapest and  

2 Biochem ical Research Laboratory o f  C hino in  C hem .-P harm . JVorks, B udapest)

R eceived M arch 26, 1981 
A ccep ted  fo r p u b lica tio n  M ay 25, 1981

B ased  on  so lu b ility  m easu rem en ts th e  ex is ten ce  of a com plex co n ta in in g  tw o 
m olecules o f  benzo ic  acid  fo r one m olecule o f  cy c lo d cx trin  has been  p ro v e d  in  w hich 
th e  second ac id  is assum ed  to  be b o u n d  b y  h y d ro g en  bridge. T he fo rm a tio n  c o n stan ts  
of th e  1 : 1 a n d  1 : 2  com plexes have been  d e te rm in ed .

The so lu b ility  p ro p ertie s  o f several o rgan ic  com pounds a re  o fte n  essen­
tia lly  m odified  b y  com plex  fo rm atio n  w ith  cy c lo d ex trin s . T he so lu b ility  in creas­
in g  effect m ay  be  a n  im p o r ta n t  p o in t for th e  ap p lica tio n  o f  cy c lo d ex trin s  in  
th e  p h a rm a c e u tica l in d u s try . In  m ost cases o n ly  th e  fo rm a tio n  o f sim ple 1 : 1 
com plexes is assu m ed  unless th e  guest m olecules are  so sm all th a t  tw o  or m ore 
o f th em  can p e n e tra te  in to  th e  c y c lo d ex trin  c a v ity  a t  th e  sam e tim e  (e.g. 
HC1) [1].

I t  has b e e n  observed  [2, 3] th a t  th e  slopes o f th e  so lu b ility  vs. cyclo­
d e x tr in  c o n c e n tra tio n  p lo ts  are  often  g re a te r  th a n  u n ity , suggesting  th a t  no t 
on ly  sim ple b in a ry  b u t  also te rn a ry  com plexes a re  form ed. T h is suggestion  
w as su p p o rted  also b y  o u r (p re lim inary ) ex p e rim e n ts : com plexes o f  benzoic 
acid  and  cy c lo h ep taam y lo se  (/5-cyclodextrin , /9-CD) w ere p re p a re d  an d  th e n  
h e a te d  a t  150 °C fo r 2 h o u rs  in  a vessel covered  w ith  a cooled lid . A  m inor 
b u t  s tr ic t a m o u n t o f  benzoic acid could  a lw ays be d e tec ted  on  th e  lid  even 
i f  th e  a n a ly tic a l co m p o sitio n  o f  th e  sam ple  w as 1 : 1, in  sp ite  o f th e  fa c t th a t  
benzoic acid w as n o t  re leased  from  th e  in c lu sio n  com plex  u n til  v e ry  close to  
th e  decom position  te m p e ra tu re  of th e  /9-CD ( ~ 1 9 0  °C) as it has b een  proved  
in  o th e r  ex p e rim en ts .

O ur aim  w as to  in te rp re t these  p h en o m en a  in  te rm s  o f  com plex  fo rm a­
tio n  and  to  d e te rm in e  th e  s ta b ility  o f  th e  com plexes.

T hree in d e p e n d e n t series o f ex p e rim en ts  w ere carried  o u t: 
th e  so lu b ility  o f benzoic acid w as m easu red

1) in  so lu tio n s o f  /?-CD and
2) in  so lu tio n s o f  ca re fu lly  p rep ared  /J-C D —benzoic acid com plex ;
3) th e  so lu b ility  o f  th e  /9-CD — benzoic  acid  com plex  w as m easu red  in  

so lu tions o f  benzoic acid.

* To w hom  corresp o n d en ce  should  be ad d ressed

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 110 (1), pp. 51 57 (1982)
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R e su lts  an d  D iscussion

T h e  sa tu ra tio n  c o n c e n tra tio n  o f  benzoic acid  as th e  fu n c tio n  o f th e  co n ­
c e n tr a t io n  o f  ß-CT) or ß -C D — b en zo ic  acid com plex  (series 1 an d  2, re sp .)  is 
sh o w n  o n  F ig . 1, while F ig . 2 sh ow s th e  so lu b ility  o f  th e  1 : 1 com plex  in  th e  
fu n c t io n  o f  th e  in itia l benzoic ac id  co n cen tra tio n .

A s i t  c a n  be seen on  F ig . 1 th e  cHB vs. cCD p lo ts  give p ra c tic a lly  a s tra ig h t  
lin e  b u t  th e  slope is 1.05, in  ac c o rd a n ce  w ith  th e  re su lts  o f Cohen  an d  Lach [2].

F ig . 1. T h e  so lu b ility  of benzoic acid  p lo t te d  ag a in st th e  c o n ce n tra tio n  o f ß-CD  (1) o r ß -C D — 
b en zo ic  a c id  com plex (2 ), re sp ec tiv e ly . cBg is th e  to ta l  co n ce n tra tio n  o f th e  benzoic  acid , 

including also th e  acid  co n te n t o f th e  com plex

'e
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F ig . 2. T h e  so lu b ility  o f th e  ^-C D  —b en zo ic  acid  com plex in th e  fu n c tio n  o f th e  in itia l benzoic
ac id  c o n cen tra tio n

A cta  Chim . Acad. Sei. Hung. 110, 1982
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To e v a lu a te  th e  ex p erim en ta l d a ta  th e  following e q u ilib ria  (w ith  th e  
co rre sp o n d en t equ ilib rium  co n stan ts)  w ere  assum ed: 
d isso c ia tio n  o f  th e  benzoic acid

ГН + 1ГВ-1
H B ^ = ± H +  +  B -  K d =  ± ----- ------ ±- (1)

d [H B ] 7

th e  fo rm a tio n s  o f 1 : 1 and  1 : 2 com plexes:

CD +  H B  ^  C D H B
[CDHB]

[C D ][H B ]

CD +  2 H B  CD (H B )2 Д2
[C D ](H B)2] 

[CD] [H B ]2

(2)

(3)

w here th e  sq u a re -b rack e ts  deno te  th e  eq u ilib riu m  co n cen tra tio n s o f  th e  differ­
e n t species. So th e  to ta l  co n c e n tra tio n s  o f  benzoic acid an d  Д-cyclo d e x tr in  
can  be  w r it te n  as follows:

cHB -  fcJ/2[H B ]'/3  +  [H B ] +  ^ [C D ] [H B ]  +  2,52[C D ][H B ]2 (4)

cCD =  [CD] +  Д, [C D ][H B ] +  & [C D ][H B ]2 (5)

F o r  K d a va lu e  o f 6 x 1 0  5 w as accep ted  from  th e  l i te r a tu r e  [4]. F o r 
th e  o th e r  eq u ilib riu m  co n stan ts  th e  fo llow ing  values could be c a lc u la ted  (w ith  
th e  g iven  s ta n d a rd  dev ia tions):

log ßi =  2 .9  ±  0.15 

lo g # , =  3.5 ±  0.2

T he ag reem en t w ith  th e  e x p e rim e n ta l d a ta  is fa irly  good for all th e  
th re e  series as it  can  be seen on F igs 1 an d  2 w here th e  c a lc u la ted  curves 
are  d ra w n  in  co n tin u o u s lines. [F or th e  so lu tions sa tu ra te d  w ith  th e  com plex  
(series 3) th e  so lu b ility  p ro d u c t

K so  =  [C D ][H B ]

h ad  to  be ta k e n  in to  accoun t as w ell, a n d  its  value has been  fo u n d  to  be 
pf^so  =  4 .85 . Som e sligh t d ev ia tio n  m a y  arise from  th e  fa c t th a t  m inor 
p h en o m en a  (as com plex  fo rm atio n  w ith  th e  benzoate  an ion  an d  th e  so lub ility  
o f th e  1 : 2 com plex) w ere neg lec ted .] T h e  d is trib u tio n  o f Д-CD  am ong  th e  
d iffe ren t species is show n on F ig . 3 as th e  fu nc tion  of th e  excess benzoic 
acid c o n c e n tra tio n .

A d a  Chirn. Acad. Sei. H ung. 110, 1982
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S u m m ariz in g  th e  re su lts , beside th e  sim ple b in a ry  com plex th e  ex istence  
of a co m p le x  c o n ta in in g  one m olecule of /S-CD a n d  tw o  m olecules of benzoic  
acid  h as  b e e n  p ro v ed . Since tw o  m olecules o f b enzo ic  ac id  can  n o t p e n e tra te  
in to  th e  /d -cyclodextrin  c a v ity  [5] an d  th e  second  acid  m olecule is b o u n d  
ra th e r  w e a k ly  as re flec ted  b y  th e  low  e q u ilib riu m  c o n s ta n t o f th e  second

Fig. 3. P e rc e n ta g e  of tlie  d iffe ren t species co n ta in in g  /S-CD as th e  fu n c tio n  of th e  excess benzo ic
acid  c o n cen tra tio n

com plex  fo rm a tio n  s tep  (log ß 2 — log ß 1 =  0 .6), th e  second m olecule m u s t be 
a t ta c h e d  to  th e  cy c lo d ex trin  su rface  b y  h y d ro g e n  bonds. (B onding to  th e  
in c lu d ed  benzo ic  acid  is u n lik e ly  because its  —C O O H  is hydrogen  b o n d ed  to  
th e  c y c lo d e x tr in  O H -groups a n d  so — as i t  h as  b een  show n by  p o te n tio m e tric  
m e a su re m e n ts  [6 ] — th e  acid ic s tre n g th  as w ell as th e  ten d en cy  to  d im erize  
is d ec reased .) T h is s tru c tu re  gives ex p lan a tio n  fo r th e  sub lim atio n  of sm all b u t  
s t r ic t  a m o u n t o f  benzoic acid below  th e  d eco m p o sitio n  te m p e ra tu re . So in  all 
o th e r  cases w h en  th e  guest m olecule is capab le  o f h y d ro g e n  bonding, an  “ o u te r  
sp h e re ”  co m p lex  w ith  th e  com p o sitio n  of 1 : 2 can  be  form ed as well an d  th e  
p ro p e rtie s  o f such  com plexes m u st be h ig h ly  d iffe re n t from  those o f  rea l 
in c lu s io n  com plexes.

E xperim en ta l

T h e  c o n ce n tra tio n  of /S-CD in  th e  f irs t  series o f e x p e rim e n ts  w as 0 — 1.5 X 10 - 5  m ol d in - 3 , 
an d  t h a t  o f th e  benzoic acid  in series 3, w as 0 — 2 x l 0 - 2  m ol d m -3 .

T h e  /3-CD —benzoic acid  com plex  w as p rep ared  b y  d isso lv ing  equim olar a m o u n ts  o f 
/?-CD a n d  b enzo ic  acid  in h o t w a te r  an d  th e n  crysta llized  b y  cooling. The com position  w as 
p ro v ed  to  b e  1 : 1. I ts  co n cen tra tio n  in  series 2 was 0 — 1.33 X lO - 2  m ol d m -3 .

T h e  te m p e ra tu re  was a lw ays k e p t  a t  25 i  0.1 °C.
A fte r  th e  so lu b ility  eq u ilib riu m  h a d  been  reach ed  ( a t  le a s t  12 hours) th e  co n ce n tra tio n  

o f benzo ic  ac id  w as d e te rm in ed  b y  a lk a lim etric  t i t r a t io n  a n d  th a t  of th e  /9-CD b y  o p tica l 
ro ta to ry  m ea su re m e n t. (F irs t  i t  w as p ro v ed  th a t  in  so lu tio n  th e  o p tica l ro ta to ry  of /3-CD w as 
n o t  m o d ified  b y  th e  p resence of th e  benzoic acid.)

Acta Chim . Acad. Sei. Hung. 110, 1082
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On th e  b asis o f th eo re tica l co n sid era tio n s a re la tio n sh ip  w as e stab lish ed  betw een 
th e  p o la riza tio n  resis tan ce  a n d  th e  co rro s io n -cu rren t d en sity  fo r  th e  case o f m etal 
d issolu tion  in h ib ite d  by  an  a d so rp tio n -ty p e  in h ib ito r. T he co rro s io n -cu rren t density  
can  be e v a lu a te d  w hen  th e  p o ten tia l d ep en d en ce  of th e  e lectro d e  co v erag e  is know n in 
ad d itio n  to  th e  p o la riza tio n  resistance  a n d  th e  T afel slopes.

In tro d u c tio n

The te c h n iq u e  o f e lectrode im p ed an ce  m easu rem en t h as  becom e wide­
sp read  in  e lec trochem ica l and  corrosion  s tud ies d u ring  th e  la s t decades. Im p ed ­
ance d iagram s reco rd ed  in  a w ide freq u en cy  range are  espec ia lly  useful for the  
sep a ra tio n  o f  co n secu tiv e  and /o r p a ra lle l processes o f d iffe ren t re laxa tion  
tim es. T he an a ly s is  o f  e lectrode im p ed an ce  w as em ployed  b y  G e r i s c h e r  and 
M e h l  [1] fo r th e  s tu d y  o f adso rbed  in te rm ed ia te s  in  th e  h y d ro g e n  evolution  
reac tio n . E p e l b o i n  an d  his co-w orkers [2 to  8 ] in v es tig a ted  th e  m e ta l dissolu­
tio n  and  m e ta l d ep o sitio n  processes using  im pedance  d iag ram s. A r m str o n g  
and  his co -w orkers [9 to  18] em ployed  th is  m eth o d  for th e  s tu d y  o f  various 
e lectrode re a c tio n s . A n excellent acco u n t o f th is  te c h n iq u e  is found  in th e  
m onograph  o f M a c d o n a l d  [19] on p e r tu rb a tio n  m eth o d s.

A r m s t r o n g  [9] assum ed in  his s tu d y  o f th e  im p ed an ce  relations o f  
ac tive  to  p assiv e  tra n s it io n  th a t  th e  m e ta l d isso lu tion  is a sim ple single-step 
reac tio n  w hich  is in h ib ited  only b y  th e  geom etric effect o f  o x ygen  adsorbed 
on th e  surface. T h e  a u th o r  applied  th e  m eth o d  of F r u m k i n  an d  G a i k a z y a n  [20] 
in  th e  d e te rm in a tio n  o f a d so rp tio n  im pedance .

In  th is  p a p e r  th e  ap p lica tio n  o f th e  im pedance  m e th o d  fo r the stu d y  of 
in h ib ito rs  is p re se n te d  basically  in  acco rdance  w ith  A r m s t r o n g ’s tre a tm e n t 
assum ing th e  a d so rp tio n  o f n e u tra l m olecules and  a sim p le  charge  transfe r 
reac tio n  en e rg e tica lly  in d ep en d en t o f th e  la tte r .

+ This p a p e r  w as p resen ted  a t  th e  5 th  E u ro p ean  Sym posium  on C orrosion  Inh ib ito rs  a t 
F e rra ra  (I ta ly ) , 1 5 -  19. S ep tem b er 1980.

* To w hom  correspondence  should be addressed .
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The electrode admittance

T h e  c u rre n t d ensity  o f  th e  ad so rp tio n  process a n d  th a t  o f  th e  charge- 
t r a n s f e r  re a c tio n  assum ed to  b e  energetically  in d e p e n d e n t one from  a n o th e r 
a re  g iv e n  b y  th e  following fo rm u la s :

j /7 : J  corr
1 - 0

1 в согг

AE

e ßa
AE

( 1 )

th e  c u r r e n t  d en sity  of th e  f a ra d a ic  process (charge tr a n s fe r  reac tio n ) and

dov
Ja df df

( 2)

th e  c u r r e n t  d ensity  of th e  a d s o rp tio n  tra n s ie n t, w here  j corr is th e  corrosion- 
c u r re n t  d e n s ity , ßc and ß a a re  th e  T afel slopes o f th e  ano d ic  p a r tia l  process 
(m e ta l d isso lu tion ) and  o f th e  c a th o d ic  reaction  ( H + re d u c tio n ) , resp ec tiv e ly , 
0  is t h e  coverage  of th e  in h ib ito r , (TMe is th e  ch arg e  d e n s ity  o f th e  e lec trode  
h a v in g  0  coverage while a n d  cr, are  th e  charge  den sitie s  o f  th e  u ncovered  
e le c tro d e  ( 0  =  0) and  of th e  c o m p le te ly  covered ( 0  — 1) e lec trode , respective ly . 
A E  =  E  ■— E corr is th e  p o la r iz a tio n .

T h e  a d m itta n c e  of th e  fa ra d a ic  reaction  is g iven  b y

d j f d']F 4_ d jp dO
d A E d A E

\
Q d& ЛЕ d A E

E m p lo y in g  th e  tre a tm e n t o f F r u m k i n  and  G a i k a z y a n  
s in u so id a l p e r tu rb a tio n

A E  =  A E  +  U0 eJa>t
we o b ta in

w h ere
I №

1 d A E 6) =  0

д в
d A E

д в 1

d A E  j a=0 1 +  io n

[19] fo r th e  case of

(4)

is th e  d e r iv a tiv e  of th e  s ta t io n a ry  0  vs. A E  function , со is th e  an g u la r frequency , 
U 0 is th e  a m p litu d e  while т =  l /к  is th e  tim e c o n s ta n t , w here к is th e  ra te  

c o n s ta n t  d e fin ed  by  th e  e q u a tio n  o f  a f irs t order k in e tic  re a c tio n :

d 0

d t
fc (0 —  0e ) ( 5 )

A c ta  C him . Acad. Sei. Hung. 110, 1982
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•where 0 e is th e  eq u ilib riu m  coverage co rre sp o n d in g  to  th e  in s ta n ta n e o u s  
p o ten tia l.

The fa ra d a ic  a d m itta n c e  a t  th e  c o rro s io n  p o te n tia l ЛE  =  0 is g iven 
b y  th e  follow ing fo rm u la  ta k in g  in to  a cco u n t e q u a tio n s  (1), (3) an d  (4)

1
Yf =  Jc i f 1 , 1 1 3 0  1

l U a  ßc 1 ®corr d A E }
(6)

The c u r re n t d e n s ity  [equa tion  (2)] co rresp o n d in g  to  th e  p e r tu rb a tio n  
o f  th e  a d so rp tio n  p rocess is given b y  th e  fo llow ing  eq u a tio n

H(&(1 - 0 )  +  - ^ 0
d A E

(°i  — tf2)
d o

d A E
d A E

d t (? )

an d  th e  a d m itta n c e  co rrespond ing  to  th e  a d so rp tio n  process w hen  a sinuso idal 
p e r tu rb a tio n

A E  =  Ä E  +  U 0 ela>t
is applied  read s

Ya =  ico Г  °1  ° 2 3 0
Udl I ! *1 +  10}T 3 A E

( 8)

w here Cdi is th e  c a p a c ity  o f th e  double la y e r:

Cdl = -7-7̂- (1 — 0) 4— ©dzlE d A E

do-! d o 2
w here ". . _  an d

d A E d A E

(9)

are  th e  specific do u b le  la y e r  capacities o f th e  u n co v ered  and  co m p le te ly  covered  
elec trode , re sp ec tiv e ly .

S ep a ra tin g  th e  rea l an d  im ag in ary  p a r ts  o f  fa rad a ic  a d m itta n c e  (6) and  
o f  a d so rp tio n  a d m itta n c e  (8) th e  rea l an d  im a g in a ry  p a r ts  o f th e  e lec trode  
im pedance  are  o b ta in e d

Y ' = j c 1 1 1 ] 1 3 0 1

1

1
ß a ßc 1 ®corr 3 A E в —0 1 +

y "-» Í» со Cdl

-  (O-! -  ff2) 

(ffl -  ° 2)

3 0

CO

1 +  ft)2T2

jc<

3 0  

d IE

3 A E

+
6)—0 

COT

1 0 CO 1 or  T*

3 0  

3 A E

( 10)

( И )
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6 0 MÉSZÁROS e t a l.: EL EC TR O D E IM PED A N CE M EASUREM ENTS

or b y  sim p lify in g  th e  n o ta tio n s

+  1 „ r  +
ft)2 r 2

R , R t o  l  +  co2T2 JfAra 1 +  co2T2

1 1

R , R A  00 R,■to R A°e

1

1 +  ft)2 T2

Y'é — co J Cdl -f- [CA0 -j- Ct0]
1 +  ft)2 T2

T h e  n o ta t io n s  of equa tions ( 12) an d  (13) are  th e  follow ing:

R-t
=  J c F  + TPa Pc

th e  c h a rg e - tra n s fe r  re s is tan ce  o f  th e  fa rad a ic  process,

R „ 1 - O c д Л Е  B=0

( 12 )

(13)

(14)

(15)

th e  a d d it io n a l  ch a rg e -tran sfe r res is tan ce  co n n ec ted  para lle lly  to  th e  l a t t e r  a t 
low  fre q u e n c ie s  and

R A  oo

d&
ЯЛЕ  j B_0

(16)

a n o th e r  a d d itio n a l c h a rg e -tran sfe r  res is tan ce  due  to  th e  effect o f  th e  a d so rp ­
tio n  p ro c e ss  a t  very  h igh  freq u en c ies  {cox^> 1) w hich  can  be re g a rd ed  from  
a n  e le c tr ic a l po in t of v iew  as th e  loss re s is tan ce  o f  th e  ad so rp tio n  p se u d o ­
c a p a c i ty .  T h e  la tte r  is g iven  b y

CAO К ff2)
,)Q

дЛ Е o = 0
(17)

w h ile  th e  p seu d o cap ac ity  o f th e  fa rad a ic  process reads

1 0 r
[-* -]

B A E  L R „
(18)

T h e  l a t t e r  a re  effective w h en  cor <4; 1. In  a d d itio n  form ulas

1

ж

1

R

1 1

R ,  + R a -

Í 1 1

к » R a -

(19)

( 20)

A d a  C him . Acad. Sei. Hung. 110, 1982
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a n d

C0 =  {Cl0 +  C A0) = - - ^ -  (21)
л 0

a re  in tro d u ced , w hence th e  rea l a n d  im a g in a ry  p a rts  of th e  e lec tro d e  im pedance  
a re  o b ta in ed

y : =
l  _ i_______ i _

R m +  R 0 1 +  со2 г2
( 22)

y : =  coc,dl
1 COT

R 0 1 +  ft)2 T2
(23)

Rp

Fig.  1. E q u iv a le n t  c i r c u i t  o f  th e  e le c tro d e  im p e d a n c e  fo r  th e  case o f  a  c h a r g e - t r a n s f e r  r e a c tio n
c o u p le d  w i th  a d s o rp tio n

E q u a tio n s  (22) an d  (23) a re  id e n tic a l to  th e  a d m itta n c e s  d e riv ed  by  
A rmstrong a n d  H enderso n  [10] fo r ad so rb ed  in te rm e d ia te s . T h e  electrode 
im p ed an ce  acco rd in g  to  th e  la t te r  a u th o rs  can  be rep re sen ted  b y  th e  equ iv a­
le n t  c ircu it sh o w n  in  F ig . 1 w here

R n =  —

c P =

R t

Ro +  R°
R 0 r

z e =  z t + i z ; =

R‘t
l

Y '1 e iY l

(24)

(25)

(26)

T h e  com plex p lan e  d isp lay  o f th e  e lec tro d e  im pedance is sh o w n  in  F ig . 2 for 
som e ty p ic a l cases.

T he d iag ram s genera lly  co n sis t o f  tw o  fairly  well se p a ra te d  sem i-circles 
i f  th e  tim e  c o n s ta n ts  o f th e  R x  — CdI and  R p — Cp c irc u its , re spec tive ly , 
d iffe r to  a su ffic ien t e x te n t.

Acta Chim. Acad. Sei. H ung. 110, 1982
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F ig . 2 . T y p ica l im pedance  p lo ts  o f a  charge-transfer re a c tio n  co u p led  w ith  adso rp tion

T h e  p o in t o f th e  d ia g ra m  corresponding  to  f re q u e n c y  со =  0 perm its  th e  
d e te rm in a tio n  o f th e  p o la r iz a tio n  resistance u s in g  e q u a tio n s  (19). (20) an d  
(24). H en ce

+  R P =  1 ' 1 1 1
R,

+
R to

an d  ta k in g  in to  acco u n t e q u a tio n s  (14) and  (15) we o b ta in

1 1 , 1 1 , 1 1 1 <)&
R „ R t  + IP Jc°rr рчо ßa  ßc 1 ®corr [ d A E \ б)=0

(27)

(28)

T h u s  th e  co rro sio n -cu rren t d e n s ity  can  be ca lc u la ted  i f  T a fe l slopes ß a an d  ß c 

a re  k n o w n  as well as th e  p o te n tia l  dependence o f  th e  coverage w ith  th e  
in h ib ito rs .

T h e  d e te rm in a tio n  o f  th e  co rrosion -cu rren t [density  can  he considerab ly  
s im p lified  i f  th e  a d so rp tio n  o f  th e  in h ib ito r does n o t  d e p e n d  on  th e  p o ten tia l. 
T h is is th e  case w hen  e.g. a  n e u tra l  m olecule d isso c ia tes  in  th e  double la y e r  
an d  a n  o rg an ic  ca tio n  is fo rm e d  w hich  can  be c o n ta c t-a d so rb e d  on th e  su rface . 
T h u s th e  repe lling  effect o f  w a te r  m olecules is b a la n c e d  b y  chem ical b in d in g  
forces w h en  th e  m e ta l su rface  is positiv e ly  ch arg ed  a n d  b y  e lec tro sta tic  forces

if  th e  su rface  is n eg a tiv e ly  c h a rg e d . In  such cases (-

a tio n  (28) becom es
\ д Д Е

=  0 and  th u s  eq u -
«-o

R „  =  R t , (29)
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i.e. resistances R +  R p co rrespond  to  th e  c h a rg e -tran sfe r re s is ta n c e  (F ig . 2d). 
( In  th is  case th e  slope o f  th e  p o la riza tio n  cu rv e  o b ta in ed  u n d e r  s ta tio n a ry  
cond itions b y  using  th e  so-called lin e a r  p o la riza tio n  m eth o d  y ie ld s  a co rrec t 
v a lu e  fo r th e  co rrosion  cu rren t.)

A sim ilar c o n sid e ra tio n  is va lid  w hen  th e  corrosion  p o te n tia l  is very  
n ea rly  equal to  or id en tica l w ith  th e  p o te n tia l co rresp o n d in g  to  m ax im um

( 9 0  1
coverage as in  th is  case — -— I и  0 a t  th e  corrosion p o te n t ia l  or in  its

1 д А Е  I и_0
v ic in ity .

T he d e te rm in a tio n  o f  th e  co rro sio n -cu rren t d en sity  c a n  b e  sim ple also,

w hen  th e  a d so rp tio n  process is slow. In  fa c t, ——  [e q u a tio n  (16)] m ay he
1 л д »

neglig ib le as co m p ared  to  — -  [eq u a tio n  (19)] i f  ra te  c o n s ta n t к  defined  by
. ' 1eq u a tio n  (5) is sm all, i.e. tim e  c o n s ta n t т  =  —  is large. In  th is  case  R ^  deter-

k
m ined  on th e  basis  o f  th e  h igh  freq u en cy  sem i-circle is e q u a l to  th e  charge- 
tra n s fe r  re s is tan ce  [c./. eq u a tio n  (19)]:

я »  =  R '  (30)

( Э 0 ]
A p a r t  from  th e  ab o v e  special cases, th e  know ledge o f  — ■ and  0 corr

( o A E  I e_o
is ind ispensab le  fo r th e  d e te rm in a tio n  o f  th e  co rro sio n -cu rren t d en sity . The 
coverage p rev a ilin g  a t  p o te n tia l A E  c a n  be ev a lu a ted  o n  th e  basis  o f th e  
doub le  lay e r c a p a c ity  Cdl o b ta in ed  from  th e  h igh freq u en cy  sem i-circle . The 
doub le  lay e r c a p a c ity  o f  th e  e lec trode  o f  coverage 0  is g iven  b y  th e  following 
fo rm u la  in  acco rd an ce  w ith  eq u a tio n  (9)

Cdl =  Cx( l  -  0 )  +  C20  (31)

w here С2 an d  C2 a re  th e  capac ities o f  th e  uncovered  and  c o m p le te ly  covered 
electrodes, re sp ec tiv e ly . H ence coverage 0  is

0 =
£dl — Ci
C2 — ct (32)

I 3 0  
\ d A E

c a n  be e v a lu a te d  by  a g rap h ica l o r num erica l m e th o d  using th e

v a lu e  o f coverage  (0 corr) d e te rm in ed  a t  th e  corrosion p o te n t ia l  an d  in  its  
v ic in ity  accord ing  to  th e  above fo rm u las . T he co rro s io n -cu rren t d en sity  can 
be o b ta in ed  from  e q u a tio n  (28) if  ßa an d  ßc are  know n in  a d d it io n  to  th e  above
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m e n tio n e d  d a ta

f  +  Tr a  Pc

,_ 0^ i

1 ®corr I, д Л Е  ) 0)=0
A E = 0

( 33 )

T h u s  i t  can  be conc luded  t h a t  th e  know ledge o f  th e  p o la riza tio n  res is tan ce  
an d  th e  T a fe l slopes is n o t su ff ic ie n t for th e  d e te rm in a tio n  of th e  corrosion- 
c u r re n t  d e n s ity  (except in  so m e  specia l cases), since n e ith e r  R n [equa tion  (27)] 
n o r  [eq u a tio n  (19)] c a n  b e  assu m ed  to  co rre sp o n d  to  th e  c h a rg e -tran sfe r 
re s is ta n c e  (f?;). E xcep t som e sp e c ia l cases th e  re su lts  c a n  on ly  be sa tis fac to ry  
if  th e  a d s o rp tio n  iso therm  is k n o w n  and  ta k e n  in to  co n sid e ra tio n .

T h e  experim en ta l s tu d y  o f  th e  above th e o re tic a l considera tions w ill he 
p re s e n te d  in  a subsequen t co m m u n ica tio n .
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B iionic a n d  m ultiion ic  p o ten tia ls  u s in g  va rio u s com binations o f 1 : 1 e lectro ­
ly tes  a t  d iffe ren t co n cen tra tio n s  across co b a lt-su lp h id e  m em brane  hav e  been  m easured . 
M em brane c o n d u c tiv ity  values in c o n ta c t w ith  single e lectro ly te  h av e  been  experi­
m en ta lly  d e te rm in e d  in  o rder to  ev a lu a te  m em b ran e  se lec tiv ity  using  th e  p red e te rm in ed  
va lues o f in tra m e m b ra n e  m obility  ra tio . T h e  se lec tiv ity  sequence o f th e  m em b ran e  
has been fo u n d  a s K + > N a + >  L i+, w h ich  o n  th e  basis o f E i s e n m a n  — S h e r r y  m odel 
o f  m em b ran e  se lec tiv ity  ind ica tes th e  w eak  fie ld  s tre n g th  of th e  charged  g ro u p s a tta c h e d  
to  th e  m em b ran e  m a tr ix . T hree d ifferen t m e th o d s  based  on va rio u s in te g ra te d  fo rm s of 
N e r n s t  — P l a n c k  f lu x  eq u atio n  have b een  u se d  in  o rd er to  derive th e  p o ten tio m e tric  
se lec tiv ity  c o n s ta n t  K fj° l of th e  m em b ran e . T h e  va lues of d e riv ed  from  th ree
m ethods w ere closer to  each o ther.

Introduction

In  a series [1 —8 ] of co m m u n ica tio n s on th e  basis o f E i s e n m a n  — 
S h e r r y  m odel [9, 10] o f m em brane se le c tiv ity  and b y  using  th eo ries  for 
m em b ran e  p o te n tia l  b ased  on th e rm o d y n a m ic  considera tions, we h av e  d em o n ­
s tra te d  th e  sm all f ix e d  charge  d ensity  a t  th e  ske le ton  of p a rc h m e n t su p p o rted  
inorganic  p re c ip ita te  m em branes. In  th is  p a p e r  th e  biionic an d  m ultiion ic  
p o te n tia l m easu rem en ts  for co b a lt-su lp h id e  m em brane  are described  fo r th e  
e v a lu a tio n  o f m em b ran e  se lec tiv ity  fo r io n s. M em brane co n d u c tan ce  in  con­
ta c t  w ith  v a rio u s 1 : 1 e lectro ly te  so lu tio n s  h av e  also been ex p e rim en ta lly  
d e te rm in ed  in  o rd e r to  su b s ta n tia te  ou r fin d in g s.

Experim ental

The m em b ran e  w as p rep ared  by th e  m e th o d  o f  in te rac tio n  suggested  by  B e g  and  
S h y a m  [2]. To p re c ip ita te  these  substances in th e  in te rs tice s  o f the  p a rc h m e n t p ap er, 0.2 M  
so lu tion  of sodium  su lp h id e  was k e p t inside th e  g lass tu b e , to  one end of w hich  w as tied  the  
p a rch m en t p a p e r p rev io u s ly  soaked  in w ater. T h is  w as suspended  for 72 h in  a 0.2 M  so lu tion

* To w hom  correspondence  should be ad d ressed .
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Conduct ivi ty

Fig. 1. Cell fo r m ea su rin g  e lectrical c o n d u c tiv ity  o f m em brane

o f c o b a l t  ch lo rid e . The tw o so lu tio n s  w ere in te rch an g ed  la te r  an d  k e p t for a n o th e r  72 h . T he 
m e m b ra n e  w as w ashed w ith  d e ion ized  w a te r  for th e  rem o v a l of free e lectro ly te . T h e  b iion ic  
a n d  m u lt i io n ic  p o ten tia ls were m ea su re d  b y  co n stru c tin g  an  e lectrochem ical cell o f th e  fo llow ing  
ty p e  u s in g  a Pye-precision v e rn ie r  p o te n tio m e te r

H g - H g X l , I S a tu ra ted E le c tro ly te M em brane E le c tro ly te S a tu ra ted
1 K C l-agar
1

so lu tio n s so lu tions K C l-agar
A X  or B X  or

1 ( A X + B X ) (A X + B X )

H g,C l2 H g

T h e  so lu t io n s  on  bo th  sides o f th e  m e m b ra n e  were v igorously  s tirred  by  e lectrica lly  o p e ra te d  
m a g n e tic  s t i r r e r  to rem ove c o m p le te ly  o r to  m inim ize th e  effec t of film  contro lled  d iffusion  [1 1 ].

E le c tr ic a l  conductiv ity  o f th e  m em b ran e  w as d e te rm in ed  b y  se ttin g  u p  a cell o f th e  
ty p e  sh o w n  in  (F ig. 1) using a c o n d u c tiv ity  bridge (C am bridge  In s tru m e n t Co. L td ., E n g la n d ). 
A ll m e a su re m e n ts  were carried  o u t  a t  25 ±  0.1 °C. T he e rro r in m easu rem en t o f m em b ran e  
p o te n t ia l  w as w ith in  ± 1 .0 %  w h ereas  th e  e lectrical co n d u c tan ce  could  be m easu red  to  b e t te r  
t h a n  9 9 .5 %  accuracy.

R esu lts  and  D iscussion

W h e n  an  ion-exchange m em b ran e  is in te rp o sed  betw een  tw o so lu tio n s  
o f  a n  e le c tro ly te  a t d iffe ren t co n c e n tra tio n s  th e  m obile species p e n e tra te  th e  
m e m b ra n e  an d  various t r a n s p o r t  p h enom ena  are induced  in  th e  sy s tem  [12]. 
A n  e le c tr ic a l po ten tia l across th e  m em b ran e  is g en era ted  w hich is ca lled  co n ­
c e n tr a t io n  po ten tia l or m e m b ra n e  p o ten tia l. T he sign an d  m ag n itu d e  o f  th e  
e m f g iv e  th e  se lectiv ity  o f th e  m em b ran e  to w ard s  th e  ions of e lec tro ly te . I f  th e  
m e m b ra n e  is used for tw o  se p a ra te  e lec tro ly te  so lu tions of th e  ty p e  A X  an d  
B X  (o r  A X  and  AY), th e  s te a d y  p o te n tia l developed  is called biionic p o te n tia l  
E Blp [13 ]. T he B IP  has b e e n  considered  b y  H elfferich  [14] in  acco rd an ce  
w ith  t h e  concepts of th e  TM S th e o ry  [15, 16] as being  th e  algebraic su m  of 
tw o  in te r fa c ia l  p o ten tia ls  a n d  an  in te rn a l d iffusion  p o ten tia l. A co m p le te  
m a th e m a tic a l  discussion u n d e r  co n d itions o f (a) m em b ran e  diffusion c o n tro l, 
(I») f i lm  d iffusion  contro l and  (c) coupled  m em b ran e  film  diffusion co n tro l has 
b e e n  p re se n te d . For a gen era l case invo lv ing  com ple te  m em brane d iffu sio n
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co n tro l, th e  to ta l  b iion ic  p o te n tia l for ions o f eq u a l va len ce  is g iven  by

D T
E  =  — — ln  D, a', y j /D j a, y, (1)

Z  r

w here a'Ja'j, D j/Dj, y t / f j  a re  th e  a c tiv ity  ra tio s  o f so lu tio n s , d iffusion  coeffi­
c ien t o f ions in  m e m b ra n e  phase and  th e  ra tio  o f  th e  a c t iv i ty  coefficient of 
ions; ü ,  T, Z  an d  F  h a v e  th e ir  usual m ean ing . E q u a tio n  (1) reduces to  th e  
form  (eq. 2) by  W y l l i e  and  K a n a a n  [17, 18].

Е = ~ Ы  a,- U t j a j  U j  (2)
r

prov ided  f i  — I f j  a n d  d iffusion  coefficients are rep laced  b y  m obilities [17]. 
W y l l i e  [18] exp ressed  th e  in tram em b ran e  m o b ility  ra tio  as

U ,/U l =  Щ  =  т ,Я , / т ; Яу (3)

w here tj/tj is th e  in tra m e m b ra n e  tran sfe ren ce  ra tio , m t a n d  rhj a re  th e  steady  
s ta te  equ ilib rium  c o n c e n tra tio n  o f i and  j  in  th e  re sp ec tiv e  ju n c tio n  zone. 
Я,- is th e  co n d u c tiv ity  o f  th e  m em brane w hen  i t  is w h o lly  in  i form  and Яу is 
th e  c o n d u c tiv ity  o f  th e  m em b ran e  w hen i t  is w holly  in  у fo rm . F u r th e r  m ore, 
i t  w as show n th a t  m, т ) =  К ^  ■ Kjj  is th e  se lec tiv ity . T h is  on su b s titu tio n  
in to  eq u a tio n  (3) gives

Ü J O j =  К „ ( Щ )  (4)

T hus th e  ra tio  of m ob ilities  w as re la ted  to  th e  chem ical an d  e lec trical p roperties 
o f th e  m em brane.

Biionic p o te n tia l  m easu rem en ts  w ere also ca rried  o u t b y  in terposing  
th e  m em brane  b e tw een  tw o  d ifferen t e lec tro ly te  so lu tio n s a t th e  sam e con­
cen tra tio n . The v a lu es  o f  biionic p o ten tia ls  across p a rc h m e n t su p p o rted  cobalt- 
su lph ide  m em b ran e  w ith  various 1 : 1 e lec tro ly te  co m b in a tio n s  a t d ifferent 
co n cen tra tio n s a re  g iven  in  T ab le  I . E q u a tio n  (2) w as used  to  evaluate  th e  
in tram em b ran e  m o b ility  ra tio  1/,/f/y, g iven in  T ab le  I I .  A n in te re s tin g  p o in t 
w ith  th e  values o f 17,-/17,■ is th e  fac t th a t  th e  m o b ility  ra tio  goes th ro u g h  a c o n ­
siderab le  change w ith  th e  co n cen tra tio n  of th e  e x te rn a l e le c tro ly te  solution.

In  order to  h a v e  a know ledge of se lec tiv ity  K j ,  from  th e  p redeterm ined  
values of [7,-/l7y, th e  ra tio  o f e lectrical c o n d u c tiv itie s  Я,/Яу as dem anded  by 
eq u a tio n  (4), m u st be know n. M em brane co n d u c tan ce  m easu rem en ts were 
carried  out w hen it  w as w holly  in th e  form  i or w holly  in  th e  form  j .  The values 
of m em brane co n d u c tan ces  a t various e lec tro ly te  c o n c e n tra tio n s  are given in 
T ab le  II I. The values o f  m em b ran e  conductances are  re la tiv e ly  m ore dependen t
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T able  I

Experimentally observed values o f biionic potentials E  (mV) 
across parchm ent supported  cobalt-sulphide membrane

Concentration (M)
Electrolyte pair

KC1—NaCl KC1—LiCl NaCl—LiCl

0.1/0.1 2.4 7.6 6.5

0.05/0.05 3.5 8.5 7.2

0.02/0.02 4.8 10.1 8.5

0.01/0.01 6.5 15.5 10.4

0.005/0.005 7.2 17.6 11.5

0.002/0.002 8.3 21.6 12.2

0.001/0.001 9.8 23.5 15.4

T ab le  I I

V alues o f  the intramembrane m ob ility  ratios o f various 1 : 1 electrolyte ion pa irs

Concentration (M)
Electrolyte ion pair

LrK+/t'rN.+ L'K+/Lru+ Un»+/Oi i+

0.1/0.1 1.09 1.34 1.28

0.05/0.05 1.13 1.39 1.32

0.02/0.02 1.20 1.48 1.39

0.01/0.01 1.28 1.82 1.49

0.005/0.005 1.32 1.98 1.56

0.002/0.002 1.38 2.31 1.60

0.001/0.001 1.46 2.42 1.82

T ab le  III

E xperim enta lly  observed values o f  membrane conductance (M H OS) fo r  monovalent 
electrolytes at various concentrations at 25° 4; 0.1 °C

Electrolytes

KC1 N Cl LiCl

0 .1/0.1 0.88 X 10-2 0 .77x  IO“ 2 0 .6 7 x 1 0 -3

0.05/0.05 0.64 X 10- 2 0 .4 8 x 1 0 -- ’ 0 .4 0 X IO -2

0.02/0.02 0 .3 4 X 1 0 -2 0 .2 5 x 1 0 -3 0 .2 0 x 1 0 -3

0.01/0.01 2.30 X 10-3 1 .5 0 x 1 0 -3 1 .5 5 x 1 0 -3

0.005/0.005 2.00 X 10 ~3 1 .3 5 X 1 0 -3 1 .3 0 X IO "3

0.002/0.002 1 .6 0 X 1 0 -3 0 .90X I O - 3 0 .85X  IO“ 3

0.001/0.001 1 .1 8 X 1 0 - 3 0.60X IO“ 3 0 .5 5 x 1 0 -3
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u p o n  th e  co n c e n tra tio n  o f e lec tro ly te  w ith in  th e  m em brane  as d ep ic ted  in  
F ig . 2. T his im plies th a t  th e  m em b ran e  h as  a re la tiv e ly  h igh D onnán  u p ta k e  
o f  an io n  an d  a low se lec tiv ity  c o n s ta n t va lu e . The values o f  se le c tiv ity  К ц  
e v a lu a te d  from  th e  ra tio  o f e lec trical c o n d u c tiv ity  and  in tra m e m b ra n e  m obil­
i ty  ra tio  using  th e  d a ta  from  T ab le  I I  an d  I I I  are g iven in  T ab le  IV . The 
in tra m e m b ra n e  m o b ility  ra tio  va lu es  also re fe r to  th e  se lec tiv ity  sequence  of 
th e  m em b ran e  for th e  ca tio n s as follow s;

K +  >  N a + >  Li +

T his o rd e r o f  se lec tiv ity  on th e  basis  o f th e  E isenman — Sh e r r y  m odel o f  
m em b ran e  se lec tiv ity  [9, 10] p o in t to w a rd s  th e  w eak fie ld  s t r e n g th  o f th e  
c h a rg ed  g roups a tta c h e d  to  th e  m em b ran e  m a tr ix . This is in  acco rd an ce  w ith

10

8
in
о
X
у
=■ 6

ГО
О
X
С9 /о  4с
о
Xjэтэ
§ 2
о

о

F ig . 2. P lo ts  o f co n d u ctan ce  X 103 (M H O S) vs. log C for cobalt-su lp h id e  m em b ran e

-  log c

T able  TV

Values o f  the selectivity K ji (К ц  l /K ij)  evaluated fro m  intramembrane m obility  ratio and  
the ratio o f  electrical conductivities at various electrolyte concentrations

Selectivity
Concentration (M)

0.1/0.1 0.05/0.05 0.02/0.02 0.01/0.01 0.005/0.005 0.002/0.002 0.001/0.001

I^Na, К 0.95 0.84 0.88 0.83 0.78 0.77 0.79

K U , К 1.02 0.86 0.87 1.22 1.29 1.22 1.21

•^Li, Na 1.12 0.82 0.81 1.01 1.02 0.85 0.97
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a n  e a r lie r  f in d in g  o f  ch a rg e  d e n s ity  d e te rm in a tio n s  o f  cobalt-su lph ide  m em ­
b ra n e  [2 ].

A  n u m b e r  o f m e th o d s  [19—24] have  b een  su g g ested  for th e  d e te rm in a ­
tio n  o f  p o te n tio m e tr ic  se le c tiv ity  c o n s ta n t K ^ ot u sing  a  m ix tu re  of e lec tro ly tes 
o n  th e  tw o  sides o f  th e  m em b ran e  an d  m easu rin g  th e  p o ten tia l developed 
across i t .  T h e  general e q u a tio n  for m em b ran e  p o te n tia l  (eq. 5) in  an  e lec tro ­
chem ica l cell o f th e  ty p e

E le c tro ly te  so lu tio n  (I)

(» +  j )

M em brane E le c tro ly te  so lu tion  (II)  
i  or j  or (i -J- j )

has b e e n  d e riv ed  fo llow ing th e  te n e ts  o f  th e  f ix e d  c h a rg e  th e o ry  of m em b ran e  
p o te n tia l  a n d  b y  in te g ra tin g  th e  N e r n s t — P l a n c k  f lu x  eq u a tio n  fo r d if­
fu sion  [16].

В  =
n R T

ln ](°01/n +  [Kfjot oj)1/n] [ К Г  +  (Kff'aiyi"] (5)

w here  ICfjot =  K (U j /U t)
I f  n  =  1 a n d  th e  c o n c e n tra tio n s  on side (") a re  h e ld  c o n s ta n t, eq. (5) c a n  be  
w r it te n  as

E  =  C onst -f- In [a, +  (K(j0t a ;)] . (6 )
F

V ario u s aspec ts  o f  eq . (5) an d  (6) have  b een  d iscussed  and  rev iew ed  b y  
L a k s h m i n a r a y a n a i a h  [25, 26]. E q u a tio n  (6) h as  b e e n  used  in  th ree  d iffe ren t 
w ays fo r th e  e v a lu a tio n  o f p o ten tio m e tric  s e le c tiv ity  c o n s ta n t Kfj0t. I n  th e  
f ir s t  p ro ced u re  e lec trica l p o te n tia l  across th e  e lec tro ch em ica l cell, c o n ta in in g  
b o th  th e  p r im a ry  ions (i.e., i  an d  j )  on th e  side ( ')  a n d  only  one ty p e  o f  ion  
on  th e  o th e r  side (")] (i.e., a,j =  0 an d  i =  1), is m easu red . F o r th is  co n d itio n  
eq. (6) red u ces to

D T

E X =  E °  ~\---------In  a x (7)
F

I n  a n o th e r  ex p erim en t th e  o th e r  ion  (i.e., j  =  2) is ta k e n  on th e  side (") (i.e., 
i  =  0). T h e n  eq. (6) reduces to

E2 =  Eo +  ^ l n X ? o ‘ a2 (8)
r

F o r  th e  co n d itio n  al =  a 2, eqs (7) and  (8) give a t  25 °C, th e  re la tion

log  K f f '  =  E 2 -  E J 59.2 . (9)
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T ab le  V

Values o f  selectivity constant (K j3.0*) fo r  parchm ent supported membrane obtained em ploying  various
methods

Selectivity constant
Method

I II III

Selectiv ity  co n stan t

^ K -N a 1.18 1.30 1.15

l^K-Li 1.28 1.60 1.17

J^Na-Li 1.13 1.50 1.10

T he v a lu es  o f K fj0i derived  b y  th is  m e th o d  [23, 24] using eq . (9) fo r cobalt- 
su lp h id e  m em b ran e  are g iven in  T a b le  V. I n  th e  second p ro c e d u re  [21 — 25]

th e  p o te n tia ls  are  m easured  as in  th e  f ir s t  procedure b u t  th e  c o n c e n tra tio n  
o f  th e  so lu tions of ion  i as w ell as t h a t  o f  io n  j  on the  side (*) is v a r ie d  an d  th e  
successive p o ten tia ls  E 1 . . . , an d  E 2 . . . a re  m easured. A p a ir  o f  p lo ts  (F ig . 3) 
b e tw een  E x vs. a x as well as E 2 vs. a2 a re  d raw n . Now th e  c o n c e n tra tio n  o f th e  
so lu tio n  c o n ta in in g  ion  i an d  o f  io n  j  a re  so chosen th a t  E x =  _E2, th e n  eqs
(7) an d  (8 ) give

K ™  =  a j a 2 (10)

T h e  values of K fj0t th u s  d e riv e d  fo r th e  m em brane u s in g  v a r io u s  1 : 1 
e le c tro ly te  com binations are g iv en  in  T ab le  У. In  th e  th ird  m e th o d  [21—24]

- log a
F ig . 3. P lo ts  o f  m ultiionic p o ten tia ls  (m V ) vs. logarithm  of a c tiv ity  u s in g  co b alt-su lph ide

m em b ran e
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b o th  th e  p rim ary  ions o n  th e  side (") are u tiliz ed  in  th e  te s t  so lu tion  in s tead  
o f  o n ly  one ion  used in  p ro c e d u re s  I  and I I .  T h e  p o te n tia l  E*  developed across 
th e  cell fo r th is  ty p e  o f  sy s te m , according to  eq. (6 ) is g iven  by

E *  =  E °  +
R T

F
In {аг + KPjo ta2). ( И )

C om bin ing  eqs (7) an d  (11) w e have

E *  -  E i  = R T  |n  (a i +  K f j0t a2) 
F  ax

( 12)

w hich  on  rea rra n g em e n t g ives an  explicit ex p ress io n  fo r  K fj0t i.e.,

\{E*  — E t) F
exp

R T
— K j j0t «2 (13)

E q u a tio n  (13) p red ic ts  a lin e a r  re la tionsh ip  b e tw e e n  exp
(.E * Е г) F  

R T
a1 — o x an d  a2, th e  slope o f  w hich  gives th e  v a lu e  o f  К?°*. The s tra ig h t line 
p lo ts  from  th e  e x p e rim e n ta l d a ta , depicted in  F ig . 3, a re  in  full ag reem ent 
w ith  th e  p red ic tio n  o f eq. (13). T he values o f K f f*  (T ab le  Y) derived from  th e  
slopes o f  th e  lines are c o m p a ra b le  to  those d eriv ed  b y  th e  previous procedures. 
A li t t le  difference m ay  be  a t t r ib u te d  to  th e  g ra p h ic a l p rocedure  adop ted  fo r 
th e  e v a lu a tio n  of th e  d a ta .  I t  m a y  be concluded  t h a t  th e  m em brane is w eak ly  
se lec tive  a n d  th e  m e th o d s  developed  recen tly  f ro m  th e  th eo re tica l considera­
tio n s  m a y  he u tilized  fo r th e  d e te rm in a tio n  of p o te n tio m e tr ic  se lectiv ity  o f th e  
m em b ran e -e lec tro ly te  sy s te m s  u n d e r in v es tig a tio n  a n d  such  o ther system s.
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I ro n ( I I I )  fo rm s com plexes o f  g en era l com position  FeL jO H  w ith  d im eth y lg ly o x im e  
an d  sa licy laldoxim e an d  F e L ,O II a n d  F eL (O H )2 w ith  2 -h y d ro x y -3 -m e th o x y b en zald - 
oxim e (all lig an d s a b b rev ia te d  as H L ). M agnetic  m om ents, in fra re d  sp e c tra  a n d  Möss- 
b a u e r  sp ec tra  o f th e  com plexes h av e  b e en  re p o rte d  and  discussed fo r i ro n ( I I I ) .

In tro d u c tio n

C onsiderable in te re s t has b een  sh o w n  in  th e  s tu d y  o f  b r id g e d  hydroxo  
com plexes d u rin g  th e  la s t decade b ecau se  o f polynuclear iro n  c lu s te rs  hav ing  
been  recognized as im p o r ta n t e n titie s  in  th e  m eta l bonding  s ite s  o f  a n u m b er 
o f p ro te in s  an d  enzym es. T he p re se n t p a p e r  describes h y d ro x o -b rid g ed  iro n (I I I )  
com plexes o f  d im eth y lg ly o x im e  (H d m g ), salicylaldoxim e (H sa i)  a n d  2-hy- 
d ro x y -3 -m eth o x y b en zald o x im e (H h m b ). D im ethy lg lyox im e (H d m g ) h as  been 
th e  f irs t  selective organic re a g e n t used  in  inorgan ic  analysis. S tru c tu ra l  stud ies 
o f  m e ta l com plexes o f th is  lig an d  h av e  also been  perform ed in  d e ta i l .  B u r g e r  
et al. have  re p o rte d  [1] a low -sp in  o c ta h e d ra l iro n (III)  com plex  o f  d im e th y l­
g lyoxim e N a[F e(d m g )2(O H )2] an d  m ad e  also its  M össbauer s tu d y  [10]. W e have 
p rep a red  th e  com plex  F e(dm g)2O H  w h ich  show s m agnetic an d  M ö ssb au e r p rop ­
erties  o f  a h y d ro x o -b rid g ed  h ig h -sp in  iro n ( I I I )  com plex. R e a c tio n s  o f  sa licy l­
aldox im e (H sai) w ith  iro n ( I I I )  h av e  ea rlie r been s tud ied  [2] in  so lu tio n  and 
th e  ex istence o f  th re e  d iffe ren t co m p lex  species [F e (H L )]3+, [F e L H (O H )2] + 
an d  [F eL H (O H )3]~  a t  d iffe ren t p H  v a lu es  h av e  been suggested . I n  th e  p resen t 
s tu d ies  we h av e  iso la ted  th e  com plex  F e(sa l)2O H . W ith  2 -h y d ro x y -3 -m e th o x y - 
benzaldox im e (H h m b ), tw o com plexes, v iz ., F e(hm b)2O H  an d  F e (h m b )(O H )2, 
h av e  been  p rep a red  u n d er d iffe ren t e x p e rim e n ta l conditions.

* To w hom  correspondence shou ld  be ad d ressed
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Experim ental
P re p a ra tio n  of complexes

F e (d m g )2O H , F e(sa l),O H , F e fh m b j .O f l

S o lu tio n s  of iro n (III)  p e rc h lo ra te  (aqueous) a n d  th e  l ig a n d  (e thanolic) w ere m ix e d  
to g e th e r  in  1 : 2 m eta l-ligand  ra tio .  Sod ium  hydroxide so lu tio n  w as ad d ed  dropw ise u n til  a  
d a rk  b ro w n  com plex se p a ra ted . I t  w as  filtered , w ashed  w ith  w a te r  an d  finally  w ith  50%  
e th a n o l. T h e  com plexes w ere d r ied  in  a n  electric oven a t  ~ 7 0  °C.

F e fh m b )  (O H )2

S o lu tio n  of iro n (III)  p e rc h lo ra te  (aqueous) an d  th e  l ig a n d  (e thano lic ) was m ixed  in  
1 : 1 r a tio  a n d  sodium  a c e ta te  so lu tio n  w as added d ropw ise  u n t i l  a  red d ish  brow n co m plex  
se p a ra te d . I t  was filtered , w ash ed  w ith  w a ter and f in a lly  w ith  d ilu te  e thanol.

T h e  F eL 2(O H )-type  co m p lex es a re  insoluble in  w a te r  a n d  so lub le  in  alcohol a n d  o th e r  
co m m o n  organ ic  so lvents w hile  th e  co m plex  F e(hm b)(O H )2 is in so lub le  in  w a te r  as well as 
in  ch lo ro fo rm  an d  benzene b u t  p a r t ia l ly  soluble in a lcohol. T h e  e lem en ta l analysis d a ta  a re  
p re se n te d  in  T ab le  I.

P h y s ica l m easu rem en ts

M ag n e tic  su scep tib ility  m ea su re m e n ts  on pow d ered  so lid  com plexes were m ade  a t  
ro o m  te m p e ra tu re  (300 °K  +  1 °K ) o n  a  Gouy balance u sin g  m e rc u ry  te tra th io c y a n a to  co b a lt-  
a te ( I I )  (Xg =  16.44 X 10 _6 e .g .s. u n its ) .  In frared  sp ec tra  w ere  re co rd e d  on a P erk in -E lm er 137 
sp e c tro p h o to m e te r  in  K B r m ed iu m . M össbauer studies w ere c a r r ie d  o u t  b y  using  a  15 mCi Co57 
sou rce  (in  P d ) held  a t  room  te m p e ra tu re .  The sam ples w ere  f in e ly  pow dered and  cooled to  
liq u id  n itro g e n  tem p e ra tu re  in  a  c ry o s ta t .  The M össbauer a b so rp tio n  sp ec tra  were o b ta in e d  
u s in g  a  sp e c tro m e te r in  MCS m o d e  in  co n ju n c tio n  w ith  a  512 m u ltic h a n n e l analyser. T he v e lo c ity  
c a lib ra tio n  w as done, using  a n  e n r ic h e d  iron  absorber (N E N ). S u ffic ie n t coun ts teere s to red  in 
eac h  c h a n n e l an d  th e  d a ta  fro m  m u ltich a n n e l an aly se r w ere  re d u ce d  b y  m eans of a le a s t  
sq u a re  f i t t in g  program m e ru n  on  an  IB M  360 com puter.

R esu lts  and D iscussion

F e ( d m g ) 2OH, F e(sa l)2O H  a n d  F e(hm b)2OH

T hese  com plexes show  m ag n e tic  m om ents in  th e  ra n g e  4 .0 —4.3 В. M. in. 
c o n tr a s t  to  th e  m ag n etic  m o m e n ts  of B u r g e r  e t al. [10] for F e (I I I )  dm g. 
I r o n ( I I I )  io n  has five  d -e lec tro n s  so th a t  th e  possib le  g round s ta te s  are  
(*2g)3(eg)2 (S  =  5/2), ( h g ) ^ ) 1 ( S  =  3/2) and (t2g)5 (S  =  1/2). M agnetic m om ents 
in  a ll th e  cases are m u ch  h ig h e r  for the  doub le t g ro u n d  s ta te . Q u a rte t g round  
s ta te  in  iro n (I I I )  com plexes is n o t very  com m on  a n d  is u sua lly  observed  fo r 
a sp ec ific  class of c o m p o u n d s  [9], w hich show  M ö ssb au er properties q u ite  
d iffe re n t from  those o f  th e  com plexes under s tu d y . M össbauer p a ram e te rs  o f  
o u r com plexes are c le a r ly  suggestiv e  of h ig h -sp in  iro n ( I I I ) .  The observed  
low er m ag n etic  m o m en ts  t h a n  5.92 В. M. m a y  arise  due to  a n tife rro ­
m a g n e tic  in te rac tio n  b e tw e e n  iro n (I I I )  cen tres  o f  S  =  5/2. T he a lte rn a tiv e  
p o ss ib ility  of sp in -s ta te  eq u ilib r iu m  should lead  to  te m p e ra tu re  d ep en d en t 
M ö ssb au er quad rupo le  s p l i t t in g  [3b], while th e  co m p lex es u n d er s tu d y  show  
re m a rk a b ly  te m p e ra tu re  in d e p e n d e n t Q. S. v a lu es .
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T ab le  I

Colour, composition and m agnetic m om ent o f  the complexes

Complex Colour
Elemental analysis, found (calculated)

I4 t t .

M% c% H% N%
B.M.

Fe(dm g),O H D a rk  brow n 17.97
(18.48)

31.02
(31.68)

4.55
(4.92)

18.33
(18.48)

4.28
( 2 .1)“

Fe(sa l)sOH D ark  brow n 16.85
(16.23)

48.59
(48.69)

3.59
(3.76)

8.23
(8 .1 1 )

4.13
(4.9)“

Fe(hm b)2OH D a rk  brow n 13.44
(13.82)

47.23
(47.40)

4.20
(4.19)

6.82
(6.91)

4.03

Fe(hm bX O H ), D a rk  reddish 
brow n 20.80

(21.87)
37.80

(37.50)
3.84

(3.90)
5.39

(5.47)
3.04

* D a ta  o f B u r g e r  et al. [10]

K eeping  in  v iew  th e  com position  o f  th e  com plexes an d  th e  b id e n ta te  
n a tu re  o f th e  lig an d s  th e  following d ih y d ro x o -b rid g ed  s tru c tu re  m a y  be con­
sidered . Such a s tru c tu re  is qu ite  co m m o n  in  iro n (III)  ch e m is try  a n d  is in

line w ith  th e  ex is ten ce  of th e  d im er [F e (H 20 ) 4(0 H )2Fe(H 20 )4] 4 + in  aqueous 
so lu tion . D ih y d ro x o -b rid g in g  of th is  ty p e  m a y  give rise to  m o d e ra te  an tife rro ­
m agnetic  exchange  in te rac tio n  causing  o n ly  sm all low ering in  th e  m agnetic  
m om ent va lu e  as observed  in  these co m p lex es. This m ay be fu r th e r  con firm ed  
b y  su scep tib ility  d a ta . The ch a ra c te ris tic  F e  — O —Fe an tisy m m etric  v ib ra tio n s  
in  such com plexes are  know n to  ab so rb  a t  ^ 9 5 0  c m -1 in th e  in f ra re d  sp ec tra . 
Fe(sal)2O H  an d  F e(dm g)2O H , b o th  show  m ed iu m  non-ligand b an d s  a t  960 c m -1 . 
T he sp ec tru m  o f F e(h m b )2OH c o n ta in s  s tro n g  ligand bands a t  th is  position .

M össbauer p a ram e te rs  for th e se  com plexes are given in  T a b le  I I .  T he 
isom er sh ift v a lues lie in  the  range 0 .54 0.69 m m  sec-1 (300 °K ), w hich is
in d ica tiv e  o f  a n  S  5/2 iro n (III)  s ta te  [За]. Q uadrupole s p li t t in g  values
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Table II

M össbauer parameters

Complex
Temp.

(°K)
I.S.a

(mm sec-1)
Q .S b

(mm sec-1 )
H W j

(m m  sec-1)
HW{

(mm sec-1)
H W j
H W ,

Fe(dm g)„O H 300 0.54 (0.17)' 0.70 (0.72)' 0.59 0.70 0.84
78 0.84 (0.28)' 0.68 (0.70)' 0.48 0.94 0.51

Fe(sal).,OH 300 0.63 0.97 0.64 0.57 1.12
78 0.77 (0.77)« 0.94 (0.9)8 0.94 0.77 1.22

F e(h m b ),O H 300 0.69 0.72 0.40 0.50 0.80
78 0.78 0.78 0.46 0.42 1.09

Fe(hm b)(O H )„ 300 0.62 1.33 0.31 0.41 0.76
78 0.78 1.34 0.44 0.38 1.16

“ V a lu es  a re  re la tive  to sodium  u itrop russide  ab so rb er 
ь I .  S. a n d  Q. S. accu rate  u p to  ^ 0 .0 4  m m  sec -1
c H W  =  fu ll w id th  a t  h a lf  h e ig h t 11 \ \  j. and  H W j re fe r to  peaks a t high and  low  en erg y , 

re sp ec tiv e ly
d E r ro r  is generally  less th a n  0.04 m m  sec- ' 
e E r ro r  is less th a n  0.1 
'  D a ta  o f  B u rg er  et al. [10]
B D a ta  o f B u rg er  et al. [11] (re la tiv e  to  sodium  n itro p ru ss id e )

(0.70 — 0.97  m m  se c “ 1) lie in  th e  range  for h ig h -sp in  iro n (I I I )  com plexes [4, 5]. 
In  i r o n ( I I I )  com plexes th e re  is no  valence c o n tr ib u tio n  to  th e  Q. S. T h e  o n ly  
source o f  Q. S., th ere fo re , rem ain s th e  la ttic e  c o n tr ib u tio n  arising m a in ly  fro m  
th e  a s y m m e try  of th e  ligand  fie ld , w hich is fu r th e r  su p p o rted  by  th e  te m p e ra ­
tu re  in d e p e n d e n c e  of th e  Q. S. values.

A ll th e  th re e  com plexes show  asy m m etry  e ffec t in  th e  spectra  as e x p e c te d  
for d im e ric  iro n ( I I I )  com pounds [6]. T he h a lf  w id th  ra tios are te m p e ra tu re  
d e p e n d e n t fo r  F e(dm g)2O H  an d  F e(hm b)2O H  a n d  te m p e ra tu re  in d e p e n d e n t 
for F e (sa l)2O H . T he a sy m m etry  o f  th e  q u ad ru p o le  d o u b le t m ay be a t t r ib u te d  
to  th e  in te ra c t io n  of th e  nucleus w ith  f lu c tu a tin g  e lec tric  and m agnetic  f ie ld . 
F lu c tu a tio n s  due to  sp in -la ttic e  re lax a tio n s  cau se  a tem p era tu re  d e p e n d e n t 
and  c o n c e n tra tio n  in d ep en d en t a sy m m etry  an d  th o se  due to  sp in-sp in  r e la x a ­
tio n  g ive  te m p e ra tu re  in d e p e n d e n t and c o n c e n tra tio n  dependent a sy m m e try  
[7, 8 ]. F e (d m g )2O H  and F e (h m b )2OH for w h ich  asy m m etry  is te m p e ra tu re  
d e p e n d e n t, in v o lv e  sp in -la ttic e  re lax a tio n . S ince co n cen tra tio n  d ep en d en ce  
has n o t  b e e n  s tu d ie d , sp in -sp in  re la x a tio n  can  also n o t  be ru led out. F e(sa l)2O H  
show s te m p e ra tu re  in d ep en d en t a sy m m etry  an d  hen ce  involves sp in -sp in  an d  
n o t sp in - la t t ic e  re lax a tio n .

T h ese  in v es tig a tio n s  s tro n g ly  su p p o rt th e  su g g estio n  th a t  dm g c a n  fo rm  
h igh -sp in  i ro n ( I I I )  com plexes besides th e  lo w -sp in  ones reported  by B urger  
e t  a l .  [10].

A d a  Chim . A cad . Sei. Hung. 110, 1982
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F e ( h m b ) ( O H ) 2

W hen  sodium  a c e ta te  in s te a d  o f  sodium  h y d ro x id e  is a d d e d  to  th e  reac­
tio n  m ix tu re , a com plex  o f  com po sitio n  F eL (O H )2 is o b ta in e d  in  th e  case of 
H h m b . W ith  H d m g  an d  H sa i com plexes o f such co m p o sitio n  can  n o t be 
p rep a red . F o r F e (h m b )(O H )2 a po lym eric  s tru c tu re  o f th e  ty p e  (П) m ay  be 
p roposed .

A dd itio n a l a n tife rro m ag n e tic  exchange in te ra c tio n  via  h y d ro g e n  bridging 
b e tw een  tw o a d ja c e n t p la n a r  F e (h m b )(O H )2 u n its  m ay  ac c o u n t for th e  lower 
m ag n etic  m om en t v a lu e  o f th e  com plex (Table I).

M össbauer p a ra m e te rs  fo r th e  com plex  are  given in  T ab le  I I .  T he isom er 
sh ift va lue  of 0.62 m m  s e c -1 (300 °K ) is in  th e  ran g e  c h a ra c te r is tic  for high- 
sp in  iro n (I I I )  co m pounds [За]. T he q u ad ru p o le  sp littin g  v a lu e  is la rg e r th a n  
th o se  for F e(ligand)2(O H )-ty p e  com plexes. C o m p ara tiv e ly  la rg e r asy m m etry  
o f th e  ligand  fie ld  is obv ious w ith  s tru c tu re  (II). This co m p lex  also  show s asym ­
m e try  o f th e  q u ad ru p o le  d o u b le t, w hich  is te m p e ra tu re  d ep en d en t. The 
o b se rv a tio n  is suggestive  o f  sp in -la ttic e  re la x a tio n  o f  th e  m ag n e tic  hyperfine 
in te ra c tio n  in  a d d itio n  to  th e  possible sp in -sp in  re lax a tio n .

*

T h an k s are due  to  U n iv e rs ity  G ran ts  C om m ission, N ew  D elh i fo r aw ard in g  J . R. F . 
to one of us ( In d ra  R a n i ) .
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C ephalosporin  S -sulfoxides a n d  sulfones give 2 -ex o m eth y len e  d e r iv a tiv e s  un d er
M annich  co n d itions, b u t  th e  co rresp o n d in g  R-suIfoxides fail to  re a c t.

I t  is kn o w n  th a t  cep h a lo sp o rin  sulfoxides undergo  a re a c tio n  u n d er M an­
n ich  co n d itions to  give 2 -ex o m eth y len e  cephalosporin  d e r iv a tiv e s  [1, 2]. How­
ever, th e  R  (a)-sulfoxides ( le ,  f, q, k)** (Schem e 1) rem ain ed  u n ch an g ed  [3]* 
i f  a m ix tu re  o f  cephalospo rin  S- a n d  jR-sulfoxides, o r p u re  H -su lfoxide was 
h ea ted  in  th e  p resence o f  fo rm a ld eh y d e  or p a ra fo rm a ld eh y d e  a n d  a secondary  
am ine h y d ro ch lo rid e  or tr if lu o ro a c e ta te  [4, 5 ]x (1 d ay , in  f -b u ty l alcohol- 
d ich lo ro m eth an e  7 : 1 a t  65 °C in n e r  tem p era tu re ).

A t a h igher te m p e ra tu re  b o th  R -  and  S-sulfoxides a re  transfo rm ed  
(TLC). U sing Ji-/S -su lfox ide  m ix tu re s , th e  S(/?)-sulfoxides a re  con v erted  to  
2 -ex o m eth y len e-cep h a lo sp o rin  su lfox ides (2a — d) w ith in  5 h o u rs  (in  t-bu ty l 
a lco h o l-d ich lo ro m eth an e-d io x an e  4 : 1 : 6 ,  inner te m p e ra tu re  85 °C). The cor­
resp o n d in g  i?(a)-su lfox ides re a c t slow ly  and  requ ired  24 h o u rs  o f h ea tin g  a t 
th is  te m p e ra tu re . H ow ever, th is  re a c tio n  gave only th e  co rre sp o n d in g  2-exo- 
m ethylene-cephem -/S-sulfoxides (2a  — d) an d  some oily  d eco m p o sitio n  p roducts, 
c o n ta in in g  no /З-lac tam . T he q u es tio n  arises, th e re fo re , as to  w heth er an  
R  —*• S -su lfox ide  iso m eriza tio n  ta k e s  p lace  f irs t [6 —8 ], fo llow ed  b y  th e  know n 
M annich  re a c tio n  o f th e  S(/3)-sulfoxides. H eating  o f th e  su lfox ide  m ix tu re  
w ith o u t a seco n d ary  am ine sa lt an d  form aldehyde in  a re f lu x in g  m ix tu re  of 
t-b u ty l a lco h o l-d ich lo ro m eth an e-d io x an e  ( 4 : 1 : 6 )  (in n e r te m p e ra tu re  85 °C) 
for 3 d ays re su lted  n e ith e r  in  changes o f  th e  R /S  ra tio , n o r  in  decom position

+ P re se n ted  in p a r t  a t  th e  IU P A C  In te rn a tio n a l Sym posium  on  L ow  M olecular W eight 
S u lfur C o n tain ing  N a tu ra l P ro d u c ts , Ja b lo n n a /W a rsa w , Ju ly  6 10. 1976

* To w hom  correspondence sh o u ld  b e  addressed  
** All th e  com pounds described  h ere  gave sa tis fac to ry  e le m en ta l analy sis  and  m ass 

sp ec troscopy  d a ta ;  th e  IR  an d  N M R  d a ta  a re  co n sis ten t w ith  th e  p ro p o se d  s tru c tu re s
=*= B r e m n e r  and  C a m p b e l l  desc rib ed  sim ilar re ac tiv ity  d ifferences o f cephalosporin 

S(ß) a n d  R(ot) su lfox ides in  a tte m p te d  d iaz o tra n sfe r  reactions [3]
x A sim ila r tr if lu o ro ac e ta te  (iV -m ethy lan ilin ium  tr if lu o ro ac e ta te , TA M A ) has recen tly  

been described  as a u sefu l reag en t for th e  d irec t syn thesis of a -m e th y le n e  k e to n e s  [5]
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o f th e  s ta r t in g  m ate ria l. N o ch an g es were o bserved  e i th e r  in  th e  a tte m p te d  
iso m e riz a tio n  of p u re  J i-su lfo x id es  u n d er th e  ab o v e  co n d itio n s . This shows 
t h a t  th e  non-c leavab le  c e p h a lo sp o rin  sulfoxides do n o t  u n d erg o  th e rm al iso-

I

R R

U i PhOH2CO CH2 CCI3 N 'l ' Л n  —

b PhCHsCO ОП2 ОСООН3 n  -

c PhOCHsCO CH2 CCI3 • Ч Л n  -  -

d PhOCHsCO CHsPh/nXOs X ( , 1) V  —

c PhOCHsCO (  K s P h , , X O s l i ( " ) n

f PhOCHsCO CHjCClj l t ( " ) n  —

g PhOHjOO (TI2 CCI3 l l ( l ' ) n  —

h PhOCH-CO li 11 > % i ) n  =

i PhCHsCO CH2 CCI3 S O S n

j PhOCHsCO C H i P h p N O a S O S n  =  :

к PhOCHsCO M e Щ и ) 11 -=

] PhCH2< ' ( > СН0 ОСООИ3 s o * n  ----- : 

S c h e m e  1

I - l i " N l L . \

i

] .  H  < ° > "

I  I  „ 8 ^ ^ C H 2 
R.\H —Í — i

M e

c o 2 r

2

a — d, h, i, j, 1

m e riz a tio n . I n  th e  presence o f  a secondary  am ine s a lt  (d ie th y lam in e  h y d ro ­
c h lo rid e , d ibenzy lam ine  tr if lu o ro a c e ta te , d icyclo h ex y lam in e  tr if lu o ro ace ta te  
etc.) b o th  S- an d  Л -su lfox ides a re  decom posed u p o n  h e a tin g  in  reflu x in g  
i-b u ty l a lco h o l-d ich lo ro m eth an e-d io x an e  ( 4 : 1 : 6 )  ( in n e r  te m p e ra tu re  85 °C) 
fo r one  d a y .

H a v in g  p rep ared  th e  co rre sp o n d in g  pure  J i(a )-su lfo x id es  (!V,iV-dichloro- 
u re th a n e  o x id a tio n  fo r th e  p re p a ra t io n  o f l e  [9], S chem e 2 fo r I f  [10]) th e  
a t te m p te d M a n n ic h  reac tio n  ( i-b u ty l  a lcoho l-d ich lo rom ethane-d ioxane  (4 : 1: 6), 
85 °C in n e r  te m p e ra tu re , o n e  d a y )  gave only a d a rk  o ily  co m p lex  m ix tu re  of 
/? -lac tam -free  decom position  p ro d u c ts .

T h e  correspond ing  su lfones ( l i ,  j ,  1) undergo  a re a c tio n  o f  th e  M annich 
ty p e  in  d io x an e-f-b u ty l a lco h o l-d ich lo ro m eth an e  ( 4 : 3 : 2 ,  in n e r  te m p e ra tu re , 
64 °C) to  g ive th e  e lim in a tio n  p ro d u c ts  (2i, j ,  1), s im ila rly  to  th e  cephalosporin  
S -su lfo x id es , and  sulfones o f  o th e r  ty p e s  [12 —15].*

* T h e  a u th o rs  a re  in d eb te d  to  D r. J .  V e r w e i j  fo r th e  u n p u b lis h e d  experim en ta l d a ta  
co n ce rn in g  th e  p re p ara tio n  o f c e p h a lo sp o rin  f?(a)-sulfoxides [1 1 ]
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Since th e  2 -ex o m eth y len e-cep h a lo sp o rin  d e riv a tiv es  (2 a —d, h) are  form ed 
from  th e  co rrespond ing  S-(/?)-sulfoxides on ly , these  f in d in g s in d ic a te  th a t  th e  
a t ta c k  o f the  M annich  reag en ts  p re su m ab ly  tak es  p lace fro m  th e  less h indered

CHn

<)

TMS т к л

■
о

<)

II ,o

О

15 PltOCHf—

Schem e  2

6 * Acta Chim. Acad. Sei. H ung. 110, 1982



8 4 JÁ SZBERÉN Y I e t at.: C E P H A L O S P O R IN  SULFO X IDES A ND SU LFO N ES

a-face  o f  th e  cephalosporin  su lfo x id es . Because o f th e  s te ric  se n s itiv ity  o f th e  
M a n n ic h  re a c tio n , th e  o x id a tio n  n eed ed  for a c tiv a tio n  o f  th e  m ethy lene  « to  
th e  s u lp h u r  p rev en ts  th e  fo rm a tio n  o f  th e  M annich b ase  in  th e  case of B -sulf- 
o x id es . U n d e r  m ore severe c o n d itio n s  an  a lte rn a tiv e  p a th w a y  also ex ists, 
le a d in g  to  decom position  p ro d u c ts  in s te a d  th e  desired  2 -ex o m eth y len e  cephalo ­
sp o rin s .

T h is  re a c tio n  is, th e re fo re , n o t  generally  ap p licab le  to  ox idized cephalo ­
sp o rin s : 2 -exom ethy lene  cep h a lo sp o rin s  can be p re p a re d  from  S-sulfoxides 
a n d  su lfo n es .
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A u th o rs  s tu d ied  th e  cond itions o f  th e  ap p licab ility  of an  ea rlie r p ro p o sed  poten- 
tio m e tric  e v a lu a tio n  m eth o d  [1 ].

T h e  re la tio n sh ip  betw een  th e  s ta b il i ty  co n stan ts  of e q u ilib riu m  re ac tio n s  and 
th e  e rro rs o f th e  d e te rm in a tio n  w as sh o w n  fo r cases based  on th e  fo rm a tio n  of com­
po u n d s o f th e  com position  1 : 1 an d  2 : 1. A u th o rs  exam ined  also th e  in fluence  of th e  
in d iv id u a l e x p erim en ta l p a ram ete rs  e x e r te d  u p o n  th e  erro r o f th e  d e te rm in a tio n .

A new  p o te n tio m e tric  e v a lu a tio n  m e th o d  [1] is based  on  th e  fac t th a t  
reac tio n s ch a rac te rized  b y  low e q u ilib riu m  co n stan ts  can  also  be used in  
p o te n tio m e tr ic  analysis  if  th e  c o n c e n tra tio n  o f  th e  hound t i t r a n t  (an d  no t th e  
free one) is reco rd ed  as a fu n c tio n  o f  th e  vo lum e o f th e  t i t r a n t .  S a tu ra tio n  
ty p e  curves a re  o b ta in ed  in  th is  w ay  an d  th e  reac tio n  reach es its  sa tu ra tio n  
sec tio n  w hen  th e  reac tio n  becom es q u a n ti ta t iv e  as defined  b y  th e  chem ical 
eq u ilib riu m . T h e  s a tu ra tio n  value  o f th is  cu rv e  is eq u iva len t to  th e  co n cen tra ­
tio n  o f  th e  su b stan ce  to  be d e te rm in ed . T he bound  reag en t c o n c e n tra tio n  is 
o b ta in e d  as th e  difference betw een  th e  to ta l  co n cen tra tio n  ad d ed  during 
t i t r a t io n  and  th e  co n cen tra tio n  of th e  free reag en t m easured p o ten tio m e trica lly . 
N a tu ra lly , it  has to  be co rrec ted  also fo r d ilu tio n . T hus th e  fo llow ing  form ula 
is used for th e  ca lcu la tio n  of th e  h o u n d  re a g e n t co n cen tra tio n :

C, -  [X ,]

v , c x
K + v,

Ei - Е Л  .

10 V ,+ V 0

К
( i )

w here Cx  
C,
[X ,]
Vi
E,

is th e  co n cen tra tio n  of th e  s ta n d a rd  t i t r a n t  so lu tio n ; 
is th e  ac tu a l to ta l  c o n c e n tra tio n  of th e  t i t r a n t ;  
th e  free co n cen tra tio n  o f  th e  t i t r a n t ;  
th e  ac tu a l co n sum plion  o f  t i t r a n t  and
th e  ac tu a l e lec trom otive  force value in  each t i t r a t io n  p o in t;

* To w hom  correspondence should he ad ressed
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E 0 is th e  fo rm al p o te n t ia l  o f the  sy s tem ;
S  th e  slope o f th e  in d ic a to r  e lectrode resp o n se ;
n  th e  n u m b er o f  th e  re a g e n t’s m olecules or ions X  b ound  b y  th e

m ateria l (A) to  b e  de te rm in ed  (m o stly  1 or 2).

T h e  Cj — [X,] value a t  th e  s a tu ra tio n  p a r t  o f  th e  cu rv e  rep resen ts  C A, 
th e  c o n c e n tra t io n  to  be d e te rm in e d .

T h e  m e th o d  is to  be u sed  w h en  a reag en t excess is needed  to  m ake th e  
re a c t io n  p ro ceed  w ith  a n a ly tic a l accu racy .

O n  th e  basis of e q u ilib riu m  calcu la tions [2] th e  low er lim it o f К  e q u i­
lib r iu m  c o n s ta n t  (e.g. p ro to n a tio n  or com plex s ta b il i ty  co n stan t) and  th e  c o r­
re s p o n d in g  CR reagen t c o n c e n tra tio n  in  th e  t i t r a te d  so lu tio n  can be co m p u te d  
w h ich  m a k e s  still possible a d e te rm in a tio n  o f sa tis fy in g  accuracy . F o r th e  
a n a ly t ic a l  p rocedure  based  o n  th e  equilib rium

A  +  X  A X  (2)

w ith  a n  e r ro r  of A  re la tiv e  %  d u e  to  th e  s ta te  o f th e  equ ilib rium , CR can  be 
c a lc u la te d  b y  th e  equa tion

CR =  (100  — A)
A K

+
Сд
100

(3)

w h ere  CA is  th e  to ta l c o n c e n tra tio n  to  be d e te rm in ed  an d

A  = [ A l .
CA

100 (4)

E q u a t io n  (3) defines th e  m a g n itu d e  o f th e  re a g e n t co n c e n tra tio n  needed  to  
e n su re  t h e  req u ired  A  a cc u ra cy  (К  an d  CA are g iven). I t  can  be seen th a t  w ith  
d e c re a s in g  К  th e  c o n c e n tra tio n  o f th e  su b stan ce  to  be dete rm in ed  m u st 
in c re a se  in  o rd e r to  keep th e  e r ro r  a t  th e  sam e v a lu e . So, e.g. if  we p e rm it a 
1%  e r ro r  in  a system  c h a ra c te r iz e d  by  an  e q u ilib riu m  co n stan t К  - 103,
th e  m e a su re m e n t can be p e rfo rm e d  in  0.1 M  c o n c e n tra tio n , while in  th e  case 
o f К  =  10® i t  can  be ca rried  o u t  even  in  a so lu tio n  o f  10 ~ 4 M  c o n cen tra tio n .

D u e  to  p rac tica l causes th e  d e te rm in a tio n  m a y  in  general be p erfo rm ed  
if th e  s a tu r a t io n  value o f th e  b o u n d  reagen t c o n c e n tra tio n  can be a t ta in e d  
w ith  a r e a g e n t  excess below  1 0 0 % . I f  e.g. we h av e  to  d e te rm in e  a com pound  in
0.01 M  c o n c e n tra tio n  w ith  a re la tiv e  error below  0 .5 %  w ith  th e  help  o f  a 
re a c t io n  h a v in g  a К  v a lue  o f  1 0 4 (in th e  case o f  V n =  10 c m 3) th e  m in im al 
C R c o n c e n tra t io n  necessary  fo r  th e  q u a n tita tiv e  p e rfo rm an ce  of th e  re a c tio n  
is [on th e  basis  of eq. (3)] 0 .029  M .  I f  we p erfo rm  th e  t i t r a t io n  w ith  a 0.1 M
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t i t r a n t ,  we a t ta in  ev en  w ith  a 100%  excess o n ly  a co n c e n tra tio n  o f  0.0167 M .  
A 408.5%  excess o f  th e  t i t r a n t  w ould  he needed  to  assure th e  necessary  0.029 M  
t i t r a n t  c o n c e n tra tio n . This w ould  m ake th e  e rro r in  Ct — [X],- v e ry  large. 
I n  c o n tra s t, i f  th e  va lu e  of К  is 105 th e n  th e  necessary  Сц  =  0.0119 M .  This 
ca n  be a tta in e d  w ith  th e  30—40 %  excess o f th e  t i t r a n t ,  acco rd ing ly  th e  m ea­
su rem en t can  be p erfo rm ed .

The low er c o n c e n tra tio n  lim it o f th e  d e te rm in a tio n  can  he ch a rac te rized  
also w ith  Y ,  th e  c o n c e n tra tio n  ra tio  o f th e  species fo rm ed  in  th e  re a c tio n  and  
th a t  o f th e  free re a g e n t:

у  =  =  c n -  [X ] 5)
[X ] [X ]

T h e  value  o f Y  is 1 if  th e  an a ly tica l e rro r  go t b y  th e  use o f th is  e v a lu a tio n  
m eth o d  is eq u a l o r low er th a n  th a t  o f th e  p o te n tio m e tric  m easu rem en t. I n  th is  
case from  e q u a tio n s  (4) an d  (5) considering  th a t  CR — [X ] =  [A X ]

A =
100

~KCl
(6)

rep resen tin g  th e  d ependence  o f A  from  К  an d  CA.
F o r a n a ly tic a l p rocedures b ased  on th e  tw o  step  equ ilib ria

A  +  X  ^  A X  (7)

A X  +  X  ^  A X , (8)

a n d  using  th e  q u a n ti ta t iv e  fo rm a tio n  of A X 2 fo r th e  d e te rm in a tio n , th e  values 
C R and  Y  c a n  be d eriv ed  in  a sim ilar w ay  lead in g  to

and

[X ] +
100

100
1

X 2 [X ]
4-9

Y  =  [A X ] +  2 [A X 2] _  C R -  [X ] 

[X] [X]

(9)

( 10)

I t  is to  he seen from  (9) th a t  A depends o n ly  on  K 2 h u t n o t on К г, th u s  A  can  
be ca lcu la ted  b y  eq . (6) from  th e  v alue  o f fo rm er one.

To show  th e  p rac tica l ap p licab ility  o f  th e  procedure  for such  tw o -step  
equ ilib ria  th e  ac id im etric  d e te rm in a tio n  o f th e  disodium  sa lts  of (b)-m alic 
acid , (D -L)-cam phoric acid , succinic acid , an d  o f po tassium -sod ium  ta r t r a te  
h a v e  been p erfo rm ed  using hydroch lo ric  ac id  s ta n d a rd  so lu tions. T he s a tu ra ­
tio n  value o f CH — [H  + ] vs. c m 3 s ta n d a rd  so lu tio n  cu rve  ap p eared  a f te r  th e
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c o o rd in a tio n  o f th e  second p ro to n  in  each sy s tem . As a ty p ic a l ex am p le  th e  
p r im a ry  t i t r a t io n  curve an d  th e  d eriv ed  CH — [H  + ] vs. c m 3 t i t r a n t  c u rv e  of 
th e  d e te rm in a tio n  of d isod ium  m a la te  is show n on  Fig. 1. T he p ro to n a tio n  
c o n s ta n ts  o f  th e  com pounds a re  show n in  T ab le  I .  T he an a ly tica l e rro rs  and  
s ta n d a r d  d ev ia tio n s  of th e  m easu rem en ts  are  sum m arized  in  T ab le  I I .

I t  is to  be seen, th a t  th e  re su lts  o f  the  d e te rm in a tio n s  are  in d e p e n d e n t 
o f K v  E v e ry  com pound could  be  d e te rm in ed  w ith  a good accu racy  in  0.1 M  
c o n c e n tra t io n  since th e ir  lgK 2 >  3; th e  sa lts  o f  cam p h o ric  an d  succin ic  acids 
also in  0 .01 M  co n cen tra tio n  h a v in g  lg.K2 4; n one  o f th e  com pounds in
0.001 M  c o n cen tra tio n . A s im ila r  c o rre la tio n  w as show n for one-step  eq u i­
lib r ia  in  p u b lic a tio n  [1] p re se n tin g  th e  princip les o f th is  p rocedure.

mV

20C-J

1C0-

»•(11
oo(2)

О

о

о

3

F ig, 1. T h e  p r im a ry  p o ten tio m e tric  t i t r a t io n  curve of 10.00 c m 3 0.1 M  d isod ium  m a la te  in 
a q u eo u s  so lu tio n  w ith  a 0.5 M  h y d ro ch lo ric  acid  s ta n d a rd  so lu tion  (1) a n d  th e  d e riv ed  curve

Си — [H  + ] vs cm 3 t i t r a n t  (2)

Table I

The protonation constants o f  the dicarboxylate compounds examined  [5] 

(in lgX  values)

Compound igX, lg к ,

Disodium  m ala te 5.05 3.46

Potassium -sodium  ta r t r a te 4.44 2.95

Disodium  succinate 5.48 4.19

Disodium  cam p h o ra te 5.10 4.57
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T he effect o f  th e  ex p e rim en ta l e rro r  in  th e  ind iv idual p a ra m e te rs  on th e  
f in a l a n a ly tic a l re su lt c an  be ap p ro a c h e d , in  th e  case of sm all e rro rs , w ith  th e  
d iffe re n tia tio n  o f  eq u a tio n  (1) acco rd in g  to  th e  exam ined p a ra m e te r  [3, 4]. 
T hese eq u a tio n s  are  th e  follow ing:

acA у, 1
dCx  V0 n

ДСА 1
dV, ~  V0 -n  I x

H(-E ,
10 s

f)CA

д К

dCA
i)Ej

1
E j  E 0

V,- ■ 10 s cx v,

l

n -V Q- S

E t - E ,  

- 1 0  s (F, +  K0)( ln lO )

dCA dCA
d E 0 dEj

_E 0

=  “ V  • 10~  • {V' + Vo) <ln 10) ^ ^d b  n -V 0

(И )

( 12)

(13)

(14)

(15)

(16)

w here V 0 is th e  orig inal vo lum e o f th e  so lu tio n  to  be an a ly sed .
W ith  th e  help  of these  e q u a tio n s  th e  effect of th e  e rro r in  Cx  (co n cen tra ­

t io n  o f th e  t i t r a n t ) ,  Vt (volum e o f th e  t i t r a n t  added), V0 ( s ta r t in g  volum e of 
t i t r a t io n ) ,  E j (e lec trom otive  force), E 0 (fo rm al po ten tia l o f th e  sy s tem ) and  S  
(slope o f e lec tro d e  response) could  be ca lcu la ted . The re su lts  o f  su ch  calcu la­
tio n s  are  p resen ted  in  Figs 2 an d  3 fo r tw o model sy stem s (o f  equ ilib rium  
c o n s ta n ts  105 an d  106). I t  is to  be seen  th a t  iden tica l changes in  Cx , V ( and  V 0

T a b le  I I

The analytical results o f  the measurements

Compound
Calculated

concentration,
M

Determined
concentration,

M

R elative
erro r

/о

Standard 
deviation 
of error 

0//0

D iso d iu m  m a la te 9.82 io-* 9.67 i o - 2 1.61 ± 0 .6 2

P o ta ss iu m -so d iu m  t a r t r a te 1.02 i o - ‘ 1.00 i o - 1 - 1 .8 2 ± 1 .4 8

D iso d iu m  su c c in a te 9.87
9.88

10-*
i o - 3

9.94
9.73

i o - 2
i o - 3

+  0.69 
1.57

± 0 .6 8
± 1 .2 3

D iso d iu m  c a m p h o ra te 9.96
9.97

i o - 2
i o - 3

9.86
9.75

i o - 2
i o - 3

0.98
2.23

± 0 .8 1
± 1 .0 3

Acta Chim. Acad. Sei. H ung. 110, 1982



9 0 B U R G E R  et al.: ER R O R  ANA LY SIS

c a u se d  errors of sim ilar m a g n itu d e  in  C a ( th e  a n a ly tic a l resu lt), th e  effect o f 
th e  e rro r  in  E t and  E 0 a re  th e  m irro r im ages o f  ea c h  o th e r, th e  effect in  th e  
e r ro r  o f  S  has a g re a te r  in flu e n c e  th a n  those  o f  E ( a n d  E 0.

F o r a b e tte r  c h a ra c te r iz a tio n  of th e  e ffec t o f  th e  error in  th e  single 
e x p e rim e n ta l d a ta  on th e  f in a l  ana ly tica l re su lt  th e  m ag n itu d e  of th e  experi-

! д c A( %)

F ig . 2 . T h e  e ffe c t o f  th e  e x p e r im e n ta l  e r ro r  (1. C ^ , 2. V/, 3 . V 0) o n  th e  f in a l  r e s u l t  o f  t h e
a n a ly s is  CA ( in  % )

F ig . 3. T h e  e ffe c t o f  th e  e x p e r im e n ta l  e r ro r  o n  th e  f in a l  r e s u l t  o f  th e  an a ly s is  CA ( in  % ) •  
zip: 1. E 0, 3. E (, 5. S  ( К  -= 105); 2. E 0, 4 . E h  6 . S  ( К  =  108)
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T a b le  I I I

The effect o f  the experim ental error causing  ± 1  rel %  change in  the concentration
CA to be determined

К Ca
mol dm "3

C l
%

V,
%

v ,
%

E t
mV

E .
mV

s
mV

103 0 . 1 ± 0 .4 5 ± 0 .5 1 ± 0 .5 1 ± 0 .3 ± 0 .3 ± 0 .2

104 0 . 1 ± 0 .9 0 ± 0 .9 1 ± 0 .9 1 ± 2 .5 ± 2 .5 ± 1 .2

0.01 ± 0 .4 5 ± 0 .5 1 ± 0 .5 1 ± 0 .3 ± 0 .3 ± 0 .2

0 . 1 ± 0 .9 9 ± 0 .9 9 ± 1 .0 0 - 6 7
± 1 7

± 6 7
17

- 1 6
± 6 .2

Ю5 0.01 ± 0 .9 0 ± 0 .9 1 ± 0 .9 1 ± 2 .4 ± 2 .4 ± 0 .8
0 . 0 0 1 -i-0.45 ± 0 .5 1 ± 0 .5 1 ± 0 .3 ± 0 .3 ± 0 .2

0 . 1 ± 1 .0 0 ± 1 .0 0 ± 1 .0 0 — oo
± 4 0

-}- O O

- 4 0
---- O O

+  20

10е 0.01 ± 0 .9 9 ± 0 .9 9 ± 1 .0 0 - 6 3
± 1 7

± 6 3
- 1 7

- 1 4
± 4

0 . 0 0 1 ± 0 .9 0 ± 0 .9 0 ± 0 .9 1 ± 2 .4 ± 2 .4 ± 0 .6 1

m e n ta l e rrors w h ich  caused  a re la tiv e  %  erro r in  th e  f in a l re su lt  is p resen ted  
in  T ab le  I I I .  T hese d a ta  re flec t c lea rly  th e  lim its  o f a p p lic a b ility  o f th e  new 
e v a lu a tio n  m e th o d .
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W ith  T 1(N 03)3 • 3 H 20  in M eOH th e  t i t le  co m p o u n d s undergo  slow o x idation  
to  give e ith e r, as e x p ec ted , ace ta ls b y  ary l m ig ra tio n  o r o th e r  o x id a tio n  p ro d u c ts .

R ecen tly  we re p o r te d  [1] som e exam ples o f  a novel o x id a tiv e  tra n s fo rm a ­
t io n  (A —>- B) an d  p o s tu la te d  a m echanism  fo r i t  invo lv in g  a cyclopropanone- 
ty p e  in te rm ed ia te .

In  o rder to  exp lo re  th e  scope of th is  re a c tio n , som e analogues, in  w hich 
th e  carbony l g roup  w as p a r t  of a ring , w ere  su b jec ted  to  o x id a tio n  b y  
T T N /M eO H . H ow ever, none of th e  co m p o u n d s 1 7  show ed th e  ex p ec ted  
b eh av io u r.

The te tra lo n e  1 an d  th e  b enzo fu ranone  5 gave th e  aceta ls 9 an d  10, 
resp ec tiv e ly , in  a low  y ie ld , b y  th e  w ell-know n a ry l m ig ra tio n  process [1, 2 ]. 
E x ch an g e  o f  th e  p -m e th o x y l group in  1 for ch lo rin e  (2) ren d ered  th e  m olecule 
co m p le te ly  re s is ta n t to  TTN /M eO H . R ep lacem en t o f th e  ring -oxygen  b y  
m eth y len e  h ad  th e  sam e effect: th e  in d a n o n e  4 also failed to  re a c t w ith  
T T N /M eO H . T h is la t te r  phenom enon  w as n o t  due  to  th e  presence o f  th e  fused  
benzene ring , since th e  cyclopen tanone 7, th o u g h  i t  w as ox idized ra p id ly , d id  
n o t  undergo  re a rra n g e m e n t e ith e r, b u t on ly  a -m e th o x y la tio n  to  give 8 .

A c tiv a tio n  o f 4 b y  a second c a rb o n y l g roup , as in  th e  in d an d io n e  6 , 
m ade possible th e  o x id a tiv e  rea rran g em en t, w hich  w as follow ed b y  o x id a tio n  
o f  th e  ace ta l g roup  to  y ie ld  th e  ester 11 as th e  f in a l p ro d u c t.

* To w hom  co rrespondence  should  be addressed .

Acta Chim. Acad. Sei. Hung. 110, 1982
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R ’ R s X V

1 H OMe C H 2 1

2 H Cl C H : 1

3 OMe OMe 0 1

4 H OMe C H 2 \)
5 OMe OMe 0 0

G H OMe CO 0

О OMe

12

O x id a tio n  o f th e  c h ro m an o n e  3 gave th e  ch rom one 12. T he fo rm a tio n  
o f  12 c a n  b e  read ily  ex p la ined  b y  th e  m echan ism  p o s tu la te d  fo r th e  o x id a tiv e  
re a r ra n g e m e n t of chalcones [3]. T h e  ca rb o n iu m  io n  g en era ted  b y  c leavage  o f 
th e  p r im a ry  m e th o x y -th a llia te d  in te rm e d ia te  is s tab ilized , n o t as u su a l, b y  
a ry l m ig ra tio n , b u t b y  th e  loss o f  a n  « -p ro to n  (cf. schem e on p . 95).

T h e  s tru c tu re s  of all new  co m p o u n d s  h av e  been  verified  b y  sp ec tro scop ic  
m e th o d s  (cf. E xperim en ta l).

Experim ental

S u b s ta n c e s  1 [4], 2 [5], 3 [6 ], 4 [7], 5 [8 ], 6  [9], a n d  7 [10] a re  k n o w n  c o m p o u n d s , 
a n d  w ere  id e n tif ie d  by  th e ir  m .p .’s a n d  41  X  VIR sp ec tra .

A cta  Chim* Acad. Sei. Hung. 11*, 1982
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О
T l ( ( ) . \ ( ) 2)2

ОМо

G e n e ra l m e th o d

T h e  su b s tra te  (1 .0  m m ol) w as d issolved or su spended  in  d r y  m e th a n o l (25 inL ), 
T 1(N 0 3)3 • 3 H 20  (1.2 m m ol) w as ad d ed  a n d  th e  m ix tu re  re flu x ed  w ith  s tirr in g . The reaction  
w as m o n ito red  b y  T LC  an d , if  necessa ry , m ore T T N  (0.2 m m ol) w as a d d e d  a f te r  1 h. A fter 
co m p le tio n  of th e  re ac tio n , s a tu ra te d  so d iu m  chloride so lu tio n  (2  m L ) w as add ed , th e  p re ­
c ip ita te  was filte red  o ff a n d  th e  f i l t r a te  d ilu te d  w ith  w a ter. T h e  p re c ip ita te  was ex trac ted  
w ith  d ich lo ro m eth an e , th e  e x tra c t  d ried , ev ap o ra te d  an d  th e  re sid u e , if  necessary , purified  
b y  ch ro m a to g rap h y .

5 -M e th o x y -2 -(4 -m e th o x y b e n z y lid e n e ) -c y c lo p e n ta n o n e  ( 8 )

M. p. 7 8 .5 -8 0 .5  °C (from  M eO H ), y ield  44% .
* H - N M R  (CDC13): <5 =  1.80 (m e, 1H , 4,rans-H ), 2.37 (m e, 1 H , 4ds-H ) ,  2.87 (m e, 2 H , 

3-C H 2), 3.52 (s, 3 H , 5-OM e), 3.82 (s, 3H , Ar-OM e), 3.8 (q  (o v e rlap p ed ), 1 H , 5-H ), 6.90 (d , 
J  =  8  H z , 2H , 3’,5’-H ), 7.47 (d , J  =  8 H z , 2H , 2’, 6 ’-H ), 7.45 (m e, 1 H , =  C H - ) .

C14H leOs (232.3). Calcd. C 72.39; H  6.94. F o u n d  C 72.50; H  6 .7 1 % .
M +  232.

2 - (D im e th o x y m e th y l) -2 - (4 -m e th o x y p h e n y l) - l ,2 ,3 ,4 - te t r a h y il ro n a p h th a le n e - l -o n e  (9 )

M .p. 1 1 4 -1 1 5  °C (from  M eO H ), y ie ld  20% .
'H -N M R  (CDC13): <5 =  2.65 (m , 4 H , CH2), 3.02 a n d  3.40 [2xs, 6 H , C H (O M e)2], 3.60 (s, 

3 H , ArO M e), 4.67 (s, 1H , CH ), 6 .6 - 7 .3  (m , 7H , a ro m a tic -H ), 7.95 (m e, 1H , 8 -H ).
C20H,„O4 (326.4). Calcd. C 73.60; H  6.79. F o u n d  C 73.74; H  6 .7 1 % .

2 -D im e th o x y m e th y l-6 -m e th o x y -2 - (4 -m e th o x y p h e n y l) -2 H -3 -b e n z o fu ra n o n e  (1 0 )

M .p. 1 4 2 -1 4 3 .5  °C (from  M eO H ), y ie ld  9 .3% .
*H-NM R (CDC13): <5 =  3.10 a n d  3.16 [2xs, 6 H , C H (O M e)2] ,  3 .82 a n d  3.89 (2xs, 6 H , 

A rO M e), 4.52 (s, 1H , C H ), 6 .5 5 -6 .7 0  (m , 2H , 5 ,7-H ), 6.95 (d , J  =  9 H z , 2 H , 3 \5 ’-H ), 7.45 (d, 
J  =  9 H z, 2H , 2’,6’-H ), 7.60 (d , J  =  8.5 H z , 1H , 4-H ).

C,„H20O6 (344.4). Calcd. C 66.26; H  5.85. F o u n d  C 66.38; H  5 .7 0 % .

2 -M e th o x y c a rh o n y l-2 - (4 -m e th o x y p h e n y l) - in d a n - l ,3 -d io n e  (1 1 )

M .p. 1 1 0 - 1 1 2  °C (from  M eO H ), y ie ld  61% .
*H-N M R (CDC13): <5 =  3.43 (s, 3 H , COsM e), 3.72 (s, 3 H , A rO M e), 6.80 (d , J  =  9 H z, 

2 H , 3 \5 ’-H ), 7.34 (d , J  =  9 H z, 2 H , 2 \6 ’-H ), 7.9 (m e, 4 H , 4 ,5 ,6 ,7 -H ).
CieH ^Oj (310.3). Calcd. C 69.67; H  4.55. F o u n d  C 69.43; H  4 .6 3 % . [£ .£

Acta Chim. Acad. Sei. Hang. 110, 1981



9 6 MÁRVÁNYOS et a l.: O X ID A T IO N  W ITH  TH A LLIU M (III) N IT R A T E

7 -M e th o x y -3 - [m e th o x y - (4 -m e th o x y p h e n y l) -m e th y l] -4 H - l-b e n z o p y ra n -4 -o n e  (1 2 )
M .p . 92 — 94 °C (from  M eO H ), y ie ld  9 % .
»H -N M K  (CDC13): 6 =  3.37 (s, 3 H , CHOAfe), 3.78 a n d  3.87 (2x s, 6 H , A rO M e), 5.49 (s, 

1H , C H ), 6 .8 8  (d , J  =  9 H z, 2H , 2 \ 6 ’-H ), 7.97 (d , J =  0.9 H z , 1 H , 2 -H ), 8.06 (d , J  =  9 H z, 
1H , 5 -H ).

1SC -N M R  (CDC13): Ő =  55.16 (q , OM e), 55.69 (q, OM e), 56.89 (q . OM e), 76.76 (d, CH), 
100.04 (d , 8 -C), 113.72 (d, 3 \5 ’-C), 114 .40  (d , 6 -C), 117.92 (s, 4a-C ), 125.70 (s, 3-C), 127.08 (d, 
5-C), 128 .37  (d , 2 \6 ’-C), 131.86 (s, l ’-C ), 152.56 (d, 2-C), 157.95 (s, 4’-C ), 159.13 (s, 8 a-C), 163.85 
(s, 7-C), 175.51 (s, 4-C).

C19H 180 5 (326.4). Calcd. C 69 .9 2 ; H  5.56. F o u n d  C 69.77; H  5 .6 2 % .

T h e  a u th o rs  are in d eb ted  to  D r. D . K o rbon its  fo r h e lp fu l d iscussion , a n d  to  D r. P . 
K o l o n it s  a n d  D r. K . H orváth  fo r th e  an a ly ses o f NM R sp ec tra .
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T he sy n th esis  o f m etallic  c a ta ly s ts  o b ta in ed  by  su p p o rtin g  p la tin u m  on 
A lP 0 4/y-Al20 3 an d  A lP 0 4/S i0 2 sy stem s is described . T h eir pe rfo rm an ce  in  th e  reduction  
of a lkenes a t low  hydrogen  pressu re  ( l  -5  b a r) is rep o rted .

Introduction

C olloidal a lum in iu m  o rth o p h o sp h a te s  [1 - 2 ] ,  A lP 0 4/y-A l20 3 [3] and 
A lP 0 4/S i0 2 [4] h av e  been  w idely  used  as c a ta ly s ts  in  F ried e l — C rafts-type  
processes in  d iffe ren t m edia . In  th e  p re sen t p ap er, th e  sy n th es is  an d  ca ta ly tic  
p e rfo rm an ce  o f m eta llic  system s o b ta in e d  by  su p p o rtin g  p la tin u m  on 
A1PO, y-Al20 3 an d  A lP 0 4/S i0 2 a t  low m eta llic  load ing  is re p o rte d .

Experimental
Catalysts

T he c a ta ly s ts  hav e  been o b ta in ed  by  im p reg n a tio n  of A lP 0 4/S i0 2 (E ) o r А 1Р04/А120 з  
(CB) wri th  an  aq u eo u s so lu tio n  (3.86 X 10 ~ 5 M )  o f h ex ach lo ro p la tin ic  acid . T h e  sy n th esis o f the  
su p p o rts  h as been described  elsew here [5], an d  on ly  p a rtic les  w ith  sizes b e tw een  70 200 m esh
c m * 2 w ere used . T he c a ta ly s ts  th u s  o b ta in e d  co n ta in ed  1% (wlw) p la tin u m , as de te rm in ed  by 
a tom ic  ab so rp tio n , an d  h av e  been  n am ed  P t l E  an d  P tlC B . acco rd ing  to  th e  n a tu re  of 
th e  su p p o rt.

T h e  p rocedure  to  su p p o rt th e  m eta llic  ph ase  w as as follows. A fte r  s ta n d in g  a t  room  
tem p e ra tu re  for 24 h , a  suspension  consisting  of 0.99 g su p p o rt and 13.27 m b o f an  aqueous 
so lu tion  (3.86 X 10 ~ 5 M )  o f h ex ach lo ro p la tin ic  acid  was ev ap o ra te d  to  d ry n e ss  a t  40 °C and a 
reduced  pressu re  o f 33 m b ar. T he solid m a te ria l th u s  o b ta in ed  w as k e p t in  a ir  a t  120 °C for 
72 h a n d  th en  red u ced  in flow ing h y d rogen  (30 m b m in -1) a t  250 °C for 2 h . In  o rd e r to stabilize 
th e  c a ta ly s ts , a n d  p rio r to  th e  k in e tic  stu d ies , th ey  were used  to  c a ta ly z e  th e  reduction  of 
cyclohexene w ith  h y d ro g en  a t  5 b a r  a n d  25 °C for 2 h. Surface  c h a ra c te riz a tio n  d a ta  are 
sum m arized  in T ab le  I.

Chemicals

L in ear a n d  cyclic a lkenes from  M erck or F lu k a  (99 .9% ) w ith  bo iling  p o in ts  betw een 
37 an d  90 °C were used in th e  red u ctio n  ex p erim en ts , and  th e  so lv en ts  w ere d istilled  twice 
before use.

* To w hom  correspondence  should  be addressed
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Table I

Surface characterization data o f the synthesized metallic catalyst

Catalyst M etallic surface 
( m 'g - 1)

Average metallic 
diam eter (nm)*

D ispersity

P t lE

COЮ

4.8 0.08

P tlC B 65 4.3 0.09

* A s m easured by ТЕМ  u sin g  a  Ph ilips EM-300 in s tru m e n t w ork ing  a t  100 kV

R ea c tio n  System

T h e  reduction  runs w ere c a r r ie d  o u t in  a P a rr- ty p e  sy s tem  from  G e r h a r d t , w hich 
a llow s to  co n tro l the  te m p e ra tu re  a n d  th e  shak ing  v e loc ity , w ith  a  to ta l  re ac tio n  volum e of 
500 m L .  A  hu ilt-in  b u re tte  p e rm its  in tro d u c tio n  of th e  re a c ta n ts  once th e  p ressure  in  th e  
re a c tio n  v esse l drops to  0.33 m b a r . T h e  reac tio n  te m p e ra tu re  w as co n tro lled  by  m eans of a 
w a te r - ja c k e t  system  connected  to  a n  e x te rn a l th e rm o sta t a n d  ch an g es o f th e  p ressure  in th e  
re a c tio n  vessel were m onito red  (0 .1  b a r)  w ith  a m anom eter.

Procedure

0.05 g ca ta ly st is in tro d u c e d  in  th e  reaction  vessel a n d , a f te r  s tan d in g  a t  0.33 m b ar 
fo r 5 m in , a pressure of 5 b a r  o f h y d ro g e n  is ad ju s ted  an d  th e  sy s te m  shaken  (300 m in _1) for 
10 m in ; w i th  th is shaking v e lo c ity , no  d iffusion  effect is obse rv ed . H y d ro g en  is th en  pu m p ed  
off a n d  th e  alkene, dissolved in  m e th a n o l, is a d m itted  in  th e  re a c tio n  vessel from  th e  b u re tte . 
H y d ro g e n  (5 b a r) is again in tro d u c e d  a n d  a fte r  raising the  te m p e ra tu re  to  th e  desired v a lue , 
a p e r io d  o f  20  m in is left fo r s ta b il iz a tio n  (no change in th e  p re ssu re  is observed  d u rin g  th is  
p e rio d ). S h ak in g  is th en  s ta r te d  ( t =  0) an d  changes in th e  gas p ressu re  are m on ito red  a t  
r e g u la r  t im e  in tervals.

A n a ly s is  o f  products

A n a ly sis  of the reac tion  p ro d u c ts  h as been carried  o u t u sin g  a H ew le tt P a c k a rd  5830-A 
gas c h ro m a to g ra p h  w ith an  in c o rp o ra te d  in teg ra to r-co m p u te r u n it.  In  som e of th e  ex p eri­
m e n ts , s im u ltan eo u s  GC-MS h as  a lso  been  perform ed using  a H e w le tt  P a c k a rd  5552 system . 
In  all th e  cases studied , th e  a lk an e  co rre sp o n d in g  to  th e  h y d ro g e n a tio n  of th e  double  С— C bon d  
in  th e  o rig in a l alkene has been d e te c te d  as th e  only reac tion  p ro d u c t. On th e  o th er h a n d , th e  
p ro p o r t io n  o f sa tu ra ted  h y d ro c a rb o n s , as de term ined  by  GC, agrees w ith  th a t  e s tim a ted  from  
th e  c h a n g e  in  hydrogen pressure .

R esu lts  and  Discussion

B la n k  experim ents c a r r ie d  o u t w ith o u t c a ta ly s t  or w ith  th e  p u re  su p ­
p o r ts , d id  n o t yield an y  re a c tio n  p ro d u c t, even 5 h re a c tio n .

T a b le  I I  collects th e  in i t ia l  red u c tio n  ra te  o f  cyclohexene using various 
a m o u n ts  o f  ca ta ly st, P t l E ,  a n d  m eth an o l as a so lv en t.

I n  T ab le  I I I ,  th e  in i t ia l  re d u c tio n  ra te  o f cyclohexene is given using, 
in  th e  sa m e  experim ental c o n d itio n s , c a ta ly s ts  P t l E  an d  P tlC B  and  th e  com ­
m erc ia l c a ta ly s ts  P t/A l20 3 a n d  P t/C  (F luka , ref. 80992 an d  80982, respective ly ). 
S im ila r  experim en ts h av e  b e e n  ca rried  out w ith  o th e r  o lefins stu d ied  in  th is  
p a p e r . I t  can  he observed t h a t  c a ta ly s t P t l E  show s a la rger a c tiv ity  th a n  
t h a t  o f  th e  com m ercial c a ta ly s ts .

Acta Chirn. Acad. Sei. Hung. 110, 1982



ARAM EN D IA  et ab : N EW  M ETALLIC CATALYSTS 9 9

Table II

In itia l reduction rate o f  cyclohexene

C ata ly st: P t lE ,  so lven t: m ethano l, in itia l co n cen tra tio n : 2.47 m ol L _ 1 , hydrogen  pressure: 5 bar,
reac tion  tem p era tu re : 27 °C

Weight of 
ca talyst (g)

Initial rate , 
r0 (mol/min gpt )

0.15 0.94
0.10 0.93
0.05 0.93

Table II I

In itia l reduction rate o f cyclohexene

Solven t: m ethanol, in itia l concen tra tion : 2.47 m ol L _ I , hydrogen  p ressure: 5 ba r, reaction
tem p era tu re : 27 °C

Catalyst In itia l rate
r0 (mol/min gPt)

Pt IE 0.93

P tlC B 0.37

Pt/A l.,0* 0 .2 0

P '/C * 0.85

* From  “ F lu k a” Ref. 80992 and 80982

Table IV

Dependence o f the in itia l reduction rate o f  cyclohexene on the nature o f  solvent 

In itia l concen tra tion : 2.47 mol L - 1 ,  hydrogen pressure: 5 ba r, reac tio n  tem p e ra tu re : 27 °C

Solvent
Solubility 
at 20 °C 

(mol L »)x 10«

r„ (mol/min gpt)
P tlE P tlC B

n-H exane 12.50 1.45 0.63

ieo-O ctane 7.80 1.23 0.55

n -H ep tan e 6.90 1.07 0.47
C yclohexane 3.80 0.85 0.42
B enzene 2.60 0.50 0.21

M ethanol 1.60 0.93

A cetone 2.30 0.81
T etrah y d ro fu ran e - 0.54
JV,7V-Dimethylformamide — — —

7 * Acta Chim. Acad. Set. Hung. 110, 1982
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Table V

In itia l  reduction rate o f various alkenes

C a ta ly s t:  P t l E ,  in itial re ac ta n t co n ce n tra tio n : 2.47 mol i !. so lven t: m eth an o l, in itia l hydrogen  
pressure: 5 b a r , reac tio n  tem p era tu re : 27 °C

Reactant Product r„ (mol/min gPt)

Cyclopenteue cyclopentane 0.99
Cyclohexene cyclohexane 0.93
Cycloheptene cycloheptane 0.16
Cyclooctene cyclooctane 0 .0 0

l-M ethylcyclohexene m ethylcyclohexane 0.25
4-M ethylcyclohexene m ethylcyclohexane 0.50
3-M ethylcyclohexene m ethylcyclohexane 0.57
Styrene ethylbenzene 0.46
a-M ethylstyrene isopropylbenzene 0.09
E -  1-Phenylpropene propylbenzene 0.03
2-M ethylphenylpropene isobutylbenzene 0 .0 1

1-Pentene n-pen tane 0.16
1-Hexene n-hexane 0.27
l-H eptene n-hep tane 1 .20

1-Octene n-octane 1.08

I n  T ab le  IY, th e  in itia l re d u c tio n  ra tes  o f cyclohexene in  severa l so lv en ts  
u s in g  b o th  1%  P t c a ta ly s ts , a re  co llected .

A s c a n  be seen in  T ab le  IY , w hen  n ea rly  n o n p o la r  h y d ro ca rb o n s are 
u sed  as so lv en ts , th e  re d u c tio n  ra te  changes w ith  th e  so lu b ility  of h y d ro g en  
in  th e s e  so lven ts a t 20 °C [6 ]. O n th e  c o n tra ry , w h en  h ig h ly  p o la r so lven ts 
are  u se d , th is  re la tionsh ip  is no  lo n g er observed , p ro b a b ly  because o f th e  
s tro n g  s t ru c tu ra l  differences a m o n g  th e se  so lvents.

I n  T a b le  V, the  in itia l re d u c tio n  ra te  of severa l a lkenes using  an  in itia l 
h y d ro g e n  p ressu re  of 5 b a r  a n d  c a ta ly s t  P t l E  are  g iven .

T h e  re su lts  o b ta ined  ag ree  w ith  those re p o rte d  p rev io u sly  b y  H u s s e y  
et al. [7] fo r  th e  reduc tion  o f  a lk en es  on  a P t/A l20 3 c a ta ly s t ,  using  cyclohexane, 
m e tliy lcy c lo h ex an e  and  re-octane as so lvents.

U n d e r  th e  sam e e x p e rim e n ta l cond itions, th e  in itia l red u c tio n  ra te  for 
cy c lo a lk en es  decreases on in c re a s in g  th e  size of th e  rin g . O n th e  c o n tra ry , for 
lin e a r  a lk en es, th e  in itia l re d u c tio n  ra te  increases w ith  th e  ch a in  len g th , 
e x c e p t fo r  1-octene, w hich e x h ib its  a peculiar b eh av io u r.

T h e  possible steric  h in d ra n c e  due to  th e  presence o f  su b s titu e n ts  on  th e  
e th y le n ic  ca rb o n  atom s has b e e n  s tu d ie d  in th e  cyclohexene an d  s ty ren e  series. 
T h e  r e s u lts  o b ta ined  can  be e x p la in e d  if  со-p lan ar a d so rp tio n  o f th e  o lefin  on
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th e  m eta llic  surface is assum ed. F o r 1 -m eth y l-l-cy c lo h ex en e , th e  neighbouring  
p resence  o f  m ethy l g roups p re v e n ts  a d so rp tio n  o f th e  o lefin , th u s  lead ing  to  a 
low er red u c tio n  ra te  th a n  th a t  o b se rv ed  fo r cyclohexene in  th e  sam e condi­
tio n s . H ow ever, i f  su b s tra te s  w ith  a m e th y l group in  p o sitio n s  3 or 4 are 
red u ced , th is  effect is less p ro n o u n ced , and  th e  red u c tio n  r a te s  are  slightly  
low er th a n  th a t  o f  cyclohexene.

O n th e  o th e r  h an d , in s ty re n e  series it  is observed th a t  increasing  sub­
s t i tu t io n  a t th e  e th y len ic  ca rb o n  a to m s m ark ed ly  decreases th e  re d u c tio n  ra te  
o f  th e  h y d ro ca rb o n .
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RECENSIONES

Inorganic P igm ents  
M a n u fac turing  Processes

E d ite d  b y  M. H . Gutcho

N oyes D a ta  C orpora tion . P a rk  R idge, New Je rsey , U .S .A . 1980

T he book, ap p ea rin g  as th e  166th  vo lu m e of th e  series C hem ical T ech n o lo g y  Review, 
in clu d es th e  p a r t  on ino rgan ic  p ig m en ts  from  1975 to  1980 of th e  A m erican  P a te n t  L ite ra tu re , 
th e  w orld ’s larg est collection  of th is  k ind .

Ino rgan ic  p ig m en ts  a re  fin e ly  d is tr ib u te d  colourless or co loured  solid  p a rtic les (of 
m ic ro m eter order) o f v a rio u s geom etry .

M an has used  since several th o u sa n d  y ears  inorganic p igm en ts fo r th e  colouring of 
o th e r  substances, e ith e r b y  ad m ix ing  th e  p ig m en ts  in uniform  d is tr ib u tio n , o r as p a in t, m ixed 
w ith  a su itab le  vehicle, fo r th e  co atin g  of surfaces.

Ino rgan ic  p ig m en ts  are  p rim arily  used  in  th e  p a in t,  p rin tin g  in k , p la s tic , p ap er, ceram ic 
a n d  fired  em ail in d u strie s , b u t  th ey  f in d  ap p lic a tio n  in  all the fields o f tech n o lo g y .

Owing to  th e ir  fav o u rab le  p ro p erties , su ch  as h igh th erm al re sis tan ce , t in t in g  stren g th , 
h id in g  pow er, colour fastness, chem ical re sistance, absence of dullness, a n d  la s t  b u t  n o t lea s t 
to  th e ir  w eathering  resis tan ce , th e  im p o rtan ce  a n d  field  o f ap p lica tio n  o f  in o rg an ic  p igm ents 
s te ad ily  increases in  th e  in d u str ia l b ranches m en tio n ed  above.

O rganized in  12 ch ap te rs , th e  book covers over 487 pages 281 p a te n t  specifications 
concern ing  the  m an u fa c tu re  o f novel ty p es a n d  im p ro v ed  varie ties o f in o rg an ic  p igm en ts, and 
th e  rea liza tio n  of m ore econom ic m an u fa c tu rin g  and  app lication  techno log ies.

Processes described in th e  book reflect m ore  an d  m ore th e  e n d ea v o u r to  m an u fac tu re  
w ith  m ore econom ic technologies new  ino rgan ic  p ig m en ts o f im proved  q u a lity , w hile  m eeting 
th e  m ore and m ore rigorous s tip u la tio n s  o f en v iro n m en ta l p ro tec tio n  an d  la b o u r  safe ty .

1. T ita n iu m  dioxide p igm ents

T itan iu m  dioxide p ig m en t is considered  to d a y  as th e  m ost im p o r ta n t  w h ite  p ig m e n t’ 
u sed  in stead ily  increasing  q u a n tit ie s  by  th e  p a in t,  p ap er, fired  enam el in d u s tr ie s , in  sy n th e tic  
f ib re  m an u fac tu re , tita n iu m  m eta llu rg y , steel p ro d u c tio n , etc.

As inorganic p igm ent p re fe rab ly  the  ru tile  ty p e  is used, because th is  is p h o tochem ically  
less ac tiv e  th a n  th e  an a ta se  form .

Photochem ical a c tiv ity  is m an ifes ted  in  th e  v e ry  rap id  surface d e g ra d a tio n  b y  sun ligh t 
o f o rgan ic  substances p ig m en ted  w ith  t ita n iu m  dioxide.

T he rap id  d eg rad a tio n  of th e  o rganic su b s tan ce  by  ligh t is caused  by  th e  c a ta ly tic  action 
of tita n iu m  dioxide. T ita n iu m  d ioxide ca ta ly tic a lly  ac tiv a te s  air oxygen, w h ich  oxidizes th en  
g ra d u a lly  the  organic su b stan ce  in th e  e n v iro n m en t o f th e  p igm ent p a rtic le . A fte r  th e  d eg rada­
tio n  of the  organic vehicle a t  th e  surface , t ita n iu m  dioxide p igm en t p a r tic le s  w hich were 
em b ed d ed  are set free, an d  like chalk , can be w iped  off from  th e  surface.

T he p h o to s tab ility , h id ing  pow er, w ea th e rin g  stab ility , d isp e rs ib ility  a n d  tin tin g  
s tre n g th  of titan iu m  d ioxide p ig m en ts  can  be im p roved , th e ir p h o tochem ical a c t iv ity  reduced 
b y  th e  surface tre a tm e n t o f th e  p igm ents. F ro m  an  aqueous suspension silica , A l-phosphate, 
A1 -silica te , insoluble Zn, Zr, Mg com pounds, o rganophilizing  and h y d ro p h o b iz in g  agen ts are 
p re c ip ita te d  in a very  th in  lay er a t  th e  surface, o r ru b b ed  in by  d ry  m illing  a n d  m ixing.

T he c h ap te r  com prises 34 p a te n t  spec ifica tions in  th e  following g ro u p in g :
B eneficiation  o f T itan ife ro u s Ores.
T echniques for Im p ro v in g  P h o to s ta b ility  o f T ita n iu m  Dioxide.
T i0 2 of R educed P h o to sen sitiv ity .
T i0 2 P ig m en t o f Im p ro v ed  H iding Pow er.
C oating T i0 2 to  E n h an ce  D u rab ility .
M odifying Surface P ro p ertie s  o f T i0 2 P ig m en ts.
O th er Processes.

A d a  Chim. Acad. Sei. H ung. 110, 1982



1 0 4 RECENSIO NES

2. Yellow  a n d  green pigments

O f th e  inorganic p igm ents o f b o th  shades com pounds c o n ta in in g  chrom ium  are th e  m ost 
im p o r ta n t .  C hrom ates co n ta in in g  h e x a v a le n t  chrom ium  are  o f yellow -orange colour, while 
t r iv a le n t  c h ro m iu m  com pounds a re  g reen .

C h ro m iu m  oxide green p ig m e n ts  a re  valuable co louring  ag en ts  o f  good th e rm al and  
ch em ica l re sis tan ce  and d u ra b ili ty , in  sp ite  o f the  fac t th a t  th e ir  t in t ,  p a rticu la rly  th a t  of 
Cr20 3, is so m e w h a t dull.

C h ro m iu m  oxide green can  b e  m o s t sim ply p rep ared  fro m  am m o n iu m  b ich ro m ate  b y  
h e a tin g :

(N H 4)2C r20 7 -  Cr.,03 +  No +  H 20  .

T h e  p ro cesses  described s ta r t  also fro m  am m onium  b ich ro m ate  o r  from  a m ix tu re  o f a lk a i  
b ic h ro m a te s  an d  am m onium  sa lts , w h ic h  are  calcined a t  a b o u t 9S0 °C. th e n  leached w ith  w a te r  
a n d  d ried .

A lk a li b ichrom ates h e a te d  a t  600 °C w ith  carbon, su lfu r o r o th e r  reducing  agen ts an d  
lea ch e d  w ith  w a te r  yield also c h ro m iu m  oxide green:

N a2Cr.,07 +  2 C -  Cr20 3 +  N a ,C 0 3 +  CO .

P a t e n t  specifications d e sc rib e d  in  th e  chap ter are a im ed  a t  th e  p re p a ra tio n  of ch rom ium  
oxide  g re e n  p igm ents of m ove v iv id  c o lo u r  an d  higher t in t in g  s tre n g th .

O f th e  inorganic yellow  p ig m e n ts  th e  m ost w idely  u sed  are  lead  ch rom ate  p ig m en ts, 
such  as le a d  su lfochrom ate, lead  s ilico ch ro m a te , orange basic lead  c h ro m a te , etc. L ead c h ro m a te  
p ig m e n ts  h a v e  very  good tin t in g  s tr e n g th ,  hiding pow er a n d  fu ll co lour, b u t  th ey  hav e  th e  
d is a d v a n ta g e  of being toxic, a n d  m o reo v e r, their w eath e r re s is tan c e  is lim ited , p a r tic u la r ly  
in in d u s tr ia l  env ironm ent. R e le v a n t p a te n t  specifications d esc rib ed  several processes, a cco rd ­
ing to  w h ic h  th e  surface of ye llow  a n d  green  pigm ents is c o a ted  w ith  a th in  lay er o f silica, 
z irc o n ia , v a r io u s  insoluble p h o sp h a te s , sy n th e tic  resins, ox ides o r o rgan ic  o rganophilic  com ­
p o u n d s , to  im prove th e ir q u a lity  p a ra m e te rs .  In  ad d itio n , yellow  p ig m en ts , various t i ta n a te s ,  
b is m u th  com pounds, etc., m a n u fa c tu re s  in  sm aller q u a n titie s  fo r spec ia l purposes, are d iscussed .

T h e  c h a p te r  contains 28 p a te n t s  concerned w ith  th e  d e v e lo p m en t o f yellow an d  green  
p ig m e n ts :

C h ro m iu m  Oxide G reen P ig m e n t.
B r ig h t  Prim rose Yellow  M onoclin ic  B ism uth  V a n ad a te  P ig m en t.
L ea d  C hrom ate P ig m en t o f Im p ro v e d  T herm al S ta b ili ty .
L e a d  C hrom ate P ig m en ts  o f  Im p ro v e d  A brasion R e sis tan ce .
O th e r  L ead C hrom ate P ig m e n t Processes.
A d d itio n a l Inorganic Y ellow  P ig m en ts .

3. Iro n  O xide Pigments

I ro n  oxide pigm ents, v a r io u s  k in d s  of red iron oxide, ye llow  iron  oxides an d  b lack  iron  
o x id es  a re  non tox ic , inexpensive  p ig m e n ts  w ith  excellent p ro p e rtie s , th e  use o f w hich s tead ily  
g a in s  g ro u n d .

P u re , special iron oxides o f  d e f in ite  stru c tu re  a re  m a n u fa c tu re d  as p a in ts  and  p las tic  
co lo u rin g  agen ts, app lied  in te le co m m u n ic a tio n  and e lectro n ics , a n d  to  sa tisfy  o th e r special 
in d u s t r ia l  dem ands.

In c re a s in g  use in a w ide f ie ld  a n d  trends o f d ev e lo p m en t o f iron oxide p igm ents are 
w ell re fle c te d  by  the g rouping  o f th e  19 p a te n t sp ec ifica tions, discussed in th is  c h a p te r  o f 
th e  b o o k :

I ro n  Oxide P igm ents fro m  I n d u s t r i a l  W astes.
I ro n  Oxide P igm ents v ia  R e d u c tio n  of A rom atic  N itro  C om pounds by  F erro u s Salts .
Y e llo w  Iron  Oxide P ig m en ts .
R e d  I ro n (III)  Oxide (H e m a tite ) .
B lack  Iron  Oxide.
A c icu lar Magnetic Iro n  O x id e  P igm ents.

4. C arbon black

O f th e  black p igm ents, v a r io u s  k inds of carb o n  b lack  are  th e  m ost va luab le . Carbon 
b lac k s  a re  in  general ap o la r m ic ro c ry s ta llin e  carbon p a rtic le s  o f h ig h  specific surface (1 0 0  
170 m 2/g) an d  very fine d is tr ib u tio n , con tam ined  by  h igh  m olecu lar, m u ltip ly  u n sa tu ra te d  
h y d ro c a rb o n s  of com plicated  s tru c tu re .
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A ccording to th e ir  m an u fa c tu rin g  techno logy  an d  the  raw  m a te ria ls  u sed  channel 
b lack , c a rb o n  b lack  and  lam p  b lack , fu rn ace  b lack  are  distinguished.

T he 13 p a te n ts  c o n ta in ed  in th is  c h a p te r  concern  the  im p ro v em en t o f  th e  q uality  of 
fu rn ac e  black to  th a t  of ch annel b lack , th e  m o d ificatio n  of the  surface  o f c a rb o n  b lacks, the 
im p ro v em en t o f th e ir  d isp e rsib ility , th e  e n h an c em e n t of the  bluish t in t  a n d  th e  developm ent 
o f m a n u fa c tu rin g  techno logy  accord ing  to th e  follow ing grouping:

Carbon B lack  from  Oil Feedstock  fo r X e ro g rap h ic  T oner C om positions.
C arbon B lack P ig m en ts  for W axless C arbon  P ap e r and P rin tin g  In k s .
Carbon B lack  R einforc ing  A gents fo r R u b b e r.
O th e r Processes.

5. Lustrous Pigm ents

L u stro u s p ig m en ts increasing ly  co m m an d  th e  in te res t in several in d u s tr ia l  sectors, as, 
e.g. p a in t,  p las tic , cosm etic an d  o th e r  in d u str ie s .

T yp ical re p re se n ta tiv e s  o f lu s tro u s  a n d  n acreous p igm ents a re  m icaceo u s p ig m en ts and 
a ll th o se  p ig m en ts w hich  are  t ra n s p a re n t  o r tra n s lu c e n t and have  a p la n a r  s tru c tu re . The 
iridescence of m ica flakes is caused  b y  th e  in te rferen ce  of com posite lig h t, b u t  th in  coloured 
m e ta l oxid form ed a t th e  su rface  of th e  sh ee ts  o r o th e r insoluble a d d itiv e s  w ith  a refractive 
in d ex  d ifferen t from  th a t  o f th e  base  p lay  also a role. Iridescen t p ig m en ts  in tro d u c e d  in recent 
y e a rs  in  th is special field  belong  in to  th is  g ro u p  of p igm ents. The base  is g en era lly  m ica or 
a m icaceous su b s tan ce  (c ry s t. a lp h a  iron  o x id e , lead  th iosu lfa te, b ism u th  oxy ch lo rid e  etc.), 
w hile  th e  app lied  very  th in  lay e r is u su a lly  T i0 2 or Z r0 2. F inally , th is  th in  surface  layer is 
d y ed  w ith  a dye d issolved in  w a te r, oil o r  o rg an ic  so lvents to  th e  re q u ire d  t in t .  T he dye is 
b o u n d  b y  ad so rp tion .

T he 21 p a te n t  specifica tions in th is  c h a p te r  reflect the  m ost re c e n t developm en ts of 
lu s tro u s , nacreous and  irid escen t p ig m en ts in  th e  follow ing grouping:

M ica F lake-B ased  P ig m en ts  S u itab le  fo r Cosm etic Use.
L u stro u s P ig m en ts  fo r P lastics.
Irid escen t P igm en ts.
O th e r S im ilar P igm en ts.

6. C lay p igm ents

T ypical re p re se n ta tiv e s  o f h y d ro silic a te s  w ith  lam inar la ttic e  s tru c tu re ,  occurring  in 
n a tu re , are k ao lin ite , d ick ite , n a c rite  an d  h a llo y site . In  these m inerals th e  la y e rs  a re  separated  
b y  la ttic e -h e ld  w ater.

In  clay  m inerals, th u s  in  m o n tm o rillo n ite s  th e  single in te r- la ttic e  io n s can  be easily 
e x ch an g ed  or fix ed  w ith in  w ide lim its.

T he 10 p a te n t  specifications com posed in  th is  ch ap te r  deal w ith  th e  p u rif ic a tio n  separa­
tio n  a n d  possible tran s fo rm a tio n s  o f c lay  m in era ls  according to the  fo llow ing  g ro u p in g :

Im p ro v in g  P ro p ertie s  o f K aolin  Clay.
Clay P ig m en ts for P ressu re  S ensitive  R eco rd  M aterial.
O th e r Clay P igm en ts.

7. P igm ent dispersion

In o rgan ic  colouring  p ig m en ts  o r fillers can  be  used in p a in ts, enam el v a rn ish e s  or p rin t 
ing in k s only if th e  p ig m en ts p a rtic les a re  u n ifo rm ly  d is tr ib u ted  in aq u eo u s o r  o rgan ic  liquids’ 
in  vehicles. T he orig inally  d ry  p ig m en t ag g lo m era tes  m u st be c o m m in u ted , a n d  th e  surface 
o f th e  single e lem en tary  p ig m e n t p a rtic les  m u s t be w e tted  and co a ted  w ith  a vehicle. This is 
th e  essence of p a in t m an u fa c tu re . To w et a n  ino rg an ic  p igm ent o f s tro n g ly  p o la r  surface  w ith 
an  organ ic  vehicle of a p o la r  c h a ra c te r  an d  to  d is tr ib u te  uniform ly th e  p ig m e n t in  th e  vehicle 
req u ire s  re la tive ly  h igh m echan ical w ork . T h e  s itu a tio n  is the  sam e in  th e  o p p o site  case, if a 
p ig m e n t of ap o la r c h a ra c te r, e.g. c a rb o n  b lack  m u s t be d is trib u ted  in a veh ic le  o f  p o la r  (aqueous) 
c h a ra c te r . The d ifficu lty  is caused  by th e  in te rfac ia l tension  betw een th e  p ig m e n t p a rtic le  and 
th e  vehicle. T he prob lem  can  be so lved b y  th e  re d u c tio n  or e lim ination  o f in te rfac ia l tension.

A n o th er m eth o d  is th e  p red ispersing  o f th e  p igm ent. The su rface  o f  th e  p igm ents or 
fille rs is p recoated  w ith  a th in  lay er o f sy n th e tic  resins or substances, w h ich  a re  soluble in  m ost 
o f th e  so lven ts, o r are  sim ply  m iscible, i.e. co m p atib le  w ith m ost o f  th e  veh ic les or the 
se lec ted  one.

T he c h a p te r  co n ta in s 20 p a te n t  spec ifica tio n s dealing w ith th is  th e m e  in  th e  following 
g ro u p in g :
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F a c il i ta t in g  D ispersion o f  T ita n iu m  Dioxide a n d  I ro n  O xide b y  T rea tm en t w ith  
O rgan ic  com p o u n d s.

D isp e rsin g  Agents.
D isp e rsa n ts  for H igh Solids S u sp en sio n .
D ry  W a te r  D ispersible P ig m e n t C om positions.
P re d isp e rsed  P igm ents.
D isp e rs io n  Stabilizers.

8 . A n ticorrosion  pigm ents

O f th e  ac tive  co rro s io n -in h ib itin g  p igm ents used in  p ra c tic e  th e  m ost im p o rta n t a re  
red  lead , z in c  chrom ate , s tro n tiu m  c h ro m a te , zinc dust, etc.

O w in g  to  th e ir  to x ic ity  a n tic o rro s iv e  pigm ents c o n ta in in g  lea d  o r ch rom ate  are m ore 
a n d  m o re  b a n n e d  by  en v iro n m en ta l p ro te c tio n . The n o n -to x ic , re la tiv e ly  cheap Ca, Mg, B a  
a n d  Z n f e rr i te s  w ith  active  a n tic o rro s iv e  p ro p erties  have b een  d e v e lo p ed  in  recen t years. C erta in  
(Z n, Sr, Ca) m o lybdates are  s im ila r ly  an ticorrosive . T he o th e r  n ew  n o n-tox ic  an tico rro s io n  
p ig m en ts  a re  b asic  zinc p h o sp h a te , Ca —Zn phosphate, Mg p h o sp h a te ,  Ti p h o sp h a te , Zr p h o s­
p h a te , Ca silicofluoride, etc.

T h e  c h a p te r  on an tico rro s iv e  p ig m e n ts  discusses 18 p a te n ts  in  th e  following grouping :
I r o n  O xide Based A n tico rro s io n  P igm en ts.
M o ly b d a te  C o rro sio n -In h ib itin g  P ig m en ts.
O th e r  A nticorrosion  P ig m en ts .
C o rro sio n -In h ib itin g  P rim ers .

9. P ig m en ts  fo r  synthetic m aterials

In  th e  p ig m en tatio n  of a p o la r  therm o p las tics , w hich  c a n  be  considered  as liqu ids o f 
e x tre m e ly  h ig h  v iscosity , sim ila rly  a s  in  p a in t m an u fac tu re , th e  in o rg an ic  p igm ent p a rtic le s  
w ith  p o la r  su rface  m ust be w e tte d , c o a te d  w ith  the  p las tic  as v eh ic le . T his operation  req u ires  
a lre a d y  su c h  h igh  energy in p u t  t h a t  th e  p lastics them selves a re  d e g ra d e d  in  m ost o f th e  cases 
b y  sh e a r  fo rce  an d  h eat p ro d u ced  in  th e  operation . Owing to  a ll th is  th e  red uction  or e lim in a­
tio n  of th e  in te rfac ia l tension  b e tw e e n  th e  syn the tic  m a te ria l  a n d  th e  p igm en t is a ta sk  o f 
p a r t ic u la r  im p o rtan ce  in th is  case. H e re  too , su rface -trea ted  o rg an o p h ilic  p igm ents, p re d is ­
p e rsed  p ig m e n ts  coated  w ith  resin  a n d  sp ec ia l p lastics-coa ted  p ig m e n t co n cen tra tes rep re sen t 
th e  b e s t  so lu tio n s .

G ro u p in g  of the  p e r tin e n t p a te n ts :
C o louring  Plastics.
P ig m e n t Com position fo r P la s t ic s  in  B ead Form .
P ig m e n ta tio n  of S y n th e tic  F ib e rs .
D e creas in g  P h o to sen sitiv ity  o f  T i 0 2 to  be used in  A rtif ic ia l F ib e rs .

10. Im p ro v in g  optical properties o f  p a in t  and paper

T o im p ro v e  surface w h iten ess , sm oothness and  b r ig h tn e ss , p ig m en ts  and  fillers a re  
u sed  in  th e  p a p e r  in d u stry . M ost f re q u e n tly ,  the  p ig m en t is T i0 2, th e  filler C aC 03, B a S 0 4, 
ta lc , cao lin , etc.

A  lo n g -stan d in g  w ish o f th e  p a p e r  in d u stry  is a p ig m e n t o r  a  fille r, w hich su rpasses in  
q u a li ty  c la y  m inerals , C aC 03 a n d  B a S 0 4, b u t  is cheaper th a n  T iO ,.

S u b s ta n c es  of th is k in d  a re , e.g. C aC 0 3 • M g(OH)2, u l tr a f in e  C aC 0 3, clay m ineral-sili­
c a te  co m p o s itio n s, T i0 2-co n ta in in g  c h a lk , alum inosilicates, A l-m o n o h y d ra te  and several o th e r  
c o m b in a tio n s , discussed in  17 p a te n t  desc rip tio n s in  th is  c h a p te r  in  th e  following grouping :

P a p e r  Pigm ents.
T ita n iu m  D ioxide-C ontain ing  C om posites as P ap e r O pacifie rs .
T ita n iu m  D ioxide-C om posites a s  P a p e r  Opacifiers.
A lu m inosilica te  P igm en ts.
P ig m e n te d  M icroporous S ilic a te  M icrosphere O pacifiers.
O th e r  P a in t  and P ap e r P ig m e n ts .

11. P ig m en ts  fo r  other specific needs

T h e  c h a p te r  discusses th e  p o ss ib ilitie s  to  m eet th e  sp ec ia l d e m a n d s  of m odern  sc ien tific  
te c h n ic a l dev elo p m en t concerning in o rg a n ic  p igm ents.

P ro te c t in g  coatings ap p licab le  to  supersonic an d  space v eh ic les , rockets, d e tec to r p a in t
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fo r to x ic  chem ical w arfare  agen ts, co a tin g s  fo r th e  collectors of solar e n e rg y  u til iz a tio n  request 
th e  d ev elo p m en t an d  ap p lica tio n  of in o rg an ic  p ig m en ts  of newer a n d  n e w er k in d .

T he c h a p te r  covers th en  th e  d e v e lo p m e n t o f  new easily d ispersib le  p ig m e n ts , th e  mode 
o f m an u fa c tu re  o f p ig m en t coatings p re p a re d  fro m  their com ponents “ in  s i tu ”  a t  th e  surface 
to  be coated , th e  e lab o ra tio n  of a n n ea led  p ig m e n ts  o f spinell s tru c tu re , th e  safe  m anufactu re  
o f  to x ic  p ig m en ts an d  th e  m an u fac tu re  o f c e ram ic  p igm ent com ponents.

F o r th e  v a rn ish in g  of wood an d  fu rn itu re ,  varn ishes originally  g lo ssy -d ry in g , are m odi­
fied  b y  th e  a d d in g  of f la ttin g  agents.

T he c h a p te r  closes w ith  p a te n t  d e sc rip tio n s  concerning th e  p re p a ra t io n  of pigm ents 
fo r th e  p a in tin g  of concrete  s tru c tu re s , fo r co sm etic -san ita ry  purposes, fo r  c o n d u c tin g  layers, 
m ag n e tic  layers, p h o to recep to rs  in  te le co m m u n ic a tio n , and for o th e r  sp ec ia l purposes.

T he g ro u p in g  of the  52 p a te n t  d e sc rip tio n s  is th e  following:
Specialized  P ro tec tiv e  Coatings.
Silica P ig m en ts  F or R ubber.
Ceram ic P igm en ts.
F la tt in g  P ig m en ts  for Use in N itro ce llu lo se  Coating C om positions.
C on stru c tio n  E lem en ts.
A m orphous P re c ip ita te d  Siliceous P ig m e n ts  for Dentrifices.
O th er processes.

12. Other processes

T he 26 p a te n t  descrip tions c o m p rised  in  th is  chap ter deal w ith  sp ec ia l p igm ents and 
fillers, w hich  a re  n o t m an u fac tu red  on  in d u s tr ia l  scale, b u t require in d iv id u a l  technologies.

These include  B erlin  blue, a n d  in  g en era l hexacyanoferrate  p ig m e n ts , an tim o n y  pig­
m en ts , w hite  c ry sta llin e  CaTiZr30 9 a n d  C aT iH f30 9 oxide p igm ents, m e ta l  p ig m en ts , hydro- 
p h o b iz e d  p ig m en ts , an d  o th e r specific su rface  tre a te d  pigm ents a n d  f i lle rs  .

T he specialized  grouping  of th e  p a te n ts  in  th is  chap ter is th e  fo llow ing :
B erlin  Blue.
A n tim o n y  P igm en ts.
W h ite  C rysta lline  C om pounds U sefu l as P igm en ts.
M etal P ig m en ts.
R efrac tiv e  In d ex  P igm ents.
H y d ro p h o b ized  P ig m en ts an d  F ille rs.
M odifying R heological P ro p ertie s .

C om pany Index

C om panies, in s titu tio n s  n am ed  in  th e  p a te n t  descriptions c o n ta in e d  in  th e  book, in 
a lp h a b e tic  o rder, w ith  page num ber.

Inven tor Index  and U .S . Patent N um ber In d e x

T he book , d iscussing 281 p a te n ts , g ives a  v a s t  num ber of new  in fo rm a tio n s , no t only 
fo r specia lis ts a n d  researchers of p ig m e n ts  a n d  fillers, b u t for all th o se  en g ag ed  in in d ustria l 
re sea rch , d ev elo p m en t an d  p ro d u c tio n  in  th e  fields to which th e  p a te n ts  p e r ta in .

T he book gives a realistic  p ic tu re  o f  th e  p re se n t s ta te  and fu tu re  t r e n d s  o f  th e  scientific- 
tech n ica l dev elo p m en t o f p igm ents a n d  fille rs a n d  fields concerned.

T he s ty le  o f th e  book is th e  lan g u ag e  o f  p a te n t  lite ra tu re , te c h n ic a lly  a n d  ju ris tic a lly  
sim ple and  clear.

J. SZERECZ

J .  S. Robinson: S p in n in g . E x tru d in g  and  Processing o f F ibres. Recent Advances

Chem ical T ech n o lo g y  Review  No. 159.

N oyes D a ta  Corp. P a rk  R id g e , N. J . ,  U.S.A., 1980, p p . 436

T his is th e  m iddle volum e in  a  sm a lle r  series of three w ith in  th e  o v e ra ll one, which is 
a b o u t th e  m an u fa c tu re  an d  ap p lica tio n  o f p o ly m e r fibres, yarns a n d  fa b ric s . T he f irs t volume 
o f  th e  sh o rte r  series has been  issued u n d e r  th e  t it le  “ F ib re-F orm ing  P o ly m ers , R ecen t Ad-
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v an ces”  th e  fo rth co m in g  th ird  w ill h a v e  th e  title  “ M an u fac tu re  o f  Y a rn s  and Fabrics from  
S y n th e tic  F ib re s” .

T h e  v o lu m e un d er review  is a  s u rv e y  of 250 p a ten ts  g ra n te d  in  th e  U .S .A ., from Ja n u a ry  
1977 on , fo r  th e  fo rm ation , ex tru s io n , a n d  m an u fac tu re  of sy n th e tic  f ib re s , including s tre tch in g , 
h e a t s e t tin g , a n d  dyeing op era tio n s , w i th  discussion of th e  w ide ra n g e  o f applications open to  
these  f ib re s  a n d  y arns.

T h e  p a te n t  specifications are  g ro u p e d  in  12 chap ters in a g re e m e n t w ith  the  grouping to  
be  fo u n d  in  tech n ica l m onographs on  th e  m an u factu re  o f fib res . A ccord ing ly , the  first th ree  
c h a p te rs  d e a l w ith  th e  fo rm atio n  o f  f ib re s  from  solutions o r fro m  m e lts  b y  m eans of w et o r 
d ry  sp in n in g . T h e  n e x t c h ap te r  b r in g s  th e  ex trusion  of f ila m en ts , f ilm s an d  specially sh ap ed  
fib res . A  s e p a ra te  ch ap ter is d e v o te d  to  th e  spinning an d  e x tru s io n  o f hollow  fibres, glass 
fib res , c a rb o n  a n d  m eta l carb ide  f ib re s , co re  yarns and o th e r  c o m p o s ite  fib res, together w ith  
th e  p ro d u c tio n  o f fibrils and m ic ro fib re s . A  sep ara te  ch ap te r  a g a in  d ea ls  w ith  drawing, s tre tc h ­
ing , h e a ts e t t in g ,  an d  w ith  dyeing. T h e  la s t  ch ap ter is a b o u t m e th o d s  o f how to recover th e  
p o ly m er su b s ta n c e  from  fibre  w aste .

E v e n  th is  sim ple en u m era tio n  o f  th e  chap ters suggests t h a t  e v e ry  technical n o v e lty  
th a t  is im p o r ta n t  in th e  field o f ch em ica l f ib re s  and  of those  p ro d u c e d  fo r  specific technological 
p u rp o ses w ill b e  found  in th is  book . T h is  in itia l im pression will be  re in fo rc ed  by  the  perusal o f 
these  c h a p te rs .

T h o u g h  lim its  of space p re v e n t  a  d e ta iled  review and  a p p re c ia tio n  of th e  several c h ap ­
te rs , i t  seem s to  be exped ien t to  p o in t o u t  th e  m ost im p o rta n t tec h n o lo g ic a l novelties.

I n  th e  f ir s t  ch ap ter d ry  sp in n in g  o f acrylics and m od ified  v a r ie tie s  of these, and  th e  
p ro d u c tio n  o f  cellulosics, and f ib res  o f o th e r  polym ers, are d iscu ssed . A m ong  the  technological 
n ovelties th e  re ad e r  finds new  co m p o s itio n s  o f solvents, d e sc rip tio n s  o f acrylic fibres w ith  
p e rm a n e n t  c rim p , o f m odacrylics w ith  im p ro v e d  coloristic p ro p e rtie s , o f th e  novel fibres m ad e  
of p o ly p y rro lid o n e , toge th e r w ith  th e  d e sc rip tio n  of the  a p p a ra tu s  a n d  m ach in ery  su itab le  fo r  
th e  m a n u fa c tu re  of these.

T h e  second  chap ter deals w ith  th e  w e t spinning of acry lic s  a n d  m odacrylics, cellulose 
an d  s ta rc h  f ib re s , polyam ides a n d  o th e r  n itro g en  conta in ing  p o ly m e rs  an d  vinyls. The p ro ­
cesses b y  m ea n s  of w hich q u ite  a n u m b e r  of p roperties o f ac ry lic s  c an  be  im proved deserve 
special a t te n tio n ,  as do the  p rocesses o w in g  to  w hich it  becam e p o ss ib le  to  produce w holly  
a ro m a tic  p o ly am id e  fibres of ev er in c re a s in g  im portance.

T h e  th ir d  ch ap ter a b o u t m e lt-sp in n in g , is no t on ly  th e  m o s t ex tensive  bu t also th e  
m o st a b u n d a n t  in  technological n o v e ltie s . M ost of th e  processes m e n tio n e d  serve the p roduction  
of p o ly e s te r  fib res , am ong th em  th e  h ig h -sp eed  p roduction  of p re -o r ie n te d  yarns, then  here  
a re  d iscu ssed  fu r th e r  m ethods fo r th e  p ro d u c tio n  of copolym ers to  re d u ce  pilling, for th a t  o f  
a n tis ta tic  f ib re s , an d  for th a t  o f  f ib res  e a s ie r  to  dye, and m ore r e s i s ta n t  to  th e  effects of h e a t.  
A n u m b e r  o f no v e l features co n cern in g  th e  po lyam ide fib res, n o n -w o w en  w ebs, and the fin ish ­
ing  of f ib re s  a re  to  be found in  th is  c h a p te r ,  toge th e r w ith  new  m a c h in e ry  p u t  into the serv ice  
o f th ese  n ew  technologies.

T h e  fo u r th  chap ter, on th e  e x tru s io n  of filam ents, film s, a n d  sh a p e d  articles, offers a  
su rv ey  o f  th e  m eth o d s of u p -to -d a te  p ro d u c tio n  of fibres. H ere  w e f in d  m u ltilayer ex tru s io n , 
p re p a ra tio n  o f  sem iperm eable m e m b ra n e s , fib rilla ted  p o ly es te r f ib re s , an ion ic  po ly m eriza tio n  
of la c ta m s  in  a n  ex tru d er, an d  som e m o re  technological n ovelties .

M a n y  technological nov e lties  c o n ce rn in g  the  p ro d u c tio n  o f  ho llo w  fibres are described  
in  th e  f i f th  c h ap te r . Am ong th ese  n o v e ltie s  we find  hollow  f ib re s  fo r  ion-exchange, rev erse  
osm osis, u l tra - f i l t r a t io n , and  th e  s e p a ra t io n  of gases by  se lective  p e rm e a b ility , and h igh-crim p 
a n d  h ig h -s tre n g th  hollow ray o n  fib res .

A  v o lu m in o u s  chap ter, th e  s ix th ,  t r e a ts  o f b o th  th e  ty p es , s ta p le  a n d  filam ent, o f g lass 
fib res . T h ese  tech n ica l novelties a re  im p o r ta n t  because glass f ib re s  a re  u se d  in ever increasing  
q u a n tit ie s  fo r  th e  re inforcing of p la s tic s . N o t only th e  various g e n e ra l te c h n iq u es  of p ro d u c tio n  
of glass f ib re s  a re  m entioned  in  th is  c h a p te r  b u t  also those  w h ic h  se rv e  th e  p roduction  o f  
p a r tic u la r  so r ts  o f these fib res, e.g. t h a t  o f  glass fibres te x tu re d  in  an a lo g y  to o ther te x tile  
fib res , t h a t  o f o p tica l fibres, th e n  o f n e w  adhesives w hich e ffec t s ta b le  adhesion  of po lym ers 
to  glass fib res .

C h a p te r  7 is ab o u t ca rb o n  a n d  m e ta l carbide fibres. C a rb o n  f ib re s  are widely ap p lied  
b ecause  th e y  are  elastic and show  go o d  ten sile  streng th . In  th is  c h a p te r  are  discussed e lec tri­
cally  c o n d u c tiv e  fibres, h e a t-co n d u c tin g  p o ly te tra flu o ro e th y len e , re in fo rc in g  yarns, and fab rics  
m ad e  o f m e ta l  carbides.

C h a p te r  8  quo tes p a te n ts  fo r co re  y a rn s  and com posite  f ib re s . T h e  m ajo rity  o f th e se  
p a te n ts  u tiliz e s  th e  possibilities in h e re n t  in  th e  com bination  o f f i la m e n ts  o f various ch arac te rs  
in to  a  co m p o s ite  cord, p rov ided  t h a t  th e s e  characters successfu lly  b le n d  to  be able to serve 
th e  spec ific  p u rp o se  in m ind , e.g. fo r th e  re-inforcing  of ty res . A n o th e r  m eth o d  m entioned, o f
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m a n u fa c tu r in g  fib re  w ith  specific p ro p e rtie s  is b a sed  u p o n  the  principle o f b ic o m p o n e n t fib res. 
A n u m b er of new a p p a ra tu s  fo r th e  re a liz a tio n  o f th ese  novelties is also desc rib ed .

P ro d u c ts  p a r tly  ap p lied  in  th e  tex tile  in d u s try , e.g. e lec tro sta tic  sp in n in g , a n d  p a rtly  
in  o th e r  fields, are m en tio n ed  in  C h ap te r  9. Several technologies serve th e  p ro d u c tio n  of fib rils 
fo r p a p e r  in d u stry . H y d ro p h ilic  fib rils  m ade of p o lyo lefines m u st be p o in te d  o u t  becau se  these 
a re  n o tew o rth y  due to  th e ir  co n ta in in g  in o rgan ic  p ig m en ts , on th e  one h a n d , a n d  are  n o t p ro ­
d u ced  by  know n tech n iq u es o f fib re  fo rm atio n , on  th e  o ther. This c h a p te r  m en tio n s  p a te n t 
spec ifica tions w hich describe, in c o n tra s t  to u su a l f ib re  fo rm ation  tech n iq u es, f ib re  fo rm atio n  
from  em ulsion.

Som e im p o rta n t technolog ical o p e ra tio n s  re le v a n t to m an-m ade fib res , v iz . d raw ing , 
s tre tc h in g , and  h e a tse ttin g , c o n s titu te  th e  su b je c t m a t te r  of the  te n th  c h a p te r . N o t o n ly  special 
tech n ica l processes are p re sen ted  b u t  also som e w h ich  achieve th e  im p a rtin g  o f spec ific  p ro p ­
e r tie s  to th e  fib res by  th e  a p p ro p ria te  se lection  o f th e  chem ical com position  of th e  su b s ta n c es  
u sed  for th e ir  fo rm atio n , such  as a fib re  w hich  is a sp o n tan eo u sly  c rim ping  c o m p o s ite  o f  po ly ­
acry lo n itrile .

N ovel m eth o d s fo r im p rov ing  d y e ab ility  o f sy n th e tic  fibres a re  m en tio n ed  in  th e  elev- 
v e n th  ch ap te r . Such effo rts c an  be realized  in  p a r t  b y  th e  a lte ra tio n  of th e  m o rp h o lo g y  of the  
f ib re s  to  fav o u r th e ir  accep tan ce  of th e  d y estu ff, a n d  in  p a r t  by  syn thesis o f spec ific  dyestu ffs, 
e.g. ones th a t  are soluble in th e  sp inn ing  f lu id . S ix  p a te n t  specifications d ea l w ith  dyeing  o f  
p o ly es te r  fibres. T h ere  a re  cases in w hich  a p p a ra tu s  p a rticu la rly  asso c ia ted  to  th e  m eth o d  
m ak es dyeing  feasible a t  all.

R ecovery  of p o ly m er su b s tan ce  is th e  to p ic  o f  th e  tw elfth  ch ap te r . F ir s t  o f a ll, reg en era ­
t i o n  of cellulose a n d  of p o ly es te r  are  m en tio n ed . In c re a se  of th e  prices of th e  s ta p le  su b stan ces 
m ak es these  m eth o d s im p o r ta n t:  these  offer a w a y  o f  how  to u tilize  fib re  w aste .

T his vo lum e, like its  follow s, is co m p le ted  w ith  th e  ch arac te ris tic  tr ip le  in d ex , i.e . for 
co m p an y  nam es, p a te n t  reg is te r n u m b ers , an d  in v en to rs .

In  su m m ary , it can  be s ta te d  th a t  th is  v o lu m e deserves p e rh ap s m ore a tte n tio n  th a n  
ev en  th e  o th e r  vo lum es in  th is  series th a t  a lre a d y  h as  becom e, and is beco m in g  ev er m ore, 
p o p u la r  w ith  p rofessional people in H u n g a ry . I t  o ffers a rich v a rie ty  of k n o w ledge  in th e  field 
o f th e  m an u fa c tu re , processing , an d  ap p lic a tio n  o f sy n th e tic  fibres. T hese  a p p lic a tio n s  o f the 
novel p ro d u c ts  are n o t confined  to  th e  tex tile  in d u s try  b u t  p en e tra te  a w id e r d o m ain , from  
th e  p a p e r in d u s try  to  th e  m an u fa c tu re  o f a rtif ic ia l lea th er, of tech n ica l a p p lic a tio n s  o f all 
so rts . T he new  ideas h igh lig h ted  in th is  vo lum e m ay  give new im petus to a so m e w h a t slackened  
p ro g ress o f sy n th e tic  fib re  m an u fa c tu re  in  re ce n t y ears .

G y. B e r t a l a n

Topics in  Current C hem istry , Vols 89 and  90 
P lasm a C hem istry  I  — I I

E d ito rs : S. V e p r e k  a n d  M. V e n u g o p a l a n  

S prin g er-V erlag , B erlin , H eidelberg , N ew  Y ork 1980, 143 a n d  121 pp .

T he two volum es co n ta in  five rev iew  a rtic le s  in d ifferent fields o f p la sm a  c h em istry .
D av id  S m i t h  and  N igel G. A d a m s : E lem entary  Plasma Reactions o f  E n viro n m en ta l  

jn te re s t  (43 pages w ith  8 figures an d  219 references).
T he progress m ade in  th e  las t 10 15 y ears  in  th e  field of chem istry  o f  th e  u p p e r  reaches

o f th e  a tm o sp h ere  is review ed. D a ta  o b ta in e d  fro m  in -s itu  ion com position  m ea su re m e n ts  as 
w ell as from  ap p ro p ria te  lab o ra to ry  ex p erim e n ts  a re  sum m arized . In  th is  rev iew  em p h asis is 
p laced  on th e  d e ta iled  e lem en ta ry  ionic processes. In d iv id u a l in te rac tio n s as b in a ry  an d  te r­
t ia r y  ion-m olecule reac tio n s, e lectron-ion  d isso c ia tiv e  recom binations, ion-ion  reco m b in a tio n »  
are  discussed sep ara te ly .

D ie te r M. G r u e n , S tan is lav  V e p r e k  an d  R a n d y  B. W r i g h t : P lasm a-M ateria ls Interac­
tio n s and Im p u r ity  Control in  M agnetically C onfined  Thermonuclear F usion  M ach ines  (60 pages 
w i th  23 figures, 5 tab les an d  211 references).

T his review  deals w ith  one of th e  p ro b lem s th a t  have  to  be solved if  c o n tro lled  th e rm o ­
n u c le a r  fusion is to  becom e an  econom ically  a n d  en v iro n m en ta lly  accep tab le  e n erg y  source 
a n d  sum m arizes th e  s ta tu s  o f th is  field  a t  th e  b eg in n in g  of 1979.

A fte r a sh o rt in tro d u c tio n , th is  rev iew  con sis ts  o f th e  following sec tions:
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T h e  physics and  tech n o lo g y  o f  con tro lled  th e rm o n u c le a r fusion .
T h e  role o f im p u ritie s in  T O K A M A K S.
H y d ro g e n  Iso tope R ecycling .
I m p u r ity  release m echan ism s.
I m p u r ity  control.
I n  th is  p a p e r em phasis is p lac ed  on th e  im p o rtan ce  o f im p u r i ty  problem s, w hich  co n ­

s t i tu te  one o f th e  lim iting  fac to rs  in  th e  perform ance o f p re se n t d a y  TO K A M A K S.
T h is  rev iew  will be o f in te re s t  n o t only for ch em ists  b u t  also for physic ists a n d  fo r 

m a te ria ls  sc ien tists .
D .  K ü p p e r s  a n d  H . L y d t i n : Preparation o f  optical waveguides with the aid o f  p lasm a-  

activated Chemical Vapour D eposition  at Low Pressures (23 pag es w ith[21 figures and 24 references).
T h is  rev iew  gives an  in tro d u c tio n  in to  th e  p re p a ra tio n  o f o p tic a l fibers by  m eans o f th e  

p la sm a -a c tiv a te d  chem ical v a p o u r  deposition  (PCVD) m eth o d .
D ep o sitio n  of silica, g e rm a n ia , boron  oxide from  th e ir  h a lid es v ia  a m icrow ave oxy g en  

d isch arg e  is discussed. H igh  q u a li ty  o p tica l fibers have  b een  o b ta in e d  using  the  PCVD m eth o d . 
T he PC V D  process has now  been  in  o p era tio n  u n d e r p ilo t p la n t  conditions.

T h u s , th is  review  will be  im p o r ta n t  for those  en g ag ed  in  resea rch  on th is o r re la te d  
a rea s a n d  fo r those  who w a n t to  o b ta in  u p -to -d a te  in fo rm a tio n  on  th is  field  of m ateria ls science.

M u n d iy a th  V e n u g o p a l a n , U p ta l  K . R a y c h o w d h u r y , K a th e rin a  C h a n  an d  M arion  
L. P o o l : P lasm a Chemistry o f  F ossil Fuels (57 pages w ith  23 figures, 21 tab les a n d  313 
references).

In  th is  review  an  a t te m p t  is m ade to  sum m arize  th e  re su lts  o b ta ined  in the  fie ld  o f 
p la sm a  ch em istry  o f fossil fuels b e tw een  th e  period fro m  th e  f ir s t  effo rts till 1978.

Follow ing  th e  in tro d u c tio n , in  Section 2 th e rm o d y n am ic  a n d  k inetic  aspects o f fossil 
fuel c h e m is try  are  discussed.

S e c tio n  3 deals w ith  n a tu ra l  gas and  m ethane  gas p lasm as. R eaction  in  low freq u en cy , 
tr lb o e lec tr ic  an d  h igh freq u en cy  d ischarges, in electric  a rcs  a n d  p lasm a je ts  are discussed  
se p a ra te ly .

S ec tio n  4 is concerned w ith  p e tro leu m  and p e tro leu m  b y -p ro d u c t plasm as. The follow ing 
to p ics  a re  discussed: low a n d  h ig h  freq u en cy  discharges, e lec trica l arcs an d  p lasm a je ts ,  s u b ­
m erg ed  a rcs  in  liqu id  p e tro leu m , la se r  irrad ia tio n , p lasm a  d e su lfu riza tio n  of petro leum .

S ec tio n  5 gives a su rv e y  on  th e  use o f p lasm as in  coal t re a tm e n t. Low and  h igh  fre ­
q u e n cy  d ischarges, e lectrical a n d  a rc  je ts , flash  and  laser ra d ia tio n  of coal, p lasm a g asificatio n  
o f coal a n d  p lasm a  desu lfu riza tio n  o f coal are discussed se p a ra te ly .

S e c tio n  6 deals w ith  o th e r  fossil fuel plasm as. T h is sec tio n  covers w ork on ta r ,  h e av y  
oil san d s, oil shales an d  g ilsonite .

I n  th e ir  concluding re m a rk s  th e  au th o rs  u n d e rlin e  th e  d iv e rs ity  o f resu lts o b ta in e d  
in  th e  sy s tem s considered. A ccord ing  to  th e ir  conclusion , “ fu r th e r  experim ental w ork  a n d  
th e o re tic a l m odelling  u n d e r  m ore  care fu lly  contro lled  co n d itio n s  a re  req u ired  for com prehensive  
u n d e rs ta n d in g  of the  b eh av io u r o f fossil fuel p lasm as4’.

N everthe less , th is  rev iew  offers useful in fo rm a tio n  fo r th o se  who are w orking in  th e  
field  o f  h y d ro c arb o n  and  coal c h em istry .

M ario  C a p i t e l l i  a n d  E tto re  M o l i n a r i : K inetics o f  dissocia tion  processes in  p lasm as in  
the low a n d  intermediate pressure range  (50 pages w ith  44 fig u res , 4 tab le s  and  71 references).

In  th is  review  a tte n tio n  is focused  on processes o f  m o lecu la r d issociation u n d e r non- 
e q u ilib riu m  p lasm a conditions.

A fte r  in tro d u c tio n , Sec tio n  2  is devo ted  to  a case s tu d y :  th e  dissociation of m o lecu la r 
h y d ro g en . E v a lu a tio n s  of th e  e le c tro n  energy d is tr ib u tio n  fu n c tio n  (E D F ), th e  pure  v ib ra t io n a l  
m ech an ism  (PV M ), th e  jo in t  v ib ro e lec tro n ic  m echanism  (JV E ) , th e  d irec t electronic m ech an ism  
(D E M ) h a v e  been  m ade an d  re co m b in a tio n  processes d iscussed .

S ec tio n  3 deals w ith  th e  d issoc ia tion  of d iffe ren t d ia to m ic  m olecules as N9, CL, CO 
and  H F .

S ec tio n  4 is d ev o ted  to  p o ly a to m ic  molecules. T h ree  cases a re  exam ined: d issoc iation  of 
c a rb o n  d iox ide  cracking of h y d ro c a rb o n s , and  am m onia  deco m p o sitio n .

In  th ese  sections an  a t te m p t  has been m ade to  c o m p are  th e  ra te s  of selected p lasm o - 
ch em ica l reac tio n s w ith  p red ic tio n s  b y  m echanism s (PV M , D E M , JV E ) based on th e  ex is ten ce  
o f e lec tro n ic  an d  v ib ra tio n a l n o n -eq u ilib riu m  in th e  p lasm a .

In  su m m ary  th e  8 9 th  a n d  9 0 th  volum es of “ T op ics in  C u rren t C hem istry”  c o n ta in  
five rev iew s covering  d iffe ren t f ie ld s  o f p lasm a ch em istry . T hese  volum es can give p la n ty  of 
new  in fo rm a tio n  to  a b ro ad  sp e tru m  of readers and  will be  im p o r ta n t  to  those  who w a n t to  be 
up  to  d a te  in  th is  rap id ly  a d v an c in g  field.

J .  M a r g i t f a l v i
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L. P a t a k i  a n d  E . Z a p p : B asic  A na ly tica l C hem istry  

A kadém iai K iadó , B u d ap est 1980

This book g ives a  good su rv ey  of an a ly tic a l ch em istry  in  six  c h ap te rs .
The f irs t  c h a p te r  deals w ith  chem ical eq u ilib ria , th e  co n cep t o f  acid s an d  bases the 

fo rm atio n  of com plexes, p re c ip ita tio n , red o x  reac tio n s, an d  th e  th e o ry  of p a r ti t io n  equilibria. 
Q u a lita tiv e  analysis is th e  su b je c t m a t te r  o f C h ap te r  2. C lassification  acco rd in g  to  F resenius 
is d iscussed  in d e ta il, b u t  o th e r  possib ilities o f c lassifica tion  are also m en tio n ed .

In  th e  th ird  c h a p te r  v a rio u s fields o f q u a n tita tiv e  analysis, v iz . g ra v im e try  and  titrim - 
e try , are  trea te d  on  th e  com m on th eo re tica l g rounds to  be found  in  th e  th e o ry  of B rönsted 
a n d  Lawry  an d  in  th e  p rin cip le  o f p ro to n accep to rs . T h u s th e  fu n d a m e n ta ls  o f th e  various 
m eth o d s are easy to  re ta in  in  m em ory .

In s tru m e n ta l m e th o d s o f analysis a re  discussed in  th e  fo u rth  c h a p te r . P rogress in this 
fie ld  in recen t y ears h as been  v e ry  ra p id , th u s  i t  w as a ra th e r  d ifficu lt ta s k  fo r th e  au th o rs  to 
a c q u a in t th e  read er, w ith in  th is sm all space a t  th e ir  d isposal, w ith  th e  fu n d a m e n ta l principles 
a t  lea s t, of every  im p o r ta n t  m eth o d . P e rh a p s  th e y  h ad  to  keep  in  v iew  th e  in te re s t o f non­
chem ists  who s tu d y  chem ical analysis. V ery  lit t le  p lace could  be a llo tte d  to  th e  discussion of 
N M R  or m ass-sp ec tro m etry .

C hap ter 5 is a b o u t m eth o d s of sep a ra tio n , w ith  p rincipal em p h asis , q u ite  correctly , on 
th e  techn iques of ch ro m a to g ra p h y .

The s ix th  c h a p te r  co n ta in s  an a ly tic a l m eth o d s re le v an t to  o rg an ic  co m pounds: th is is 
a  good review  of th e  field .

This book, b y  L . P a t a k i  a n d  E . Z a p p , c erta in ly  will be v e ry  u se fu l fo r su d en ts  o f chem i­
cal analysis, an d  w ill offer v a lu ab le  d a ta  to  those  engaged  in  a n a ly tic a l p ra c tic e , considering 
t h a t  th is  concise vo lum e exposes m ost c learly  every  im p o rta n t b ra n c h  o f chem ical analysis.

T. M e is e l

Giulio M i l a z z o : Elektrochem ie: Grundlagen und A m vendungen

Zw eite n eu b ea rb e ite te  u n d  erw eite rte  A uflage, B a n d  I 

B irk h äu ser V erlag , B asel B o sto n - S tu t tg a r t ,  1980, 529 S e iten , 111 A bb ildungen

E lek trochem ische  M eth o d en  w erd en  in  sehr v ielen u n d  v e rsch ied en tlich en  G ebieten  des 
p ra k tisc h en  Lebens v e rw en d e t. Dies fo lg t aus dem  in te rd isz ip lin ären  C h a ra k te r  der E lek tro ­
chem ie. D eshalb k a n n  ein jed es in diesem  G eb iet e rscheinende W erk  a u f  d a s  In teresse  eines 
w eiten  K reises v o n  F a c h m ä n n e rn  rechnen .

D as Ziel des A u th o rs  w ar la u t  V orw ort des B uches e in e  m ö g lich st e in fache  Z usam m en­
fassu n g  der G ru n d lag en  de r E lek tro ch em ie  zu geben, die auch  von  n ich t-e lek trochem ischen  
F ac h m ä n n ern  g u t v e rw en d e t w erden k a n n . D em en tsp rech en d  b e h a n d e lt  d e r  erste  A bschnitt 
des B uches die G ru n d lag en  der T h erm o d y n am ik  u n d  le ite t jen e  G ru n d b eg riffe  e in , deren  K e n n t­
nis de r Leser im w eite ren  u n b e d in g t b en ö tig t.

Die D iskussion  de r e igen tlichen  E lek tro ch em ie  b eg in n t m it dem  zw eiten  A bschn itt. 
H ie r  b esch re ib t der V erfasser in  de r k o n v en tio n e llen  W eise die L eitu n g  de r E lek tro ly tlö su n g en  
sow ie die E igenschaften  der schw achen , s ta rk e n  u n d  S ch m elzelek tro ly ten . D er d r i t te  A bschnitt 
b e fass t sich m it den  in  den G alvanzellen  u n d  an  den  E lek tro d en  von  h e te ro g en e n  e lektrochem i­
schen  S ystem en sich e in s te llen d en  G leichgew ichten . D er v ierte  A b sc h n itt  b e h an d e lt die P ro ­
b lem e der E lek tro ly se  sowie die w ich tig sten  k inetisch en  G ese tzm ässig k eiten  der E lek trod- 
prozesse. D er fü n fte  A b sch n itt des B uches b e fass t sich m it einem  w ich tig en  A nw endungsgebiet 
d e r E lek trochem ie : m it den  e lek trochem ischen  M ethoden  der a n a ly tis c h e n  Chem ie. D er letzte  
A b sch n itt d isk u tie rt d ie e lek trochem ischen  B eziehungen de r ko llo iden  S y stem e.

W ie aus obigem  ersich tlich , fo lg t de r A u fb au  des B uches im  w esen tlich en  den A ufbau 
frü h e re r  e lek trochem ischer W erke. D ie D iskussion  der einzelnen F ra g e n  is t  k la r  u n d  logisch, 
w obei auch die v c rh ä ltn issm ässig  viele T abellen  behilflich  sind. In  d e r B e a rb e itu n g  der einzel­
n en  A b sch n itte  wru rd e n  au ch  die b e rü h m te n  F a c h m ä n n e r des gegebenen  G eb ietes einbezogen.
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Dies is t  o ffen sich tlich  vom  G e s ic h tsp u n k t d e r D iskussion des b e tro ffe n en  T hem enkre ises v o r­
te ilh a f t ,  d o c h  v e ru rsach t es S c h w ie rig k e iten  bei der V ere in h e itlich u n g  u n d  A bfassung des 
W erk es. So i s t  z. B. die B earbe itung  d e r  T ran sp o rte rsch ein u n g en  in V e rb in d u n g  m it den Schm elz­
e le k tro ly te n  verhältn ism ässig  e in g e h en d e r u n d  anspruchvoller, a ls die B e h an d lu n g  der selben 
E ig e n sc h a f te n  von  W ässrigen E le k tro ly tlö su n g e n . In  dem  m it U b e rtr i t t-U b e rsp a n n u n g  sich 
b e sc h ä ftig e n d e n  A bschn itt s te h t ü b e ra l l  S tro m stä rk e  7, w äh ren d  im  n ä c h s te n  A b sch n itt, wo 
die D iffu sio n s-Ü b ersp an n u n g  b e h a n d e lt  w ird , S trom dich te  j  v e rw en d e t w ird . L au t der wenigen 
H in w eise  im  e rsten  B and b e sc h ä ftig t sich  d e r zweite B and  m it den  F ra g e n  der p rak tisch en  
A n w e n d u n g  d e r E lektrochem ie. S ich er w e rd en  dann  d o rt z. B . d ie P ass iv ie ru n g  der M etalle 
sowie V e rfa h re n  in V erbindung m it d e r  e lek tro ly tisch en  A bscheidung  de r M etalle besch rieben . 
E s w ä re  d a h e r  vielleicht rich tig er g ew esen , d ie Fragen der S tro m v erte ilu n g  u n d  de r E n erg ie­
a u sn ü tz u n g  d o r t  zu behandeln . H in g e g en  h ä tte n  bereits in diesem  B a n d , in  de r B eschreibung  
de r e x p e rim e n te lle n  M ethoden die g a lv a n o s ta tisc h e  u n d  die p o te n tio s ta tisc h e  U n te rsu ch u n g s­
m e th o d e n  b e h a n d e lt  w erden sollen. (G ew isse  A nw endungsgebiete  d ieser M ethoden  sind  b e re its  
im  e rs te n  B a n d  erw ähnt, s. Seiten  285 u n d  286.)

E s  is t  schade, dass F rag en  in  V e rb in d u n g  m it der S tru k tu r  d e r e lek trischen  D oppel­
sc h ich t im  B u c h  n ich t d isk u tie rt w e rd e n . (E le k tro k ap illa rk u rv e , L ad u n g s -N u llp u n k tp o ten tia l 
usw .) I c h  g lau b e  es w äre n ü tz lich  g ew esen  in  V erbindung m it d e r e lek tro ch em isch en  K in e tik  
a u ch  so lch e  F ä lle  kurz  zu d isk u tie ren , in  d e n en  die K ine tik  d u rch  v e rsch ied en e  Prozesse gem ein­
sam  b e e in f lu s s t  w ird (L a d u n g s ü b e r tr it t ,  D iffusion , chem ische R e ak tio n ) , oder in  denen  sich 
an  d e r  E le k tro d e  parallele Prozesse a b sp ie len . W enn m an näm lich  die in d e r P rax is  sich absp ie­
le n d e n  E lek tro d p ro zesse  b e tra c h te t,  h a n d e l t  es sich s te ts um  v erw ick e lte  o der m ehrere  paralle l 
v e r la u fe n d e  Prozesse.

M a n n  k a n n  wohl sagen, dass d e r  V erfasse r sein g rund legendes Ziel erre ich te , denn  auch  
n ich t-e le k tro c h em isc h e  F ac h m ä n n er k ö n n e n  m it Hilfe des B uches d ie G esetze der E le k tro ­
chem ie  k e n n en le rn e n . A usser den  th e o re tis c h e n  Z usam m enhängen  w erd en  au ch  die w ich tigeren  
k o n v e n tio n e lle n  M essm ethoden de r E le k tro c h e m ie  beschrieben.

E s  i s t  bedeuernw ert, dass d e r V e rfasse r  n ich t die von  de r IU P A C  em pfohlene e lek tro ­
ch em isch e  N o m e n k la tu r v e rw en d e t h a t .  D ie  im  B uch e n th a lte n en  D efin itio n en , K onv en tio n en  
u n d  B eze ic h n u n g e n  weichen an  seh r v ie le n  S te llen  und  in w esen tlich en  F ra g e n  v o n  de r IU PA C - 
E m p fe h lu n g  ab .

L. K is s

J .  K . P a u l : Large and Sm all Sca le  E th y l Alcohol M a n u fa c tu r in g  Processes fro m
A g ricu ltu ra l Rate M aterials

C hem ical Technology R ev iew  N o. 169, E nergy  T echnology  R ev iew  No. 58 

N oyes D a ta  C orporation , P a r k  R idge, New Je rsey , U .S .A ., 1980. p. 576

T h is  vo lum e provides th e  re a d e r  w ith  process desc rip tio n s a n d  econom ic e v a lu a tio n s  
for e th y l  a lco h o l m an u factu ring  p la n ts  w ith  capacities ran g in g  from  25 gallons pe r h o u r to 
100 m illio n  gallons per year. M ost fu lly  d escribed  are th e  50 m illion  g a llo n /y e a r  a n d  25 g a llo n / 
h o u r  fa c ili t ie s . T he book is d iv id ed  in to  fo u r pa rts . E ach  p a r t  d e ta ils  a specific sized system  
fro m  a  p a r t ic u la r  s ta rtin g  m ate ria l, w i th  possib le  excursions on  a d d itio n a l sized system s.

P a rt 1. Alcohol m an u fac tu re  f ro m  co rn  on a 50 m illion  g a llons pe r y ea r scale, w ith  
ex cu rs io n s  to  10 and  100 m illion  g a llo n s  p e r  year pp. 1 345. T h e  d e ta ile d  analysis covers
v a rio u s  ra w  m ate ria ls , econom ic e v a lu a tio n  o f the  procedure, d o c u m e n ta tio n  of d e ta iled  design 
o verall m a te r ia l  and  energy flow , e q u ip m e n t lists, etc., and  b ib lio g ra p h y  24 references.

P a rt 2. W hea t straw  co n v ersio n  via  enzym atic  h y d ro lysis fo r a 25 m illion g a llon /year 
fa c ility  p p . 346 — 380. The co m p ila tio n  c o n ta in s  detailed  techno log ical d esc rip tions, flow  charts* 
eco n o m ic  a n a ly s is  and 41 references.

P a rt 3. Molasses fe rm e n ta tio n  to  p ro d u ce  14 m illion ga llons p e r  y e a r pp . 381 — 427. 
T h e  c h a p te r  gives only a rough  o u tlin e  o f th e  technology; th e  econom ic analysis is, how ever, 
d e ta iled .

P a rt 4 . A  guide to sm all 25 g a llo n s  p e r  hour p ro d u c tio n  p p . 428 — 509, 14 references. 
T h is s e c tio n  con ta ins technological a n d  econom ic analysis for sm all-scale  p ro d u c tio n .

A cta  Chirn. Acad. Sei. Hung. 110, 1982
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T he book includes discussions o f leg is la tio n  and  perm it in fo rm a tio n  p e r tin e n t  to alcohol 
p la n t  op eratio n , en v iro n m en ta l co n sid era tio n s, p lus lists of resources, p e o p le  a n d  organisations 
in vo lved  in alcohol p ro m o tio n . A t th e  end  o f th e  volum e there  are  78 fu n d a m e n ta l  lite ratu re  
references.

In te re s t  in  th e  m an u fa c tu re  o f e th y l alcohol from  a g r ic u ltu ra l  ra w  m ateria ls has 
increased  du ring  th e  la s t few  years. T h e  use  o f e thanol as a gaso line  e x te n d e r  gasohol has 
focussed  a tte n tio n  on  m eth o d s  fo r b o th  large- an d  sm all-scale e th y l a lco h o l p ro d u c tio n . A by ­
p ro d u c t o f alcohol p ro d u c tio n  is d is tillers d ried  grain , w hich cou ld  b e  so ld  as a  protein-rich 
feed , th u s  dispelling fears th a t  alcohol p ro d u c tio n  from  ag ricu ltu ra l ra w  m a te ria ls  m ight be a 
th re a t  to  th e  w orld food supp ly .

The c u rre n t vo lum e is a logical su p p lem en t to  a p revious v o lu m e  o f th e  series which 
ap p ea red  in  1979 E th y l A lcohol P ro d u c tio n  an d  Use as a M otor F u e l. E n e rg y  Technology 
R eview  No. 51. T he successive p u b lic a tio n  of th e  two volum es also p o in ts  to  the  timeliness 
a n d  need for th e  d iscussion  of th e  p ro b lem .

L .  N y e s t e

A c ta  Chim . Acrid. Sei. Hung. 110, 1982
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AS POTENTIAL FUNGICIDES

S. G n u , N iZA M U D D IN  and A .  K . M lSH R A *

( D epartm ent o f  C hem istry, University o f  G orakhpur, Gorakhpur, U .P ., In d ia )

R eceived A u g u s t 7 , 1980 
I n  revised form  F e b ru a ry  9, 1981 

A ccep ted  for p u b lic a tio n  J u n e  2, 1981

3-A roylflavones hav e  been p re p a re d  b y  o x id a tiv e  cyclization o f a -a ro y lc h a l-  
cones w ith  se len ium  d iox ide. The re q u ire d  ch a lco n es  have  been sy n th es ized  b y  th e  
b ase -c a ta ly ze d  co n d en sa tio n  reaction  b e tw e e n  to -aro y l-2 -h y d ro x y aceto p h en o n es an d  
a ld eh y d es . T he fu n g ic id a l ac tiv ity  o f  a ll th e se  f lav o n e s  have been e v a lu a te d  ag a in s t 
A lternaria  brassicae a n d  H elm inthosporium  oryzae.

Introduction

F lavono ids a re  in v a ria b ly  p re se n t in  th e  heartw ood  of se v e ra l p la n ts  
[1 — 3]. T h e  d u ra b ility  an d  resistance to w a rd s  th e  a tta c k  of p e s ts  o f  th e se  
w oods is perhaps due  to  th e  presence o f  su c h  flavono id  com ponen ts o r com ­
p o u n d s re la te d  to  th e m . I t  is s ign ifican t t h a t  m o s t o f  these com pounds c o n ta in  
th e  — CO — C = C —О — m oiety  [4], a n d  th e  p es tic id a l pow er is p e rh a p s  due

I I
to  th is  v e ry  fe a tu re . T h is a ssum ption  is s u p p o r te d  by  th e  o b se rv a tio n  th a t  
n a tu ra l  pestic ides like ro ten o n e , ch ry s in  a n d  ga lan g in  [5 — 7] h av e  th is  s tru c ­
tu ra l  fe a tu re , c h a ra c te r is tic  of flav o n o id s  a n d  isoflavonoids.

D esp ite  th ese  o b se rv a tio n s, d a ta  on  th e  p es tic id a l p roperties o f  sy n th e tic  
flav o n o id  com pounds a re  ap p a ren tly  la c k in g  in  th e  lite ra tu re . In  v iew  o f  th e se  
fa c ts , i t  appeared  w orth w h ile  to  u n d e r ta k e  th e  syn thesis and in v e s t ig a tio n  of 
th e  fung ic idal p ro p e rtie s  of the  t i t le  f la v o n e s  rep o rted  herein.

T he req u ired  co-aroy l-2 -hydroxyacetophenones (I) were p re p a re d  b y  
s ta n d a rd  m ethods [8 ]. T h e  chalcones (II) w ere  syn thesized  by  th e  K n o ev en ag e l 
re a c tio n  [9] and th e  3-aroylflavones w ere  o b ta in e d  by  oxidative  c y c liz a tio n  of 
th e  chalcones (II) w ith  S e 0 2 in  isoam yl a lco h o l [10]. The p u rity  o f  th e  flav o n es 
w as checked  b y  T L C  a n d  th e  Ry v a lu e s  o f  th e  ind iv idual c o m p o u n d s  were 
also n o ted .

T he a )-a roy l-2 -hydroxyace tophenones (I) w ere ch a rac te rized  b y  th e ir  
e lem en ta l analysis an d  IR  ab so rp tio n  s p e c tra . S ignificant peak s in  th e  IR  
sp e c tru m  are  3225 c m -1  ( — О —H  s tre tc h in g ) , 1670 c m -1 (s a tu ra te d  /3-diketone

* To w hom  co rrespondence  should be  a d d re sse d
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s tre tc h in g ) , 1450 c m -1  (— C H 2— bend ing), a n d  1600 c m " 1, 1590 c m " 1, 1370 
c m -1  (a ro m a tic ity ) .

T h e  chalcones (II) cou ld  be recognized  b y  sign ifican t peaks in  th e  IR  
sp e c tra , v iz . 3115 c m -1  ( — О — H  s tre tc h in g ) , 1680 c m -1 (a -/S -u n sa tu ra ted  
acy c lic  k e to n e ), 1600, 1585, 1450 c m " 1 (a ro m a tic  ring). The presence  o f  th e  
y -p y ro n e  r in g  in  th e  IR  sp ec tru m  of th e  f la v o n e s  (III) affords ev idence  fo r  th e  
c y c liz a tio n  o f th e  chalcones (II). The IR  s p e c tra  o f  th e  flavones rev ea l c h a ra c ­
te r is t ic  a b so rp tio n  a t  1690 c m " 1 (y-pyrone r in g ); 1710 c m " 1 ( > C = 0  s t r e tc h ­
in g ), 1600, 1580, 1445 c m " 1 (a ro m atic ity ) a n d  1020 c m -1 (C — 0  — C sy m . 
b o n d  s tre tc h in g ) .

T h e  flav o n es lis ted  in  T ab le  I I I  have  b e e n  screened for th e ir  fu n g ic id a l 
a c t iv i ty  a g a in s t tw o  species o f  fungi, H elm in thosporium  oryzae and  A lte rn a r ia  
brassicae. I t  has been  fo u n d  th a t  alm ost all a ro y lflav o n es  under in v e s tig a tio n  
a re  v e ry  ac tiv e  ag a in st A . brassicae a t all c o n c e n tra tio n s , b u t only  few  c o m ­
p o u n d s  a re  to x ic  to  H . oryzae.

A t th e  sam e tim e , th e  com m ercial fu n g ic id es  B avistin  an d  D ith a n e  
M-45 w ere  fo u n d  to  be q u ite  to x ic  to  b o th  th e s e  fu n g a l species w hen  te s te d  
u n d e r  id e n tic a l cond itions.

2 -H y d ro x y a ce to p h en o n e , b .p . 2 1 0 —212 °C, 2 -h y d ro x y -4 -m e th y lace to p h en o n e , b .p . 
244 — 246 °C, 2 -h ydroxy-5 -ch lo roace tophenone , m .p . 53 °C a n d  2 -hydroxy-3-ch loroaceto- 
ph en o n e, m .p . 76 °C were p re p are d  b y  th e  Fries re a r ra n g e m e n t o f the  corresponding e s te rs  
by  a k n o w n  m e th o d  [11]. T he b .p .’s o r m .p .’s of these  c o m p o u n d s  were consistent w ith  th o se  
re p o rte d  in  th e  l ite ra tu re  [12].

[ l a — d] [ I I  a — i]

[ I l i a  — i]

Experimental

S u b s ti tu te d  2 -h y d ro x v a c e to p h e n o n e s

Acta Chim. Acad. Sei. Hung. 110,1382
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co-A royl-2-hydroxyacctophenone (I )

T hese co m p o u n d s were p re p a re d  by  C laisen c o n d en sa tio n  using the  a p p ro p ria te  2-hy- 
d ro x y ace to p h en o n es (1.0 mol) an d  th e  d ifferen t a ry l e ste rs  (1 mol) in the  presence o f  so d iu m  
e thoxide. T he re ac tio n  m ix tu res  w ere re fluxed  fo r 5 8 h. I t  is significant to  n o te  t h a t  th e
yield o f p ro d u c t w as g rea tly  low ered  (Ic and  Id ) w h en  th e  s ta r tin g  ester also in c o rp o ra te d  a

Table I

со-Aroyl-2-hydroxyacetophenones (I)

Compound
No. R R '

Yield,
%

s°

Form ula
C ,% H,%

Found Calcd. F ound Calcd.

Ia 5-Cl H 65 8 7 - 8 CieHu 0 3Cl 65.57 65.69 3 .9 3 4 .0 1

lb 4-C H 3 H 71 119 c 16H14o 3 75.42 75.59 5.38 5.51

Ic H 4-OH 51 109 c15h 12o4 70.22 70.31 4.58 4.69

Id 3-C1 4-OH 46 105 C16H n 0 4Cl 61.93 62.07 3.66 3.79

hy d ro x y l g ro u p . A tte m p ts  to  im p ro v e  the  y ie ld  b y  allow ing longer reac tion  t im e s  w ere of 
little  avail. T h e  com pounds p re p are d  were c ry s ta lliz ed  from  aqueous e thano l a n d  a re  lis ted  
in T able  I.

a -A ro y lch a lco n es ( I I )

T he (o -aroy l-2 -hydroxyacetophenone  (1 m ol) a n d  ap p ro p ria te  arom atic  a ld e h y d e  (1 mol) 
dissolved in  ab so lu te  alcohol w ere condensed u n d e r  th e  co nd ition  of the  K n oevenagel re ac tio n , 
using  a few d ro p s  o f p y rid ine , fo r 10 12 h. A f te r  rem o v a l of th e  so lvent, th e  re s id u e  was
tre a te d  w ith  d ilu te  hydroch loric  acid  and  th en  ta k e n  u p  in e th e r. The e thereal la y e r  w as w ashed  
w ith  w a te r  a n d  d ried  over a n h y d ro u s  M gS04. R e m o v a l o f th e  e th e r gave the  d esired  p ro d u c ts , 
w hich w ere recry sta llized  from  e th an o l. T he co m p o u n d s p repared  are reco rded  in T ab le  I I .

Table I I

ct-Aroylchalcones (II)

a
0
5 * 0

§ zCJ

R R ' R "
Yield,

%
M . p . ,

°c Form ula

c, 0/
/О H , %

Found Calcd. F ound Calcd.

Н а 5-C.l H 4-NO. 62 86 C ..H 14NOsC1 64.02 64.86 3.28 3 .4 4

l ib 4-C H 3 H 4-NO . 65 89 c , 3h 17n o 5 69.85 71.31 4.32 4.41

lie H 4-OH 4-O C H 3 58 108 C23H 1S0 5 75.81 76.52 4.66 4.80

lid H 4-OH 4-N O . 60 91 c 22h 15n o 6 67.62 67.86 3.69 3.85

He II 4-OH 4-C1 55 105 C ..H 150 4C1 69.41 69.84 3.81 3.96

I l f 11 4-OH 2-O H 45 108 9 C.2H ie0 5 72.84 73.33 4.00 4.17

Щ 3-C1 4-OH 4-OH 42 106 C22H 150 5C1 66.62 67.01 3.71 3.81

Ilh 3-C1 4-OH 2-O H 40 118 C ..H 1S0 5C1 66.58 67.01 3.65 3.81

Hi 3-C1 4-OH 4-NO . 56
1

78 C„.H14N 0 6C1 62.14 62.41 3.12 3.31

] *  ArtaC him . Acad. Sei. H ung. 110,  1982
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Table II I

Ъ-Aroylflavones (III)

Compd.
No.

R R ' R" Yield,
%

M . p . ,

°c Formula Rf
C.% H,%

Found Cal cd. Found Calcd.

I l ia 6-Cl H 4 -N 0 2 56 97 C22H 12N 0 5C1 0 .8 H 64.82 65.18 2.81 2.96
I l lb 7 -c H 3 H 4 -N 0 2 60 125 C23H 15N 0 6 0.561 70.98 71.68 3.82 3.89
IIIc H 4-OH 4-OCH.; 56 109- 10 Q23H 1605 0.711 73.64 74.19 4.16 4.30
H id II 4-OH 4 -N 0 2 54 98 c22h 13n o 6 0.591 68.10 68.22 3.10 3.35
l i l e H 4-OH 4-C1 50 103 C22H 130 4C1 0.71 69.58 70.21 3.22 3.46
IIIÍ H 4-OH 2-OH 43 110 c22h 14o 5 0.411 73.01 73.74 3.75 3.91
n i g 8-CI 4-OH 4-OH 40 109 C22H 130 6C1 0 .6 " 66.85 67.35 3.30 3.31
I l lh 8-C1 4-OH 2-OH 38 92 C22H 130 5C1 0.45" 66.78 67.35 3.26 3.31
ПВ 8-CI 4-OH 4 -N 0 2 52 74 C,2H ,,N 0 6C1 0.61 62.42 62.71 2.72 2.84

1 Solvent system : chloroform -benzene ( 1 : 2 )
11 Solvent system : e th y lace ta te—chloroform -benzene ( 1 : 3 : 3 )
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З -A roylflavones (Ш )

A m ix tu re  of th e  a p p ro p ria te  cha lco n e  (1 m ol) a n d  se len ium  d io x id e  (1.1 m ol) was 
re flu x e d  in  isoam yl a lcoho l fo r  14—20 h . T h e  so lv en t w as rem o v ed  b y  s te a m  d istilla tio n , th e  
p re c ip ita te d  selenium  w as f ilte red  off a n d  th e  residue  d issolved in  e th e r . T h e  e th e rea l layer, 
a f te r  th e  u su a l t r e a tm e n t,  gave  th e  desired  p ro d u c t, w hich  w as re c ry s ta lliz e d  from j e thano l. 
T h e  com pounds p re p a re d  a re  recorded in  T a b le  I I I .

F u n g ic id a l screening

T he flavones lis te d  in  T ab le  I I I  w ere  te s te d  fo r fu n g icid al a c t iv ity  u sin g  tw o  species of 
fung i a t  th ree  d iffe ren t co n cen tra tio n s , v iz . 1000 p p m  (103), 100 p p m  (104), a n d  10 p p m  (10s). 
T h e  av erage  pe rcen tag e  in h ib itio n  values o b ta in e d  w ith  these  co m p o u n d s a re  reco rd ed  in  Table 
IV  a n d  com pared w ith  th e  effect of B a v is tin  (C arbendazim ) a n d  D ith a n e  M-45 (M aneb).

%  In h ib itio n  =  ^  ^  X 100

w here  C =  d iam ete r o f fu n g u s  colony (in  m m ) in  co n tro l p la te  
T  =  d iam ete r o f fu n g u s  colony (in  m m ) in  tre a te d  p la te .
T he n u m b er o f re p e tit io n s  was th re e  in  each  case.

T ab le  IV

F ungicidal screening

Compd.
No.

A verag percentage inhibition a fte r  96 h

Alternaria brassicae, 
Concentration

H . oryzae. 
Concentration

1000 ppm 100 ppm 10 ppm 1000 ppm 100 ppm 10 ppm

1Па 60.67 39.5 28.2 44.8 26.3 19.1

I l lb 83.9 65.1 40.2 52.3 30.0 25.1

IIIc 72.5 60.0 36.2 43.3 22.8 17.5

H id 73.3 61.2 39.2 82.5 66.0 41.2

H ie 78.5 59.6 39.1 49.3 28.2 20.5

IH f 64.89 36.3 22.8 75.3 52.2 39.8

I l lg 76.7 55.2 38.3 46.0 27.4 21.2

Ш Ь 90.2 63.3 49.4 63.6 35.2 27.1

I l i i 78.0 60.1 40.3 90.5 69.3 48.2

B av is tin 95.3 81.4 69.8 93.9 77.4 66.9

D ith an e  M-45 98.6 89.5 77.2 97.5 88.3 73.9

Results and Discussion

A critica l ex am in a tio n  o f  th e  fung ic idal d a ta  rev ea ls  t h a t  all flavones 
u n d e r  in v e s tig a tio n  w ere ac tive  a g a in s t A .  b ra ss ic a e , w hile  on ly  th re e  com ­
p o u n d s (ü ld , U lf ,  I l i i)  hav in g  — O H , —Cl an d  —N O z s u b s titu e n ts  were 
ac tiv e  against H . o ry za e . C om pound I l lh  h av in g  one ch lo ro  a n d  tw o h y d ro x y l

Acta Chim. Acad. Sei. Hung. HO, 1982
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g ro u p s  has th e  h ig h est fu n g ito x ic ity  o f th e  series. F u r th e r  te s ts  w ith  th is  
c o m p o u n d  is requ ired . A lth o u g h  all com pounds in v e s tig a te d  h av e  to x ophores 
su c h  as —N 0 2, —O H , — Cl, n o n e  of th em  are  as a c tiv e  as th e  com m ercial 
fu n g ic id e s  B av istin  an d  D ith a n e  M-45. This in d ic a te s  t h a t  th e  fu n g ito x ic ity  
o f  a  com pound  will n o t b e  th e  num erica l sum  o f a ll to x o p h o ric  fu nc tions 
p r e s e n t  in  th e  m olecule.

*

T h e  au th o rs  express th e ir  th a n k s  to  Prof. R . P . R a s t o g i, H e ad , D e p a rtm e n t o f Chem ­
i s t r y ,  U n iv e rs ity  of G o ra k h p u r, fo r  p rov id ing  th e  necessa ry  facilitie s. O ne o f u s  (A. K . 
M i s h r a )  is th an k fu l to  C .S .I .R ., N ew  D elhi, fo r th e  aw ard  o f a J u n io r  R esearch  Fellow ship.
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A c cep ted  fo r p u b lica tio n  Ju n e  2, 1981

S yntheses o f th e  fu ran o fla v o n es  1 and  2, co n s titu e n ts  o f P ongam ia glabra  were 
accom plished  s ta r tin g  fro m  5 ,7 -d ih y d ro x y -3 ',4 '-m e th y len ed io x y flav o n e  a n d  5,7-di- 
hyd ro x y flav o n e , re sp ec tiv e ly .

F u ran o flav o n es such  as k a ra n jin  are effective ag a in s t sk in  diseases like 
leucoderm a [1]. This p ro m p te d  us to  syn thesize  n a tu ra lly  o ccu rrin g  fu ra n o ­
flavones an d  we have a lre a d y  p u b lished  th e  sy n th esis  o f som e o f th e m  [2—7]. 
W e now  re p o r t  th e  sy n th e s is  o f  5 -m ethoxy-2 -(3 ,4 -in e th y len e-d io x y p h en y l)- 
-4H -furo[2 ,3-ft] [1] b en zo p y ran -4 -o n e  (1) an d  5 -hydroxy-2-pheny l-4 fT -fu ro - 
-[2 ,3-k] [1] ben zo p y ran -4 -o n e  (2), recen tly  iso la ted  from  P o n g a m ia  g la b ra  
[8, 9]. T he s tru c tu re s  o f  th e s e  fu rano flavones h av e  been  assigned  o n  th e  basis 
o f  sp ec tra l an d  d e g ra d a tio n  s tu d ies .

T he p a r tia l  sy n th es is  o f  1 has also been  re p o rte d  [10] s ta r t in g  from  
5 -ace ty l-4 -h y d ro x y -6 -m eth o x y co u m aro n e  an d  p ip e ro n y l ch lo rid e . W e now  
re p o rt th e  to ta l  syn th esis  o f  1 an d  2 s ta r tin g  from  5 ,7 -d ih y d ro x y -3 ',4 , -m ethy l- 
ened ioxyflavone (3) a n d  c h ry s in  [11], resp ec tiv e ly . C om pound  3 (p rep ared

•  T o w hom  co rrespondence  sh o u ld  be addressed
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b y  co n d en sa tio n  o f  p h lo ro a c e to p h e n o n e , p ip e ro n y l an h y d rid e  an d  sodium  
p ip e ro n y la te  by  th e  R o b i n s o n  m ethod  [12]) on  p a r t ia l  a lly la tio n  w ith  one 
m o le  o f  allyl b rom ide, in  th e  presence o f  p o ta ss iu m  c a rb o n a te  an d  acetone , 
a f fo rd e d  7 -a lly loxy-5-hy< lroxy-3 , ,4 /-m e th y len ed io x y fIav o n e , w hich  on  m eth y la - 
t io n  w ith  d im ethy l s u lfa te , p o tassiu m  c a rb o n a te  a n d  ace to n e , follow ed by 
C l a i s e n  m igration  u n d e r  re d u c e d  pressure, gave 8 -a lly l-7 -h y d ro x y -5 -m eth o x y - 
-3 / ,4 '-m e th y le n e d io x y fla v o n e  ( 6 ) .

T h e  ox idation  o f 6  w ith  osm ium  te tro x id e /p o ta ss iu m  p e rio d a te  affo rded  
a n  in te rm e d ia te  a ld eh y d e , w h ich  on c y c liza tio n  w ith  p o ly p h o sp h o ric  acid 
g a v e  1 . T he ro u te  d e sc rib e d  above  s ta r tin g  fro m  c h ry s in  [11] re su lte d  in  2 
v ia  7  [2] and  8 . The s p e c tra l  d a ta  o f th e  s y n th e tic  sam ples w ere in  com plete  
a g re e m e n t w ith  tho se  r e p o r te d  fo r th e  n a tu ra l  sam ples.

E xperim en tal

A ll m .p .’s are u n c o rre c te d . I R  sp ec tra  were reco rd ed  on  a  P e rk in -E lm er I R  sp ec tro ­
p h o to m e te r  Model-621 (j> m a x  in  c m ^ 1) in  K B r, UV  sp e c tra  (A m a x  in  nm ) on a B eckm ann  
D U -2  sp ec tro p h o to m eter, a n d  N M R  sp e c tra  on a P e rk in -E lm er R -32 (90 M H z) sp ec tro m ete r 
u s in p  TM S as in te rn a l s ta n d a rd . C hem ical sh ifts are g iven  in  <5 p p m .

A n h y d ro u s sodium  su lfa te  w a s  u sed  as drying ag en t.

7 -A lly lo x y -5 -h y d ro x y -3 '4 '-m e th y !e n e d io x y f  la v o n e  ( 4 )

5 ,7 -D ih y d ro x y -3 ',4 '-m e th y len ed io x y flav o n e  (1.5 g) w as d isso lved  in  ace to n e  (100 m L) 
a n d  re f lu x e d  w ith  allyl b ro m id e  (0 .5  m L ), p o tassium  c a rb o n a te  (3.5 g) a n d  p o tass iu m  iodide 
(0 .5  g) fo r  4 h . The solid w as f i l t r a te d  o f f  a n d  w ashed w ith  ace to n e . T h e  ace to n e  w as com ple te ly  
e v a p o ra te d  an d  th e  residue d i lu te d  w ith  w ater. T he se p a ra te d  so lid  on  c ry s ta lliz a tio n  from  
m e th a n o l/p e tro le u m  e th e r gav e  3  as p a le  yellow  c ry sta ls  (1.35 g), m .p . 151 — 153 °C.

Ci9H u Oe. Calcd. C 67.45; H  4 .1 4 . F o u n d  C 67.23; H  4 .0 2 % . (A c e ta te , m .p . 1 4 3 - 1 4 4  °C.)
N M R  of ace ta te  (CDC13): 7 .6  -7 .8 2  (m , 2H , H -2 ',6 ') ,  7.2 (d , J  =  2 H z, 1H , H -8 ), 7.05 

(d , J =  8.5 H z, 1H, H -5 ') , 6 .74 (s, 1 H , H -3), 6.42 (d , J  =  2 H z , 1H , H -6 ), 6.05 (s, 2H , 
- O C f f „ - ) ,  5 .5 -5 .9 5  (m , 1H , - С Я = С Н 2), 5 .0 5 -5 .4 3  (m , 2 H , - C H = C H , ) ,  4.43 (d , J  =  6  
H z , 2 H , — О С Я „ - С Н = С Н 2), 2 .1(s, 3 H , OCOCH3).

[5 j7 -A lly lo x y -5 -m e th o x y -3 ',4 '-m e th y le n e d io x y f Ia \o n e  ( 5 )

T h e  flavone  4 (1.2 g) w as d isso lv ed  in  acetone (100 m L ) a n d  re flu x ed  w ith  d im eth y l 
s u lp h a te  (0 .55 m L) and  p o ta ss iu m  c a rb o n a te  (4.2 g) fo r 16 h . T h e  so lv en t w as e v ap o ra te d  and  
w a te r  w a s  ad d ed  to  th e  residue. T h e  se p a ra te d  solid w as f i lte re d  o ff  a n d  p u rif ied  b y  c ry s ta lliz a ­
t io n  f ro m  e th a n o l to  o b ta in  l ig h t  y e llo w  c ry sta ls (940 m g), m .p . 179 °C.

С20Н мО«. Calcd. C 68.19; H  4 .5 4 . F o u n d  C 67.82; H  4 .4 3 % .
N M R  (CDC13): 7 .5 5 -7 .7 6  (m , 2 H , H -2 ',6 ') , 7.15 (m , 2 H , H -5 ',8 ), 6 .6 6  (s, 1H , H -3),

6 .4  (d , J  =  2 H z, 1H, H -6 ), 6.05 (s, 2 H , - 0 C f f 20 - ) ,  5 .4 5 - 5 .9  (m , 1H , - С Я = С Н 2), 5 .0 5 -
5.4 (m , 2 H , - С Н = С Я 2), 4.45 (d , 2 H , J =  5.5 Hz, - О С Я 2- С Н = )  a n d  3.98 (s, 3H , О С Я 3).

8 -A lly l-7 -h y d ro x y -5 -m e th o x y -3 ',4 - 'm e th y le n e d io x y f la v o n e  ( 6 )

T h e  flav o n e  5  (900 m g) w as h e a te d  in  a n  oil b a th  a t  190—200 °C u n d e r  red u ced  pressu re  
(12 m m ) fo r  2 h. The re su ltin g  so lid  w a s  dissolved in  e th y l a c e ta te  a n d  e x tra c te d  w ith  2%  
a q u e o u s  so d iu m  hydroxide (50 m L ). T h e  aqueous lay e r on  ac id ific a tio n  a ffo rded  a solid, w hich
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w as f i lte re d  off an d  c ry s ta lliz ed  from  e th a n o l to  g ive  pale  yellow needles (550 m g), m . p. 
291 — 292 °C. (A ceta te , m .p . 1 7 1 -1 7 3  °C.)

N M R  of a ce ta te : 7 .6 5 - 7 .9  (m , 2H , H - 2 ',6 ') ,  7.15 (d , J  =  9 H z, 1H . C -5 '), 6.7 (s, 1H , 
H -3 ), 6.32 (s, 1H , H -6 ), 6.15 (s, 2H , — О С Я .О - ) ,  5.5 6.0 (m , 1H , - С Я = С Н „ ) ,  4.95 5.4
(m , 2 H , С Н = С Я 2), 3.92 (s, 3H , 0 С Я 3), 3.5 (d , J  =  6  H z , 2H , A r С Я , C H  ) a n d  2.3 
(s, 3H , О С О С Я 3).

5 -M e th o x y -2 - (3 ,4 -m e th y le n e d io x y p h e n y l) -4 H -fu ro  [2 ,3 -6 ]  [ l]b e n z o p y ra n -4 -o n e  ( 1 )

T he ally l flavone  6 (450 m g) was d isso lved  in  e th y l  a c e ta te  (80 m L) a n d  a n  e q u a l a m o u n t 
o f w a te r  w as added . T h is  m ix tu re  was t r e a te d  w ith  osm ium  te tro x id e  (50 m g) a n d  s tir re d  for 
2 h . D u rin g  th is  period  p o ta ss iu m  periodate  (3 .5  g) w as ad d ed  to  th e  so lu tion  in  sm a ll p o rtio n s . 
T h e  e th y l ace ta te  lay e r w as se p a ra ted  and  th e  a q u eo u s  lay e r  ex trac ted  w ith  m ore e th y l  ace ta te  
(100 m L ). T he com bined  e x tra c ts  were w a sh e d  w ith  w a te r , dried, and  th e  so lv e n t rem oved  
u n d e r  red u ced  pressure . T h e  b lack  ta r ry  re s id u e  w as h e a te d  w ith  po lyphosphoric  a c id  (15 m L) 
on  a  bo iling  w a te r  b a th  fo r  h a lf  an  hour. T h e  re su ltin g  m ix tu re  was ad ded  to  ice a n d  allow ed 
to  s ta n d  overn igh t. T h e  b la c k  solid, on p u r if ic a tio n  b y  co lum n ch ro m a to g rap h y  a ffo rd ed  1 as 
a yellow  solid (35 m g), m .p . a n d  m ixed m .p . 268 — 269 °C.

C19H 120 6 Calcd. C 67.8, H  3.57 F o u n d  C 67.76, H  3.52% .
UV (M eOH): 230, 275 an d  330 (q u a lita tiv e ) .
I R  (K B r): 1640 ( C = 0 ) ,  1590 (C = C ), 1465, 1400, 1252, 1202, 1140, 1114, 1060, 1030, 

960, 911 ( - O C H .O — ), 860, 850, 835, 815, 740, 712 ( - O C H .O - ) .
T h e  NM R sp e c tru m  could no t be re co rd e d  ow ing to  th e  in so lub ility  o f  th e  p ro d u c t

8 -A lly l-5 ,7 -d ih y d ro x y fIa v o n e  (8 )

T h e  flavone 7  [2] (1 .0  g) was h e a te d  u n d e r  red u ced  pressure (12 m m ) a t  190 — 200 °C 
fo r  2 h . I t  was th en  cooled , dissolved in  e th y l  a c e ta te  a n d  w ashed w ith  w a te r . T h e  e th y l ace­
ta te  lay e r w as d ried  a n d  th e  solvent e v a p o ra te d . T h e  p u rific a tio n  of th e  re s id u e  b y  colum n 
ch ro m a to g ra p h y  a ffo rd ed  8  as a cream -co loured  solid  (600 mg), m .p. 233 — 235°.

C18I I 140 4 Calcd. C 73.48; H  4.76. F o u n d  C 73.57; H  4 .65% . (D iace ta te , m .p . 160 161 °C).
N M R  of d iac e ta te  (CDC13): 7 .7 5 -7 .9 8  (m , 2 H , H -2 ',6 ') ,  7.42 7.6 (m , 3 H , H -3 ',  4 ', 5 '),

6 .8 8  (s, 1H , H-3), 6 .6 8  (s, 1H, H -6 ), 5.6 —6.1 (m , 1H , С Я = С Н ,) , 4 .9 - 5 .2 5  (m , 2H, 
С Н = С Я 2), 3.72 (d , 2H , J  =  6.5 H z, - О С Я ,  C H = C H ,) , 2.44 an d  2.37 (2s, 3H , each, 

2 О С О С Я 3).

5 - H y d ro x y -2 -p h e n y l-4 H - fu ro [2 ,3 -6 ] [ l ]b e n z o p y ra n -4 -o n e  ( 2 )

T he flavone 8  (450 m g) was ox id ized  w ith  0 s 0 4/ K I 0 4 and  th e  a ld eh y d e  so fo rm ed  was 
cyclized  w ith  P P A  to  g ive  2 (40 mg) as m e n tio n e d  in  th e  case of 6 , m .p . 195 197 °C (lit.
[9] m .p . 198 °C).

C17H I0O,. C alcd. C 73.38; H  3.5. F o u n d  C 73.42; H  3.65% .
IR (K B r):  1650 ( C = 0 )  1608 1595 (C = C ) ,  1450, 1418, 1345, 1290, 1130, 1060, 1055, 

800, 760.
NMR(CDC13): 12.8 (s, 1H , O H ), 7 .6 8 - 8 .0  (m , 2H , H -2 ',6 ') , 7 .3 5 -7 .6 2  (m , 4H , H -3 ', 

4 ',  5 ',  8 ), 7.05 (m , 1H , H -9), 6.98 (s, 1 H , H -6 ) a n d  6.65 (s, 1H , H-3).

*

One of th e  a u th o rs  (V .P .P .) is g ra te fu l  to  C .S .I.R . (New Delhi) for th e  a w a rd  of Senior 
R e se a rc h  Fellow ship.
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T h e  p o ten tia l-d ep en d in g  ad so rp tio n  o f /1-cyclodextrin  on  th e  su rface  o f  d ro p ­
p ing  m e rc u ry  electrode d is tu rb s  th e  d e te rm in a tio n  of guest m olecules if  E,/., is m ore 
n e g a tiv e  th e n  Е^й,- T he d is tu rb in g  effec t c an  be  e lim in a ted  e ith e r by  a d d in g  co m p e­
t i t iv e  g u e s t molecule (w h ich  form s a m ore s ta b le  inclusion  com plex w ith  cy c lo d ex trin )  
o r m o re  convenien tly  b y  sa tu ra tin g  th e  m e rc u ry  surface  w ith  /З-cy c lo d ex trin . T he 
lin e a r i ty  o f  w ave h e ig h t vs. c o n cen tra tio n  c an  be re sto red  by  th is sa tu ra t io n  m eth o d , 
n o tw ith s ta n d in g  a s ig n ifican t decrease in  th e  slope of ca lib ra tio n  cu rv e  is obse rv ed .

/З-C y c lo d ex trin  (cy c lohep taam ylose) fo rm s inclusion  com plexes w ith  m an y  
organic m olecules [1] a n d  seem s to  g e t in te re s t  in  p h arm acy , to o  [1]. In  
aqueous so lu tio n s , th e  d isso c ia tio n  e q u ilib r ia  o f  th e  com plexes a re  a t ta in e d  
rap id ly . A naly sin g  such  com plexes, u n e x p e c te d  problem s o fte n  a rise  [2]. 
S im ilar to  m o st of th e  po lyalcoho ls, c y c lo d e x tr in s  are  also ad so rb e d  o n  th e  
surface o f th e  m ercu ry  d ro p , so i t  m ay  d is tu rb  th e  po larog raph ic  d e te rm in a tio n  
o f p o te n tia l  guest m olecules.

T he a d so rp tio n  o f  /3-cyclodextrin  d ep en d s on th e  e lec trode  p o te n tia l  
app lied , so i t  can  be s tu d ie d  b y  a lte rn a tin g  c u r re n t po la ro g rap h y . T h e  d iffe ren ­
tia l  c a p a c ity  o f th e  d o u b le-lay er chan g es on  th e  adso rp tio n  p o te n t ia l  so a 
peak  c a n  be  observed on  th e  a lte rn a tin g  c u r re n t vs. p o te n tia l c u rv e , w hich  
consists o f  on ly  cap ac itiv e  c u rre n t [3, 4 ]. T h e  ad so rp tio n  p o te n tia l  is ab o u t
— 0.1-----0.2 V (vs. S .C .E .); th e  c u rre n t vs. c o n c e n tra tio n  cu rv e  fo llow s th e
L an g m u ir iso th e rm . T he f i r s t  p a r t  o f  th e  iso th e rm  is linear, so th e  m e th o d  is 
su itab le  fo r  th e  d e te rm in a tio n  o f sm all a m o u n ts  ( 1—20 /ig • c m - 3 ) o f  cyclo ­
d e x tr in  [3].

S ev era l au th o rs  h a v e  in v e s tig a te d  th e  p o la rog raph ic  b eh av io u r o f  cyclo ­
d e x tr in  com plexes co n ta in in g  e le c tro a c tiv e  g u est m olecules, a n d  a t te m p te d  
to  d e te rm in e  s ta b ility  c o n s ta n ts  (Ma t s u i  a n d  h is co-w orkers [5]: /3 -cyclodextrin- 
h y d ro p e ro x id e  com plexes; U e h a r a  an d  N a k a y a  [6]: com plexes o f  az o m e th in  
d e riv a tiv e s ; Y a m a g u c h i  et al. [7]:  h y d ro g en -p ero x id e  com plex). P o la ro g ra p h y  
was u sed  in  th e  s tu d y  o f  fe rro cen e-cy c lo d ex trin  com plex, to o  [8 ].

* T o w hom  correspondence should  be ad d ressed
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T h e  re d u c tio n  o f  n itro p h en o ls  w as s tu d ie d  in  th e  presence o f  c y c lo d e x tr in  
[9, 10]. I t  w as show n th a t  th e  red u c tio n  w av e  o f  n itro p h en o l sp lits  in to  tw o  
w a v e s  in  th e  p resence  o f  a -cy c lo d ex trin  (c y c lo d ex tr in , cy c lohexaam ylose). 
T h is  e ffec t c an n o t be  o b served  w ith  /3 -cyclodex trin , b u t  th e  w ave h e ig h t 
d e c re a se s  w ith  increasin g  /З-cy c lo d ex trin  c o n c e n tra tio n . I t  seem s to  he  q u ite  
re a s o n a b le  th a t  a decrease  in  w ave h e ig h t is a d irec t consequence o f  th e  
c o m p le x a tio n  an d  on ly  th e  free  n itro p h en o l g ives a po la rog raph ic  w av e . B ased  
o n  th is  a ssu m p tio n  s ta b il i ty  c o n s ta n ts  w ere ca lcu la ted .

O u r m easu rem en ts  p ro v e  th e  fa c t m e n tio n e d  [3] th a t  decrease in  w av e  
h e ig h t  is caused  b y  th e  in h ib itin g  effect o f th e  ad so rb ed  /3-cyclodextrin .

E xperim en ta l

M easu rem en ts  w ere ca rried  o u t  on R adelk is O H -105  a n d  R ad io m e te r P O -4  p o la ro -  
g ra p h s . D ro p p in g  m ercu ry  e lec tro d e  w as used  w ith  S .C .E . as reference. In  a lte rn a tin g  c u r re n t  
p o la ro g ra p h y  a th ree -e lec tro d e  sy s te m  (w ith  large  p la t in iu m  surface) was used . S u p p o rtin g  
e le c tro ly te s  w ere B ritto n -R o b in so n  b u ffe r  o f p H  =  6 .8 , a n d  0.1 M  form ic acid  in  ac id ic  m ed ia . 
I t  is p ro v e d  t h a t  th e re  is no  co m plex  fo rm a tio n  w ith  th e se  e lectro ly tes [12].

T h e  ten sa m m e tric  cu rv e  o f  th e  s u p p o r tin g  e lec tro ly te  an d  th a t  in  th e  
p re se n c e  o f th e  /З-cy c lo d ex trin  is show n in  F ig . 1. A w ell-defined c a p a c itiv e  
p e a k  c a n  be  observed  a t  a b o u t —0.15 V. M easu rem en ts  w ere ca rried  o u t b o th  
in  ac id ic  a n d  in  n e u tra l  m ed ia .

T h e  p eak  h e ig h t vs. c o n c e n tra tio n  cu rv e  fo llow s th e  L angm uir iso th e rm ; 
th e  a d so rp tio n  c o n s ta n t is к =  7.6 X 104 M  1 in  acid ic  m edium , and  к =  5.8 X  

X  104 M ~ 4 in  n e u tra l m ed iu m  (in  good a g re e m e n t w ith  [3], w here к  is a b o u t 
105). T h e  m ax im u m  su rface  coverage  is re a c h e d  a t  З х Ю ~4 M  /3-cyclodextrin  
c o n c e n tra tio n .

A s th e  u su a l c o n c e n tra tio n  range  is a b o u t th is  co n cen tra tio n  in  p o la r ­
o g ra p h ic  m easu rem en ts , i t  is obvious th a t  th e  c a lib ra tio n  curve  o f co m p lex  
fo rm in g  depo la rizers d iffers fro m  th a t  o b ta in e d  in  th e  absence o f c y c lo d ex tr in .

Fig. 1. T e n sa m m e tr ic  curve o f c y c lo d ex trin ; 1: s u p p o rtin g  e le c tro ly te  w ith o u t cy c lo d ex trin ,
2 :  w ith  10 ~2 M  cy c lo d ex trin
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h íg . 2. C alibration  cu rv es  o f  th e  K 3 v ita m in  (2), an d  th e  1 : 1 2C3-/?-cyclodextrin  com plex (2)

W hen a co m p lex  o f 1 : 1 s to ic h io m e try  is d isso lved , th e  cyclodex trin  
c o n cen tra tio n  can  be  ob ta in ed  from  th e  fo llow ing e q u a tio n :

C D . G ^ C D  +  G (1)

(w here CD is th e  c y c lo d ex trin  an d  G is th e  guest m olecule). T h e  fo rm atio n  is 
ch a rac te rized  by  th e  eq u a tio n :

[CD • G]

[CD ] [G]

I f  th e  s to ich io m etry  is 1 : 1 ,  th e  c o rre la tio n  b e tw een  th e  to ta l  co n cen tra tio n  
o f th e  inclusion co m p lex  and  th e  free  c y c lo d e x t.in  is n o t lin ea r  as it  is show n 
in E q . 3:

[CD.G]T =  [CD] +  £ [C D ]2 (3)

In  m ost cases s to ic h io m e try  d iffers from  sim ple ra tio s  (eq . 1 : 1, 1 : 2), th e re ­
fore  th e  above e q u a tio n s  becom e m ore co m p lica ted  — so i t  is obvious th a t  
po larog raph ic  d e te rm in a tio n s  in  th e se  sy stem s are  r a th e r  d ifficu lt. In  Fig. 2, 
th e  ca lib ra tio n  c u rv e s  o f K 3 v ita m in  (2 -m e th y l-1 ,4 -n ap h to q u in o n e , m enadion) 
a re  show n, in  th e  absence  of cy c lo d e x tr in  (cu rv e  1); cu rv e  2 is th e  ca lib ra tio n  
cu rv e  of th e  1 : 1 co m plex .

C yclodex trin  does no t d is tu rb  th e  d e te rm in a tio n  o f  su b stan ces w ith  
m ore positive h a lf-w av e  p o ten tia l th a n  th a t  o f th e  a d so rp tio n , b u t  as it  was 
m en tio n ed , th e  re d u c tio n  m echan ism  m a y  be m odified . W e observed  th is  
phenom enon  w ith  C u (II) ion: th e  ha lf-w ave  p o te n tia l o f C u (II)  is m ore posi­
t iv e  th a n  th e  a d so rp tio n  p o te n tia l so in h ib itio n  is n o t lik e ly , how ever tw o
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s te p s  a re  observed  in  th e  p re se n c e  o f  /З-cyclodex trin . I n  th e  f irs t  s tep , Cu (I)- 
/З-c y c lo d e x tr in  com plex is fo rm e d  a t  —0.05 Y th e n  th e  com plex  is red u ced  a t  
a m o re  n e g a tiv e  p o ten tia l ( — 0.37  Y) to  y ield  C u(H g)x .

T h eo re tica lly  th e re  a re  th r e e  possib ilities to  e lim in a te  th e  e ffec t o f 
c y c lo d e x tr in :

i .  to  p rev en t its  a d so rp tio n  w ith  a su b stan ce  t h a t  adso rbs to  a g re a te r  
e x te n t  a n d  m ore stro n g ly  t h a n  c y c lo d ex trin ,

i i .  to  reduce th e  free c y c lo d e x tr in  co n cen tra tio n  w ith  an  e lec tro in ac tiv e  
co m p lex -fo rm in g  agen t a d d ed  in  excess,

i i i .  to  increase c y c lo d e x tr in  co n cen tra tio n  ad d in g  c y c lo d ex trin  to  th e  
so lu tio n  to  reach  m axim um  su rfa c e  coverage.

T h e se  possibilities w ere s tu d ie d  th ro u g h  th e  re d u c tio n  o f  C u (II)  an d  
K 3 v i ta m in .  (The p o la ro g ra p h ic  b eh av io u r o f th e se  su b stan ces  is r a th e r  
s im p le  a n d  well know n [11].)

T h e  f i r s t  possib ility  o f th e  th re e  was exam ined  usin g  g e la tin e  an d  T r ito n  
X -1 0 0  ( in  0.02 and 0 .1%  c o n c e n tra t io n  respec tive ly ). I t  w as o bserved  th a t  
th e s e  su b s ta n c e s  form  co m p lex es w ith  cy c lo d ex trin  a n d  a v e ry  co m p ac t 
la y e r  w a s  form ed on th e  su rfa c e . T h e  C u(II) w ave is red u ced  b y  th is  lay e r 
to  o n e - th ird  o f the  orig inal v a lu e .

T h e  second possib ility  fo r  h in d e rin g  th e  effect o f  /З-cy c lo d ex trin  w as 
e x a m in e d  using  arom atic  c a rb o x y lic  acids a round  p H  7. (T hey  p ro v ed  to  be 
th e  m o s t effective am ong th e  s tu d ie d  com pounds.) T he s ta b il i ty  c o n s ta n t o f 
th e ir  c y c lo d e x tr in  com plexes is  a b o u t 103 L • iVf-1 , so i t  w as supposed  th a t  
u s in g  th e m  in  excess, th e  free  c y c lo d e x tr in  c o n c e n tra tio n  w ould  be decreased  
in  c o m p e tin g  reactions, and  i f  th e  com plex  is no t a d so rb ed , th e  su rface  co v e r­
age c a n  b e  reduced  to  zero.

U s in g  th is  m ethod  th e  fo llow ing  problem s m ay  a rise : a. th e  com plex  
c a n  b e  a d so rb e d  on th e  su rface , as i t  w as observed w ith  benzoic acid ; b. i f  th e  
co m p le x  is adsorbed , a m ore c o m p a c t lay er form s, so fu r th e r  decrease in  th e  
w av e  h e ig h t  can  be expec ted  (see  T ab le  I); c. th e  so lu b ility  of th e  in a c tiv e

T able  I

A nti-guest m olecule
D ecrease in  a wave 

height (% )

none 0.0

5 X 10~3 M  benzoic ac id - 1 2 .5

5 x l 0 ~ 3 M  salicylic ac id -  4.3

5 x l 0 ~ 3 M  a n th ran ilic  acid -  2.9

5 X 10~3 M  o-toluic acid -22 .5

5 x l 0 -3 M  m -toluic ac id - 2 7 .0

K 3 v ita m in  concentration: 10 -4 M ;  cyclodextrin  concen tra tion : З х Ю “ 3 M
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F ig. 3. C alib ra tion  cu rve  in  th e  p resence o f /J-cycodextrin , 1: K 3 c a lib ra tio n  cu rv e  w ith o u t 
/?-cyclodextrin , 2: w ith  10 ~2 M  /S-cyclodextrin

co m p o u n d s is u su a lly  lim ited , so i t  m ay  h ap p en  th a t  a g re a t excess in  so lu tion  
c a n n o t be app lied .

T ab le  I  illu s tra te s  all o f th e  m en tio n ed  p rob lem s. I t  is n o te w o rth y  a t 
ev e ry  depo larizer to  be o b ta in e d  ex p e rim en ta lly , an d  ev ery  d ep o la rize r to  be 
ex am in ed  w ould req u ire  specific co m p e titiv e  guest m olecule. T h ese  m olecules 
c a n n o t be selected  th e o re tic a lly , because  in  th e  case o f  co m p lex  adso rp tio n , 
th e re  is a com plex eq u ilib riu m  on th e  su rface  o f th e  d ro p  th a t  m ak es ev a lu a ­
t io n  v e ry  d ifficu lt.

T he th ird  p o ssib ility  is th e  sim p lest, and  p ro v ed  to  be  u tiliz a b le  in  th e  
m a jo r ity  o f th e  cases ex am ined , so a g rea t excess o f c y c lo d e x tr in  m u st be 
ad d e d  to  all so lu tions. I t  is obvious th a t  th e  orig inal c a lib ra tio n  cu rv e  recorded  
in  th e  absence o f  c y c o d ex trin  c a n n o t be  used.

F igure  3 show s th a t  th e  cu rve  is lin ear in th is  case as w ell, only  th e  
ab so lu te  values o f w ave h e igh t a re  d iffe ren t, and  th e  slope is less steep .
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SYNTHESIS OF SOME NEW 2-ARYL-5-ARYL/- 
ARYLOXYMETH YL-1,3,4-OX ADIAZOLO [3,2-a]-s- 
-TRIAZINE-7-THIONES AND THEIR PARENT 

THIOUREAS AS POTENTIAL PESTICIDES+

B . K . B hattacharya1*, H. Sin g h 2, L. D . S. Y a dav3 and G. H oo rnaert1

( 1 D epartm ent o f  Chemistry, K . U. Leuven, Laboratory fo r  Organic Synthesis, Leuven , B elg ium , 
- D epartm ent o f  Chemistry, U niversity  o f  Gorakhpur, G orakhpur, U .P ., In d ia , 3 T okyo  In s titu te

o f  Technology, J a p a n )

R eceived  F e b ru a ry  13, 1981 
Iu  rev ised  fo rm  Ju n e  1, 1981 

A ccep ted  fo r p u b lic a tio n  Ju n e  25, 1981

F iftee n  2 -a ry l-5 -a ry l/a ry lo x y m eth y l-l,3 ,4 -o x ad iazo lo [3 ,2 -a ]-s -tr iaz in e -7 -th io n es  
hav e  b een  syn thesized  by  th e  cy c liza tio n  o f iV1-aroy l/ary loxy-acety l-]V 2-(5 -a ry l- l,3 ,4 -  
oxad iazo l-2-y l) th io u reas w ith  PO C l3 an d  PC16. T he th iou reas w ere p re p a re d  b y  th e  
re ac tio n  o f N H 4SCN a n d  a ro y l/a ry lo x y a ce ty l chlorides.

As exam ples o f  an  a lte rn a tiv e  ro u te , six  o f th e  oxadiazo lo-»-triazines w ere  also 
sy n th esized  b y  he tero  D iels-A lder re ac tio n  using  5 -a ry l-l,3 ,4 -o x ad iazo l-2 -ary l iso th io ­
c y a n a te  a n d  a ry l/a ry lo x y m e th y l cy an id e . N ine rep re se n ta tiv e  com pounds w ere  e v a lu a te d  
fo r th e ir  herb ic ida l a n d  fu n g ic id a l a c tiv itie s  ag a in s t tw o weeds, A rgem one m axicana  
an d  C yperus rotundus, a n d  tw o fun g a l species viz. Aspergillus niger a n d  H elm inthospo- 
riu m  oryzae.

B ased  on th e  screen ing  d a ta ,  a  possib le  re la tionsh ip  b e tw een  s t ru c tu re  an d  
p estic id a l a c tiv ity  is g iven.

In tro d u c tio n

T h io u reas  are well kn o w n  to  d isp lay  a w ide range o f b io c id a l a c tiv itie s  
like b a c te ric id a l, fung ic idal, h e rb ic id a l an d  in sectic idal [1—4] a c tio n s . T h u s  i t  
w as p resu m ed  th a t  th e  th io u re a s  (III)  sy n th esized  in  th is  in v e s tig a tio n  m igh t

1?' = aryl/aryloxymethyl

Tliiourea moiety

+ P re se n ted  a t  th e  A n n u a l C onven tion  o f C hem ists, In d ian  In s t i tu te  o f  T echno logy , 
B o m b ay , In d ia , 27 th  D ecem ber 1980, o rgan ized  by  th e  In d ian  C hem ical S o c ie ty .

* T o w hom  correspondence sh o u ld  be ad dressed .
* P o s t-d o c to ra l re sea rch  fellow  a t  K .U . L eu v en , B elgium  (on s a b b a tic a l leav e  from

U .N . P o s t-G ra d u a te  College P a d ra u n a , P a d ra u n a , 274304, D eoria, U .P ., In d ia ) .
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h a v e  pestic idal a c t iv i ty  o f  h ig h  po tency  b y  v i r tu e  o f  in co rp o ra tin g  th e  b io log i­
c a lly  versa tile  1 ,3 ,4 -o x ad iazo le  m oie ty  [5 — 8 ], u re a  [10], am ide [11 — 13] 
a n d  th io u re a  m oie ties a t  th e  sam e tim e .

T h e  o u ts ta n d in g  se lec tiv e  herb ic idal p ro p e rtie s  o f  s-triaz ine  is w ell e s ta b ­
lish e d , an d  several s - tr ia z in e  herbicides, e.g. S im azin e , A traz ine  and  P ro m e try n , 
h a v e  gained m a jo r re c o g n itio n  in  a g ric u ltu re . R ecen tly , som e th iad iazo ly l- 
s - tr ia z in e s  (A ) h av e  b e e n  p a te n te d  as p re- a n d  post-em ergence  herb ic id es  to  
c o n tro l  crabgrass an d  w ild  o a ts  [14]. K eeping  th e se  in  v iew , th e  ti t le  oxad iazo lo - 
s - tr ia z in e s  were sy n th e s iz e d  in  th e  hope t h a t  th e  fu sio n  o f  th e  b io lab ile  s - tr ia ­
z in e  a n d  oxadiazole n u c le i m ig h t re su lt in  p e s tic id e s , especially  h erb ic ides, of 
b e t t e r  perform ance, w h ich  h a v e  n o t a p p a re n tly  b e e n  reco rded  in  th e  l i te ra tu re  
so fa r .

T h e  synthesis o f  th e  t i t le  com pounds w h ich  c o n s titu te  a novel h e te ro ­
cy c lic  r in g  system  is d e p ic te d  in  Scheme 1. T h e  n o v e l l,3 ,4 -oxad iazo lo [3 ,2 -o ]-s- 
-triaz in e -7 -th io n es (IV) w ere  p repared  b y  c y c liz a tio n  o f iV^-aroyl/Zaryloxy- 
ace ty l-iV 2-(5 -a ry l-l,3 ,4 -oxad iazo l-2 -y l) th io u re a s  I I I  using  P0C13 an d  PC15.

j ’1 =  ;irvl a r v lo x v m e t  hvi

Scheme 1
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R 1 =  a ry  la ry lo x y  m ethyl 

Scheme 2

T he p ro d u c ts  IV w ere also o b ta in a b le  b y  an  a lte rn a tiv e  ro u te  ou tlined  
in  Schem e 2. T h is ro u te  invo lves th e  reac tio n  o f  5 -a ry l-l,3 ,4 -o x ad iazo l-2 -y l 
iso th io cy an a tes  an d  a ry l/a ry lo x y m e th y l cyan ides; as a re su lt  o f  1,4-cyclo­
ad d itio n , s im ilar to  th e  D iels-A lder re a c tio n , th e  com pounds IV  w ere  ob ta ined . 
E m p lo y in g  th is  m e th o d , six  re p re se n ta tiv e s  o f th e  com pounds IV  w ere sy n th e ­
sized.

I t  is ev id en t from  th e  screen ing  d a ta  (T able I I I )  t h a t  co m p o u n d s No. 
25 an d  N o. 29 (T able  I I )  ex h ib ited  a h erb ic id a l a c tiv ity  s im ila r  to  th a t  of 
S im azine [2-chloro-4,6-bis (e th y lam in o )-s-triaz in e ] a t  1000 p p m  ag a in s t th e  
te s t  weeds Argem one m exicana  an d  C yperus rotundus, a n d  in h ib ite d  th e ir  
g e rm in a tio n  > 5 0 %  even  a t  10 p p m . T he com pounds N os 10, 11 an d  14 
(T able  I) h ad  fu n g ic id a l ac tio n  (T able  IV) com parab le  to  t h a t  o f  B cnom yl 
[l-(lV -n -b u ty Icarb am o y l)-2 -(m eth o x y carb o x am id o )b en z im ad azo le ], ag a in s t the  
tw o  fu n g a l species, A sp erg illu s niger an d  H elm inthosporium  oryzae  a t  1000 ppm .
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Table I

W-Aroyljaryloxy acetyl-N2-(S-aryl-l.3.A-t>xadiazol-2-yl) thioureas

No. R R 1 M.D., Yield,
%

Mol.
Analysis .%

°c formula
Found Calcd.

i a H phenyl 185 85 c 16h 12n 4o .,s N  17.31 
S 10.00

17.28
9.88

2 H p-chloro-phenyl 24011 80 CI6H n ClN40 2S N  15.87 
S 8.85

15.62
8.93

3 p-chloro phenyl 1 6 2 -1 6 5 90 CleH 11ClN40 2S N  15.66 
S 9.10

15.62
8.93

4b p-chloro p-chloro-phenyl 245d 82 C16H 10Cl,N4O2S N  14.35 
S 8.26

14.25
8.14

5 3,5-di-Br-2-OH phenyl 132 80 CleH 10B r2N4O3S N  11.24 
S 6.43

11.34
6.43

6 3,5-di-Br-2-OII p-cldoro-phenyl 1 5 5 -1 5 6 75 CleH 9B r2ClN40 3S N  10.65 
S 6.12

10.52
6.0

7 II phenoxy-m ethy l 2 1 5 -2 1 8 76 c 17h 14n 4o 3s N 15.82 
S 9.01

15.82
9.04

8 H p-ch loro-phenoxym ethyl 220 70 c 17h 13c in 4o 3s N 14.03 
S 8.31

14.41
8.24

9 H o-ehloro-phenoxym ethyl 176 65 c I7h 13c in 4o 3s N 14.41 
S 8.31

14.41
8.24

10 p-chloro phenoxym ethyl 1 2 8 -1 3 0 80 c 17i i 13c in 4o 3s N  14.56 
S 8.24

14.41
8.24

I I е p-chloro p-ch loro-phenoxym ethyl 210 75 c 17h 12c i2n 4o 3s N  13.33 
S 7.55

13.24
7.57

12 p-chloro o-chloro-phenoxym ethyl 180 68 c 17h 12ci2n 4o 3s N  13.24 
S 7.61

13.24
7.57

136 
B

H
A

T
T

A
C

H
A

R
Y

A
 et at.: SY

N
T

H
E

SIS O
F PO

T
E

N
T

IA
L

 PE
ST

IC
ID

E
S



A
cta C

him
. A

cad. Sei. H
ung. 110, 1982

13 3,5-di-Br-2-OH phenoxym ethyl 200 70 C ,.H 12B r,N 40 4S N  10.52 
S 6.25

10.61
6.06

14 3.5-di-Br-2-OH p-ch loro-phenoxym ethyl 175 60 C17H jjB r2ClN40 4S N  10.01 
S 5.32

9.96
5.69

15 3,5-di-Br-2-OH o-chloro-phenoxym ethyl 140 72 C17H u BrsClN40 4S N  9.96 
S 5.48

9.96
5.69

Significant bands (cm  l)  in  the IR  spectrum ( in  nujol m ull)

C =N c=o C—0 —c c=s —NH— Substituted benzene nucleus

1640 1670 1230
1020

1520 3420 1600, 770, 700

1643 1678 1230 1478 3450 1650, 1575, 860
b 1030 1260 3400

1620 1680 1240 1475 3450 1505, 1440, 850
c 1032 1275 3400

P a rtly  m elts w ith  decom position
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Table II
2-Aryll5-aryljaryloxym ethyl-l,3,‘í-oxadiazolo[3,2-a]-s-triazine-'l-thiones (IV)

Analysis, %
No. R R l M.p., Yield,

%
Mol.

°C formula
Found Calcd.

16» H phenyl 155 80 CleH 10N4OS C 57.46 57.55
H  2.68 2.88
N 18.26 18.30

17 H p-chlorophenyl 210 80 C „H 9C1N40 S C 56.46 56.39
H 2.58 2.64
N  16.72 16.45

18 p-Cl phenyl 110 115 85 CwH 3C1N4OS 0  56.53 56.39
H  2.64 2.64
N  16.55 16.45

19b p-Cl p-chlorophenyl 205 208 72 c 16h 8c i2n 4o s C 51.34 51.20
II  2.32 2.13
N  15.02 14.93

20 3,5-di-Br-2-OH phenyl 190 195 70 CleH bB r2N40 2S C 40.14 40.00
11 1.69 1.67
N  11.67 11.67

21 3,5-di-Br-2-OH p-chlorophenyl 192 85 CieI I7Br,ClN40.,S C 37.38 27.32
H  1.38 1.36
N  10.87 10.88

22 H phenoxy-m ethy l 175 72 c „ h 1.,n 4o .,s C 60.81 60.71
H  3.64 3.57
N 16.67 16.67

23 H p-chlorophenoxy 165 80 C „H 11N1C10,S C 55.01 55.06
H  3.02 2.97
N 15.00 15.11

24 H o-chloro-phenoxym ethyl 65 С17Н п СШ40 28 C 55.27 55.06
205'1 H  3.01 2.97

N  15.12 15.11

25 p -ci phenoxym ethyl 170 68 C17H h C1N40 2S C 55.00 55.04
I I  3.01 2.97
N  15.13 15.11
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26c p-Cl p-ch loro-phenoxym ethyl 152 68 c 17h 10ci, n 4o 2s C 50.37 
H  2.54 
N  13.83

27 p-Cl o-chloro-phenoxym ethyl 150 75 c 17h 1(1c i,n 4o »s C 50.61 
H  2.33 
N  10.26

28 3,5-di-Br-2-OH phenoxym ethyl 185 60 17 i l 10Br2N4O3S C 40.23 
H  1.75 
N  11.01

29 3,5-di-Br-2-OH p-ch loro-phenoxym ethyl 150 75 C17H 3Br,ClN40 3S C 37.47 
H  1.75 
N  10.26

30 3,5-di-Br-2-OH o-chloro-phenoxym ethyl 180 75 Cl;H,,Br,C:iN40 3S C 37.82 
H  1.55 
N  10.15

50.37
2.47 

13.83

50.37
2.47 

10.25

40.00
1.65 

10.98

37.47
1.65 

10.28

37.47
1.65 

10.28

Significant bands (cm ~ l)  in  IR  ( in  nujol m ull)

C = N C—0—c C = S Substituted benzene nucleus

a 1620 1260
1030

1080 1575, 1470, 760, 710

b 1620 1260
1035

1115 1480, 865

c 1620 1270 1100 1480, 855

P a rtly  m elts w ith  decom position
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E xperim ental

M .p.’s were d e te rm in e d  in  open capillary tu b e s  a n d  are  uncorrected . T h e  I R  sp e c tr  
w e re  reco rd ed  on a P e rk in -E lm e r  S p ec tro p h o to m eter (M odel 527) in nujo l m ull.

2 -A m in o -5 -ary l-l,3 ,4 -o x ad iazo le s  (П )

T hese were p re p a re d  b y  ox id a tiv e  cycliza tion  o f  th e  a ldehyde sem icarb azo n es w ith  
b ro m in e  in  glacial ace tic  ac id  in  th e  presence of a n h y d ro u s  sodium  ace ta te , acco rd in g  to  th e  
m e th o d  o f Gib so n  [15]. A ll th e  com pounds II, (R  =  H , p -C l a n d  3,5-di-B r-2-O H ) h a v e  a lre ad y  
b e e n  re p o rte d  in th e  l i te ra tu re  [15, 16, 20].

JV1-A royl/ary loxyacety l-iV 2-(5 -a ry l- l ,3 ,4 -o ia d ia z o l-2 -y l)  th ioureas ( I I I )

T hese  were p re p a re d  acco rd in g  to the m e th o d  o f  D ouglass and  D a in s  [17]. T h u s  a 
m ix tu re  o f  N H 4SCN (0.06 m ol) a n d  ary loxyacety l c h lo rid e /a ro y l chloride (0.06 m ol) in  ace to n e  
w as h e a te d  u n d e r re flu x  fo r 0.5 h  followed by th e  a d d it io n  of 2-am ino-5-aryl- 1 ,3 ,4 -oxad iazo le  
(0 .06  m ol), an d  th e  m ix tu re  w as re flu x ed  for fu r th e r  2 h . T h e  excess of acetone w as e v a p o ra te d  
a n d  ice -co ld  w a te r  w as a d d e d  to  th e  residue.

T h e  p ro d u c t th u s  p re c ip ita te d  was filtered  off, w a sh e d  w ith  N H 4OH, th e n  w ith  w a te r , 
a n d  re c ry s ta lliz e d  from  a c e to n e -e th a n o l m ix ture  (50 : 50, vjv). T he com pounds th u s  o b ta in e d  
a re  re c o rd e d  in Table I.

2 -A ry l-5 -ary l/a ry lo x y m eth y l-l,3 ,4 -o x ad iazo lo -[3 ,2 -a ] -s-triaz in e -7 -th io n es (IV )

T h e  !V1-a ro y l/a ry lo x y ace ty l-iV 2-(5 -ary l-l,3 ,4 -o x ad iazo l-2 -y l) th ioureas I I I  (0 .015 m ol ) 
w ere  re flu x e d  w ith  a m ix tu re  o f PO C l3 (15 m L) a n d  PC15 (0.015 mol) for 2 — 3 h . T h e  excess 
o f P O C l3 w as rem oved  u n d e r  red u ced  pressure, a n d  c ru sh e d  ice was ad d ed  to  th e  re sid u e . 
T h e  p ro d u c ts  th u s  o b ta in e d  w ere  filte red  off, w ash ed  w ith  w a ter and  re c ry s ta lliz e d  fro m  
e th a n o l—chloroform  m ix tu re  (60 : 40, vjv). These c o m p o u n d s  are  listed in T able  I I .

An a lte rn a te  p ro ced u re  for the  synthesis o f o x ad iazo lo -s-triaz ines (IV )

IV-Aroyl u reas (V ) w ere  p re p are d , according to  th e  m e th o d  of P ear  an d  Os tr o g o v ic h  
[18, 19].

2 -A ry l- /l2-l,3 ,4 -o x ad iazo lin -5 -o n es  (V ia) [21]. C o m p o u n d  V (0.1 mol) w as a d d e d  por- 
tio n w ise , w ith  stirring , to  a n  ice-co ld  solution of 2 IV N a O H  (168 m L) and  b ro m in e  (17 .6  g). 
T h e  m ix tu re  was p oured  in to  w a te r  a fte r 15 min to  y ie ld  th e  oxadiazolinone V ia  in  85 —86%  
y ie ld , w h ich  was rec ry s ta llized  fro m  e thanol; V ia: R  =  H ;  jo-chloro (lit. [22]); R  =  2 -O H - 
-3 ,5 -d i-B r, m .p . 165 — 166 °C.

I R :  v C = N  1665 c m “ 1.
C8H 4B r2N 20 3 Calcd. C 40 .66 ; H  1.05; N 11.91. F o u n d  C 40.68; H  1.01; N  1 1 .8 2 % .
5 -A ry l-2 -ch lo ro -l,3 ,4 -o x ad iazo les  (V II) [23]. 2 -A ry l-z l2-l,3 ,4 -oxadiazo lin -5-one  (V I)a 

(0.1 m o l) w as refluxed  in  a  m ix tu re  of PC15 (0.009 m ol) a n d  P0C 13 (50 m L) fo r 5 h  a t  140 °C 
on  a n  oil b a th . The excess o f  P O C l3 was rem oved u n d e r  red u ced  pressure an d  th e  re s id u e  
w as t r e a te d  w ith  ice w a te r  to  fu rn ish  th e  desired p ro d u c t. I t  w as filte red  off, w ashed  re p e a te d ly  
w ith  w a te r ,  an d  recry sta llized  fro m  ethanol in  75 — 8 5 %  yield . VII, R —H;  p -ch lo ro  (lit. 
[22]); R  =  2-O H -3,5-di-B r, m .p . 145 °C.

I R :  v C = N  1660 c m -1 , vC — О —C 1270 — 1040 c m -1 , vC —Cl 750 c m -1 .
C8H 3C№ r20 2N 2 Calcd. N  7 .99 ; Cl 9.92. F ound  N  7 .91 ; Cl 9 .88% .
O x ad iazo lo -s-triaz in es (V I) . 5 -A ry l-2 -ch lo ro -l,3 ,4 -oxad iazo le  VII (0.01 m ol) a n d  

N H 4SC N  (0.01 m ol) w ere re flu x e d  in  acetone for 1 h  a n d  to  th is  reac tion  m ix tu re  a ry l/a ry lo x y -  
m e th y l  cy an id e  (0.01 m ol) w as a d d e d . T he m ix tu re  w as re f lu x e d  fo r 6 h. The excess o f ace to n e  
w as e v a p o ra te d  and  th e  resid u e  w as m ixed w ith ic e -w a te r  to  p rec ip ita te  th e  d esired  p ro d u c t  
w h ich  w as filte red  off an d  w a sh e d  w ith  dilu te N H 4O H  a n d  th e n  w ith  w ater. R e c ry s ta lliz a tio n  
fro m  e th an o l-D M F  (50 : 50; vfv)  fu rn ish ed  the  a n a ly tic a l sam p le . E m ploying th is  p ro c ed u re , 
c o m p o u n d s  Nos 16, 18, 20, 22 a n d  28 (Table I I )  w ere  sy n th esized  in 70 — 80%  y ields as 
e x am p les .
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H erbicidal sc reen ing

T he te s t weeds w ere A rgem one m exicana  an d  C yperus rotundus. T he h e rb ic id a l a c tiv ity  
w as e v a lu a ted  by  pre-em ergence  te s ts  a t  th ree  c o n cen tra tio n s , viz. 1000 p p m , 100 p p m  and 
10 p p m , using th ree  re p lica tio n s  in  each  case. Seeds o r tu b ers  of th e  te s t  w eeds w ere soaked 
fo r 24 h in  the  te s t  so lu tio n s o r suspensions, a n d  th e n  p lan ted  fo r g e rm in a tio n . Sim azine 
[2 -ch loro -4 ,6 -b is(ethy lam ino)-s-triaz ine] was also te s te d  u n d e r sim ilar c o n n d itio n s  w ith  a view 
to  co m paring  th e  resu lts . T h e  p e rcen tag e  in h ib itio n  p ro d u ced  by th e  v a rio u s n ew ly  synthesized  
co m pounds are reco rded  in T ab le  I I I .

%  in h ib itio n  =  — ------  X 100
Gc

w here Gc =  No. of g e rm in a te d  seeds/tubers in  co n tro l
G t =  No. of g e rm in a te d  seeds/tubers t re a te d  w ith  te s t so lu tio n s/su sp en sio n .

F ungicidal sc reen ing

T he an tifu n g al a c t iv ity  w as e v a lu a ted  by  th e  ag ar p la te  tech n iq u e  [24, 25] a t  three  
d iffe ren t co n cen tra tio n s , viz. 1000 p p m , 100 p p m , a n d  10 ppm . T he n u m b e r o f  rep lications 
in  each  case was th ree . T h e  re su lts  were com p ared  w ith  th e  effect of B en o m y l [l-(iV -n-bu ty l- 
c arb am o y l)-2 -(m eth o x y carb o x arn id o )b en zim id azo le ], a system atic  fung icide  [26], w h ich  was 
te s te d  u n d e r sim ilar co n d itio n s. T h e  average in h ib itio n  produced  b y  th e  v a r io u s  com pounds 
are  recorded  in T able  IV.

R esults and  D iscussion

O ut of n ine te s te d  su b stan ces, th e  com pounds Nos 16, 19, 25 and  29 
are  b y  far m ore ac tiv e  herb ic ides th a n  th e  oxadiazoly l th io u re a s  (com pounds 
N os 1, 4, 10, 14) a g a in s t b o th  o f th e  te s t  weeds. The h ig h er a c t iv i ty  o f the 
oxad iazo lo -s-triaz ines (com pounds Nos 16, 19, 25 and  29) is in  con fo rm ity

Table I I I

Herbicidal screening

Average percentage inhibition

Compound Weed A . mexicana Weed C. rotundus
No.

Concentral ions used Concentrations used

1000 ppm 100 pp>n 10 ppm 1000 ppm 100 ppm 10 ppm

l 45.4 18.3 07.1 51.0 20.2 09.4

4 50.5 20.7 09.3 53.3 22.5 11.3

10 60.1 35.7 17.2 56.2 23.9 12.1

11 66.2 40.3 22.7 60.1 32.0 16.3

14 70.5 43.5 24.9 65.2 36.7 22.1

16 72.3 50.1 35.2 73.2 51.4 36.0

19 80.5 55.6 41.4 82.4 58.3 44.6

25 100 66.3 52.1 85.7 62.4 50.5

29 100 72.6 55.5 90.3 69.2 52.1

Sim azine 100 80.2 60.4 91.3 71.4 56.1
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Tabic IV

Fungicidal screening

Com pound
N o.

A verage percentage inhibition a f te r  96 hours

O rganism  A . niger Organism H. oryzae

C oncentrations used Concentrations used

1000 ppm 100 ppm 10 pdm 1000 ppm 100 p m 10 ppm

l 80.4 48.2 28.6 82.5 45.1 31.9
4 85.5 50.7 38.8 87.6 51.8 39.0

10 98.1 59.4 46.3 94.2 56.1 42.6
11 99.1 63.1 49.2 95.3 60.2 48.4

14 100 68.4 54.6 96.9 65.0 52.1
16 70.3 38.4 20.0 72.4 39.6 22.2

19 76.4 45.3 30.5 74.5 42.0 26.3
25 80.9 50.1 41.3 78.1 45.4 31.8
29 87.6 60.7 44.2 80.7 55.3 39.0

B en o m y l 100 80.2 65.2 98.5 70.5 65.8

w ith  th e  earlie r o b se rv a tio n s t h a t  th e  com pact size a n d  p la n a r ity  of a m olecule 
o f te n  a u g m e n t its h e rb ic id a l a c t iv i ty  [27—29]. F u r th e r ,  i t  was observed  th a t  
t r ia z in e s  cause foliar ch lo rosis  follow ed by  d e a th  o f  th e  le a f  including  th e  loss 
o f  m e m b ra n e  in te g rity  a n d  ch lo ro p las t d e s tru c tio n  [30]. A ccording to  th e  
m e c h a n ism  and  mode o f  a c t io n  o f  triaz ine  h e rb ic id es , th e y  could  in h ib it p h o to ­
sy n th e s is  b y  producing  a s e c o n d a ry  p h y to to x ic  s u b s ta n c e  [31 — 33].

T h e  oxadiazolyl th io u re a s  (com pounds N os 4, 10, 11 an d  14) are  s ig n if­
ic a n t ly  m ore  tox ic  to  b o th  o f  th e  te s t fungi, A sp erg illu s  niger and  H elm intho- 
sp o r iu m  oryzae a t 1000 p p m , t h a n  th e ir  successor o x ad iazo lo -s-triaz ines (com ­
p o u n d s  N os 16, 19, 25 an d  29). T h e  com pounds N os 10, 11 an d  14 in c o rp o ra t­
in g  a ry l  e th e r  m oiety  h av e  h ig h e r  fungicidal a c t iv i ty  th a n  th e ir  a ry l analogues 
(c o m p o u n d s  Nos 1 and  4), a g a in s t  b o th  te s t fun g i a t  1000 ppm . T hey  e x h ib it 
a fu n g ic id a l ac tiv ity  c o m p a ra b le  w ith  th a t  o f B en o m y l ( В ), a sy s tem a tic  
fu n g ic id e  o f  th e  ben z im id azo le  group , w hich decom poses [30] very  ra p id ly  
to  th e  a c tiv e  form  [34], m e th y l  benzim idalzo l-2 -y l c a rb a m a te  (MBC) (C).
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T he s ig n ifican t fu n g ito x ic ity  o f th e  o x ad iazo ly l th io u reas  is co m p arab le  
w ith  th e  fu n g ito x ic ity  o f  p h en y lth io u rea  s tu d ie d  b y  S i j p e s t e i j n  [35]. P h en - 
y lth io u re a  (PT U ) c a n  p re v e n t cucum ber d iseases due  to  Cladosporium  cucu- 
m erinum  b y  d irec t in te rfe re n ce  w ith  th e  p la n t—fu n g u s b iochem ical re la tio n sh ip  
an d  p la n t m e tab o lism  [36]. T hree  effects o f  p h e n y lth io u re a  on  c u cu m b er 
p la n t  have  been reco g n ized  [35, 37]. I t  in h ib its  po lyp h en o l oxidase a c t iv i ty  
in  th e  p la n t, increases p ero x id ase  a c tiv ity  a n d  causes th e  lig n ifica tio n  o f  th e  
p la n t  cell w all in  th e  p a re n c h y m a  a ro u n d  th e  p e n e tra t in g  h y p h ae  o f fung i [36].

The h ig h est fu n g ito x ic ity  o f com pound  N o. 14 can  be ex p la ined  b y  its  
a b ili ty  to  rob  essen tia l m e ta ls  req u ired  in  th e  m e tab o lism  of fungi. T h ey  cause  
a s tro n g  in h ib itio n  o f  p o ly p h en o l oxidase a c t iv i ty  th ro u g h  ch e la te  fo rm a tio n  
w ith  th e  m e ta l c o n ta in in g  enzym e system  [38—40].

C om pounds N os 25 an d  29 w ere h ig h ly  a c tiv e  ag a in st b o th  te s t  w eeds, 
Argem one m exicana  a n d  C yperus rotundus , in h ib itin g  th e ir  g e rm in a tio n  > 5 0 %  
ev en  a t 10 ppm . T h e  h ig h est to x ic ity  o f co m p o u n d  N o. 29 m igh t also  be 
a t t r ib u te d  to  som e e x te n t  to  its  ab ility  for b iv a le n t ch e la te  fo rm a tio n  [41] 
w ith  essen tia l m e ta ls  re q u ire d  in  th e  m e tab o lism  o f th e  w eeds. A  2 : 1 sy  m

B H A T T A C H A R Y A  e t  a t.:  S Y N T H E S IS  O F  P O T E N T I A L  P E S T I C I D E S  1 4 3

Br

(D )  R 1 — p-chlorophenoxym ethyl

m etric  m eta l c h e la te  w ith  com pound No. 29, cou ld  be form ed by  tw o 2-(3,5- 
-d ib ro m o -2 -h y d ro x y )-5 -(p -ch lo ro p h en o x y m eth y l) - 1 ,3 ,4-oxadiazolo  [3 ,2 -a]-s-tri- 
azine-7 -th ione  rin g s a n d  one cen tra l m e ta l a c tio n , as show n in  fig u re  (D ).

*

One of th e  a u th o rs  (B .K .B .)  is th an k fu l to  P ro fe sso r R . P . R a s t o g i , H ead  o f D e p a r t­
m e n t o f C hem istry , U n iv e rs ity  o f  G orakhpur, In d ia , fo r p ro v id in g  d e p a rtm e n ta l facilities; 
to  U .G .C., N ew  D elh i, In d ia , fo r financia l assistance  to  co m p le te  a p a r t  o f th is  w ork , a n d  also 
to  th e  au th o ritie s  o f  K .U . L euven , Belgium  fo r p ro v id in g  a fellow ship an d  d e p a r tm e n ta l  
facilities in th e  L a b o ra to ry  fo r O rganic Synthesis.
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ELEKTRONISCHE WECHSELWIRKUNG IN 
4-SUBSTITUIERTEN o-DIPHENYLPHOSPHINYL- 

-TRANS-STYRENEN UND VERWANDTEN 
VERBINDUNGEN*

K .- G .  B e r n d t  u n d  D. G l o y n a **

(H u m b o ld t-U niversität B erlin , Sektion  Chem ie, W B  Organische Chemie, D D R -1040
B erlin , D D R )

E in g eg an g en  a m  9. F e b ru a r  1981 
Z ur V eröffen tlichung  an g en o m m en  am  15. Ju li 1981

E s w erden  die U V -S p ek tren  v o n  a i-D ip h en y lp h o sp h in y l-íran s-sty ren en  1 in 
E th a n o l  d isk u tie r t. M it E in fü h ru n g  d e r D ip h en y lp h o sp h in y l-G ru p p e  in  a i-P o sitio n  des 
S ty re n s  is t  eine b a th o ch ro m e V ersch ieb u n g  de r 1L()- u n d  der 1La-B a n d e  des S ty ren s 
v e rb u n d en . D abei is t die V ersch iebung  d e r ‘Ea-B aiule  bei A nw esenheit e ines 4 -stäud i- 
gen  E le k tro n en d o n a to r-S u b s titu e n te n  X  im  S ty ren -T eil des M oleküls w e ita u s  g rö ß er 
a ls d ie d e r 1L;,-Bande u n d  au sg e p rä g t ab h än g ig  von  der D o n a to r-F äh ig k e it v o n  X ,  so 
d a ß  bei X  =  N (C H 3)2 eine V ertau sch u n g  d e r R eihenfolge be ider B an d en  im  V erg leich  zu 
S ty re n  erfo lg t. Infolge P (0 ) -S u b s titu t io n  w ird  im  B enzen-Teil v o n  1 d e r  'L j-Ü b er-  
g an g  ebenfalls gering b a th o ch ro m  v e rsch o b en . H inw eise fü r  eine m eso m ere  W echsel­
w irk u n g  zw ischen Benzen- u n d  S ty ren -T e il w u rd en  n ich t gefunden . E s  b e s te h t  jedoch  
e ine  W echselw irkung zw ischen den л -E le k tro n e n sy s te m en  des S ty re n -T e ils  u n d  der 
P = 0 - B in d u n g ,  so daß  sich die P (0 )-G ru p p e  in  1 als se lek tive  K o n ju g a tio n ssp e rre  
erw eist.

E in e  In te rp re ta t io n  p h o to ch em isch er M essungen [1] an  d ip h en y lp h o s- 
p h in y l-su b s titu ie r te n  trans-E th y le n e n  I e rfo rd e rt K en n tn isse  ü b e r  d en  E in ­
f lu ß  des D ip h e n y lp h o sp h in y l-S u b s titu e n te n  a u f die E le k tro n e n s tru k tu r  des 
G ru n d ch ro m o p h o rs . F ü r die re la t iv  g roße, te tra e d risc h  k o n fig u rie r te  
(CeH 5)2P (0 )-G ru p p ie ru n g  m uß  eine s te risch e , eine e lek tron ische  sow ie — bei 
p h o to ch em isch en  U m setzungen  — m öglicherw eise auch eine sc h w e ra to m ­
b e d in g te  W irk u n g  in  B e tra c h t gezogen  w erden . D er s te rische  E in f lu ß  dieser 
G ru p p ie ru n g  a u f  den  G ru n d ch ro m o p h o r ze ig t sich d eu tlich  in  d en  A b so rp tio n s­
s p e k tre n  v o n  a -d ip h e n y lp h o sp h in y l-su b s titu ie rte m  cis-S tilben  2 u n d  v e rw an d ­
te n  V erb in d u n g en  3 [2]. D ie bei 2 u n d  3 b eo b ach te te  h y p so ch ro m e  V erschie­
b u n g  d e r  längstw elligen  A b so rp tio n sb an d e  im  V ergleich zum  u n su b s ti tu ie r te n  
G ru n d ch ro m o p h o r (z. B. c is-S tilben) m u ß  a u f  ein  v e rs tä rk te s  H e ra u sd re h en  
d e r а -s tä n d ig e n  P h en y lg ru p p e  aus d e r  K on ju g a tio n seb en e  des G ru n d ch ro m o ­
p h o rs  d u rc h  die rau m fü llen d e  (CeH 5)2P (0 )-G ru p p ie ru n g  z u rü c k g e fü h rt w er­
d en  [2, 3].

In  d ieser A rb e it w ird  d er e lek tro n isch e  E in flu ß  der re la tiv  s ta rk  e lek tro ­
n e n z ieh en d en  (CeH 5)2P (0 )-G ru p p ie ru n g  a u f  das я -System  v o n  4 -su b s titu ie r te n

* 25. M itte ilung  ü b er D arste llu n g  u n d  E ig en sch aften  d o n a to r-a k ze p to r-su b s titu ie r te r  
A ry l-e th y len e

** K orrespondenz  b itte  an  d iesen  A u to r rich ten
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S ty re n e n  sowie v e rg le ic h b a re n  V erb indungen  1 q u a l i ta t iv  d isk u tie r t .1 S terische  
E in flü sse  k ö nnen  d a b e i u n b e rü ck sich tig t b le ib en . A us der S ich t s te risch e r 
H in d e ru n g  fü h ren  w ed e r R  in  1 noch die (C6H 5)2P (0 )-G ru p p ie ru n g  zu  einer 
in n e rh a lb  der R eihe  1 w echselnden  V erdrillung  u m  die C—CAryl-E in fach b in - 
d u n g  oder die E th y le n -D o p p e lb in d u n g .2

О
II

t : f t ’ =  P(C6H ä)2 2: R  =  C6H 5

4: R ' =  H 3: R  =  h e ta ry l
О
II

5 : R '=  S — CHa 
II 
О

B ei E in fü h ru n g  eines S u b s titu e n te n  t r i t t  im  allgem einen  keine p r in z i­
p ie lle  V erän d eru n g  im  S p e k tru m  des G ru n d ch ro m o p h o rs  au f [4]. E s k ö n n en  
sich  L age, Sequenz, I n te n s i tä t  sowie S c h w in g u n g ss tru k tu r d er e inzelnen  
A ro m a te n b a n d e n  v e rä n d e rn .3 Im  S ty ren  w irk t je d e r  S u b s titu e n t vorw iegend  
a u f  e in  G ren zo rb ita l, w obei in  jedem  F alle  eine b a th o c h ro m e  V ersch iebung 
d e r jr-jr* -A bso rp tionsbande  a u f tr i t t .  A k z e p to r-S u b s titu e n te n  senken  v o rw ie ­
g end  d as  tie fs te  u n b e se tz te  MO ab (LUM O), D o n a to r-S u b s titu e n te n  h eb en  
v o rw ieg en d  das h ö ch ste  b e se tz te  MO an  (HOM O) [5]. F ü r  die w eitere  S p e k tre n ­
d isk u ss io n  von  l a —l g  (siehe T ab . I) k an n  das E le k tro n e n sp e k tru m  des S ty ren s 
als G ru n d lag e  d ienen . E s  b e s te h t im  n ah en  U V -B ereich  aus v ier jr-jr*-B anden- 
sy s te m e n  m it den  S ch w e rp u n k te n  bei 280 n m , 246 n m , 203 nm  u n d  173 n m
[6], d ie  in  gleicher R e ihen fo lge  wie die 1LÜ-, 1L a- u n d  1B 6-B anden4 des B enzens 
a u f tr e te n  [7, 8 ], jed o ch  b a th o c h ro m  verschoben  sind . D ie E in fü h ru n g  des (C6H 5)2 
P (0 ) -S u b s titu e n te n  in  d ie  co-Position des S ty ren s b e w irk t eine w eitere  b a th o -

1 D ie  sch w era to m -b ed in g te  W irk u n g  dieser G ru p p ie ru n g  soll gesondert besp rochen  
w erd en  [1]

2 E in e  A usnahm e k ö n n te  bei lh  vorliegen, w as no ch  u n te r s u c h t  w ird
3 S iehe auch  A bb. 1 in  [3]
a N o ta tio n  nach  P l a t t  [10]
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ЛОп nm) ЛОп nm)
250 300 400  250  300 400

Abb. 1. A b so rp tio n ssp ek tru m  von  S ty re n  4 a , co-D iphenvlphosphinyl-Ira n s-s ty ren  l a ,  
4 -D im e th y lam in o -s ty re n  4b u n d  l-D im e th y lam in o -a i-d ip h en y lp h o sp h in y l-fran s-s ty ren  l b  in 

95-proz. E th a n o l bei R a u m te m p e ra tu r

ch ro m e V ersch iebung  sow ohl der län g stw e llig en , s tru k tu r ie r te n  1L 6-B a n d e 5 im  
B ere ich  v o n  273—291 n m  (S 0 —*■ S j-Ü b erg an g ) als auch der in te n s iv e re n  1La- 
B an d e  (S 0 —>■ S2) hei 248 nm  [8 ]. D ie V ersch iebung  der 1L6-B a n d e  b e trä g t  
bei l a  in  E th a n o l gegenüber S ty re n  4 a  470 ^  200 c m -1 , die d e r  1L Ü-B an d e  
2600 ^  100 c m -1 . D am it re su ltie r t  d ie län gstw elligeB ande im  eo-D iphenyl- 
p h o sp h in y ls ty re n  l a  aus einer w e itg eh en d en  Ü berlagerung  v o n  1L i)- u n d  1La- 
B an d e  (siehe A bb . 1). D as M axim um  Amax d er reg is tr ie r ten  län g stw e llig en  
B an d e  w ird  fü r  l a —l g  h au p tsä c h lic h  d u rc h  die Lage der in te n s iv e re n  1La- 
B an d e  b e s tim m t. D ie S ch u lte r bei 295 n m  in  l a  d eu ten  w ir als b a th o c h ro m  
v ersch o b en e  längstw ellige S ch w in g u n g ste ilb an d e  (o-o-Ü bergang) d e r 1L()- 
B an d e . D iese D eu tu n g  w ird  d u rch  L age u n d  S tru k tu r  der F lu o re szen zb an d e  
bei — 196° C in  E th a n o l g e s tü tz t [9].

E rw a rtu n g sg e m ä ß  is t die m it E in fü h ru n g  des (CeH 5)2P (0 ) -S u b s ti tu e n te n  
in  die co-Position d er S ty ren e  4 v e rb u n d e n e  V ersch iebung AvLa d e r xL a-B an d e  
s ta rk  ab h än g ig  v o n  d er N a tu r  eines Z w e itsu b s titu e n te n , w ie T ab e lle  I  zeig t. 
D ie g rö ß te n  V ersch iebungen  w erden  e r re ic h t, w enn  die S u b s titu e n te n  in  4- 
u n d  co-Position e in  D o n a to r-A k z e p to r-P aa r  b ild en . D a die V ersch ieb u n g  der

6 ,A 1 -* ’R ,,-Ü bergang bei iläherungsw eiser A n n ah m e von  Q r  -S y m m etrie  (siehe auch  
[5]). Bei S y m m etrie red u zie ru n g  zu  Cs e rg ib t sich d e r e rla u b te  ,A '  — 1A '-Ü b e rg a n g . S iehe dazu  
D iskussion  in  [6] u n d  [11]

Acta Chim. Acad. Sei. H ung. HO, 1982
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Tabelle I

M a x im u m  Amax ( in  n m ) und In tensitä t emax ( in  L  ■ m o l~ l • cm -1)  der längstwelligen 
Absorptionsbande f ü r  a>-Diphenylphosphinyl-transethylene R  — C H = C H  P(0 )(C 6H 5)2 1 
u n d  vergleichbare P ( 0 )-freie E thylene  R  C H = C H 2 4  sowie Verschiebung der lL a-B ande  

A vL a f ü r  die Stryene  l a  l g  ( in  c m _1 im  Vergleich zu  4a)

R
1 4

AvLa
^m ax С та х ^m ax С тах

a P h e n y l 265 25 900 248 [13] 16 000 [13] 2600

b 4 -D im eth y lam in o p h en y l 352 32 300 295 [13] 20 500 [13] 5500

c 4-M ethoxi-phenyl 287 25 600 259 [13] 19 200 [13] 3800

d 4-M ethyl-phenyl 279 27 100b) 252 [14] 3800

251,5 [15]
e 4 -C hlor-phenyl 272 29 700 253 [13] 19 600 [13]

254 [16] 20 000 [16] 2700

f 4 -C yano-phenyl 280 35 700b) 100°)

g 4 -N itro -p h en y l 300 301 [13] 13 800 [13] 0

h 3 -Indo ly l 315 22 600 282 [17] 9 000

a) Jew eils in 95-proz. E th a n o l bei R au m te m p e ra tu r; fü r  1 M itte lw erte  aus 3 M essungen glei­
cher G enau igkeit, F eh ler fü r  2max ^ 0 .5  nm

b) In  n -P ropanol
c) B erech n et aus dem  M eßw ert fü r co-Cyano-styren [18] in  M ethanol (Amaax 274 nm ) u n te r  

der A n n ah m e gleicher e lek tro n isch er W irkung der C N -G ruppe in  со- u n d  4-Position; M axim um  
der 1L a-B an d e  bei l f  zu 275 nm  aus dem  B andenprofil ab g esch ä tz t

1L 6-B a n d e  geringer u n d  w eniger su b s titu e n te n a b h ä n g ig  is t (z. B. bei l c  u n d  
l e  n u r  230 ^  100 c m -1 ), fa llen  infolgedessen b e i l c  b e re its  1Lb- und  4La-B an d e  
zu sam m en , w äh ren d  b e i l b  die R eihenfo lge b e id e r B an d en  gegenüber 4 a  
v e r ta u s c h t  i s t6 (siehe A bb . 1). D er gleiche B e fu n d  w ird  experim en te ll u n d  
m itte ls  m o d ifiz ie rte r P P P -R e c h n u n g  an  an a lo g en  4 -su b s titu ie rte n  eo-M ethyl- 
su lfo n y l-s ty ren en  5 [X  =  u . a. CI, O CH 3, N (C H 3)2] gew onnen  [12], die g enere ll 
zu 1 seh r ähn liche  U V -S p ek tren  aufw eisen.

D ie d u rch  die (C6H 5)2P (0 )-G ru p p ie ru n g  b ew irk te  V ersch iebung AvLa 
k o rre lie r t bei D o n a to r-A k z e p to r-S u b s titu tio n  in  1 b e fried igend  m it der e le k tro ­
ph ilen  S u b s titu e n te n k o n s ta n te  ap [19, 20] des D o n a to rs . Die gleiche B eo b ­
a c h tu n g  e rg ib t sich  fü r  5 bei fo rm aler E in fü h ru n g  d er Sulfony l-G ruppe in  
4 -d o n a to r-su b s titu ie r te  S ty re n e 7 (siehe A bb . 2). B ei V erw endung d er K o n ­
s ta n te n  <yp [22] oder <rR =  2>(ap — <rm)/2 [23] e rg eb en  sich  fü r beide S u b s ta n z ­
re ih en  sow ie fü r einige w -n itro -su b s titu ie rte  S ty re n e  [18] sch lechtere  K o rre la ­
tio n e n . D ie in  1 d u rc h  die S u b s titu e n te n  in  a i-P osition  u n d  4 -P osition  gegen­
ü b e r S ty re n  4a  e rz ie lte  G esam tv ersch ieb u n g  der 1La-B ande is t  b e i

6 E tw a  die g leichen V ersch iebungsw erte  fü r  d ie M jj-B ande f in d e t m an  hei v e rg le ich b a r
4 -su b s titu ie r te n  cu -M ethylsu lfonyl-s ty renen  5 (siehe T ab . I I I  in  [12])

7 A u s A b so rp tio n ssp ek tre n  v o n  5 in [21]

Acta Chim. Acad. Sei. Hung. 110, 1982
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D o n a to r-A k z e p to r-S u b s titu tio n  u m  e in en  b es tim m ten  E n e rg ie b e tra g  E D__A 
g rö ß er als die Sum m e der V ersch ieb u n g en , die jed er S u b s titu e n t a lle in  am 
S ty ren -G ru n d ch ro m o p h o r b ew irk en  w ü rd e  (Gl. 1). W ie bei 1 ,4 -d isu b s titu ie r te n  
B en zen en  [24] is t im  F alle  e in er A k z e p to r-A k z ep to r-S u b s titu tio n  (bei l f ,  lg) 
die  G esam tversch iebung  au c h  fü r  1 e tw a  so groß, w ie sie d u rc h  den
S u b s titu e n te n  m it dem  g rö ß eren  zdi^xyW ert allein  e rre ich t w ü rd e . D ie G röße 
v o n  E d _A is t selbst abhän g ig  v o n  d e r D o n a to r-F äh ig k e it des 4 -s tän d ig en  
S u b s titu e n te n .

=  ^<D) +  a í (A) +  e d _ a  (1)

Zli'(D), z li(A) V erschiebung d er 1L a-B a n d e  bei D o n a to r-S u b s titu tio n  in  4-Posi- 
t io n  bzw . A k ze p to r-S u b s titu tio n  in  m -P osition  re la tiv  zu S ty re n

^(x = H) ^(X^H) =  ^(x> (2)

^(x = H)’ ’'(X) W ellenzahl fü r das M ax im u m  der ^ ^ -B a n d e  im  S ty re n  (X  =  H) 
bzw . im  X -su b s titu ie r te n  S ty re n  4.

-466. 2. V ersch iebung  des M axim um s d e r  4 .,,-B an d e  Avi_a in E th an o l fü r  4 - su b s titu ie r te  Irans- 
S ty ren e  4-X -C eH ,-C H =  CH Z in  A b h ä n g ig k e it von  der S u b s titu e n te n k o n s ta n te  o i  des 
D o n a to rs  X . X  =  H  (a), N (C H 3)„ (b ), O C H 3 (c), C H 3 (d), Cl (e); Z P (0 )(C „ H 5)2 (1), R egres­
sio n skoeffiz ien ten  fü r у  =  ax  -f- 6: e  =  — 1535 d 735, 6 =  2859 f 624, r =  — 0,968; Z =  
SO.,CH3 (2), а —  — 1800 ±  303, 6 =  2457 ±  258, r  =  — 0,996; Z =  N 0 2 (3), n =  1801

1264, 6 =  8086 ±  1184, r =  - 0 ,9 7 4

3 A da Chim. Acad. Sei. Hung. 110. 1982
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D iese B efunde z u sa m m e n  weisen a u f  eine m esom ere  W echselw irkung 
zw ischen  (CeH 5)2P (0 )-G ru p p ie ru n g  und  4 -s tä n d ig e n  D o n a to r-S u b s titu e n te n  
im  S ty ren -T eil des M oleküls h in . F ü r die M e th y lsu lfo n y l-G ru p p e  in  5 is t  eine 
so lche  m esom ere W ech se lw irk u n g  bereits s ich e rg es te llt [25, 26]. Das v ie rfach  
k o o rd in ie r te  P -A tom  in  1 e rw eist sich als K o n ju g a tio n ssp e rre  in  B ezug a u f 
d ie  P h e n y l-S u b s titu e n te n . D as A b so rp tio n ssp ek tru m  v o n  1 k an n  als Sum m e 
d e r b ee in flu ß ten  («gestö rten«) S pek tren  d er d re i S u b s titu e n te n  am  P -A tom  
b e t r a c h te t  w erden. D ie b e i l b  (siehe A bb. 1) u n d  l h  d eu tlich  s ich tb are  S tru k ­
tu r ie ru n g  im  B ereich  v o n  265 — 273 nm  w ird  d u rc h  die in ten s itä tssch w ach e  
1L fe-B an d e  des B enzen -C hrom ophors h e rv o rg e ru fen . In fo lge  pji-dn-W echsel­
w irk u n g  is t — wie im  S ty ren -T e il — eine geringe b a th o c h ro m e  V erschiebung des 
1L (J-Ü berganges des B en zen s  zu verzeichnen . D ieser Ü bergang  w ird  bei 11» 
s e p a r ie r t  du rch  eine m a x im a le  V erschiebung d e r 1L a-B ande des S ty ren - 
C hrom ophors au f G ru n d  des 4-ständ igen  D o n a to r-S u b s titu e n te n , in  den an d e ­
re n  V erb indungen  1 je d o c h  d u rc h  die in tensive  1L 0-B a n d e  des S tyren-C hrom o- 
p h o rs  m eh r oder w eniger ü b e rd e c k t. Die Z u o rd n u n g  e rg ib t sich durch  S p e k tre n ­
v e rg le ich  m it P h e n y l-b u te n y l-p h o sp h in sä u re -e th y le s te r  6 und  T rip h en y l­
p h o sp h in o x id  7 (siehe T a b . I I ) .  Die B anden lage  is t u n ab h än g ig  vom  C hrom o­
p h o r  R 2 (S ty ry l in  l b  — l g ,  P h en y l in  7, S tilb en y l in  8 ). Ä hnliche E rgebnisse  
e rb ra c h te n  U V -U n te rsu ch u n g en  an  4 -su b s titu ie rte n  T rip h en y l-p h o sp h in o x id en  
4 -X -C 6H 4-P (0)(C 6H 5)2 [29]. D ie T rennung  der e in ze ln en  C hrom ophoren System e 
in  1 d u rc h  das P -A tom  e rg ib t sich  w eiterh in  aus u n se re r  B eobach tung , d aß  bei 
p h o to ch em isch er V e rä n d e ru n g  im  S tyren- bzw . im  V inyl-indolyl-T eil bei lb  
u n d  l h  (trans — cis-Iso m eris ie ru n g ) keine n e n n e n sw e rte n  spek troskop ischen  
V erän d e ru n g en  im  B ere ich  d e r 1L()-A bso rp tio n en  des B enzen-C hrom ophors 
a u f t r e te n  [30]. E inen  E in f lu ß  ü b t dagegen bei l a —l g  der 4-ständige Sub-

Tabelle II

Vibronische Banden  p0_ z- ( in  c m ~ l)  des xL b-Überganges im  Benzen-Chromophor von 
CGH 5— P ( 0 ) R 1R 2 in  95-proz. E thanol bei 20 °C

R 1 R 2 i>0—i

l b C6H 5 C H = C H  C6H f 4-N(CH3)2 36 600, 37 700

lc GdE C H = C H  CeH ,  4-OCH3 36 600, 37 600

4 C6H 5 C H = C H  C6H , 4-NO, 36 400, 37 300

l h ^ 6 ^ 5 C H = C H  3-indoly l 36 700, 37 600

6 OC2H s C H = C H  C2H 5 35 500, 36 700, 37 600, 38 300a>

7 Q H 5 c6h 5 36 900, 37 900, 38 600 [27]

8 Cr,H5 4-C6H j C H = C H - C 6H 6 36 600, 37 600, 38 500") [28]

a) Im  D am pfzustand gem essen
b) W erte  fü r n -Propanol
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s ti tu e n t  im  S ty ren -T eil a u f  die P = 0 - B in d u n g  aus. W ir fan d en  n äm lich , daß  
die F req u en z  der P = 0 -V a le n z sc h w in g u n g  m it zu n eh m en d er E le k tro n e n d o n a ­
to r-F ä h ig k e it des S u b s titu e n te n  von  1202 c m -1 bei l g  a u f  1177 c m -1  bei 
lb s v erm in d e rt w ird  [31]. I n  V erb indung  m it 1H - u n d  31P -N M R -M essungen  
[32] sch lußfo lgern  w ir d a ra u s  eine B ete iligung  po la re r G re n z s tru k tu re n  am 
G ru n d zu stan d .

Bei 4 -su b s titu ie r te n  T rip h en y l-p h o sp h in o x id en  u n d -S u lfid en , 4 -X -€ 6H 4— 
P(Y )(CeH 5)2 m it Y  =  O, S, w eisen gem essene u n d  b erech n e te  D ipo lm om en te  
ebenfalls a u f  p o la re  G re n z e tru k tu ren  m it im  V ergleich zu r u n su b s titu ie r te n  
V erb indung  (X  =  H ) g eschw äch ter P  =  Y -B in d u n g  h in , ohne d a ß  jed o ch  do rt 
eine deu tliche  S u b s titu e n te n a b h ä n g ig k e it s ic h tb a r  is t [29]. U n sere  V ersuche 
zeigen, daß  die P (0 ) -G ru p p e  in  1 keine allgem eine, so n d ern  eine selektive 
K o n ju g a tio n ssp erre  d a rs te ll t .

Experimenteller Teil

Die M ehrzahl a lle r D ip h en y lp h o sp h in y l-Iran s-sty ren e  1 w urde n ach  de r in  [33] angege­
b enen  M ethode sy n th e tis ie r t  u n d  is t d o rt beschrieben . Id , l f  u n d  l g  w u rd en  v ia  H O R N E R - 
O lefin ierung aus 4 -su b s titu ie r te n  R enzaldehyden  u n d  D ip h en y lp h o sp h in y lm eth y l-d ip h en y l- 
pho sp h in  (C6H 5)2P (0 )  C H , — P(C 6H 6)., m it n ach fo lgender O x id a tio n  des O le fin ieru n g sp ro d u k ­
tes  m itte ls  H 20 2 e rh a lte n  [34]. D ie D arste llung  v o n  P h e n y lb u te n y l-p h o sp h in sä u re -e th y le s te r  
6 erfo lg te n ach  [35]. D ie U Y -S p ek tren  w urden  m it dem  G erä t Specord  U V /V IS  (F a . Y ER  
Carl Zeiss Je n a ) in g e re in ig tem  95-proz. E th a n o l bei R a u m te m p e ra tu r  au fg en o m m en .

Die sp ek tro sk o p isch en  D a ten  der M eth y lsu lfo n y l-sty ren e  5 in  E th a n o l  h a t  u ns H err 
D r. W e g e n e r , A b te ilu n g  In s tru m en te lle  A n a ly tik  de r S ek tio n  Chem ie, v o r  ih re r  P u b lik a tio n  
zu r V erfügung geste llt, w ofü r w ir ihm  herzlich  d an k en . E benfa lls  zu D an k  v e rp flic h te t  sind 
w ir H errn  Prof. D r. H .-G . H e n n i n g  fü r  sein fö rd ern d es In teresse  an  d ieser A rb e it.
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ANION WITH QUATERNARY PHOSPHONIUM
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P a ra m a g n e tic  ion pa irs  were in v es tig a ted  b y  'H -N M R  and  M össbauer sp ec tro s­
copy  in ch lo ro fo rm  a n d  d im eth y l su lphoxide. I t  h as been  show n th a t  th e  chem ical 
sh ifts  o f 'H -N M R  p e ak s  arise from  a co m b in a tio n  o f  c o n ta c t an d  p seu d o co n tac t in te r ­
ac tio n s o f  o p p osite  sign , a n d  th e  ra tio  o f in te ra c tio n s  w as defin itely  in fluenced  b y  th e  
e x te n t  o f so lv a tio n . O n th e  basis of M össbauer m easu rem en ts  i t  was show n th a t  th e  
change  of th e  c a tio n  size h ad  an  effect on th e  e le c tro n  delocalization  a n d  sy m m e try  
con d itio n s o f i ro n ( I I I )  in  solid sam ples, too . In  c o n ce n tra ted  frozen so lu tions o f ion 
p a irs , d iffe ren t in te ra c tio n s  were in d ica ted  b y  M össbauer spectroscopy  in  ch lo ro fo rm  
a n d  d im e th y l su lp h o x id e , in accordance w ith  'H -N M R  resu lts . H ow ever, in  d ilu te  
so lu tio n  such  an  a n io n —so lv en t in te rac tio n  was o b se rv ed  d irec tly , w hich cou ld  be  show n 
b y  th e  N M R  m eth o d  on ly  ind irectly .

Introduction

U n p a ired  e lec tro n s o f tra n s itio n  m eta ls  a re  know n to  in te ra c t w ith  p ro ­
tons o f  th e ir  e n v iro n m e n t in  com plexes v i a  tw o  d ifferen t m echan ism , v i z .  
c o n ta c t an d  d ipole  in te ra c tio n s  [1], b o th  o f  w h ich  m ay  cause signal sh ifts  
in  th e  1H -N M R  sp e c tra . T h e  f irs t in te ra c tio n  p e rm its  conclusions to  be  d raw n  
on th e  s tru c tu re  o f com plexes and  th e  d e lo ca liza tio n  of u n p a ired  e lec tro n s , 
w hile th e  g eo m etry  o f  p a ram ag n e tic  ion  p a irs  a n d  associa tion  c o n s ta n ts  c a n  he 
deduced  from  th e  d ip o la r  effects [2].

T h e  chem ical sh if ts  due to  th e  above tw o  effects can  be se p a ra te d  by  
v a rious m e th o d s  [3 — 10], b u t  th e ir  ap p lic a tio n  gives sa tis fac to ry  re su lts  in  
re la tiv e ly  few cases. Som e investig a tio n s a re  k n o w n  on th e  [(C4H 9)4N ] [M X 4] 
and  [(CeH 5)3PC4H 9] [M X 4] system s [3, 11, 12], w here  X  is C l- , B r~ , o r I - , 
and  M is C o(II), N i(II)  an d  F e (II) , c o n ta in in g  2, 3 or 4 u n p a ired  e lec tro n s. 
F ro m  1H -N M R  s tu d ie s , i t  w as also re p o rte d  t h a t  th e  sp in  d en sity  rem o v ed  
from  th e  c e n tra l m e ta l a to m  of th e  an ion  in te ra c ts  w ith  th e  p ro to n s  o f  th e  
so lv en t, to o  [13]. H o w ev er, th e  problem  o f w h e th e r  o r n o t th e  to ta l  sp in  d e n s ity

* T o Avhom co rrespondence  should be addressed
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r e m o v e d  from  th e  p a ra m a g n e tic  cen te r  in te ra c ts  w ith  th e  a sso c ia ted  c a tio n  
c a n n o t  b e  solved d irec tly  b y  N M R  sp ec tro sco p y . I t  seem s th a t  M össbauer 
sp e c tro s c o p y  gives th e  p o ss ib ility  to  m easu re  th e  change o f sp in  d e n s ity  d e p a r t­
in g  f ro m  th e  tra n s itio n  m e ta l d ire c tly  an d  th u s  ca n  c o n tr ib u te  to  th e  p ro b lem  
in  q u e s tio n . In  connection  w ith  o u r ea rlie r w o rk  on p a ram ag n e tic  io n  pairs 
[14, 15, 16] th e  [(C4H 9)3P R ] [F e C lJ  an d  [(C6H 5)3P R ][F eC l4] sy s tem s were 
in v e s t ig a te d  in  CDC13 an d  D M SO -d6 w ith  R = M e , E t, P r, a lly l, B u , P h  and 
b e n z y l.

Experim ental

P re p a ra tio n  o /H [F e C l4]

T h e  com plex is form ed in  aq u eo u s so lu tio n  of i ro n ( I I I )  ch loride u p o n  a d d in g  cone. 
HC1. I t  c a n n o t  be p repared  as a so lid  so its  aqueous so lu tio n  was used.

P repara tion  o f quaternary p h o sp h o n iu m  salts [R 3P R '] X ,  was carried  o u t b y  q u a te rn iz a - 
t io n  o f  tr ib u ty lp h o sp h in e  an d  tr ip b e n y lp h o sp h in e .

[(C9H 9)3PC H 3]I, [(C4H 9)3P C 2H 5]I, an d  [(C4H 9)3P C H 2C H C H 2]B r were p re p a re d  b y  m ix ing  
tr ib u ty lp h o s p h in e  and th e  p ro p e r  a lk y l halide . Since th e  reac tio n  was v e ry  v ig o ro u s, the  
c o m p o n e n ts  could  be m ixed in so lv e n t on ly  [17].

[(C6H 5)3P C H 3]I was p re p a re d  b y  equ im olar m ix ing  of tr ip h en y lp h o sp h in e  a n d  m eth y l 
io d id e  d isso lv ed  in benzene.

[(C6H 6)3PH]C1 was fo rm ed  fo rm  tr ip h e n y lp h o sp h in e  dissolved in cone, a q u eo u s  HC1. 
I t  c a n n o t  b e  p rep ared  as solid so i ts  so lu tions w ere u sed .

[(C4H 9)3PC3H 7]B r, [(C4H 9)4P ]B r ,  [(C6H 5)3PC2H 5]I, [(C„H5)3PC3H 7]B r, [(CsH 5)3PC4H 9]Br, 
a n d  [(C6H 6)3P C H 2CHCH2]B r w ere p re p a re d  from  e q u im o la r m ix tu re  of t r ib u ty l  o r tr ip h e n y l­
p h o sp h in e  a n d  th e  p roper a lky l h a lid e . T h e  m ix tu re s  w ere re fluxed  for 30 60 m in , th e  yields
w ere  30 — 6 0 % .

[(C ,H 8)4P ]B r was p re p are d  acco rd in g  to th e  l i te ra tu re  [18]. R eac tio n  of t e r t ia r y  p h o s­
p h in e s  a n d  benzy l chloride o c cu rre d  q u a n ti ta t iv e ly  u p o n  h eatin g  to  200 —300 °C o f th e ir  
e q u im o la r  m ix tu re s  and  cooling th e  [(C4H 9)3PC H 2C6H 5]C1 a n d  [(C6H 5)3PC H 2C6H 5]C1 form ed.

T h e  p ro d u c ts  o b ta ined  w ere p u rif ie d  by  w ash in g  w ith  d ie th y l e ther.

P re p a ra tio n  o f  complexes

S in ce  th e  com plexes are so lu b le  in  w a ter, aqu eo u s so lu tions of q u a te rn a ry  p h o sp h o n iu m  
c h lo r id e s  a n d  H [FeC l4] w ere m ix ed , a n d  th e  so lu tio n s w ere co n cen tra ted . T h e  p re c ip ita te d  
ye llo w  c ry s ta ls  o r pow ders w ere f i lte re d  an d  w ash ed  w ith  cold cone, aqueous HC1. F o r  th is  
p ro c e d u re  B r~  and  I -  ions o f som e p h o sp h o n iu m  sa lts  h a d  to  be su b s titu te d  fo r ch lo rid e  ion. 
In  a n  a q u e o u s  solution of th e  p h o sp h o n iu m  sa lt, s ilv e r ch loride  w as suspended  a n d  stirred . 
W ith in  so m e hours th e  su b s ti tu tio n  h a d  ta k e n  p lace; a f te r  f i ltra tio n  th e  so lu tion  is a v a ilab le .

A n a ly s is  o f  the complexes

P h o sp h o ru s  and iron  c o n te n ts  o f th e  com plexes w ere de term ined . D igestion  w as p e r­
fo rm e d  in  a  1 : 1 (v/v) m ix tu re  o f cone. H N 0 3an d  H C 104. P h o sp h o ru s was m easu red  b y  W oy’s 
m e th o d  a n d  iro n  was de te rm in ed  io d o m e trica lly . R e su lts  a re  collected in T ab le  I.

N M R  spectra were o b ta in e d  a t  60 M H z on a  V a rian  T  60 spec tro m ete r a n d  a t  80 M Hz 
on  a T es la -8 0  in s tru m e n t a t  a m b ie n t p ro b e  te m p e ra tu re . TM S was used  as e x te rn a l re fe ren ce  
in  a ll c a se s . S p ec tra  were reco rd ed  in  DM SO-d6 a n d  CDC13. T he m ole ra tio  m eth o d  w as used  
a c c o rd in g  to  th e  lite ra tu re  [3]. S o lu tio n s o f th e  p h o sp h o n iu m  halide and  th e  co m p lex  were 
p re p a re d  so t h a t  to each p h o sp h o n iu m  ca tio n  c o n c e n tra tio n  belonged four d iffe re n t mole 
ra tio s  o f  p a ra m a g n e tic  anion. P lo t t in g  th e  m easu red  sh ifts  ag a in st th e  mole ra tio  o f p a ra m a g ­
n e tic  a n io n  th e  chem ical sh ift cou ld  b e  o b ta in e d  a t  a 1 : 1 m ole ra tio  by  e x tra p o la tio n . A lth o u g h  
th e  m o le  r a t io  reached  was on ly  0.30 due  to  th e  effec t o f fiv e  u n p a ired  e lectrons on  th e  high- 
sp in  f e r r ic  io n , th e  ap p ro x im atio n  w as reasonab le  since th e  chem ical sh ifts w ere u sed  to  ev a l­
u a te  te n d e n c ie s  only.

M ö ssb a u er spectra were o b ta in e d  w ith  a 57C o /P t source  m oved  a t  c o n s ta n t a cce le ra tio n . 
A c t iv i ty  o f  th e  source was 1.1 X 108 B q . P u lses were d e te c te d  b y  a G am m a sc in tilla tio n  c o u n te r
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T ab le  I

Elemental a na lysis o f  complexes

Fe, ealed. Fe, found P, caled P. found
Formula Symbol (%) (%) (%) (%)

[(C4H 9)3P C H 3][FeCl4] A, 13.46 13.54 7.46 7.53

[C4H 9)3PC2H 5l[FeC l4l A, 13.02 13.19 7.22 7.26

[C4H 9)3P C 3H 7] [FeCl4] A3 12.60 12.57 6.99 6.85

[(C4H 9)4P][F eC l4l a 4 12.22 12.31 6.78 6.71

[(C4H 9)3PC H ,C H  =CH.,][FeCl4l A5 12.66 12.98 7.02 7.12

[(C4H 9)3PC H 3C6H 5][FeC l4] An 11.37 11.28 6.31 6.68

[(C6H 6)3PH1 [F e d ,] Oo 12.12 11.95 6.72 6.71

[C6II6)3PC H 3l[FeC l4] B, 11.76 11.67 6.52 6.50

[(CeH 5)3PC2H 5][FeCI4] B, 11.42 11.17 6.33 6.36

[(C6H 5)3PC3H 7][FeC l4] B 3 11.10 11.13 6.16 6.00

[(C6H 5)3PC4H 9][FeCl4] B, 10.80 10.86 5.99 6.02

[(C6H 5)3PC H 2CII = C H 2] [FeC l4] B5 11.15 11.40 6.18 6.17

[(C6H 6)4P][F eC l4] Bc 10.40 10.38 5.77 5.63

[(CeH 5)3PC H 2CeH 5][FeC I4] B7 10.13 9.89 5.62 5.84

(N D  131/F) equ ip p ed  w ith  a N a l m onocrysta l o f  0 .10 m m  th ickness and  a  m u ltic h a n n e l an a l­
yzer. A d m e a s u re m e n ts  w ere  carried  o u t a t  77 K , re la tiv e  to  67Co-Pt source. R a p id  freezing 
w as pe rfo rm ed  dropw ise . N e x t drop was a d d e d  o n ly  w hen boiling of liq u id  n itro g e n  due to 
th e  fo rm er d rop  ceased. S p ec tra  were e v a lu a te d  m a n u a lly : th e  errors w ere e s tim a te d .

Reagents

W e used  a n a ly tic a l g rade  FeCl3 • 6 H .,0  (R e a n a l) ,  pu re  C.,H5I (T rucizna), C H 3I, C3H 7Br, 
C H ,C H C H 2B r, C4H 9B r, C6H 6B r, C6H 5CH.,Cf (R e a n a l) ,  syn thesis grade (C6H 5)3P  a n d  (C4H 9)3P  
(M erck-S chuchard t) w ith o u t  fu rth e r p u rif ic a tio n . CHC13 and  DMSO (R ean a l) w ere  o f  a n a ly t­
ical g rade. CDC13 a n d  D M SO-de (b o th  were 9 9 %  iso to p ic  p u rity ) were o b ta in e d  fro m  Z en tra l­
in s t i tu t  fü r  Iso to p en - u n d  S trah le rn fo rsch u n g , L eipzig . Aqueous so lu tions o f 57F eC l3 were 
p rep ared  from  57Fe20 3 (9 5 %  isotopic p u rity )  b y  d isso lv ing  in hydrochloric  acid .

Results and D iscussion

N M R  spectra

D esig n a tio n  o f  th e  p ro to n  g roups o f  th e  tr ib u ty l hom ologs is :

(C4 c 3 C2 C1) 3 P  C01 C02 c03

P eak s o f Cx p ro to n s  w ere a t th e  lo w est f ie ld  (2.5 — 2.9 ppm ), th o se  o f  C2 and 
C3 p ro to n s  w ere m ix ed  generally  (1.7 — 2 .0  p p m ), and  th e  tr ip le ts  o f  C4 p ro to n s
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w as a t  th e  h ighest fie ld  a n d  low est freq u en c ies  (1.2 —1.4 ppm ). P eak s  o f  
C02 a n d  C03 p ro to n s  u su a lly  co u ld  n o t be id e n tif ie d  due  to  th e ir low in te n s i ty ,  
th e  C01 p e a k s  w ere b e tw een  2.1 an d  2.5 p pm .

I n  th e  case of tr ip h e n y l hom ologs th e  d e s ig n a tio n  is:

—P—Ci— C2— C3— C4

M ixed p e a k s  o f p a r a  an d  m e ta  p ro to n s w ere b e tw e e n  8 .0 —8.1 ppm , an d  th e  
p eak s  o f  o rth o  p ro tons w ere b e tw een  7 .9—8.0 p p m . T he peaks o f C4 p ro to n s  
w ere a t  a n  ap p ro x im a te ly  1 p p m  g rea te r f re q u e n c y  (3.7 —3.8 ppm ) th a n  fo r  
t r ib u ty l  hom ologs, in d ic a tin g  th a t  th e  a t t r a c t in g  effect of pheny l g ro u p s 
ch an g es  t h e  d is tr ib u tio n  o f  e lec tro n s . P ositions o f  p e a k s  o f o ther chain p ro to n s  
w ere n o t  ch an g ed ; C2 peaks w ere  a t  1.7—2.3 p p m , C3 an d  C4 peaks a t  1.0 — 
1.3 p p m .

T h e  m easu red  sh ifts a re  show n  in our fo llow ing  p a p e r, ex trap o la ted  c h e m ­
ica l s h if ts  a re  com piled in  T allies I I  and I I I .  C hem ical sh ifts are, a p p a re n tly , 
m o n o to n ic  fu nc tions o f c o n c e n tra tio n . F o rm a tio n  o f  ion  pairs is verified  b y  
th e  e x is te n c e  o f chem ical sh ifts , th e ir  ra tio  in c re a s in g  w ith  increasing c o n c e n tra ­
tio n , as  sh o w n  b y  increasing  sh if ts . O n th e  b asis  o f  th e se  results i t  can  be a s ­
sum ed  t h a t  sh ifts  are caused b y  co m b in a tio n  o f  p se u d o c o n ta c t and co n tac t sh if ts  
of o p p o s ite  sign . P se u d o c o n ta c t in te ra c tio n  w o u ld  be  n o t expected , b ecau se  
th e  a n io n  is sy m m etrica l, b u t  Walker has p o in te d  o u t th e  an iso tro p y  o f  
te t r a h a lo m e ta la te s  [3, 19]. I t  is know n  th a t  i f  p se u d o c o n ta c t in te rac tio n  e x is ts  
on ly , in  io n  p a irs  th e  o rd e r o f  sh ifts  of th e  a lk y l c h a in  p ro tons is A v (C4) >  
7> zh>(C2) >  A v(C 3) . . . [7]. G en era lly  in  th e  case o f  th e  investiga ted  com plexes 
th is  o rd e r  is  n o t observed.

F u r th e rm o re , it  can  be seen  (Tables I I ,  I I I )  t h a t  th e  chem ical sh ifts  a re  
n o t m o d if ie d  essen tia lly  b y  th e  change of so lv e n ts , a lth o u g h  th e  tw o so lv en ts  
d iffer in  th e i r  so lvation  a b ility , a n d  in  th e  case o f  B 4 i t  is especially c lear, t h a t  
th e  e x p e c te d  g rea te r sh ifts b e long ing  to  CDC13 do n o t  ex ist. This p h en o m en o n  
can  b e  e x p la in e d  if  we assum e t h a t  ion  pairs a re  so lv a te d  in  DMSO-d6 b e t te r  
th a n  in  CDC13. So in  DMSO-e?e th e  ion  p a irs  a re  p red o m in an tly  so lv a te d , 
w hile in  CDC13 co n tac t io n  p a irs  also can  be fo u n d , th u s  th e  ra tio  o f c o n ta c t  
to  p s e u d o c o n ta c t in te ra c tio n  c a n  be supposed  to  b e  g re a te r  in  CDC13 th a n  in  
D M SO -d6. T h e n  p seu d o co n tac t sh ifts  are red u ced  to  d iffe ren t ex ten ts  b y  c o n ­
ta c t  s h if ts ,  a n d  th e  m easu red  re s u lta n ts  can  be th e  sam e in  th e  tw o so lv en ts . 
A n a lysis  o f  th e  m easured  sh if ts  o f  A4 and  A 5 co m p lex es confirm s th is  a ssu m p ­
tio n  (see th e  follow ing p ap er). T h e  sp in  d en sity  c a n  b e  tra n fe rred  to  th e  a lk y l 
chains o f  c a tio n s  b y  several w ay s  [11, 2 0 —22], b u t  i t  is h a rd  to  id en tify  th e  
p ro p e r m ech an ism . O v erlap p in g  o f lone-pair o rb ita ls  o f  chloride ligands in

Acta Chim. Acad. Sei. Hung. 110, 1982



VINCZE, P A P P : ION PA IR S OF TE TH A C H LO R O FE R R A T E(III) ANION 1 57

Table II

Extrapolated chemical sh ifts in  CDC13

Symbol of 
compound 10=XCR

A v  (Hz)

C, C2—C3 c4 C„

1.0 — 56 35 —

A, 10.0 — 372 250 —

50.0 — 1030 1000 —

1.0 28 34 - 6 6 —

Л, 10.0 214 251 52 —

100.0 — 1220 1040 —

1.0 — 113 107 —

A 3 10.0 — 536 507 —
100.0 — 2 • 103 3 • 103 —

1.0 —

A3 1.00 91 61 228

50.0 1099 893 1180

1.0 — 18 16 17

a 5 10.0 — 246 163 168

100.0 2920 2180 2340

Cph c, c, cf

1.0 - 4 7 — 44

B., 10.0 212 101 12

50.0 1390 6 • 103 2190

1.0 11 15 15 15

B3 10.0 192 173 227 63

65.0 1580 — 2900 1280

1.0 60 11 l l b 11

B4 10.0 180 381 215 80

55.0 810 944 711 683

1 . 0 31

B5 10.0 217 N o t evaluated

60.0 1410

" T erm inal p ro to n s; b C2—C3 protons
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Table III

E xtrapolated  chemical sh ifts in  DMSO-<i6

Av  (H z)

compounds C, c 2—c3 c, C,

Ai 1.0 116 47 42 —

10.0 209 162 167 180
50.0 1230 1110 1070 -

1.0 48 45 47 —

A., 10.0 221 232 212 —
100.0 970 980 960 —

1.0 80 55 55 —

A 3 10.0 160 160 160 —
100.0 — — - -

1.0 33 34 49 —

a 4 10.0 235 257 206 —
50.0 1220 1170 1320 —

1.0 — 42 53 —

a . 10.0 242 155 188 —
30.0 620 500 510 —

C m - p C0 C, Ct

B ,

B ,

B ,

B*

1.0

10.0

50.0

0.67

5.5

33.3

21
184

817

1.0

10.0

20.0

1.0

10.0

33.3

9

133

670

15

236

460

13

136

800

21
193

840

11
142

630

21
225

420

0

86

690

117

790

60b

220
490

N o t ev a lu ted

138

740

60

234

460

T erm in al protons; b C, — C3 p ro to n s
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th e  an io n  w ith  th e  e m p ty  4s o r 3d o rb ita ls  o f  phosphorus can  be  su p p o se d  bu t 
a h y d ro g en -b o n d  ty p e  in te ra c tio n  b e tw een  chloride ligands a n d  C1-p ro tons 
is m ore  like ly . Shifts o f Cj p ro to n s  bein g  less th a n  th e  ex p ec ted  v a lu e s  also 
p o in t to  th e  la t te r  m echan ism  as has b een  p o in ted  ou t by  B r o w n  a n d  D rago 
[11 ].

Mössbauer spectra

Solid  complexes

Iso m er sh ifts  (d) an d  q u ad ru p o le  sp littin g s  (AE)  for th e  so lid  co m pounds 
are  co llec ted  in  T ab le  IV . I t  is obv ious t h a t  in  the  [(C6H 5)3P R ] [F eC l4] series, 
changes o f  isom er sh ifts  are closely fo llow ed by  quadrupole  s p li t t in g s . I f  d 
also decreases, A E  increases an d  con v erse ly , show ing th a t  i f  th e  3d -e lec tron  
d e n s ity  is reduced  a t th e  iro n ( I I I )  n u c leu s, th e n  the  sy m m e try  o f  th e  3d5 
shell w ill also be low er. In  th e  3d5 shell o f iro n (III)  th e  ch an g e  o f  e lec tron  
d e n s ity  is due to  d elocalization , w hich  also occurs in  solid co m p lex es.

In  th e  [(C4H 9)3P R '] [F e C l4] series th e  correlation  b e tw een  d a n d  A E  
is n o t to o  close, w hich c a n  be caused  b y  to o  sm all sp littings to  b e  m easured  
b y  th e  av a ilab le  in s tru m e n t. S ince A E  o f  A4 is ab o u t h a lf  of A E  o f  b u ty l  group 
c o n ta in in g  B4 (F ig . 1), i t  c an  be ex p ec ted  th a t  th e  quadrupole  s p l i t t in g  o f  m ost

Table IV

Isomer sh ifts and quadrupole sp littings o f  Mössbauer spectra 
o f  solid samples. Error o f  measurements: ^ 0 .0 7  m m  s _l

Ö A E q
Compounds Symbol (mm s~l) (mm 8 -1)

[(C4H 9)3PC H 3][FeC l4] л, 0.10 0.0

[(C4H e)3PC2H 5][FeC l4] A2 0.0 0.0

[(C4H 9)3PC3H ,][FeC l4] A 3 0.0 0.0

[(C4H 9)4P][FeC I4] A 4 0.05 0.30
[(C4H 9)3PC H ,C H  = CH2] [FeCl4] a 5 +0.06 0.35
[(C4H9)3P CH. CßH5l[FeCl4] A6 0.05 0.0

[(CeI I5)3PH ][FeC l4] B„ 0.08 0.20
[(C6H 5)3PC H 3][FeC l4] B , -0 .1 7 0.40
[(C«HS)3PC2H5] [F  eCl4] B2 -0 .0 5 0.20
l(C6H 5)3PC3H 7] [F  eCl4] Вз 0.06 0.30

[(CeH ,)3PC4H ,][FeC l4] в4 0.20 0.60
[(C,H5)3P C H ,C H = C H 2][FeC l4] B s 0.10 0.20
[(CeH 5)4P][FeC l4] B 6 0.22 0.20

t(C«Hj)3P  CH2 CeH 5J[FeCl4] B 7 -0 .1 0 0.0
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F ig. 1. M ö ssb a u e r spectra of som e so lid  sam ples

A x—A c com plexes w ill b e  le ss  th a n  0.20 m m  s -1 , w h ic h  is hard ly  m easu rab le . 
As c a n  be seen in F ig . 1, th e  broadening o f th e  a b so rp tio n  band  of A a also 
in d ic a te s  a h idden ЛЕ.

Frozen solutions

Iso m er shifts a n d  q u a d ru p o le  sp littings o f  B 2 in  CHC13 and  DM SO are  
sh o w n  in  Table Y an d  F ig . 2.

T h e  chem ical sh if ts  re c o rd e d  are g rea te r in  D M SO  th a n  in  CHC13 a t  an y  
c o n c e n tra tio n . In  CHC13 th e  isom er shifts h av e  a m a x im u m  w hich is h a rd ly  
lo w er th a n  th a t  o f th e  so lid  sam p le  —0.10 m m  s -1  a n d  —0.05 m m  s ~ x re sp e c ­
t iv e ly ,  b u t  in  DMSO th e  in c rea s in g  curve does n o t  decrease  again a t  h ig h er 
c o n c e n tra tio n s . Thus in  th e  case of very  d ilu te  so lu tio n s  th e  com plex  h as  
s im ila r  p roperties in  b o th  so lv en ts ; if th e  c o n c e n tra t io n  decreases, th e  3d- 
e le c tro n  density  also d e c re a se s , and  the  e x te n t  o f  de localization  increases. 
T h is phenom enon  c a n n o t b e  cau sed  by an  ion  a sso c ia tio n  o f g reat e x te n t, b u t  
i t  c a n  be  assum ed t h a t  u n p a ire d  electrons o f  free  an ions in te rac t w ith  th e  
p ro to n s  o f solvent m o lecu les  [13]. In te re s tin g ly , th is  is d irec tly  in d ica ted  b y  
M ö ssb au er d a ta  while f ro m  -4I-N M R studies in d ire c t  evidences can be o b ­
ta in e d  only .
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Table V

M össbauer parameters o f  B2 in frozen  solutions 
Error o f  m easurem ents: iO .lO  m m  s _l

Solution
Cr

(mol kg-1)
Ó

(mm s“1)
AE4

(mm s-1)

0.07 0.30 a

0.10 0.25 a

CHCi3 0.175 0.10 a

0.35 0.20 0.91

0.55 0.30b 0.91"

0.07 - 0 .1 7 0.98

0.10 - 0 .0 7 0.98

DMSO 0.175 +  0.04 1.10

0.36 +  0.08 1.14

0.50 +  0.08 1.14

a N ot evaluated , b e rro r ^ 0 .1 5  m m  s _ l, 0 erro r ^ 0 .2 0  m m  s _l

U pon th e  c o n c e n tra tio n  o f  d ilu te  so lu tions th e  decrease o f de localization  
o f  3d-electrons can  be ex p la in ed  b y  th e  spherica l sy m m e try  co n d itio n s of 
anions being p e r tu rb e d  b y  ca tio n s , w hich m akes th e  o v erlap p in g  o f  3d-electrons 
w ith  so lven t p ro tons less p ro b ab le . T he fu r th e r  increase of c o n c e n tra tio n  leads 
ag a in  to  th e  sp read  o f e lec tro n  d e n s ity  via  increased  asso c ia tio n  a n d  th e  fo rm a­
tio n  o f  aggregates in  CHC13, b u t  in ten siv e  so lv a tio n  h in d ers  th is  p ro ced u re  in

Fig. 2. Iso m er sh if ts  o f a frozen so lu tio n  of com plex B 2
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D M SO . T h is is su p p o rted  b y  th e  fa c t th a t  in  DM SO th e  chem ical sh ift ten d s  
to  a l im it.

Q uadrupo le  sp littin g  is in c rea sed  upon  in c reas in g  co n cen tra tio n , in d ic a t­
in g  a lso  a decrease of sy m m e try  due  to  th e  fo rm a tio n  o f io n  pairs.

Conclusions

In fo rm a tio n  a b o u t a sso c ia tio n  conditions o f  ion  p a irs  can  be o b ta in ed  
m ore  d ire c tly  by  M össbauer t h a n  b y  NM R sp ec tro sco p y , w hich  has been  used 
in  th is  a rea  w idely an d  a lm o s t exclusively. F u r th e rm o re , th e  in te rp re ta tio n  
o f th e  N M R  spectra  re q u ire s  in  m an y  cases e x tra p o la tio n  and  len g th y  ca lcu ­
la t io n s , b u t  th e  changes o f M össbauer p a ram ete rs  c a n  be d irec tly  in te rp re te d . 
A lth o u g h , due to  th e  lim it o f  so lub ility  an d  d e te c tio n , we coud in v es tig a te l 
a n a rro w  co n cen tra tio n  ra n g e  o n ly , changes in  th e  a sso c ia tio n  cond itions w ere 
d e te c te d  b y  M össbauer sp ec tro sco p y , w hich w ere n o t in d ica ted  a t  all by  
N M R  stu d ies .
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On th e  basis o f m easured  sh ifts  o f ’H -N M R  peaks of p a ra m a g n e tic  ion  pairs, 
association  c o n s ta n t w ere calcu la ted  acco rd in g  to D rago’s m eth o d . T h e  1 : 1 associa­
tio n  m odel is va lid  o v er a w ider range  of co n cen tra tio n s  in DMSO-</6 th a n  in  CDC13. 
A m odified m eth o d  w as developed fo r e s tim a tin g  the  d is tr ib u tio n  o f c o n ta c t and 
p seu d o co n tac t in te rac tio n s  according to  chem icl shifts, assum ing  о  d e localiza tion  
along the  a lky l ch ains. T he effect o f ch an g in g  th e  concentra tion  a n d  so lv e n t is dem on­
s tra te d  by p ro p erly  chosen m odels.

Introduction

In  our p rev ious w ork  [1] d e ta iled  N M R  studies w ere c a rr ie d  o u t by 
th e  m ole ra tio  m e th o d  on ion  pairs c o n ta in in g  h igh-spin  iro n ( I I I )  [2]. O n the  
basis  o f chem ical sh ifts  o b ta in ed  ion  p a irs  w ere q u a lita tiv e ly  fo u n d  to  have 
b o th  co n tac t an d  p seu d o co n tac t in te ra c tio n . Two so lven ts, CDC13 and  
DM SO-d6 were used  w ith  d iffe ren t so lv a tio n  ab ility , b u t th e  e x p e c te d  d iffe r­
ences in  th e  e x te n t o f  chem ical sh ifts  w ere  n o t sign ifican t. T h is  could  be 
in te rp re te d  by th e  g re a te r  am o u n t o f c o n ta c t  ion  pairs in th e  less so lv a tin g  
CDC13. T hus, c o n ta c t sh ifts , decreasing  th e  p seu docon tac t sh if ts , w ou ld  be 
g re a te r  in  CDC13, an d  th e  ac tu a l chem ical sh ifts  canno t in c rease  to  a large 
e x te n t. In  th e  p re se n t p a p e r we w ish to  s u p p o r t  th is  a ssu m p tio n  b y  m a th e ­
m a tic a l analysis o f a c tu a l d a ta  and  to  m ak e  conclusions m ore  q u a n t i ta t iv e .

Procedure and D iscussion

Calculation o f  association constants

A ccording to  Lim an d  Drago [3], th e  associa tion  c o n s ta n t o f  a 1 : 1 ion 
p a ir  can  be given b y  th e  follow ing e q u a tio n :

w here

A i

A v ,

' A ví

A tipi
( 1 )

association  c o n s ta n t ca lcu la ted  fro m  th e  chem ical sh if ts  o f  th e  i- th  
p ro ton  set (kg  • m o l-1 ),

* To whom  co rrespondence  should be addressed
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M easured sh ifts  fo r

T a b le  I

Sym bols: C0 co n cen tra tio n  o f  ca tio n  (mol k g -1); n m ole  ra tio  o f param agnetic  an io n ; С,-
a: o v erlapped  p eak s .

[(C,H»)„PCHs][FeCI.](T1)

CDC13 DMSO-d,
Co Co n

C-2 C3 C4 Cl C2—C3 c.

0.02 1 1 0.02 2 2 2

0.03 3 2 0.05 5 2 4
0.01 0.01

0.10 6 4 0.10 11 6 5

0.20 11 7 0.20 — 8 10

0.02 i 9 0.02 6 5 3

0.05 20 15 0.05 10 10 7
0.1 0.1

0.10 34 27.5 0.10 25 21 20

0.20 77 48 0.20 41 34 33

0.02 19 21 0.02 25 26 24
0.5 0.5

0.05 57 50 0.05 69 61 59

0.10 101 — 0.10 122 —

[(C,H,)sPC,H,][FeClj;(^s)

C D C I3 DMSO-d,
Co n

c , - c , C,
C0 n c, С,—c, C,

0.02 1.5 1 0.02 0 0.5 1

0.05 5 5 0.05 0 2 2
0.01 0.01

50.10 11 9 0.10 0 4

0.20 24 19 0.20 3 8 9

0.02 4 7 0.02 2.5 3.5 3

0.1
0.05 15 26

0.1
0.05 6 9

16

8

0.10 44 48 0.10 21 17

0.20 69 84 0.20 32 33 33

0.02 44 64 0.02 22 31 34
1 1

0.05 — 0.05 77 — —

0.10
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paramagnetic ion p a irs

the  t- th  p ro to n  se t. P h  phenyl p ro tons; Cp_m para  a n d  meta  pro tons: Cor ortho p ro to n s ; 
Shifts are  in  H z

[(C1H ,),P C ,H l][F e C I ,]H ,)

C D C 1 , D M S O - t / ,

Co n
C , c .-c , c.

Co n

C , c,—c, C.

0.02 0.5 0.5 -  1.5 0.02 0.5 1 1
0.05 1 2 -  3.5 0.05 2 2 2.5

0.01
0.10 2 3 -  6.5

0.01
0.10 — 4.5 4.5

0.20 6 7 - 1 3 0.20 — 10 9

0.02 6 9 1 0.02 5 6.5 5
0.05 12 9 2 0.05 11 12 10

0 .1
0.10 18 20 8.5

0 .1
0.10 22 23 22

0.20 44 52 11 0.20 44 46 42

0.02 22 22.5 21 0.02 23 22 22
1

0.05 — 60.5 52
0.5

0.05 50 48 48
0.10 94 — —

l(C .H .).P ][F eC l.) (A,)

CDC13 DMSO-d,
Co n

c , c , - c , c .
C0 n

C, c , - c , c .

0.02 — — — 0.02 0.5 0.5 1
0.05 _ _ _ 0.05 2 2 2.5

0.01
0.10 — — —

0.01
0.10 3 3.5 5

0.20 — — — 0.20 — 7 10

0.02 6 2 2 0.02 5 5 6
0.05 12 3 7 0.05 12 13 12

0.1
0.10 4 9

0.1
0.10 23 28 22

0.20 — 8 19 0.20 48 50 40

0.02 24 21 21 0.02 24 25 25
0.5

0.05 59 51 54
0.5

0.05 65 58 66
0.10 — 92 — 0.10 120 —

4 A d a  Cilim. Acad. Sei. H ung. 110, 1982



1 6 6 V IN C Z E , P A P P :  C A L C U L A T IO N  O F  A S S O C I A T I O N  C O N S T A N T S

T able I

[C4H,)3PCH2CH =  CHt] [FeCl(] ( A . )

CDC13 DMSO-d0
C0 n

c, C2—C3 c.
c0 n

C, C,-c, c.

0.02 1 0.5 — 0.02 ___ 2 1

0.01
0.05 1 1 - 0.01 0.05 - 3 3
0.10 2 2 — 0.10 — 7 6
0.20 4 4 — 0.20 — 13 11

0.02 2 4 3 0.02 12 5 6

0.1 0.05 6 13 8
0 .1

0.05 20 12 12
0.10 16 26 19 0.10 28 19 19
0.20 32 48 33 0.20 36 27 31

0.02 48 39 42 0.02 6 12 11

1.0
0.05 117 109 —

0 .3
0.05 26 24 24
0.10 68 50 52

[(C.H6)sPC,H,][FeCl.] (B„)

CDClg DMSO-d,
C0 n

Ph c, c, c,
C0 n

Ph c, c,

0.02 0.5 — — — 0.02 1 _ _
0.05 1 - - -

0.007
0.05 2 — -

0.01 0.10 2 — — — 0.10 1 — —
0.30 — — — — 0.20 2 — —

0.02 17 2 5 2 0.02 2 9 3

0.1
0.05 27 13 11 5

0.055
0.05 6 12 7

0.10 36 15 23 10 0.10 12 15 13
0.30 — — — 18 0.20 26 30 27

0.02 47 34 — 34 0.02 15 18 16

0.65
0.05 85 — - -

0.333
0.05 41 41 37

0.10 165 — — — 0.10 68 73 —
0.20 345 — — — 0.20 131 — —
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(con td .)

[ (C .H .) ,P C ,H .] [F e C l(] ( B , )

CDC13
Co n

D M S O -d ,

C„ " P h c, C , P h alkyl

0.02 3 3 0 0.02 1 1.5

0.05 1.5 1.5 — 0.05 2 3

0.01 0.10 1.5 3 — 0.01 0.10 1 3

0.30 - 1 3 13 — 0.20 5 6

0.02 3 8 11 0.02 3 2

0.05 8.5 3 8 0.05 9 8

0.1 0.10 17 — 8 0.1 0.10 18 15

0.30 67 — — 0.20 36 31

0.02 36 43 48 0.02 24 8

0.05 108 — 115 0.05 55 36

0.55 0.10 139 296 0.5 0.10 102 76

0.30 262 — 0.20 210 —

[(C .H 5) ,P C ,H ,] [F e C l ,1 (B ,)

CDC1, DMSO-d,
c. n c. n

P h alkyl Cp — m c„ C , - C , C.

0.02 2 0 0.02 0 0 1 —

0.05 5 0 0.05 1 1 3 2
0.01 0.01

0.10 12 1 0.10 1.5 2 6 6

0.30 17 4 0.20 3 4 — —

0.02 9 4 0.02 2 3 6 5

0.05 23 11 0.05 8 7 11 10
0.1 0.1

0.10 36 22 0.10 21 19 24 23

0.30 77 66 0.20 45 43 44 46

0.02 30 17 0.02 9 8 12 10

0.05 57 40 0.05 24 23 25 18
0.55 0.2

0.10 101 72 0.10 48 41 46 51

0.20 178 — 0.20 91 84 — —

4 * yfrld (h im . Acad. Set. H ung. 110,  1982
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Table I (contd.)

[(C.H.),PCH,CH =  CH,][FeCl,] ( b 5 )

C . n
CDCl,

C. n
DMSO-A

P h Cp—m f̂ or alkyl

0.02 1 0.02 0 _ _
0.05 2 0.05 0.5

0.01 0.067
0.10 4 0.10 1 — —

0.20 7 0.20 2 — —

0.02 7 0.02 5 5 2
0.05 13 0.05 8.5 8 6

0 .1 0.10 31 0.055 0.10 12 9 10
0.20 52 0.20 28 20 25

0.02 40 0.02 24* 22
0.05 68 0.05 41 37

0.5 0.10 144 0.333 0.10 74 74
0.20 264 - —

A 0 — c o n c e n tra tio n  o f  a n io n  (m ol • k g -1),
C0 — co n c e n tra tio n  o f  c a tio n  (m ol • k g -1),
Avpj — sh if t  o f th e  i- th  p ro to n  se t arising  in  a  p u re  p aram ag n e tic  e n v iro n ­

m e n t (H z),
Av, — m easu red  sh if t o f  th e  £-th p ro to n  se t (H z).

D u r in g  th e  s tud ies ch em ica l sh ifts h av e  b een  o b ta in e d  for each com plex  
a t  3 c a t io n  co n cen tra tio n s a n d  3 x 4  anion c o n c e n tra tio n s  (accord ing  to  th e  
m ole r a t io  m e thod), th u s  th e  1 : 1 association  c o n s ta n ts  an d  th e  area  o f  th e ir  
v a l id i ty  c a n  be estab lished . D a ta  are collected in  T a b le  I.

U p o n  rea rrag em en t E q . (1) can  be w ritte n  as

~ r ~  ( M Y  +  ( K r 1 +  A -  Co) Av, -  A 0Avpt =  0 (2)
A v p,

C o n sid erin g  th a t  to  each  C0 th e re  belong fou r d if fe re n t AgS, E q. (2) c a n  be 
g iven  as th e  follow ing v e c to r—v ec to r fu n c tion :

— F ( C 0, [ A 01, A 02, A 03, A 0i] , K „ A v pi) (3)M z

Avi3

Av, 4

Acta Chirn. A  cad. Sei. Hung. 110, 1982
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Fig. 1. [К ;; Avp(] v ec to rs  o f  co m p lex  B 4 in DM SO-d6

A  se t o f  [Kj, Avpi] v ec to rs  can  be  assig n ed  to  each [C0, A 01, A 02, A 03, A oi] 
v ec to r  w hich  p rov ides Avicalcd f i t t in g  Avimd r a th e r  well, th e  [ K t, Avpi] set 
can  be rep re se n te d  b y  a line in  th e  p lan e  o f  K ( and  Avpi. T h u s, d raw in g  th e  
lines belong ing  to  th e  d iffe ren t ca tion  c o n c e n tra tio n s , th e  a rea  o f  b e s t f i t  in  
th e  p lan e  o f K t an d  Avpi can  be v isu a lly  d e te rm in e d , and th e  o p tim u m  ca n  be 
easily  o b ta in e d  for each  com pound  b y  th e  g ra d ie n t m ethod . In  th e  case of 
com plex  B4 th e  p rocedure  is d e m o n s tra te d  in  F ig . 1.

C alcu la tions h av e  been  ca rried  o u t u s in g  a H e w le tt—P a c k a rd  d esk -to p  
co m p u te r . T h e  re su lts  — sum m arized  in  T a b le  I I  — show th a t  th e  m odel is 
v a lid  over a w ider ran g e  o f co n c e n tra tio n s  in  DMSO-dc th a n  in  CDC13. The 
so lv a tio n  a b ility  o f th e  tw o  so lven ts p ro v e d  to  be d ifferent also in  th e  case of 
th e  p re se n t sy stem s. I t  can  be supposed  t h a t  in  DMSO-de 1 : 1 io n  p a irs  ex ist 
also a t  h ig h er co n cen tra tio n s , w hile in  CDC13 aggregates are  fo rm ed  w hich 
decrease th e  chem ical sh ifts  due to  th e  in c rea se  of co n tac t in te ra c tio n .

A ssocia tion  co n s ta n ts  are  alw ays g re a te r  in  CDC13 as is e x p e c te d , and 
g en era lly  g re a te r  fo r com plexes B 2—B 5 th a n  fo r th e  respective A 2—A 3 species 
in  ag reem en t w ith  d a ta  on th e  a sso c ia tio n  cond itions o f o th e r  a ro m a tic  
ca tio n s  [4].

Distribution o f  contact and pseudocontact interactions

O n th e  basis o f chem ical sh ifts th e  r a te s  o f  co n tac t and  p se u d o c o n ta c t 
in te ra c tio n s  also can  he es tim a ted , c o n tr ib u tin g  to  th e  p ic tu re  a b o u t th e  role
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o f th e  so lv e n t. C om plexes A4 and  A5 w ere ch o sen  fo r in v estig a tio n , b ecau se  
th e  sh if ts  o f  severa l o f  th e ir  p ro to n  groups w ere re a d ily  eva lua ted .

A  rig id  m odel w as u sed , w hich  p e rm itte d  th e  in te rn a l m o tio n  o f  a lky l 
ch a in s . S u ch  an  o r ie n ta tio n  w as chosen th a t  th re e  b u ty l  chains w ere in  p ro x im ­
i ty  o f  th e  an ion , th e  fo u r th  one (b u ty l o r a lly l) w as on th e  o p p o site  side 
a long  th e  sy m m e try  ax is  o f  th e  ion  p a ir. O ur e a r lie r  resu lts su p p o rte d  th is  
o r ie n ta t io n  [5] especially  since “ tra p p in g ”  w as n o t  lik e ly  for longer ch a in s  [6 ].

T h e  orig in  o f  p o la r co o rd in a tes  was p laced  a t  th e  phosphorus nu c leu s 
an d  th e  p o la r  axis co incided  w ith  th e  sy m m e try  ax is  and  po in ted  to w a rd  th e  
an io n . D u e  to  th e  sy m m e try , i t  w as su ffic ien t to  in v e s tig a te  one b u ty l  ch a in  
o n ly , a n d  th e  p lan e  p ro je c tio n  o f p ro to n  g ro u p s w as considered to  s im p lify  
c a lc u la tio n s . C onsidering  th e  large freedom  o f m o tio n  of a b u ty l c h a in , in

Table II

Association constants according to the 1 : 1 ion p a ir  model

Complex Solvent
Concentrat ion 
range th a t can 
be fitted  (Cr ) (kg/m ol)

л»’р
(Hz)

CDC13 0 .0 1 -0 .1 0 1.25 2000
Ai

D M S O -4 0.10 0.50 0.74 2100

CDCL 0 .0 1 -0 .1 0 1.3 2000
A,

DMSO-r/6 — —

CDCL
A 3

DMSO-rf6 0.10 1.0 1.5 1000

CDCL 0.10 0.50 1.4 640
A4 DMSO-rf6 — —

CDCL o.o i o .io 2.6 750
a 5

DMSO-(/fi 0 .1 0 -  0.30 1.05 1200

CDC1, 0 .1 0 -0 .5 5 1.2 1000
B,

DM SO-de 0.10 0.50 0.9 1500

CDCL 0 .0 1 -0 .1 0 2.9 850
в ,

DM SO-d6 0.0067 0.05 2.1 1000

CDCL
B 4

DM SO-de 0X1 0.20 2.2 700

CDC1 ] 0 .0 1 -0 .1 0 4.5 500
B5

DMSO-de 0 .0 0 7 -0 .3 3 1.5 1000

Acta Chim. Acad. Sei. Hung. 110, 1982



V IN C Z E , P A P P :  C A L C U L A T IO N  O F  A S S O C IA T IO N  C O N S T A N T S 171

Table II I

Residence area o f  the butyl proton sets

Polar
coordinates C, C.-C, c.

Я(рт) 180-300 200 500 350- 600
& (degree) 4 5 -7 0 70 -120 70 110

T ab le  I I I  are  sum m arized  th e  ran g es  accep ted  for real re s id en ce  areas of 
p ro to n  g roups accord ing  to  kn o w n  C — C a n d  C — II  bond d is tan ces . S ince th e  
C2—C3 p ro to n s  d id  n o t o ffer essen tia l a d d itio n a l in fo rm ation , o n ly  th e  cond i­
tio n s  o f sh if t an d  positio n  o f C4 an d  C4 p ro to n  sets were in v e s tig a te d .

O ur m eth o d  can  be su m m arized  as follow s.
T h e  residence a rea  o f C4 p ro to n s  w as fixed  and  th e  a rg u m e n ts  were 

v a rie d  to  d e te rm in e  th e  ranges o f in d e p e n d e n t variab les over w h ich  th e  ca l­
c u la te d  a n d  real positions o f set C4 o v erlap . As is know n, th e  in te r io n ic  d is tan ce  
in  io n  p a irs  generally  ranges b e tw een  700 — 1100 pm  [2, 7 — 13] a n d  in  the  
case o f  a  de localization  th e  sp in  d e n s ity , aw ay  from  th e  c e n tra l a to m  o f th e  
c a tio n , decreases d ram a tica lly  a long  th e  a lk y l chain  [14 —16].

T h u s  five  ionic d is tan ces  (700, 800, 900, 1000, 1100 p m ) a n d  th ree  
d iffe ren t decays o f c o n ta c t sh if t (c o n ta c t sh if t o f th e  C4 se t w as considered  
0, 5, 10%  o f th e  c o n ta c t sh ift o f se t C4) w ere assum ed.

P seu d o c o n ta c t sh ifts  o f  tw o  d iffe re n t p ro to n  sets are [10, 15, 17]:

^  =  F(g\\rgi) [G.F.]j  
v0

(4)

^  =  F ( g и,g l ) [G.F.], 
Vo

(5)

w here  F(g,,, gL) is th e  sam e, since th e  tw o  equa tions refer to  one io n  pair.
T h u s fo r th e  ra tio  o f sh ifts  i t  c an  be w r i t te n  th a t

AvJpc [G .F .] , 3 cos2 0 ,  - 1  R f  

Avjpe [G .F .], 3 cos2 0 ,  1 R j
(6)

Since in  th e  p resen t case chem ical sh ifts  genera lly  have c o n ta c t 
to o , assu m in g  th a t

co m p o n en ts ,

^ Vimd ^^'pc (?)

an d  in tro d u c in g  fac to rs a and  ß.

Av-c _ a
Av, p c

(8)
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Avic =  ßi Avlc ( 9)

E q u a tio n  (6) can  be re a r ra n g e d  to

Avimd A v lmdßi 

Avlmd +  ^ vlmd

3 cos2 0 4 — 1 R l  

3 cos2 0 4 -  1 Щ
( 10)

S ince  chem ical sh ifts a re  k n o w n , th e  te rm  on  th e  le f t  depends on а 4 an d  /S4 
o n ly , an d  th e  eq u a tio n  c a n  b e  sym bolized as

=  F d R ^ e , ] ,  [f?4; 0 4]) (11)

w h ere  [f?,-; 0 ,]  is th e  p o s it io n  v ec to r of th e  i- th  p ro to n  set. C onsidering t h a t  
[1?4; 0 4] is th e  d ep en d en t v a r ia b le , and assum ing  t h a t  R x and  0 4 are fu n c tio n s

F ig . 2. E m pirica l d is tr ib u tio n  fu n c tio n s  (cp) o f th e  ra tio  o f c o n ta c t and p seu d o co n tac t
in te rac tio n s (a)

Acta Chim. Acad. Sei. Hung. 110, 1982



V IN C Z E  P A P P :  C A L C U L A T IO N  O F  A S S O C IA T IO N  C O N S T A N T S 1 7 3

o f ion ic  d is tan ce  A ,  one c a n  w rite  th a t

я ;

0 4 .
=  0 ( G \ ( z 1, ß i ) , [ R l(A);  6>!(Л)]).

R ep lac in g  th e  sym bols o f  in te rn a l fu n c tio n s , one ob tains

0(<x1, ß i , A ) .

( 12)

(13)

E q u a tio n  (13) is n o th in g  else b u t  th e  tra n s fo rm a tio n  o f th e  p lan e  o f  C4 p ro tons 
to  th e  area  o f C4 se t a g a in s t a 4, ß4 an d  A .  T h e  tra n sfo rm a tio n  w as in v e s tig a te d  
fo r all 15 com b in a tio n s o f  ß4 and  A ,  th u s  a 4 in te rv a ls  w ere o b ta in e d , over 
w h ich  th e  tran sfo rm ed  C4 a rea  ov erlap s w ith  th e  real C4 a rea . S ince th e re  is 
no  reaso n  to  p refer an y  co m b in a tio n  o f ß4 an d  A ,  h istogram s w ith o u t  w eig h t­
in g  w ere p lo tte d  accord ing  to  a in te rv a ls . E m p irica l d is tr ib u tio n  fu n c tio n s  of 
x 1 w ere o b ta in ed  fo r d iffe ren t so lven ts a n d  co n cen tra tio n s. R e su lts  a re  show n 
in  F ig . 2. As can  he seen, in  line w ith  ex p e rim en ts , th e  ra t io  o f  th e  c o n ta c t 
a n d  th e  d ipo lar in te ra c tio n s  depends m a in ly  on  th e  solvent a n d  to  a m inor 
e x te n t  on th e  c o n c e n tra tio n , b u t  th e se  re su lts  can  be e lu c id a te d  b e t te r  if 
th e y  are in te rp re te d  in  te rm s  o f a d is tr ib u tio n  fu nc tion  ra th e r  th a n  o f  a single 
n u m b e r only.
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OXIDATION OF ALKALI METAL IODATES 
IN MOLTEN ALKALI METAL NITRATES
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A lkali m e ta l io d a te s  M I 0 3 (M =  L i, N a , K ) w ere ox id ized  in  th e  presence of 
hydrox ides M O H in  m o lten  n itra te s  M N 0 3 w ith  oxygen  or ozone. T he folow ing p ro d u c ts  
were p re c ip ita te d  a t  v a riab le  M OH : M I0 3 ra tio s  a n d  th e n  se p a ra te d  from  th e  m elts 
and  iden tified  a f te r  p u rific a tio n  w ith  liq u id  am m o n ia : Li5I 0 6, N a4IO s, N asIOe. К Л 0 4. 
K 3I 0 5. Two of th ese  su bstances, N a4I 0 5 an d  K 2I 0 4 co n ta in  fo rm ally  h e x av a le n t iodine 
and  were s tu d ied  b y  X -ra y  pow der m eth o d , IR  spec tro sco p y  a n d  m easu rem en ts  o f th e  
m agnetic  su scep tib ility . T h eir th erm o d y n am ic  s ta b il i ty  was also in v es tig a ted . P erio ­
d a te s  Na5I 0 6 a n d  K 3IO s hav e  been  p rep ared  for th e  f irs t tim e  from  a  hom ogeneous 
m ix tu re  by  p re c ip ita tio n  w ith  an  ox id iz ing  ag en t.

In tro d u c tio n

The ex istence  o f p ro d u c ts  hav in g  an  av e rag e  o x id a tio n  n u m b er o f iodine 
4- V I was observed  b y  D r á t o v s k y  a t  th e  th e rm a l decom position  o f some 
ty p e s  o f  p e rio d a tes  (especially  M2H 3IO e an d  M j'LOg • x H 20 )  an d  has been 
rep o rted  in  th e  l i te ra tu re  [1 — 6 ]. C om position  o f  such  p ro d u c ts  corresponds 
m o stly  to  th e  fo rm u la  M2I 0 4 and  Mn I 0 4. Som e o f th e se  p ro d u c ts  w ere p a ra ­
m agnetic , th e  p a ra m a g n e tism  w as, how ever, caused  b y  ad so rb ed  m olecular 
oxygen  (i.e. М2Ю 4- я 0 2 an d  M n I 0 4-* 0 2) [7]. T he p ro d u c ts  e ith e r  d id  n o t 
ex h ib it any  X -ra y  d iffrac tio n  lines a t  all, o r th e ir  d iffrac tio n  lines co rrespond­
ed to  those  o f io d a te s  o f  th e  sam e m eta l, so th a t  th e ir  chem ical in d iv id u a lity  
cou ld  no t be p ro v ed  b y  X -ra y  d iffrac tio n  m eth o d . T he m a te ria ls  m en tioned  
w ere decom posed b y  w a te r  in to  a m ix tu re  o f  io d a te s  an d  p e rio d a te s  and  th e re ­
fore could n o t be p rep a red  in  a c ry sta llin e  form  from  an  aqueous m edium .

Also th e  th e rm o g ra v im e tric  s tu d y  o f th e  th e rm a l decom position  of th e  
co rrespond ing  p e rio d a te s  d id  n o t give an y  p ro o f on  th e  th e rm o d y n am ic  s ta b il­
i ty  o f  p ro d u c ts  w ith  h e x a v a le n t iodine. T he reco rd  w ith  a p la te a u  co rre ­
spond ing  to  th e se  p ro d u c ts  w as o b ta in ed  o n ly  a t  in creasin g  te m p e ra tu re , th e  
p ro d u c ts , how ever w ere n o t stab le  a t  c o n s ta n t te m p e ra tu re , a t  w hich th e y  
arose [7].

F o r th is  rea so n  ex p erim en ts  were perfo rm ed  w ith  th e  e ffo rt to  gain th e  
p ro d u c ts  co n ta in in g  I V1 from  a hom ogeneous m ed ium  o f m o lten  sa lts  by

* To w hom  correspondence  shou ld  be addressed
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o x id a t io n  o f iodates, and  to  re v e a l th e ir  th e rm o d y n am ic  s ta b ili ty , an d  p rep a re  
th e m  in  a  crysta lline  fo rm . O u r a t te n tio n  w as d irec ted  especially  to  th e  sa lts  
o f  a lk a li  m etals because o f  th e  re la tiv e ly  low  m eltin g  p o in ts  o f th e  alkali 
m e ta l n i tra te s .

B esid e  p roducts o f I VI a lso  an h y d ro u s p e rio d a te s  can  be fo rm ed  b y  
o x id a tio n  o f  iodates in  th e  m e d iu m  o f m olten  n itra te s . Follow ing an h y d ro u s  
p e r io d a te s  o f Li, N a and  К  a re  k n o w n : L i l0 4, L i5I 0 6, N a I 0 4, N a 5I 0 6, K I 0 4, 
K 4I 20 9 an d  K 3I 0 5 [8 ].

E xperim en ta l

C hem ica ls and  analytical methods

A ll chem icals were o f A. R . g ra d e . P e rio d a tes  n o t av a ilab le  w ere p re p a re d  acco rd ing  
to  th e  l i te r a tu r e  [8 — 11].

T h e  iod ine co n ten t o f th e  c o m p o u n d s  w as de te rm in ed  b y  a rg en to m e tric  t i t r a t io n  a f te r  
re d u c in g  th e m  to  iodide. P o te n tio m e tr ie  in d ic a tio n  w as used . T h e  o x id a tio n  n u m b er o f iodine 
w as d e te rm in e d  iodom etrically .

A lk a li m eta ls were d e te rm in e d  g ra v im etrica lly  as ch lorides o r su lfa tes . Sod ium  an d  
p o ta s s iu m  w ere determ ined  also b y  th e  A A S m eth o d  (V arian  T ech tro n ).

N i t r a te s  were reduced  to  a m m o n ia  a n d  th en  d e te rm in ed  b y  th e  d is tilla tio n  m eth o d . 
T rac es  o f  n i tr a te s  were also id en tif ie d  b y  I R  spectroscopy.

P h ys ica l measurem ents

X - r a y  pow der d iagram s w ere ta k e n  o n  a  M ikrom eta  eq u ip m e n t w ith  a  C h irana  ch am b er 
( 0  57 .3  m m ). C uK a rad ia tio n  (A =  154.18 p m ) was passed  th ro u g h  a  n ickel foil filte r.

In f ra - re d  spectra  were ru n  o n  a  d o u b le  b eam  IR  sp e c tro p h o to m e te r U R  20 (C arl Zeiss, 
J e n a )  w ith in  40 — 400 m m -1 in a  n u jo l suspension . M agnetic su sce p tib ility  w as m easu red  by  
th e  F a r a d a y  m eth o d  on a m ag n e tic  b a la n c e  co n stru c ted  acco rd ing  to  th e  T e r r y  p rin c ip le  [12].

R e su lts  an d  D iscussion

T h e  o x id a tio n  of a lkali m e ta l  io d a te s  w as ca rried  o u t in  m o lten  n itra te s  
o f  th e  co rrespond ing  alkali m e ta ls . I t  h as  been fo u n d  th a t  th e  n itra te s  are  
su ff ic ie n tly  stab le  a t th e  te m p e ra tu re  o f p re p a ra tio n  an d  do n o t decom pose 
to  n i t r i t e s .  T he following re s u lts  h a v e  been  o b ta in ed  b y  th e  s tu d y  o f th e  
so lu b ili ty  o f  iodates and  p e r io d a te s  in  m olten  n itra te s :

1. Io d a te s  L i I 0 3, N a IO s a n d  K I 0 3 are su ffic ien tly  soluble in  m o lten  
n i t r a te s .  B y  th e  ad d itio n  o f th e  co rrespond ing  h y d ro x id e  th e  so lu b ility  of 
N a I 0 3 a n d  K I 0 3 decreases, a n d  t h a t  o f L i I 0 3 increases u n til  a lim it va lu e  
(T ab le  I ) .

2. P e rio d a te s  M I0 4 are  d eco m p o sed  in  m o lten  n itra te s  in to  io d a tes  an d  
o x y g en . P e r io d a te  K 4I20 9 is also  decom posed  u n d er o x ygen  evo lu tion .

3. P e rio d a te s  Li5I 0 6, N asIO e a n d  K 3I 0 5 are inso lub le  an d  do n o t decom ­
pose in  th e  corresponding m o lte n  n itra te s .

4 . F ro m  th e  m ix tu res o f  io d a te s  and  p e rio d a tes  (L i5I 0 6 -f- L i I 0 3; 
N a5IO 0 -)- N a I 0 3; K 3I 0 5 — K I 0 3) th e  io d a tes  are d isso lved  w hile th e  p e rio ­
d a te s  re m a in  insoluble in  th e  m e lt.
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Table I
Solub ility  o f  iodates M I0 3, in  m olten nitrates, M N 03, 

in  per cent, in  dependence o f  the m olar ratio  MOH : M I0 3 
(M =  Li, N a, K )

Ratio M OH : M IO,

Substance 0 1 : 10 1 : 5 1 : 2 1 : 1

L iI 0 3 5.5 11.9 13.5 14.0 14.0

N a I 0 3 40.5 27.7 24.7 22.7 21.7

к ю 3 22.3 14.0 13.0 12.4 12.0

T he o x id a tio n s  o f  io d a tes , M I0 3, in  m o lte n  n itra te s , M N 0 3, w ere  ca rried  
o u t in  th e  presence o f  h y d rox ides M OH u n d e r  th e  following co n d itio n s :

Li Na К

T em p era tu re  ra n g e  (K.) 545 — 550 5 9 0 -6 0 3 623—643

R an g e  o f m o la r ra tio s  M O H  : M I0 3 0 .3 — 7.0

©t-* 0 .2 —7.0

B o th  ox id iz ing  ag en ts , oxygen  a n d  ozone, w ere used w ith  th e  sam e 
re su lt. D uring  th e  course  o f o x id a tio n  p re c ip ita te s  appeared  a t  th e  fo llow ing 
m olar ra tio s  M O H  : M I 0 3 = 1 . 0  an d  h ig h e r  fo r M =  Li, and  a t  a ll ra tio s  
used  for M =  N a, K . D ependences o f  th e  a v e rag e  ox ida tio n  n u m b e r o f  iodine 
in  th e  p re c ip ita tio n s  o n  th e  M OH : M I0 3 r a t io  a re  illu s tra ted  in  F ig . 1.

All th e  p re c ip ita te s  w ere se p a ra te d  fro m  th e  m elts b y  s e d im e n ta tio n  
d u rin g  h ea tin g . D esp ite  th is  sep a ra tio n , p re c ip ita te s  were co n s id e ra lb y  con­
ta m in a te d  w ith  n i tra te s . To rem ove n i t r a te s ,  som e of th e  p re c ip ita te s  w ere

Table П

A nalyses o f  substances obtained by the oxidation o f  iodates,
M I0 3

% oA<- % I % M

Substance found calc. found calc. found calc.

Li5IO e 21.60 21.71 49.10 49.22 13.48 13.57

N a4I 0 5 16.01 16.05 42.61 42.47 29.92 30.77

N a5IO„ 16.56 16.57 37.45 37.57 34.15 34.02

K J 0 4 17.40 17.84 46.05 47.21 28.77 29.00

K 3I 0 6 17.25 17.28 39.19 39.20 36.16 36.11

+ Од — th e  active  oxygen determ ined iodo m etrica lly  an d  corresponding to  th e  o x idation  
nu m b er of iodine (Ivl1: Од =  1 : 3.5, Ivl : Од =  1 : 3.0, Iv : Од =  1 : 2.5)
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A

A

A
F ig . 1. D ep en d en ce  of th e  o x id a tio n  n u m b er of iod ine (B ) o n  th e  M O H : M I0 3 m o la r r a t io  (A).

a) M  =  L i, b ) M =  N a , c) M  =  К

w a sh e d  w ith  liqu id  am m onia  (d ried  over sod ium ) e ith e r  a t la b o ra to ry  te m p e r ­
a tu re  a n d  h igh  pressure (0.85 M Pa) in  sealed  am p u les , or a t  no rm al p re ssu re  
an d  low  te m p e ra tu re  (b .p . o f  am m onia). Som e sam ples co n ta in in g  L isI 0 6 
w ere w a sh e d  w ith  w a te r. T he w ashed  su b stan ces w ere  th e n  analysed  (T ab le  I I ) .

T h e  follow ing conclusions can  be m ade fro m  th e  d a ta  o b ta in ed :
1. L i5I 0 6 p erio d a te  is fo rm ed  b y  th e  o x id a tio n  of th e  iodate  L i I 0 3 a t  

L iO H  : L i I 0 3 ra tio s  > 1.
2 . T h e  o x id a tio n  o f N a I 0 3 gives N a4I 0 5 c o n ta in in g  form ally  h e x a v a le n t 

io d in e  a t  N aO H  : N a I 0 3 ra t io s  betw een  1.5 a n d  2.5, while th e  p e r io d a te , 
N a3I 0 6, is  fo rm ed  a t  N aO H  : N a I 0 3 ra tio s  >-3.
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3. B y th e  o x id a tio n  o f  K I 0 3, K 2I 0 4 is form ed c o n ta in in g  fo rm a lly  h ex a ­
v a le n t iodine a t  K O H  : K I 0 3 ra tio s  b e tw een  1.5 and  4.5, w hile  perioda te  
K 3I 0 5 is form ed a t  K O H  : K I 0 3 ra tio s  > 6 .

T he m en tioned  p e rio d a te s  w ere id en tified  ro en tg en o g rap h ica lly . The 
X -ra y  d iffrac tion  p a tte rn s  o f th e  p ro d u c t N a4IO s and  K 2I 0 4 w ere ch a rac te rized  
befo re  w ashing w ith  am m o n ia  (i.e. c o n ta m in a te d  w ith  a b o u t 5 0 %  o f  n itra te )  
b y  d is tin c t d iffrac tio n  lines, w hich  d id  n o t belong  to  n i tra te , io d a te  an d  perio­
d a te . A fte r w ashing  o ff n itra te s  w ith  am m onia  th e  d iffrac tio n  lines becam e 
d iffuse in  case o f N a4I 0 5 an d  changed  in  case o f K 2I 0 4. T he la t te r  p roduc t 
ex h ib ited  — a fte r  w ash ing  — th e  d iffrac tio n  lines o f K I 0 3. A s im ila r phenom ­
enon  w as observed  sev era l y ears  ago [1, 3] w ith  M2I 0 4 aris in g  b y  th e  th e rm al 
decom position  o f  p e rio d a te s  M2H 3I 0 6 (M =  Li or N a). X -ra y  d iffrac tio n  lines 
are  p resen ted  in  T ab les I I I  and  IV .

All th e  p ro d u c ts  s tu d ie d  — p erio d a tes  as well as p ro d u c ts  w ith  hexa­
v a le n t iodine — w ere d iam ag n e tic . Such b eh av io u r does n o t  co rresp o n d  to  the  
a ssu m p tio n  of one u n p a ire d  e lec tro n  o f  h e x a v a le n t iod ine, as is (p ro b a b ly  in ­
co rrec tly ) claim ed b y  Sa n y a l  an d  N ag [13]. I t  is how ever d ifficu lt to  explain  
su ch  a c o n trad ic tio n , because  an  assu m p tio n  o f po lym eric  an ions con ta in ing  
p e n ta v a le n t and  h e p ta v a le n t iod ine a tom s fails too . In  such  p o lym eric  anions 
su ch  a h igh oxygen  to  iod ine ra tio  c an n o t be assum ed as is re q u ire d  b y  the 
fo rm u la  I 0 4~ and  IO*- .

A n a tte m p t has b een  m ade to  solve th e  s tru c tu re  o f  th e  p ro d u c ts  w ith  
fo rm ally  h ex av a len t iod ine  b y  m eans o f  th e ir  IR  sp ec tra . T h is m e th o d  has 
b een  used  also as a to o l fo r th e  id e n tif ic a tio n  o f traces  o f N 0 ^  in  th e  p roduc ts 
s tu d ie d . T able V p re se n ts  re su lts  o f th e se  m easu rem en ts . O b se rv ed  bands 
co rrespond ing  to  О — I —О or I —0  — I  an d  to  I —О v ib ra tio n s  c a n n o t be 
assigned  to  te tra h e d ric  s tru c tu re  o f  supposed  an ion  I 0 4_ . F req u en c ie s  o f  the

Table Ш

X -ra y  diffraction lines o f  K 2I 0 4 before washing w ith  
liquid am m onia

I d (pm) I d (pm) I d (pm)

7 444 7 218 2 152.3
3 404 4 204.9 1 149.7

10 375 5 193.3 1 140.6
4 316 2 183.4 3 135.9
7 300 1 178.4 1 132.6
4 274 2 168.6 2 125.1
9 264 1 163.4 2 119.4
2 233 1 158.0

A d a  Chim. Arad. Sei. Hung. 110, 1982
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Table IV

X -r a y  diffraction lines o f  N a4IO s 

a) before — b )  a f te r  washing w ith  liq u id  am m onia

a) b)

I i  (pm) I d (pm) I d (pm)

6 495 6 140.9 6 498
8 427 5 135.6 10 435

10 305 1 130.1 3 338
8 272 1 122.6 3 318

5 253 3 117.6 9 294

10 243 1 108.2 7 274
5 212 3 105.2 4 248
7 189.2 2 95.9 5 235
2 179.4 1 90.8 1 213
9 166.1 5 79.3 2 189.2

2 183.4
3 178.7

8 166.7

1 148.0

Table V

A ssignm ents o f  absorption bands in  the I R  spectra 
o f  K 2I 0 4 contaminated with 2 .0%  K N 0 3

Frequency (inm Vibration type

42.0 (s) <5(I02), resp. ( I  —О —I)

61.5 (m) t'(I-O)
66.5 (w) * 1 - 0 )
72.0 (w) (nujol) +  <5(NO^)

76.5 (vs) * 1 - 0 )
81.0 (w) ■t (N O ')

138.0 (m) (nujol) +  r(N O -)

147.0 (in) (nujol)

a b s o rp tio n  bands of K 2I 0 4 co rre sp o n d  to  th e  b ro a d  a b so rp tio n  b an d  (42.5 —
80.0 m m '1), observed e a rlie r  [14] a t  N a2I 0 4 p re p a re d  b y  th e  th e rm a l decom ­
p o s itio n  o f  N a2H 3I 0 6. In  th e  c a se  o f our p ro d u c t K 2I 0 4 th e  b ro ad  ab so rp tio n  
b a n d  is sp litted  in to  4 s h a rp e r  bands.

A cta  Chim. Acad. Sei. Hung. 110, 1982
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S tud ies on  isom ers o f d ichloro-JV -sulfinylanilines were m ade b y  th e  u se  o f X -ray  
pow der d iffrac to m e try . In te rp la n a r  spacings, M iller indices an d  re la tiv e  in ten sitie s  
w ere calcu la ted  fo r 2,3-, 2,4-, 2,5- a n d  2,6-dichloro-JV -sulfinylanilines. A ll o f th em  
w ere hexagonal. T h e  la tt ic e  p a ram ete rs  a a n d  c w ere calcula ted .

R ecen tly , th e  s tru c tu re  o f som e a ro m a tic  JV -sulfinylam ines h as  been 
s tu d ied  [1, 2, 3], how ever, th e  c ry s ta l s tru c tu re  ty p e  was n o t d e te rm in ed . 
T he a ro m atic  JV -sulfinylam ines A r—N = S  =  0 ,  are  liquids or low -m elting  
c ry s ta llin e  su b stan ces [4], w hich are v e ry  su scep tib le  to  m o istu re , in  th e  p res­
ence o f w hich th e y  are  su b jec ted  to  h y d ro ly sis  to  form  th e  am ines an d  S 0 2. 
T he s tu d y  o f th e  c ry s ta l s tru c tu re  o f  isom eric  dichloro-JV -sulfinylanilines 
seem ed to  be useful as an  ad d itio n  to  co n fig u ra tio n a l in v es tig a tio n s  o f  these  
com pounds.

Experimental

E quipm en t and parameters

M anganese f ilte r  designed  to  e lim inate  th e  ra d ia tio n ; anode v o ltag e  o f  th e  X -ra y  
tu b e  F a oo 35 kV; p la te  c u rre n t J a =  6 m A ; e lec tro n ic  co m puter m ea su re m e n t ran g e  400 
im p/sec ; gon iom eter rad iu s  180 m m ; speed of th e  c o u n te r  trav e l 2°/m in; re co rd e r ta p e  feed 
ra te  0.5 m m /s; tem p e ra tu re  20° ±  1 °C; silica glass cells.

Sam ple preparation

2,3-, 2,4-, 2,5- an d  2,6-dichloro-iV -sulfinylanilines w ere in v estiga ted . T h e  co m pounds 
w ere sy n th esized  accord ing  to  M i c h a e l i s  [5]. T h e ir  p u r i ty  level was checked b y  gas c h ro m a­
to g ra p h y  before an d  a f te r  th e  m easu rem en t [6]. T h e  c ry sta lline  substances w ere  pow dered  
to o b ta in  a g ra in  size o f 100 300 fin i and w ere in tro d u c e d  in to  the  silica g lass cell, w hich
was fix ed  in a gon iom etric  a tta c h m e n t. The th e rm a l s ta b il i ty  was also ex am in ed .

M easurem ents

T he s tu d y  was m ade  by  the  D e b y e-S ch e rre r  m eth o d  using a “ D R O N -2 .0 ”  X -ray  
d iffrac to m e te r eq u ip m en t w ith  a sc in tilla tio n  c o u n te r . Since th e  peaks o c cu rre d  a t  sm all 
angles 2 (M),  M n-filtered  Fe K a rad ia tio n  was used . T h e  focussing was done b y  th e  Bragg 
B ren tan o  m eth o d . T he slit used  was 2, 4, 0.25. T h e  Soller slit divergence was 2.5°. T he m ean

* To w hom  correspondence should  be addressed
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Table I

R ela tive  intensity  o f  d iffrac tion  lines and interplanar o f2 ,3 -d ich loro-N -su lfinylan iline

Line
num ber

R elative
in tensity

max
(%)

In terp lanar
spacings

dm
(pm)

Miller indices

h к l

l 50 908.5 2 0 1

2 50 886.9 1 1 2

3 52 731.4 1 1 3

4 58 707.4 1 2 0

5 80 496.9 0 0 6

6 20 467.8 4 0 0

7 22 454.7 1 1 6

8 17 410.4 3 2 2

9 15 397.8 1 1 7

10 15 390.0 2 0 7

11 16 379.7 4 1 3
12 76 364.7 2 1 7

13 13 357.9 3 3 1
14 100 352.9 3 0 7
15 41 340.8 3 1 7
16 53 324.4 3 3 4
17 21 318.2 5 1 3
18 12 313.4 2 0 9

19 29 302.5 3 2 7

20 33 294.5 4 1 7

21 51 288.7 4 2 6

22 26 282.5 3 2 8

23 45 280.2 6 1 2

24 24 260.3 4 4 3

25 7 2' 3.9 4 4 4

26 6 2 9.9 5 1 8

27 6 1 17.9 7 1 10

28 15 243.0 2 2 11

29 12 239.3 6 0 8

30 14 227.0 6 0 9

31 10 223.6 5 1 10

32 18 208.3 7 0 9

33 7 205.1 8 0 7

34 6 202.4 7 3 4

35 8 193.7 7 4 1

36 8 187.3 5 5 8

A cta  Chim . Acad. Sei. Hung. 110, 1982
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Table II

intensity  o f  diffraction  lines and interplanar 
icings o f  2A -dichloro-N -sulfinylaniline

Relative
intensity

In tcrp lannr
spacings

Miller indices

■f/^max
(%)

dhkl
(pm) h к l

4 1003.3 2 1 o
6 744.0 3 1 0
5 690.8 3 1 1
4 581.4 4 1 0

6 542.7 1 1 3

40 504.9 2 1 3

32 468.5 2 2 3

16 454.7 5 0 2

13 441.9 3 3 2

100 422.6 3 2 3

60 393.2 5 0 3

7 380.4 2 2 4

42 373.7 4 4 1

25 346.1 7 1 1

10 339.2 6 2 2

15 336.8 5 0 4

29 332.9 6 3 1

2 2 314.9 — — -

6 305.9 8 1 1

8 292.7 8 1 2

7 283.7 7 2 3

22 272.6 3 1 6

34 270.4 6 4 3

5 255.1 6 2 5

16 251.1 6 5 3

23 244.5 5 4 5

4 234.8 4 0 7
4 232.7 4 4 6

13 186.9 8 4 6

3 178.7 5 5 8

3 173.2 2 1 1 0

2 152.2 6 4 1 0

2 149 ,4 8 7 8
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w av e  le n g th  was assum ed  to  b e  A =  193.728 pm . T h e  m e a su re m e n t was carried  o u t  w ith  a 
G U R -5  ty p e  gon iom eter a n d  a  G P -4  a tta ch m en t. T he c a lcu la tio n s  were done using  a M E R A - 
217 ty p e  co m p u te r.

R esu lts  and D iscussion

B ased  on th e  re su lts  o b ta in ed  from  X -ra y  pow der d iffra c to m e try  th e  
a n g u la r  positio n  o f each  d iffrac tio n  line w as m easu red . In te rp la n a r  spacings, 
dhhi, w h ic h  fu lfill B r a g g ’s co n d itions were c a lc u la te d  [8 ]. The in ten s itie s  w ere 
ta k e n  e q u a l to  th e  h e ig h t o f  th e  d iffrac tion  lin es  (F igs 1, 2). I t  w as fo u n d  
t h a t  a ll fo u r com pounds, i.e. 2,3-, 2,4-, 2,5- a n d  2 ,6-dichloro-!V -sulfm ylaniline, 
c ry s ta ll iz e d  in  th e  h ex ag o n a l system . The re s u lt  o f  index ing  w hich w as done 
b y  th e  an a ly tic a l m e th o d  is a p roof for th e  in h e re n c e  of hexagonal sy s te m .

Table I I I

R ela tive  in tensity  o f  d iffraction lines and interplanar spacings o f  2 ,5-dichloro-N -sulfinylaniline

Line
number

Relative
intensity

max
<%)

Interplanar
spacings

d h k l
(pm)

Miller indices

h к l

l 27 663.8 l 0 2

2 1 519.3 l 1 1

3 100 470.9 0 2 0

4 1 417.6 0 2 2

5 1 371.8 0 2 3

6 13 359.7 0 0 5

7 37 331.3 2 1 2

8 19 325.7 0 2 4

9 1 313.4 0 3 0

10 29 297.5 0 3 2

11 18 259.7 3 1 1

A cta  C him . Acad. Sei. Hung. 110,1982
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Table IV

Relative in te n s ity  o f  diffraction lines and interplanar 
spacings o f  2 ,6-dichloro-N -sulfinylaniline

Line
n u m b er

R e la t iv e
in te n s i ty

m ax
(%)

In te rp la n a r
spacings

dhkl
(pm)

M iller ind ices

h к /

l 23 716.4 2 0 0

2 21 681.6 0 0 2

3 33 615.8 1 0 2

4 19 495.6 2 0 2

5 14 402.9 1 1 3

6 18 393.5 3 0 2

7 100 360.4 4 0 0

8 33 343.6 3 1 2

9 80 333.9 1 0 4

10 14 329.9 3 0 3

11 14 309.8 2 0 4

12 63 279.8 5 0 1

13 7 266.8 4 2 1

14 6 249.2 4 0 4

15 12 243.3 2 1 5

16 20 241.1 5 1 2

17 8 226.2 3 1 5

18 8 218.6 6 1 0

19 6 206.9 4 4 0

20 8 180.8 6 3 0

21 8 177.3 5 4 2

Table V

Lattice parameters o f  2 ,3 -, 2 ,4-, 2,5- and 2 ,6-dichloro-N -sulfinylanilines

D ich lo ro -iV -su lfin y lan ilin e
L a ttic e  p a ra m e te r s

a (pm ) c (pm )

2,3-dichloro-IV -sulfinyIaniline 2157.7 2992.1

2,4-dicldoro-iV -sulfinylaniline 3069.4 1756.4

2,5-dichloro-lV-9ulfinyIaniline 1091.8 1787.6

2,6-dichloro-lV -sulfinylaniline 1656.3 1369.0

A  s ic  Chim. Acad. Sei. H ung. 110 ,  1982
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T he sa id  index ing  w as done for each  d iffra c tio n  line w hich is c h a ra c te r is tic  
fo r th is  la ttic e  ty p e  [9]. T h e  resu lts  o b ta in e d  are show n in  T ab le s  I ,  I I  I I I  
an d  IV . U sing th e  f ir s t  ap p ro x im a tio n  m e th o d  [7, 8], p a ra m e te rs  a  an d  c 
o f  th e  u n it cell o f th e  h ex ag o n a l la ttic e  of th e  d ich lo ro-iV -su lfiny lan ilines s tu d ied  
h a v e  been  ca lcu la ted  (T ab le  V).

T he au th o rs  w ish to  th a n k  doc. d r. W . L e n k o w , H ead of th e  S o lid -S ta te  Physics 
D e p a rtm e n t, Pedagogical U n iv e rs ity  a t  C zestochow a, fo r his help in  m ak in g  i t  p o ss ib le  to  do 
th e  m easu rem en ts an d  fo r  h is v a lu ab le  com m ents.
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A v o lta m e tr ic  m e th o d  (ch ro n o am p ero m e try  w ith  linearly  chang ing  p o ten tia l 
a t  carbon  p a s te  e lectro d e) has been  w orked o u t  fo r th e  d e te rm in a tio n  o f th e  c o n ce n tra ­
tio n  of b isu lp h ite  io n  in  d issociation  eq u ilib ria  w ith  g lyco la ldehyde a n d  DL-glyceral- 
dehyde b isu lp h ite s . T h e  m eth o d  is based  on th e  d is tin c t o x id a tio n  v o lta m etric  w ave 
of th e  H S O j io n  a t  p H  4 5 bu ffered  aqueous m ed ia . T he o x id a tio n  re su lts  in  an  irre ­
versible c h ro n o am p ero m e tric  w ave, th e  o x id a tio n  p ro d u c t is su lp h a te .

The sy s tem a tic  e rro r  observed  a t th e  t i t r im e tr ic  d e te rm in a tio n  o f  d iffer­
e n t m onom er as well as d im er h y d ro x y a ld eh y d es  s tab le  in  th e ir  cyclic h a lf­
ace ta l form s, is m a in ly  d u e  to  th e  s ta b ility  o f  th e ir  b isu lp h ite s , w hen  hydro- 
g ensu lph ite  is ad d ed  fo r th e ir  vo lum etric  d e te rm in a tio n  [1, 2 ].

A ccording to  K e r p  th e  a ldehyde b isu lp h ite s  decom pose acco rd ing  to  th e  
follow ing eq u a tio n  [3]:

R - C H 0 H S 0 7  ;± R - C H O  +  H S 0 3~

K now ing th e  eq u ilib riu m  c o n cen tra tio n  v a lu es , th e  d issocia tion  c o n s ta n t 
c an  be w ritte n :

[A ]e [B ]e
K rí = ( 1 )

[A B ]e
where
[AB]e is the concentration of aldehyde bisulphite
[A] e is th e  c o n c e n tra tio n  o f dissociated  a ld e h y d e  and
[B ] e iS th e  c o n c e n tra tio n  o f  dissociated  h y d ro g e n  b isu lp h ite  in  equ ilib rium .

In  th e  know ledge o f  th e  to ta l  c o n c e n tra tio n  o f th e  a ldehyde  b isu lp h ite  
in  th e  so lu tion  in v e s tig a te d  [A B ]T, K d c a n  be ca lcu la ted  accord ing  to  th e  
follow ing eq u a tio n :

[B]e
K d =

[A B ]T — [B ]e
( 2 )

* To w hom  corresp o n d en ce  should  be addressed
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C o n seq u en tly  e ith e r th e  [A ]e o r [B ]e c o n c e n tra tio n  should  be  d e te rm in ed  
in  t h e  so lu tio n s  of d ifferen t k n o w n  [A B ]T co n cen tra tio n s  in  o rd e r to  ca lcu la te  
th e  K d v a lu e  o f a given a ld e h y d e  b isu lp h ite  b y  using  e q u a tio n  2 .

T h e  s ta b ility  o f a ld e h y d e  b isu lp h ite s  is s tro n g ly  in fluenced  b y  th e  p H  
o f  th e  so lu tio n  [2, 4]. In  s tro n g ly  acid ic or basic  so lu tions th e ir  decom p o sitio n  
is f a s t .  A ccord ing  to  our in v e s tig a tio n s  th e  decom position  o f th e  g ly co la ldehyde

F ig . 1 . T h e  percen tage  d is tr ib u tio n  o f  d iffe ren t eq u ilib riu m  species o f S 0 2— H 20  sy s te m  as 
a fu n c tio n  o f  p H . (1): S 0 2, (2): HSOj", (3): SO§_

Fig. 2. T h e  o x id a tio n  c h ro n o am p ero m e tric  cu rv e  of free  b isu lp h ite  fo rm ed b y  th e  d isso c ia tio n  
o f g ly c o la ld e h y d e  b isulphite . G ly co la ld eh y d e  b isu lp h ite  co n ce n tra tio n : 1 X 10 -4 M /d m 3. B ase 

e lectro ly te : 0.2 M  so d iu m  a c e ta te  — ace tic  acid  b u ffe r , p H  =  4.6
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F ig . 3. A p lo tted  c a lib ra tio n  cu rv e  ta k e n  b y  reco rd ing  th e  ch ro n o a m p e ro m e tr ic  oxidation  
cu rv es o f know n c o n ce n tra tio n s  o f  H S O j. B ase e lec tro ly te : 0.2 M  so d iu m  a c e ta te  — acetic

acid  buffer, p H  =  4.6

an d  D L-glyceraldehyde b isu lp h ite s  is v e ry  slow in aqueous so lu tio n s of pH  
4 —5. U nder such co n d itio n s  th e  only  s tab le  species of th e  p H  d e p e n d e n t forms 
o f  HSO-f ion, as i t  c an  be  seen in  Fig. 1, is th e  H S 0 3 ion  an d  its  p H  depen­
d e n t  equ ilib ria  can  be n eg lec ted .

F o r th e  a c cu ra te  m easu rem en t o f H SO .f arising  from  th e  dissociation 
o f  a ldehyde b isu lp h ite , th e  vario u s ti tr im e tr ic  m ethods a re  less applicable 
because  o f th e  d an g er o f sh iftin g  o f th e  equ ilib rium  d u rin g  th e  t i t r a t io n  process 
[3, 5]. This was th e  rea so n  th a t  a v o lta m e tric  m ethod  has b e e n  w orked  out 
fo r th e  d e te rm in a tio n  o f  th e  c o n c e n tra tio n  o f HSO^~. The basis o f  th e  d e te rm in a­
t io n  is th a t  th e  b isu lp h ite  b o nded  in  th e  a ldehyde  b isu lp h ite  c a n  be oxidized 
o n ly  a t  higher po sitiv e  p o te n tia l  th a n  th e  free h y d ro g en su lp h ite  species.

T he la t te r  ones in  p H  4 — 5 aqueous so lu tions give a w ell-developed 
v o lta m e tric  w ave a t  th e  c a rb o n  p a s te  e lec trode , w hich  is w ell-separated  
from  th e  ox ida tio n  c u r re n t o f  a ldehyde  b isu lp h ite . T he s tu d y  o f  th e  volta- 
in e tric  behav iou r o f  H S O ^  a t  p H  4 — 5 show s an  irrev e rs ib le  tw o-electron  
o x id a tio n  process a t  C .P .E . re su ltin g  su lp h a te  ion  as a n  o x id a tio n  p roduct.
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I n  th e  experim ents a c a rb o n  paste  electrode p re p a re d  w ith  silicone oil 
has b e e n  used  [6].

T h e  ox idation  c u rre n t-v o lta g e  curve  can be reco rd ed  e ith e r  using a ro ta te d  
c a rb o n  p a s te  disc e lectrode o r  ch ro n o am p ero m etry  w ith  lin ea rly  chang ing  
p o te n t ia l .

I t  is  in teresting  to  n o te  t h a t  a f te r  each reco rd in g  th e  electrode su rface 
m u s t  b e  rem oved otherw ise a  r a th e r  serious film ing  e ffec t is observed in  th e  
p H  r a n g e  used.

D u r in g  the  ex p erim en ta l w o rk  i t  was p roved  t h a t  th e  d issociation  ra te  
o f  b o th  aldehyde b isu lp h ites  in v e s tig a te d  is v e ry  low  co m p ared  to  th e  ra te  
o f  p o la r iz a t io n  used and a c c o rd in g ly  th e  real e q u ilib riu m  co n cen tra tio n s can 
be  d e te rm in e d . The c u rre n t is  d iffu sio n  contro lled  a n d  is n o t affected  b y  th e  
d is s o c ia tio n  kinetics. This w a s  p ro v e d  by  checking th e  c u rre n t peak  d epen ­
d e n c e  o n  th e  square ro o t o f  t h e  p o la riza tio n  ra te  a n d  th is  fu nc tion  rem ain ed  
l in e a r  a t  as low as 0.4 V /m in  p o la riz a tio n  ra te .

A  ty p ic a l linear c h ro n o am p ero m etric  curve reco rd ed  in  a so lu tion  c o n ta in ­
in g  d isso c ia te d  free b isu lp h ite  is  show n in Fig. 2.

T h e  equilibrium  free  b is u lp h ite  co n cen tra tio n s w ere de te rm ined  by 
p lo t t in g  a calib ration  c u rv e , a n d  its  points in  b u ffe re d  N a H S 0 3 so lu tions; 
see F ig .  3.

T h e  applied p o la riz a tio n  r a te  for each reco rd ed  cu rv es was 0.8 V /m in. 
T h e  m e a su re d  K d resp. p K  v a lu e s  a t  25 i  0.5 °C a re  su m m arized  in  T ables I 
an d  I I .

T h e  system atic  e rro r o f  t h e  vo lum etric  d e te rm in a tio n  based  on b isu lp h ite  
a d d i t io n  o f  th e  relatively  s ta b le  so lid s  of dim er h y d ro x y a ld e h y d e s  is de te rm in ed  
n o t  so le ly  b y  the  stab ility  o f  t h e i r  b isu lph ite  d e riv a te s  b u t  t h a t  of th e ir  cyclic

Table I

Glycolaldehyde bisulphite

[AB]x A'd pK(M/dm3) t = 25 °C

5.0 x  10 ~5 1.24x10-° 4.90
1.0 x  10 _4 1.48 X 10-5 4.82
5.0X10-4 7.39x10-° 5.13
l .O x lO - 3 5.25x10-° 5.28
2.0 x 10- 3 1.56x10-° 4.80
5.Ox 10~3 1.42 x 10—5 4.84
l . O x l O '2 1.54 x 10-5 4 81

-Kdmean— 1.15x10 5 pKmean — 4.94 
K s  =  3.71 X104 S td ev . 0.18
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Table II

DL-Glyceraldehyde bisulphite

[A B ]T
(M /d m s)

K(1
1 =  25 °C P K

5.0 x  10~* 1.82x10-* 4.73
l . o x i o - 4 2.87x10-* 4.54
2.5 XlO-1 2.16x10-* 4.66
5.0x10 4 4.57x10-* 4.34
l . o x i o - 3 6.20x10-* 4.21
2.0 x 10"3 5.07x10-* 4.29
5 .0X10-3 5.62x10-* 4.25

Itdmt;,!! = 4.04 X 10 5 pKmean - 4..39
K s =  2 .47x l04 stdev. 0.21

h alf acetals, too [7]. The dimer glycolaldehyde in  aqueous solution form s a less 
stable cyclic half acetal than  DL-glyceraldehyde. As a consequence o f  that 
for exam ple in the case o f  glycolaldehyde 99%  meanwhile in  th e  case of 
DL-glyceraldehyde only 96%  titration  degree can be achieved.

The elaborated vo lta m etric m ethod can be applied in a m ore thorough  
stu d y  o f aldehyde—bisulphite equilibrium in aqueous solutions.

E xperim en ta l

Chemicals

G lycolaldehyde a n d  D L -glyceraldehyde b isu lp h ite s  w ere p rep ared  in  so lid  fo rm  and 
p u rified .

T h e ir  com position  w as checked  by v o lu m etric  m eth o d s  [7, 8]. T he b ase  e le c tro ly te  was 
p re p are d  in th e  u su a l w ay fro m  p .a . chem icals.

T he pH  values w ere checked  by  using  M etrohm  com bined  glass e lectrode , ty p e  E A -I2 0 X . 
T he v o ltam etric  p u r i ty  o f base e lec tro ly te  w as checked b y  reco rd in g  i  — V  curve 

a t  C .P .E . a t  th e  sen sitiv ity  used  for th e  m easu rem en ts  o f b isu lph ites.
All m easu rem en ts w ere carried  o u t a t  25 d : 0.1 °C in  th e rm o sta te d  cells.

M easuring  devices

R ad io m ete r PO -4g ty p e  p o laro g rap h  was u se d  fo r recording th e  ch ro n o am p ero m e tric  
i — V  curves a t  0.8 V /m in  p o lariza tio n  ra te  a n d  M etrohm  E-446 ty p e  iR  c o m p e n sa to r. A t 
h ig h er po larization  ra te s  a C h em trix  SSP-2 P o la ro g rap h ie  A nalyser S y stem  h a s  b een  used. 

C arbon p aste  w ork ing  e lectrode was used  as described  p rev iously  [6].
Reference e lectrode: S .C .E .
A uxiliary  e lectrode: P t-fo il electrode of 1 cm 2 surface .
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( 1 “R uder Boskovic”  Institu te , 41001 Zagreb, Yugoslavia , 2 Eötvös Loránd U n iversity , D epart­
ment o f  P hysical Chem istry and Radiology, B udapest)
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The ferric—fructo se  com plex has been  p rep ared  using FeC l3 a n d  F e ( N 0 3)3 solu­
tions. M olecular w e igh t d e te rm in a tio n  a n d  M össbauer spectroscop ic  m easu rem en ts  
p roved  th a t  th e  fe rric -fru c to se  com plex  is po lym eric  in solid s ta te  a n d  also  in  aqueous 
so lu tion . T he sy n th esis o f  a new  iro n -so rb o se  com plex has been  p e rfo rm ed . I t s  Möss­
b a u e r spec tra  in d ica te  a  s tru c tu re  sim ilar to  t h a t  o f th e  iro n -fru c to se  co m plex .

I t  is know n th a t  reduc ing  sugars an d  polyols form  so lub le  com plexes 
w ith  ferric  iron  in  a lka line  m ed ia  [1]. T hese com plexes m ay  h av e  a n  im p o rta n t 
ro le in  th e  tra n sp o r t  o f  iro n  across cell m em b ran e  and  th is  fa c t en ab les  wide 
in v es tig a tio n  possib ilities. The basis is L a u r e l l ’s [2] p o s tu la tio n  w h ich  im plies 
th a t  iro n  leaving tra n s fe r r in  (/^-g lobulin , tra n sfe rr in  is th e  m a jo r c a rr ie r  for 
serum  iro n  u n d er th e  physio log ical cond itions [3]) goes in to  v a rio u s  tissues as 
iro n  or as a sm all so luble com plex  [4]. T he experim en ts h av e  b een  perfo rm ed  
w ith  c itra te , so rb ita l [5], and  severa l c a rb o h y d ra tes  and  am ino  acids [6]. 
F e rr ic —fructose  has been  iso la ted  an d  w ell-characterized  [1] a p p ly in g  d ifferen t 
ch em ica l and  jihysicochem ical tech n iq u es , such  as organic m icroana lysis , 
e lec tro p h o re tic  m o b ility , d ifferences in  sp ec tra l p roperties [1], E S R , NM R 
an d  su scep tib ility  tech n iq u es  [7]. I t  has been  suggested th a t  i ro n —fructose 
com plex  p re c ip ita ted  w ith  e th an o l from  aqueous so lu tio n  has a  m olecular 
w eigh t o f  594, and  th a t  i t  co n ta in ed  tw o  m olecules o f fru c to se  a n d  tw o  atom s 
o f iron  linked  b y  oxigén bridges [7].

In  th e  p resen t w ork  th e  fe rr ic -fru c to se  com plex has b een  p re p a re d  using 
FeC l3 an d  F e (N 0 3)3 so lu tions as su b s tra te s . Chem ical c h a ra c te r iz a tio n  and 
M össbauer spectroscop ic  in te rp re ta tio n  o f th e  s tru c tu re  proposed  a re  p resen ted . 
I n  a d d itio n  th e  ferric—sorbose com plex  w as p repared  as well, a n d  on  th e  basis 
o f  chem ical c h a ra c te r iz a tio n  an d  M össbauer m easu rem en ts i ts  s tru c tu re  was 
d iscussed .

E xperim en ta l
M ateria ls

T he carb o h y d ra te s  u sed  w ere o f A n a laR  q u a lity . T he iron  n i tra te  a n d  iro n  chloride 
w ere o f P ro  A nalysi g rade. T h e  o th e r  chem icals u sed  w ere of an a ly tica l g rad e  to o .

* To w hom  correspondence  shou ld  be addressed
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M e th o d s  o f  preparation

a ) R eaction  of fru c to se  w ith  fe rric  iron.
T h e  following e x p e rim e n ta l co nd itions were used:
1. 0.2 M  FeCl3 (10 m L ) w a s  m ix ed  w ith  2.0 M  f ru c to se  (10 m L ). T he p H  of th e  so lu tion  

w a s  2.3 a n d  by  th e  ad d itio n  o f  N a O H  i t  was a d ju s te d  to  9 .3. D eep b row n  so lu tion  o f th e  
c o m p le x  was ob tained. F e rric —fru c to se  com plex w as p re c ip ita te d  b y  th e  ad d itio n  of e th a n o l 
a n d  iso la te d  by  cen trifu g a tio n . D e ep  b row n  p rec ip ita te  w as red isso lved  in  a sm all vo lum e of 
w a te r ,  th e  p H  was again  a d ju s te d  to  9.3 and  the so lu tion  m a d e  80%  in  e th an o l, th e  p re c ip ita te  
w as  iso la te d  by  cen trifu g a tio n , w a sh e d  w ith  e thanol, a ce to n e  a n d  e th e r, an d  dried  o ver P 20 5.

Table I

E xperim ental conditions fo r  the preparation o f  the complexes

Complex pH
M olar ratio  
sugar/iron

Reaction
tim e

Ferric—fructose  (F eC l3) 9.3 1 0  : 1 24 h

F erric-fruc tose  [ F e ( N 0 3)3] 9.3 1 0  : 1 24 h

Ferric-sorbose (F eC l3) 10.5 1 0  : 1 24 h

2. 0.2 M  F e (N 0 3)3 (10 m L ) w as m ixed w ith  2.0 M  f ru c to se  (10 m L ). B y th e  a d d itio n  
o f N a O H  th e  pH  of th e  so lu tio n  w as ad ju s ted  to  9.3. D eep  b ro w n  solu tion  was o b ta in ed . 
C o m p le x  ferric -fructose  w as iso la te d  an d  recrysta llized  as desc rib ed  above. Y ellow ish-brow n 
p r e c ip i ta te  o f fe rric -fru cto se  w as o b ta in e d .

b )  R eaction  of sorbose w ith  fe rr ic  iron.
0 .2  M  FeCl3 (10 m L ) w as m ix e d  w ith  2.0 M  sorbose (10 m L ). T he reac tion  m ix tu re  was 

k e p t  a t  ro o m  tem p era tu re  fo r 24 h . B y  th e  addition  of N a O H  th e  p H  of th e  so lu tion  was a d ju s t ­
ed  to  10 .5 . Brown com plex wras p re c ip ita te d . The iso lation  a n d  rec ry sta lliza tio n  of th e  fe rr ic -  
so rb o se  o b ta in ed  was p e rfo rm ed  a s  described  above (a. 1).

T h e  experim ental c o n d itio n s  u se d  are sum m arized  in  T ab le  I.

M eth o d s o f  analysis

a ) I ro n .
I ro n  was analysed b y  tw o  m e th o d s :
— th e  complex w as d e co m p o se d  b y  m ixed acids a n d  th e  re su lte d  iro n (III)  was d e te r ­

m ined  by  atom ic a b s o rp tio n  sp ec tro p h o to m etry
— th e  complex w as b u rn e d  in  oxygen stream  a n d  iro n  w as de term ined  in  F e20 3 

ob ta ined .
b )  Carbon and h y d ro g en  w ere  de term ined  by  th e  s ta n d a rd  m icro an a ly tica l p ro ced u re .
c) Sodium  was d e te rm in e d  fro m  th e  acid so lu tion  (o b ta in e d  b y  th e  acidic decom posi­

t io n  o f  th e  com plex) using flam e  sp e c tro p h o to m etry .
d ) N itrogen  was d e te rm in e d  b y  th e  s tan d ard  D u m as m ic ro an a ly tic a l p rocedure .
e) T h in -lay er c h ro m a to g ra p h y  w as perform ed on silica  gel p la tes  (5 X 10 cm ) w ith  

n -B u O H  : acetone : HC1 : a c e ty ía c e to n e  : H 20  (60 : 40 : 1 : 0.5 : 20) fo r ab o u t 80 m in . S u l­
p h u r ic  a c id  (10% ) and K 4[Fe(C N )6] (2 % )  sprays were used  fo r th e  id en tific a tio n  of c a rb o h y ­
d ra te s  a n d  iron , respectively .

f )  C onductiv ity  m e a su re m e n ts  w ere perform ed u sin g  a CD-7A c o n d u c tiv ity  b ridge  
(T ac u sse l E lectron ique, F ran ce) w i th  a  cell co n stan t o f 1.304 c m -1 .

g) M olecular w eight d e te rm in a tio n  was perform ed b y  co m p a rin g  e lu tion  volum es of th e  
F e - s u g a r  com plexes against e lu tio n  vo lu m es of the  su g ar s ta n d a r d  m olecules of know n  m olec­
u la r  w e ig h ts . M olecular sieve o f S e p h a d e x  ty p e  was u sed  in  th e  ex p erim en ts .

h )  M össbauer sp ec tra  w ere  reco rd ed  in  a b so rp tio n  g e o m e try  using  a “ R A N G E R  
E L E C T R O N IC S ” M össbauer s p e c tro m e te r  in co n ju c tio n  w ith  a  m u ltich an n el an a ly se r. 
57C o -P d  source  of 3.7 X 108 B q  a c t iv i ty  was used b u t  th e  re fe ren ce  m ate ria l for th e  isom er 
sh if t w a s  а -iron. The M össbauer s p e c tr a  o f th e  solid com plexes a n d  th o se  of th e  frozen so lu ­
tio n s  w e re  recorded a t  room  a n d  liq u id  n itrogen  te m p e ra tu re , resp ec tiv e ly . T he c o m p u te r 
e v a lu a t io n  o f th e  spectra w as p e rfo rm e d  b y  th e  least sq u a re  f i t t in g  o f th e  lin ea r co m b in a tio n  
o f L o re n tz ia n  curves.

4cla Chim . Acad. Sei. Hung. 110, 1982
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R esults and  D iscussion

C hem ical part

E vidence  for th e  ex istence of F e - s u g a r  com plexes has been b a se d  o n  th e  
m easu rem en ts: its  so lu b ility , d irect iso la tio n  o f  th e  w ate r soluble co m p lex , 
co n d u c to m etric  m easu rem en ts , chem ical e le m e n ta l m icroanalysis, th in - la y e r

Tabic II

Elem ental analysis o f  the fe r r ic  sugar complexes

Sample Complex
% (■»/•»)

c H Fe Na N

A F erric -fru c to se  (FeC l3) 27.28 4.96 21.17 3.91 —

В F erric -fru c to se  [Fe(NO;,)3] 27.18 4.90 21.04 3.51 0.84

C F erric -so rb o se  (FeC l3) 27.91 4.65 20.84 4.68 —

ch ro m ato g rap h ic  an a ly sis , m olecular w e ig h t d e te rm in a tio n s  an d  M össbauer 
s tu d ies  (se p a ra te ly  discussed).

T h in -lay e r ch ro m a to g rap h y  show ed th e  ex istence of th e  co m p o u n d s  
co n ta in in g  iro n  an d  su g a r. R j  values o f th e  co m pounds differed fro m  th o se  of 
th e  orig inal sugars o r iro n  salts.

T he e lem en ta l analysis  d a ta  are p re se n te d  in  T able I I .
T he c o n d u c tiv ity  m easurem ents in d ic a te  th e  presence of 1 : 1 e lec tro ly te s . 
M olecular w eig h t d e te rm in a tio n  w as p e rfo rm ed  b y  th e  use o f  m o lecu la r 

.sieves o f S ep h ad ex  ty p e , suggesting p o ly m er s tru c tu re  o f F e -s u g a r  com plexes.
F e -s u g a r  com plexes were e lu ted  on  S ep h ad ex  G-15 w ith  v o id  vo lum e, 

w h a t in d ica tes  m o lecu la r w eight g re a te r  th a n  1500.
W ith  S ep h ad ex  G-150 and  G-200 e lu tio n  volum es corresponds to  m olec­

u la r w eights < 1 0  000. T he elu tion  vo lum es o f  com pounds of k n o w n  m o lecu la r 
w eigh ts w ere used  to  de te rm ine  th e  m o lecu la r w eight of Fe—su g ar com plexes 
and  a v a lu e  o f  a b o u t 5000 was o b ta in ed .

M össbauer p art

T he M össbauer spec tru m  o f iron—so rb o se  com plex is show n in  F ig . 1. 
T he p a ra m e te rs  o f  th e  solid sugar com plexes o b ta in e d  b y  th e  c o m p u te r  e v a lu a ­
tio n  o f th e  M össbauer sp ec tra  are su m m a riz e d  in  T able I I I .  T h e y  in d ic a te  
t h a t  iro n ( I I I )  is in  th e  h igh-sp in  s ta te  [8 ]. M oreover, these  p a ra m e te rs  su p p o rt 
a d im eric or p o lym eric  s tru c tu re  [9 , 10 , 11, 12] proposed in  th e  l i te ra tu re
[1, 7].

6 * Acta Chim. Acad. Sei. H ung. 110, 1982
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F ig . 1. M össbauer sp e c tru m  o f  th e  solid fe rr ic -so rb o se  com plex  a t room  te m p e ra tu re

T o  g e t a conclusive p roo f, we have  re c o rd e d  th e  M össbauer s p e c tra  o f  
th e  d i lu te  aqueous so lu tions (0.02 — 0.05 M )  o f  th e  iro n -su g a r com plexes. I t  is 
k n o w n  t h a t  in  h igh -sp in  iro n ( I I I )  sa lt so lu tio n s th e  M össbauer s tu d y  o f  th e  
p a ra m a g n e tic  sp in  re la x a tio n  can  give in fo rm a tio n  ab o u t th e  s tru c tu re  o f  th e  
d isso lv ed  com pound  [13, 14, 15]. B riefly , th e  a p p e a ra n ce  of m agnetic h y p e rf in e  
s t r u c tu r e  (M HS) on th e  M össbauer sp ec tru m  dep en d s only on th e  d is ta n c e  
betw m en F e ( I I I )  sp ins. W hen  F e (I I I )  ions a re  fa r  a p a r t a M HS sp e c tru m  
w ill b e  o b serv ed , w hile on th e  o ther h an d , w h e n  th e  F e (III)  ions a re  close 
to g e th e r ,  su ch  as in  d im eric  iro n  com plexes, th e  M H S is dim inished an d  a sin g le  
line o r  a  d o u b le t ap p ears . T h u s  th e  M össbauer sp ec tro sco p y  can  give u n am b ig - 
ous in fo rm a tio n  concern ing  th e  mono- o r b in u c le a r  (or po lynuclear) s t ru c tu re  
o f  th e  iro n —sugar com plex  in  th e  so lu tion .

T h e  M össbauer sp e c tra  o f  th e  frozen  iro n —su g a r  com plex so lu tions m e a s ­
u re d  b y  u s  d id  n o t show  an y  M H S a t liqu id  n itro g e n  te m p e ra tu re  and  th is  e x p e r i­
m e n ta l  r e s u lt  in  accordance  w ith  th e  m o lecu la r w eig h t d e te rm in a tio n  p ro v es

T ab le  I I I

M össbauer parameters o f  the solid iron—sugar complexes at room temperature

Sample Complex *<Ь-е(Ш>
m m s-1

^Fe(IlI)
m m s-1

r  Fe(III) 
m m s - 1

*FwIJ)
m m s-1

^EFe(II)
m m s-1 **Л%Ге(И>

A Iro n —fructose 0.363 0.770 0.465 1.177 2.387 7.0

В Iro n —fructose 0.367 0.804 0.500 1.161 2.352 4.0

C I ro n —sorbose 0.362 0.789 0.490 1.131 2.294 3.4

* V alues are referred  to m eta llic  iron 
** A  is th e  area  of th e  line as percentage of th e  w hole a rea  
T h e  u n c e rta in ty  of the  given resu lts  is ^=0.005 m m s -1

A cta  Chim . A cad . Sei. Hung. 110,  1982
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Table IV

M össbauer param eters o f  the frozen  iron-sugar com plex  
solutions at liquid  nitrogen temperature

Sumple Complex ^Fe(III) 
mms - 1

^ £ Pe(III) 
m ins- 1

r Fe(HI) 
m ins-1

A Iro n -fru c to se 0.435 0.689 0.472

В Iro n -fru c to se 0.472 0.788 0.436

C Iro n —sorbose 0.507 0.788 0.450

t h a t  in  dissolved s ta te  th e  iro n —su g ar com plexes are  in  p o ly m eric  fo rm  and 
hence  th e y  are po lym eric  in  solid s ta te , to o . T he M össbauer p a ra m e te rs  o f  the  
frozen  solutions are  ta b u la te d  in  T ab le  IV . T he changes in  th e  M ö ssb au er p a ra m ­
e te rs  c a n  be a t tr ib u te d  to  th e  h y d ra tio n  o f th e  iro n (III)-su g a r  com plexes.

In  th is  w ork th e  sy n th esis  o f a new  iro n —sorbose com plex  h a s  b een  p e r­
fo rm ed . The com plex  h as  b een  ch a ra c te riz e d  b y  classical ch em ica l m ethods 
an d  M össbauer sp ec tro scopy . T h e  M össbauer re su lts  in d ica te  a s t ru c tu re  sim ilar 
to  th a t  o f th e  iron—fru c to se  com plex . T he sm all q u a n tity  o f  iro n (I I )  p resen t 
is ow ing to  th e  red u c in g  ac tio n  o f th e  sugars in v estig a ted .

In  th e  p ap er of A a s a  et al. [7] a suggestion  is given t h a t  th e  com plex  is 
fo rm ed  by  th e  rep lacem en t o f  tw o m olecules o f w a te r for one m olecule of 
fru c to se  on each side o f th e  iro n  d im er; th e  la t te r  being p roposed  b y  H e d s t r ö m

[16]. T he com pounds o f  h igh  m olecu lar w eight are p ro b a b ly  agg rega tes of 
severa l d im ers.
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I t  was e stab lish ed  t h a t  th e  cyclic v o lta m m o g ra m  of steel К О  36, c leaned  by 
po lish ing  an d  k e p t fo r 30 m in u te s  u n d e r open c irc u it co n d itio n s in a so lu tions c o n ta in ­
ing  0.1 m ol/dm 3 N a2S 0 4 a n d  0.5 m ol/dm 3 H 3B 0 3, can  b e  well rep ro d u ced  be tw een  
E s c e  =  —800 a n d  + 1 4 0 0  mV a fte r  th e  f irs t a n o d ic  sw eep. T he cu rve  revea ls be tw een  
th e  regions o f h y d ro g en  a n d  oxygen  ev lo tu ion  th re e  anod ic  an d  tw o ca th o d ic  m ax im a.

The f irs t  anod ic  p e ak  in d ica tes  surely  th e  io n iza tio n  of h y drogen  ab so rb ed  in  
th e  m eta l, b u t  th e  d isso lu tio n  of th e  basic m e ta l c a n n o t be com ple te ly  ex cluded . T he 
second peak  will be d iscussed  in th e  s tu d y  of p re tre a tm e n ts .  T he th ird  peak  rep re sen ts  
th e  fo rm atio n  of th e  passive  film , th e  re d u c tio n  o f w hich  is jo in tly  in d ica ted  b y  th e  
tw o  ca th o d ic  peaks, a n d  p re su m ab ly  red u ctio n  co n tin u e s  also du rin g  h y d ro g en  ev o lu tio n

T he nam e sta in less stee l ind ica tes  th a t  in  p ra c tic a l ap p lica tio n  a lay er 
o r a film  is form ed on th e  surface, w hich co n sid e rab ly  d im inishes, v ir tu a lly  
p re v e n ts  th e ir  fu r th e r  co rrosion . T hough  passive  film s o f th is  ty p e  can be form ed 
on  severa l m eta ls , th u s  on  iro n , our know ledge o f  th ese  layers is ra th e r  lim ited  
from  b o th  th e o re tic a l an d  p ra c tic a l aspects.

H orváth  and  R a u sc h er  [1] have  re c e n tly  p u b lished  a review  on  th e  
p a ss iv ity  form ed on iro n , c o n ta in in g  also a d e ta ile d  ev a lu a tio n  o f th e  re le v a n t 
l i te ra tu re . I t  can  be e stab lish ed  also from  th is  p a p e r  t h a t  in  c e r ta in  in stan ces 
even  th e  m ost e lem en ta ry  cases are un d er d iscussion  betw een  vario u s research  
schools. T he s itu a tio n  is s till m ore co m plica ted  in  th e  case o f sta in less steels 
co n ta in in g  chrom ium  an d  m o stly  also n ickel. I n  sp ite  o f th e  fa c t th a t  d e ta iled  
d a ta  h av e  been know n m ore th a n  20 years (e.g. R ef. [2]) on th e  chem ical co m ­
positio n  o f th e  passive lay e r, an d  even ce rta in  s tru c tu ra l  in v estig a tio n s y ie lded  
in fo rm a tio n , severa l th e o re tic a l and  p ra c tic a l p rob lem s still h av e  to  be e lu ­
c id a ted .

M ost of th e  in v es tig a tio n s  w ere aim ed a t  single ch a ra c te ris tic  c u rre n t 
an d  p o te n tia l d a ta , such  as corrosion  c u rre n t, p assive  c u rre n t, corrosion  p o te n ­
t ia l ,  p a ss iv a tio n  p o te n tia l, a c tiv a tio n  p o te n tia l, F lad e  p o ten tia l etc. E x p e ri­
m en ts  w ere carried  o u t to  d e te c t re la tio n sh ip s  b e tw een  th e  above v alues and  
th e  single chem ical or possib ly  physical processes. H ow ever, in  a d d itio n  to  
th ese  p rob lem s, an d  som etim es even in d e p e n d e n tly  o f th ese , th e  p ra c tic a l 
u ser needs in fo rm atio n s w h e th e r th is  p ro te c tiv e  lay e r is developed u n d er 
th e  g iven  cond itions, an d  if  so, a t  w hat ra te , u n d e r w hich cond itions can  th e
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l a y e r  fo rm ed  be m a in ta in e d , and  w h a t p ro p ertie s  and  d u ra b ility  does th e  layer 
p o ssess .

T h e  object o f th e  p re se n t series is to  in v es tig a te  how  fa r th e se  questions 
c a n  b e  answ ered by  e lec tro ch em ica l m easu rem en ts . I t  is so u g h t n ecessa ry  to  
in v e s t ig a te  in  ce rta in  co n c re te  cases th e  co n d itions o f lay e r fo rm a tio n  and 
th e  p ro p e rtie s  of th e  la y e rs , b u t  we also consider i t  as our ta s k  to  develop 
s im p le  m ethods, w hich help  th e  u ser to  o b ta in  w ith  re la tiv e  ease d a ta  m ost 
im p o r ta n t  for him.

E xperim en ta l

A u s te n itic  steel rods, ty p e  К О  36, o f 20 m m  in  d iam ete r and  20 cm 2 su rface  w ere  used 
fo r  th e  investig a tio n s.

C om position  of steel: Cr =  17 .4 % , N i = 10 .4% , C =  0 .08% , S =  0 .0 3 0 % , P  =  0 .035% ,
Si =  0 .3 3 % , Mn =  1 .4% , Ti =  0 .8 % .

M o st o f th e  steels u sed  as m a te ria ls  of co n stru c tio n  are  f irs t  m ech an ically  w ork ed  by 
tu r n in g ,  g rind ing , polishing, eic., so t h a t  i t  seem ed su itab le  to  ca rry  o u t also th e  in v es tig a tio n s  
on  su rfa c e s  purified  m ech an ically  a n d  n o t  chem ically . A ccordingly , th e  steel w as polished 
b la n k  w ith  w a te r re s is tan t a b ra s iv e  p a p e r  No. 400 before each  m easu ring  series, th e n  w ashed 
f i r s t  w i th  a strong  w ater je t ,  th e n  w ith  d is tilled  w a te r. D ifferences be tw een  surfaces o b ta in ed  
w ith  v a r io u s  cleaning and  p re tr e a tm e n t  processes will be d iscussed  in a la te r  co m m u n ica tio n .

A  so lu tio n  con ta in ing  0.1 m o l/d m 3 N a2S 0 4 a n d  0.5 m o l/d m 3 H 3B 0 3 o f p H  4.3 w as used 
as e le c tro ly te .  In v estiga tions w ere c a rr ied  o u t  a t  25 °C, th e  au x ilia ry  e lectrode  w as a  p la tin u m  
p la te ,  th e  reference electrode a s a tu ra te d  calom el e lectrode , so th a t  e lectrode  p o te n tia ls  are 
re fe r re d  to  th is  electrode in  th e  p a p e r . T h e  reference e lectrode w as co m m u n ica tin g  th ro u g h  a 
L u g g in -c a p illa ry  w ith  th e  p a r t  o f th e  cell, deoxygenized  w ith  n itro g en , co n ta in in g  th e  te s t 
sam p le .

A  p o te n tio s ta t  A F K E L  M odel 412/1 w as used  for th e  m easu rem en ts , w h ich  is able to  
c o m p e n sa te  resistance p o la riza tio n  (in  o u r case 0.1 to  0.2 Q). C u rren t d e n s ity  v a lu e s  above 
1 f i A / c m 2 w ere well rep ro d u c ib le  b o th  in  p o te n tio s ta tic  an d  p o ten tio d y n a in ic  m easu rem en ts .

R e su lts  given in  th is  p a p e r  w ere  o b ta in e d  in  th e  follow ing w ay: a f te r  th e  p re p a ra tio n  
d e sc rib e d  above  th e  steel ro d  w as p lac ed  in to  th e  e lec tro ly te  and  was allow ed to  s ta n d  in 
o p e n  c irc u it  for 30 m inu tes. T he e lec tro d e  p o te n tia l  w as th en  sh ifted  a t  a v e lo c ity  o f 1.7 mV/s 
in  th e  n e g a tiv e  direction , a n d  a f te r  reach in g  th e  low er lim it o f E k =  - 800 m V, a t  th e  sam e 
v e lo c ity  in  th e  positive d irec tio n , u p  to  a  v a lu e  of E a =  4-1400 mV, from  w here  w e s ta r te d  
a g a in  in th e  negative  d irec tion . T h e  e x te n t  o f p o la riza tio n  w as con tin u o u sly  ch an g ed  in  a lte r ­
n a t in g  d irec tio n s  betw een th e  tw o  e x tre m e  v a lues. E x p e rim en ts  show ed t h a t  v o lta m m o g ra m s 
d e te rm in e d  a f te r  th e  f irs t p o te n tio d y n a m ic  cu rv e  coincide w ith in  th e  lim its o f m easu rin g  errors 
a n d  c a n  b e  w ell reproduced. In  th e  fo llow ing on ly  th ese  cu rves will be show n, w hile th e  analysis 
o f  th e  f i r s t  cu rves will be d iscussed  in  a  la te r  p u b lica tio n . M easurem en ts a t  v a rio u s  p o la riza tio n  
ra te s  w e re  c a rried  ou t by  s ta r tin g  a f te r  a p o la riza tio n  r a te  o f 1.7 mV/s in each  case fro m  E a =  
-j-1400  m V , an d  going over fro m  th is  ra te  to  o th e r  sw eep ra tes .

I n  p o ten tio s ta tic  m ea su re m e n ts , in  th e  p re d o m in a n t p a r t  of th e  cases c u rre n t  is ra p id ly  
s ta b il iz e d  w ith in  an accu racy  of 0.1 //A  a t  th e  single p o ten tia ls . I f  th is  d id  n o t  h a p p e n  w ith in  
h a lf  a n  h o u r , cu rren t va lues re a d -o ff  in  th e  3 0 th  m in u te  are  given.

R esults

F ig u re  1 shows th e  p o te n tio s ta t ic , an d  a t  a ra te  of 1.7 mV/s th e  p o te n tio ­
d y n a m ic  po la riza tion  curves o f  stee l К О  36. T he p o te n tia l o f th e  reversib le  
h y d ro g e n  electrode, im m ersed  in  th e  sam e so lu tion , was also d e te rm in ed  in  
th e  e le c tro ly te  in v es tig a ted , b y  b u b b lin g  gaseous hydro g en  to  th e  p la tin ized
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Fig. 1. P o te n tio s ta tic  (m ark ed  w ith  c irc le ts) a n d  p o ten tio d y n am ic  (1.7 m V/s) c u rv e s  o f steel 
К О  36 in  0.1 m o l/d m 3 N a2SO j, 0.5 m ol/dm :i H 3B 0 3 so lu tio n  of pH  =  4.3, in  N 2 a tm o sp h ere

p la tin u m  elec trode  and  m easuring  th e  p o te n tia l  difference a g a in s t a s a tu ra te d  
calom el e lec trode . In  Fig. 1 th is  va lue  is m a rk e d  w ith  the arrow  E r =  0.

In  acco rdance  w'ith th e  chem ical re s is ta n c e , i.e. the  good p o la r iz a b ility  
o f s ta in less s tee l, no c u rren t appears o n  th e  po ten tio sta tic  c u rv e  in  a wide 
p o te n tia l range. A t E sce —500 m V  a n d  E sce >• -1-1000 m V , resp ., an 
a b ru p t increase  of c u rren t can  he o b se rv ed . T his is doubtless a t t r ib u ta b le  to  
hyd ro g en  and  oxygen  evolu tion , since a lre a d y  before reaching a c u r re n t  d ensity  
o f 10 4 А/cm 2 gas evo lu tion  can  be o b se rv ed . N a tu ra lly , th is  does n o t  exclude 
th e  p roceed ing  o f o th e r  reactions, e.g. th e  p o ss ib ility  of tran sp ass iv e  d isso lu tion , 
lint th is  has to  be proved  by  o th e r  m e th o d s . T he p o ten tio s ta tic  c u rv e  alone 
does no t p e rm it fu r th e r  in te rp re ta tio n .

I t  shou ld  be m entioned  th a t  th e  an o d ic  b ran ch  of the  cu rv e  c a n  be well 
rep ro d u ced  in d ep en d en tly  of th e  fac t w h e th e r  sw itching to  a g iv e n  va lu e  was 
ap p roached  from  a m ore positive or a m o re  neg a tiv e  po ten tia l a n d  generally  
c u rren t w as stab ilized  in  30 m inu tes. As c o n tra ry  to  th is th e  v a lu e  o f the  
c u rre n t on  th e  ca thod ic  side co n sid e rab ly  depends in c e r ta in  cases on  the  
m easure  in  w hich th e  surface has been  p rev io u sly  reduced. In  th e  ex p erim en t 
p resen ted  th e  single po in ts were d e te rm in e d  in  th e  d irec tion  o f  decreasing  
n eg a tiv e  p o ten tia ls .

T he p o ten tio d y n am ic  curve m ay  fu rn ish  fu rth e r  in fo rm atio n  a t  th e  po la r­
iza tion  ra te  show n in Fig. 1. In  th e  tw o  ex trem e  p o ten tia l ra n g e s  th e  course 
o f  th e  tw o  cu rv es is sim ilar b u t in th e  m id d le  section, w here p o te n tio s ta tic a lly
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no c u r re n t  was o b served , i.e. no stead y  s ta te  p ro cess  takes place, th e  p o te n - 
t io d y n a m ic  cu rv e  is d iv id ed  in to  anodic an d  c a th o d ic  branches, th e  ano d ic  
re v e a lin g  th re e , th e  c a th o d ic  tw o m axim a. T h e  f i r s t  anodic peak ap p ea rs  a f te r  
a s te e p  ra ise  as a f la t  s lig h tly  inclining p la te a u  w ith  a m ax im um  n e a r
— 300 m V. A long th e  descend ing  b ranch  a s lig h t sh o u ld e r can  be o b se rv ed  a t
— 20 m V , w hich is a lre a d y  te rm in a te d  a t  a b o u t 0 mV, w here th e  d escen d in g  
b ra n c h  o f  th e  f irs t m a x im u m  continues. N ex t a lo n g  ex ten d ed  m inim um  a p p e a rs  
on th e  p o la riza tio n  cu rv es. T h e  th ird  anodic m a x im u m  is to  be found  b e tw e e n  
800 a n d  900 mV, a n d  th e  cu rv e  reached  th e n  a f te r  a  s ligh t decrease th e  o x y g en  
e v o lu tio n  b ra n c h  o f  th e  p o te n tio s ta tic  cu rve .

I n  p o te n tia l sh if t in  th e  cathodic d ire c tio n , in  th e  beginning , w hile  
ano d ic  c u rre n t is f low ing , w e m ove in  th e  v ic in ity  o f  th e  p o ten tio s ta tic  cu rv e . 
A t E sce =  1000 m V  c u r re n t p rac tica lly  d ro p s to  zero  and  th e  ca th o d ic  c u r ­
re n t  a p p e a rs  only  a t  a v a lu e  m ore negative t h a n  -(-500 mV. The f irs t c a th o d ic  
p e a k  ap p e a rs  now  w ith  a m ax im um  of -(-300 m V . A fte r a b rie f c u rre n t-fre e  
sec tio n  a steep  raise  can  be ag a in  observed. A fte r th e  second cathodic m a x im u m  
n e a r  — 100 mV a m ild  ex te n d e d  descending b ra n c h  follows. I t  reach es th e  
p o te n tio s ta t ic  cu rv e  a t  a b o u t —500 mV, w h e re  th e  steep  ascent c e r ta in ly  
in d ic a te s  th e  n e u tra liz a tio n  o f  hydrogen ions.

F o r  a b e tte r  in te rp re ta t io n  of th e  single m a x im a  the  change o f  th e  
sh ap e  o f  th e  p o te n tio d y n a m ic  curve a t d iffe re n t p o te n tia l sweep ra te s  has 
been  in v e s tig a te d  (F ig . 2). A  changing o f th e  sw eep  ra te  w ith in  tw o  o rd e rs  
of m a g n itu d e  d id  v ir tu a lly  n o t  change th e  c h a ra c te r  o f  th e  po lariza tion  cu rv es .

F ig . 2. P o te n tio d y n a m ic  cu rv es o f steel КО 36 d e te rm in e d  a t  d ifferent sweep ra te s
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A t low er ra tes  th e re  is a c e r ta in  s im ila rity  to  th e  p o te n tio s ta tic  cu rves, th u s 
e.g. a t  0.17 mV/s th e  c a th o d ic  b ran ch  co m p le te ly  d isap p ears , to  re a p p e a r  only 
a t  th e  value o f h y d ro g en  evo lu tion . H ow ever, i t  c a n  be seen th a t  in  th e  given 
system  even th is  d ec id ed ly  slow p o te n tia l sw eep does n o t p ro v id e  fo r stead y  
s ta te  conditions a t  th e  ano d ic  side. As can  be n o te d  from  F ig . 2, th e  logarithm s 
o f th e  c u rren t d e n s ity  v a lu es  o f th e  single p eak s  a re  d ire c tly  p ro p o rtio n a l to  
th e  logarithm s o f  th e  sw eep ra te . This s ta te m e n t is n o t v a lid  for peak  A t, 
w hich  a tta in s  a t  h ig h e r sw eep ra te s  a lim it va lu e .

D iscussion

In  th e  e lec tro ch em ica l in v es tig a tio n  o f sta in less  steels s te a d y  s ta te  
m e th o d s were n o t w id e ly  used. The reaso n  fo r th is  is to  be so u g h t in  th ree  
fac to rs . F irs t o f all, in  c e r ta in  regions th e  reach in g  o f th e  s te a d y  s ta te  condi­
tio n s  m ay  occasionally  req u ire  days [3], an d  th is  tim e  fac to r  in tro d u ces  high 
u n c e rta in ty  in  th e  m easu rin g  resu lts . I t  shou ld  be m en tio n ed  as second aspect 
th a t  in  th e  1500 mV reg io n  o f  th e  p o la riza tio n  cu rv e , p a r tic u la r ly  a t  th e  very  
p o ten tia ls  m ost o ften  m e t in  p rac tice , s te a d y  s ta te  c u rre n t is v e ry  low, and 
th e  sligh test in te rfe r in g  fac to r  or im p u rity  m a y  cause im p o r ta n t changes at 
th e  well po larizab le  su rface . The th ird  fac to r , fo rm u la te d  b y  W . L o r e n z  et al.
[4] for th e  case o f  p u re  iro n , is th e  follow ing: due  to  th e  h igh  n u m b e r o f  para lle l 
and  series reac tions co m p lica ted  b y  th e  specific  ad so rp tio n  o f  in te rm ed ia te  
p ro d u c ts , and to  th e  tra n sp o rt- in h ib itin g  effect o f  th e  ox ide m em b ran e  form ed 
a t th e  surface, k in e tic  in fo rm atio n s o b ta in ed  u n d e r s te a d y  s ta te  co n d itio n s are 
u n sa tis fac to ry . O n th e  basis  of all th is , th e y  recom m end  so-called  non-steady  
s ta te  m ethods, b u t  ca ll th e  a tte n tio n  to  th e  fa c t t h a t  th e rm o d y n a m ic a l and 
even  k inetic  re su lts  o b ta in e d  in  th is  w ay  are  ra th e r  of q u a lita tiv e  th a n  of 
q u a n tita tiv e  c h a ra c te r .

The find ings o f  G r e e n  and L e o n a r d  [3] are  a p p a re n tly  in  co n trast 
w ith  th is  s ta te m e n t. T h e y  s tud ied  in  d e ta il th e  p o te n tio s ta tic  an d  po ten tio- 
dynam ic  curves o f  s ta in less  steel. H ow ever, in  th e ir  ex p erim en ts  th e y  did not 
com pare  th e  tru e  s te a d y  s ta te  cond itions w ith  th e  p o ten tio d y n am ic  d a ta , bu t 
changed  th e  p o te n tia l a t  g iven tim e  in te rv a ls  an d  co m p ared  th e  c u rre n ts  m eas­
u red  a t  th e  end  o f th e  in te rv a ls  w ith  th e  c u rre n t m easu red  a t  con tinuously  
changed  p o ten tia l. T h ey  ho ld  non-steady  s ta te  m easu rem en ts  u n su ita b le  on th e  
basis o f th e  ex perience  t h a t  th e  p re tre a tm e n t o f  th e  m eta l m ay  considerab ly  
in fluence  th e  in d iv id u a l ch a rac te ris tic  c u rre n t or p o te n tia l va lues. T his find ing  
calls th e  a t te n tio n  to  th e  v e ry  fac t th a t  th e  m eth o d  can  be ad v an tag eo u sly  
used  in  th e  in v e s tig a tio n  o f th e  effect o f  v a rious p re tre a tm e n ts , as w ill be shown 
in  d e ta il in  ou r n e x t com m unication .

D uring th e  ap p lic a tio n  of n o n -stead y  s ta te  m ethods one o f th e  crucial 
problem s is th e  re p ro d u c ib ility  of th e  m easu rem en ts . T his p ro b lem  occasion-
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a lly  a rise s  w ith in  a single m e a su rin g  series, b u t  m ore fre q u e n tly  m easu rem en ts  
c a r r ie d  o u t  a t an o th er la b o ra to ry  can n o t be rep ro d u ced . T he m ain  d ifficu lty  
is c a u s e d  b y  th e  c ircu m stan ce  t h a t  one p a r t  of th e  v a riab les  c a n n o t be  c o n tro l­
le d  [5]. T h e  solu tion  m ost o f te n  recom m ended  is th e  ap p lica tio n  o f  a genera lly  
r a th e r  energetic  p re tre a tm e n t [4, 5, 6 , 7], a fte r w h ich  p o te n tio d y n a m ic  p o la ri­
z a t io n  cu rv es  can be easily  re p ro d u c e d . This p re tre a tm e n t is p r im a rily  a im ed  a t  
th e  re m o v a l of th e  passive la y e r  sp o n taneously  fo rm ed  a t  th e  su rface  o f steel 
a n d  m e a n s  th u s  ad eq u a te  c a th o d ic  p o la riza tion . To a c e r ta in  e x te n t th e  sam e 
e ffe c t c a n  be achieved b y  a llo w in g  to  s tan d  th e  sta in less  stee l u n d e r open 
c irc u it  cond itions in  a su ff ic ie n tly  acid m ed ium . M ore genera lly , ca th o d ic  
p o la r iz a t io n  from  an  e x te rn a l sou rce  is used fo r th e  p ro m o tio n  o f red u c tio n  
[4, 5 , 8 , 13], to  provide th e re b y  fo r a clean m eta l su rface  and  for th e  re p ro d u c i­
b i l i ty  o f  th e  m easurem ents. I t  follow s p ro b ab ly  from  th e  ex ag g e ra ted  d em an d  
on  th e  p u r i ty  of th e  su rface  t h a t  th e  p o la riza tio n  curves of sta in less  steels 
h a v e  b e e n  determ ined  in  m o s t o f  th e  cases p roceed ing  from  th e  m ore n eg a tiv e  
to  th e  m o re  positive e lec tro d e  p o te n tia ls , i.e. in  th e  anodic  d irec tion .

I n  th is  question to o , G r e e n e  and  L e o n a r d  [3] hold  an  oppo site  v iew , 
re c o m m e n d in g  as far as p o ssib le  th e  avoidance o f ca th o d ic  t r e a tm e n t and  
ev e n  o f  th e  p o ten tia l ran g e  o f  possib le  active d isso lu tio n , because th e se  re su lt 
in  u n w a n te d  changes.

I n  th e  presen t w ork th e  fo llow ing tra in  o f th o u g h ts  w as follow ed. F irs t, 
c o n d itio n s  o f good re p ro d u c ib ility  m u s t be p rov ided . I t  is pcssib le  th a t  resu lts  
o b ta in e d  in  th is  w ay do n o t  re f le c t processes p roceed ing  a t  th e  “ o rig in a l”  
su rfa c e , b u t  after th e  co m p reh en sio n  of these  processes a com p ariso n  w ith  
r e s u lts  o b ta in e d  for su rfaces, w h ich  can be considered  as o rig inal, offers a 
p o s s ib il i ty  for th e ir  b e tte r  u n d e rs ta n d in g . T hus, our in v es tig a tio n s  w ere f irs t  
c o n c e n tra te d  on th e  in te rp re ta t io n  o f  th e  p o la riza tio n  curves o f good re p ro d u c i­
b i l i ty ,  o b ta in e d  in  th e  w ay  as d esc rib ed  in  th e  “ E x p e rim e n ta l” .

T h e  f iv e  m axim a a p p e a rin g  on  th e  p o te n tio d y n am ic  cu rv e  m u st co rre ­
sp o n d  to  fiv e  w ell-defined p ro cesses . I t  w ould seem  obvious to  assign  tw o  
a n o d ic  p eak s  to  th e  tw o c a th o d ic  m ax im a, and  to  t r e a t  th e  fou r peaks p a ir ­
w ise as  th e  redox  reac tio n  o f a  su rfa c e  or of an  ad so rb ed  lay e r. In  f ir s t  a p p ro x i­
m a tio n  th is  is conceivable in  th e  case  of th e  f ir s t  ca th o d ic  (Kj)  an d  th e  th ird  
a n o d ic  (A IH) peaks, b u t  th e n  n o th in g  can be assigned  to  th e  second ca th o d ic  
p e a k  K n  on  th e  anodic side. E v id e n tly , th e  shou lder A lf, rep re sen tin g  a v e ry  
sm all c h a rg e  q u an tity , does n o t  com e in to  co n sid e ra tio n  in  th is  re sp ec t. On 
th e  o th e r  h a n d , the  m ax im um  A , c a n n o t be linked  w ith  K n because o f th e o re t­
ical c o n sid e ra tio n s .

I n  th e  case o f a rev e rs ib le  process th e  anodic  an d  th e  ca th o d ic  peaks 
a p p e a r  a t an  identical e lec tro d e  p o te n tia l, while in  th e  case o f irrev e rs ib le  su r­
face re a c tio n s  th e  anodic p e a k  is loca ted  a t a m ore p o sitive , th e  ca th o d ic  a 
a m o re  n e g a tiv e  p o ten tia l, th a n  v a lu es  m easurab le  u n d e r reversib le  co n d itio n s.
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Since th e  lo ca tion  o f m ax im u m  Aj is m ore n eg a tiv e  th a n  th a t  o f a n y  o f  th e  
ca th o d ic  peaks, A, c a n n o t be linked  w ith  th e  la t te r  in  a redox  re a c tio n .

A ccordingly , th e  m ax im u m  A t m ay  m ean  an  o x id a tio n  p rocess, th e  
re d u c tio n  step  o f  w hich  proceeds only  a t  p o te n tia l values m ore n e g a tiv e  th a n  
th a t  o f  th e  beg inn ing  o f  h y d ro g en  evo lu tion . T he ab so rp tio n  or a d so rp tio n  of 
h y d ro g en  m ay  be such  a process. In  th e  l i te ra tu re  several a u th o rs  d e a lt w ith  
th e  in te rp re ta tio n  o f th e  f ir s t  m ax im um  a p p ea rin g  on  th e  anodic  p o la riza tio n  
cu rve  o f pu re  iron . Som e o f  th e  au th o rs  [4] a t t r ib u te  i t  to  th e  o x id a tio n  of 
hy d ro g en , w hile o th e rs  [5] d en y  th is  p o ssib ility . I n  th e  case o f a u s te n itic  steels 
in v estig a tio n s w ere m o stly  ca rried  o u t in  acid  so lu tions. H ow ever, also in 
th is  case opinions v a ry  w h e th e r th e  o x id a tio n  o f  adsorbed  h y d ro g en  appears 
on th e  p o la riza tio n  cu rv e  [8 , 10] or n o t [14, 15].

In  our case, th e  m ax im u m  A t c a n n o t be m ere ly  exp la ined  b y  th e  o x id a ­
tio n  o f adsorbed  h y d ro g en , because i t  c an  be seen from  F ig . 2 t h a t  th e  m ax i­
m um  approaches w ith  increasing  p o te n tia l sw eep ra te  a lim it v a lu e , i.e. the  
process reaches som e lim it r a te , and  a t  th e  g iven  slow ra te  th is  m ak es some 
tra n s p o r t  process v e ry  sim ilar. K im  and  W i l d e  [ 8 ]  clearly  p roved  th e  hyd ro g en  
ab so rp tio n  of a u s te n itic  stee l b y  diffusion th ro u g h  a 0.1 m m  th ic k  stee l foil 
o f  ty p e  A IS I 304. T he lim it ra te  in  Fig. 2 c a n  also be read ily  in te rp re te d  as a 
d iffusion  lim it va lue .

F ig. 3. P seu d o cap ac ities  ca lcu la ted  from  th e  anod ic  p o la riza tio n  cu rves o f  F ig . 2
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H ow ever, it  sh o u ld  b e  m en tioned  th a t  e x p e rim e n ta l d a ta  p re se n te d  so 
f a r  do  n o t  exclude th e  p o ss ib ility  th a t  peak  Aj is co n n ec ted  w ith  th e  d isso lu tion  
o f  th e  base  m etal. T h o u g h  s te e l is p assiv a ted  u n d e r  s te a d y  s ta te  co n d itio n s in  
th is  reg io n , the  covering  o f  th e  w hole surface ta k e s  a longer tim e , an d  ap p ly ing  
p o la r iz a tio n  of a h ig h e r r a t e  th a n  0.6 mV/s, th e re  is no tim e  for com plete  
p a ss iv a tio n .

F o r  th e  b e tte r  in te rp re ta t io n  of th e  single p eak s, th e  ch arg e  q u a n ti ty  
re p re se n te d  by  these  p e a k s  w as in v es tig a ted . W ith  a v iew  to  th is , f i r s t  th e  
p se u d o c a p a c ity  of th e  e lec tro d e  w as d e te rm in ed  from  th e  ra tio  o f c u rre n t 
d e n s i ty  and  po la riza tio n  r a te ,  as show n in  F igs 3 a n d  4. I t  should be m en tio n ed  
h e re  t h a t  according to  d a ta  in  th e  lite ra tu re  [5, 16] th e  c a p ac ity  o f th e  double  
la y e r  is  lower th a n  0.1 m F /c m 2, so th a t  i t  c a n  be  neglec ted  in  th e  p resen t 
ca se . T h e  peak A u , in v o lv in g  a v e ry  n arro w  p o te n tia l  range  w as n o t ta k e n  
in to  considera tion  in  th e  in v e s tig a tio n  of th e  cu rv e .

B y  th e  in te g ra tio n  o f  th e  area  enclosed b y  th e  cu rve , th e  ch arg e  q u a n ­
t i t ie s  belonging to  th e  sing le  peak s are g iven in  T ab le  I.

I t  can  be seen fro m  th e  T ab le  th a t  only  th e  ch arg e  q u an titie s  belonging  
to  p e a k s  A ln and K n re m a in  unchanged , w hen  sw eep ra te  is changed  b y  tw o 
o rd e rs  o f  m agn itude . A[ w as discussed a lread y  earlie r. T he charge  q u a n ti ty  
b e lo n g in g  to  peak K j d ecreases  w ith  decreasing  sw eep ra te . T h is fa c t, b u t 
p a r t ic u la r ly  a com parison  o f  th e  charge q u a n titie s  belonging  to  th e  m ax im a

F ig . 4. P seudocapacities c a lc u la te d  from  th e  ca th o d ic  p o la riza tio n  curves o f  F ig . 2
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Table I

C harge  q u a n ti t ie s  b e lo n g in g  to th e  s in g le  p e a k s  
o f  the v o lta m m o g r a m , mC cin-

Sweep rate Ai
— 300 mV

АШ
8— 900 mV

Kl
300 mV

KII
— 100 mV

17.0 mV/s 0.4 3.9 0.5 1.0

6.8 mV/s 1.0 4.3 0.4 l . i

1.7 mV/s 1.7 4.6 0.25 l . i
0.68 mV/s 1.7 4.1 0.05 l . i

0.17 mV/s 0.6 4.2 — —

K j an d  A IU, exclude th e  p o ssib ility  o f  lin k in g  th e  processes c o rre sp o n d in g  to  
th e  tw o  peaks in to  a single red o x  re a c tio n .

T he considerab le  d ifference b e tw een  th e  anodic and  c a th o d ic  charge 
q u a n titie s  m u st be discussed se p a ra te ly . I t  w as found in  in v e s tig a tio n  o f  pure 
iro n  [4] th a t  in  a lkaline m edium  charges m easu red  during  anodic  a n d  ca th o d ic  
p o la riza tio n s  are  n e a r id en tica l, and  b e tw e e n  12 and 120 mV/s in d e p e n d e n t 
o f p o la riza tio n  ra te . U n d er sim ilar co n d itio n s  as above, Schrebler-Guzman 
et al. [5] link  th e  peaks Aj and  A u w ith  K u , and peak A n[ w ith  Kg. T hey  
estab lish , how ever, th a t  th e  s tru c tu re  o f  th e  lay er changes d u r in g  rep ea ted  
cyclic p o la riza tio n  and ce rta in  re a rra n g e m e n ts  tak e  place. T h ey  m e n tio n  as 
one ex p lan a tio n  o f th is  phenom enon  th a t  th e  d en sity  of th e  m ore h ig h ly  oxidized 
F eO O H  is h igher th a n  th a t  o f F e(O H )2, so t h a t  p a rts  of th e  su rfa c e  becom e 
free d u rin g  red u c tio n , w hich beh av e  d iffe re n tly  in  the  n ex t o x id a tio n .

In  ou r case th e  q u a n ti ty  o f ch arg e  in tro d u c e d  along p eak  A ln  con sid er­
ab ly  su rpasses even  th e  sum  o f charges in tro d u c e d  during c o m p le te  ca th o d ic  
p o la riza tio n . T his can  be exp la ined  in  tw o  w ay s. The difference c a n  a rise  from  
th e  fac ts  th a t  a reac tio n  proceeds in  th e  p o te n tia l range o f  p e a k  А ш , the  
p ro d u c t o f w hich leaves th e  surface, an d  th u s ,  c an  no t appear d u r in g  red u c tio n . 
T h e  o th e r  possib le ex p lan a tio n  is t h a t  re d u c tio n  proceeds a t  th e  su rface  in 
a p o te n tia l range  w here i t  c an n o t be a n y  m o re  observed because o f  th e  c u rren t 
o f  h y d ro g en  evo lu tion .

T he p ro b a b ility  o f th e  f irs t p o ss ib ility , o f  active or tra n sp a s s iv e  d issolu­
tio n  is r a th e r  sm all, because a t  p o te n tia ls  m ore negative th a n  + 1 0 0 0  mV 
no  re a c tio n  can  be observed  u n d e r s te a d y  s ta te  conditions a t  th e  lo c a tio n  of 
m ax im u m  A m . T h eo re tica lly  i t  is co n ce iv ab le  th a t  th e  re a c tio n  a p p e a rs  only 
in  n o n -s te a d y  s ta te  m easu rem en ts , b ecau se  th e  surface is p a s s iv a te d  in  tim e, 
an d  th u s , no p o te n tio s ta tic  c u rre n t c a n  be  ob ta ined . H ow ever, th e  charge 
q u a n t i ty  belonging  to  p eak  A m  is in d e p e n d e n t o f sweep ra te , a n d  th u s  i t  is 
u n lik e ly  th a t  th e  d isso lu tion  o f  a su rface  g ra d u a lly  p assiva ted  w ith  tim e  were 
to  ta k e  place.
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I t  can  be assu m ed  o n  th e  basis of th e  a fo re sa id  th a t  even a t  p o te n tia ls  
m ore  n eg a tiv e  th a n  — 500 m V th ere  rem ains so m e k in d  o f oxygen or o x ide  
a t th e  surface, w hich c a n  be th e n  reduced u p  to  — 800 mV. H ere p rim a rily  th e  
ox ides h av e  to  be ta k e n  in to  consideration , th e  re d u c tio n  of w hich e ith e r  to  
C r2 - o r to  m etallic  Cr a lw ay s  proceed a t a p o te n t ia l  m ore negative th a n  th a t  
o f  th e  reversib le  h y d ro g e n  e lec trode  [17, 18]. T h is  is ind ica ted  also in  co m ­
m u n ic a tio n  [19] re p o r tin g  o n  th e  po lariza tion  c u rv e  o f  chrom ium , w here i t  has 
b een  estab lished  th a t  a t  p H  >  3 hydrogen e v o lu tio n  ta k e s  place a t th e  ox ide . 
F r a n k e n t h a l  [ 6 ] a ssu m ed  in  th e  case o f  s ta in le ss  steels th a t  th e  su rface  
c a n n o t be com pletely  o x id e-free  a t the co rrosion  p o te n tia l  (by 250 m V  m ore  
n e g a tiv e , th a n  th e  p o te n tia l  o f th e  reversib le h y d ro g e n  po ten tia l).

L e t us re tu rn  h e re  in  d e ta il to  th e  m e a su rin g  un certa in tie s  a long  th e  
c a th o d ic  b ranch  o f th e  p o te n tio s ta tic  cu rv e  in  F ig . 1, m entioned  ea rlie r. 
E v id e n tly , hydrogen  o v e rv o lta g e  will no t be th e  sa m e  a t  a pure m eta l su rface  
an d  a t  a surface covered  w ith  oxide. The a t te n t io n  h as  been  called a lre a d y  in  
th e  case o f iron  to  h y d ro g e n  evo lu tion  a t th e  o x id e  in  ce rta in  cases [20]. T h is 
p o ss ib ility  can  b y  no m e a n s  be  left out of c o n s id e ra tio n  in  th e  case o f  s ta in less  
stee ls  because of th e  c h ro m iu m  co n ten t. In  p rin c ip le , th e  phenom enon o b se rv ed  
on sta in less  steels in  0.5 M  H 2S 0 4 [3] m ay be id e n tic a l:  in  a range m ore n e g a tiv e  
th a n  th e  p assiv a tio n  p o te n tia l ,  i.e. in  active d isso lu to n , th e  p o te n tio s ta tic a lly  
m easu rab le  cu rren t d ec reases  w ith  tim e, in d ic a tin g  th a t  th e  surface is also 
p a ss iv a te d  a t  p o te n tia ls  m o re  negative th a n  t h a t  o f  th e  reversible h y d ro g e n  
e lec trode .

H ow ever, as a cau se  o f  th e  u n c e rta in ty  in  c o n ju n c tio n  w ith  h y d ro g e n  
o v e rv o ltag e  o th e r possib le  d ifferences betw een  th e  red u ced  and th e  o x id ized  
su rfaces can n o t be d is re g a rd e d . I t  has been o b se rv e d  also in  th e  case o f  iro n  
th a t  h y d ro g en  o v e rv o lta g e  changes during  th e  v o ltam m o g ram  cycles an d  
th is  is a ttr ib u te d  to  th e  chem ica l and s tru c tu ra l  ch an g es of th e  su rface [5]. 
Iu  th e  case of sta in less  s tee ls  th is  means fu r th e r  com plica tions, since b y  th e  
d isso lu tio n  of ce rta in  e le m e n ts  o thers m ay g e t e n r ic h e d  a t  th e  surface, w h ich  
can a ffec t hydrogen  e v o lu tio n .
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L in ear p o ly e th e rs  and  o th e r  p h a se -tra n s fe r  c a ta ly s ts  h av e  b een  s tu d ie d  in 
eq u ilib ria  s im u la tin g  so lid -liq u id  p h a se -tra n sfe r  cond itions. S a lt c o n ce n tra tio n s  o f  th e  
o rgan ic  phases h a v e  been  de term ined . P o ly e th y le n e  glycols, crow n e th e r  a n d  tr ic ap ry l-  
m e th y lam m o n iu m  chloride  ex h ib ited  h ig h  s a l t  e x tra c tin g  pow er in  b en zen e , ch lo ro ­
benzene, d ich lo ro m eth an e  an d  ace to n itrile . T e tram e th y le th y le n ed iam in e  does n o t 
influence th e  eq u ilib riu m  sa lt c o n ce n tra tio n  o f  th e  o rganic phase . T h e  ra tio  K s0[ =  
dissolved c o m p le x /to ta l ligand  is u sed  to  c h a ra c te riz e  th e  eq u ilib ria  o f so lid -liq u id  
system s.

In tro d u c tio n

I t  is k n o w n  th a t  p o ly e thy lene  glycols h a v e  a m odera te  so lid—liq u id  phase- 
tra n sfe r  c a ta ly tic  effect [1, 4, 5, 6 ]. N ev erth e less , n e ith e r  th e  physicochem ica l 
ap p ro ach  o f  th is  p h enom enon  no r a co m p ariso n  of d iffe ren t p h a se -tra n sfe r  
c a ta ly s ts  in  so lid—liq u id  system s h as  h een  m ade .

This is w h y  w e h av e  s tud ied  so lid - liq u id  phase  equ ilib ria  in flu en ced  b y  
p o ly o x y e th y len es f l ,  2, 3].

Solid 2 ,4 -d in itro -p h en o la te  sa lts  w ere  s tir re d  w ith  ap ro tic  so lv en ts  in  
th e  presence o f  p h ase -tran sfe r  c a ta ly s ts  a n d  th e  ion  co n c e n tra tio n s  o f th e  
s a tu ra te d  so lu tions w ere  m easured . T he co n c e n tra tio n s  are  g iven  in  th is  p ap er, 
an d  th e  eq u ilib ria  a re  discussed.

T he p re sen t consid era tio n s are  re la te d  to  system  (a) c a ta ly z ed  b y  com- 
p lex in g  agents (b) in  w hich  no reaction occurs. A  1 :1  com plexing  s to ic h io m e try  
is considered .

F igu re  1 show s th e  th eo re tica lly  possib le  equ ilib ria  ex is tin g  be tw een  
th e  ca tio n  an d  th e  ligand .**

* To w hom  correspondence  should  be ad d ressed  
** In  F ig . 1 an ions a re  n o t  show n. In  a  o n e-an io n  sy s te m  canion,sol=  cMe©,sol “f~ c [LigMe]®,sol 

canion, dis =  cMe®, dis "b  c [Lig Me]®, dis
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F ig . 1 . E q u il ib r iu m  of a so lid - liq u id  p h a se -tra n sfe r  sy s te m  ca ta ly z ed  b y  com plex ing  a g en t

W e  a tte m p t to  fin d  a p o ss ib ility  fo r q u a n t i ta t iv e  c h a ra c te r iz a tio n  of 
c a ta ly s t  efficiency. T h eo re tic  a lly ,th e  b es t w ay  is to  give th e  s ta b ility  c o n s ta n t 
o f  t h e  co m p lex  in  solu tion*

1y- c [L lgM e]® ,d is  /-.4
TV stab  = ---------------------------- • ( f j

cMe®, dis c Lig, dis

To d e te rm in e  K stab, cMe®, dis sh o u ld  be m easu red , an d  in  so lid -liq u id  sy s tem s 
i t  is a d if f ic u lt  task . A n a p p ro x im a tio n  can  be ta k e n . I f  th e  ligand  c o n c e n tra tio n  
is lo w  e n o u g h  (so th e  p o la r ity  o f  th e  m ed ium  is u n ch an g ed ), th e  c o n c e n tra tio n  
o f  th e  d isso lv ed  b u t u n co m p lex ed  ca tio n  is n o t ch an g ed  b y  th e  a d d itio n  of 
l ig a n d :

c Me®, dis ^  c Me®, dis • (2)

W h e re  c ^ e® dls =  Me®-ion c o n c e n tra tio n  o f th e  so lu tio n  in  th e  absence o f  a n y  
lig a n d .

T h e  va lu es  o f K stab c a n  be  ca lcu la ted  u sing  ap p ro x im atio n s  (2) a n d  (8 ) 
b u t  (a ) i t  is  u n ce rta in  how c o rre c t ap p ro ach  (2 ) is, (b) c°Me® djs values c a r ry  a 
h ig h  e x p e r im e n ta l e rro r; a n d  (c) K stab gives in fo rm a tio n  on ly  for th e  liq u id  
p h a se .

W e suppose  th a t  i t  is m o re  in fo rm ativ e  to  d e fin e  how  m any  m ol o f  co m ­
p le x  a re  solubilized  b y  one m o l o f  ligand  [K sol, E q . (3)].

K e r x l  -- c [Llg Me]®, dis

c Lig

w h ere  jg =  th e  to ta l lig an d  c o n c e n tra tio n

(3)

c0 __
Lig —

■Mug ^ L lq

m Lig =  w e ig h t o f th e  lig an d  a d d e d , 
M Lig =  m o lecu la r w eight o f  th e  lig an d  
^Lic, =  v o lu m e  o f th e  liq u id  p h a se .

(4)

* S y m b o ls  used: L ig =  c o m p le x in g  co m p o u n d , Me© =  ca tio n , [Lig M e]© == c o m p lex  
c a tio n , D N P ©  =  2 ,4 -d in itro p h en o la te  io n . In d e x  “ sol”  re fe rs  to  th e  solid , “ dis”  re fe rs  to  th e  
so lu tio n  p h a s e .  K stab =  com plex  s ta b il i ty  c o n s ta n t [E q . (1 )]; K soj =  so lub ility  c o n s ta n t  
[E q . (3 )].
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To clarify  th e  b eh av io u r o f K sol we in v e s tig a te d  th e  so lu b iliz a tio n  equ i­
lib riu m  an d  sough t for th e  connec tion  b e tw een  K so{ and  K stab.

I f  th e  q u a n tity  o f ligand  in  th e  solid  p h ase  is negligible

K 0i cLlg, sol ^ L iq  c Lig, dis (®)

a n d  th e  q u a n tity  o f com plex  in  th e  solid p h ase  is negligible

^ s o I c[LlgMe]® ^ L lq  c [LIgMe]®, dls • (6 )

w here  Vso] =  vo lum e o f th e  solid p h ase ; a ll th e  co n cen tra tio n s  in  process
(7) a re  know n,

Ligdis +  M e®s ^  LigM e®, dis (7)
because

c Lig - cLIg, dls ~b c [Llg Me]®, dls (®)

C om bin ing  E qs ( 1), (2 ), (3) an d  (8), we ge t

JS  -Kstab cMe®,dis /n \
л s°I — v  • \ y )

* +  rVstab c Me®,dls

T his expression  o f K sol co n ta in s  on ly  c o n s ta n ts  an d  cMe®, dis; th e  c o n c e n tra tio n  
o f  uncom plexed  ca tio n , i.e. th e  ca tio n  so lv a te d  by  th e  ap ro tic  s o lv e n t. This 
c o n c e n tra tio n  m ay  be supposed  to  rem a in  low  an d  h a rd ly  c h a n g in g  ( a t  least 
b y  low ligand  co n cen tra tio n s). T hus E q . (8 ) show s th e  ra tio  K sol to  b e  c h a ra c te r ­
is tic  fo r a so lvent (ligand) sa lt system  a t  a g iven te m p e ra tu re  a n d  a t  low 
lig an d  c o n cen tra tio n  (if  th e  com plex ing  s to ich io m e try  is s ta b le  1 : 1).

I n  p rac tice  K sol w as observed  to  be  re m a rk a b ly  c o n s ta n t  in  a given 
s y s te m .

E x p erim en ta l
M aterials

P o ly e th y len e  glycols: co m m erc ia l p ro d u c t su p p lied  by  П и к а  an d  d r ie d  b y  benzene 
azeo tro p ic  d is tilla tio n . O th e r p o ly e th e rs  w ere p re p a re d  in  th is  L ab o ra to ry  [2]. T ric a p ry lm e th y l-  
am m o n iu m  chloride (A liq u a t 3 3 6 ® ) w as su p p lied  b y  F lu k a .

M easurem en ts o f  so lid -liqu id  phase-transfer equilibria

C a ta ly s t (0.1 g), d ry  so lv e n t (10 c m 3) a n d  so lid  2 ,4 -d in itrophenol a lk a li s a l t(  in  excess) 
w ere  s tir re d  in  a th e rm o s ta te d  f la sk  u n til  an  eq u ilib r iu m  w as achieved. T h e  s a l t  co n ce n tra tio n  
w as d e te rm in ed  b y  m easu rin g  th e  abso rb an ce  o f th e  so lu tio n  a t  A =  370 n m .

R esu lts an d  D iscussion

T h e  b eh av io u r o f  K soi w as checked  b y  v a ry in g  th e  c o n c e n tra tio n  o f  po ly ­
e th y le n e  glycols in  benzene  so lu tions a t  25 °C, and m o n ito rin g  th e  v a lu e  of

X sol. B etw een  0.005 an d  0 . 015— (1.7 X l 0 ~ 2 an d  5 х Ю -2 M ) P E G  concen ­

tra t io n s ,  K soi w as c o n s ta n t and  in d e p e n d e n t o f  th e  (m oderate) excess o f  solid.

Acta Chim. Acad. Sei. H ung . 110 ,  1982
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Tabic I

E quilibrium  D N PO M e®  concentration o f benzene so lu tions at different temperatures 
in  the presence o f different catalysts*

Catalyst
Me

rt 1 • mgb a it concentration---- -
dm*

dm* < =  25 °C I ( =  30 °C t =  35 °C / =  40 °C t =  50 °C

P E G  300 Li 600 800 1400 1200
Na 1400 1300 1700 1700
К 2700 2400 2500 2300 2300

Li 700 600 900 1200
P E G  600 Na 600 800 1100 800

К 1000 1000 1700 1500

Li 30 200 1000 1200
P E G  2000 Na 100 100 100 100

К 200 200 600 600

T ricap ry lm ethy l-am m onium - Li 830 440 390 590
ch lo rid Na 3000 2800 2900 3100 3100

К 3500 3700 4100 3900 3600

Li 80 200 1200 1100

Na 2600 3000 3600 3300 3800
) К 160 270 570 1000

r ° ^

@ : °  ° )

Li 220 420 530 870

Na 1700 1900 2800 4200
0 ^

k / J

К 5200 4600 5400 4600

Н з С ^  СУ .1  
,N — Cl I —CI I----N

H s C  ,
Na 13

Li 0.08

N o  c a ta ly s t Na 0.45

К 0.54

* C oncentrations a re  g iv en  a s  DNPO content th o u g h  mainly DNPO [LigMe]© is p re se n t
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Table II

DNP©M e® concentration o f  benzene solutions at 25 °C in  the presence o f  symmetrically
pr

<x,o}-disubstituted polyoxyethylene com pounds. ecatalyst =  Ю ^ j  

R —(CHjCHjO)^, -  CH.- CHj R

n  =  64.0 M  =  300* ! n =  4 8 M =  2000*

* Average m olecu lar w eigh t of th e  po lyethy lene glycols used as s ta rtin g  m ate ria l

These re su lts  lead  to  th e  conclusion t h a t  co n d itio n s (5) an d  (6) are va lid  
an d  K sol can  be u sed  to  ch arac terize  th e  so lub iliz ing  effect.

The c o n cen tra tio n s  o f dissolved sa lt in  T ab les  I —I I I  are g iven as w eigh t 
co n cen tra tio n s. I n  T ab le  IV  K sol and  K stab v a lu es  are  collected .

Tables I ,  I I I  an d  IV  show  som e sy stem s ca ta ly zed  by  ag en ts  o th e r  th a n  
po ly e th ers . T hou g h  th e  m echanism  o f d isso lu tio n  is d iffe ren t here, th e  so lu ­
b ility  d a ta  can  b e  co m p ared  w ith  th e  o th e r  ones.

T ab le  I  show s th e  sa lt-e x tra c tin g  p o w er o f  po ly e th y len e  glycols w ith  
d iffe ren t ch a in  len g th s  an d  th a t  o f som e e th e r  ca ta ly s ts .

In  b enzene-aqueous phase equ ilib ria  [3] s a lt  ex trac tio n  can  be increased  
by  m odifying th e  end  g roups of p o ly e th y len e  glycols to  form  m ore lipophilic  
po lye thers. R e c e n tly  we exam ined  th e  e ffec t o f  such su b s titu tio n s  on s o lid -  
liqu id  p h ase -tran sfe r  (see T able II) .

E q u ilib riu m  d a ta  fo r d ifferen t so lv en ts  a re  co llected  in  T ab le  I I I .
, These re su lts  allow  to  draw  th e  fo llow ing  conclusions.

1) The p o ly e th y len e  glycols h av e  a s ig n if ican t so lubilizing  pow er in  
so lid -liq u id  sy stem s. T he ion  c o n c e n tra tio n  u n d e r th e  in fluence  o f  P E G ’s 
m ay  be 102— 103 tim es h igher in  solid—liqu id  p h ase  equ ilib ria  th a n  in  th e  l iq u id -  
liqu id  case.

2) C o n cen tra tio n  p roduced  in th e  o rg an ic  p h ase  is n o t in d ep en d en t o f th e  
average m o lecu lar w eig h t o f  th e  p o ly e th y len e  glycol. T he dependence is show n 
in Fig. 2.
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Table I I I

D N P© M e©  concentrations o f  aprotic solvents in  the presence o f  different catalysts
(t =  25 °C)

Catalyst

c =  1 0 / r  dm3
Me

_ , . mg bait concentration — — 
dm3

Chlorobenze Dichloromethane Acetonitrile

P E G  300

Li 5000 12,000

N a 2600 4300 12,000

К 3800 3900 6000

P E G  600

Li 4500 7900

N a 1800 1700 9600

К 3100 2900 4300

P E G  2000

Li 1700 7300

N a 800 2500 8100

К 2300 1700 4000

T  rica p ry lm e  thy l-am inonium  
ch loride

Li 3900 4600 7000

Na 4800 3400 7800

К 4300 3500 4200

о - л3 Li 6900 6300

N a 5300 5300 12,500

К 2500 3400 7400

г о 
O Li 2000 4800

N a 2900 1700 10,300

К 4900 2900 9600

No c a ta ly s t

Li 30 13 > 2 .5  • 105

N a 13 3 7800

К 8 4 2000
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Table TV

K sol and  Kstab fo r  so lid -liqu id  phase-transfer equilibria in  different solvents

Catalysr Me
Benzene Cbolorobenzene Dichloromethane Acetonitrile

^eol , l°g -Ketab к вЫ  (log-Kutat. B̂Ol log A',ub ^aol log tCjUd

P E G  300
cLlg-3.aaxio_ ,M

Li 0.095 5.4 0.79 4.3 1.9*

Na 0.20 5.1 0.38 4.0 0.63 5.0 0.61 1.6

К 0.37 5.4 0.51 4.5 0.53 4.8 0.54 2.1

P E G  600 0
c Lig - 1.67 x io M

Li 0.22 5.8 1.4* 2.5*

Na 0.17 5.0 0.52 4.2 0.49 4.8 0.52 1.4

К 0.27

0.031

5.2 0.83 5.2 0.78 5.3 0.62 2.3

P E G  2000
c Lig - 5.ox lo~*Af

Li 5.0 1.8* 7.7*

Na 0.097 4.7 0.77 4.7 2.4* 0.26 1.0

к 0.18 5.0 2.1* 1.5* 1.8»

o--\

© :  j  
0

CLig - 2.73x 10- * M

Li 0.011 4.4 0.97 5.3 0.89 5.1

Na 0.34 5.4 0.69 4.5 0.69 5.2 0.61 1.6

К 0.019 3.9 0.30 4.1 0.41 4.6 0.65 2.3

0
CUg_8.*lXio“ eM

Li 0.036 4.9 0.32 3.5 0.78 4.7

Na 0.26 5.2 0.44 4.1 0.26 4.4 0.37 1.2

К 0.73 6.1 0.69 4.8 0.41 4.6 1

<í>NP©Me®

Li 4.2 • 1 0 - 7 1.6 • 10-• 6.8 X 10 ~5 > 1 .3

3.8 • IO“ 7Na 2.2 • 10-» 6.3 • i o - 5 1.5 • IO "5

К 2.4 • 10-* 3.6 • i o - 5 1.8 • I O '5 9.0 • IO -3

* This high Ksol value may point to other than 1 : 1 complexation
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of th e  av erag e  m olecu lar w eigh t o f  p o ly e th y len e  glycol

W e have  o b serv ed  th e  h ighest sa lt c o n c e n tra tio n  for M  =  300 p o ly ­
e th y le n e  glycol. A s im ila r decrease was fo u n d  ab o v e  M  =  300 also a t  o th e r  
te m p e ra tu re s  and  in  o th e r  so lven ts.

3) M odifications o f  th e  end-groups (to  in c rease  lipoph ilic ity ) re su lted  
in  no  im p ro v em en t o f  so lid—liqu id  p h ase -tran sfe r. P o ly e th e rs  con ta in in g  O H  
en d -g ro u p s (p o ly e th y len e  glycols) gave th e  b e s t re su lts .

4) D ifferen t ty p e s  o f  p h ase -tran sfe r c a ta ly s ts  h a v e  been  com pared  w ith  
each  o th e r . A q u a te rn a ry  am m onium  salt ( tr ic a p ry lm e th y lam m o n iu m  chloride) 
gives th e  h ighest c o n c e n tra tio n . T he follow ing b e s t ones are  th e  crow n e th e rs  
w ith  o p tim u m  hole-size (benzo-15-crow n-5 fo r Na® an d  benzo-18-crow n-6 
fo r K®). P E G  300 is th e  n e x t  in  th e  order o f  a c tiv ity . C row n ethers w ith  non- 
o p tim a l holes ex h ib it low er a c tiv itie s  th a n  P E G  300 does. The co n cen tra tio n  
w ith  P E G  300, tr ic a p ry lm e th y la m m o n iu m  ch lo ride  an d  crow n e th ers  are  in  
th e  sam e order of m a g n itu d e  (even in  n o n p o la r so lv en ts). In  m ore p o la r so l­
v e n ts  th e  d ifferences b ecom e sm aller. F ro m  25 to  50 °C in  benzene th e  co n ­
c e n tra tio n s  do n o t show  a n y  rem ark ab le  te m p e ra tu re  dependence w hen  using  
P E G ’s o r  tr ic a p ry lm e th y la m m o n iu m  chloride. I f  th e  size o f th e  crow n e th e r  
an d  th e  c a tio n  do n o t f i t  w ell som e te m p e ra tu re  d ependence  can  be observed .

T h e  so lvents in  o u r ex p erim en ts  are th e  ones genera lly  used in  phase- 
tra n s fe r  ca ta ly sis . T hese are  in  o rder o f in creasin g  p o la r ity :  benzene (e =  2.3), 
ch lo robenzene (e =  5.7), d ich lo ro m eth an e  ( e  =  9.1), a n d  ace ton itrile  (e =  37.5)

T h e  ca tio n  c o n c e n tra tio n  increases in  th is  o rd e r. I n  th is  general ten d e n c y  
th e  q u a lity  o f th e  c a tio n  also p lays a role. F o r p o ly e th y len e  glycols in  benzene, 
th e  o rd e r of so lu b ility  is Li® <( Na® <[ K®. W hen  increasing  th e  so lven t 
p o la r ity , it  tu rn s  s tep  b y  s te p  to  its  opposite , so t h a t  in  ace ton itrile  lith iu m  
2 ,4 -d in itro p h en o la te  is so lub le  w ith o u t any  c a ta ly s t .  I n  th is  case p h ase -tran sfe r 
c a ta ly s is  has no s ign ificance  (a t  least w ith  such  a so ft anion).

In  T ab le  IV , K sol a n d  X stab values are  lis ted . V alues of K sol w ere ca lcu ­
la te d  u sing  E q . (10)

К sol
^ D N p ö .d i s  c D N P ® ,d is

г° . c Lig
( 10)
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w here
cDNpö dis =  2 ,4 -d in itro p h en o la te  co n cen tra tio n  o f  th e  so lu tion , 
cd n p © dis =  2 ,4 -d in itro p h en o la te  co n cen tra tio n  o f  th e  so lu tio n  in  th e  ab ­

sence o f  c a ta ly s t.
E q u a tio n  (10) is d eriv ed  from  Eqs (3) and  (2) b y  su b s titu tin g  th e  ca tio n  

co n cen tra tio n s  b y  th e  eq u iv a len t an ion  c o n cen tra tio n s .
In  benzene, ch lo robenzene and d ich lo ro m eth an e , th e  co n cen tra tio n s 

cd n p © are  l° w , w hile in  ace to n itrile  h igher, so th e  K sol v a lues re fe rrin g  to  
ace to n itrile  system s a re  u n c e rta in  (being sm all d ifferences b e tw een  large 
num bers).

C onstan ts K stab a re  also ta b u la te d . T h ey  a re  co m p u ted  from  E q . (11)

j r  __ _________c D N p 9 ,d i8  ~~ c D N p Q ,d ls________  ^ j j )

( c L!g c D N pO ,dls +  c D N P ,d ls) CDNP®

B ecause o f th e  la rg e  ex p e rim en ta l e rro r o f  CqNP© dis, K itab is on ly  an  e s tim a­
tio n . N evertheless, th e  d a ta  show  th a t  u p o n  in c reasin g  th e  so lven t p o la rity , 
K sol becom es h ig h er w hile K stab low er th a t  is m ore  o f th e  com plex  appears in  
th e  so lu tions, th o u g h  th e  com plex  s ta b ility  decreases.

This phenom enon  can  be exp lained  in  th e  fo llow ing w ay. A n increase 
o f  th e  m edium  p o la r ity  1) is fav o u rab le  for th e  fo rm a tio n  of a m ore po lar 
species

L i S d is  -

Me*
: [LigM e]® d i s . ( 12)

In  equ ilib rium  (12), C[LigMe]© dis increases. 2) F o r h ig h er so lv a tin g  pow er of 
th e  so lven t th e re  is an  en h an cem en t in  c^e© dis =  CqNP©i dis.

As a consequence,

c [L igM e]® , dis ~  c M e®, dis =  CD N P ® , dis CD N P ® , dis 

increases, b u t K stab decreases because o f th e  s tro n g e r  im p ro v em en t of

c M e®, dis =  CD N P ® , d is  •

T he re la tio n  be tw een  K stab and K so, is show n b y  E q . (9) an d  by  its  
inverse  form  (13)

Kstab =  — ^— - - S0' . (13)
cMe®,dls 1 l^sol

W e w ill t r y  to  e x tra p o la te  th ese  resu lts  to  th e  rea l p h ase -tran sfe r  ca ta ly tic  
processes.

1) I f  a p o ly e th y len e  glycol is used as so lid—liq u id  p h ase -tran sfe r agen t, 
P E G  300 shou ld  be chosen.

2) L ith iu m  sa lts  a re  supposed  to  h av e  a so lid—liq u id  p h ase -tran sfe rrin g  
pow er in  ace to n itrile .
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3) A b th e  sa lt c o n c e n tra tio n  w as found  to  h av e  no s ig n ifican t te m p e ra tu re  
d e p e n d e n c e , and th e  chem ica l re a c tio n s  are  fa s te r  w ith  in creasin g  te m p e ra tu re , 
so lid —liq u id  phase-transfe r re a c tio n s  have  to  be ca rried  o u t a t  th e  h ighest 
t e m p e r a tu r e  p e rm itted  b y  th e  so lv en t and  o th e r m a te ria ls . To check  fo recasts  
1 — 2 , ex p e rim en ts  are  in  p ro g ress .

*

W e a re  in deb ted  to  P rof. I .  R u szn á k  fo r his he lp ing  in  every  re sp ec t, fo r M r. S. B ozsó 
fo r  te c h n ic a l  assistance an d  th e  N a tio n a l  C om m ittee  fo r T echn ica l D ev e lo p m en t, fo r  financia l 
s u p p o r t .
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R E A C T IO N  R A T E S IN  T H E  O R G A N IC  P H A S E  
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In  revised  form  J u n e  17, 1981 

A ccep ted  fo r p u b lica tio n  A u g u s t 28, 1981

R a te s  o f th e  re ac tio n  be tw een  b en zo y l ch lo ride  and  2 ,4 -d in itro p h en o la te s  hav e  
been  s tu d ied  in  benzene so lu tion  c o n ta in in g  p o ly e th e rs . T e rtia ry  am ines h a v e  been  
fo u n d  to  accele ra te  these  reac tions. A m odel w as p roposed  for te r t ia ry  am in e  c a ta ly z ed  
p h ase -tran sfe r  acy la tio n  processes.

In tro d u c tio n

C om plexation  an d  in te rp h ase  b e h a v io u r  o f po lyoxyethy lenes h a v e  been  
re p o rte d  in  p rev io u s p ap ers  [1—4]. P o ly e th y le n e  glycols have  b een  fo u n d  to  
p roduce  a s ig n ifican t increase o f sa lt c o n c e n tra tio n  in  ap ro tic  so lven ts [4] u n d e r 
c ircum stances s im u la tin g  p h ase -tran sfe r ca ta ly s is . I t  is th e  re a c tiv ity  o f  ions 
tra n sfe rre d  in to  th e  organic phase th a t  w ill be  d iscussed in  th e  p re se n t p ap e r.

T he ra te  o f  re a c tio n  (1)

was s tu d ied  in  benzene so lu tion .

Experim ental

A b b rev a tio n s used : D N P  =  2 ,4 -d in itro p h en o l, D N P ©  =  2 ,4 -d in itro p h en o la te  ion, 
T E M E D A  =  JV,iV,iV’iV -te tram eth y le th y len ed iam in e , D A P  =  4 -d im e th y lam in o p y rid in e , BzCl 
=  benzoy l ch loride, P E G  =  p o ly e th y len e  glycol M  =  300, D B N  =  l,5 -d iaza-b icyclo -4 ,3 ,0 - 
non-5-ene, T E A  =  trie th y la m in e .

M a te r ia ls

P o ly e th y len e  glycol: in d u str ia l p ro d u c t (F L U K A ) dried  by  azeo tro p ic  d is tilla tio n  
w ith  benzene. B enzoyl chloride  was fresh ly  d is tilled  a f te r  p u rificatio n  from  h y d ro c h lo ric  acid. 
D N P ©  alkali sa lts  w ere p rep ared  from  D N P  a n d  th e  correspond ing  alkali h y d ro x id es  in  a lcohol 
so lu tion . D A P  w as p re p a re d  b y  th e  m eth o d  o f V o r b r ü g g e n  et a l. [5, 6]. T he o th e r  am in es were 
in d u s tr ia l p ro d u c ts  d is tilled  from  solid N aO H .

* To w hom  correspondence  should  be ad d ressed
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B e n z e n e  s o lu t io n  o f  1 ,A -d in i tr o p h e n o l  a lk a l i  sa lt

L ith iu m , sodium  or p o ta s s iu m  sa lt o f 2 ,4 -d in itro p h en o l ( 5 x l 0 -5 m ol) a n d  0.1 g 
(3 .33  X  10 m ol) of P E G  w ere d isso lved  in  d ry  benzene  a n d  th e  so lu tion  was filled  u p  to  10.0 
c m 3 t o t a l  vo lum e wit 11 d ry  benzene.

K i n e t i c  m e a s u r e m e n ts

D r y  benzene so lu tions o f  th e  c a ta ly s t, 2 ,4 -d in itro p h en o l alkali sa lt ( 2 x l 0 -3  M ) a n d  
o f b e n z o y l  chloride ( 2 х 1 0 _3 M )  w ere  m easu red  in to  a  th e rm o s ta te d  flask  an d  k e p t  a t  25 °C 
in  N 2 a tm o sp h e re . T o ta l vo lum e: 5 — 7 cm 3. T he m ix tu re  w as sam pled  5 — 10 tim es. Q uench ing : 
1 — 50 ,uL o f  th e  sam ple w as im m e d ia te ly  d ilu ted  to  20 — 100 fold volum e.

T h e  2 -4 -d in itritro p h en o la te  co n cen tra tio n  w as d e te rm in ed  from  th e  a b so rb an ce  a t  
A =  370 n m . No in terference b y  o th e r  com ponents h a s  b een  found .

R esults and D iscussion

T h e  k inetics of th e  re a c tio n  a t  d iffe ren t m ole ra tio s  are f irs t o rd e r w ith  
re s p e c t  b o th  rea c ta n ts .

------ =  w =  Jc2cDNp3cBzCI.* (2)
d z

I n  th e  reac tio n  m ix tu re  D N P®  is n o t th e  o n ly  nucleophile, P E G  is also  
c a p a b le  o f  being esterified . I n  such a case th e  D N P®  consum ption  cou ld  be 
s im ila r .

I n  th e  c o n cen tra tio n  ran g e  exam ined  we cou ld  ru le  ou t P E G  a c y la tio n  
b e c a u se : 1) th e  ra te  c o n s ta n t is in d ep en d en t o f  th e  P E G  c o n cen tra tio n , an d  
2) th e  sam e  ra te  c o n s ta n t h a s  been found  w h en  benzo-15-crow n-5 w as u sed  
in s te a d  o f  P E G  (see T ab le  I) .

T h e  ra te  co n stan ts  co llec ted  in  T ab le  I  show  th a t
1) T h e  reac tio n  ra te  ( th e  nu c leo p h ilic ity  o f  D N P® ) is th e  sam e w h en  

c o m p le x in g  th e  ca tio n  e ith e r  b y  P E G  or benzo-15-crow n-5.
2) T h e  ra te  c o n s tan t depends upon  th e  n a tu re  o f th e  ca tion . T he o rd e r is

K® ^  Na® >  Li® (3)

3) T h e  dryness o f th e  re a c tio n  m ix tu re  is one o f th e  u nclarified  fa c to rs
[9] in  p h a se - tra n s fe r  reac tio n s . T his is w hy we h a v e  s tu d ied  th e  effect o f w a te r .

I n  no n -ca ta ly zed  re a c tio n s  th e  a d d itio n  o f w a te r  does n o t change th e  
r a te  c o n s ta n t .  In  th e  p resence  of am ines, th e  D N P®  co n sum ption  becam es 
fa s te r  w h e n  w a te r is p re se n t. ( I t  is n o t kn o w n  w h a t th e  role o f h y d ro ly s is  
p ro cesses  is.)

W e h av e  also s tu d ied  how  te r t ia ry  am in es ac t in  th e  hom ogeneous 
re a c tio n s .

T h is  group  o f c a ta ly s ts  w as in tro d u c e d  b y  N ormant, Cuvigny  a n d  
Sa vignac  [7]. The c a ta ly tic  effect w as a t t r ib u te d  to  com plexation . O ne o f

*  k 2 is second o rder ra te  c o n s ta n t, Cq n pS  a n d  c BzCl are  co n cen tra tions o f  D N P ©  
a n d  B zC l, resp ec tiv e ly

A cta  C him . Acad. Sei. Hung. 110, 1982
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Tabic I

Rate constants o f  the reaction D N P©  -f- BzCl in  benzene solution t —  25 °C

c°
BzCl
mol

L

c°
D N -
mol

L

С*
P E G
mol

L

Cation
4L

molX»

3.25 x  10~ 3 1.77x10-» b N a© 0.13
1.03x10-» 7.62x10-* 5.69x10"» Na® 0.13
1.55x10-» 1.99x10-» c Na© 0.13
1 .0 2 x 1 0 "» 8.31x10-* 2.24x10-» N a© 0.13
1.49x10"» 8.80x10-» 7.56x10-3 N a© 0.13 0.11M H.O

1.85x10-» 1.09x10-» 7.66x10-» Na© 2.66 0.11 M  H 20  +  1.77 • 10-3

TEMEDA
2.15x10"» 1.08x10-» 7.66x10-» Na© 0.27 5.58X10-» M  P y rid in

2.15x10-» 1.08x10-» 7.66x10-» N a© 0.70 6.02x10-» JVfDBN
1.15x10-» 1.06x10-» 7.82x10-3 N a© 1.04 7.78x10"» M  DAP
2 .1 1 x 1 0 "» 1.08x10-» 7.62x10-» N a® 0.25 5.32x10-3 M  TEA
1.85x10-» 9.68x10-* 8.80x10-» K © 0.16
2.98x10-» 2.03x10-» 1.28x10-3 Li© 0 .0 1

a) A verage of m ore th a n  one ru n s; w hen  ca ta ly zed : k'2
b) c =  9.93 X 10-3  M  benzo-15-crow n-5 as so lubilizing agent
c) c =  1.85 X lO -2 M  benzo-15-crown-5 as solubilizing agent

th e se  com pounds, T E M E D A  has becom e a freq u en tly  u tilized  p h a se -tra n sfe r  
c a ta ly s t .

In  so lid—liqu id  equ ilib rium  ex p e rim e n ts , T E M E D A  w as fo u n d  to  p roduce  
no s ig n ifican t an ion  co n cen tra tio n  in  th e  o rganic  phase [4], so i t  c a n  n o t be 
a com plex ing  c a ta ly s t.

E arlie r G o k e l  and  G a r c i a  [8 ] p ro v e d  th a t  in  a lk y la tio n  re a c tio n s  i t  is 
th e  m ono q u a te rn a ry  d e riv a tiv e  o f  T E M E D A  w hich acts as a c a ta ly s t .  B u t th e  
m echan ism  o f acy la tio n  processes c a ta ly z e d  b y  T E M E D A  h a s  n o t  been 
c la rified .

To o b ta in  new  in fo rm a tio n  a b o u t p h ase -tran sfe r a c y la tio n s  ca ta ly zed  
b y  T E M E D A , we h av e  m easu red  hom ogeneous reac tio n  ra te s  in  th e  presence 
o f T E M E D A .

W hen  T E M E D A  w as ad d ed , th e  re a c tio n  BzCl 4- D N P®  k e p t  follow ing 
a second-o rder k ine tics, b u t  w ith  a h ig h e r  r a te  c o n s tan t th a n  o th e rw ise . W hen 
v a ry in g  th e  T E M E D A  c o n cen tra tio n s , th e  following d ep en d en ce  w as found  
(F igs 1, 2, 3).

=  ^ 2  +  ^ 2 , Т Е М  CT E M  • *  ( ^ )

* fcj =  second o rd er ra te  c o n s ta n t o f  c a ta ly z e d  reac tio n , kj тем  == elope o f lin e  in  Figs 
1 — 3, cjem  =  T E M E D A  co n cen tra tio n

Acta Chim. Acad. S e i. H ung . 110,  1982
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Fig. 1. S eco n d  o rd e r  r a t e  c o n s t a n t  o f  th e  r e a c tio n  D N P © N a ©  +  B zC l a s  a fu n c t io n  o f
T E M E D A  c o n c e n tr a t io n

F ig . 2 . S eco n d  o rd e r  r a t e  c o n s t a n t  o f  th e  r e a c t io n  D N P © K ©  +  B zC l as a  fu n c t io n  o f
T E M E D A  c o n c e n tra t io n

F ig . 3. S eco n d  o rd e r  r a t e  c o n s t a n t  o f  th e  r e a c tio n  D N P © L i©  +  B zC l as a  fu n c t io n  o f
T E M E D A  c o n c e n tra t io n

A cta  Chim . Acad. Sei. Hung. 110,  1982
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K inetics eq u a tio n  (4) can  be ex p la in ed  b y  supposing th e  fo rm a tio n  of 
an d  ca ta lysis  by  th e  acy lam m onium  ion I i f  its  co n cen tra tio n  is e ith e r  sm all 

d e l
or s ta tio n a ry

d r
0

H 3C

N — Г Н »—OH —  
/

H 3C

(Л 13

f - ' I b

I

In  n o n -p h ase -tran sfe r acy la tions, th is  is a generally  ac c e p ted  w ay  of 
ca ta ly sis . In  te r t ia ry  am ine  ca ta ly zed  p h ase -tran sfe r acy la tio n  processes, th e  
acy lam m onium  ion  m u s t also p lay  a role.

B ased on E q . (4), th e  hom ogeneous ca ta ly tic  effect c a n  be  ev a lu a ted .
As T able  I  an d  F igs 1 —3 show , & 2 , t e m  4S alm ost th e  sam e  (3 .6 X 10-4 

an d  З . З х Ю  4 M  2 s -1  respective ly ) in  presence of sodium  a n d  po tassium  
ions. W ith  lith iu m , i t  is re m a rk a b ly  low er (1. 9 х Ю  4 M  2 s 4). T h e  difference 
in  th e  b ehav iou r o f  th e  lith iu m  sa lt can  be explained  by  su p p o sin g  a w eaker 
d issociation  of th e  ion  p a ir.

In  add itio n  to  its  e lec troph ilic ity -increasing  effect, acy lam m o n iu m  ion 
I  c an  have a p h ase -tran sfe rr in g  pow er. O n th e  basis o f th is  s ta te m e n t, we 
co n stru c ted  a m odel for solid—liqu id  p h ase -tran sfe r  acy la tio n  processes c a ta ­
lyzed  by  te r t ia ry  am ines (F ig .4). W ith o u t an y  ca ta lysis, n uc leoph ilic  species can 
e n te r  in to  th e  o rgan ic  p h ase  a t  a low c o n cen tra tio n . W hen an  am in e  is p resen t, 
th e  reac tion  is fa s te r  (hom ogeneous ca ta ly sis).

The acy lam m onium  ion  (if its  c o n cen tra tio n  is h igh  en o u g h ) ac ts  also 
as a p h ase -tran sfe r c a ta ly s t  (p h ase -tran sfe r ca ta lysis  in  F ig . 4).

B o th  effect c a n  c o n tr ib u te  to  d e te rm in e  th e  overall r a te  o f  th e  process.

f i g .  4. C a ta ly t ic  e f fe c t  o f  a  t e r t ia r y  a m in e  on  p h a se  t r a n s f e r  a c y la t io n

8 Acta Chim. Acad. Sei. H ung. 110, 1982
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E x p erim en ts  ch eck in g  th e  v a lid ity  of th is  m o d e l a re  in  progress.*
W e also exam ined  th e  c a ta ly tic  a c tiv ity  o f  som e o th e r te r t ia ry  am ines 

(see  T a b le  I). P yrid ine , D B N  a n d  TEA  were less a c tiv e  th a n  T E M E D A . In  
a  h o m o g en eo u s reac tion , D A P  w as found to  h av e  a v e ry  s tro n g  ca ta ly tic  effect, 
so w e  w ish  to  t r y  i t  as p h a se - tra n s fe r  c a ta ly s t.
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G á b o r  T am ás S z a b ó  

K a ta l in  A r a n y o s i  

L á sz ló  T ő k e

H -1 5 0 2  B udapest, M ű eg y etem  rk p . 3.

* O ne of the results o f o u r  p re lim in a ry  experim en ts: i) W hen  stirr in g  0.4 g ( 1 .9 x l 0 ~ 3 
m o l) o f  so lid  D N P Na sa lt w ith  10 m L  benzene so lu tion  of 0.12 g (8.5 X 1 0 ~4 mol) o f benzoy l 
c h lo r id e , no  reaction  occurs (t =  25 °C, stirring  ra te  =  500 rp m , 4 h). ii) A fter a d d itio n  of 
0.3 m g  (2 .6  X 10 _G mol) of T E M E D A  to  th is  system  and  s tir r in g  fo r 4 h„ 50%  conversion  can  be 
o b se rv e d . A nalysis of th e  k in e tic s  show s a p robably  d iffusion  c o n tro lled  process. T he in itia l

r e a c tio n  r a te  is w =  3.3 X 10 ~8 — . H ad  no p h ase -tran sfe r ca ta ly s is  occurred , th e  s ta r tin g
s

re a c tio n  r a te  would have been w =  1.0 X 10 ~8 —  .
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C om pounds I l i a  g hav ing  th e  k n o w n  £ -c o n fig u ra tio n  w ere co n v erted  in to  th e  
Z  isom ers (IV a  g) b y  p h o to isom eriza tion , a n d  th ese  isom ers were iso la ted  in  th e  pu re  
s ta te  in  th e  case o f com pounds IV a  c and  IV e ; th e  'H -N M R  tech n iq u e  has b een  em ployed  
to  develop a m eth o d  su itab le  for th e  d e te rm in a tio n  of these  isom ers in  th e  p resence 
of each  o th e r. T he s tru c tu re s  o f IV a g w ere co n firm ed  p a r tly  b y  th e rm a l isom eriza tio n  
c a ta ly zed  b y  L , p a r tly  b y  spectroscopic m e th o d s  (UV , 41-N M R . I3C-NM R). T h e  eq u i­
lib riu m  of p h o to iso m eriza tio n  w as also in v e s tig a te d  from  b o th  d irec tions a n d  th e  c h a r­
ac te ris tic  c o n s ta n ts  o f  th e  equ ilib rium  w ere ca lcu la ted .

Z -E  iso m eriza tio n  processes have  b een  know n  for a long tim e . In  c e r ta in  
cases th is  is th e  on ly  m ethod  for th e  p re p a ra tio n  o f a given isom er. M ost 
researchers s tu d ie d  th e  isom eriza tion  o f o lefin s on s tilbene  and  its  d e riv a tiv e s  
[2 — 4]; a t te n tio n  has been paid  to  th e  iso m eriza tio n  o f u n sa tu ra te d  d icarb o x y lic  
acids [3 — 5] an d  caro ten o id s  belonging  to  th e  n a tu ra l polyenes [8 ]. T here  
are  on ly  few p ap ers  dealing  w ith  iso m eriza tio n s ta k in g  place in  th e  side- 
ch a in  o f he te rocyc lic  com pounds [9— 10].

In  th e  p rev io u s papers th e  sy n th es is  o f  som e 2 -a lk y lm ercap to h ex a- 
hyd ro q u in azo lin e  d e riv a tiv es  ( la —g sa lts  a n d  I la —g, bases) [11] w as described  
th ese  y ie lded  2 -a lk y lm e rc ap to te tra h y d ro q u in a z o lin e  de riv a tiv es  ( I l ia —g) on 
o x id a tio n  [12].

C om pounds I l i a —g w ere p rep ared  b y  tw o  m eth o d s: sing let 0 2 or p o ta s ­
sium  h e x a c y a n o fe rra te  w ere used in  th e  o x id a tio n  reac tio n . In  th e  f i r s t  m e th o d  
tw o p ro d u c ts  w ere o b ta in e d  in  some cases. T h is  w as in d ica ted  by  th e  1H -N M R  
sp ec tru m : in  th e  re a c tio n  o f Ie, th e  fo llow ing signals ap p eared  in  th e  sp ec tru m , 
beside those  belong ing  to  H ie  [12]: ö  0.8 p p m  (t) (C H 3), <5 2.3 ppm  (t) (SC H 2), 
d 6.7 p p m  (t) ( — CH ); th is  la t te r  signal v e ry  p ro b ab ly  corresponds to  th e  ole-

8*

* P a r t  V : R ef. [1]
** To w hom  correspondence should  be ad d ressed
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КОН, methylene blue 
hr, Oj

SR

KOH,K»[Fe(CN)„]
Н,,0 ,С„На I a

la  (R =  CH3) 

b (R =  C2 H 5 ) 

c (R =  C3 H 7 ) 

d (R =  CH3 CHCH3 ) 

e (R =  C4 H;i) 

f (R =  C5 H 1 ,) 

g (R =  C'sH 13)

I l i a — g

lie .1, b

I V a - g

Fig. 1

f in ic  p ro to n  a t <5 8.2 ppm  in  l i l e .  This fa c t p o in ted  to  th e  possib ility  o f  Z -E  
iso m e riz a tio n . ( I t  m ust be n o te d  th a t  o x id a tio n  w ith  K 3[Fe(CN)6] nev er y ie ld ed  
an  iso m eric  m ix tu re , IH a  g w ere alw ays o b ta in ed .)

I n  th e  p resen t w ork we aim ed a t :  (a) an  inv estig a tio n  and  co n firm a tio n  
o f  Z - E  isom eriza tion  in  th e  above case; (b) p re p a ra tio n  o f Z  isom ers (IVa g) 
co rre sp o n d in g  to  I l i a — g an d  ve ifica tio n  o f th e ir  s tru c tu re s ; (c) s tu d y in g  th e  
iso m e riz a tio n  equilib rium .

F ir s t ,  th e  m ix tu re  o f Z - E  isom ers (IH e +  IVe) o b ta in ed  in  th e  above  
a ro m a tiz a tio n  reactions w as re fluxed  w ith  iod ine in  to luene  to  effect th e  
th e rm a l  isom eriza tion  c a ta ly zed  by  a halogen  [13]. A fter re flux ing  for 3 h o u rs , 
o n ly  H ie  could  be d e tec ted  in  th e  reac tio n  m ix tu re  b y  th e  1H -N M R  tc e h n iq u e . 
(T he com p o sitio n  of th e  isom eric m ix tu re  w as exam ined  in  all cases w ith o u t 
re c o rd in g  th e  whole sp ec tru m , only  b y  m easu rin g  th e  in teg ra l of th e  o le fin  
p ro to n s .)

P re p a ra tio n  of th e  Z  isom ers IVa—g w as achieved b y  p h o to iso m eriza ­
tio n . T ra c e s  o f m ethy lene  b lu e  w ere p resen t in  th e  so lu tion . (In  th e  absence  
o f  th is  re a g e n t, th e  p ro d u c ts  w ere  m ore c o n ta m in a te d , hav ing  a deeper yellow  
c o lo u ;). T he d u ra tio n  o f illu m in a tio n  w as d e te rm in ed  from  th e  eq u ilib riu m  
e x p e rim e n ts , and i t  w as u su a lly  15 h. U nder th e se  cond itions th e  eq u ilib riu m  
c o n c e n tra tio n  of th e  Z  isom er w as o b ta in ed . (P h o to isom eriza tion  effec ted  
in  th e  absence  of m ethy lene  b lu e  y ielded th e  sam e equ ilib rium  ra tio  o f  th e  Z
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isom er also a fte r  15 h.) S ep ara tio n  o f th e  I l la  — g and  IY a—g isom er pairs 
b y  th e  TLC tech n iq u e  failed w ith  th e  so lv en ts  em ployed b y  u s ; how ever, 
good resu lts  w ere o b ta in ed  by  th e  H P L C  tceh n iq u e  (see E x p e rim e n ta l) .

T he s tru c tu re s  IVa g w ere co n firm ed  b y  th e  e lem ental an a ly s is  d a ta  
and  sp ec tra l resu lts  (UV, 1H -N M R , 13C-N M R) (Table I). (R a m a n  sp e c tra  and 
IR  sp ec tra  o f IYa c and  e in com p ariso n  w ith  th e  co rrespond ing  E  isom ers 
will he d iscussed in  a la te r  paper.)

In  th e  1H -N M R  sp ec tru m  o f IVa, th e  signal of th e  m e th y l g roup  was 
sh ifted  d iam ag n etica lly , due to  th e  effect o f th e  phenyl ring  in  th e  a ry lidene  
g roup  (I lia : d 2.6 ppm , IVa: ő 1.7 p p m ), th e  signal o f th e  C H 2 p ro to n s  in  th e  
cyclohexene ring  rem ain ed  p rac tica lly  un ch an g ed . The change in  th e  sh ift 
o f th e  on ly  olefinic p ro to n  is th e  m ost sign ifican t in  th e  w hole  sp ec tru m  
(I lia : «5 8.2 ppm , IVa: ő 6.8 ppm ), an d  th is  change also p o in ts  to  th e  Z  isom er 
[12, 14]. T he s tru c tu re  o f th e  a ro m atic  m u ltip lc t is also s ig n if ic a n tly  a lte red .

Table I

Com- M.p., Molecular formula UV (ethanol) »H-NMR
pound °c M.w. Yield, %

Лтах(п т ) log c n ppm, CDC1

IVa 103 108 C ~H .eN.S 260 4.41 1.7 S 3H S C II3
344.48

573
345 4.08 1.6 2 .2] 

2 .5 -2 .9 1 m 6 H  C H .

6.8 t H I  = C H
7.1 7.5 in 10H A r

1V1» 85 90 C.„H.„,N.,S 260 4.42 1.0 t 3H  CH.,
358.51

19a
345 4.04 1.5 —2.1] 

2 .4 -2 .9 1 m 6 H  C H .

2.3 <1 2H  SC H , J = 6  Hz
6.7 t 1H  = C H
7.0 - 7.6 m 10H A r

IVc 134 137 C.,4H ,4N,S 261 4.42 0.8 t 3H  C H 3
372.53

(>2a
346 4.06 1 .1 -  2 .1]  

2 .5-З .О Г m 8 I I  C H .

2.3 tb 2 H  SCH .
6.7 S H I  = C H
7.2 - 7.7 111 10H  A r

IVe 110 114 C,sH .fiN,S 261 4.43 0.8 tb 3H  C II3
380.57

60ä
346 4.08 1.0 2 .1 ] 

2.5 -  2.91 m 10H CH.

2.3 tb 2H  SCH .
6.7 t 1H  = C H
7.1 7.7 m 10H A rc

a Yields are expressed in percentage of th e  100%  “ ideal” conversion b y  isom erization; 
th e  substance  o b ta ined  in pure, crystalline  s^ate is considered 

b F irs t o rder approxim a,! > 1
c C om pounds IVd, IVf and IVg could no t be iso lated  in the pure s ta te . T h e  clearly assigned 

signals characteris tic  o f them  in the lH -N M R  sp ec tra  are the following: IVd ö 1.05 ppm  (d) 
3H  C H 3 (H id : <) 1.5 ppm ), Ő 6 .8  ppm  (t) 1H  CH (I l id :  Ő 8.2 ppm ); IVf 6 0.8 ( t b) 3H  C H 3, Ö 2.3 
( tb) 2H  SC H „ <5 6 .8  ppm  (t) 1H CH: IVg <5 0.8 pp . ( tb) 3H  CH3, Ö 2.3 ppm  ( tb) 2H  SC H „ Ö 6.8  
ppm  (t) 1H =  CH
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In  th e  XH -N M R  sp e c tra  o f  IV b—g, th e  sh if t ch an g es for group R  decrease 
w ith  in c reas in g  R , as c o m p ared  w ith  th e  co rre sp o n d in g  I l lb  — e, com pounds, 
ex cep t th e  signal assigned  to  SCH 2 (cf. T ab le  I) [12].

In  th e  13C-NM R sp ec tru m , th e  Z -E  iso m erism  resu lts  in  a lte red  sh ifts  
for each  a ro m atic  C in  th e  benzal group an d  a t C-7, since th e  b en za lp h en y l

Table II

Ш е IVe

A ssignm ent Chemical shift Chemical shift

ó ppm ő p pm

4 " ' 13.8 13.7

6 22.3 21.9

3 " ' 22.8 23.5

2 '" 27.2 26.8

V " 27.8 29.7

5 30.8 31.1

7 31.8 33.9

8a 122.2 123.1

4’ 127.6 126.7

2", 6" 129.9b 128.8b

3", 5" 128.3b 127.8b

3 ', 5 ' 129.1a>c 128.9a<c

2 ', 6 ' 128.2C 128.2<=

4" 131.0 133.3

8 134.0 134.6

1" 137.3 138.6

Г 138.3 138.3

4а 160.6 160.9

4 166.3 166.4

2 168.3 168.2

a T he signal assigned to C-8a can  be found a t th e  sam e site
b’c Sh ifts  w ith the sam e a lph ab etica l no tation  are  in te rch an g eab le
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group  is n o t co p lan a r w ith  th e  m olecule. I t  is n o te w o rth y , th a t  th e  signal of 
th e  SCH2 group in  th e  a lk y l chain  is p a ra m a g n e tica lly  sh ifted , ow ing to  th e  
ste ric  v ic in ity  w hich  is also d em o n stra ted  by  th e  D reid ing  m odel (see Fig. 2 
an d  T ab le  II) .

In  th e  UV sp e c tra  (cf. T ab le  I) tw o m ax im a  ap p ea r; b o th  o f th e m  suffered 
som e hypsochrom ic sh if t as com pared  w ith  th e  co rresp o n d in g  m ax im a  in  
I l i a  - g  (IVa: A-, 260 n m , A2 345 nm ; I l i a :  A, 265 n m , A2 350 nm ). T his phenom ­
enon  often  occurs w ith  Z -E  isom ers [15].

The equ ilib ria  o f  th e  pho to iso m eriza tio n  reac tio n s  Mrere also s tud ied  and 
th e  resu lts  are  su m m arized  in  T able I I I  an d  F ig . 3.

The iso m eriza tio n  m ix tu re  a tta in e d  e q u ilib riu m  a f te r  15 h a t 38 °C, 
w here th e  Z  isom er is p re se n t, on th e  average , in  70% , p ra c tic a lly  irrespec tive  
o f th e  n a tu re  o f  R , w hen  considering  th e  e rro r  o f  m easu rem en t. T he p rep o n ­
d erance  of th e  Z  isom er can  be u n d ers to o d  w h en  ta k in g  in to  acco u n t th a t  
a t th e  w ave len g th  o f  ir ra d ia tio n  (A 366 nm ) th e  e x tin c tio n  coeffic ien ts  th e  E  
isom ers I l l a - g  are  h ig h er th a n  th o se  o f  th e  co rresp o n d in g  Z  isom ers IV a—g 
(IH a : f 36enm: 10 700; IV a: e3eCnm : 6940) [16].

The eq u ilib riu m  o f pho to iso m eriza tio n  w as also in v e s tig a te d  s ta r tin g  
from  th e  Z  isom er: com pound  IVa w as ir ra d ia te d  a t  38 °C. A fte r 15 h . th e  
equ ilib rium  c o n c e n tra tio n  of isom er Z  w as o b ta in e d  (72.3 ^  5 .3% ).

Table III

C om pound
Z  iso m e r a t  

eq u ilib riu m , %  
(< =  38 °C)

к -E
Z E

K ca l/m o l Jo u le /m o le  • 103

IVa 67.7 ±  2.8 2.09 ±  0.27 -0 .456  ±  0.079 1.91 ±  0.331
IVb 71.8 ±  1.3 2.54 ±  0.16 0.577 ±  0.040 2.42 ±  0.167
IVe 73.0 ±  1.8 2.70 ±  0.25 0.614 ±  0.056 -2 .5 7  ±  0.234
IVg 68.2 ±  1.5 2.15 ±  0.15 0.472 ±  0.042 1.98 ±  0.176
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E xperim en ta l

T h e  ’H -N M R  spectra  w ere re co rd e d  w ith  a P e rk in -E lm er R-12 (60 M H z) sp ec tro m ­
e te r . T h e  13C-NM R spectrum  of IV e w as o b ta in ed  w ith  a V A R IA N  X L -100-15 F T  (25.16 
M H z) in s t ru m e n t  in CDC13 a t 50 °C, in te rn a l  s ta n d a rd  TM S. T he UV sp e c tra  w ere reco rded  
w ith  a  H IT A C H I 124 sp ec trom eter. I n  th e  ir rad ia tio n  reac tio n s th e  U V  lam p  used w as A n a ly sen ­
lam p e , H a n a u ,  Я 366 nm , pow er: 125 W . In  th e  reac tions, e x te rn a l illu m in a tio n  w as em ployed . 
T h e  e le m e n ta l  analysis d a ta  w ere w ith in  th e  lim its  o f e x p erim en ta l error.

P re p a ra t io n  of th e  s ta r tin g  m a te r ia ls  I l i a  g has a lre ad y  been pu b lish ed  [12].

P h o to isom erization  of 2 -a lk y ln iercap to -4 -p h en y l-8 -E ’- 
-benzyli< leiie-5 ,6 ,7 ,8-tetrahydroquinazolines

2 -M ethy lm ercap to -4 -p h en y l-8 -Z -b eiizy lid en e-5 ,6 ,7 ,8 -te trah y d ro q u in azo liiie  (IV a)

C o m p o u n d  I l la  (1 g; 0.0029 m o le ) a n d  m ethy lene  b lue  (5 m g) w ere d issolved in  m e th an o l 
(300 m L ) , a n d  th e  solution was e x te rn a lly  illu m in a ted  w ith  a UV lam p  in an  E rlen m ey e r flask  
(E rg o n )  a t  38 °C for 15 h. A t th e  e n d  o f th e  reac tion , th e  p re c ip ita te  w as filte red  off, w ashed  
u n t i l  c o lo u rless  w ith  cold m e th an o l: acco rd in g  to th e  JH -N M R  sp ec tru m , th is  w as th e  Z  iso­
m er. T h e  m o th e r  liquor was e v a p o ra te d  to  d ryness, an d  th e  e v ap o ra tio n  residue w as d issolved 
in  b e n z e n e . T h is solution w as w ash ed  w ith  10%  HC1 and  w a te r  u n til  colourless, th e n  dried  
over M g S 0 4. A fter evap o ra tio n  of th e  so lu tio n , th e  oily residue w as su b jec ted  to  frac tio n a l 
c ry s ta l l iz a t io n  from  m ethanol. T he p u r i ty  of th e  frac tions w as checked  by  th e  ’H -N M R  te c h ­
n iq u e  as s t a te d  above.

P re p a ra t io n  of IVb, c, e was e ffe c te d  sim ilarly , b y  th e  irrad ia tio n  of th e  co rrespond ing  
c o m p o u n d s , IH b , c, e. The am o u n ts  o f  co m p o u n d s IVd, f  and  g, n o t iso la ted  in th e  p u re  s ta te , 
w ere e s t im a te d  on the  basis of th e  ’H -N M R  sp ec tra  again ; th e  Z  isom ers w ere p re sen t in a b o u t 
70%  (see  T a b le  I I I ,  com pound IVg).

T h e rm a l isom erization of 2 -b u ty lm ercap to -4 -pheny l-8 -Z -benzy lidene .5 ,6 ,7 ,8 - 
te trah y d ro q u in azo lin e  (IV e) catalyzed by iodine

A m ix tu re  of H ie  and  IVe (46% , a n d  54%,) (0.16 g; 0.00043 m ole) was d isso lved  in  
to lu en e  (100  m L ) and I2 (50 m g) was a d d e d  to  th e  so lu tion . A fter re flu x in g  for 3 h , th e  ’H -N M R  
s p e c tru m  sh o w ed  no Z isom er in th e  m ix tu re . T he brow n so lu tion  w as w ashed  w ith  a so lu tion  
o f Na.jS.jOg, th e n  w ith  w a te r an d  d r ie d  o v er anh y d ro u s MgSO,. T he to luene  so lu tio n  w as 
e v a p o ra te d  to  d ryness and  th e  oily  re s id u e  crysta llized  from  m eth an o l to o b ta in  IH e  (0.11 g;
69%).

Investigations on th e  p h o to iso m eriza tio n  equ ilib ria  o f I l i a ,  b, e, g

C o m p o u n d  I l ia ,  b, e or g (1 g) w as dissolved in m eth an o l (300 m L ) an d  m eth y len e  b lue  
(5 m g) w a s  ad d ed  to th e  so lu tion , w h ich  w as th en  ir rad ia te d  e x te rn a lly  w ith  a UV lam p , in  
an  E r le n m e y e r  flask  (E rgon). Sam ples w ere w ith d raw n  period ica lly  from  th e  reac tio n  m ix tu re  
an d , a f te r  ev ap o ra tio n  to d ryness, th e  ’H -N M R  spectrum  of th e  oil o b ta in e d  was reco rd ed  to  
d e te rm in e  th e  isom eric com position o f  th e  m ix tu re  (see Fig. 3).

E x p e r im e n ta l conditions for th e  sep a ra tio n  of I l ia  a r  d IVa by th e  HPLC techn ique

A  L iq u o ch ro m  307 in s tru m e n t w as u sed  w ith a colum n of 20 с n  X 4.2 m m  d im ensions 
p a ck e d  w ith  P a rtis ii  10 /í ; th e  e lu en t w as benzene. Flow  ra te  ( F ): 1.34 c m 3/ n in , th e  colum n 
p re ssu re  d ro p  w as 37 bar. D etectio  i: U V  sp ec tro p h o to m etric  d e tec to r, th e  vo lum e of th e  cell: 
8 //L , Я 276 n m , A  =  0.1. R esales: I l i a :  k '  0 .94; IVa: k ' 1.79: I l ia :  ip  2.35 .n in : IVa: ip  3.40 m in ; 
p eak  re so lu tio n  (R s): 4.2.

*

T h e  a u th o rs ’ th an k s a re  due t o  D r. R. O h m a c h t  fo" th e  IR  sp ec tra , to  Dr. P . M o l n á r  
an d  D r. M rs. L. K i s i m r e  for the  UV sp e c tra , to  Miss É . T ó t h  for th e  ’H -N M R  sp e c tra  to  Mrs 
M. О тт  a n d  D r. R. O h m a c h t  for th e  an a ly ses, to Mr. Z. M a t u s  for th e  H P L C  se p a ra tio n s  
an d  to  M iss E . M á t r a i , Miss H . T e n c z  a id  Mrs. E . B l e s z i t y  for tech n ica l assistance .
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MULTIPLE STEADY STATES AND HYSTERESIS 
DURING STIRRED FLOW OXIDATION OF 

CEROUS ION BY BROMATE
E X P E R IM E N T S  A N D  M O D ELS*

K . B a r - E l i 1 and W . G e i s e l e r 2**

( l D epartm ent o f  Chem istry, T e l-A v iv  U niversity , T e l-A viv , Isra e l, 
Institu te  o f  Technical C hem istry, Technical U niversity , B erlin , G erm any)

R eceived  M arch  6, 1981 
A ccep ted  fo r p u b lic a tio n  A pril 20, 1981

M ultip le s te a d y  s ta te s  (b is tab ility ) , th re sh o ld  p ro p erties , a n d  h y ste re s is  b eh av ­
io r a re  o bserved  w hen  cerous ions a re  o x id ized  b y  acid ic  b ro m a te  in  a  con tin u o u sly  
s tir red  ta n k  re a c to r  (C STR ). T he th eo re tic a l b e h av io r o f th e  sy s tem  is in v e s tig a te d  u n d e r 
v a rio u s ex p e rim e n ta l co n d itions b y  use  o f  b o th  a d e ta iled  an d  a s im p le  m odel. The 
p red ic tiv e  ab ilities o f th e  m odels a re  co m p ared  — w ith  ex p erim en ta l f in d in g s . T h e  agree­
m e n t is re m a rk ab ly  good and  th u s  gives fu r th e r  confidence to  th e  m ech an ism  used  and  
to  estim a tes o f v a rio u s  ra te  c o n s tan ts  app lied .

In tro d u c tio n

T he o x id a tio n  o f  cerous ions b y  acidic b ro m a te  w hich is one o f  th e  m ost 
im p o r ta n t steps o f  th e  o sc illa ting  B e l o u s o v — Z h a b o t i n s k i i  re a c tio n  [1] is 
a v e ry  com plex re a c tio n  an d  ex h ib its  pecu lia r k in e tic  fea tu res  [2]. T h e  k inetics 
h av e  been  stud ied  b y  severa l in v es tig a to rs  [2, 3]. All o f th e  s tu d ie s  w ere con­
d u c ted  in  ha tch  re a c to rs . A d e ta iled  m echan ism  has been  p roposed  b y  N o y e s , 
F i e l d  and  T h o m p s o n  [3] (N F T  m echan ism ). R e c e n tly  G e i s e l e r  a n d  F ö l l n e r

[4] co n d u c ted  th e  re a c tio n  in  a c o n tin u o u sly  s tir re d  ta n k  re a c to r  (C ST R ). They 
observed  th a t  tw o d iffe ren t s tab le  s te a d y  s ta te s  m ay  ex is t for id e n tic a l in p u t 
cond itio n s. A fter a p e r tu rb a tio n  th e  system  can  e ith e r  re tu rn  to  its  p rev ious 
s te a d y  s ta te  or m ove to  th e  o th e r one. B a r - E l i  an d  N o y e s  [5] p o in te d  ou t 
th a t  all these  p h en o m en a  are  acco u n ted  for b y  th e  N F T  m ech an ism . I n  a 
re c e n t p a p e r [6 ] th e y  in v es tig a ted  th e  th e o re tic a l b ehav io r o f  th e  system  
u n d e r vario u s e x p e rim e n ta l cond itions an d  p red ic ted  resu lts  o f fu r th e r  feasible 
ex p erim en ts . T heir d e ta ile d  ca lcu la tio n s show ed th a t  th e  system  b e in g  b istab le  
can  c o n v e rt from  one s te a d y  s ta te  to  th e  o th e r  via  a h ysteresis  loop. T h e  h y s te re ­
sis lim its , i.e. th e  lim its  o f  th e  dom ain  o f b is ta b ili ty , depend  sen sitiv e ly  on  th e  
r a te  c o n s ta n ts  o f th e  m echan ism  an d  on th e  c o n s tra in ts  o f th e  sy s tem . V aluable

* P resen ted  on  th e  jo in t  session o f th e  W orking  C om m ittees on  R e ac tio n  K in e tic s  and  
C ata lysis, a n d  C oord ination  C hem istry , B u d a p es t, O c to b er 29, 1980.

** To w hom  co rrespondence  should  be  addressed

1 Acta Chim. Acad. Sei. Hung. 110 , 1982
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in fo rm a tio n  is therefo re  e x p e c te d  from  stud ies o f th e  h y ste resis  lim its  as fu n c ­
t io n  o f  th e  co n stra in ts . C o m p ariso n  of ca lcu la ted  an d  m easured  lim its  cou ld  
c o n tr ib u te  independen t te s ts  t h a t  w ould serve e ith e r  to  re fin e  th e  r a te  c o n s ta n t 
e s t im a te s  or to  re fu te  th e  m ech an ism .

I n  th e  p resen t p a p e r w e e x te n d  th e  in v es tig a tio n s  o f  B a r - E l i  an d  N o y e s  
[5, 6 ] fo r various e x p e rim e n ta l cond itions. W e co m p are  p rev ious an d  new  
c a lc u la te d  d a ta  w ith  e x p e rim e n ta l re su lts , check h y ste re s is  lim its  and  p rov ide  
f u r th e r  su p p o rt to  th e  N F T  m ech an ism . M oreover, we give accu racy  lim its  for 
som e o f  th e  ra te  c o n s ta n ts  u sed . W e also in v e s tig a te  th e  p red ic tiv e  ab ilities  
o f a  re d u c e d  model of tw o v a r ia b le s  w hich has b een  d eriv ed  from  th e  o reg o n a to r 
m o d e l b y  G e i s e l e r  and  F ö l l n e r  [4]. R ecen tly  T y s o n  [7] s tu d ied  th is  m odel 
a n a ly tic a l ly  and  su b se q u e n tly  N o y e s  [8] m ade use o f it  w hen  exam in in g  re la ­
t iv e  d y n a m ic  stab ilities . A lth o u g h  th e  p red ic tiv e  pow er o f th e  red u ced  m odel 
is r e s t r ic te d  a priori due to  se v e ra l assum ptions, i t  is show n to  describe fa ir ly  
w ell th e  ch arac teris tic  fe a tu re s  o f th e  system .

M echanism  and com putations

T h e  N FT  m echan ism  co n sis ts  of seven p o te n tia lly  reversib le  reac tio n s , 
to  w h ic h  th e  ind ica ted  r a te  c o n s ta n ts  a t  25 °C a re  assigned:

B r 0 3 -f- B r~  A- 2 H  + ^  H B r 0 2 +  H O B r
(1)

k l =  2.1 M - 3 s - 1 к  _ х  =  l x l O 4 M _1 s _ l

H B rO , +  B r -  +  H  + ^  2 H O B r
(2)

k 2 =  2 х Ю 9 M 2 s - 1 fe_2 =  5 x l 0 ~ 5 M - 1 s - 1

H O B r B r -  -)- H  + Br2 1 H 20
(3)

k 3 =  8 x  109 M ~ 2 s -1 k _ 3 =  110 s - 1

B r 0 3 +  H B r O ,  +  H  + 2 B r 0 2 +  H 20
(4)

A;4 =  l x l O 4 M  2 S - 1 fc_4 =  2 х Ю 7 M 1 s - 1

Ce3+ B r 0 2 +  H  + ^  Ce4+ +  H B r 0 2
(5)

k s =  6.5 x l O 5 M  2 s - 1 k _ 5 =  2.4 x l O 7 M - 1 s - 1

Ce4+ -)- B rO , +  H.,0 Ce3+ +  B r 0 3- +  2 H  +
(6)

k 6 =  9.6 M 1 s - 1 к _ в =  1 . 3 Х 1 0 - 4 M ^ S - 1

2 H B r 0 2 ^  BrOj- +  H O B r  +  H  +
(7)

k 7 =  4 x  107 M  1 s - 1 =  2.1 x l O 10 M - 2 s - 1

A cta  Chim. Acad. Sei. Hung. 110, 1982
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T he ra te  c o n s ta n ts  a re  defined  so t h a t  so lvent w a te r does n o t  e n te r  the  
r a te  expressions, b u t  is tre a te d  as a t  u n i t  a c tiv ity . F o r each o f  th e  o th e r  nine 
chem ical species in  th e se  equa tions th e  chem ical m echanism  g e n e ra te s  a differ­
e n tia l eq u a tio n . To each  such  e q u a tio n  a  te rm  describing th e  o u tf lo w  o f chem i­
cals from  th e  CSTR w as added . T h e  fo u r species B rO ^, B r - , Ce3+ and  H + 
w ere assum ed added  to  th e  re a c to r  a t  a c o n s ta n t ra te  an d  in s ta n ta n e o u s ly  
m ixed  as is done ex p erim en ta lly . F o r  th e se  species inflow  te rm s  w ere  added to  
th e ir  d iffe ren tia l e q u a tio n . The r a te  o f  th e  inflow  and  ou tflow  is describ ed  by 
/c0. T h is q u a n tity  is eq u a l to  T R~ i, w h e re  T R is th e  residence t im e  o f  th e  CSTR. 
T h e  s tiff  d iffe ren tia l eq u a tio n  sy s te m  th u s  form ed was so lv ed  num erica lly  
b y  th e  m eth o d  o f G e a r  [ 9 ]  to  o b ta in  a n  e s tim a te  of dc(/df =  0 a n d  th e n  New­
to n ’s m e th o d  w as u sed  to  p in p o in t th e  co n cen tra tio n s a t w h ich  cf =  0 .

W hen  only  th e  h ysteresis  lim its  w ere necessary  any  s te a d y  s ta te  (SS) 
w as ca lcu la ted . T h en  one of th e  c o n s tra in ts  was changed as slow  as  to  rem ain  
on  th e  sam e SS. W hen  th e  lim it w as a rr iv e d  a t  th e  so lu tion  su d d e n ly  jum ped 
to  a q u ite  new  SS. Slow enough ch an g es  in  th e  co n s tra in ts  g iv e  th e  same 
re su lts  as th e  p o in t b y  p o in t c a lc u la tio n .

Experim ental

T he ex p erim en ta l d e ta ils  and  the  d e v ice  h av e  been described e lsew h ere  [4, 10]. The 
e x te rn a l p a ram ete rs  o r c o n s tra in ts  for th e  sy s te m  are  [BrO^],,, [B r_ ] 0, [Ce3 + ] 0, a n d  [H + ]u 
s ta n d in g  for th e  inflow  co n cen tra tio n s , k 0 a n d  tem p e ra tu re . T em p era tu re  w as h e ld  constan t 
a t  25 °C du rin g  all e x p erim en ts . T he c o n c e n tra tio n  o f brom ide has been fo llow ed  b y  a n  electrode 
specific to  b rom ide ions (O R IO N  R esearch  In c .) .  As a reference e lectrode we u se d  th e  system  
H g /H g jS 0 4/sa t.K 2S 0 4.

C om putational a n d  experim ental results

1 .  D e t a i l e d  m o d e l

F igu re  1 shows ca lcu la ted  an d  m easu red  hysteresis cu rv es  o f  th e  steady  
s ta te  b rom ide c o n c e n tra tio n  as a fu n c tio n  o f  th e  brom ide in flow  co n c e n tra tio n . 
T he values o f th e  o th e r  co n stra in ts  w e re  c o n s ta n t and im ita te  th e  ex p erim en ta l 
cond itions used by  G e i s e l e r  and F ö l l n e r  [4]. The ac tu a l m e a su re d  brom ide 
co n cen tra tio n s  a t th e  s te a d y  s ta te s  d iffe r from  th e  c a lcu la ted  ones due to  
th e  m eth o d  o f m easu rem en t, b u t th e y  a re  u n im p o rta n t in  o b ta in in g  th e  hyste ­
resis lim its . These lim its  w ere re lia b ly  in d ic a te d  b y  th e  b ro m id e  e lec tro d e . The 
sam e lim its  w ere o b ta in e d  w ith in  e x p e rim e n ta l error, w hen a P t  e lec tro d e  was 
u sed , th u s  giving con fidence  to  th e  e x p e rim e n ta l procedure. B o th  th e  ca lcu la ted  
an d  m easu red  resu lts  show  clearly  th e  ex istence  of tw o s ta b le  s te a d y  s ta tes 
(S S I and  S S II). In  b e tw een  th e re  e x is ts  an  un stab le  s te a d y  s ta te  (S S III) 
w hich  is ca lcu la ted  on ly . Being an u n s ta b le  SS it  can n o t ap p ea r e x p e rim en ta lly .
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F ig . 1 . C alcu lated  and m ea su re d  h y s te re s is  loops: p lo t o f lg  [ B r~ ] ss vs. lg [B r_ ]0. Solid  line  
— c a lc u la te d  stable s tead y  s ta te s  S S I  an d  SSII. D ashed  l in e  — ca lcu la ted  u n stab le  s te a d y  
s ta te s  S S I I I .  Line w ith  d o ts  — m e a su re d  steady s ta te s  S S I  a n d  S S II . O ther c o n s tr a in ts : 
k u =  4 X 1 0 - 3 s - \  [В гО з]0 =  2 x l O ~ 3 M , [Ce3+]0 =  1.5 X  1 0 M ,  [H + ]0 =  1.5 M .  T h e  

a rro w s indicate th e  lim its  o f  t h e  hysteresis loops a n d  th e  d irec tio n  of tran s itio n s

F ig . 2 . M easured h y s te re s is  lo o p s  fo r different v a lu es o f  [B rO 3 ] 0. O th er c o n s tra in ts :  
fe„=  4 x l 0 - 3 s —t, [Ce3+] „ =  1 .5 x 1 0 -"  M , [H  + ] 0 =  1.5 M



B A R - E L I ,  G E I S E L E R :  O X I D A T I O N  O F  C E R O U S  I O N  B Y  B R O M A T E 2 4 3

F ig . 3. D om ains o f b is tab ility  in v a rio u s  p lan es o f  th e  c o n s tra in ts :  (A) lg [B r- ] 0 vs. Ig [B rO j]0 
(B ) lg [B r - ] „  os. lg [Ce3+] 0, (C) lg [ B r - ] „  os. lg [H + ]0, (D ) lg k 0 os. lg [ B r - ] „  (E )  lg fc0 os. 
lg  [B rO j],,, (F ) lg k„ vs. lg [Ce3 + ]0, (G) lg k 0 vs. lg [H  + ] 0. T he fixed  c o n s tra in ts  w ere  : [B rO a ]0=  
2 x l 0 - 3 M . [B r~ ]0 =  l x l O _ 5 iV/, [Ce3+ ] „ =  1 .5 x l O - 4 M , [H + ]0 = 1 . 5 M ,  a n d  k„ =

4 x l 0 ~ 3 s _1. Solid lines — c a lcu la te d  lim its , d a sh ed  line w ith  d o ts  — m e a su re d  lim its

In  F ig . 2 are show n m easu red  h y ste resis  curves for d iffe re n t b ro m a te  
in flow  c o n cen tra tio n . As has b een  p re d ic te d  in  [6] th e  cu rves a n d  its  lim its 
d ep en d  sensitive ly  on  th e  se t o f  c o n s tra in ts  used . In  th e  p re se n t ex am p le  th e  
h y ste re s is  cu rves sh ift to  la rg e r [B r~ ]0 w ith  increasing  [B rO ^ ]0. T h e re b y  th e  
lim its  ap p ro ach  each o th e r an d  coincide a t  a su ffic ien tly  la rg e  [B rO ^ ]0. For 
[B rO jf ] 0 >  4 x l O ~ 2 M  chan g in g  o f  [B r~ ] 0 causes only  a sm o o th  change in  
[B r~ ]ss  w ith o u t an y  h y ste resis . S im ilar coalescence will occur o f  co u rse  also a t 
v e ry  low values of [BrO^"]0. T hese values o f th e  co n stra in ts , h o w ev er, are m uch 
below  th e  ex p erim en ta l feasib le  ones.

T he h ysteresis  lim its  w hich  define  th e  dom ain  o f b is ta b il i ty  w ere  ca lcu ­
la te d  and  m easured  fo r v a rio u s se ts  o f th e  co n s tra in ts . T he re su lts  a re  dep ic ted  
in  F ig . 3. Since we h av e  fiv e  c o n s t r a in t s ,^ ,  [B r~ ]0, [В гО т]0  ̂ [Ce3 + ] 0, and 
[H + ]„, we can  ca lcu la te  an d  m easu re  te n  such  dom ains o f b is ta b il i ty  in  the  
2 -d im ensional planes o f th e  c o n s tra in ts , seven  of w hich are show n in  th e  F igure . 
N o new  in fo rm atio n  is ex p ec ted  from  th e  o th e r th ree  dom ains o f  b is ta b ility .
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G enerally  th e re  is a good  ag reem en t b e tw een  th e  ca lcu la ted  an d  m easu red  
d a ta .  Som e dev ia tions, h o w e v e r , occur in  th e  lim its  o f  [H  + ] 0 vs. [B r- ] 0 (C) 
a n d  [H + ] 0 vs. k 0 (G) su b sp a c e s  o f th e  c o n s tra in ts . I n  th ese  cases, changes in  
th e  a c t iv i ty  coefficients c a n  cau se  ra th e r  d ra s tic  ch an g es in  th e  ra te  c o n s ta n ts , 
w h ic h  a re  n o t accoun ted  fo r  in  th e  m odel. A t th e  m o m en t we are u n ab le  to  
e x p la in  th e  ra th e r  s tro n g  d e v ia tio n  in  th e  low er h y ste re s is  lim it of th e  su b ­
sp a c e  [Ce3 + ] 0 vs. [B r - ] 0 (B ), how ever, s im ila r d e v ia tio n  is observed , w h en  
M n2 + is  used  in stead  o f  Ce3+ [11]. O ther d e v ia tio n s  occur n ea r th e  lim its  o f 
th e  b is ta b ili ty . In  th e se  cases  th e re  is a te n d e n c y  fo r th e  m easured  lim its  to  
a p p ro a c h  each o ther fa s te r  t h a n  th e  ca lcu la ted  ones. T h is is m ost c learly  seen 
in  (A ).

T h e  com puted  re su lts  o b ta in e d  above d ep en d  o n ly  on  th e  ra te  c o n s ta n ts  
o f  th e  reac tio n s  (1) — (7) a n d  th e  applied  c o n s tra in ts . Som e o f th e  ra te  c o n s ta n ts  
w ere  o b ta in e d  earlier [3] on  th e  basis of k inetic  a n d  th e rm o d y n am ic  a rg u m en ts , 
w h ile  o th e rs  were m easu red  d irec tly . The a g re e m e n t b e tw een  m easu red  an d  
c o m p u te d  d a ta  proves t h a t  th e  N F T  m echanism  u se d  is b asica lly  co rrec t an d  o n ly  
s lig h t v a ria tio n s  in  th e  r a te  c o n s ta n ts  m ay be n eed ed  to  im prove it. O f course, 
o n ly  th o se  ra te  c o n s ta n ts  w h ic h  influence th e  h y s te re s is  lim its  m ost d ra s t i­
c a lly  c a n  be ree s tim a ted . T a k in g  in to  c o n sid e ra tio n  th e  th e rm o d y n am ic  c o n ­
s t r a in ts  we find  th a t  th e  se n s itiv e  ra te  c o n s ta n ts  a re  p ro b a b ly  co rrec t w ith in  
a f a c to r  o f tw o or even less.

2. S im p le  model

A s has been show n b y  G e i s e l e r  and  F ö l l n e r  [4] th e  full N F T  m ech a ­
n ism  c a n  be  reduced so t h a t  th e  k inetics of th e  b is ta b le  system  can  be described  
b y  fo u r  essen tia l re a c tio n  s te p s :

B r 0 3-  +  B r -  +  2 H +  кБЗ * H B rO , +  H O B r (8)

H B r0 2 + B r ~  +  H  + *K! - 2 H O B r (9)

B r0 3-  +  H B r 0 2 +  H  + ► 2 B rO 4 +  I120 ( 10)

B r0 2 +  Ce3+ +  H +  ------->- Ce4+ +  H B r 0 2

2 H B r0 2 — > B r 0 3-  +  H O B r +  H  + (H )

w ith  th e  r a te  co n stan ts  a t  25 °C:

k R 3 =  2.1 M~- i s - 1

k R2 =  2 x l 09 M - 2 s - 1

k R5 =  1 X 104 M ~ 2 s -1

k R4 =  4 x l 0 7 M - 1 s - 1.
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T he re a c tio n  (10) is an  a u to c a ta ly tic  a n d  consecutive one w ith  th e  firs t 
s te p  being ra te  lim itin g .

B y  in tro d u c in g  ap p ro p ria te  a b b re v ia tio n s  we o b ta in  a s im p le  reac tio n  
s c h e m e :

A  +  Y ► X  +  P

X +  Y - 2 P

A  +  X  +  (Z) ■2 X +  Z '

2X  —^ - A  +  P

H O B r, X  H B r 0 2, Y  =  B r - ,
== 2 Ce4 + . The new  ra te  co n stan ts  a re  g iv en  b y :

*i = f c * 3 [H  + ]2 

=  ^R2 [ I i  + ]

^3 =  ^R5 [H  + ]

=  k R4.

Since th e  reac tio n s are  trea ted  as irre v e rs ib le  an d  ac id ity  effects a re  inc luded  
in  th e  ra te  c o n s ta n ts , we can  derive  fro m  th is  schem e a d iffe ren tia l eq u a tio n  
sy s te m , w hich c o n ta in s  only  fo u r c h em ica l species, nam ely  A ,  X ,  Y , an d  Z  
s ta n d in g  for th e  co n cen tra tio n s  o f  b ro m a te , brom ous acid , b ro m id e , and 
cerous io n :

^  =  k xA Y  -  k 2X Y  +  k 3A X  -  2ki X 2 -  k 0X

d Y
d T

=  — k t A Y  — k 2X Y + k 0( Y 0 -  Y)

d Z
d T

- 2 k3A X Z  +  k 0( Z 0 -  Z ).

( 12)

(13)

(14)

T h e  d iffe ren tia l e q u a tio n  system  in c lu d es  ag a in  add itional te rm s  describ ing  
m a te r ia l  flu x  due  to  the-flo w  re a c to r , k 0(ci0 — c().

A fu r th e r  sim p lifica tio n  w as m ad e  b y  assum ing th a t  th e  b ro m a te  con­
c e n tra tio n , being in  large  excess, is e q u a l to  t h a t  of th e  inflow  c o n c e n tra tio n . 
I n  o th e r  w ords A  =  A 0 =  c o n s ta n t a n d  th e  a p p ro p ria te  d iffe ren tia l eq u a tio n  
is th e re fo re  o m itte d .

O n closer in sp ec tio n  o f th e  e q u a tio n  sy s tem  we realize t h a t  th e  d iffe ren ­
t ia l  e q u a tio n  o f  Z  (cerous ion) c a n  be  in te g ra te d  once th e  so lu tio n  o f  X ( T )  is
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k n o w n . T h u s th e  d iffe re n tia l eq u a tio n  system  re d u c e s  to  tw o v a r ia b le s :

=  k xA Y  — k 2X Y  +  k 3A X  -  2&4X 2 - k 0X  =  F (X ,  Y ) (15)

7i у
- ^ = 1  - k y A Y - k ^ X Y + U Y g -  Y ) =  G(X, Y ) . (16)

S u ch  sy stem s can  be  in v e s tig a te d  by  m eans o f  som e well estab lished  m a th e ­
m a tic a l m ethods. S ince w e a re  in te rested  in  th e  s te a d y  s ta te s , we f ir s t  d e te r ­
m ine  th e  eq u a tio n s o f  th e  isocline by  d iv ision  o f  G (X ,  Y )  by  F (X ,  Y ):

d Y  =  - k y A Y  - k 2X Y  +  k 0( Y 0 - Y )
d X  k xA Y  — k 3X Y  +  k 3A X  — 2fc4X 2 — k0X  ' 1

Since G (X , Y )  an d  F ( X ,  Y )  do n o t depend  e x p lic ite ly  on tim e, tim e  T  is 
e lim in a te d  by  th is  p ro ced u re . T he solu tion  o f th is  e q u a tio n  defines tra je c to r ie s  
o f th e  sy stem  in  th e  X ,  Y  p h ase  p lane. The in te rse c tio n s  of th e  isoclines r e p ­
re se n t th e  s te a d y  s ta te s  o f  th e  system . T hey  c a n  be  ca lcu la ted  easily b y  m ean s 
o f  th e  nu llclines, w h ich  ca n  be derived from  th e  general equa tion  o f  th e  
iso c lin e :

N ullcline I 0(d Y J d T  =  0 ) : у  _ kg Y g
k y A  -)- kg -f- k 2\

(18)

N ullcline I  A d X / d T  =  0):
2k4X 2 -  (k3A  - k o ) X  

F A -  k , X
(19)

B o th  o f  th e m  re p re se n t h y p erb o las . W hen c a lc u la tin g  th e  SS we o b ta in  a 
cub ic  e q u a tio n :

к%(к3А  kg) 2ky(kyA  - j -  k0) ^ .2 k0 k 2 Yp (k3A  ■ kg) (k4A  -f- fc0) ^  

2 k2k A 2 k 2k i

— kok i A Y o _ Q (2 0 )
2 k2k á

F ro m  th e  sequence  o f  th e  signs of th e  co e ffic ien ts  (-(------ 1---- ) we conc lude
th a t  th re e  SS m ay  e x is t in  th e  physically  re le v a n t  p o sitiv e  q u ad ran t p ro v id e d  
t h a t  th e  p a ra m e te rs  k 0 a n d  Y 0 are su itab le  chosen .

In d e e d , w ith  th e  a c tu a l p aram eters  a n d  c o n s tra in ts  o f th e  sy stem  we 
c a lc u la te  th re e  s ta t io n a ry  so lu tions of X  ( H B r 0 2) fo r ce rta in  values o f  th e  
c o n s tra in t Y 0 (b ro m id e  in flow  co n cen tra tio n  [ B r ~ ] 0). The com puted  re su lts  
a re  show n in  F ig . 4. T h e  s ta tio n a ry  c o n c e n tra tio n s  o f  th e  variab le  Y  ( B r - ) 
a re  ca lcu la ted  via  th e  nu llc lin e  equation . T h e  g en era l shape of th e  cu rv es  
resem bles v e ry  w ell to  th e  corresponding cu rv es  o b ta in e d  from  th e  d e ta ile d  
m odel [6 ]. The cu rv e  o f  X  is z-shaped and  th e  s ta t io n a ry  co n cen tra tio n s o f
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F ig . 4. Changes o f  s te a d y  sta te  c o n ce n tra tio n s  o f b rom ous acid, [ H B r 0 2]ss, a n d  brom ide, 
[B r~ ]ss, w ith  [B r - ] 0 ( lg — lg plo t). O th e r  c o n s tra in ts :  [B rO j ]„ =  2 X  10-3 JVÍ, [Ce3 + ]0 =  

1 .5 x 1 0 -*  M ,  [H  + ] 0 =  1.5 M , k 0 =  4 x  10~3 s - 1

S S I an d  S S II a re  in d ep en d en t o f  th e  b ro m id e  inflow . On th e  o th e r  h a n d  the  
c u rv e  of Y  is s-shaped  and th e  s ta t io n a ry  co ncen tra tions o f S S I an d  SSII 
d ep en d  linearly  on  th e  co n s tra in t [B r~ ]0. T h u s th e  sim ple m odel also  p red ic ts  
h y s te res is  b e h av io r and  th e  h y ste re s is  lim its  agree to le ra b ly  to  m easured  
re su lts .

F rom  th e  d isc rim in an t o f  e q u a tio n  (20), w hich is cubic  w ith  re sp e c t to  
Y 0, we can  ca lcu la te  th e  lim its o f  th e  h y ste re s is  curves fo r v a r io u s  va lu es  of 
A  (B rO ^)- B y p lo ttin g  these lim its  in  th e  p lan e  [B r_ ] 0 v s . [ВгО ^ ] 0 w e o b ta in  
th e  dom ain  o f b is ta b ility  of F ig . 5. T h e  com puted  and  c a lc u la te d  d a ta  
ag ree reaso n ab ly  well for low  b ro m a te  co n cen tra tio n s, h o w ev er, fo r large 
co n cen tra tio n s  o f  b ro m ate  th e  m odel fa ils an d  an  upper lim it o f  th e  dom ain  
o f  b is ta b ility  is n o t  p red ic ted  [12]. T his is a co n trad ic tio n  to  th e  ex p e rim en ta l 
f in d in g s  and  a  consequence o f o v ers im p lific a tio n . For an y  c o n s ta n t  v a lu e  of 
A  w e are able to  ca lcu la te  from  e q u a tio n  (20) th e  dom ain  o f b is ta b il i ty  in  the  
p lan e  o f c o n s tra in ts  k n v s . [B r~ ]0. T h is d o m a in  is very  sim ilar to  t h a t  o b ta in ed  
from  th e  d e ta iled  m odel [see (D) in  F ig u re  3], how ever, i t  is so m e w h a t w ider. 
T h e  dynam ic  b e h a v io u r of th e  m odel h as  b een  calcu lated  b y  n u m e ric a l in te ­
g ra tio n  of th e  eq u a tio n s  system  (15) — (16). T h e  k inetics are  d esc rib ed  reaso n ­
ab ly  well, b u t p ecu lia r fea tu res a re  n o t s im u la te d .

F igure  6 show s th e  ca lcu la ted  tra je c to r ie s  of th e  m odel in  th e  p lan e  of 
[ H B r 0 2] v s . [B r~ ] . The tra je c to r ie s  re p re se n t th e  n o n -s tead y  s ta te s  along
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F ig . 5. D o m ain  of b is ta b il ity  in  th e  p lane  lg [B r^]0 vs. lg [ B r O j] 0. O th er co n stra in ts  k 0 =  
4 x l 0 - 3 s -1 , [Ce3+] 0 =  1.5 X 10 4 M , [H  + ]0 =  1.5 M .  So lid  lines — calcu la ted  lim its , 

d a sh e d  lin es w ith  dots — m ea su re d  lim its

F ig . 6. T ra jec to rie s  in  th e  p la n e  lg  [B r~ ] vs. lg [ H B r 0 2]. O th e r  c o n stra in ts : [B rO 3] 0 =  
2 X 1 0 -3 M , [ B r - ] 0 =  I x l 0 - 5 M , [Ce3 + ]0 =  1 . 5 x l 0 - J M , [H + ]„  =  1.5 M ,

k 0 =  4 x  10-3 s -1
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w hich  th e  system  m oves to  th e  s ta b le  s te a d y  s ta te s . B o th  o f th e m  are  nodes 
an d  a re  sep a ra ted  b y  a sep a ra tr ix  w h ich  is p a r t  of th e  th ird  SS. T h is SS is 
u n s ta b le  and  re fe rred  to  as a sad d le p o in t. A ny  tra n s itio n  from  one s ta b le  SS 
to  th e  o th e r one req u ire s  p e r tu rb a tio n s  [4], w hich overcom e th e  s e p a ra tr ix  
(su p er-th resh o ld  p e rtu rb a tio n s) . O th e rw ise  th e  system  re tu rn s  to  i ts  p rev ious 
SS (sub -th resh o ld  p e rtu rb a tio n s) .
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B rO  , is fo u n d  to  be an  in te rm ed ia te  in  th e  osc illa ting  system  as w ell as in  th e  set 
o f in o rgan ic  reac tio n s  (reac tion  be tw een  H B rO o a n d  b rom ate , reac tio n  b e tw e e n  Ce3 + 
an d  b ro m ate ). T he k in etics of th ese  re ac tio n s  is m odeled  b y  including th e  B r 0 2/B r20 4 
-e q u ilib r iu m ; th e  th eo re tica l re su lts  a re  in  good  agreem ent w ith  o u r  e x p e rim e n ts . 
M oreover, an  a t te m p t  was m ade to  d e te c t B r2 as an  in te rm ed ia te  in  th e  osc illa tin g  
sy s te m ; i t  is concluded  th a t  B r2-osc illa tions c a n n o t be de tected  sp e c tro sco p ica lly  in 
th e  ceriu m -ca ta ly sed  system .

W ith in  th e  re a c tio n  schem e p ro p o sed  b y  F ie l d , Kőrös a n d  N oyes 
(F K N  th e o ry ) [1] B r 0 2 is assum ed  to  be  a n  im p o r ta n t in te rm e d ia te  in  th e  
B elousov—Zh abo tinsk y  reac tio n  [2]. W e h a v e  been  able to  d e te c t  B r 0 2 
spec tro scop ica lly  in  th e  oscilla ting  sy stem  [3] as well as in  th e  se t o f  in o rg an ic  
reac* ' m s [4, 5, 6 ] :

H B r 0 2 +  H B r 0 3 — >-^Br20 4 -j- H ,0  B l

B r20 4 2 B r 0 2 R 2

Ce3+ +  B r 0 2 +  H +  — ► Ce4+ +  H B r0 2 R3

Experim ental residts

Oscillating system

A  closed oscilla ting  system  (com position  1 • 1 0 ~ 4 m  Ce4+, 0.1 m  b ro m a te  a n d  0.1 m  
m alon ic  acid  in  1 m su lfuric  acid) in  a 200 m L  re a c tio n  cell was th e rm o sta te d  a t  20 °C and  
s tirred  w ith  a  m ag n e tic  s tirre r . N 2 w as b u b b led  th ro u g h  th e  so lu tion  for h a lf  a n  h o u r  before  
in jec tin g  th e  cerium  so lu tio n ; a fte r  s ta r tin g  th e  re a c tio n , a  s tream  of N 2 w as p a sse d  above 
th e  surface  o f th e  so lu tio n  in  o rder to  keep  aw ay  o x y g e n  from  th e  reac tion  m ix tu re .  U n d e r 
these  co n d itio n s, s tab le  oscillations w ere o b ta in e d  fo r a b o u t  100 hours (F ig . 1).

T he osc illa tions w ere m on ito red  sp ec tro sco p ica lly . In  th e  region from  345 to  400 nm  
th e  abso rb an ce  changes w ere m easu red  b y  u sin g  a  d o ub le  beam  sp e c tro m e te r (B e ck m an  
ACTA I I I ) ;  in  th e  reg ion  from  400 to  600 nm , h o w ev er, th e  signal to noise ra tio  h a d  to  be 
im p roved  b y  u sing  th e  d u a l w ave len g th  tech n iq u e  [3].

* P re se n ted  on  th e  jo in t  session of th e  W o rk in g  C om m ittees on R e a c tio n  K in e tic s  
an d  C atalysis, a n d  C oord ination  C hem istry , B u d a p e s t,  O ctober 29, 1980.

** To w hom  correspondence should  be ad d ressed
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F ig . 1. A b so rb an ce  A  a t  A =  400 n m  of an  osc illa ting  sy s te m  (com position  1 • 1 0 -4 m  Ce4 + 
0.1 m  b ro m a te  an d  0.1 m  m alo n ic  acid  in  1 m  su lfu ric  a c id ) as a function  of tim e a t  20, 40 
60, 80, 100 a n d  120 li a f te r  s ta r t in g  th e  reac tio n . T e m p e ra tu re  20 °C, op tica l p a th  len g th  

10 cm , e lim in a tio n  of 0 2 b y  a p p ly in g  a s tre a m  of No

F ig . 2. O sc illa tio n  am p litu d e s  A A  a t  Я =  345 n m  o f a n  o sc illa tin g  system  (1 • 10 _4 m Ce(SO ,).2, 
0.1 m  N a B r 0 3 a n d  0.1 m  m alo n ic  acid  in 1 m su lfu ric  ac id ) as a  fu n c tio n  of tim e. T e m p e ra tu re  
20 °C, o p tic a l p a th  len g th  10 cm . Zero p o in t o f th e  t im e  sca le  is th e  tim e w hen th e  re a c tio n

was s ta r te d

R egion  345 to 400 nm

T h e  am p litu d es A A  o f th e  absorbance  c h a n g e s  in  th e  o scilla ting  sy s tem  
w ere  m easu red  a t  f ix ed  w av elen g th s . In  th e  co u rse  o f th e  experim en t, th e  o scil­
la t io n  am p litu d es  w ere n o t  c o n s ta n t, h u t in c re a se d  sligh tly  w ith  tim e  (F ig . 2). 
F ro m  th is  reason  in te rp o la te d  values ZL40 a t  t im e  t 0 (i0 =  20 h  a fte r  s ta r t in g  
th e  re a c tio n )  w ere ta k e n  from  th e  tim e  d ep en d en ce  curves and re la tiv e  v a lu es

z L 4 ^ =  A A J A A M00 (1)

{ A A 0 д =  A A 0 a t  w av e le n g th  A; A A 0 400 =  A A 0 a t  w aveleng th  400 nm ) w ere  
c a lc u la te d  (Table I , co lu m n  2). A d d itio n a lly , th e  Ce4+ spectrum  w as ta k e n  
b y  m e a su rin g  th e  ab so rb an ce  A  of a so lu tio n  o f  C e (S 0 4)2 in  1 m  su lfu ric  acid 
a t  th e  sam e w av eleng ths as in  th e  case o f  th e  o sc illa tin g  system . B y  a n  a p p ro ­
p r ia te  choice of th e  Ce4+ co n cen tra tio n  (2.4 • 1 0 ~ s m ol • L ^ 1) th e  ab so rb an ce  
A  a t  400 nm  was chosen  eq u a l to  A A oao(i. T h e re la tiv e  values

^rel =  Л-JA 400 (2 )
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(T able I , co lum n  3) a re  co m p ared  to  A A rel b y  ca lcu la tin g  th e  ra tio  A A rel/ A rel. 
F ro m  T ab le  I  (co lum n 4) i t  is c learly  to  be  seen th a t  th is  ra tio  is eq u a l to
1.00 w ith in  th e  ex p e rim en ta l e rro r o f a b o u t 1% .

Table 1

Relative absorbance changes A A rei (eq . 1) o f  the oscillating system and relative absorbance A re| 
(eq . 2) o f  an acid solution o f  C e (S 0 4)2. Temperature  20 °C, optical path length 10 cm . Composition  
o f  the oscillating system : 1 • 1 0 -4  m  C e (S 0 4)2, 0 .1  m  N a B r 0 3 and  0.1 m malonic acid in  1 m  

sulfuric acid. C e (S 0 4)2 spectrum taken in  1 m  sulfuric acid

X
nm At re! Are! AAn]

Arel

400 1 1 1

385 1.75 1.74 1.01

370 2.71 2.69 1.01

357 3.73 3.75 1.00

345 4.83 4.83 1.00

T his re su lt seem s to  c o n tra d ic t th e  ex p erim en ta l fin d in g  o f  V i d a l , 
Roux and  Rossi [7] th a t  in  th e ir  o sc illa tin g  sy stem  th e  ab so rb an ce  changes 
a t  400 nm  w ere a b o u t 10%  la rger th a n  c a lc u la ted  from  th e  Ce4 +sp ec tru m . 
T h e  au th o rs  conclude th a t  th is  d ifference is due  to  oscillations o f B r2; from  
th is  d ifference th e y  ca lc u la te  m ax im um  B r2 co n cen tra tio n s w hich  a re  in  th e  
sam e o rd e r o f m a g n itu d e  as th e  m ax im u m  Ce4 + co n cen tra tio n s.

Since in  th e ir  sy s tem  th e  ex p e rim en ta l co n d itions (2.5 • 10 ~4 m  C e (S 0 4)2,
0.036 m  K B r 0 3 an d  0.08 m  m alonic acid  in  1.5 m  su lfuric ac id ; te m p e ra tu re  
40 °C) w ere slig h tly  d iffe ren t from  ours w e h av e  rep ea ted  th e ir  ex p e rim en ts . 
In  T ab le  I I  th e  re la tiv e  o scilla tion  a m p litu d e s  A A rel are com pared  ag a in  to  
A  re] [Ce(SO,,)2 sp ec tru m  ta k e n  a t 20 °C as in  T ab le  I] . Indeed , from  colum n

Table I I

Relative absorbance changes A A re\ (eq . 1) o f  the oscillating system and relative absorbance A re| 
(eq . 2) o f  an acid solution o f  C e (S 0 4)2. Temperatures as given in  the headline, optical p a th  length 
10 cm . Composition o f  the oscillating system: 1 • 10 ~4 m  C e (S O |)2, 0 .036 m  N a B r 0 3 a n d  0 .08  m  

malonic acid in  1.5 m  su lfuric  acid. C e(SO 4).,-speclrum taken in  1.5 m su lfu ric  acid

X
nm

AA rel
(40 °C)

■ r̂el
(20 °C)

^ A rel
^re l

z M r e l
(40 °C)

^rel 
(40 °C) ^re l

400 1 l l 1 l l

385 1.71 1.76 0.97 1.71 1.70 1.00

370 2.55 2.75 0.93 2.55 2.57 0.99

357 3.50 3.86 0.91 3.50 3.53 0 .99

345 4.41 4.95 0.89 4.41 4.44 0.99
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4 i t  is  e v id e n t th a t  th e  ra tio  A A [el/ A [tl a t  400 n m  is ab o u t 10%  la rg e r th a n  
a t  345 n m  as claim ed b y  Vidal, Roux a n d  R o s s i.  F rom  th e  c h e m is try  o f 
ac id  C e (S 0 4)2 solu tions i t  is c lea r, how ever, t h a t  Ce4+ ions are  fo rm ing  su lfa to  
c o m p lex es  in  sulfuric acid  [8 ] ;  hence th e  Ce4+ sp ec tru m  m ay  change w ith  
te m p e r a tu r e ,  and  i t  m a y  b e  p ro b lem atic  to  u se  th e  20 °C values fo r A rel. 
In d e e d , ta k in g  th e  Ce4+ sp e c tru m  a t  40 °C, th e  ra t io  А А ге1/ А ге1 is fo u n d  to  be
1.0 w ith in  th e  ex p erim en ta l e rro r  of 1%  ag a in  (T ab le  I I ,  co lum n 7).

F ro m  these  e x p e rim en ta l re su lts  we co n c lu d e  th a t  th e  absorbance  ch an g es 
in  th e  ra n g e  from  345 to  400 n m  are  due to  c o n c e n tra tio n  changes o f Ce4+ 
o n ly , a n d  th a t  oscillations o f  B r2 c a n n o t be d e te c te d  spectroscopically .

R egion  400  to 600 nm

W ith  increasing  w av e len g th , th e  o sc illa tion  am plitu d es A A  are  r a p id ly  
d e c re a s in g ; hence a v e ry  p o o r signal to  no ise  ra t io  is o b ta in ed  if  a n o rm a l 
d o u b le  b e a m  sp ec tro m ete r is u sed . This fa c t is m a in ly  due to  th e  ev o lu tio n  
o f  C 0 2 b u b b le s  d is tu rb in g  th e  o p tica l lig h t p a th .  B y  using  a d u a l w a v e le n g th  
s p e c tro m e te r  [3] the  signal to  noise ra tio  is d ra s tic a lly  im proved  (F ig . 3). In  
F ig . 4 th e  oscilla tion  a m p litu d e s  a t  d iffe ren t w av e len g th s  are  g iven  as a fu n c ­
tio n  o f  t im e . The slopes o f  th e  cu rves a t  400 a n d  450 nm  are p o sitiv e  as in  
F ig . 2 ; th e se  slopes becom e n eg a tiv e  w ith  in c rea s in g  w aveleng th  in d ic a tin g  
th a t  th e r e  is ano ther species o sc illa tin g  th a n  Ce4 + . In  th e  sam e w ay  as p o in te d  
o u t in  th e  previous sec tion , th e  re la tiv e  a b so rb an ce  changes A A rel w ere c a l­
c u la te d  a n d  com pared  to  th e  re la tiv e  ab so rb an ce  A rel o f Ce4+ (T able  I I I ) .

f ig -  3. Im p ro v e m e n t o f th e  s ignal to  noise ra tio , w hen  a n  osc illa ting  system  (co m p o sitio n  as 
g iv en  in  F ig . 1) is m o n ito red  u sin g  a d u a l w av elen g th  sp e c tro m e te r  (lower cu rve) in s te a d  of 
a d o u b le  b e a m  spec tro m ete r (u p p e r  cu rv e). O p tica l p a th  le n g th  10 cm, m o n ito ring  w a v e le n g th

600 nm
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F ig . 4. T im e dependence o f th e  oscilla tion  a m p litu d e s  ЛА  o f a n  oscillating sy s te m  (com position  
as g iven  in  F ig . 1) as a  fu n c tio n  of tim e a f te r  s ta r tin g  th e  reac tion . A A h  is th e  change of 

absorbance a t  tim e  t0 =  16 h. O p tica l p a th  len g th  10 cm, te m p e ra tu re  20 °C
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F ig . 5. R e la tiv e  ab so rb an ce  o f BrO., as a  fu n c tio n  o f w aveleng th  (m ax im u m  v a lu e  se t  to  1.0). 
F u ll line: V alues from  B u x t o n  a n d  D a in t o n  [9]. C ircles: Values A'[ei f ro m  th e  oscillating 
re ac tio n  according to  (3). T ria n g le s : V alues A A max (F ig . 6a) from  th e  re a c tio n  o f  H B r 0 2 w ith 
b ro m a te . Squares : V alues A A max (F ig . 6b, c o rrec ted  fo r th e  Ce1+ abso rb an ce) f ro m  th e  reac tion  
o f Ce3+ w ith  b ro m ate . In  th e  case o f th e  osc illa tin g  reac tio n , the  e x p e rim e n ta l co n d itio n s  are

th e  sam e as g iv en  in  T ab le  I

2 Acta Cliim. Acad. Sei. H ung. 110 , 1982



2 5 6 F Ö R S T E R L I N G  e t  a l.:  B rO , A S A N  I N T E R M E D I A T E

C o n tra ry  to  th e  w av e len g th  re g io n  from 400 to  345 n m  (Table I), th e  ra tio  
zL4rel/^4rel is d rastically  in c re a s in g  tow ards la rger w av e le n g th s . I f  th e  d ifference

^ r e l  =  4 l^4 rel —  ^ r e l  ( 3 )

is c a lc u la te d  (Table I I I )  a n d  p lo t te d  as a fu n c tio n  o f  w av e leng th  (Fig. 5) th e  
e x p e r im e n ta l  values are  fo u n d  to  be in  good a g re e m e n t w ith  th e  a b so rp tio n  
s p e c tru m  o f B r 0 2 re p o rte d  b y  B uxton and D a in t o n  [9].

Table III

R ela tive  absorbance changes .1 1 JL.̂  o f  the oscillating system and  relative absorbance A rej o f  an acid  
solution o f Ce(SO,)2. The experim enta l conditions are the sam e as given in  Table 1

l
nm /M re| Ael

AArej
■̂ rel

ЛЛге1 — Anl

400 1 1 l —

450 0.174 0.146 1.19 0.028

480 0.0913 0.0557 1.64 0.0356

490 0.0570 0.0219 2.60 0.0351

496 0.0483 0.0148 3.26 0.0335

500 0.0458 0.0126 3.63 0.0332

518 0.0310 0.0051 6.07 0.0259

521 0.0294 0.0043 6.84 0.0251

525 0.0277 0.0038 7.29 0.0239

539 0.0185 0.0015 12.3 0.0170

542 0.0162 0.0014 11.6 0.0148

550 0.0145 0.0009 16.1 0.0136

566 0.0078 0.0005 15 0.0073

576 0.0064 0.0004 16 0.0060

586 0.0042 0.0002 21 0.0040

600 0.0026 0 .0 0 0 1 26 0.0025

F ro m  these e x p e rim e n ta l re su lts  we conclude t h a t  th e  absorbance changes 
in  th e  ra n g e  from  400 to  600 n m  are due to  c o n c e n tra tio n  changes o f Ce4 + 
a n d  B r 0 2. A t Я =  500 n m  th e  co n trib u tio n  o f B r 0 2 to  th e  to ta l ab so rb an ce  
c h a n g e  is abou t 7 0 % ; i t  is a b o u t  95%  a t A =  600 n m .

R ea c t io n  o f  H B r 0 2 with bromate ( R l , R 2 )

T h is  reaction  w as s t a r t e d  b y  in jecting  a n  a lk a lin e  so lu tion  o f N a B rO a 
in to  a i m  solution  o f N a B r 0 3 in  1 m H 2S 0 4 (a ssu m in g  th a t  th e  re a c tio n  
B rO ^  +  H + ->  H B r0 2 is m u c h  fa s te r  th a n  all o th e r  re a c tio n s  under co n sid e ra ­
tio n ) . U sin g  a m onito ring  w a v e le n g th  of 488 n m , a  f a s t  rise  of th e  ab so rb an ce

A cta  Chim . Acad. Sei. Hung. 110, 1982
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Fig. 6. K ine tics o f th e  re ac tio n  of H B r 0 2 (a) an d  o f th e  reac tio n  of Ce3+ (b) w ith  b ro in a te . 
T he reac tio n s were c a rried  o u t in 1 m b ro in a te  so lu tio n s  in  1 m  su lfu ric  acid  a t  20 °C. T he 
in itia l co n cen tra tio n s  o f N aB rO ., and  of Ce3+ w ere 1.2 • 10 ~6 m  an d  1.0 ■ 10 _1 m, re sp ec tiv e ly . 
T he k in etics w ere m o n ito re d  b y  m easuring  th e  a b so rb an c e  change A A  ( B r 0 2 a t  488 and

550 nm , Ce4+ a t  400 nm )

A and  a slow decay  w ere observed (F ig . 6a). C hanging  th e  m o n ito rin g  w ave 
len g th  in  th e  ran g e  from  400 to  600 nm , th e  m ax im um  abso rbance  ch an g e  
A A max w as m easu red  a n d  p lo tted  in  Fig. 5 as a fu n c tio n  of w av e len g th  ( t r i ­
angles). T he e x p e rim e n ta l values are  well f i t te d  b y  th e  B r 0 2 a b so rp tio n  spec­
tru m  [9].

U sing th e  e -va lues o f  B u x t o n  and  D a i n t o n  [9] th e  m ax im um  co n cen ­
tr a t io n  o f  B r 0 2 in  F ig . 6a is c a lcu la ted  to  be  0.63 • 10 _6 m ol • L -1 . O n  th e  
o th e r  h an d , from  th e  s to ich io m e try  o f  th e  re a c tio n s  R I ,  R2 an d  th e  in it ia l  
c o n cen tra tio n  o f  N a B r 0 2 o f 1.2 • 1 0 -6 m ol • L -1  th e  B r 0 2 c o n c e n tra tio n  is 
ex p ec ted  to  be 2.4 ■ 10 ~e m ol • L -1 , if  B r20 4 is tre a te d  as a t r a n s ie n t  o f 
neglig ib le c o n c e n tra tio n . T he reason  for th is  d isc rep an cy  is th a t  a co n sid erab le  
a m o u n t o f th e  d im er B r20., is fo rm ed acco rd in g  to  th e  equ ilib rium  R2 and  
th a t  th e  co m p e titiv e  reac tio n

2 H B r 0 2 — ► H O B r +  H B r 0 3 R4

m u st be ta k e n  in to  acco u n t.
O n th e  basis  o f  th e  reac tio n  schem e R l ,  R 2 , R 4 we w ere able to  c a lc u la te  

th e  equ ilib riu m  c o n s ta n t  o f R2

К  =  Cßr0 i/cBriо, =  1-5 • 1 0 - “ m ol • L -1

2* Acta Chim. Acad. Sei. Ilung. 110,  1982
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a n d  th e  ra tio  k 1/k i =  5.0 • 1 0 _0 m ol • L “ 1 o f  th e  ra te  co n stan ts  o f th e  reac ­
t io n s  R 1  an d  R4 [6 ].

R eac tion  o f  Ce3+ with bromate ( R l ,  R 2 ,  R 3, R4>)

T h is  reac tio n  w as s ta r te d  b y  in je c tin g  a so lu tio n  o f  Cea( S 0 4)3 in to  a 
1 m  so lu tio n  of N a B r0 3 in  1 m H 2S 0 4. T he ab so rb an ce  change w as m o n ito red  
a t  400  n m  and  550 n m  sim u ltan eo u sly  (F ig . 6b ). T h e  400 nm  cu rv e  w as found  
to  b e  id e n tic a l w ith  th e  w ell-know n k in e tic s  o f  Ce4 + fo rm atio n . F ro m  th e  
sh a p e  o f  th e  550 nm  cu rve  i t  m u st be conc luded  th a t  an  in te rm ed ia te  is fo rm ed  
in  th e  co u rse  of th e  reac tio n . I n  o rd er to  id e n tify  th is  in te rm ed ia te  b y  i ts  a b so rp ­
t io n  sp e c tru m , th e  e x p e rim en t w as rep e a te d  b y  chan g in g  th e  m o n ito rin g  w av e­
le n g th  (550 nm ) in  th e  ra n g e  from  450 to  600 n m . In  each case th e  m ax im u m  
a b s o rb a n c e  change w as m easu red  and  c o rre c ted  for th e  Ce4+ c o n tr ib u tio n : 
th e  c o rre c te d  values A A max p lo tte d  in  Fig. 5 (squares) are found to  he in  ex­
c e lle n t ag reem en t w ith  th e  B r 0 2 a b so rp tio n  sp ec tru m .

Discussion

F ro m  our ex p erim en ts  i t  is concluded  t h a t  B r 0 2 is an  in te rm e d ia te  as 
w ell in  th e  oscillating  sy s tem  as in  th e  se t o f  inorgan ic  reac tions R1 to  R 4. 
W ith in  th e  e rro r o f o u r ex p e rim en ts , no B r ,  w as to  be d e tec ted .

I n  one o f our p reced in g  p ap ers  [4] i t  w as p o in ted  ou t th a t  th e  k in e tics  
o f  th e  C e3+/b ro m ate  re a c tio n  e x p e rim en ta lly  observed  was n o t in  q u a n ti ta t iv e  
a g re e m e n t w ith  th e  k in e tic s  ca lcu la ted  from  th e  ra te  co n stan ts  assu m ed  by  
F i e l d , K ő r ö s  and  N o y e s  [ 1 ] ;  th e  m ax im u m  B r 0 2 c o n cen tra tio n  w as la rg e r 
b y  a  f a c to r  of te n  co m p ared  to  th e  e x p e rim e n ta l v a lu e ; th e  ca lcu la ted  rise  tim e  
o f  B r 0 2 w as one te n th  o f  th e  ex p e rim en ta l v a lu e  only. O n th e  basis  o f  th e  
v a lu e s  k 1/k,l =  5.0 • 1 0 -6 m ol • L ” 1 and  К  =  1.5 • 10-6 m ol • L ^ 1 fo r th e  
e q u ilib r iu m  R2 given in  th is  p ap e r m od ified  ca lcu la tions w ere p e rfo rm ed .

S ince  abso lu te  va lu es  o f  o r k i  w ere n o t ava ilab le , k4 w as ch o sen  as in
[1] (fc4 =  4 • 107 L  • m o l-1  s _1) a n d  Aq w as ca lc u la ted  from  o u r v a lu e  for 
Aq/fc4 (k 1 =  200 L • m o l_ 1 s _1). F o r  th e  sam e  ex p e rim en ta l co n d itio n s as in  
F ig . 6 a th e  reac tio n  o f H B r 0 2 w ith  b ro m a te  w as sim u la ted  b y  n u m erica l in te ­
g ra t io n  o f  th e  ra te  eq u a tio n s  fo r R l ,  R 2, R 4 . A  good ag reem en t w ith  e x p e ri­
m e n t w as  ob ta in ed  i f  th e  v a lu e  k - 1 =  5.0 s _1 w as used for th e  rev e rse  of 
r e a c t io n  R l  (F ig. 7). A ccord ing  to  th e  m a x im u m  co n cen tra tio n  o f B r 0 2 th e  
c a lc u la te d  value is a b o u t 3 0 %  la rg e r th a n  o b se rv ed ; possible e x p la n a tio n s  
fo r  th is  d isc repancy  are  d iscussed  in  d e ta il in  a p reced ing  p ap er [6 ].

U sin g  th e  sam e se t o f  r a te  c o n s ta n ts  th e  re a c tio n  of Ce3+ w ith  b ro m a te  
w as s im u la te d  b y  n u m erica l in te g ra tio n  o f  th e  r a te  equations for R l ,  R2,

A cta  Chim . Acad. Sei. Hung. 110, 1982
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F ig . 7. R eac tio n  of H B rO , w ith  b ro m a te ; c o n c e n tra tio n s  of B r 0 2 as a fu n c tio n  o f  t im e . Full 
line  : E x p erim en ta l cu rv e , c a lcu la ted  from  Fig . 6a  u s in g  th e  value e488 =  9 7 5 L  • m o l-1  • c m -1 . 
D ash ed  l in e : T heo re tica l cu rv e , o b ta in e d  b y  n u m erica l in teg ra tio n  of th e  r a te  e q u a tio n s  for 
R l ,  R 2 , R 4 by  Gea r ’s m eth o d  [11]. T he r a te  c o n s ta n ts  used are fc4 =  200 L  • m o l- 1 s -1 , 
к _ г =  5 s -1 , fej — 4 * 107 L  • m o l-1 s _1, fc_4 =  0 ;  R 2 w as assum ed to  be a f a s t  equ ilib rium  

(К  —  1.5 • 1 0 ~6 m ol • L _1.) In i tia l  v a lu e s  as given in F ig . 6a

F ig . 8. R eac tion  o f Ce3+ w ith  b ro m a te ; c o n c e n tra tio n  of Ce4 + (a) an d  B r 0 2 (b ) as a fu n c tio n  
o f  tim e . Fu ll l in e : E x p e rim e n ta l cu rv es, c a lcu la te d  fro m  Fig. 6b using  th e  v a lu e s  £400 =  800 
L  • m o l-1 ■ s -1 a n d  e560 =  0.0009 L  • m o l-1  c m -1 fo r Ce4+ and  e550 =  387 L  • m o l-1  c m -1 
fo r B r 0 2 an d  su b tra c tin g  th e  Ce4+ c o n tr ib u tio n  to  th e  absorbance a t  550 n m . D ash ed  line: 
T h eo re tica l curves, o b ta in e d  b y  n u m erica l in te g ra t io n  o f the  ra te  e q u a tio n s  fo r  R l  — R 4  by 
G ea r ’s m eth o d  [11]. T he ra te  c o n s tan ts  fo r R l ,  R 2 , R4 are th e  sam e as in  F ig . 7 ; for 
R 3  th e  ra te  c o n stan ts  fc3 =  6.5 ■ 104 L2 • m o l* 2 s _ 1 ; fc_3 =  0 were u sed . In i t ia l  va lues as 
g iv en  in  F ig. 6 b ;  th e  in itia l value  fo r H B r 0 2 w as a rb itra rily  chosen c =  1 0 ~ 9 m ol • L _l

as in  [4]
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R 3 , R 4  fo r th e  sam e e x p e r im e n ta l conditions as in  F ig . 6h . A good ag reem en t 
w ith  ex p e rim en t (F ig. 8) w as o b ta in ed  if  th e  v a lu e  k 3 =  6.5 • 104 L2 m o l-2 s -1  
w as u s e d ;  th is  is 1/10 o f  th e  v a lu e  assum ed in  [1]. T h e  rise tim e o f Ce4+ is 
n e a r ly  th e  sam e in  th e o ry  a n d  experim en t; th e  o n ly  d ifference is th a t  th e  f in a l 
v a lu e  o f  th e  Ce4+ c o n c e n tra tio n  is reached  w ith in  30 s in  th e  ca lcu la ted  cu rv e , 
w h e re a s  th e  ex p erim en ta l c u rv e  is converging v e ry  slow ly to  th is  v a lu e . T he 
re a s o n  fo r th is  d isc rep an cy  is  th a t  our re a c tio n  sch em e has been s im p lif ie d ; 
th e  re a c tio n  betw een  B r 0 2 a n d  Ce4+ m ust be ad d e d  to  overcom e th is  d iff ic u lty . 
O n  th e  o th e r  han d , th e  re v e rse  o f reac tion  R3 (re a c tio n  o f  Ce4+ w ith  H B r 0 2) 
p la y s  a negligible role as p o in te d  o u t by  S u l l i v a n  a n d  T h o m p s o n  [10]. T he 
sm a ll d ifferences b e tw een  th e  cu rves for B r 0 2 m a y  h e  due to  th e  n eg lec t of 
all re a c tio n s  includ ing  B ra a n d  B r .

F ro m  our ca lcu la tio n s w e conclude th a t  th e  c h e m is try  o f th e  in o rg an ic  
se t o f  reac tio n s  proposed  b y  F i e l d , K ő r ö s  an d  N o y e s  [1] is essen tia lly  v a lid  
in  th e  B e l o u s o v — Z h a b o t i n s k y  system ; th e  o n ly  d iff ic u lty  seems to  be th e  
cho ice  o f  th e  rig h t set o f  r a te  co n stan ts . The aim  o f  o u r w ork  was to  ca lcu la te  
th e s e  c o n s ta n ts  by  a s tep w ise  approach . I t  m u s t be po in ted  ou t, how ever, 
t h a t  th e  values given in  th is  p a p e r  are p re lim in a ry  v a lu es  only. T hey  m u st be 
im p ro v e d  b y  ex tend ing  th e  s e t  o f reactions u n d e r  co n sid e ra tio n  and by  fu r th e r  
e x p e rim e n ts .

*

T h e  au th o rs  wish to  th a n k  th e  Fonds der C hem ischen  In d u s tr ie  and  th e  D eu tsch e  
F orsch u n g sg em ein sch aft for f in a n c ia l  su p p o rt.
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ON THE APPLICABILITY OF THE 
LOTKA-VOLTERRA SCHEME FOR DIFFERENT  

TYPES OF THE BELOUSOV-ZHABOTINSKII
REACTION*

Z . N o s z t i c z i u s * *  a n d  A . F e l l e r

(In s titu te  o f  P h ys ic s , D epartm ent fo r  Chemical E ngineering , Technical U niversity ,
B udapest)

R eceived M arch 6, 1981 
A ccep ted  for p u b lica tio n  M ay  26, 1981

I t  is show n  t h a t  in th eo ry  th e  w e ll-know n L o tk a  — V o lterra  schem e can  be 
app lied  as a  g en era l m echan istic  “ core”  fo r d iffe re n t ty p es  o f th e  BZ re ac tio n . The 
prob lem  o f th e  lim it  cycle b eh av io u r a n d  th e  ro le o f th e  c a ta ly s t  a re  also d iscussed  
b riefly . L ooking  fo r a  “ basic”  BZ osc illa to r as a reference system  fo r th e  o th e rs  it 
was fo u n d  e x p e rim e n ta lly  th a t  th e  classical BZ o sc illa to r (su b s tra te  : m alon ic  acid) 
is n o t th e  b e s t choice because of th e  p resence  o f som e u n id en tified  in te rm ed ia te s .

Introduction

R ecen tly  a new  m echanism  was p ro p o sed  for th e  BZ re a c tio n  [1 — 3] 
based  on th e  w ell k n o w n  L o t k a — V o l t e r r a  (LV) schem e [4, 5]. T h a t  novel 
m echan ism  w as in tro d u c e d  because new  e x p e rim e n ta l fac ts  h ad  been  d is­
covered [6 — 9] w hich  w ere d ifficu lt to  ex p la in  b y  th e  prev ious th eo rie s  [10, 11] 
reg ard in g  th e  b ro m id e  io n  as a con tro l in te rm e d ia te . T he LV m odel w as d evel­
oped o rig inally  fo r th e  acetone-oxalic acid  m ix ed  su b s tra te  sy stem . I n  th is  
p ap er we w an t to  ex am in e  th e  ap p licab ility  o f  th a t  m odel for o th e r  BZ system s 
an d  to  discuss o th e r  p rob lem s of th e  p ro p o sed  m echanism . Som e new  ex p eri­
m en ta l re su lts  a re  also p resen ted .

The LV m echanism  of the acetone-oxalic acid mixed 
substrate system . Basic ideas leading to the LV schem e

The LV schem e o f th e  BZ reac tio n  w ith  a su b s tra te  m ix tu re  is d ep ic ted  in  
F ig . 1 in  its  o rig in a l form  [1]. O ur a im  w as to  c o n s tru c t a simple  and  
bromide-free m echan ism  w hich is easy to generalize for all th e  know n BZ system s. 
In  th e  follow ings we shou ld  like to  show  how  th e se  m ain  ideas are  lead ing  to  
ou r m odel.

* P re sen ted  on  th e  jo in t  session, o f th e  W o rk in g  C om m ittees on R eac tio n  K inetics 
a n d  C atalysis, an d  C o o rd in a tio n  C hem istry , B u d a p es t, O ctober 29, 1980

** To whom  correspondence should be addressed
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i :s H ' +  B1 O3 “] +  HB1 O2 —
/

► 2 НВгОз +  [H20 ] [A] +  X — 2X (LV1)

2 Ce3+ 2 Ce4+

|2H* +  2 CO2 ] l(c o o h )2]

2Ce3*
V

2 Ce4+

HBrOo +  HOBr +  [2H+ ] - ■ — ^  2 HOBr +  [H20] X +  Y — 2Y (LV2)

[CH3COCH3] +  HOBr ---------------- - [CH2B1COCH3 +  H»0] Y — (bV3)

F ig . 1. T h e  LV m odel o f th e  B Z  o sc illa to r  w ith  a m ixed  su b s tra te . C om ponents w ith  q u a s  
s te a d y  c o n ce n tra tio n s  o r c o m p o n e n ts  o f no fu r th e r  in te re s t  a re  in  b rack e ts . T he a n a lo g y  w ith  
L o t k a ’s o rig in a l scheme [4] can  b e  recogn ized  b y  d en o tin g  H B r 0 2 =  X , H O B r =  Y , Acidic

b ro m a te  =  A

S im p l ic i t y

F ir s t  o f all we th in k  t h a t  a simple explanation  for th e  osc illa tions in  th e  
BZ r e a c tio n  should ex ist. As th e  LY schem e is th e  sim p lest chem ical o sc illa to r, 
we su s p e c t  th a t  it m ight be th e  “ co re”  of a real m echanism .

General validity

R eg a rd in g  all th e  v a r ia n ts  of th e  BZ re a c tio n  it  is th e  p resence o f th e  
b ro m a te  w hich  is crucial, all th e  o th e r com ponen ts can  be s u b s titu te d . E.g  
th e re  a re  o th e r  organic s u b s tra te s  (c itric , m alic, o x alacetic  acids [12]) an d  o th e r 
c a ta ly s ts  as well (Mn2 + , fe rro in ) , and  even so called  n o n-ca ta ly sed  BZ system s 
w ere d iscovered  [13] in  th e  case  o f w hich a m e ta l ion c a ta ly s t was n o t ad d ed  
to  th e  sy s te m . Now if we assu m e  th a t  all BZ system s have  basica lly  th e  sam e 
m e c h a n ism  (a general “core") w e h av e  to  c o n s tru c t a schem e w hich inc ludes 
o n ly  th e  ch a rac te ris tic  in o rg an ic  b ro ino  com pounds b u t  n o t th e  s u b s tra te  or 
th e  c a ta ly s t .  These su p p le m e n ta ry  com ponen ts p lay  an  im p o rta n t ro le  in  
sp ec ia l cases b u t no t in  th e  in v a r ia n t  core.

N a tu ra l ly  if we w a n t to  u n d e rs ta n d  th e  d iffe ren t b eh av io u r o f  th e  
d if fe re n t ty p e s  of the BZ re a c tio n  th e n  all o f th ese  su p p lem en ta ry  com pounds 
an d  a u x il ia ry  reactions h av e  to  be inc luded  in to  som e m ore com plex  re a c tio n  
sch em es.

B rom ide-  and  bromine-free core

A n  im p o rtan t fe a tu re  o f  th e  prev ious th eo ries  is a de layed  n eg a tiv e  
fe e d b a c k  loop where th e  b ro m id e  ions p lay  a cruc ia l role. H ow ever, re c e n tly  
n o n -b ro m id e  controlled BZ o sc illa tio n s w ere found  [8] and  th e  p resence  of 
b ro m id e  in  th e  classical BZ re a c tio n  was questio n ed  [9]. N a tu ra lly  th e  n o n ­
b ro m id e  con tro lled  o sc illa tions can  be exp la ined  as ex cep tiona l cases w here
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som e genera l ru les a re  n o t valid  an y  m ore. N evertheless i t  is b e t te r  to  look 
for a general schem e w hich  can  be app lied  w ith o u t such lim ita tio n s . I n  o th e r 
w ords th e  core o f  a gen era l m echanism  m u st be free o f brom ide ions. R eg ard in g  
th a t  idea we can  ex c lu d e  th e  e lem en ta ry  b ro m in e  as well from  th e  core of 
our schem e because b ro m id e  can  g en era te  b ro m in e  and vice versa  accord ing  
to  th e  follow ing reac tio n :

H +  -f- B r _ +  H O B r B r2 +  H 20  (1)

T hus a con tro l ro le  for b rom ine w ould  m ean  an  ind irec t co n tro l role for 
b rom ide to o . M ore conv inc ing ly  th e re  are  BZ system s w here th e  b ro m in e  co n ­
c e n tra tio n  is below  th e  level o f spectro scop ic  d e tec tio n  [14].

These b ro m in e-free  system s w ould be excep tions again from  th e  v iew ­
p o in t o f a m echan ism  co n ta in in g  b ro m in e  as an  im p o rta n t in te rm e d ia te . 
C onsequen tly  we ca n  exclude bromide and  bromine  from  th e  c h a ra c te r is tic  
inorganic  brom o co m p o u n d s of th e  core.

Sum m ariz ing  th e  above req u irem en ts  th e  core of our p roposed  m ech a­
nism  is d ep ic ted  in  F ig . 2.

SCR (1) SCP (1)

|H* +  B r0 3‘ ] +  НВгОг 2 H B r0 2

SCR(2) SCP (2)

HBrO j +  HOBr 2 HOB r

[A] +  X ------*- 2X  (I,V1)

X  +  Y ------*- 2Y (LV2)

SCR(3) SCP(3)

V  УHOBr ^ — >- Y ------ - (LV3)

Fig. 2. T he LV core o f th e  BZ oscillations S C R (i): su p p le m e n ta ry  co m p onen ts o f  th e  “ i” - th  
reac tio n  s tep  (reag en ts). S C P (i): su p p lem en ta ry  co m p o n en ts  o f th e  “ i” - th  re ac tio n  step

(p roducts)

Application o f the LV schem e for different BZ system s 

The heterogeneous B Z  oscillator

I t  w as observed  th a t  oxalic acid alone can  be a su b s tra te  o f  cerous c a ta ­
lysed BZ o sc illa tions [6] p rov ided  e le m e n ta ry  brom ine is sc ru b b ed  from  the  
reac tio n  m ix tu re  b y  a s tre a m  o f in e r t gas. I f  we w an t to  app ly  th e  LV  schem e 
for th is  special sy s tem  th e  reac tio n  LV3 causes som e p rob lem s. (The o th e r 
step s  rem ain  th e  sam e  as in  Fig. 1.) T he rem o v a l of h ypobrom ous ac id  is a 
d u ty  o f oxalic  acid now . T h a t is possible acco rd in g  to  K n o l l e r  a n d  P e r l m u t -
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t e r - H a y m a n  [15] in  th e  co u rse  o f th e  fo llow ing  reac tio n

2 H O B r -f- (C O O H )a — * 2 C 0 2 +  H 20  +  B r2 (2)

T h e  p roduced  b ro m in e  in h ib its  th e  BZ re a c tio n  th u s  its  rem o v a l b y  a 
c a r r ie r  g as  s tream  is c ru c ia l to  p roduce  o sc illa tions. ( I t  is p robab le  t h a t  e lem en­
t a r y  b ro m in e  acts as a ra d ic a l scavanger.) T h e  LV  schem e of th e  h e te ro g en eo u s 
BZ o sc illa to r  is dep ic ted  in  F ig u re  3.

[:s h + +  B rO rf] +  HBrO» 2H B r0 2 +  [H20] [Al +  X 2X (LV1)

2 C'e3+

[2 H + -+- 2 C 0 2]

2Ce3+

HBrO - +  HOBr +  [2H+J —

[1/2 (COOH)2] +  HOBr

2GV

!(C0J

2Co4+

2 HOB. [H 2OJ X +  Y 

physical
ICO* +  1/2 H»0 +  B r2] l s s i s Y

2Y (LV2)

(LV3)

F ig . 3. T h e  LV scheme of th e  h e te ro g en eo u s BZ o sc illa to r. T he physical rem oval o f  Br„ is 
c a rr ie d  ou t by  an  in e r t  g as s tre am  bu b b lin g  th ro u g h  th e  reac tio n  m ix tu re

The “ classical'’'’ B Z  reaction

I n  a recen t artic le  N o y e s  [ 1 6 ]  classifies th e  d ifferen t BZ sy s tem s and  
p o in ts  o u t  th a t  “ h is to rica l a c c id en t d irec ted  th e  f ir s t  de ta iled  m ech an is tic  
s tu d ie s  to  th e  ce riu m -ca ta ly zed  o x id a tio n  o f  m alon ic  ac id” . This sy s te m  is 
n o t  th e  sim p lest one a t  all b ecau se  it  show s an  in d u c tio n  period u su a lly  n o t 
o b se rv a b le  in  th e  p rev ious cases. This fa c t sugg ests  th a t  th e  classica l BZ 
o sc illa to r  co n ta in s  some in te rm e d ia te s  p lay in g  im p o r ta n t  role in  th e  o sc illa to ry  
reg im e . U su a lly  th e  b ro m o m alo n ic  acid is p ro p o sed  as an  organic in te rm e d ia te  
fo rm a tio n  o f  w hich is re sp o n sib le  fo r th e  in d u c tio n  period . H ow ever, a lre a d y  
F i e l d ,  K ő r ö s  and N o y e s  [11] observed  th a t  th e ir  “ a tte m p ts  to  sy n th es ize  
fre sh  r e a c tio n  m ix tu res”  co rresp o n d in g  to  th e  s t a r t  o f th e  o scilla tions ( th e  
en d  o f  th e  in d u c tio n  period) “ w ere  n o t en tire ly  successfu l” . T hey  conclude  th a t  
“ th e  b e h a v io r  is s ig n ifican tly  a ffec ted  b y  sm all am o u n ts  o f some u n id e n tif ie d  
r e a c tio n  p ro d u c t or in te rm e d ia te ” . K eep ing  in  m in d  th e  above m e n tio n e d  
d iff ic u ltie s  we co n stru c ted  a n  LV schem e fo r th e  classical BZ o sc illa to r as 
ca n  b e  se e n  in  Fig. 4.

The uncata lysed  B Z  systems

K ő r ö s  and  O r b á n  [17, 18] rep o rted  o sc illa tio n s w ith o u t a m e ta l c a ta ly s t  
w h en  a n u m b e r  of a ro m atic  com pounds are  o x id a tiv e ly  b ro m in a ted  b y  acid ic  
b ro m a te .  T h e  organic s u b s tra te  in  those  sy stem s a re  phenol or an ilin  d e riv a -
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[3H + +  BKV] 4- HBrOs - - y — 2 HBrOs - f  [HsO] LA] 4- X — ->- 2X (LV1)

2CeS4- 2Ce 1 +

v У mixture of known
[2H* +  2 0 0 4 und unidentified

/ \ organic* intermediates

2Ce3* 2 0 “

HBrOs 4- HOBr - [2 H*1 2 HOBr +  [HsO] X — Y - —  2 Y (LV2)

[MAI +  HOBr [BrMA 4- HsO] Y — (LV3)

F ig. 4. T h e  LV m odel o f th e  classical BZ o sc illa to r. MA and  BrM A s ta n d s  fo r  m alo n ic  and
brom om alon ic  acid , respec tive ly

fives and  “ all have  a h y d rogen  a tta c h e d  to  oxygen or n itro g en  w hose a b s tra c ­
tio n  w ould  gen era te  a resonance  s ta b iliz e d  free rad ical. All h a v e  a t  le a s t one 
free o r th o  p o sitio n  su b jec t to  b ro m in a tio n  b y  B ra or H O B r”  [13]. R egard ing  
th e  po lypheno lic  com pounds as an  ex am p le  th e y  developed  a m echan ism  
w hich  co n ta in s  th e  follow ing species (am o n g  others):
H  A r(O H )a is an  a ro m atic  p o ly p h en o l
H  A r (0 H )0 ' is th e  rad ica l o b ta in e d  b y  hydrogen  a to m  a b s tra c t io n
H  Ar O , is th e  re la ted  qu inone
B r A r(O H )2 is th e  b ro m in a te d  d e r iv a tiv e .

U sing th e se  species an  LV schem e c a n  be  co n stru c ted  w hich  is d ep ic ted  in  
F ig . 5.

[ :i и *  4  В гО з I +  H B rO s

Г ----- ► [2 HAr(0H)0

HBrOs +  HOBr +  [2H+] 

[HAr(OH)s| • 4- HOBr

r \
» •] [2H

V У

2 HBrOs +  [H»OJ [A] +  X  ------► 2 X (LV1)

4  HArOs]

2 HOBr +  [HsOJ X 4  Y - — *■ 2Y

[BrAr(OH)s 4- HsO] Y ------*■

(LV2)

(Lv:i)

F ig .5. A n LV schem e fo r an  u n c a ta ly se d  BZ o sc illa to r w ith  polyphenol as o rg a n ic  su b s tra te .
See te x t  fo r th e  ab b rev a tio n s

Some problems o f the LV scheme

The problem o f  the lim it  cycle behaviour

A critic a l analysis o f th e  LV schem e raises several q u es tio n s . O ne o f the  
m ost in te re s tin g  p rob lem  is th e  e x p la n a tio n  of th e  lim it cy c le  beh av io u r 
o b served  in  th e  rea l BZ system s. I t  is w ell-know n th a t  a s im p le  LV m odel 
ex ecu tes  co n se rv a tiv e  oscilla tions o n ly . T h is problem  suggests t h a t  th e  LV

Acta Chim. Acad. Sei. H ung . 110, 1982
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[Н* +  ВгОз~] +  НВгОг

HBr02 +  HOBr

SCR(2) SCP (2)

Br20 4 +  |H 2OJ 2HBr02

SCR (4) SCP (4)

• V  УBr20 2 +  [ lí20] — ^ *- 2 HOBr 

SCR (6) SCP (6)

HOBr

SCR (6) SCP (6)

HBr02

SCR (7) SCP (7)

HBr02 ■■Ч̂ -  -У *  > HOBr

[A] +  X ------*- W ----- ► 2X  (FLY 1,2)

X +  Y -----► Z -----*- 2Y (FLV3.4)

Y ---------------------- *- (FLY 5)

X (FLV6)

X   ----------------------- Y (FLY 7)

Fig. 6. T he general core o f th e  FLY  m odel o f th e  BZ oscilla tions. T he new  in te rm ed ia te s  B r20 4 =  W  a n d  B r ,0 2 =  Z 
w ere in tro d u ced  in to  ou r schem e to  show  som e de ta ils  o f th e  a u to c a ta ly tic  processes. T he new  reac tio n s  (FL V 6) and  
(FL V 7) p rov ide  in d ep en d en t sources fo r H B r 0 2 =  X  an d  for H O B r =  Y . SCR (i) an d  SCP(i) a re  su p p le m e n ta ry  com ­

p o n en ts  o f th e  “ i” - th  reac tio n  step  (reag en ts  and  p ro d u c ts , respec tive ly )
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m odel is oversim plified  : i t  c a n  be reg a rd ed  on ly  as a “ f i r s t”  an d  ro u g h  app rox i­
m a tio n  o f  a rea l BZ sy s tem . T h is s im p lest m odel ex h ib its  th e  m o s t im p o rta n t 
fe a tu re  o f  th e  BZ re a c tio n  ( th e  o sc illa tin g  behav iour) b u t i t  c a n n o t account 
fo r a lim it cycle. To ex p la in  such  a b e h a v io u r we have to  d ev e lo p  a n  ex tended  
LV schem e show ing som e m ore d e ta ils  o f th e  m echanism .

I n  o u r op in ion  th e  sim ple LV m odel co n ta in s tw o e ssen tia l assum ptions 
from  a chem ical p o in t o f  v ie w : i t  describes th e  a u to c a ta ly tic  processes as 
e le m e n ta ry  steps and  i t  neg lec ts  th e  reac tio n s  producing  th e  f i r s t  X  and Y  
species ( H B r 0 2 and  H O B r, re sp ec tiv e ly ). To overcom e th e se  d ifficu lties  we 
h av e  c o n s tru c te d  a fo u r-v a riab le  LV (FL V ) schem e [2] th e  co re  o f  w hich is 
d ep ic ted  in  Fig. 6 .

A m a th e m a tic a l analysis  o f th a t  schem e and  o f som e d e riv ed  th ree 
an d  tw o  va riab le  system s [3] p roves th a t  th e  above m e n tio n e d  m od ifica tion  
re su lts  in  th e  ap p earan ce  o f th e  desired  lim it cycle even  a b ifu rc a tio n  occurs 
in  th e  p a ra m e te r  space. F in a lly  it  is in te re s tin g  to  re m a rk  t h a t  reaction  
schem es closely  re la te d  to  th e  FL Y  m echan ism  were p roposed  b y  o th e r  au thors 
as well [19—21].

On the role o f  the catalyst in  the L V  schemes

A n o th e r p rob lem  o f th e  LV m echan ism  proposed by  us t h a t  i t  does not 
c o n ta in  th e  c a ta ly s t  in  its  core an d  o u r m a th em atica l t r e a tm e n t  [3] regards 
its  co n c e n tra tio n  as a quasi c o n s ta n t. N evertheless th e  co lou r ch an g es  observ­
ab le  d u rin g  th e  BZ oscilla tions are  due  to  u sually  ju s t  th e  ch an g es  in  the 
c o n c e n tra tio n  of th e  ox id ized  an d  red u ced  form  of th e  c a ta ly s t .

T h a t  ob jec tion  is w ell fo u n d ed  because th e re  are  n u m e ro u s  system s 
w here  o u r assu m p tio n  [acco rd ing  to  w hich  th e  reduced  fo rm  o f  th e  ca ta ly s t 
(e.g. Ce3+ see Fig. 1) has a quasi c o n s ta n t c o n cen tra tio n ] is n o t  va lid  any 
m ore. A t th e  sam e tim e  in  m an y  cases m ost o f th e  c a ta ly s t  is in  its  reduced 
fo rm  d u rin g  th e  o sc illa to ry  regim e. See e.g. [22]. In  o th e r  w o rd s  regarding 
th e  special exam ple o f  F ig . 1 th e  re la tiv e  change o f th e  Ce3 + co n cen tra tio n  
(.d[Ce3 + ]/[C e3 + ]0 w here /l[C e3 + ] is th e  abso lu te  change an d  [Ce3 + ] () some 
reference  level of th e  Ce3+ c o n c e n tra tio n ) is sm all. T his is n o t  th e  case for 
Ce4 + because  its  re la tiv e  changes can  be q u ite  large. H ow ever Ce4+ does not 
p lay  an  im p o rta n t ro le in  our s c h e m e : it is rem oved b y  o x a lic  ac id  and  th a t 
re a c tio n  is n o t inc luded  in  o u r m a th e m a tic a l schem e. T hus th e  co lo u r changes 
d u e  to  th e  tem p o ra l a ccu m u la tio n  o f  Ce4 + by  th e  speeding  up  o f  th e  reaction  
p ro d u c in g  i t  does n o t m ean  n ecessarily  th a t  th e  Ce3+ c o n c e n tra tio n  is depleted 
seriously . Sum m ariz ing  our c o n sid e ra tio n s  : th e re  are system s w h ere  o u r assum p­
tio n  is v a lid  and  o th e r cases w here  i t  is n o t. The m ain  p o in t is t h a t  it  is not 
essen tia l to  suppose changes in  th e  Ce3+ co n cen tra tio n  to  g e t a n  oscillating 
schem e an d  th e re  are rea l sy stem s w here  these  changes are  re a lly  m inim al.
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N a tu r a l ly  the  simple fo u r  v a r ia b le  m a th em a tica l m odel can  be app lied  in  
th e  l a t t e r  cases only. To d e sc r ib e  th e  effects due  to  tl?e co n cen tra tio n  v a r ia ­
t io n s  o f  th e  oxidized a n d  r e d u c e d  form  of th e  c a ta ly s t  we need new v ariab les  
e.g. “ O x ”  and  “ R ed” , r e s p e c tiv e ly . (In  a closed sy s te m  [O x] -(- [R ed] =  con st 
as th e  to ta l  co n cen tra tio n  o f  th e  ca ta ly st does n o t  change.) Such a new  six  
v a r ia b le  (“ SLY” ) m odel sh o w in g  lim it cycle o sc illa tio n s  [23] is a n a tu ra l  
e x te n s io n  of th e  FLV m e c h a n ism .

A t th is  point a new  p ro b le m  emerges, h o w e v e r : w h a t is th e  d e ta iled  
m e c h a n is tic  role of th e  c a ta ly s t  ? This problem  is in e v ita b le  if  we w an t to  use 
k in e t ic  equations c o n ta in in g  [O x] and [R ed]. F o r  th e  sake  of sim plic ity  le t 
us r e g a rd  th e  mixed s u b s t r a te  sy s tem  depicted  in  F ig . 1. F o r th e  o x id a tio n  
o f  C e3+ th e  following s te p s  w e re  proposed [1, 2] :

[H+ B r0 3 ] ! H B r 0 2 — ► B r2o 4 [H 20 ]  (S I)

[H + ] +  Ce3+ +  B r ,0 4 — * Ce4+ +  BrOó +  H B r 0 2 (S2)

[H + ] +  Ce3+ +  B r 0 2 — Ce4+ +  H B r 0 2 (S3)

2 C e 3+ 2 Ce4+

[3 H + +  B r03“] -f  H B r0 2 2 H B r02 +  H 20 (LV1)

th e  su m  o f which steps is th e  eq u a tio n  (LV1) o f F ig . 1.
I t  is a convenient h y p o th e s is  to  regard  s te p  (S2) as a ra te  de te rm in in g  

one . S im ila r  considerations c a n  b e  repeated  for th e  n e t  process (LY2)

H B r 0 2 +  H O B r —^  B r.,02 +  [H 20 ]  (S4)

[H + ] +  Ce3+ +  B r 20 ,  — * Ce4+ +  B rO ' +  H O B r (S5)

[H + ] +  Ce3+ +  B r O '— *- Ce4+ +  H O B r (S6)

2Ce 2Ce4+

[2 H +] +  HBrOj +  HOBr 2 HOBr +  [H 20 ] (LV2)

H e re  th e  s tep  (S5) can be  re g a rd e d  to  be ra te  d e te rm in in g . The red u c tio n  of 
th e  c a ta ly s t  consists o f tw o  s te p s

Ce4+ +  [(C O O H )2] — > Ce3+ +  [H + +  C 0 2] +  HCOO' (S7) 

Ce4+ +  H C O O ' — > Ce3+ +  [H + +  C 0 2] (S8)

T h e  s u m  o f  steps (S7) a n d  (S 8 ) gives an a u x ilia ry  re a c tio n  o f our schem e in  
F ig . 1:

2Ce4* 2C es+

[(COOH)*] [2 H + +  2C 02] (LVA)
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I f  we reg a rd  (S7) as a ra te  d e te rm in in g  s tep  th e n  b o th  th e  o x id a tio n  and 
th e  red u c tio n  ra te  o f  th e  c a ta ly s t is a f ir s t  o rder reac tio n  in  [O x] an d  [R ed], 
W e propose to  use th e se  assu m p tio n s as a f ir s t  a p p ro x im a tio n . N evertheless 
i t  is im p o r ta n t to  re m a rk  th a t  som e sy stem s m ay b ehave d if f e r e n t ly : e.g. 
K o c h  [24] s tu d y in g  som e BZ system  fo u n d  a second o rder k in e tic s  in  respect 
o f th e  c a ta ly s t.

T h u s we c a n  see t h a t  even in  o u r s im p lest m odel th e  c a ta ly s t  p lay s an 
im p lic it r o le : as a f ir s t  a p p ro x im a tio n  th e  ra te  o f  reac tio n  is p ro p o rtio n a l to  
i ts  c o n c e n tra tio n . Som e ex p e rim en ta l fa c ts  seem to  su p p o rt t h a t  p ic tu re : 
th e  a m o u n t of C 0 2 p ro d u ced  in  one perio d  o f several o sc illa to ry  system s is 
ro u g h ly  p ro p o rtin a l to  th e  c o n c e n tra tio n  o f th e  c a ta ly s t [25].

Search for a “ basic” BZ oscillator 

Formulation o f  the problem

In  th e  prev ious p a r ts  o f th is  w ork  th e  LV m odel and  its  p ro b lem s were 
d iscussed  from  a th e o re tic a l p o in t o f view . T h a t new  m echanism  p ro v id es  some 
re m a rk a b le  th e o re tic a l ad v an tag es  (sim p lic ity , general core) b u t  n a tu ra lly  it 
needs a n  ex p e rim en ta l v e rific a tio n  a t  f ir s t  for a special case. T h u s  th e  next 
log ical s tep  w ould be now  to  select one o f th e  special BZ o sc illa to rs  and  per­
fo rm  a q u a n ti ta t iv e  com prehensive  s tu d y  o f  ex p erim en ta l fac ts  a n d  th eo re tica l 
ca lcu la tio n s . Such a s tu d y  exceeds b y  fa r  th e  possib ilities o f th e  p re se n t work 
an d  h ere  we w a n t to  c o n c e n tra te  o n ly  to  th e  se lection  o f th e  “ b as ic”  BZ 
sy s tem  w hich shou ld  be  th e  m ost su ita b le  one to  check a th e o re tic a l model. 
I n  th is  re sp ec t th e  c lassical BZ system  h as  som e ad v an tag es  o v e r th e  o th e r s : 
i t  is th e  m ost s tu d ie d  o sc illa to r p ro v id in g  a considerab le  a m o u n t o f  im p o rta n t 
ex p e rim en ta l d a ta , i t  w as a lread y  th e  basis  o f a n o th e r th e o re tic a l m odel and 
i t  req u ires  on ly  one o rganic  s u b s tra te . A t th e  sam e tim e  i t  h a s  a serious 
d isa d v a n ta g e  : th e  in d u c tio n  period  cau sed  b y  som e p a r tly  u n id e n tif ie d  in te r­
m ed ia te . As i t  w ould  be  desirab le  to  k now  all th e  im p o r ta n t “ su p p le m e n ta ry ” 
co m p o n en ts  in  th e  follow ing we shall exam ine th a t  p rob lem  ex p e rim en ta lly .

Attem pts  to shrink  the induction period o f  the classical B Z  system

O ur p lan  to  f in d  th e  un k n o w n  in te rm e d ia te  consisted  o f  tw o  step s

1. A t f irs t  w e w a n te d  to  p ro d u ce  a m ix tu re  o f m alon ic  ac id  an d  the  
m o lecu la r in te rm e d ia te s  show ing no in d u c tio n  period  if  it  is ap p lied  as a sub­
s tr a te  m ix tu re  in  th e  BZ reac tio n . I t  w as also a re q u irem en t to  ge t sim ilar 
o sc illa tions (period  an d  shape) as can  be observed  in  th e  u n m o d ified  classical 
sy s tem  (w ith  m alon ic  acid as th e  sole su b s tra te )  a fte r th e  in d u c tio n  period.
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2. H av ing  found su ch  a m ix tu re  we w a n te d  to  check  w h e th e r tho se  in te r ­
m e d ia te s  w ere really  p re se n t in  a classical BZ sy s te m  a t  th e  beg inn ing  o f th e  
o sc illa to ry  regim e.

I t  h as  been w ell-know n [26 — 28] th a t  th e  b ro m o m alo n ic  acid is an  im p o r­
t a n t  in d u c tio n  period re d u c in g  in te rm ed ia te  th u s  a t  f ir s t  we stu d ied  its  effect 
o n  th e  in d u c tio n  period  a lo n e . T he resu lts  a re  d ep ic ted  in  Figs 7a — d. In  
o u r  ex p e rim en ts  b ro m o m alo n ic  acid  was p ro d u ced  on  th e  spo t accord ing  to  
th e  fo llow ing  re a c tio n :

3 H +  +  B r0 3~ +  2 B r -  +  3 C H ^C O O H ), — *  3 B rC H (C O O H ), +  3 H ,0

(3)

t h a t  is a  know n am o u n t o f  a  K B r solu tion  w as a d d e d  to  th e  reac tio n  m ix tu re  
b e fo re  s ta r tin g  th e  re a c tio n  b y  th e  in tro d u c tio n  o f  th e  c a ta ly s t. (A “ w aitin g  
p e r io d ”  o f  some m inu tes w as in se rte d  betw een th e  a d d itio n  o f th e  K B r so lu ­
t io n  a n d  th e  ca ta ly s t to  m ix  th e  re a c ta n ts  and  to  m a k e  th e  reac tio n  (3) co m ­
p le te . O u r resu lts  were in d e p e n d e n t of the  le n g th  o f  th a t  w aiting  period  if  it 
w as b e tw e e n  3 and 30 m in u te s .)

T h is  w ay a p a rt o f th e  b ro m a te  and of th e  m alo n ic  acid is also consum ed  
a n d  th e  p ro d u c t is n o t a p u re  m onobrom o d e riv a tiv e . T his m ethod  was chosen 
b e cau se  o f  its  sim plicity  a n d  b ecau se  there  are s im ila r changes d u ring  th e  in d u c ­
t io n  p e r io d  : a p a rt o f th e  b ro m a te  and  of th e  m alon ic  acid  is used up  an d  th e  
fo rm a tio n  o f  some o th e r b ro m o d e riv a tiv e s  also m a y  occur.

A  sim ilar m ethod  w as ap p lied  by  T r e i n d l  a n d  D r o j a k o v a  [29]. O ur 
r e s u lts  ag ree  w ith  th e irs  : a t  f i r s t  th e  induc tio n  p e rio d  sh rinks w ith  th e  in c rea s­
ing  b rom om alon ic  acid c o n c e n tra tio n  b u t a f te r  re a c h in g  a m in im um  it grows 
a g a in  a n d  a t  these h igher co n c e n tra tio n s  th e  fre q u e n c y  o f th e  o scilla tion  d e ­
c reases  considerab ly  (see F ig . 7d). (A pplying d iffe re n t in itia l cond itions th e  
m in im u m  value of th a  in d u c tio n  period can  be re d u c e d  even to  zero. E.g.  
F K N  [11] rep o rt th a t  in  th e ir  case “ The in d u c tio n  perio d  can  be suppressed  
e n tire ly  i f  brom om alonic acid  is d e libera te ly  ad d ed  to  th e  so lu tion  in itia lly ” . 
H o w ev e r in  th is  case th e  p o te n tio m e tr ic  b eh av io u r o f  th e  f irs t  oscilla tion  w as
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F ig. 7. E ffec t o f bo rm o m alo n ic  acid  co n ce n tra tio n  ([B rM A ]) on th e  in d u c tio n  period  of the  
classical BZ osc illa to r. B ro m om alon ic  acid  w as p ro d u ced  on th e  sp o t a n d  i ts  co ncen tra tion  
is given in  th e  figu res. O th e r in itia l co n cen tra tio n s  (v a lid  a fte r  m ix ing  a t  t  =  0 ) : [H .,S 03] =  
=  1.5 M  [C e(S04)2] =  1 0 - 3 M , [MA] =  1 0 - 1 M  [B rM A ], [ K B r 0 3] =  4  X  10 ~ 3 — [BrMA]/3. 

T he reac tio n  was s ta r te d  b y  th e  ad d itio n  o f th e  cerium  c a ta ly s t  a t  t =  0. T h e  figures show 
p o ten tio m e tric  trac e s  o f a  b ro m id e  sensitive  e lectrode  w ith o u t a b so lu te  ca lib ra tio n

a ty p ica l and th e y  c o n c lu d e d : “ A p p a re n tly  th e  b e h a v io u r is sign ifican tly  
affec ted  by  sm all am o u n ts  o f som e u n id en tified  re a c tio n  p ro d u c t or in te r­
m e d ia te .” )

In  o ther w ords th e  b rom om alon ic  acid alone does n o t m ee t o u r requ ire­
m en ts . I t  was s tra ig h tfo rw a rd  to  assum e — like F K N  [11] — t h a t  som e other
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in te rm e d ia te s  were also n e e d e d  to  get the  com ple te  o sc illa tin g  system . J w o  
a n d  N oyes [30] stud ied  th e  re a c tio n s  of some possib le  m o lecu la r in te rm ed ia tes , 
n a m e ly  th e  ta rtro n ic  (ТА) m eso x a lic  (MOA) g ly o x a lic  (GOA) oxalic (OA) 
a n d  fo rm ic  (FA) acids. A c c o rd in g  to  our ex p e rim en ts  th e se  acids alone do 
n o t  p ro v id e  th e  desired e ffec t e i th e r , thus we applied  a m ix tu re  of hrom om alo- 
n ic  a c id  an d  one of th e  a b o v e  m en tio n ed  in te rm e d ia te s . Som e o f our re su lts  
a re  d isp la y e d  in  Fig. 8 a — d . T h e  presence of fo rm ic  ac id  d id  n o t change th e  
k in e tic  b eh av io u r of th e  s y s te m  as i t  was expected  [31].

I t  c a n  be seen th a t  o n ly  th e  su b stra te  m ix tu re  o f  oxalic , b rom om alonic 
a n d  m a lo n ic  acids gives rise  o f  im m ed ia te  oscillations re sem b lin g  to  th e  classi­
ca l o n es .

0 1 2 3 4 5 6
t / m i n
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F ig. 8. E ffec t o f  d iffe re n t in te rm ed ia te s  on th e  c la ss ica l BZ oscillator. T he c o n c e n tra tio n  of 
d iffe ren t in te rm ed ia te s  is g iven  in  th e  figures (See t e x t  fo r abbrev ia tions). T he ta r t ro n ic  acid  
(ТА ) w as ap p lied  in  a  h ig h er co n cen tra tio n  b ecau se  i ts  effec t was no t so p ro n o u n c ed . O th e r 
in it ia l  c o n cen tra tio n s  : [H 2S 0 4] =  1.5 M .  [Ce(SO,)2] =  10~3 JVf, [MA] =  8.5 X 10 _2 M, 
[BrM A ] =  1 .5 x lO - 2 M, [K B rO s] =  3 .5 x l0 ~ 2 M .  T h e  figu res show “ e”  th e  p o te n tia l  o f  a 

b rom ide  sen sitiv e  e lec tro d e  as a function  o f t im e  “ t”  w ith o u t ab so lu te  c a lib ra tio n

D e t e r m i n a t i o n  o f  o x a l i c  a c i d  i n  a n  o s c i l l a t i n g  m e d i u m

A t th is  s tag e  o f  o u r investiga tions w e th o u g h t th a t  oxalic  ac id  is an  
im p o r ta n t m o lecu lar in te rm ed ia te  in  th e  c la ssica l BZ system . To p ro v e  th a t  
hyp o th esis  we an a ly sed  th e  oscillating  so lu tio n s  by  the  follow ing m e th o d .

A  nalytical procedure

An excess o f C a(O H )2 pow der (M erck) w as a d d e d  to th e  solution to  be an a ly se d . In  
th e  a lka line  m edia fo rm ed  th is  w ay  all reac tio n s s to p  p rac tica lly  and a g re a t q u a n ti ty  o f 
C a S 0 4 p re c ip ita te  a p p ea rs  w hich  serves as a c a rr ie r  fo r  th e  Ca(COO)2 p re c ip ita te . T h e  p rec ip ­
i ta te  m ix tu re  w as f i lte re d  an d  w ashed w ith  d is tilled  w a te r  to  rem ove o th e r  o rg an ic  com ­
p o u n d s, th e  cerium  c a ta ly s t  a n d  th e  b rom ate.

T hen  th e  p re c ip ita te  w as tre a te d  w ith  1.5 m o la r  su lfu ric  aicd for 15 m in u te s  to  g e t th e  
oxalic  acid  in to  so lu tio n . T h e  m ix tu re  was f ilte red  a g a in  w ashed  w ith 1.5 m o la r su lfu ric  acid  
a n d  th e  collected  f i l t r a te  w as t i t r a te d  w ith  a 0.05 m o la r  K M n 0 4 solution.

T he sep a ra tio n  a n d  reg en era tio n  of oxalic a c id  w ere n o t q u a n ti ta t iv e : th e  y ie ld  w as 
o n ly  80 p e rcen t due  to  som e u n id en tified  losses. T h is w a s  d e te rm in ed  b y  a c a lib ra tio n  p ro ced u re  
m easu rin g  a know n a m o u n t o f oxalic acid ad d ed  to  a  1.5 m olar sulfuric acid  so lu tio n . I t  is 
p ro b ab le  th a t  a p a r t  o f Ca(COO).. rem ains o ccluded  in  th e  p recip ita te  m ix tu re .

Results

I n  th e  a rtif ic ia l m ix tu re  of F igure 8d  w e could m easure an  o xalic  acid 
c o n te n t e q u iv a len t to  th e  80 ±  10 pe rcen t o f  th e  orig inally  in tro d u c e d  one i f  
th e  ad d itio n  o f  C a(O H )2 followed th e  s ta r t  o f  th e  reac tio n  w ith in  one m in u te . 
T h a t  is d u rin g  such  a sh o rt tim e  losses in  o x a lic  acid due to  its  re a c tiv e  decom ­
p o sitio n  were w ith in  th e  e rro r of our a n a ly tic a l procedure.

In  th e  c lassical B Z system , how ever, w e w ere n o t able to  fin d  a n y  m e a su r­
ab le  q u a n tity  o f  oxalic  acid  a t th e  b eg in n in g  o f  th e  oscillatory  reg im e. M ore 
ex a c tly  speak ing  th e  c o n cen tra tio n  of oxa lic  ac id  w as less th a n  10 p e r  c e n t o f
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th e  c o n c e n tra t io n  applied  in  th e  a rtif ic ia l m ix tu re  o f Fig. 8d. E x p e rim e n ts  
show  t h a t  su ch  a low c o n c e n tra tio n  o f  oxalic acid  h as  no effect on th e  in d u c tio n  
p e rio d .

S u m m ariz in g  our re su lts  we w ere n o t ab le  to  assign th e  m issing  in te r ­
m e d ia te  am o n g  th e  above m e n tio n e d  co m p o u n d s. I t  is possible t h a t  th e  fo r­
m a tio n  o f  b rom om alon ic  ac id  a n d  o f a co m p lica ted  m ix tu re  of m ore t h a n  one 
m o le c u la r  in te rm ed ia te  are  responsib le  for th e  in d u c tio n  period. N ev e rth e le ss  
in  o u r  o p in io n  it  is m ore p ro b a b le  th a t  som e o rg an ic  rad ical p lays a n  im p o r­
t a n t  ro le  in  th is  respect. T h a  ra d ic a l can  be e.g.  a p ro d u c t of a reac tio n  b e tw e e n  
b ro m o m a lo n ic  acid and  som e ino rgan ic  rad ica ls  o f  Ce4 + .

Conclusion

W e h a v e  show n th a t  th e  LY m odel o r ig in a lly  developed for th e  o x a lic  
ac id  — ace to n e  m ixed s u b s tra te  system , c a n  b e  generalized fo r o th e r  BZ 
sy s te m s  as w ell. N a tu ra lly  th is  is a th e o re tic a l p o ss ib ility  only and  th e  v a l id i ty  
o f  th e  g en era liza tio n  and  o f th e  LY m echan ism  its e lf  m ust be p roved  e x p e r i­
m e n ta lly .

S ea rch in g  for a sim ple  “ b asic”  BZ o sc illa to r  we exam ined th e  c la ss ica l 
one. A cco rd in g  to  ou r ex p e rim en ts  th e  classica l BZ system  c o n ta in s  som e 
u n id e n tif ie d  in te rm ed ia tes  co n seq u en tly  is n o t  th e  b e s t choice as a re fe ren ce  
sy s te m  in  sp ite  of th e  g rea t a m o u n t o f  av a ilab le  d a ta .T h e re fo re  from  a th e o r e t ­
ica l p o in t  o f  view  th e  h e te ro g en eo u s BZ o sc illa to r seems to  be th e  s im p le s t 
one, a n d  th e  m ixed su b s tra te  sy s tem  is p ro b ab le  th e  sim plest hom ogeneous one.

*

T h e  a u th o rs  th a n k  D r. G y. B azsa  a n d  Prof. A. M. Z h a b o t i n s k i i  for v a lu ab le  d iscu ss io n s , 
P ro f. B . L . C l a r k e  and  D r. C . E s c h e r  fo r helpful co rresp o n d en ce .
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T he e ffec t o f  d iffusion  on th e  p ro p a g a tio n  o f one-d im ensional chem ical w aves 
in itia te d  b y  th e  co n ce n tra tio n  g ra d ie n t o f th e  acid  in  th e  sy s tem  m alon ic  ac id -b rom ate- 

fe rro in -c e riu m (III)-su lp h u ric  acid  was s tu d ie d  p h o to g rap h ica lly . I t  was fou n d , th a t  
th e  w aves p e n e tra te  th e  im perm eab le  w all, w hich  m eans t h a t  th e  d iffusion  p ra c tica lly  
has no role in  th e  p ro p a g a tio n  of th e  w aves.

In tro d u c tio n

The fo rm a tio n  o f  period ic  s tru c tu re s  or chem ical w aves in. th e  so-called 
one-d im ensional space  w as f irs t  observed  b y  B u s s e  [1]. U pon  d ropp ing  ferro in  
to  th e  hom ogeneous sy s tem  m alonic a c id — b ro m a te  — C e ( I I I )—sulfuric  acid 
a red -b lue  s tr ip e  sy s tem  is form ed para lle l to  th e  su rface  o f th e  so lu tion . H e 
in te rp re te d  his experience  as a d iffusion effect governed  b y  th e  a u to c a ta ly tic  
re a c tio n  proceed ing  in  th e  system  and  th e  c o n c e n tra tio n  g rad ien t to g e th e r.

A n accep tab le  ex p la n a tio n  was f irs t p ro v id ed  b y  B eck an d  Váradi [2]. 
T h e  essential p o in ts  in  th is  e x p lan a tio n  are  th e  follow ing. I n  th e  system  
s tu d ie d  a hom ogeneous period ic  reac tio n  ta k e s  p lace  u n d e r c o n s ta n t s tirrin g . 
I f  th is  reac tio n  is a rra n g e d  in  such a w ay th a t  a long  one o f th e  space  coo rd inates 
a g rad ien t is c re a te d  fo r one of th e  re a c ta n ts  s ig n ifican tly  in fluenc ing  th e  ra te  
o f  th e  reac tio n , th e  re a c tio n  ra te  will change along th is  space  co o rd in a te . 
T h u s — un like in  th e  hom ogeneous case — th e  red -b lu e  co lour v a ria tio n s  
correspond ing  to  th e  period ic  fe rro in -fe rriin  tra n s fo rm a tio n  occur sh ifted  in  
tim e  along th e  space  co o rd in a te , i .e.  red  an d  b lu e  s tr ip e s  are  a p p a re n tly  m ig ra t­
in g  in  th e  so lu tio n . D iffusion  p lays a neglig ib le ro le  in  th e  fo rm a tio n  o f th is  
s tr ip e  system .

K opell and H oward [3] arrived at the sam e conclusion in  their paper.
B e c k , V á r a d i  an d  H a u c k  [4] tr ie d  to  describe  q u a n tita tiv e ly  th e  one­

d im ensional w aves on  th e  basis o f th e  above co n cep t. T h e ir m odel ca lcu la tions

* P resen ted  on  th e  jo in t  session of th e  W orking C om m ittees o n  R e ac tio n  K inetics and  
C ata lysis, and  C o o rd in atio n  C hem istry , B u d ap est, O c to b er 29, 1980.

** To w hom  correspondence  should  be addressed
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re f le c t c o rre c tly  th e  m a in  c h a ra c te r is tic s  o f th e  p h en o m en a  s tu d ie d . I n  th e  
co u rse  o f  th e  in v estig a tio n  o f  tw o -d im en sio n a l w aves fo rm ed  in  th e  system  
m a lo n ic  a c id —b ro rn a te—fe r ro in — sulfu ric  a c id —brom om alon ic  acid , W in f r e e  
[7] c o n c lu d e d  th a t  th e  chem ica l w aves a re  o f  tw o  ty p e s : th e  so-called  p seu d o ­
w av es  w ith o u t  m ass tra n s fe r , a n d  th e  tr ig g e r w aves w hich  invo lve  m ass t r a n s ­
fe r. H e  believes th a t  p seu d o -w av es can  p e n e tra te  im p erm eab le  w alls p laced  
in  th e  w a y  o f th e ir  m ig ra tio n , w hile  th e  passage o f tr ig g e r w aves is p re v e n te d  
b y  su c h  a  w all. F ie l d  an d  N o y e s  [5] c la rified  th e  essen tia l fea tu re s  o f  tr ig g e r 
w av es . S m o e s  says in  a p a p e r  p u b lish e d  re c e n tly  [6] t h a t  in  th e  Z h ab o tin sk ii 
s y s te m  c a ta ly z ed  b y  fe rro in  a n  im p e n e tra b le  w all can  p re v e n t th e  m ig ra tio n  
o f  e v e ry  ty p e  o f w aves, c o n se q u e n tly , th e  d iffe ren tia tio n  b e tw een  th e  tw o 
ty p e s  o f  w aves is a rtific ia l, a n d  th e  ph en o m en o n  can  be t r e a te d  on  th e  basis 
o f a u n ifo rm  theo ry . H o w ev er, th is  th e o ry  h as  n o t been  d iscussed  in  d e ta il 
in  th e  p a p e r .

A cco rd in g  to  th e  ab o v e  m e n tio n e d  p ap ers  [2, 3, 4 ], th e  one-d im ensional 
c h e m ic a l w aves are p seu d o -w av es in  te rm s  o f th e  c la ssifica tio n  o f  W l N F R E E ,  

c o n s e q u e n tly , th e y  should  be  ab le  to  p e n e tra te  an  obstac le  p laced  in  th e ir  w ay.
S u ch  a sim ple e x p e rim e n t fo r c la rify ing  th e  ro le o f d iffusion  in  th e  case 

o f  one-d im en6 ional chem ical w av es h as  been  carried  o u t — to  ou r know ledge 
•— o n ly  b y  K o p e l l  and H o w a r d  [3]. T h e ir re su lts , how ever, concern  o n ly  th e  
case  o f  te m p e ra tu re  g ra d ie n ts , a n d  ca n  be in te rp re te d  o n ly  in d irec tly .

T h e  p ap e r o f Sm o e s  [6] m en tio n ed  earlie r m akes th e  ex p e rim en ta l 
s e t t le m e n t  o f  th e  questio n  esp ec ia lly  ju s tif ied .

I n  o rd e r to  check e x p e rim e n ta lly  th e  d esc rip tio n  o f  pseudo-w aves m en­
t io n e d  ea rlie r, we s tu d ied  th e  p e n e tra tio n  o f  one-d im ensional w aves com ing 
a b o u t as  a re su lt of c o n c e n tra tio n  g rad ien ts  th ro u g h  h in d ran ces.

E xperim en ta l

E x p e r im e n ts  were p e rfo rm ed  accord ing  to  th e  co n cen tra tio n  co nd itions described  in 
th e  p a p e r  o f  B e c k  and Y á b a d i  [4] as fo llow s: 

m a lo n ic  acid : 3 X 10 ” 1 m ol d m -3 
p o ta s s iu m  b ro m ate  : 7 X lO ” 3 m ol d m * 3 
fe r ro in :  6 .7 X 1 0 “ 4 m ol d m -3  
c e r iu m (I I I )  n itra te  : 1.3 X 1 0 ” 3 m ol d m ” 3.

T h e  w a v e  p ro p ag a tio n  w as s tu d ie d  in  a  cell e tch ed  v e rtica lly  in to  a t r a n s p a re n t  lu c ite  block 
w ith  th e  size o f 1 X 1 X 7 cm . T h e  b lo ck  w as sp lit in to  tw o pieces a t  th e  h a lf  h e ig h t o f  th e  cell, 
a n d  a  s l ig h t  groove was e tch ed  in to  th e  f i t t in g  p lan e  w hich  se rv ed  as a guide ra il, so t h a t  we 
c o u ld  f i t  a  p las tic  foil of 0.1 m m  th ic k n e ss  be tw een  th e  tw o p lanes. A hole id en tica l in  size 
to  t h a t  o f  th e  cell was cu t in to  th e  foil. T hese  th ree  p a r ts  w ere fa s ten ed  to g e th e r  w ith  springs 
in  su c h  a w a y  th a t  th e  liq u id  co u ld  n o t  leak  a t  th e  f i ttin g s , b u t  th e  foil cou ld  he m o v ed  in  th e  
g u id e  r a i l  to  and  fro be tw een  th e  tw o  h a lf  blocks. W hen  th e  opening  in  th e  foil ge ts in to  th e  
a x is  o f  th e  cell, th e  cell vo lum e is u n ite d ,  w hen  th e  foil is p u lled  o ff fro m  th is  p o sitio n , th e  cell 
is s e p a ra te d  in to  two vo lum es w ith  th is  im p erm eab le  w all. T he m ov ing  of th e  foil, i.e. th e  
jo in in g  o r  sep a ra tin g  of th e  cell v o lu m es la s te d  fo r 1 s in  th e  cell filled  w ith  liq u id .

A cco rd in g  to  our p re lim in a ry  ex p erim e n ts , th e  m ate ria l o f th e  cell a n d  th e  foil h ad  no 
o b se rv a b le  effect on th e  re ac tio n . T h e  o p e ra tio n  of th e  cell is seen in  F ig . 1. E x p e rim e n ts  were
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F ig . 1. D esign  an d  o p e ra tio n  princip le  o f th e  cell u sed  in the  ex p erim e n ts ; a  cell volum e, 
b  — b o t to m  of th e  lucite  b lock, c — to p  of th e  lu c ite  b lock, d — th in  p la s tic  fo il sep ara tin g  
th e  cell vo lu m e w ith  th e  1 cm2 opening, e com pression  p o in ts of sp rings w ith  th e  pressure 
d irec tio n  (sp rings are n o t rep re sen ted  fo r th e  sake  of c larity ), f  — w edges en su rin g  the 

tw o h a lf b locks ag a in s t m o v in g  from  each o th er

ca rried  o u t  as fo llow s: 6 cm 3 of th e  m ix tu re  o f th e  above com position  w as f illed  in to  the 
u n se p a ra te d  cell a f te r  carefu l ho m o g en izatio n , th e n  0.2 cm 3 cone, su lfu ric  a c id  w as added. 
A fte r  th e  d am p in g  of con v ec tio n  flow  (j.e. a f te r  a b o u t  8 s) th e  cell w as s e p a ra te d  w ith  the  
slide-in  w all. T he phenom enon  w as p h o to g rap h e d  from  th e  m om ent o f d ro p p in g  th e  sulfuric 
acid  w ith  a P en taco n  a u to m a tic  cam era  p ro v id ed  w ith  a quick  exposure  e q u ip m e n t, which 
w as p lac ed  a t  th e  sam e level as th e  cell, in  ev ery  9 (som etim es 12) s.

T h e  m ig ra tio n  of chosen s trip es w as also s tu d ied , in th is  case p ic tu re s  w ere  ta k e n  in 
ev ery  3 s. B lack  an d  w h ite  neg ativ e  m a te ria l w as u sed . T he blue and  red  s tr ip e s  w ere best 
v isib le  w h en  ap p ly in g  a b lue  filte r.

T h e  ex p erim en t w as carried  o u t also in  su ch  a w ay th a t  the  cell w as n o t  sep ara ted  
a f te r  th e  d am p in g  of th e  flow , on ly  la te r, a f te r  th e  beginning of th e  m ig ra tio n  of stripes. 
P ic tu re s  w ere h ere  also ta k e n  from  th e  m o m e n t o f  H .,S 0 4 addition .

W av es  w ere also g en era ted  a n d  s tu d ied  b y  in jec tin g  d istilled  w a te r  in to  th e  m ix tu re . 
I n  th is  case, to  th e  6 cm 3 m ix tu re  described  earlie r, 0.2 cm 3 cone. H ,S 0 4 w as a d d e d , hom og­
en ized  a n d  filled  in to  th e  cell. A fte r aw aitin g  one change of colour ( th e  so lu tio n  changed 
co lour a t  th e  sam e tim e in  th e  w hole cell), a b o u t 0.5 cm 3 of distilled w a te r  w as in je c te d  into 
th e  m ix tu re . T he cell was se p a ra ted  a f te r  th e  d a m p in g  of th e  convective  flo w , o r in  o th er 
e x p e rim e n ts  a f te r  th e  s ta r tin g  of s trip e  m ig ra tio n . P ic tu re s  were tak e n  in  th e  sam e w ay  as 
w ith  ac id  a d d itio n . E x p erim en ts  w ere also m ad e  w ith  ferro in  only as c a ta ly s t .

Results and D iscussion

A fte r  d ropp ing  co n c e n tra ted  su lfu ric  acid  in to  th e  m ix tu re  th e  following 
ev en ts  h a p p en ed . The h igh d e n s ity  su lfu ric  acid  quickly  san k , c a u s in g  th e reb y  
a co n v ec tiv e  flow  in  th e  cell. I ts  d am p in g  n eeded  8 s. The in itia lly  re d  so lu tion  
su d d e n ly  tu rn e d  b lue — ex cep t fo r a su rface  lay e r of severa l m m  — upon 
a d d itio n  o f  th e  acid, th e n  becam e slow ly  red  again . A bou t 30 s a f te r  th e  
d ro p p in g  o f  th e  acid, b lue s trip es  ap p ea red  on  th e  b o tto m  o f th e  ce ll m oving 
u p w ard s  w ith  a speed o f ab o u t 1 m m  s _1. T h e  m ig ra tio n  o f th e  s tr ip e s  la s ted  
fo r a b o u t 15 m in , th e n  th e  s tr ip e  sy s tem  w as slow ly d es tro y ed  b y  th e  gas 
b u b b le s  fo rm ed . One d e v ia tio n  from  th e  o b serv a tio n s of B e c k  a n d  Y a r a d i  
w as n o t ic e d ; accord ing  to  o u r experience, th o u g h  th e  speed o f  th e  m ig ra tio n  
o f s tr ip e s  decreased  b y  m ore th a n  one o rd e r o f  m agn itude , i t  d id  n o t  becom e 
zero.

F o r  th e  s trip es  s ta r tin g  from  th e  b o tto m  o f th e  cell a f te r  d ro p p in g  in  
th e  ac id , th e  w all slid in  did n o t re p re se n t a n y  obstacle.
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F ig . 2 . N o te:  On the  p h o to g rap h s  in  F ig . 2 only th e  fro n t v iew  o f th e  cell is show n. P e n e tra tio n  
o f w av es  g en era ted  b y  in je c tin g  o f d is tilled  w ater th ro u g h  th e  sep a ra tin g  wall in  th e  sy s tem  
b ro m ate -m a lo n ic  acid -su lfu ric  acid , co n ta in ing  cerium -ferro in  m ix ed  ca ta ly st. T im es are  g iven  

on a re la tiv e  tim e  scale beginning w ith  th e  f i r s t  p ic tu re

W ithin, th e  lim its  o f ex p erim en ta l erro r, e v e ry  s tr ip e  p en e tra ted  rep ro d u c- 
ib ly  th e  sep ara tin g  w all w ith o u t any  b reak ing  or w eaken ing .

T h e  sam e was fo u n d  in  th e  case of w aves c re a te d  b y  in jec tion  of d is tilled  
w a te r . T h e  phenom enon  is in d ep en d en t of w h e th e r  th e  ca ta ly s t is cerium  and  
fe rro in  to g e th e r  or o n ly  p u re  ferro in .

F ig u re  2 shows th e  p e n e tra tio n  of w aves c re a te d  b y  in jec tion  o f d is tilled  
w a te r  th ro u g h  th e  se p a ra tin g  w all. The s trip e  fo rm e d  on  th e  b o tto m  of th e  cell

12s 24s 27s
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proceeds f i r s t  slow ly, then, w ith  in c reas in g  speed upw ards an d  reaehes th e  
se p a ra tin g  w all m ark ed  w ith  a b lack  line in  th e  p ic tu res, and  a p p a re n tly  passes 
th ro u g h  it.

F o r co m p ariso n , th e  co rresp o n d in g  phenom enon  w as also p h o to g rap h ed  
in  th e  u n se p a ra te d  cell. T he  p ic tu re s  p ro v e  th a t  th e  w ave p ro p a g a tio n  is 
p ra c tic a lly  th e  sam e in  b o th  th e  s e p a ra te d  an d  u n sep ara ted  cells.

O u r re su lts  confirm  th a t  th e  co n cep t o f B eck and  Va r a d i [2, 4] and  
th a t  o f  K opell an d  H oward [3] is r i g h t : w ave p ro p ag a tio n  in  th e  eystem  
s tu d ie d  is th e  re su lt o f  a period ic  re a c tio n  proceeding  w ith  a ch an g in g  ra te  
a long  th e  space  coo rd ina te . M ass tra n s fe r  caused b y  diffusion does n o t p lay  
a basic  ro le in  th e  p ro p ag a tio n  o f w aves. I t  is obvious, how ever, t h a t  th e  consid ­
e ra tio n  o f  th e  effect o f d iffusion  c a n n o t be neglected in  th e  f u l l  descrip tio n  
o f th e  s tr ip e  s tru c tu re .

T he e x te n t o f th is  effect w as s tu d ie d  b y  developing fu r th e r  th e  concept 
o f  B eck an d  Váradi [4], w hich w as p ro v ed  to  be rig h t b y  o u r ex p erim en ts, 
and  th e  p ro p a g a tio n  of th e  one-d im ensional w aves was m odelled  b y  tak in g  
d iffusion  in to  acco u n t. In  th e  know ledge o f  in itia l acid g rad ien t an d  th e  d iffu­
sion c o n s ta n t o f su lfuric acid we reck o n ed  w ith  th e  d iffusional levelling  o f  the  
acid g ra d ie n t, b u t  we neglected  th e  d iffu sion  o f th e  o th e r co m p o n en ts  betw een  
th e  s tr ip e s . O ur ca lcu la tions p ro v id ed  th e  s trip e  system  o rig in a tin g  from  the  
m odel n o t considering  diffusion fo r th e  ex istence  o f th e  phenom enon  o f ab o u t 
15 m in u te s . T h a t m eans th a t  in  th e  m o d ifica tio n  of th e  s tr ip e  sy stem  only  
th e  d iffusion  b e tw een  th e  s tripes can  p la y  a role. C onsidering, how ever, th a t  
as a consequence  o f th e  periodic re a c tio n , th e  g rad ien ts b e tw een  th e  s trip es  
s te a d ily  ch an g e  th e ir  d irec tio n  — in  re la tiv e ly  sh o rt in te rv a ls  — th e  ro le of 
d iffu sion  b e tw een  th e  s tripes seem s also to  be negligible.

T h a t  m eans th a t  in  th e  fo rm a tio n  o f  one-d im ensional s tr ip e  sy stem s gener­
a te d  b y  a co n c e n tra tio n  g rad ien t, d iffu sion  does no t p lay  a ro le , th e se  one­
d im en sio n a l w aves can  be considered  u n am b ig u o u sly  as p seudo-w aves.
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A pp ro ach es to th e  analysis o f  th e  m echanism  of o sc illa to ry  o x id a tio n  w ith 
b ro m a te  a n d  th e  use  o f  m odels o f  v a rio u s  d e p th s  of detail are d iscu ssed . T h e  deta iled  
schem e o f o x id a tio n  of tra n s it io n  m e ta l ions w ith  b rom ate  is a n a ly z e d  to g e th e r  w ith 
sem iem pirica l d y n am ic  m odels fo r th e  co m p le te  oscillating sy s tem  a n d  a  con tro lled  
e x p erim e n t based  on  a “ b lack  b o x ”  m odel. N ew  d a ta  are rep o rted , w h ich  f u r th e r  specify 
th e  g en era lly  accep ted  basis schem e.

Since th e  d iscovery  o f  th e  f i r s t  ex am p le  of th is  g roup  o f  re a c tio n  by  
B elousov  [1] an d  th e  p roposal o f  a c ru d e  flow -chart for its  d e sc r ip tio n  [2], 
cf.  F ig . 1, s tu d ies  h av e  been  co n d u c ted  in  th re e  m ain  d ire c tio n s :

1. Search for new oscillating system s

T h e m o st im p o r ta n t recen t f in d in g s  in  th is  d irection  w ere th e  d iscovery  
o f  u n c a ta ly z e d  osc illa ting  reac tio n s  [3, 4 ] an d  red u c tan ts  t h a t  c a n n o t he 
b ro m in a te d  [5], o b se rv a tio n  of o sc illa tio n s d u rin g  in tram o lecu la r lig a n d  o x ida­
t io n  in  com plexes [6, 7], and  th e  a p p lic a tio n  o f m ixed s u b s tra te s  [8]. O ne of 
th e  m o s t in te re s tin g  resu lts  is th e  d isco v e ry  o f  oscillations in  sy s tem s  w ith  
v e ry  low , an d  a p p a re n tly  c o n s ta n t b ro m id e  io n  concen tra tions [9].

2. Search for new dynamic regim es in  ideally mixed, closed  and flow  
reactors

A  w ide v a r ie ty  o f sim ple, co m p lex  a n d  stochastic  o sc illa tio n s h a s  been 
d iscovered  [2, 10— 17], inc lu d in g  sw itc h o v e r betw een  regim es [12, 14]. For 
check ing  th e  m a th e m a tic a l m odels, th e  m o st v a lu ab le  tool is th e  s tu d y  o f  b o u n ­
d arie s  b e tw een  various dynam ic  reg im es in  th e  space of co n tro llab le  p a ra m e te rs , 
v i z .  th e  in itia l r e a c ta n t  co n cen tra tio n s  [1 0 — 12, 18].

* P re se n ted  on  th e  jo in t  session o f th e  W o rk in g  C om m ittees on  R e a c tio n  K in e tic s  and  
C ata lysis, a n d  C o ord ination  C hem istry , B u d a p e s t,  O c to b er 29, tyoO
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3. Study of behaviour in  space

T h is  field  has led  to  m o s t im p o rtan t re su lts  in v o lv in g  th e  d iscovery  o f  
new  ty p e s  of w ave s t ru c tu re s  [19—24] and  s te a d y -s ta te  periodic c o n c e n tra ­
t io n  d is tr ib u tio n s  [25 — 28].

W hat does it m ean to  know  the m echanism  o f the phenomenon?
Problems and m odels

T he m echanism  o f  th e  phenom enon can  b e  re g a rd e d  as know n w h en  i t  
is c ap a b le  of describ ing  a d e q u a te ly  all th e  m o s t im p o r ta n t  ch a rac te ris tic s  o f 
th e  co n cep t o f process a n d  o f  p red ic ting  new  e x p e r im e n ta l facts. As co n cern s 
p re d ic tiv e  value, th e  k n o w led g e  of a m echanism  d ep e n d s  on th e  ty p e  o f  p ro ­
b lem  posed . Several a l te rn a tiv e s  are possible, fo r in s ta n c e  th e  m echanism  o f  a 
g iv en  system  can be co n sid e red  as know n if  i t  is c a p a b le  o f p re d ic tin g :

1. P o ssib ility  o f  o sc illa tio n s  upon  rep lac in g  one  or ano ther ch em ica l 
r e a c ta n t  by  o th e r s ;

2. T he q u a lita tiv e  b e h a v io u r  of th e  sy stem , i . e.  th e  occurrence of c e r ta in  
d y n a m ic  regim es an d  th e  s t ru c tu ra l  (param etric) d ia g ra m  o f th e  s y s te m ;

3. T he q u a n ti ta t iv e  b e h a v io u r of th e  sy s te m , i . e.  th e  exact d e sc rip tio n  
o f  d y n am ica lly  im p o r ta n t  v a ria b le s  a t various v a lu e s  o f  th e  contro llab le p a ra m ­
e te rs  ; an d

4. M ost ip o r ta n t, q u a lita tiv e ly  new d y n am ic  reg im es .

T he m echan istic  d e sc rip tio n s  of a given sy s te m  req u ired  for so lv ing th e  
ab o v e  problem s m ay  b e a r  n o  resem blance w h a tso e v e r  to  one ano ther.

T h e  following d e sc rip tio n s  of m echanism  h a v e  been  already  used  :

1. F low -charts  w ith  th e  basic su b s tra te s  a n d  p ro d u c ts , key  in te rm e ­
d ia te s , an d  th e ir  t ra n s fo rm a tio n s  as well as th e ir  e ffec ts  on the  ra te  o f  th e  
basic  process [2, 29].

2. Schem es in c lu d in g  n o n -e lem en tary  re a c tio n s  to g e th e r  w ith th e ir  k in e t ­
ics [30].

3. D eta iled  schem es in  te rm s  of e lem en ta ry  s te p s  [31, 32].
4. D ynam ic m odels, co n sisting  of system s o f  d iffe ren tia l eq u a tio n s  in  

te rm s  o f  th e  key  in te rm e d ia te s , th e ir  coefficients d e p en d in g  on the  co n tro llab le  
p a ra m e te rs  [30, 33 — 37].

5. A ctive m ed ia , e v e ry  p o in t of which is fin ite  a u to m a to n  [27].

In  num erous cases m ix ed  m odels are u sed , w h ere  various p a r ts  o f  th e  
m ech an ism  are describ ed  in  d iffe ren t d ep ths o f  d e ta i l  [38].

N a tu ra lly , th e  id e a l m o d e l is a de tailed  sch em e  in c lu d in g  all th e  e ssen tia l 
e le m e n ta ry  steps an d  th e  v a lu e s  o f ra te  c o n s ta n ts  o r  a t  least th e ir  o rd e r o f
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m ag n itu d e . Such a co m p le te  m odel w ould  in  princip le  p e rm it to  describe  and 
p red ic t all th e  d e ta ils  o f b e h av io u r an d  also to  o b ta in  sim ple a sy m p to tic  m odels 
b y  correc t m e th o d s [29, 39]. U n fo rtu n a te ly , th e  em ergence o f  such  models 
c a n n o t be rea lis tica lly  ex p ec ted  in  th e  n e a r  fu tu re .

S im ilarly , in su ffic ien t in fo rm a tio n  is availab le  a t p re se n t fo r p red ic ting  
th e  possib ility  o f o sc illa tions u p o n  s ig n ifican t changes in  th e  n a tu re  o f s ta rtin g  
re a c ta n ts . In  such  cases in tu it io n  is b ased  on  a “ zoo”  o f  th e o re tic a l m odels, 
in v o lv in g , in  one w ay  o r an o th e r, a u to ca ta ly s is , re ta rd a tio n /in h ib itio n  or 
o th e r  ty p es  o f  n eg a tiv e  feed b ack , p e rm ittin g  in s ta b ility  an d  osc illa tions [29]. 
F ro m  th e  com plete  schem e o f such a s im p lex  system , e.g.  B e l o u s o v ’s reaction , 
i t  is possible to  se lec t, igno rin g  th e  va lu es  o f co n stan ts , a v a r ie ty  of sub­
schem es th a t  can  g en e ra te  osc illa tions se p a ra te ly . H ow ever, th e  ex istence  of 
self-oscillating  sub-schem es is a necessary  b u t  n o t suffic ien t co n d itio n  for self­
o scilla tions in  th e  co m p le te  system .

D espite  th e  lack  o f  a fu lly  co n sis ten t m odel for th e  B e lo u so v  reac tio n , 
th e  v a rious p a r tia l  m odels p e rm it to  d raw  a n u m b er of im p o r ta n t  conclusions. 
I n  w h a t follows, we shall d e m o n s tra te  exam ples o f th e  e ffic ien t u tiliz a tio n  of 
m odels a t  various levels o f  so p h is tica tio n .

Detailed schem e. M echanism of the M en + ---------—*■ MeO+1)+ reaction

L et us d en o te  th e  to ta l  B rO if c o n c e n tra tio n  by  A  and  th e  sum  [Men+] -f- 
+  [Me*',+1l+ ] b y  C.  O f th e  v a rious c h a ra c te ris tic s  of th e  re a c tio n

H B r 0 3 +  4 Men+ - f  4 H +  -  ....... -> 4 Me("+1>+ +  Н О  В г +  2 H 20  ( l)

th e  following are  th e  m ost im p o r ta n t w ith  resp ec t to  osc illa tions.

1. R eac tion  (1) is a u to c a ta ly tic , th e  a u to c a ta ly s t being  a n  in te rm e d ia te  of 
b ro m a te  reduc tion .

2. A t C / A  1, th e  m ax im u m  re a c tio n  ra te  is [40]

*m ax=  d[Me<"+1>+ ]/d  t  =  4 l h0A C  (2)

T h is expression is v a lid  in  a w ide in te rv a l of p a ram ete rs .
3. The re a c tio n  is s tro n g ly  in h ib ite d  b y  brom ide ions.

T he nucleus o f th e  schem e is th e  a u to c a ta ly tic  reac tio n . O f th e  m u ltitu d e  
o f  possible versions, th e  sim p lest is th e  schem e proposed  by  F i e l d , K őrös 
an d  N o y e s  (F K N ) [4 1 ]:

H + +  B rO r +  H B r 0 2 1------» 2 BrOi +  H 20  (3)

11+ +  B rO ‘2 +  Ce3+ i = = ± H B r 0 2 +  Ce*+ (4)
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Since p K HBrGj 0.7 [42], re a c tio n  (3) should  be rep laced  by

H B r 0 3 +  H B rO „ ~----- *■ 2 B r 0 3 +  H 20  (5)

W ith in  th e  sim plest schem e (4, 5] au to ca ta ly sis  c a n  be o b ta in ed  in  a w ide 
in te rv a l  o f  ra te  co n stan ts . T h e se  co n stan ts  have  b e e n  e s tim a te d  from  v ario u s 
in d ire c t d a ta  [31, 41]. H o w ev er, i t  is m ore co rrec t to  s tu d y  th e  q u a n tita tiv e  
b e h a v io u r  of th e  system  a t  v a r io u s  values of th e  c o n s ta n ts . T he correspond ing  
sy s te m  o f equations has th e  fo rm  :

x  =  k l y { C  — x ) — к _ ± и х

у  =  — k i y { C  — x)  к _ ^ и х  -f- 2к _ ъА и  — 2k _ 5y 2 (6)

и =  k i y ( C  — x )  — k i ux  — k s A u  +  ^ - s j 2

w here

x  =  [Ce4 + ], у  =  [B rO j], и =  [H B rO ,]

I t  is e a sy  to  see th a t

x  =  у  4 ' 2u

A ccord ing  to  analysis , expressions of ty p e  (1) c a n  only  be o b ta in ed  if  
th e  r a te  o f rad ical d isp ro p o rtio n a tio n  (— 4) is sm all com pared  to  th a t  of 
re a c tio n  ( +  5). In  th is  case, th e  m odel gives a B rO j c o n cen tra tio n  th a t  is 
c o m p a ra b le  w ith  x.  D isag reem en t w ith  th e  d a ta  o f  B u x t o n  an d  D a i n t o n  
[43] a n d  th e  observed lin ea r  d ependence  of Tmax on  /i0 [40] c learly  in d ica tes  
p ro to n a tio n  of th e  rad ica ls . T h u s , schem e (4) — (5) shou ld  be rep laced  by

H + 4  H B r 0 3 +  H B rO , < -*■ H B rO i +  B r 0 2 4 -  H ,0 (8)

н + +  B r o ;  4 > 1 IB rO r (9 )

H B rO +  4 -  Ce3+ —*■ Ce4+ 4 -  H B rO , (1 0 )

E s tim a te s  m ade in  R ef. [32] yielded

pK -H B rO f ^  4 .5 ( П )

F ö r s t e r l i n g ’s d a ta  [44, 45] in d ic a te  th a t  a t  [H 2S 0 4] =  1.5 M ,  th e re  is a 
sh a rp  in c rease  in  th e  life tim e o f  B rO j rad icals as co m p a re d  to  n e u tra l so lu tio n  
[43]. T h u s  a d irect q u a lita tiv e  co n firm a tio n  of th is  m odel is now av a ilab le .

A  com parison  of th e  re su lts  in  Refs [31, 32, 46, 47] c learly  shows th a t  
th e  o ccu rren ce  of au to c a ta ly s is  an d  b is tab ility  does n o t depend  on th e  d e ta ils  
o f th e  chem ica l schem e. I t  is e a sy  to  achieve a q u a n t i ta t iv e  f i t  of th e  re su lts  
a t  one p o in t hav ing  w ith  a la rge  n u m b e r of u n c e rta in  k in e tic  c o n s ta n ts . H ow ever, 
th e  q u a l i ty  o f f i t  in  a w ide ra n g e  o f chem ical p a ra m e te rs  depends s tro n g ly  on 
th e  co rrec tn ess  of th e  schem e in  a s tr ic tly  chem ica l sense. In  th e  exam ple  
g iven , i t  is th e  ac id ity  th a t  p e rm its  to  m ake a su ita b le  se lection .
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O n th e  o th e r h a n d , th e  analysis o f  a sy m p to tic  su b sy stem s, o b ta in ed  by  
ap p ro ach in g  som e o f th e  c o n s ta n ts  (or th e ir  ra tio s) to  zero or in f in i ty :

k t ( k ( / k j ) ------■> 0 or k ^ k j / k j ) ------ > oo

p rov ides a q u a lita tiv e  p ic tu re  o f how  th e  system  b eh av es. I n  th e  above exam ple, 
i t  w as th e  analysis o f such  su bsystem s th a t  rev ea led  th e  im p o rta n c e  o f reac tio n  
( — 10) for th e  co rrec t d e sc rip tio n  of th e  k in e tic  b e h av io u r [48].

Qualitative and quantitative description of 
oscillatory regim es by sem iem pirical models

In  num erous cases th e  q u a n tita tiv e , an d  som etim es th e  q u a lita tiv e  de­
sc rip tio n  o f o sc illa to ry  reg im es in  selected p o in ts  o f  th e  p a ra m e te r  space is 
perfo rm ed  in  te rm s o f  r a th e r  d e ta iled  m odels. T h is ap p ro ach  is ju s tif ie d  only  
i f  th e  reac tio n  schem e an d  th e  co n stan ts  in v o lv ed  are  a c c u ra te ly  know n. I f  
th e  coincidence w ith  ex p e rim en ts  is ach ieved  b y  a rb itr a ry  v a r ia tio n  o f  th e  
c o n s ta n ts  o f th e  la rg e  schem e, th e n  th e  p ro ced u re  invo lves ex tensive  u n ce r­
ta in ty .  I t  is easy  to  show  th a t  th e  m a jo rity  o f  d y n am ic  regim es observed  in  
th e  system  u n d e r co n sid e ra tio n  can  be described  b y  a second-order dynam ic  
m odel in  w hich th e  slow  v a ria b le  is th e  c o n c e n tra tio n  o f one o f th e  c a ta ly s t 
species (x) ,  and  th e  fa s t  v a riab le  is th e  c o n c e n tra tio n  o f  th e  B r~  in h ib ito r  
(z) or th e  a u to c a ta ly s t  — H B r 0 3 (H B rO Í)  ( у ) .  T he p h ase  p lanes o f such 
m odels are  show n in  F ig . 2a and  h . O n th e  o th e r  h a n d , th e  flo w -ch art 
in  F ig . 1 in d ica tes  th e  ex is ten ce  of a t  leas t th re e  essen tia l d y n am ic  v ariab les 
(x , y ,  z), th e re fo re  th e  s ta r t in g  m odel is n a tu ra lly  c o n s tru c te d  w ith  re sp ec t to  
th e se  3 v a riab le s . Such  a m odel can  be im m ed ia te ly  w r itte n  dow n from  th e  
k in e tic s  o f  th e  in d iv id u a l b locks [30] or m ay  be o b ta in e d  m ore o r less accu ra te-

Fig. 1. B asic f lo w -ch art o f th e  o sc illa ting  reac tion  h ro m a te , c eriu m , b ro m om alon ic  acid  (BOB)
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F ig . 2 . P h a s e  p lanes of th e  s im p lest se lf-o scilla tin g  m odels fo r b ro m a te  o x id a tio n ; x  =  [Ce4+] ;
y =  [ H B r 0 2+] ; z  =  [ B r - ]

ly  f ro m  th e  detailed  re a c tio n  schem e [33—37]. C o nsequen tly , a th ird -o rd e r  
m o d e l w ith  respect to  (x , y , z ), w h ich  reduces a sy m p to tic a lly  to  th e  second 
o rd e r  re la x a tio n  m odel r e la t iv e  to  ( x ,  z) or (x,  y )  (F ig . 2), describes q u a n t i ta ­
t iv e ly  p ra c tic a lly  all o f th e  o b se rv e d  regim es. T he s ta r t in g  th ird -o rd e r  m odel 
is c a p a b le  o f  describing also s to c h a s tic  oscilla tions or o scilla tions w ith  com ­
p lic a te d  p erio d ic ity  [36 ,49]. I t  h a s  b een  show n th a t  good q u a n ti ta t iv e  descrip ­
t io n  is possib le  if  th e  co e ffic ien ts  o f  th e  dynam ic  m odel are  chosen  as sim ple 
fu n c tio n s  o f  th e  p a ram e te rs  o f  th e  system  [30]. O n th e  basis  o f th e  F K N  
m e c h a n ism , T y s o n  has o b ta in e d  a v e ry  sim ple a sy m p to tic  m odel, w h ich , for 
tw o  e m p ir ic a l sets of p a ra m e te rs , gives good q u a n tita tiv e  ag reem en t in  a su ffi­
c ie n t ly  w id e  in te rva l o f th e  e x p e rim e n ta l p a ra m e te rs  [36, 37].

I t  seem s he th a t  th e  s t r u c tu r a l  d iag ram  o f th e  d y n am ic  sy s tem  h as th e  
g r e a te s t  in fo rm ativ e  value  as i t  show s th e  d is tr ib u tio n  o f reg ions fo r th e  v a r i­
o us d y n a m ic  regim es in  th e  sp a c e  o f ex p erim en ta lly  co n tro llab le  p a ra m e te rs  
[1 0 — 12, 18, 50]. T he e x p e r im e n ta l co n stru c tio n  o f  th e  s tru c tu ra l  d iag ram  
re q u ire s  n o  q u a n tita tiv e  m e a su re m e n ts  h u t  good ag reem en t b e tw een  th e o ry  and  
e x p e r im e n t  is only possible i f  b o th  th e  dynam ic  and  chem ical fea tu re s  o f th e  
s y s te m  a re  tak en  in to  a c c o u n t. T h ere  have  a lread y  b een  lim ited  a t te m p ts  a t 
c o m p a r in g  th e  th eo re tica l a n d  ex p e rim en ta l s tru c tu ra l d iag ram s [30, 34, 35, 
50 ]. H o w ev er, i t  rem ains th e  ta s k  o f fu tu re  research  to  develop  a com plete  
d ia g ra m  including  th e  reg ions o f  sim ple self-oscillations, o sc illa tions o f com pli­
c a te d  p erio d ic ity , s to ch as tic  o sc illa tions an d  sev era l s te a d y  s ta te s .

Possibility of new ch em ica l m echanism s providing oscillations

T h e  basic m echanism  re sp o n sib le  for oscillations in  th e  m a jo r ity  o f new 
c h e m ic a l com positions is a p p a re n t ly  close to  th e  o rig inal f lo w -ch a rt (F ig . 1). 
H o w e v e r , th e  results o f N o s z t i c z i u s z  [8, 9] induce  th o u g h ts  a b o u t th e  possi­
b i l i ty  o f  new  chem ical a n d  d y n a m ic  m echanism s. F o r exam ple , he observed  
o sc illa tio n s  w hen B r2 w as co n tin u o u sly  rem oved  from  system s invo lv ing  
o x a lic  a n d  glymxylic acid as re d u c in g  agen ts [8]. A lso, osc illa tions o ccu rred  in
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th e  b ro m a te , Ce, m alon ic  acid system  w h en  th e  brom ide ion c o n c e n tra tio n  w as 
s tro n g ly  reduced  b y  th e  ad d itio n  of Ag + ions [9]. E ven  if  th e  f i r s t  o f  th e se  
f in d in g s can  be reconciled  w ith  th e  basic  f lo w -c h a rt and th e  a v a ilab le  d a ta , 
th e  second o b se rv a tio n  c learly  c o n tra d ic ts  th is  schem e.

N o s z t i c z i u s z  h as  suggested  new  b as ic  schem es for th e  m ech an ism  of 
osc illa tions [51]. T h e  v a lid ity  o f th ese  schem es can  a t  p resen t he d iscussed  only  
o n  th e  basis o f  in d ire c t d a ta . F rom  th e  fu ll s e t  o f  s tep s  possible in  th is  com plex  
schem e, i t  is also possib le  to  select o th e r  th e o re tic a l m echanism s lead in g  to  
osc illa tions.

T he d e s ira b ility  o f  find ing  a sim p le , u n ified  schem e d escrib in g  self­
osc illa tions in  th e  m a jo rity  o f b ro m a te -c o n ta in in g  system s has been  em p h asized
[51]. H ow ever, i t  is q u ite  conceivable t h a t  in  one and  th e  sam e chem ical 
sy stem , o scilla tions a re  due to  d iffe ren t sub-schem es a t v a rious p a ra m e te r  
v a lu es . T his m ay  be  th e  reason  for th e  v e ry  w ide  oscilla to ry  reg ion  fo r th e  b ro ­
m a te , Ce, m alon ic  acid  system  [10].

A fin a l an sw er can  only be o b ta in ed  fro m  d irec t experim en ts o n  th e  role 
o f  th e  suspected  com pounds, H O B r and  B r 2. As th e  accu ra te  d e te rm in a tio n  
o f  H O B r and  B r2 in  th is  system  is ra th e r  d iff ic u lt, i t  w ould be m ore co n v en ien t 
to  ap p ly  th e  c o n tro lled  in tro d u c tio n  o f  th e se  com pounds in to  th e  re a c tin g  
so lu tio n .

The controlled experiment. R efinem ent of the flow-chart

T he co n tro lled  ex p erim en t is a c o n v e n ie n t m eans of checking th e  d e ta ils  
o f  a com plex  re a c tio n . H ere we re p o rt som e p re lim inary  d a ta  o n  check ing  
th e  sim plest m ech an is tic  hypo thesis (SM H ) fo r  th e  B e l o u s o v  re a c tio n , based  
on  th e  f lo w -ch art in  F ig . 1 [38, 52]. T h is h y p o th es is  im plies th e  fo llow ing 
s im p lify ing  assu m p tio n s.

1. T he free rad ica ls  involved  in  re a c tio n  (I) p lay  no role in  re a c tio n  (II)  
a n d , conversely , th e  rad ica ls  g enera ted  in  ( I I )  do n o t affect re a c tio n  (I) .

2. B r _ is p ro d u ced  p ro p o rtio n a lly  to  th e  red u c tio n  of Ce4 + , in  th e  
sim p lest case v ia  th e  reac tio n

2 Ce4+ - f  C H B r(C O O H )2 +  H 20 -------- 2 Ce3 + +  B r~  +  CO(COOH)2 +  3 H  +

( 12)

T here  a re  su ffic ien t d a ta  in d ica tin g  t h a t  reac tio n  (12) is n o t  th e  on ly  
source o f b rom ide  ions. In  th is  case th e  SM H  im plies th a t

n  Ce4+ -f- R B r ------->- n  Ce3 + -\- m  B r~  -f- P  (13)
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T h e  osc illa to ry  m odel b a se d  on  th e  SM H  is o f  th e  fo rm :

*  — fx ~  bx

У —  f i  (14)

* =  f z  +  qbx

w h ere  x  —  [Ce4+], z =  [B r - ], y t — th e  c o n c e n tra tio n s  of o ther in te rm e d ia te s , 
a n d  q  =  m / n .  A ccording to  R ef. [53],

b =
KB

K +  В
(15)

w h ere  В  is th e  co n c e n tra tio n  o f b rom om alon ic  acid .
T h e  m odel of reac tio n  (1) in  an  ideally  s t ir re d  flow  reac to r is

x  = f x ~ b x

j t  — fi ~~ bji ( 1 6 )

z = / z -  dz +  Ő2z 0

w h ere  8  =  v / V ,  8Z =  v J V ,  v  is th e  vo lum e flow  ra te ,  vz is th e  ra te  o f  in tro d u c ­
t io n  o f  B r -  an d  V  is th e  vo lu m e o f th e  re a c to r .

M odels (14) and  (16) co incide un d er th e  co n d itio n s :

8 =  6 (17)

—- qbx (18)

JZ a  z (19а)

b ' i < ß i Y i (19b)

w h ere  az  a n d  ß i y i are th e  co rresp o n d in g  te rm s  o f  f z and  f t.
T h u s , i f  th e  SM H is v a lid , th e n  th e  Ce, BM A, b ro m ate  sy s tem  c a n  be 

p re c ise ly  m odelled , c o n d u c tin g  reac tio n  (1) in  a flow  reac to r w ith  a d d itio n a l 
feed in g  o f  B r - . The B r ~ feed  r a te  shou ld  be p ro p o rtio n a l to  th e  Ce4 + c o n c e n tra ­
t io n  o f  th e  so lu tion .

T h e  ex p erim en t has b e e n  carried  o u t in  th e  cells o f a Specord  IIV -V is 
d o u b le -b e a m  sp ec tro p h o to m e te r  u n d e r in te n se  s tirrin g . The so lu tion  v o lu m e  
w as 2 .5  c m 3, th e  te m p e ra tu re  40 °C. T he so lu tio n s  o f Ce2(S 0 4)3 an d  K B r 0 3 
in  1.5 M  H 2S 0 4 were fed in to  th e  cell a t  a c o n s ta n t  ra te . The K B r so lu tio n  in  
1.5 M  H 2S 0 4 w as added  a t  a r a te  p ro p o rtio n a l to  th e  op tica l d en sity  a t  320 n m , 
i .e .  to  th e  Ce4+ co n cen tra tio n .

T h e  ex p erim en ta l s e tu p  is show n sc h e m a tic a lly  in  Fig. 3.
T h e  re su lts  show n in  th e  T ab le  I  in d ica te  t h a t  a re la tiv e ly  good ag re e m e n t 

is o b se rv e d  i f  q is in  th e  ra n g e  o f  1 .1 —2.6. T h e  ex p erim en ts  have been  c a rr ie d
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F ig. 3. Schem e of se tu p  fo r m odelling  th e  se lf-oscillating  BCB sy s te m ; o x id a tio n  o f Ce3+ b y  
b ro m a te  w ith  co n tro lled  feed  of B r - . Feed  r a te  o f  B r -  is p ro p o rtio n a l to  th e  o p tic a l d ensity

a t  320 nm

o u t a t  sm all A ,  В  a n d  C.  M ore co m p le te  in fo rm a tio n  is o b ta in e d  u p o n  com ­
p a riso n  in  th e  w hole ABC space o f  o sc illa tions. U n fo rtu n a te ly , h ig h e r in itia l 
B r -  (a0) c o n cen tra tio n s  could  n o t be u sed  in  our se tu p . In  th e  la t t e r  case th e  
re su lts  o b ta in ed  d ep en d ed  on  th e  in te n s ity  o f s tirrin g . C o n seq u en tly , these  
ex p erim en ts  req u ire  a c c u ra te  co n tro l o f  th e  co nd itons of id ea l m ix ing .

Table I

A ( M )

1
0.001 0.0025 0 .005

0.55 1 : S t . ; 6.4 2 : S t . ;  6.6
0.65 3: S t . ; 5.6

J .l 4 : 26 ; 1 .9 ; 5 ; 15 5: 29 ; 7 .4 ; 6 ;  10
1.3 6 : 20; 2 .1 ; 13.5; 12
2.2 7 : 24 ; 1.6; 3 .3 ; 21 8 : 29 ; 4 .5 ; 3 ;  16.5
2.6 9: 20; 2 .4 ; 4 ; 13.5

4.4 10: 26 ; 2 .1 ; 2 ;  18
8.8 11: 16; 1; 1 .5 ; 15

И 12: 16; 2 .7 ; 3 .3 ; 17 13: 27; 6.6; 3; 9 14: 29; 16; 2.5; 7.5

E xplanation  o f codes:
Sets of 5 num bers a re  given a s : N o : M ; N ; T , ; T.,, where 
N o  is the n u m b er o f ru n ;
M  is the m ax im um  Ce4 + co ncen tra tion  (in  1 0 -6 M );
N  is the m inim um  Ce4 + con cen tra tio n  (in 10 -ii iff);
V'j and  T., a re  in m inu tes.
S t. denotes a s te ad y  s ta te ;  it is followed by  [Ce4 + ] in  1 0 M  u n its .
C =  5 x  10-6 M ;  В  =  4 . 5 x l 0 - 3 M ;  t==  40 °C.
A verage values for 2 3 runs are given

I t  is a p p a re n t from  th e  T ab le  I  th a t  a t  A j B  0.2 (N o. 12 in  th e  Table) 
good ag reem en t c a n  be  o b ta in ed  a t  q =  2 .6  (No. 9). H ow ever, a t  A / B  >=« 1 
(N o. 14) no co incidence o f th e  o sc illa tion  p a t te rn  can  be ach ieved  a t  a n y  values 
o f  q. N os 14, 5 an d  8 a re  com pared  in  F ig . 4.
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t

F ig . 4. C om parison  of se lf-oscillations in  th e  BCB system  a n d  in  th e  con tro lled  e x p e rim e n t;  
(1 ) :  B C B  (N o. 14); (2 ): <j =  1.1 (N o . 5 ) ; (3 ): q —  2.2 (N o. 8). N u m b ers  co rrespond  to  th e  
T a b le  I ;  in it ia l  co n cen tra tions a re  g iv en  in  the  T able  I .  T h e  re su lts  o f single ex p erim en ts

are  listed

O n  com paring  th e  c h a ra c te r is tic s  of osc illa tions o b ta in e d  v ia  m a th e m a t­
ica l m o d els  in  contro lled  e x p e rim e n ts  w ith  th e  b rom ate /cerium /B M A  sy stem , 
th e  fo llow ing  can  be e s ta b lish e d  :

1. T h e  m ath em atica l m o d els  based  on th e  SM H  can  be b ro u g h t to  good 
a g re e m e n t w ith  th e  re su lts  o f  th e  contro lled  ex p e rim e n t.

2 . A t sm all A j B  v a lu e s , ag reem en t is o b ta in e d  a t  q ^  3.
3. A t A / В  1, th e  v a lu e  o f  N  in  th e  co n tro lled  ex p erim en t is m uch  

sm a lle r  th a n  in  th e  in itia l o sc illa tin g  system . I t  ap p ea rs  th a t  in  th e  v ic in ity  
o f  th e  m ax im u m  Ce4+ c o n c e n tra tio n , in h ib ition  is s ig n ifican tly  stro n g er and  
a ro u n d  th e  m inim um  i t  is s ig n if ic a n tly  w eaker th a n  p red ic ted  b y  th e  SM H.

T h e  question  arises h o w  one should  o b ta in  th e  req u ired  v alue  o f q. One 
o f  th e  possib ilities is to  a ssu m e  a ch a in  reac tio n . To th e  steps

Ce4+ +  C H B r(C O O H )2------- - Ce3+ +  H + +  C B r(C O O H )2 (20)

CBr(COOH)' +  H 20 ------ ► С О Щ С О О Щ , +  H + +  B r~  (21)

COH(COOH)- +  Ce4 + ------ * Ce3+ +  H +  +  CO (COOH)2 (22)

g iv in g  to g e th e r  th e  o vera ll re a c tio n  (12), one c a n  ad d  th e  ch a in  p ro p a g a ­
t io n  s te p

С О Щ С О О Щ , +  C IIB r(C O O H )2 ------- * C lIO II(C O O H )2 +  СВг(СООИ)-2 (23)

I n  o rder to  o b ta in  a b e t te r  ag reem ent a t A / В  1, one should  a p p a re n tly  
in c lu d e  ad d itio n a l in te ra c tio n  be tw een  blocks I  a n d  I I  in  Fig. 1. In  fa c t, i t
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has been  show n th a t  th e  in te rm e d ia te s  o f b ro m ate  re d u c tio n  m ay  p a rtic ip a te  
in  B r~  p ro d u c tio n  [54]. T he fo llow ing reactions can  be  assu m ed

Н В Ю +  +  C H B r(C O O H )2 - ----> H B r 0 2 +  C B r(C O O H )i +  H + (24)

H B r 0 2 +  C H B r(C O O H )2 ----- ► C B r(C O O H ); +  B rO ' +  H 20  (25)

H O B r+ +  C H B r(C O O H )2 -------*  H O B r +  C B r(C O O H )2 +  H + (26)

O n th e  o th e r h an d , th e  p ro d u c ts  of block I I  m a y  a c tiv a te  reaction
(1), e . g . :

H B r 0 3 +  C O H (C O O H )2 ------- -  CO(COOH)2 +  ВгОз +  H 20  (27)

C onsequen tly , th e re  a re  su ffic ien t g rounds to  s ta te  t h a t  th e  free-radical 
in te rm e d ia te s  o f  b locks I  an d  I I  m a y  p roduce  ad d itio n a l in te ra c tio n s  betw een 
th e se  blocks.

*

T h e  a u th o r  is in d eb te d  to  all o f his H u n g a rian  colleagues fo r th e  in te re s tin g  discussions 
w hich  h a v e  lead  to  th e  w ritin g  of th is  p a p e r  a n d  especially to  P ro f . M. T . B eck , Prof. E . 
K őrös a n d  D r. Z. N o szticziu sz  for th e ir  w a rm  h o sp ita lity .
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R eac tin g  B Z  sy s tem s of d iffe ren t c a ta ly s t  [Ce3+, Mn2+, F e (p h e n ) |+, R u (d ip y )|+ ] 
hav e  been  p e r tu rb e d  b y  С0Со у  irrad ia tio n . A t h ig h  b ro m ate  c o n ce n tra tio n s  (betw een  
0.15 a n d  0.1 m ol • d m * 3) у  irrad ia tio n  has no e ffec t on  th e  chem ical o scilla tion  irre ­
sp ec tiv ely  o f th e  c a ta ly s t  used . A t low er b ro m a te  c o n cen tra tio n s  th e  o sc illa tion  is 
e ith e r q u enched  o r co n sid erab ly  decreased  in  freq u e n c y  in th e  case o f  c e r iu m (III)  or 
m an g an ese(II). BZ sy stem s w ith  F e (p h e n )|+ or R u(d ipy )§+ as a  c a ta ly s t  a re  n o t effected  
by  у  irrad ia tio n . T h e  m ajo r role o f H  a to m s p ro d u ced  in  th e  rad io lysis o f w a te r  — 
is discussed, an d  th e  c la im  of earlier a u th o rs  t h a t  th e  in h ib ito ry  effec t can  be  a ttr ib u te d  
to  b rom ide  ions fo rm ed  in  the  BrM A -|- H  re ac tio n  is criticized .

In tro d u c tio n

T he B elousov—Zhabotinsky  (BZ) o sc illa to ry  chem ica l sy stem  lias 
been  in v es tig a ted  from  a large  v a r ie ty  o f a sp ec ts . A p a r t  o f  th e  in v es tig a tio n s  
has been  perfo rm ed  w ith  th e  aim  in  m ind  to  t r y  to  rev ea l w h a t chem ical 
co n d itions a re a c tin g  BZ sy stem  should  m eet fo r an  o sc illa to ry  b eh av io u r to  
occur.

Also in  o u r L a b o ra to rie s  we h av e  b een  dealing  w ith  th is  p rob lem  and  
for v a rious BZ sy stem s we could  ca lcu la te  th e  c ru c ia l b rom om alon ic  acid con­
c e n tra tio n  w hich is a c tu a lly  a th resh o ld  c o n c e n tra tio n  a t  w hich th e  preoscilla- 
to ry  period  te rm in a te s  an d  th e  system  s ta r ts  to  ex h ib it c o n c e n tra tio n  oscilla­
tio n  [1]. I t  is also w ell kn o w n  th a t  th e  re a c tin g  BZ system s can  be p e r tu rb e d  
in  m an y  w ays, e .g.  b y  th e  ad d itio n  o f  ions o f in h ib ito ry  p ro p e rty  (halides) 
[2, 3], b y  th e  su p p ly  o f  0 2 [4, 5], b y  keep ing  low  o f th e  b rom ide co n c e n tra tio n  
(ad d itio n s o f Ag + ) [6], an d  by  chang ing  o f th e  te m p e ra tu re  [7, 8]. F ro m  th e  
effect th e  p e r tu rb a tio n  ex e rts  im p o rta n t in fo rm a tio n  can  be gained  as regards 
to  th e  overa ll or to  th e  p a r t  m echanism  o f th e  o sc illa to ry  reac tio n .

One o f th e  re c e n tly  app lied  p e r tu rb a tio n s  is th e  Co(i0 у  ir ra d ia tio n  of 
the  BZ sy stem , w hich  h as  been s tu d ied  by  R ama R ao and  P rasad [9]. These

* P resen ted  on  th e  jo in t  session of th e  W orking  C om m ittees on  R eac tio n  K in e tic s and  
C atalysis, a n d  C o ord ination  C hem istry , B u d ap es t, O c to b er 29, 1980.

** To w hom  co rrespondence  should  be addressed
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a u th o rs  h a v e  repo rted  on  so m e ra th e r  in te re s tin g  o b serv a tio n s an d  on  th e  
b as is  o f  th e ir  experim en ta l re su lts  th e y  a tte m p te d  to  exp la in  th e  occu rring  
p h e n o m e n a . The m ost im p o r ta n t  fin d in g  o f  th e  a u th o rs  w as th a t  th e  oscilla­
t io n  c e a se d  a certa in  period  o f  t im e  a fte r  th e  s ta r t  o f  th e  ir ra d ia tio n  o r im m ed i­
a te ly  a t  th e  s ta r t  of th e  ir ra d ia tio n . This depended  on  th e  com position  o f th e  
r e a c tio n  m ix tu re , especially  o n  th e  b ro m a te  c o n cen tra tio n . T hey  c la im ed  th a t  
a  c e r ta in  am o u n t of th e  b ro m a te  shou ld  be c o n v e rted  to  b rom om alon ic  acid 
(B rM A ) before  th e  ir ra d ia tio n  co u ld  quench  th e  osc illa tion . T hey  in tro d u c e d  
th e  c o n c e p t o f effective b ro m a te  c o n c e n tra tio n  [B rO ^ ]eff. W hen  th e  re a c tin g  
s y s te m  reach ed  [B rO ^]ef( th e  e ffec t o f  ir ra d ia tio n  becam e ev id en t. T h ey  fo u n d  
a l in e a r  co rre la tio n  b e tw een  [B rO ^ ]eff an d  [H  + ] :  th e  h igher w as [H  + ] th e  
lo w er w as  [В гО т]ея-

T h e  oscillation  q u en ch in g  b y  у  ir ra d ia tio n  has been  ex p la ined  b y  th e  
a u th o rs  considering a re a c tio n  b e tw een  H  atom s an d  BrM A

H  +  B rC H (C O O H )2------- * B r -  +  H +  +  'С Щ С О О Н ), . (1)

T h e  r a te  c o n s tan t of th e  re a c tio n  is к  =  2 . 0 x l 0 8 d m 3 • m o l“ 1 ■ s _1. B rom ide 
is g e n e ra te d  in th is  re a c tio n , an d  th u s  rad io lysis co n tr ib u te s  to  th e  fo rm a ­
t io n  o f  th e  con tro l in te rm e d ia te . T hey  claim  th a t  th e  ir ra d ia tio n  su s ta in s  a 
h ig h e r  th a n  c ritica l b ro m id e  co n cen tra tio n , w hich  ham p ers  chem ical os­
c illa tio n .

F o r  th e  q u a n tita tiv e  e x p la n a tio n  of th e ir  re su lts  th e  au th o rs  slig h tly  
m o d if ie d  th e  Oregonator m o d el [10] an d  in c lu d ed  th e  rad io ly tic  ro u te  of 
b ro m id e  fo rm atio n  (see E q . 1). T h ey  have  d e m o n s tra te d  th a t  if  th e  rad io lysis  
p a ra m e te r ,  r, is above a g iv en  v a lu e  (r ]> rmin ~  4) th e  system  reaches a stab le  
s te a d y  s ta te  th u s chem ical o sc illa tio n  is no m ore observab le .

W e have n o t been  c o n v in ced  b y  th e  au th o rs  e x p lan a tio n  an d  d o u b te d  
th e  im p o r ta n t  c o n tr ib u tio n  o f  re a c tio n  (1) to  th e  overa ll process. T his fa c t and  
o u r  in te n tio n  to  com pare th e  b eh av io u r o f BZ system s o f d iffe ren t c a ta ly s ts  
p ro m p te d  us to  look again  a t  th e  effect o f у  ir ra d ia tio n . W e also h o p ed  to  get 
a d d it io n a l  in fo rm ation  as to  th e  p re req u is itie s  o f  chem ical oscilla tion .

E xperim ental

Chemicals

C hem icals used in  th e  e x p e rim e n ts  ( K B r 0 3, H .,S 0 4, C e(N H 4)2(S 0 4)3, M n S 0 4 • 7 I I 20 ,  
K N 0 3) w ere  of ana ly tica l p u r ity . M alonic  acid  w as of p u rissim u m  grade. T ris(2 ,2 ’-d ip y rid in e )- 
ru th e n iu m ( I I )  h ex ah y d ra te  w as p u rc h a se d  from  G. F . S m ith  C hem ical Co. A 0.025 m ol • d m -3 
s o lu tio n  o f tr is (p h en a n th ro lin e )iro n (II)  was p re p are d  from  1 ,1 0 -p h en an th ro lin e  and  
F e (N H 4)2( S 0 4)2 • 6 H 20  (b o th  o f  a n a ly tic a l grade).

A cta  Chim. Acad. Sei. Hung. 110, 1982
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B rom oinalo iiic  acid  was p re p are d  as desc rib ed  b y  C o n r a d  a n d  R e i n b a c h  [11]. The 
po tassiu m  sa lt o f  b ro m om alon ic  acid  w as rec ry s ta llized  from  90%  e th an o l. T he b ro m o m alo n ate  
c o n te n t o f th e  o b ta in e d  w h ite , c rysta lline  m a te ria l w as d e te rm in ed  iodom etrica lly .

Oscillatory reactions

P o tassiu m  b ro m a te , m alonic acid, su lp h u ric  acid  an d  a c a ta ly s t  [Ce3+, M n2+, F e (p h e n )|+ 
o r R u^U py)^4“] w ere m ixed  in v arious p ro p o rtio n s . T h e  reac tio n  w as s ta r te d  b y  th e  a d d itio n  
o f th e  c a ta ly s t  so lu tio n . T h e  to ta l  volum e w as 50 c m 3. P urified  n itro g en  w as b u b b led  th ro u g h  
th e  re ac tio n  m ix tu re  before  th e  ad d itio n  of th e  c a ta ly s t  an d  also d u rin g  th e  course o f th e  
reac tio n . T he p o te n tia l  change in  th e  reac tin g  sy s te m  w as co n tin u o u sly  m o n ito red  w ith  a 
sm o o th  p la tin u m  e lectro d e  a n d  a H g (H g 2S 0 J)K 2S 0 1 reference electrode w h ich  w ere connected  
to  a  Y okogaw a T ech n ico rd er F  T ype 3052 reco rd er.

T he re ac tin g  osc illa to ry  system s w ere i r ra d ia te d  from  a  Co-60 ra d ia tio n  source of 
6 X  1013 B q  o u tp u t  a t  tw o  dose ra te s  : 2.74 X  10l8eV • d m -3 • s _1 an d  1.37 X  10l8eV • d m -3 • s _ l , 
respec tive ly . T he dose r a te  was m easu red  b y  th e  use  o f th e  F r i c k e  so lu tion .

The  course o f  the reaction

In  c e rta in  e x p erim en ts  2.00 cm 3 a liq u o ts  w ere w ith d raw n  from  th e  re ac tin g  so lu tion  a t 
d iffe ren t re ac tio n  tim es in te rru p tin g  th e  ir ra d ia t io n  fo r 1 m in u te  a n d  th e  to ta l  o x id a tio n  
pow er o f th e  so lu tio n  w as de te rm in ed  io d o m etrica lly .

In  a few  ru n s  th e  a m o u n t o f ca rb o n  d io x id e  evo lved  du rin g  th e  re ac tio n  w as also 
m easu red . In  th ese  e x p erim en ts  th e  to ta l  vo lum e o f  th e  reac tio n  m ix tu re  w as 200 cm 3. Carbon 
d ioxide w as rem o v ed  from  th e  so lu tion  w ith  h ig h  p u r i ty  n itro g en  a n d  in tro d u c ed  in to  a  gas 
c h ro m a to g ra p h  of P e rk in -E lm er T ype  451. T he c a rb o n  d ioxide c o n te n t o f  th e  gas m ix tu re  
w as m easu red  on  a  th e rm a l c o n d u c tiv ity  d e te c to r  period ica lly . T he co lu m n  len g th  w as 1 m , 
w ith  a n  in n er d iam e te r  o f  2 m m , a n d  w as filled  w ith  P O R A P A C K -T  o f 0.16 m m  p artic le  
d iam ete r. T he in s tru m e n t w as ca lib ra ted  before  th e  ex p erim en ts.

A u x ilia ry  m easurem ents

In  se p a ra te  ru n s  th e  sp on taneous h y d ro ly tic  a n d  rad ia tio n -in d u ced  decom position , 
re sp ec tive ly , o f  b ro m om alon ic  acid was follow ed io d o m e trica lly  by  w ith d raw in g  sam ples in 
ev ery  30 m in u te  fro m  a 1 m ol • d m -3 su lp h u ric  ac id  so lu tion  o f a 0.02 m ol • d m -3 b ro m o ­
m alonic  acid  so lu tio n  a n d  th e ir  b ro m o m alo n ate  c o n te n t  d e te rm ined .

In  o rd er to  rev ea l th e  effect o f H  a to m s th e  b e h av io u r o f th e  reac tin g  osc illa to ry  system  
u n d e r  у  ir ra d ia tio n  co n ta in in g  po tassiu m  n itra te  o f  d iffe ren t c o n ce n tra tio n s  (0.5 1.5 m ol •
d m -3), w as in v es tig a te d .

R esults and  D iscussion

R ama R ao an d  P rasad d e te rm in ed  th e  G (B r- ) d u rin g  th e  ir ra d ia tio n  
o f brom om alon ic  acid  so lu tions ( 1 х Ю ~ 2 — 5 X 10 ~2 m ol • d in -3 ) an d  o b ta in ed  
a v a lue  o f  a b o u t 3 ion  per 100 eV [9]. T he ra te  o f b rom ide io n  fo rm a tio n  was 
4 . 1 6 x l 0 -7 m ol • d m -3 • s “ 1 a t  th e  dose ra te  (8.357Х Ю 18 eV ■ d in -3  • s -1 ) 
applied  b y  th e  au th o rs .

W e also m easu red  th e  ra d ia tio n -in d u c ed  decom position  of brom om alonic  
acid ir ra d ia tin g  2 x l 0 ~ 2 m ol • dm  3 b rom om alon ic  acid  so lu tio n  a t  a dose 
ra te  o f 2 .7 4 х Ю 18 eV • d m -3 • s -1 , and  in  se p a ra te  ex p erim en ts  we followed 
th e  sp o n tan eo u s h y d ro ly tic  decom position  o f  brom om alon ic  acid  u n d er id e n ti­
cal cond itions a t  20 °C. The following v a lu es  w ere o b ta in ed  (averages o f th ree
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ru n s)  fo r  th e  in itia l r a t e :
d [B rM A ]

di

m ol • d m -3 • s -1

H y d ro ly tic 0.9 X  1 0 - 7

R a d io ly tic 2 .0 x 1 0 - ’

T he r a te  o f  brom om alonic acid  deco m p o sitio n  is equal w ith  th e  ra te  o f b ro m id e  
fo rm a tio n . U n fo rtu n a te ly  th e  l a t t e r  can  n o t he fo llow ed d irec tly  in  acid ic  
so lu tio n  b ecau se  of its v e ry  lo w  v a lu e . T he tw o  va lu es  g iven  above are  v e ry  
close to  e a c h  o th e r and  th is  f a c t  in d ica tes  th a t  у  ir ra d ia tio n  has v e ry  s lig h t 
e ffec t o n  th e  decom position  o f b ro m o m alo n ic  acid . T h is involves th a t  re a c tio n  
(1) c a n  b e  neglec ted  a t th e  in te rp re ta t io n  of th e  rad ia tio n -in d u ced  p h en o m en a . 
In  a s e p a r a te  ru n  we have fo u n d  t h a t  th e  chem ical o sc illa tio n  d id  n o t te rm in a te  
e a rlie r  i f  th e  s ta rtin g  re a c tio n  m ix tu re  co n ta in ed  som e b rom om alonic  ac id .

H a v in g  considered th a t  th e  su p p o sitio n  on th e  rad io lysis-effected  d eco m ­
p o s itio n  o f  brom om alonic ac id  to  be questionab le  a d e ta iled  in v es tig a tio n  h as  
b een  la u n c h e d  in  order to  t r y  to  c la rify  th e  effect o f у  ir ra d ia tio n  on th e  r e a c t ­
ing B Z  sy s tem s .

F i r s t  a BZ system  o f th e  fo llow ing com position  w as y -irrad ia ted  a t  th e  
tw o  d o se  r a te s :  0.05 m ol ■ d m -“3 K B r 0 3, 0.20 m ol • d m -3 m alonic ac id ,
1.0 m ol ■ d m “ 3 H 2S 0 4 and  0 .002 m ol • d m “ 3 C e(N H 4)2(S 0 4)3.

T h e  o v era ll reac tion  w as fo llow ed iod o m etrica lly  an d  b y  m eans o f  gas 
c h ro m a to g ra p h y , respective ly . T h e  course o f th e  re a c tio n  is show n in  F igs 1 
and  2. F o r  com parison  th e  u n ir ra d ia te d  system  is also show n in  th e  F ig u res .

T h e  cu rv es  in  Figs 1 a n d  2 show  th a t  as a re su lt o f ir ra d ia tio n  th e  o v era ll 
r a te  o f  th e  reac tio n  decreases a n d  chem ical o sc illa tion  is no m ore observ ab le . 
T he d e c re a se  in  ra te  is m ore p ro n o u n c e d  a t th e  h ig h er dose ra te . In te r ru p tin g  
th e  i r r a d ia t io n  the  ra te  of re a c tio n  increases a b ru p tly  an d  chem ical o sc illa tio n  
s ta r ts  im m e d ia te ly .

T h e  chem ical reac tion , h o w ev e r, is no t com plete ly  quenched  even  d u rin g  
i r r a d ia t io n  (in  th e  n o n -o sc illa to ry  phase), on ly  its  r a te  becam e m uch  low'er. 
W e a s su m e d  th a t  p robab ly  th e  c a ta ly s t  is h am p ered  in  its  fu n c tio n . W e sha ll 
com e b a c k  to  th is  p o in t la te r  in  th is  p ap er.

E a r l ie r  we have re p o r te d  t h a t  th e  re a c tio n  b e tw een  acid b ro m a te  and  
m alo n ic  a c id  (i.e. th e  o x id a tiv e  b ro m in a tio n  o f  m alon ic  acid) proceeds — 
th o u g h  r a th e r  slowly — even  in  th e  absence o f a c a ta ly s t  [1, 12]. I t  is also 
k n o w n  t h a t  th e re  is a c lo se -to -lin ea r co rre la tio n  b e tw een  th e  in itia l r a te  and  
th e  c a ta ly s t  concen tra tion .
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F ig . 1. T he decrease  o f  b ro m a te  c o n cen tra tio n  in  tim e  in  a reac tin g  sy s tem  w ith  th e  com p o ­
s it io n : 0.05 m ol • d m -3  K B r 0 3, 0.20 m ol • d m -3 m alo n ic  acid , 1.0 m ol • d m -3  H-SO,, an d  
0.002 m ol • d m -3  Ce(IV ). (1) w ith o u t irrad ia tio n , (2) ir ra d ia tio n  a t  a dose ra te  o f  2.74 x l O 18 

eV • d m -3  • s-1, (3) irrad ia tio n  a t  a dose r a te  o f 1.37 X 1018 eV • d m -3  • s ~ l

F ig . 2. T he e v o lu tio n  o f c a rb o n  dioxide in tim e in a re a c tin g  system  w ith  th e  co m p o sitio n : 
0.05 m ol • d m -3 K B r 0 3, 0.20 m ol • d m -3  m alon ic  acid , 1.0 m ol • d m -3 H 2S 0 4 an d  0.002 
m ol • d m -3 Ce(IY), (1) w ith o u t irrad ia tio n , (2) ir ra d ia tio n  a t  a  dose ra te  o f 2.74 XlO18 eV • 

d m '3 • s _1, (3) ir ra d ia tio n  a t  a dose ra te  o f 1.37 XlO18 eV • d m -3 • s -1

W e also looked  a t  th e  effect o f  i r ra d ia tio n  on BZ system s of d iffe ren t 
b ro m a te  co n c e n tra tio n s . T h e  resu lts  are  g iven  in  T ab le  I.

T he у  ir ra d ia t io n  o f  th e  reac tin g  sy s tem s tvas s ta r te d  p ra c tic a lly  a t  
th e  s ta r t  o f th e  chem ica l reac tio n . T he o n ce-an d -ev er te rm in a tio n  o f  th e  
o sc illa tion  could  n o t  be  experienced; v e ry  ra re  an d  aperiod ical “ s t r a y ”
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T ab le  I

The com position  o f  the B Z  system : 0.20 m ol • d m -3 malonic acid, 1.0 m ol • d m -3 H 2S 0 4 and  
0.002 m ol ■ d m -3  C e(N H 4)2(S 0 4)3; tem perature: 20 °C

[ВгОГ]
mol • dm -3 O b serv a tio n

0.15

0.10
0.07

0.06

0.055

0.050

у  irrad iation  does n o t quench  th e  oscillation 

th e  same

afte r 16 oscillations th e  frequency  of oscillation decreases, th e  oscillation , 

however, does n o t te rm in a te  even a f te r  60 m inutes 

~  10 oscillations 

~ 5  oscillations 

~ 0  —4 oscillations

o sc illa tio n s  alw ays occurred . T h is invo lves t h a t  th e  reac tin g  sy stem  is a t  th e  
m a rg in  o f  i ts  exc itab ility . T h e  n u m b ers  g iven  in  T ab le  I are osc illa tions of 
u n c h a n g e d  period  tim e.

R e p la c in g  cerium  w ith  m an g an ese  in  th e  BZ system  sim ilar re su lts  h av e  
b een  o b ta in e d . F u rth e r  ex p e rim en ts  w ere perfo rm ed  w ith  F e(p h en )3+-, re sp ec ­
t iv e ly , R u (d ip y )3+ -ca ta ly zed  B Z sy stem s c o n ta in in g  0.05 m ol • d m ” 3 K B r 0 3, 
0.2 m o l • d m -3 m alonic acid , 0.5 m ol • d m ” 3 H 2S 0 4 and  4 х Ю “4 m ol • d m " 3 
F e (p h e n )3+ , respective ly , 0.05 m ol • d m ” 3 K B r 0 3, 0.2 m ol • d m ” 3 m alon ic  
ac id , 1.0  m ol • d m “ 3 H 2S 0 4 an d  4 x l 0 ” 4 m ol • d m ” 3 R u (d ip y )3+ .

F ig . 3 . T h e  beh av io u r of BZ osc illa tin g  sy s tem s d u rin g  ir ra d ia tio n  an d  w ith o u t ir ra d ia tio n . 
T h e  re a c tin g  BZ system s c o n ta in :  0.05 m ol • d m " 3 K B r 0 3, 0.20 m ol • d m -3 m alo n ic  acid, 
1.0 m o l • d m -3  H 2S 0 4, an d  (1) 4 X 10 ” 4 m ol • d m ” 3 Ce(IY), (2) 4 X 10 ” 4 m ol • d m ” 3 R u (d ip y ) |+
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I t  has b een  found  th a t  even in  th e  case  o f prolonged (60 m in ) ir ra d ia tio n  
th e  chem ical o sc illa tio n  su sta in ed  an d  th e  p a ram ete rs  o f o sc illa tio n  d id  no t 
ch an g e  as c o m p ared  w ith  u n irra d ia te d  sy stem s.

W e also co m p ared  a c e riu m -ca ta ly zed  system  w ith  a R u (d ip y )j+- 
c a ta ly z ed  one u s in g  th e  sam e c a ta ly s t  c o n cen tra tio n  (4 • 10 4 m ol • d m -3) 
in  b o th  system s a n d  ir ra d ia tin g  th e m  a t  th e  h igher dose ra te .

T he reco rd ings on  F ig . 3 show  th a t  th e  irrad ia tio n  does n o t  in flu en ce  th e  
chem ical o sc illa tio n  in  th e  R u (d ip y ) 3 + -c a ta ly zed  system , how ever, in  th e  cerium - 
c a ta ly z ed  one th e  frequency  o f o sc illa tio n  decreased d ra m a tic a lly  an d  a fte r 
a r a th e r  long re a c tio n  tim e  th e  period  o f osc illa tion  was m ore t h a n  8 m inu tes. 
T he te rm in a tio n  o f ir ra d ia tio n  re su lted  in  an  a b ru p t increase in  th e  frequency  
o f  oscilla tion .

O ur ex p erim en ts  revealed  th a t  th e  b eh av io u r of th e  sim p le  ion- (Ce3 + , 
M n2 + ) ca ta ly zed  system s an d  th a t  o f th e  com plex  ion [F e(phen) 3 + , R u(dipy)j;+] 
ones d iffers co n sid e rab ly  and  i t  is like ly  th a t  reac tio n  o f H  a to m s  w ith  the  
c a ta ly s t  is o f g re a t im p o rtan ce .

W e also s tu d ie d  th e  effect o f  у  ir ra d ia t io n  on th e  su lp h u ric  ac id  so lu tion  
o f Ce3+, re sp ec tiv e ly , Ce4 + . T he ir ra d ia tio n  of a 10 3 mol • d m -3  c e r iu m (III)-  
so lu tio n  a t a dose ra te  of 2 .7 4 x  1018 eV • d m -3 • s _1 for 1 h o u r d id  n o t resu lt 
cerium (IY ) o f  d e tec tab le  a m o u n t. C erium (IV ), how ever, w as red u ced  to  
c e r iu m (II I )  d u e  to  th e  у ir ra d ia tio n  o f  i ts  1 0 -3 mol • d m -3 so lu tio n . (See 
F ig . 4.) Th ese re su lts  can  be ex p la in ed  b y  assum ing th a t  th e  ir ra d ia tio n ­
g en e ra ted  H  a to m s reduce  Ce4+ w ith  a h ig h er ra te  th a n  do O H  rad ica ls 
ox id ize  Ce3 + . T h e  ra te  c o n s ta n t o f  th is  l a t te r  reac tio n  (Ce3+ -f- O H  -f- H + —<- 
—► Ce4+ -f- H 20 )  is 7.2 X  107 d m 3 • m o l-1  • s _1. I t  is im p o r ta n t to  n o te  th a t

( m i n )

F ig . 4 . T he decrease  o f  cerium (IV ) c o n ce n tra tio n  in  tim e during  th e  ir ra d ia t io n  of a 10 “ 3 
m ol • d m -3  cerium (IV ) so lu tion  in  1.0 m ol • d m -3  H 2S 0 4 a t  a dose r a te  o f  2 .7 4 X lO 18 eV •

d m -3 • s _1
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also H 20 2 (one o f th e  p ro d u c ts  o f  w a te r rad io lysis) can. reduce  Ce4 + to  Ce3 + . 
T he r a te  c o n s ta n t o f  th e  Ce4+ +  1/2 H 20 2 —► Ce3+ +  1/2 0 2 -j- H + re a c tio n  
is 1.0 X  10e d m 3 • m o l-1  • s _1. T his reac tio n , h o w ev er, is an  inferior one since  
th e  r a te  o f  fo rm a tio n  o f H 20 2 is 3.3 X l 0 -8 m ol • d m -3  • s _1, and  th a t  o f  
H  a to m s  1 .6 7 x l0 ~ 7 m ol ■ d m -3 • s -1  [13].

T h e  decisive ro le  o f  H  a to m s in  q u ench ing  chem ical oscillations w as 
su p p o r te d  b y  fu r th e r  series o f  experim en ts. I n  one  series o f runs n itra te  w as 
a d d ed  to  ceriu m -ca ta ly zed  B Z system s in  v a rio u s  a m o u n ts . N am ely , n i t r a te  
re a c ts  w ith  H  atom s w ith  a r a te  c o n s tan t o f  1.4 X  106 d m 3 • m o l-1  • s _1 it ,  
h o w ev er, is uneffec tive  to w a rd s  th e  O H  rad ica ls . I r r a d ia t in g  a ceriu m -cata ly zed  
BZ sy s te m  co n ta in in g  0.5 so d ium  n itra te  no  c h an g e  in  th e  p a ram e te rs  o f 
ch em ica l osc illa tion  w as observ ab le .

F ro m  our e x p e rim e n ta l re su lts  o b ta in ed  so fa r  th e  following co n sid e ra ­
tio n s  c a n  be m a d e :

a) th e  te rm in a tio n  o f chem ical osc illa tion  in  som e BZ system s can  n o t 
be a t t r ib u te d  to  th e  in h ib ito ry  effect of b rom ide ions supposed  to  be g en e ra ted  
from  B rM A  b y  its  re a c tio n  w ith  H  a tom , since th e  r a te  o f brom ide fo rm a tio n  
is a v e ry  low  value (see above).

b) th e  con tin u o u s fo rm a tio n  o f H  a to m s d u rin g  irrad ia tio n , how ever, 
is im p o r ta n t  to  acco u n t fo r th e  phenom ena o b se rv ed . I f  a H  a tom  scav an g er 
(e.g.  NOj~) is p re sen t in  a considerab le  c o n c e n tra tio n  th e  oscillation does n o t 
te rm in a te .  T he sam e h ap p e n s  in  reac ting  BZ sy s te m s  o f h igher b ro m a te  c o n ­
c e n tra tio n s , being  b ro m a te  also a t r a p  fo r th e  H  a to m . A t low er b ro m a te  
c o n c e n tra tio n s  a decrease in  th e  frequency  o f  o sc illa tio n  is observable, w h ich  
c a n  b e  a t t r ib u te d  to  c o m p e titiv e  reactions in v o lv in g  H  atom s,

c) th e  te rm in a tio n  o f  chem ical o scilla tion  b y  у  ir ra d ia tio n  can  n o t  be 
e x p la in e d  b y  th e  reac tio n s  b e tw een  th e  rad io lysis  p ro d u c ts  and th e  t ra n s ie n t  
re d u c tio n  p ro d u c ts  o f  b ro m a te  ( B r 0 2, H B r 0 2, H O B r etc.). These la tte rs  a re  
p re se n t in  very  low  s te a d y  s ta te  co n cen tra tio n s (< ^1 0 -0 m ol • d m -3) an d  th u s  
th e  p ro b a b ili ty  of th e ir  re a c tio n  w ith  H  or O H  is e x trem e ly  low. In  a d d itio n  
th e se  tra n s ie n ts  occur in  e v e ry  BZ system s a n d  as i t  h as  been  described ab o v e  
у  i r ra d ia t io n  has effect on ly  i f  cerium  or m an g an ese  is th e  ca ta ly s t.

d) th e  absence o f  an y  e ffec t of th e  у  ir r a d ia t io n  o n  reacting  BZ sy s tem s 
c o n ta in in g  com plex c a ta ly s ts  [F e(phen) 3 + o r R u (d ip y ) 3 + ] should n o t be a t t r i ­
b u te d  to  th e  organic c o m p o n en t of th e  com plex (p h c n a n th ro lin e  or d ip y rid in e ). 
N a m e ly , we perfo rm ed  ex p e rim en ts  in  w hich th e  BZ sy stem  con ta ined  cerium -
( I I I )  as a c a ta ly s t an d  also 1.2 X l 0 -3 mol • d m ~ 3 o f  p h en an tro lin e  or d ip y r i­
d ine . (T his co n c e n tra tio n  is eq u a l to  th a t  one w h ich  is p re se n t in  th e  F e (p h e n ) j+ 
or R u (d ip y ) 3 +-ca ta ly zed  sy stem s.) The у  ir r a d ia t io n  o f  th e  above sy s te m  
b e h a v e d  as a BZ sy s tem  c o n ta in in g  c e r iu m (III) , b u t  n o t th e  h e te ro a ro m atic s , 
i .e.  th e  o scilla tion  te rm in a te d  due to  irrad ia tio n .
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The resu lts  su g g est us to  assum e th a t  H  atom s in h ib it th e

M "+ BrQ,> ]yj(n+i)+ (]yp'+ =  th e  reduced  form o f th e  c a ta ly s t)

a u to c a ta ly tic  re a c tio n  i f  th e  c a ta ly s t is p re se n t as a labile co m p lex  (cerium - or 
m an g an ese -su lp h a to  com plex), b u t  e x e r t  no effect on in e rt co m p le x  ca ta ly sts  
[F e(phen )3+, R u ( d ip y ) j1 ]. This p ro b a b ly  can  be a t t r ib u te d  am o n g  others 
to  th e  d ifference in  m echan ism s by  w h ich  th e  H  atom s reach  th e  m e ta l ion 
c e n te r  across a lab ile  inorgan ic  and an  in e r t organic c o o rd in a tio n  sphere , re­
spective ly .

F u rth e r  e x p e rim e n ts  are in  p ro g ress  to  reveal th e  fin e  d e ta ils  o f these 
r a th e r  involved p h en o m en a .
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OSCILLATORY REACTIONS: MODEL CONSTRUCTION 
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T he c o n s tru c tio n  of a re la tiv e ly  sim ple o sc illa to ry  m odel is described . I t  is show n, 
th a t  reac tio n s o f a n  o rgan ic  redox  couple (in  th e  given exam ple th e  h y d ro x y lam in e/ 
n itroso  sy s tem ) m ay  fu lfil th e  c rite ria  ra ised  b y  th is  m odel, th u s , an  ex p erim en ta l 
realiza tion  seem s to  be possible.

Introduction

In  th e  la s t te n  y ea rs , hom ogeneous re a c tio n  system s w ith  o sc illa to ry  
k in e tics  have  been  th e  o b jec t o f in tensive  s tu d y . T he goal o f these  s tu d ies  w as 
th e  u n d e rs tan d in g  o f  th e  n a tu re  o f o sc illa to ry  reac tio n s on th e  g round  o f an  
accep tab le  k in e tic -m ech an is tic  descrip tion . I t  has been claim ed [1, 2] th a t  
th is  was ach ieved  fo r b o th  classical o sc illa to ry  system s, th e  B r a y  re a c tio n  
an d  th e  B e l o u s o v  —  Z h a b o t i n s k y  reac tio n .

I t  is re m a rk a b le , th a t  du ring  th e  ab o v e  tim e  no fu n d a m e n ta lly  new  
liq u id -p h ase  hom ogeneous oscilla to ry  re a c tio n  w as found , a lth o u g h  m any  
v a r ia n ts  of th e  B e l o u s o v — Z h a b o t i n s k y  re a c tio n  were d iscovered  (for a 
review  see [3]). B y th e  B r i g g s  —  R a u s c h e r  re a c tio n  th e  possible co n n ec tio n  
o f  th e  tw o classical sy stem s was d e m o n s tra te d  on ly . The g rea t n u m b e r o f  
know n o scilla to ry  gas reac tio n s  and period ic  processes in con tin u o u s reac to rs  
are  c learly  in co m p arab le  w ith  th e  above sy stem s.

T hus, th e  th e o re tic a lly  founded  c o n s tru c tio n  of a tru ly  new  hom ogeneous 
o sc illa to ry  reac tio n  is a very  am bitious goal. A possib ility  to  reach  th is  m a rk , 
g iven by  th e  specific ch em is try  o f som e o rgan ic  red o x  system s, will be d iscussed  
here .

Model construction

T he m a th e m a tic a l analysis of a d iffe ren tia l eq u a tio n s system , co rre sp o n d ­
ing to  som e chem ical re a c tio n  m echanism , gives ex p lic itly  w h e th e r th e  re a c tio n  
is osc illa to ry  or n o t. O n th e  o th e r h an d , from  th e  m a th em a tica l c r ite r ia  it  is

* P resen ted  on  th e  jo in t session of the  W ork ing  C o m m ittees on R eac tio n  K in e tic s  a n d  
C atalysis, and  C o ord ination  C hem istry , B u d ap est, O c to b er 29, 1980
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g e n e ra lly  im possib le to  c o n s tru c t s tra ig h tfo rw a rd ly  a k in e tic  schem e, possessing  
th e  d e s ire d  oscillatory  c h a ra c te r is tic s .

E a r l ie r  we have  show n [4] t h a t  o sc illa to ry  m odel schem es m ay  be  co n ­
s t r u c te d  b y  th e  following w ay  : A t f ir s t ,  a k in e tic  equ ilib riu m  system  possessing  
m u lt ip le  equ ilib rium  s ta te s  m u s t be fo rm u la ted  for th e  in te rm e d ia te s  o f  th e  
re a c t io n . T h e n  th e  to ta l  in te rm e d ia te  c o n c e n tra tio n  m u st be m o d u la te d  by  
s u i ta b le  in p u t  and  o u tp u t re a c tio n s . As th e  a c tu a l s ta te  o f th e  k in e tic  eq u ilib ­
r iu m  d e p e n d s  on th e  to ta l  in te rm e d ia te  c o n c e n tra tio n  an d , on th e  o th e r  h a n d , 
th e  i n p u t  an d  o u tp u t ra te s  (i.e. th e  v a r ia tio n  o f th e  to ta l  in te rm e d ia te  co n cen ­
t r a t io n )  a re  depending on th e  a c tu a l equ ilib rium  s ta te , an  o sc illa to ry  k in e tic s  
m a y  b e  estab lished .

I t  m u s t be em phasized  th a t  th e  k in e tic  equ ilib riu m  system  is o n ly  a 
c o n s tru c t io n  tool here. In  th e  o sc illa to ry  sy stem  th e re  is no eq u ilib riu m  an y  
m o re , a lth o u g h  th is  m ay  be a p p ro x im a te d  d u rin g  th e  in te rv a ls  o f  slow  co n ­
c e n tr a t io n  changes, if  th e  in p u t  an d  o u tp u t  ra te s  are  low enough in  re la tio n  
to  th e  r a te s  of th e  k inetic  eq u ilib riu m  system .

T o  h av e  a re la tiv e ly  s im p le  o sc illa to ry  sy stem , we m ust choose also  th e  
s im p le s t  possible k inetic  eq u ilib riu m  system  w ith  m u ltip le  s tab le  s ta te s . A 
tw o -c o m p o n e n t system  m ay  b e  fo rm u la ted  w ith  th e  follow ing rea listic  r a te  law s:

ra te  (x  —► y )  =  cxx y  (a u to c a ta ly tic )  

ra te  (y  —► x)  =  c2y /( 1 -f- yy)  (lim ited  ra te ) 

T h e  equ ilib rium  s ta te s  a re  g iv en  b y  e q u a tio n  (3 ):

т{с1л:(1 + yy) — cz) = 0

( 1 )

( 2 )

(3)

I t  is im m edia te ly  seen, t h a t  у  =  0 co rresponds alw ays to  an  eq u ilib riu m  
s ta te .  I n  th e  o ther fac to r of E q . (3) x  m ay  be s u b s titu te d  by  x  == s — у  (w hen  
s == x  -(- у  is th e  to ta l  in te rm e d ia te  c o n cen tra tio n ) giving a q u a d ra tic  e q u a tio n  
fo r  у  in  fu n c tio n  of s :

(1 1 сг-------s У +  - —  — s
l У У ci

0 . (4)

T h e  e q u ilib riu m  system  h as tw o  stab le  s ta te s  (one o f these  is th e  у  0 
s ta te ) ,  i f  (4) has tw o po sitiv e  ro o ts  in  som e d o m ain  o f s. T he co n d itio n  o f th is  
b e h a v io u r  is :

У >
c.>

a n d  th e  do m ain  of m u ltip le  s ta b le  s ta te s  is g iven  by

1 12̂ ___
C1 \y

< s <
У

( 5 )

( 6)
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Fig. 1. S tab le  (so lid  lines) an d  u n stab le  (b ro k en  lines) equ ilib rium  c o n cen tra tio n s  o f  у  in func­
tio n  o f s. A : у  — 0.5 <  Cj/co =  1 ; В : у  —  4 >  Сц/с2 =  1

F igu re  1 show s th e  equilib rium  curves o f  у  in  fu n c tio n  of s for th e  cases у  < f t
C2

C1an d  у  ]> —  .
C2

For th e  in p u t  an d  o u tp u t reac tio n s i t  is adv isab le  to  choose th e  sim p lest 
processes too . B y  th ese  is p rov ided , t h a t  a t  low  values o f у  a n  in c rea se , a t 
h igh  у  values a decrease  of th e  to ta l  in te rm e d ia te  co n cen tra tio n  ta k e s  place. 
W ith  c o n s ta n t in p u t  ra te  and w ith  an  o u tp u t  r a te  p roportional t o y  th e  d iffer­
en tia l eq u a tio n  fo r s is as fo llow s:

ds/d< =  iVj — c3y ( ? )

T he s ta t io n a ry  p o in t o f th e  sy stem  (w here ds/df =  dy /d t =  0) is — on 
th is  level o f a p p ro x im a tio n  — u n s ta b le , i f  co n d itio n  (5) and  th e  fo llow ing  one

is fu lfilled . F ig u re  2 gives a h in t ab o u t th e se  re la tions.
O n th e  g ro u n d  o f E q . (7) in p u t o f  лс o r  у  seems to  be e q u iv a le n t fo r th is  

o sc illa to ry  sy s tem . T his is, how ever, n o t  tru e .  D etailed  analysis show s, th a t  
on ly  in  case o f x  in p u t  are  th e  co n d itio n s o f in s ta b ility  (i.e. o f  th e  o sc illa to ry  
k inetics) as g iv en  b y  (5) and  (8). In  case  o f  у  in p u t th e  do m ain  o f  th e  lim it- 
cycle b eh av io u r is m ore re s tric ted  an d  d a m p e d  oscillations are o b se rv ed  betw een  
th is  and  th e  n o n -o sc illa to ry  region.

T he tim e  v a r ia tio n  o f s m ay be fo rm u la te d  a lte rn a tiv e ly  b y  th e  follow ­
ing  e q u a tio n  (9 ) :

ds/d t =  w 1 — с3леу (9)

i.e. th e  o u tp u t  co rresponds to  a b im o lecu la r reac tio n  of x  an d  y .  T h e  c rite ria  
o f o sc illa to ry  k in e tic s  are  m ore com plex  in  th is  case and  are n o t d iscu ssed  here. 
T h is o u tp u t p rocess is, how ever, m ore  easily  realizable ch em ica lly  th a n  th e  
u n im olecu lar one (see below).
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F ig . 2 . P h a s e  p o r tra i t  o f th e  o sc illa to ry  m odel system  fo r w j c 3 =  0.25 < - -  =  0.695.
Уу I ct у

T h e  s ta tio n a ry  p o in t is an  u n s ta b le  focus, p ro d u c in g  counterclockw ise ro ta tio n s

1

Chemical considerations

I n  th is  Section  a p lausib le  chem ical re a liz a tio n  o f  th e  above sy stem  w ill 
be d e sc r ib e d . I t  m ust be em phasized , th a t  no  ex p e rim en ta l w ork h as  b e e n  
done  y e t  o n  th is  fie ld  an d  th e  p resen ted  c h e m is try  is pu re ly  illu s tra tiv e . W e 
feel, h o w e v e r, th a t  th e  re a c tio n  system  ch o sen  gives good chances fo r th e  
e x p e r im e n ta l rea liza tio n  too .

T h e  p h en y lh y d ro x y lam in e /n itro so b en zen e  sy s tem  is a redox  coup le  
c o rre sp o n d in g  to  a tw o  e lec tro n  +  tw o p ro to n  ch an g e  :

R N H O H i = i R N O  +  2 e (- ) +  2 H <+) (10)

T h e  system  has, how ever, a one-e lec tron  in te rm e d ia te  t o o :

R N H O H  +  RNO 2 R H N O ' ( 11)

T he e x is te n c e  of th e  p h en y l n itro x id e  ra d ic a l w as dem o n stra ted  b y  E P R  
sp e c tro sc o p y  [5].

R e a c tio n s  betw een  th is  sy s tem  and  o n e -e lec tro n  o x id an ts  are fo rm u la te d
as fo llow s : e", 1Г e “, H*
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T he k inetics o f  th e  p h en y lh y d ro x y lam in c  —► n itro so b en zen e  (d eno ted  
th e re a f te r  by  X  an d  Y ) conversion  by  a o n e-e lec tron  o x id an t is co rresp o n d in g ly  
com plex . For th e  ra d ic a l in te rm e d ia te  Z we can  apply  — u n d e r  su itab le  
c ircu m stan ces — th e  s te a d y -s ta te  c o n d i t io n :

dz/d t =  2 kyxy  — 2/c_jZ2 -f- k 2x  — k 3z — 0 (13)

(w here th e  c o n s ta n t o x id a n t co n c e n tra tio n  is com bined  in to  th e  r a te  c o n s ta n ts  
k 2 an d  k a). A fa ir ly  sim ple  ra te  exp ression  can  be o b ta in ed , i f  th e  z2 te rm  
d ro p s o u t in  case o f  h igh  o x id an t c o n c e n tra tio n  (k 3 ^> k ^ t z ):

ra te  (X  —► Y) — k 3 x y  -)- k 2x  (14)

T h e  above ra te  law  differs from  expression  (1) only in  th e  x  te rm . T h is te rm  
m u s t be sm all en o u g h , b u t  n o t s tr ic tly  zero , to  provide th e  d esired  o sc illa to ry  
k in e tic s . I t  is h o p ed , th a t  by  p ro p er choice of th e  h y d ro x y lam in e /n itro so  
com p o u n d  and  o f th e  o x id a n t re sp ec tiv e ly , th is  cond ition  c a n  b e  fu lfilled .

T he reverse  re a c tio n , th e  red u c tio n  o f  n itrosobenzene m u s t be  a  lim ited - 
r a te  process. T he co rresp o n d in g  ra te  law  (2) can  be a p p ro x im a te d , if  th e  
r e d u c ta n t  is form ed rev e rs ib ly  from  an  in ac tiv e  pool r e a c ta n t :

Y + B ^ > X  +  p ro d u c t

k,

In  th is  schem e th e  pool r e a c ta n t A is an  a-oxyketone  o r re d u c to n e  and 
th e  ac tive  form  В is p ro d u ced  by  e n o lis a t io n :

0 OH OH OH
II 1 + H* 1 1
0-- C — R ----- * R—C—C—

1 -H* ( + ) 1
H H

OH O H
I I

R—C =C —R +  H* (10)

T he re d u c tio n  o f  n itro so b en zen e  m ay  th e n  proceed in  a concerted  
r e a c t io n :

/О Н
О

r ' '  ^ o h

0 R^ c ^ ° ^ 0
+ II — — -  1 + 1 (17)'

R R ^ O H ^ N t

To o b ta in  an  a p p ro x im a te  ra te  law , we assum e again  th e  s te a d y  s ta te  for the  
ac tiv e  fo rm :

dfe/dt =  — k 4by -f- k 5a — k _ 5b =  0 (18)

g iv ing

ra te  (Y  -+ X ) =  k i k 5ay/(kJly  - f  fe_5) к ay 1 4 (19)

Acta Chim. Acad. Sei. H ung. 110, 1982



3 1 0 T U R C S Á N Y I :  O SC IL L A T O R Y  R E A C T I O N S

o f  th e  sam e form , as (2). N o te  th a t  th e  co m p lex  ra te  co n stan t c2 m ay  be 
v a r ie d  b y  th e  pool r e a c ta n t  co n c e n tra tio n  an d  th e  у  fa c to r  b y  th e  m od ifica tio n  
o f  t h e  ta u to m e riz a tio n  r a te s  d epend ing  on th e  a c id ity  o f  th e  solution.

T h e  in p u t and o u tp u t  reac tio n s  can be fo rm u la te d  as follows :

О

R —N = C H  —R ' +  H „ 0 - ^ R - N H 0 H  +  R '- C H O
(20a, b) 

О

R - N H O H  +  R - N O - ^ R - N = N - R  +  H 20

w h e re  (20a) corresponds to  t h e  hyd ro ly tic  d eco m p o sitio n  o f a n itro n e , g iv ing  
h y d ro x y la m in e  and  a ld e h y d e  as inactive  p ro d u c t. T h e  n itro n e  is a fu r th e r  pool 
r e a c ta n t  o f  th e  system  a n d  th e  in p u t ra te  o f  h y d ro x y la m in e , w x =  k Q [n itro n e] 
m a y  b e  ta k e n  as c o n s ta n t. T h e  o u tp u t re a c tio n  (20b) is th e  w ell-know n co n ­
d e n s a tio n  process of p h e n y lh y d ro x y la m in e  and  n itro so h en zen e .

System  dynam ics: a num erical exam ple

T h e  d ifferen tial e q u a tio n s  describing th e  d y n a m ic s  of th e  above sy s tem  
a re  as fo llo w s:

Axjät =  w x — (kx -f- k6) x y  — k z x  -f- k xby

dy /d t =  ( k x — k 6) x y  +  k z x  — k x by  (2 1 a—c)

db/di =  k 5 a  — k _ 5b — k xby

B y  d irec t c a lcu la tio n  a n d , in  p a rt, b y  t r ia l  a n d  e rro r , th e  follow ing se t 
o f  c o n s ta n ts  re su ltin g  in  a n  o sc illa to ry  b e h a v io u r w as dete rm in ed  (T able I).

Table I

IV1 0.1

1.2
(cone, unit) (time unit)-1

k5a

к . 0.01
k 3 100 (time unit)-1

k-5 4

k, 1

100
10

(cone, unit)-1 (time unit)-1
k i

k . 0.1

A cta  Chim . Acad. Sei. Hung. 110, 1982
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F ig . 3. Kinetic curves of the oscillatory system corresponding to the differential equations 
system (21). Rate constant values in Table I

F ig . 4. Stable limit cycle (thick line) of the system (21) in the s у  plane
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T h e  given values o f  fe15 k _  k 2 and  k 3 p e rm itte d  th e  a p p ro x im a tio n  (14) 
an d  th u s  th e  reduction  o f th e  o rig inally  fo u r-v a riab le  system . T h is re su lted  
in  th e  su b s ta n tia l red u c tio n  o f  ca lcu la tio n  tim e . T he ca lcu la tio n  w as done  on 
a H P  9830 A C alculator b y  a se lf-developed  in te g ra tio n  ro u tin e  b ased  o n  th e  
D i m s d a l e  ite ra tio n  [6]. T h e  tim e -c o n c e n tra tio n  curves are show n in  F ig . 3, 
w h e re  th e  concen tra tions o f  th e  in te rm e d ia te  Z w ere ca lcu la ted  b y  E q . (13).

T h e  system  exh ib its  lim it-cy c le  o scilla tions w ith  a cycle tim e  o f  ab o u t 
33 u n i ts .  I n  Fig. 4 th is  lim it cycle  is show n, to g e th e r  w ith  th e  ds/d t =  0 and 
th e  d y /d t  =  0 curves (co m p are  th is  w ith  Fig. 2).

T h e  sto ich iom etry  o f  th is  re a c tio n  sy stem  is in te re s tin g  too . D u rin g  one 
cy c le  3.3  u n its  o f h y d ro x y lam in e , 33.9 u n its  o f one-e lec tron  o x y d a n t a n d  15.3 
u n its  o f  b iv a le n t re d u c ta n t a re  consum ed , p ro d u c in g  1.65 u n its  o f th e  azoxy  
c o m p o u n d . The significance o f  th is  s to ich io m etry  w ill be d iscussed  below .

Conclusions

I n  th e  foregoing sec tio n s i t  w as show n, t h a t  p lausib le  reac tio n s  o f  th e  
o rg a n ic  h y d ro x y lam in e /n itro so  sy s tem  give th e o re tic a l possib ility  to  e s tab lish  
— u n d e r  su itab le  cond itions — an  osc illa to ry  re a c tio n  regim e. I t  seem s th a t  
m a n y  o th e r  organic red o x  sy s tem s  (e.g. qu inones, various dye m olecules, 
etc.) m a y  have a sim ilar c a p a c ity . E x p e rim e n ta l research  on th is  f ie ld  has 
p ro m is in g  perspective.

T h e  theo re tica l system  d iscu ssed  above allow s som e m echan istic  g en e ra li­
z a tio n s  to o . To see th is , we m u s t  rem in d  th a t  in  th e  co n s tru c tio n  o f th e  m odel 
we c o n c e n tra te d  on th e  re a c tio n s  o f th e  h y d ro x y lam in e /n itro so  sy s te m  an d , 
c o n s e q u e n tly , th e  essential n e t p rocess seems to  be th e  h y d ro x y lam in e  —► azoxy  
c o n v e rs io n . H ow ever, th e  s to ic h io m e try  o f th e  re a c tio n  shows c learly , t h a t  th e  
m a in  re a c t io n  proceeds b e tw e e n  th e  o n e-e lec tron  o x id an t and  th e  b iv a le n t 
r e d u c ta n t  ( i.e . betw een th e  o u te r  com ponen ts) an d  th e  o th e r co m p o n en ts  
o n ly  m e d ia te  th is “ fo rb id d en ”  re a c tio n . T he a p p ro x im a te ly  ten fo ld  d ifference  
b e tw e e n  th e  o x id a n t/re d u c ta n t c o n su m p tio n  ra te  an d  th e  azoxybenzene  fo r­
m a tio n  r a te  correspond c lea rly  to  th e  ra tio  k j k e. Low ering of th is  r a t io , how ­
ev er, r e s u lts  in  the  cessa tion  o f  th e  o sc illa to ry  reg im e, show ing th a t  th is  ty p e  
o f s to ic h io m e try  is essen tia l fo r  a n  o sc illa to ry  reac tio n .

I f  w e assum e a fu r th e r  re a c tio n , th e  re d u c tio n  o f th e  azoxy  co m p o u n d  
to  th e  h y d ro x y la m in e :

0

R  —N = N —R +  2 e -  +  2 H +  +  H 20  2 R - N H O H  (22)
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th e  c o n s ta n t ra te  in p u t o f  h y d ro x y la m in e  m ay be rep laced  b y  th is  process 
g iv in g  a closed sy stem  for th e  c a ta ly s t ,  as seen on th e  fo llow ing s c h e m e :

O X .

In  oscilla tory  reg im e th e  m ean  r a te  in  th e  sm aller c irc le  (sing le  lines) is 
su b s ta n tia lly  g rea te r th a n  in  th e  g re a te r  circle (double lines). T h e  azoxy  com ­
p o u n d  is a “ sw itch ing  co m p o n en t”  h ere  in  th e  sense, th a t  th e  to ta l  co n cen tra ­
tio n  o f th e  o th e r in te rm ed ia te s  v a rie s  inversely  w ith th e  v a r ia t io n  of this 
co m p o u n d , re su ltin g  in  “ sw itches”  a t  h igh  and low c o n c e n tra tio n s .

The classical B r a y  reac tio n  show s rem arkab le  s im ila r itie s  w ith  the 
sy s te m  discussed above. H ere  th e  h y d ro g en  peroxide is b o th  o x id a n t and 
r e d u c ta n t , b u t th e  d irec t d isp ro p o rtio n a tio n  process is fo rb id d e n  an d  m ust be 
m e d ia te d  by th e  o x y iod ine  sy stem . As early  as in  1921 B r a y  [7] pointed 
o u t, th a t  th e  a m o u n t o f hyd ro g en  perox ide  consum ed d u r in g  one cycle is 
su b s ta n tia lly  g rea te r, as w ould co rresp o n d  to  th e  observed  v a r ia t io n  of the  
a m o u n t of iodine d u rin g  th e  sam e tim e . Thus, iodine h as  v e ry  p ro b ab ly  a 
s im ila r s ta tu s  in  th is  m echanism  as th e  azoxybenzene in  o u r  h y p o th e tica l 
sy s tem , and th e  o th e r  oxy iodine species are  form ing a k in e tic  quasi-equ ilib rium  
sy s tem  w ith  m u ltip le  s tab le  s ta te s , d riv e n  by th e  o x id a tio n  a n d  reduction  
p rocesses of h y d ro g en  peroxide.
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ON THE PREOSCILLATORY PERIOD OF THE 
RELOUSOY-ZHAROTINSKY REACTION

A S E A R C H  F O R  IN T E R M E D IA T E S *

M. B u r g e r ** a n d  K. RÁcz

( In s titu te  o f  Inorganic and A nalytica l C hem istry, Eötvös Loránd U niversity , B u dapest)

R e c e iv e d  J u n e  12, 1981 
A c c e p te d  fo r  p u b l ic a t io n  S e p te m b e r  29, 1981

H a v in g  d e te rm in e d  th e  [B rM A ]m l v a lu e s  in  th e  M A  B rO ^  M n 2  + — H N 0 3 

(5 .0  m o l/d m :i) B e lo u s o v — Z h a b o t in s k y  s y s te m , in  o rd e r  to  c la r ify  w h e th e r  B rM A  alone  
w a s  re sp o n s ib le  fo r  th e  s t a r t  o f  o s c illa t io n  o r  o th e r  o rg an ic  in te r m e d ia te s  p la y e d  also 
a n  im p o r ta n t  ro le , t h e  e ffe c t o f  a d d e d  B rM A  o n  th e  p re o sc illa to ry  p e r io d  w a s  s tu d ie d . 
T h e  a d d i t io n  o f  B rM A  to  th e  r e a c t io n  m ix tu r e  sh o r te n s  th e  p r e o s c i l la to ry  p e r io d , b u t  
o sc illa t io n  d o es  n o t  s t a r t  w h e n  [B rM A ]ldded is e q u a l to  [B rM A ]cru. H o w e v e r , th e  
p re o s c i l la to ry  p e r io d  a lw a y s  d is a p p e a rs  w h e n  th e  r e a c tio n  m ix tu re  c o n ta in s  a b o u t  
10 ~ 3  m o l/d m 3  g ly o x y lic  a c id  o r  o x a lic  a c id  b e s id e  th e  c ru c ia l B rM A  c o n c e n t r a t io n .  
B y  e la b o r a t in g  a n  a n a ly t ic a l  m e th o d ,  g ly o x y lic  ac id  w as d e te rm in e d  d u r in g  th e  p r e ­
o sc illa to ry  p e r io d  o f  t h e  M A  B rO ^  — M n2+ H N 0 3 (5 .0  m o l/d m 3) r e a c t in g  sy s te m .

Introduction

M ost o f  th e  chem ical in v es tig a tio n s  on  oscillatory  reac tio n s a re  d ev o ted  
to  th e  s tu d y  o f  th e  B elousov—Z h a b o tin sk y  system s, n am ely  th e  c a ta ly tic  
o x id a tiv e  b ro m in a tio n  o f  m alonic acid  (MA) w ith  b rom ate . P ro b a b ly  th e  m ost 
d ifficu lt fe a tu re  o f th is  reac tio n  to  c h a ra c te riz e  experim en ta lly  is th e  p reosc illa ­
to ry  period . D urin g  th is  p a r t  o f  th e  re a c tio n  som e in te rm e d ia te s  fo rm  and 
a d ju s t th e  sy stem  to  a q u as i-s tead y  s ta te . T h e ir  presence in  d e f in ite  concen ­
tra t io n s  is n ecessary  to  sw itch  th e  re a c tio n  from  th e  n o n -o sc illa to ry  to  th e  
o sc illa to ry  s ta te .

T he f ir s t  q u a lita tiv e  s ta te m e n t t h a t  th e  leng th  of th e  in d u c tio n  period  
depends on th e  in itia l reag en t c o n c e n tra tio n  w as given b y  F i e l d , K ő r ö s  and  
N o y e s  [1]. A d a m c ik o v a  an d  T reiimdl  [2] as well as R a s t o g i  et al. [3 — 5] 
gave a q u a n ti ta t iv e  co rre la tio n  b e tw een  th e  d u ra tio n  o f th e  p reo sc illa to ry  
period  and  th e  in itia l reag en t c o n cen tra tio n s .

B a r - E l i  an d  H a d d a d  [6] in v e s tig a te d  th e  in d u c tio n  tim e  o f th e  
B e lousov—Z h ab o tin sk y  re a c tio n  in  d e ta il as a function  o f th e  c a ta ly s t ,  BrOjT 
an d  MA c o n cen tra tio n s  in  a closed sy stem . T h e  experim en ta l d a ta  w ere  com ­
p a red  to  c o m p u ta tio n s  p erfo rm ed  on th e  basis  o f an im proved  O reg o n a to r.

* P re s e n te d  o n  th e  j o in t  se ss ion  o f  th e  W o rk in g  C o m m itte e s  o n  R e a c t io n  K in e t ic s  a n d  
C a ta ly s is , a n d  C o o rd in a tio n  C h e m is try , B u d a p e s t ,  O c to b e r  29, 1980

** T o  w h o m  c o rre sp o n d e n c e  sh o u ld  b e  a d d re s s e d
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Treindl and  Drojakova [7] stud ied  th e  e ffec t o f B r - , C l- , C10j~ an d  
th e  d iffe re n t cations on  th e  le n g th  o f th e  in d u c tio n  p e rio d . T heir d a ta  c o n ce rn ­
ing  th e  in fluence  o f B r - , w ere  used by  Edelson [8] as a basis for com parison  
w ith  th e  beh av io u r o f  a rev ised  theo re tica l m ech an ism  o f th e  Belousov — 
Z h a b o tin sk y  system  [9]. H ere  Edelson, Noyes a n d  Field [9] took in to  a c ­
c o u n t th e  deta iled  s tru c tu re  o f  th e  organic re a c tio n  su b se t beside th e  in o rgan ic  
re a c tio n s .

I n  o u r prev ious p ap e rs  [10, 11] we h av e  p o in te d  o u t th a t  in  th e  M A — 
B rO ^ -c a ta ly s t  (cerium  or m anganese) system s th e  accu m u la tio n  o f brom o- 
m alo n ic  acid  (BrMA) p lay s  a n  im p o rta n t ro le. T h e  a m o u n t o f BrMA fo rm ed  
d u rin g  th e  p reo sc illa to ry  p e rio d  was deno ted  as c ru c ia l BrM A c o n cen tra tio n  
([B rM A ]cru) and th ese  v a lu es  in  d ifferen t co n d itio n s  w ere determ ined  e x p e ri­
m e n ta lly  an d  ca lcu la ted  from  th e  ra te  eq u a tio n s  d escrib ing  th e  BrMA fo rm a ­
tio n  in  th is  p a r t  o f th e  re a c tio n . W e th o u g h t t h a t  a t  th e  end  of th e  p reosc illa ­
to ry  p e rio d  th e  c a ta ly s t is red u ced  by  th e  a c c u m u la ted  BrMA.

F ig . 1. Change of th e  re d o x  p o te n tia l  (a) and BrM A  c o n c e n tra tio n  (b) in  tim e. In i t ia l  co n ­
d itio n s  : [MA] =  0.2 m o l/d m 3, [B rO ^] =  5 X 10 " 2 m o l/d m 3, [Mn2+] =  2 X 1 0 -3 m o l/d m 3, 

[ H N 0 3] =  5.0 m ol/dm 3. T e m p e ra tu re :  15 °C
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D u rin g  th is  period  th e  c a ta ly s t is p resen t alw ays in  th e  h ig h e r ox idation  
s ta te . T h e  f irs t osc illa tion  is p receded  b y  a fa s t decrease in  th e  re d o x  p o ten tia  
and  by  th e  d isap p earan ce  o f  th e  co lour of th e  oxidized fo rm  o f th e  ca ta ly s t 
A n ex am p le  is show n in  F ig . 1 for th e  m ang an ese -ca ta ly zed  M A — B rO ^ — 
H N 0 3 (5.0 m ol/dm 3) sy stem . T h e  o x id a tio n  of th e  c a ta ly s t  w ith  BrO^" and 
th e  red u c tio n  w ith  th e  o rgan ic  com pound(s) occur s im u ltan eo u sly  du ring  the  
f ir s t  p a r t  o f th e  p reo sc illa to ry  period . T he sudden  decrease in  th e  red o x  p o ten ­
tia l  in  th e  second p a r t  (i.e. th e  fa s t red u c tio n  o f th e  c a ta ly s t)  w as a ttr ib u te d  
to  BrM A  on  th e  basis o f  o u r p rev ious re su lts  [10, 11] m easu rin g  th e  values of 
[B rM A ]cru a t vario u s ac id  co n cen tra tio n s . The ac tu a l red o x  p o te n tia l  of the 
B rO ^ /H O B r system  increases w ith  th e  increase o f [H  + ], w h ile  th a t  of the 
M n3+/M n2 + system  is p ra c tic a lly  in d ep en d en t of [Н  + ]. T h u s  th e  following 
reac tio n

B r 0 3 +  4 M n2+ +  5 H  + — >- H O B r +  4 M n:!+ +  2 H 20

is th e rm o d y n am ica lly  fav o u rab le  a t  h igher acid c o n cen tra tio n s . T herefo re  the 
h igher th e  acid c o n c e n tra tio n  is, th e  h igher am o u n t o f  th e  o rg an ic  reducing 
ag en t is requ ired  to  red u ce  th e  c a ta ly s t  d u ring  th e  second p a r t  o f th e  preoscil­
la to ry  period  (see F ig . 1). In  acco rdance  w ith  th is  s ta te m e n t th e  values of 
[B rM A ]cru is ab o u t fiv e  tim es h ig h er in  th e  5.0 m ol/dm 3 H N 0 3, m anganese- 
c a ta ly z ed  system , th a n  in  th e  1.5 m o l/dm 3 H N 0 3 so lu tio n , as i t  c an  be seen 
in T ab le  I.

Table I

[B rM A ]cru values at different H N 0 3 concentrations 
T em p era tu re : 15 °C

[MA],
m ol/dm 3

[В гО Г  ] x 10*, 
m o l/d m 3

[M n2* ] x  103, 
m o l/d m 3

[HNO„]
m o l/d m 3

[B rM A ]cru x 103, 
m o l/d m 3

0 .2 5.0 2.0 1.5 3.1

5.0 16.3

0.2 10.0 2.0 1.5 6.1

5.0 29.1

0.4 5.0 2.0 1.5 3.0

5.0 21.1

O n th e  basis o f th e se  co n sid era tio n s in  th e  p resen t p a p e r we t r y  to  answer 
th e  follow ing questions :

(1) Is th e  BrM A fo rm a tio n  th e  on ly  im p o rta n t re a c tio n  d u rin g  th e  preos­
c illa to ry  period , o r shou ld  we consider fu rth e r  reac tions o f  B rM A  to o  ?

(2) Is BrM A alone responsib le  for th e  s ta r t  of o sc illa tio n , o r do o ther 
o rganic  in te rm ed ia te s  p la y  also an  im p o rta n t role ?
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E xperim ental

R eagents

A ll b u t  tw o reagen t w ere o f  a n a ly t ic a l  grade, m alon ic  a c id  a n d  g lyoxylic  acid  w ere of 
p u r is s im u m  grade. BrMA w as p re p a re d  from  m alonic acid  acco rd in g  to  Conrad  an d  R e i n - 
b a c h  [ 1 2 ] .

M ethods

D eterm in a tio n  o f  manganese

T h e  co ncen tra tion  of th e  m a n g a n e se  stock so lu tion  (0.1 m o l/d m 3) w as m easu red  by  
c o m p le x o m e tr ic  t it ra tio n :  5.0 cm 3 M n2+ so lu tion  was p ip e tte d  to  a  m ix tu re  co n ta in ing  0.2 g 
h y d ro x y la m in  hydroch lorid , 2 d ro p s  o f  d is tilled  HC1, 10 cm 3 cone. N H 4O H  a n d  25 cm 3 d istilled  
w a te r . T h is  so lu tion  was t i t r a te d  w ith  0.05 m ol/dm 3 E D T A  so lu tio n  in  th e  p resence of m ethy l- 
th y m o l b lu e  as an  ind icator.

D eterm in a tio n  o f  B rM A

T h e  p u r i ty  of BrM A w as c h e c k e d  b y  iodom etric  t i t r a t io n ,  a n d  i t  w as alw ays h igher 
th a n  9 5 % .

T h e  con cen tra tio n  of B rM A  in  th e  reac tion  m ix tu re  w as d e te rm in e d  po larograph ica lly  
as d e sc rib e d  in  Ref. [10].

D eterm in a tio n  o f  glyoxylic acid

T h e  m easu rem en t o f th e  g ly o x y lic  acid  co n cen tra tio n  w as b ased  on  th e  specific reac ­
tio n  o f  th e  aldehyde group  o f th is  co m p o u n d  w ith  N a 2S 0 3. T h e  a n a ly tic a l p rocedure  was 
th e  fo l lo w in g :

20.0 cm 3 of th e  reac tio n  m ix tu r e  w as p ip e tted  in to  a  g lass-s to p p e red  E rlenm eyer flask  
c o n ta in in g  K I in excess to red u ce  B rO /f and  BrMA. Iod ine fo rm ed  w as reac ted  w ith  a 1.5 
m o l/d m 3 N a » S 0 3 solution. A fte r th e  d isap p ea ran ce  of th e  co lou r o f I 2, fu r th e r  1 cm 3 o f N a 2S 0 3 
so lu t io n  w as added  to th e  re ac tio n  m ix tu re .  T hen  the  p H  w as a d ju s te d  to  2 - 3 w ith  10 m ol/dm 3 
N a O H  (w h ich  neu tra lizes th e  5.0 m o l/d m 3 H N 0 3 sam ple  so lu tio n ) a n d  20%  C H 3COOH 
so lu tio n s . A t th is pH  value th e  fo llo w in g  reaction  tak es p lace :

s o 3-
I

O H C - C O O H  +  H S 0 3 ---- > H O - C - C O O H
I

H

T h e  ex cess o f N a 2S 0 3 was t i t r a te d  w ith  a  10% K l  —12 so lu tio n  in  th e  presence of s ta rc h  
in d ic a to r .  N a H C 0 3 was th e n  a d d e d  to  th e  so lu tion  to  a d ju s t  th e  p H  to  7, an d  aldehyde b isu l­
p h i te  h y d ro ly se d  according to  th e  r e a c t io n :

SO 7
I

H O - C - C O O H -----> O H C -C O O H  +  H S 0 3
I

H

H S O /f, w h ich  is eq u iva len t w ith  th e  a ldehyde, was t i t r a te d  w ith  a  0.05 m ol/dm 3 K I  —12 
so lu tio n  in  th e  presence of s ta rc h . B la n k  solutions c o n ta in in g  5.0 m o l/d m 3 H N 0 3 BrO^" — 
M n2+, 5.0 m ol/dm 3 H N 0 3 —M A —M n2+ an d  5.0 m ol/dm 3 H N 0 3 —MA —BrM A, were also 
t i t r a te d  p a ra lle l w ith  th e  sam ples. T h e  m eth o d  was checked  w ith  th e  t i t r a tio n  of glyoxylic 
acid  in  d iffe ren t concen tra tions a n d  th e  resu lts  were 10 0  i  4 % .
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Procedure

The concentration range investigated was the following:
[MA]: 0.1—0.4 mol/dm3,
[KBr03] : 2.5 X  10-2 -  10 X  10~2 mol/dm3,
[MnSOJ: l.O xlO -3 -  5.0X10-3 mol/dm3,
[HN03] : 5.0 mol/dm3, was constant in every experiment.

The reaction vessel was thermostated to 15 °C i  0.1 °C.
The redox potential was recorded using a Pt-electrode and a Hg/Hg2S04 reference 

electrode.
In the investigation of the effect of BrMA, in order to get comparable results, the 

initial MA and BrO-f concentrations were corrected on the basis of the following stoichio­
metric equation:

3 CH,(COOH)2 +  2 BrOj +  2 H + ----► 2 ВгСЩСООН). +  3 CO, +  3 H,0
and s o  [MA]o corr. =  [MA], — 1.5 X  [BrMA]added,

IBrOalu.corr. =  [BrO^lo -  [BrMA]added.
When glyoxylic acid (GOA) and oxalic acid (OA) were added to the reaction mixture 

further reactions were also considered :
ВгСН(СООН). +  2 Ce4+ +  H ,0 ---->• OHC-COOH +  2 Ce3+ +  CO, +  Br- +  3 H +

OHC COOII -f 2 Ce4 + +  H20 ----> (COOH)2 +  2 Ce3 + -f  2 II +

and so [MA]„ corr. =  [MA]0 1.5 x([BrMA]added +  [GOA]added +  [OA]added),
[BrOa ]o,̂ orr. =  [Br03]„ ([BrMA]added -)- [GOA]added -f- [OA]added)

supposing that the stoichiometry of these reactions is the same even when manganese is 
used as a catalyst.

Results and Discussion

Effect o f  B r M A  on the preoscillatory period

The a d d itio n  o f  BrM A  to  th e  re a c tio n  m ix tu re  sh o rten s  th e  len g th  of 
th e  p reoscilla to ry  p e rio d . T he ra te  o f BrM A  fo rm atio n  d u rin g  th e  rem ain ing  
non-oscilla to ry  p h a se  o f  th e  re a c tio n  is c o n s ta n t. B u t o sc illa tio n  does no t 
s ta r t  a t  [BrM A ]cru: th e  h igher is th e  a m o u n t o f BrM A  ad d e d  in itia lly  to  th e  
re a c tin g  system , th e  h ig h er is th e  BrM A  c o n c e n tra tio n  a t  w h ich  oscillations 
s ta r t .  I t  is va lid , ev en  i f  [B rM A ]added is equal to  [B rM A ]cru. T hese  re su lts  are 
show n in  Fig. 2. E x tra p o la t in g  th e  values of BrM A d e te rm in e d  a t  th e  end of 
th e  p reosc illa to ry  p e rio d s  (d o tte d  line in  F ig . 2), tpre becom es zero , w hen 
[B rM A ]added is e q u a l to  1.5 X [B rM A ]cru. T he correc tness o f  th is  ex tra p o la tio n  
w as proved  e x p e r im e n ta l ly : ad d in g  th is  am o u n t o f  BrM A  to  th e  reac tio n  
m ix tu re , p reo sc illa to ry  period  could n o t he observed.

In  order to  c la rify  th a t  th is  ph en o m en o n  is a general one o r it  is c h a ra c te r­
is tic  on ly  to  th e  in it ia l  reag en t co n cen tra tio n s  show n in  F ig . 2, th e  MA, 
B r 0 3- and  Mn2+ c o n c e n tra tio n s  w ere v a ried . T he resu lts , su m m arized  in  Table 
I I  an d  Fig. 3, show  t h a t  th e  [B rM A ]added/[B rM A ]cru ra tio  a p p ro x im a te s  to  1, 
w h en  [MA] is re la tiv e ly  h igh , and  [B rO ^] is low ; i t  is in d e p e n d e n t o f  th e  m an­
ganese ion  c o n c e n tra tio n .
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F ro m  th ese  (lata i t  is c le a r  t h a t  in  general th e  a c c u m u la tio n  of BrM A 
alone is n o t  enough to  s ta r t  o sc illa tio n , b u t o th e r  o rg an ic  com pounds shou ld  
a c c u m u la te  to o . A dding B rM A  to  th e  reac tio n  m ix tu re , th e  BrM A  producing  
re a c tio n  p ro ceed s w ith o u t o sc illa tio n  a fte r  reach ing  th e  [B rM A ]cru. G enerally  
th e  [B rM A ]added values h av e  to  exceed  th e  values o f  th e  [B rM A ]cru to  s ta r t  
p ro m p t osc illa tions.

[ Br MAj x l O2 ( m o l /  d m 3 )

F ig . 2 . B rM A  accum ula tion  d u rin g  th e  p reo scilla to ry  p e rio d  w ith o u t  (cu rv e  1) a n d  w ith  th e  
v a r io u s  a m o u n t of BrM A ad d ed  in it ia l ly  to  th e  reac tio n  m ix tu re  (cu rv es 2 — 6). T he am o u n ts  
o f B rM A  ad d ed  are equal to  th e  in te rc e p ts  o f these curves. ©  — a t  th is  p o in t th e  oscilla tion  
s ta r ts .  I n i t ia l  co n d itions: [MA] =  0.2 m o l/d m 3 — 1.5 X [B rM A ]added, [BrOg-] =  0.1 m ol/dm 3 — 

[B rM A ]added, [Mn2+] =  2 X 1 0 _3 m o l/d m 3, [H N 0 3] =  5.0 m o l/d m 3, te m p e ra tu re :  15 °C

W e supposed  th a t  th e  o rg an ic  in te rm ed ia te s  w ere fo rm ed  from  BrM A  
in  th e  course  of th e  re a c tio n  w ith  th e  c a ta ly s t, an d  th is  re a c tio n  to o k  p lace 
s im u lta n e o u s ly  w ith  th e  B rM A  fo rm atio n . This a s su m p tio n  w as based  on th e
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re su lts  o f J w o  an d  N o y e s  [13] w ho s tu d ie d  th e  red u c tio n  of Ce4 + w ith  BrM A , 
an d  in v es tig a ted  th e  conceivable in te rm e d ia te s  o f  th is  re a c tio n :

HOOC— CH2— COOH 

(MA)

Hr
I

H O O C — CH—COOH 

(BrMA)

OH
I

HOOC— CH— COOH

(OA)

O f these  possib le  in te rm ed ia tes  fo rm ic  ac id  (FA ) and  C 0 2 do  n o t  re a c t 
w ith  Ce4+ [14] an d  th e re fo re  th e y  are  d is reg a rd ed . H ow ever, ta r tro n ic  acid 
(TTA ), m esoxalic acid  (M OA), glyoxylic ac id  (GOA) and  oxalic ac id  (OA) 
show  an  acce lera ting  effect on  th e  Ce4+ re d u c tio n  w ith  BrM A of th e  fo llow ing 
o rd er [13] :

OA >  MOA >  GOA > T T A ,  MA.

In  th e  cases o f  T T A  an d  MA th e  c o n tr ib u tio n s  are  a lm ost w h a t w ould  
be  p red ic ted  from  in d e p e n d e n t b eh av iou r, so T T A  can  n o t be resp o n sib le  fo r 
th e  fa s t red u c tio n  o f  th e  c a ta ly s t in  th e  second p a r t  o f  th e  p reo sc illa to ry  perio d  
(see F ig . la ) .  F u r th e r , th e re  is no evidence t h a t  MOA is p roduced  fro m  MA
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[BrMA] added

[B rM A ]cru

[BrMA] added

[BrMA]cru

[BrMA] added 

[BrM A] cru

2.0 -

1.5 -

1.0 -

_____I____ I________
2 A

[Mn2*]«103 m o l / d m 3

a) b) c)

F ig . 3 . D e p en d e n c e  of th e  [ BrM A]added;' [ B rM A lcru ra tio s  (a ) on  th e  in itia l MA co n ce n tra tio n s , 
[ B r O j]  =  5 x l 0 - !  m ol/dm 3, [Mn2+] =  2 x l 0 -3 m o l/d m 3, (b ) on  th e  in itia l B rO jf c o n c e n tra ­
tio n , [M A ] =  0.2 m ol/dm 3, [Mn2+] =  2 x l 0 -3 m o l/d m 3, (c) on  th e  in itia l Mn2+ c o n c e n tra tio n , 

[MA] =  0.1 m o l/d m 3, [B rO j]  =  5 Х Ю “2 m ol/dm 3

T a b le  I I

D ependence o f  the [BrMA]a(j,jel]/[B rM A ]cru ratios on the in itia l reagent concentrations, at 15 °C

[MA]*,
m ol/dm 3

[ВгОГ]*хЮ *,
mol/dm3

[Mn*+ ] x  103,
m ol/dm 3

[BrMA]*.*u x l 0 2,
m ol/dm 3

[BrMA]:5”ded
X 10*, mol/dm3

[BrMA]added
[HrMA]cnl

0.1 5.0 2.0 1.35 2.24 1.6

0.2 2.5 2.0 0.89 0.89 1.0

0.2 5.0 2.0 1.62 2.41 1.5

0.2 10.0 2.0 2.91 4.45 1.5

0.4 5.0 2.0 2.11 2.22 1.1

0.1 5.0 5.0 1.35 2.17 1.6

0.1 5.0 1.0 1.35 2.30 1.7

* T h ese  values were co rrec ted  as described in  th e  E x p erim en ta l section;
** [B rM A ]cru: th e  BrM A c o n cen tra tio n  a t  w h ich  th e  oscillation s ta r ts  w ith o u t any  

a d d i t iv e s ;
*** [BrM A ]adde(i : th e  a m o u n t o f BrM A w hich has to  be  added  in itially , to  d im in ish  th e  

p re o sc illa to ry  period

o r B rM A , accord ing  to  J w o  a n d  N oyes [13]. B u t on  th e  c o n tra ry  o f R ef. [13]. 
o n  th e  b as is  o f th e  resu lts  o f  N oszticzius [14], w e supposed  th a t  OA m ig h t be 
fo rm e d  fro m  GOA accord ing  to  th e  fo llow ing r e a c t io n :

0  =  C H - C 0 0 H  +  2 Ce* + +  H 20  H O O C -C O O H  +  2 Ce3+ +  2 H  +

T h is  a s su m p tio n  is p lau sib le , because H C O O H  is very  likely  n o t a n  in te rm e ­
d ia te  in  th e  oscillating  sy s tem  [14], an d  GOA is n o t a fina l p ro d u c t. I t  is p ro b ­
a b ly  t h a t  th e  C 0 2 p ro d u c tio n  from  GOA goes th ro u g h  OA.
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T he ab o v e-m en tio n ed  facts p ro m p te d  us to  exam ine the  e ffec t o f  GOA 
an d  OA on th e  p reosc illa to ry  period  o f  th e  MA — ВгОз~— M n2+ — H N 0 3 
(5.0 m ol/dm 3) sy stem .

The effect o f  GOA and OA on the preoscillatory period

GOA and  OA w ere app lied  as a d d itiv e s  beside  BrMA, w hich  w ere  added  
in  crucia l c o n c e n tra tio n  to  th e  reac tio n  m ix tu re . T he resu lts were th e  fo llow ing:

E xperim ent  (1)

In  th e  re a c tio n  m ix tu re  w ith  th e  in i t ia l  concen tra tions o f  0.1 m o l/d m 3 
MA, 5 x l 0 “2 m o l/d m 3 B rO j-, 2 x l 0 ~ 3 m o l/d m 3 M n2+ and 5.0 m o l/d m 3 H N 0 3 
th e  len g th  o f th e  p reo sc illa to ry  period is 6 .0  m in , and  [BrMA]cru =  1.35 X 1 0 -2 
m o l/d m 3 a t 15 °C. T he p reoscilla to ry  p e rio d  is n o  m ore observable  w h en

a) 1.35 X l 0 - 2  m ol/d m 3 BrMA an d  3.4 X l O - 3  m ol/dm 3 GOA, o r
b) 1.35 X 1 0 ~2 m o l/d m 3 BrMA and  l . l x l O -3 m ol/dm 3 OA a re  a d d e d  to  

th e  re a c tio n  m ix tu re .

E xperim ent  (2)

T he in itia l re a g e n t co n cen tra tio n s w e re : 0.2 m ol/dm 3 M A , 5 x l 0 ~ 2 
m ol/dm 3 B r 0 3 , 2 x  10 3 m ol/dm 3 Mn2 + , 5.0  m o l/d m 3 H N 0 3 and  te m p e ra tu re  
15 °C. D uring  th e  4.4 m in  p reoscilla to ry  p e rio d  [BrM A]cru - 1 .6 3 x  10 2 m ol/ 
d m 3 accum ula tes .

T he tpre d isap p ea rs , w hen

a) 1 . 6 3 x l 0 -2 m ol/dm 3 BrMA an d  2 .4 x 1 0  3 m ol/dm 3 G O A , o r
b) 1 . 6 3 x l 0 -2 m o l/d m 3 BrMA and  8.1 X  10 4 m ol/dm 3 OA a re  th e  a d d i­

tiv e s . These can  be seen in  Fig. 4.
A t th is  low c o n c e n tra tio n  n e ith e r G O A  n o r OA alone reac t in  a n  oscilla­

to ry  m an n er w ith  In o rn a te  in th e  p resence  o f  m anganese(II) ion.
O n th e  basis o f th e se  experim en ts w e a tte m p te d  to  d e te rm in e  GOA in  

th e  o sc illa to ry  sy stem . OA, in th e  p resence  o f  BrM A , reacts w ith  th e  c a ta ly s t  
v e ry  fa s t [13], th u s  v e ry  likely it can  n o t  accu m u la te  in  d e te c ta b le  concen ­
tra tio n .

Determination o f  GOA

W ith  th e  a n a ly tic a l m ethod  described  in  th e  E xperim en ta l se c tio n , GOA 
w as de te rm in ed  d u rin g  th e  p reoscilla to ry  p e r io d  in  th e  c o n c e n tra tio n  ra n g e  of 
1 0 ~4 m ol/dm 3. I ts  c o n cen tra tio n  reaches a m ax im u m  value d u rin g  th e  preos-
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F ig . 4. T h e  effect of GOA a n d  O A  on th e  p reo sc illa to ry  p e rio d . The redox  p o te n tia l  cu rv es  
(a) w i th o u t  a n y  add itiv es , (b ) [B rM A ]cru -f- GOA, (c) [B rM A ]cru -f- OA. In  de ta il see th e  t e x t

c il la to ry  period , b u t  th is  m ax im um  is n o t a t  th e  end of the  n o n -o sc illa to ry  
p h a se  o f  th e  reac tio n  (F ig . 5).

I n  th e  case o f  th e  in it ia l  reagen t c o n c e n tra tio n s , shown in  F ig . 5, th e  
G O A  c o n c e n tra tio n  re q u ire d  to  s ta r t  p ro m p t o sc illa tio n , is 2.4 X l 0 -3  m o l/d m 3 
(see E xp er im en t  (2) in  th e  above section). A t th e  end of the  p re o sc illa to ry  
p e r io d  G O A  d e te rm in ed  is 3.3 X lO -4 m o l/d m 3. T h e  difference b e tw een  th e s e
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Fig. 5. C h a n g e  o f  G O A  c o n c e n t r a t io n  in  tim e  in  t h e  [M A ] =  0.1 m o l/d m 3, [ B r 0 3 ] =  5 x l 0 -2 
m o l/d m 3, [M n2 + ] =  2 x l 0 - 3  m o l/d m 3 a n d  [ H N 0 3] =  5 .0  m o l/d m 3 r e a c tin g  s y s te m  a t  15 °C

tw o values an d  th e  decrease of th e  GOA c o n c e n tra tio n  during  th e  preoscilla- 
to ry  period  show , t h a t  GOA is only a p re c u rso r  o f an  o ther co m p o u n d , w hich 
re a c t fa s te r  w ith  th e  c a ta ly s t , th a n  BrM A  a n d  GOA toge ther. T h is com p o u n d  
m igh t be OA, acco rd in g  to  our ex p e rim en ts .

Conclusions

O ur ex p erim en ts  show  th a t

(1) BrM A form s d u rin g  th e  p reo sc illa to ry  period  in  the  re a c tio n  [10, 11] : 

3 C H 2(C O O H ), +  2 ВгОз +  2 11+ — * 2  B rC H (C O O H )2 +  3 C 0 2 +  4 H 20

(2) S im u ltan eo u sly  w ith  th is  re a c tio n  BrM A  reduces M n3 + . I n  th is  
reac tio n  in te rm e d ia te s  are  form ed w hich  re a c t  w ith  th e  c a ta ly s t fa s te r  th a n  
BrM A, and  th e se  com pounds are im p o r ta n t in  th e  in itia tio n  of th e  o sc illa tion . 
I f  we add  BrM A  to  th e  reac tin g  sy stem , th e n  a ce rta in  tim e h as  to  e lapse  to  
p roduce  th ese  in te rm e d ia te s . P ro b ab ly  th is  is th e  reason, t h a t  o sc illa tion  
does n o t s ta r t  reach in g  th e  [BrM A]cru or a d d in g  th e  [BrM A]cru to  th e  re a c tio n  
m ix tu re . W hen  we use h igher [BrM A] t h a n  [B rM A ]cru as an  a d d itiv e , th e n  
we can  estab lish  con d itio n s under w hich  th e se  in te rm ed ia tes  a re  p ro d u ced  
in s ta n ta n e o u s ly  in  th e  BrM A -)- M n3+ re a c tio n , an d  the  p reo sc illa to ry  period  
d isappears.

(3) W hen  th e  MA co n cen tra tio n  is h ig h , its  reac tion  w ith  th e  c a ta ly s t  
becom es em phasized , th e re fo re  th e  a d d itio n  o f  th e  crucial a m o u n t o f  BrM A 
in itia te s  th e  o sc illa tion .

(4) The p resence  o f  GOA in th e  re a c tin g  system  brings in to  co n n ec tio n  
th e  o scilla ting  sy stem s con ta in ing  MA or G O A  as organic su b s tra te s  : th e  m ain
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fe a tu re  o f  th e se  tw o oscilla to rs  m u st be sim ila r. A nd if  our a ssu m p tio n , t h a t  
in  th e  M A -con ta in ing  sy s tem  OA is form ed a t  th e  end  of th e  p re o sc illa to ry  
p e r io d , w ill be p roved , th e n  w e can  consider th e s e  th re e  types o f o sc illa tin g  
sy s te m s  belong ing  to  one g ro u p  : in  th e  cases o f  MA and  GOA p re o sc illa to ry  
p e r io d  is n ecessary  to  form  th e  ac tiv e  c o m p o n en t, O A ; while OA can  p ro d u c e  
o sc illa tio n s  w ith o u t p reo sc illa to ry  period.

*

T h a n k s  are  due to  D r. L .  M a r o s  for his suggestions in  th e  analysis o f g ly o x y lic  acid , 
a n d  to  P ro f . E . K ő r ö s  for his in te re s t  in  th is  w ork.
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DICHROISM INDUCED IN AROMATIC 
GUESTS BY CYCLODEXTRIN HOSTS 

IN INCLUSION COMPLEXES
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R eceived Ju n e  19, 1981 
A ccep ted  fo r p u b lica tio n  S e p tem b e r 23, 1981

C ircular d ich ro ism  (CD) sp ec tra  o f inclusion  com plexes o f a n u m b e r  o f  a ro m a tic  
hyd ro carb o n s, m ono- a n d  d isu b s titu te d  ben zen e  an d  nap h th a len e  d e r iv a tiv e s , a n d  of 
v ita m in  K 3 w ith  w a ter-so lub le  /S-eyclodextrin  po lym er, 2 ,6 -d im ethy l-/9 -cyclodextrin  and 
/З-cyclodextrin , re sp ec tiv e ly , hav e  been re co rd e d . To in te rp re t th e  p h e n o m e n o n  of in ­
duced o p tica l a c t iv ity  in these  com plexes, a  desc rip tiv e  m odel, based  on  th e  th e o ry  of 
coupled oscilla to rs, is p resen ted . T he c o rre la tio n  be tw een  s tru c tu re  a n d  ch iro p tica l 
p roperties of cy c lo d ex trin  com plexes o f  a ro m a tic  m olecules is ex p ressed  in  th e  form  
of a sim ple ru le b y  w hich th e  re la tiv e  a r ra n g e m e n t o f guest and  h o st in  a  cyc lo d ex trin  
com plex can  be e s tim a te d  from  th e  CD sp e c tru m .

The ap p earan ce  o f  c ircu la r d ich ro ism  in  th e  abso rp tion  h a n d s  o f  ach ira l 
m olecules of various s tru c tu re s  as a re su lt o f  th e ir  com plexing w ith  c y c lo d ex trin s  
has been  observed  b y  a n u m b er o f  a u th o rs  du ring  th e  la s t d e c a d e  [1 — 9]. 
A deeper analysis o f  th e  ex p erim en ta l m a te r ia l  shows th e  sign a n d  in te n s ity  
o f th e  induced  CD b an d s  to  he d ep en d en t on  th e  po lariza tion  and  d ip o le  s tre n g th  
o f th e  e lectron ic  tra n s it io n s  in  th e  g u e s t m olecule, from  w hich  i t  m a y  be 
concluded  th a t  (a) th e  ap p earan ce  o f in d u ced  CD is ind ica tive  o f  th e  fo rm atio n  
o f an  inclusion com plex  w ith  w ell-defined  s tru c tu re , and  (6) th e  o rig in  o f  in ­
duced  op tica l a c tiv ity  has to  be a t t r ib u te d  to  an  analogous m ech an ism  in  the  
case o f  com plexes w ith  guest m olecules o f  d iffe ren t s tru c tu re s . B y  revea ling , 
e ith e r  th eo re tica lly  o r, a t  least, phenom enolog ica lly , th e  c o rre la tio n  betw een  
th e  induced  CD sp ec tru m  an d  th e  s tru c tu re  o f  th e  com plex, as well as th e  n a tu re  
o f th e  electronic tra n s itio n s  o f th e  guest m olecule, th e  record ing  o f  CD sp ec tra  
can  serve as a sim ple too l to  e s tim a te  e ith e r  th e  s tru c tu re s  o f  c y c lo d ex tr in  
com plexes or th e  p o la riz a tio n  of th e  tra n s i t io n s  in  th e  guest m olecu le .

B ecause o f th e  large  size of cy c lo d e x tr in  com plexes, an  e x a c t th e o re tic a l 
ca lcu la tio n  of th e  ro ta tio n a l s tren g th s  co n n ec ted  w ith  th e  e lec tro n ic  tra n s i­
tio n s seems a t  p re se n t to  be o u t o f th e  scope o f q u an tu m  ch em ica l m ethods 
even  a t  th e  sem iem pirica l level. F o r c a lc u la tin g  th e  induced  C o tto n  effects

* To w hom  correspondence  should  be ad d ressed
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o f  th e  cy c lodex trin  co m p lex es  of some n a p h th a le n e  d eriva tives, H arata a n d  
U e d a ir a  [7] used th e  T inoco  [10] fo rm u la tio n  o f  th e  coupled  oscilla tor m odel 
o f  K irkwood [11]. T h e  sa m e  m ethod  w as a p p lie d  b y  Sh im iz u  et al. [8] in  
th e i r  calcu la tions on  th e  com plexes o f s u b s ti tu te d  benzene d e riva tives. F ro m  
a  co m p ariso n  of th e  signs o f  experim en ta l CD b a n d s  w ith  those  of th e  r o ta t io n ­
a l s tre n g th s  ca lcu la ted  fo r  com plexes o f d iffe re n t s tru c tu re s , conclusions 
h a v e  b e e n  m ade on th e  o r ie n ta tio n  of th e  g u est m olecu les in  th e  cy c lo d e x trin  
c a v i ty  [7, 8]. In  sp ite  o f  th e  “ q u a lita tiv e”  success o f these  ca lcu la tions, no  
q u a n t i ta t iv e  ag reem en t w ith  th e  exp erim en ta l d a ta  can  be expec ted  fro m  
th e m , because of th e  c ru d e  sim plifications in v o lv e d  in  th e  coupled o sc illa to r 
m o d e l. O n the  o th e r h a n d , in  our opinion, a s im p le  q u a lita tiv e  m odel, b a sed  
also  o n  th e  classical e le c tro d y n a m ica l p rincip les o f  th e  coupled oscilla tors a n d  
c o m p le te d  w ith  q u a n t i ta t iv e  fea tu res ta k e n  fro m  experim en ts, m igh t be o f  
th e  sam e  p red ic ting  c a p a b i l i ty  as the  ra th e r  co m p lica ted  and  s till u n e x a c t 
c a lc u la tio n s  and, a t  th e  sa m e  tim e , m ight be  m o re  easily  applicable in  s tu d ie s  
a im e d  a t  co rre la ting  s t r u c tu r e  and  ch iro p tica l p ro p ertie s  of cy c lo d ex trin  
co m p lex es.

B ased  on the  a n a ly s is  o f experim en ta l re su lts  ob ta ined  from  th e  CD 
s p e c tra  of inclusion co m p lex es  of simple a ro m a tic  com pounds w ith  /?-cyclo- 
d e x tr in  an d  its d e riv a tiv es , a n d  on a simple d e sc r ip tiv e  m odel of induced  o p tic a l 
a c t iv i ty ,  in  th e  p re se n t p u b lic a tio n  we p ro p o se  a ru le  for expressing th e  
co rresp o n d en ce  b e tw een  th e  s tru c tu re  an d  th e  CD sp ec tra  of c y c lo d ex tr in  
co m p lex es of a rom atic  m olecules.

Materials and M ethods

F o r  the  p rep ara tio n  o f th e  com plexes /5-су clo d e x tr in , 2 ,6 -dim ethyl-/5-cyclodextrin  [12] 
a n d  a w ater-so lub le  po ly m er b u i l t  u p  of ß -cyclodex trin  re s id u es  connected  b y  glycerol epi- 
c h lo ro h y d r in  [13] were used . T h e  /5-cyclodextrin c o n te n t o f th e  po lym er was of a b o u t 5 0 % . 
T h e  a d v a n ta g e  of using th e  a b o v e  /5-cyclodextrin d e r iv a tiv e s  in s te a d  of /5-cyclodextrin lies in  
th e  h ig h e r  w a ter so lubility  o f th e  fo rm e r com pounds. W ith  so lu tio n s  o f  re la tive ly  h igh c o n c e n tra ­
t io n  o f th e  host, it is easier to  c re a te  th e  conditions n eed ed  fo r  p ra c tica lly  com plete com p lex a- 
t io n  e v e n  of guests w ith  low  c o m p lex in g  ability . S im ple a ro m a tic  hydrocarbons like b en zen e  
a n d  i ts  hom ologues, w hich c a n n o t b e  dissolved a t  a n y  su ita b le  co n cen tra tio n  in  th e  s a tu ra te d  
so lu tio n  o f ß -cyclodextrin , c an  e as ily  be b rough t to  c o m p le x a tio n  w ith  a 10% so lu tion  o f th e  
/5 -cyc lodex trin  polym er. T h e  l a t t e r  so lu tions were p re p a re d  b y  add ing , w ith a p ip e tte  o f 0.1 
//L  sca le , 2 — 3 [iL (2 -3  • 10 ~5 m ole) o f the  a ro m atic  h y d ro c a rb o n  to 10 m L  of a 11 .3%  
a q u e o u s  so lu tion  of th e  p o ly m e r ( a b o u t  5 • 10 ” 2 m ole/L  fo r /5-cyclodextrin). A fter sh ak in g  fo r 
a few  seconds, th e  so lu tions b e c a m e  hom ogeneous. B ecau se  o f  th e  in accura te  a d d itio n  o f th e  
so lu te , th e  concen tra tions o f  th e  a rom atic  h y d ro c arb o n s  in  th ese  solutions (2 —3 • 1 0 -3 
m o le /L ; [/5-CD]/[arom] ~  20) w ere  on ly  know n w ith in  a n  e x p e rim e n ta l error o f a b o u t 1 0% . 
T h e  U V  a n d  th e  CD sp ec tra  w ere  m easu red  by using  th e  sa m e  so lu tions, therefore  th e  v a lu e s  
o f th e  a n iso tro p y  n u m bers (g — A e/e)  are more co rrec t th a n  th o se  of A e  and  e them se lv es . 
T h e  c o m p lex  of n a p h th a len e  w as p re p a re d  by add ing  38 /nh o f  a  10%  solution of n a p h th a le n e  
in  t r im e th y l  phosphate  to  10 m L  o f  a 11.3%  solution o f /5 -cyc lodex trin  polym er ( [n a p h th a le n e ]  
== 3 • 1 0 _3 mole/L). In  th e  e x p e rim e n ts  w ith  2 ,6 -d im ethy l-/5 -cyclodextrin , 10-3 m o la r so lu ­
tio n s  o f  th e  guest su b stan ces ( s u b s ti tu te d  benzene d e r iv a tiv e s )  in  a 5 • 10_2 m olar so lu tio n  
o f 2 ,6 -d im ethy l-/5 -cyclodextrin  in  w a te r  were used. T h e  co m p lex es o f 1- and 2 -n ap h th o l w ere 
p re p a re d  b y  m ixing eq u al v o lu m e s  of a 2 • 10 “ 2 m o la r so lu tio n  of /5-cyclodextrin (o v e r­
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s a tu ra te d )  and  a  10 ~3 m o la r so lu tion  of th e  n a p h th o l in  w a te r ([n a p h th o l]  =  5 • 10 _4, [/3-CD] =  
=  1 0 ~2 m o le /L ; [/?-C D ]/[naphthol] =  20). In  th e  case o f th e  p re p a ra tio n  o f th e  com plex of 
v ita m in  K 3, to  1.72 mg (0.01 m m ole) o f th e  su b s tan ce  dissolved in a few  d ro p s  o f e thanol was 
ad d ed  20 m L o f a 1 0 ~2 m o la r /?-cyclodextrin  so lu tion  ([v ita m in  K 3] =  5 • 1 0 ~4 m ole/L; 
[ß -C D ]/[v it] =  20). T he so lu tio n s o f th e  com plexes were p rep ared  a t  le a s t  tw o  hours before 
th e  m easu rem en t.

T he UY an d  CD sp ec tra  w ere m easu red  a t  a m b ien t te m p e ra tu re  in  q u a r tz  cells using 
a SP E C O R D  sp e c tro p h o to m ete r an d  a R oussel Jo u a n  D ich rograph  №  I I I  (Jo b in  Yvon), 
respec tive ly .

Results

(1) Inclusion complexes o f  aromatic hydrocarbons and ß-cyclodextrin polymer

T he UV and  CD d a ta  o f th e  inc lusion  com plexes o f  b en zen e , toluene, 
t-b u ty lb en zen e , p -x y len e , 1,2,3,5- an d  1 ,2 ,4 ,5 -te tram e th y lb en zen e , an d  naptha- 
lene w ith  /S-cyclodextrin po lym er are  sum m arized  in  T ab le  I .  T h e  spectra  of 
benzene and its  hom ologues w ere reco rded  only in th e  w a v e le n g th  range of 
280—230 nm . A t low er w av e len g th s  th e  sp ec tra  are too  n o isy  an d  could not 
be  ev a lu a ted  co rrec tly . U nder ex p erim en ta l cond itions u sed  fo r th e  other 
m easu rem en ts , o- an d  m -xylene failed  to  form  com plexes o f  m easu rab le  CD 
effect.

T he CD sp ec tra  o f  th e  com plexes show  th e  v ib ra tio n a l f in e  struc tu res 
c h a ra c te ris tic  o f th e  lL b b a n d  o f  a ro m atic  hyd ro carb o n s. A s an  exam ple, the 
U V  an d  CD sp ec tra  o f  th e  com plex  o f jp-xylene are show n in  F ig . 1. Also the

Fig. 1. CD ( -----) an d  UV (--------) sp ec tra  o f th e  inclusion  com plex o f p -x y le n e  and  /1-cyclo­
d e x trin  po ly m er in  w a ter
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T able  I

CD a n d  U V  data o f inclusion com plexes o f  aromatic hydrocarbons w ith  ß-cyclodextrin polym er
in  water

Guest molecule Ä, nm (Je) Л, nm(e) Je
* =  —  * 1 ° '

261 (-0 .0 0 5 4 ) 261 (160) - 0 .3 4

255 (-0 .0 0 7 6 ) 255 (230) - 0 .3 3

B en zen e 249 (-0 .0 0 6 4 ) 249 (200) - 0 .3 2

244 (-0 .0 0 4 5 ) 244 (140) - 0 .3 2

239 (-0 .0 0 3 4 ) 239 (100) - 0 .3 4

269 (-0 .0 2 3 ) 269 (240) - 0 .9 6

T o luene 263 (-0 .0 2 3 ) 262 (250) - 0 .9 2

256 T p о со 256 (160) - 0 .8 1

268 (-0 .0 2 2 ) 268 (150) - 1 .4 7

i-B u ty lb e n ze n e 261 (-0 .0 2 2 ) 261 (190) — 1.16

255 (-0 .0 1 3 ) 255 (150) -  0.87

275 (-0 .0 6 1 ) 275 (620) 0.98

p -X y le n e 268 (-0 .0 5 7 ) 268 (500) 1.14

261 (-0 .0 3 4 ) 260 (330) 1.03

278 (-0 .0 2 3 ) 278 (210) - 1 .1 0
1 ,2 ,3 ,5 -T etram ethy lbenzene

269269 (-0 .0 2 1 ) (250) - 0 .8 4

279 (+0.031)

(+0.021)

279 (580) +  0.53
1 ,2 ,4 ,5 -T etram ethy lbenzene

271 273 (540) +  0.39

312 (-0 .0 1 9 ) 312 (170) - 1 .1 2

305 (-0 .0 1 9 ) 304 (230) - 0 .8 3

298s (-0 .0 3 4 ) 297s (320) - 1 .0 6
N a p h th a le n e

- 1 .0 3286 ( -0 .4 0 ) 286 (3900)

278 ( -0 .4 7 ) 276 (5700) - 0 .8 2

267s ( -0 .2 3 ) 266 (5100) - 0 .4 5

U Y  d a t a  given in T able I  a re  o u r own m easu rem en ts . T h e  values agree, in  
m o s t c a se s , quite well w ith  th o s e  found  in the  l i te r a tu r e  [14, 15] for e thano lic  
so lu tio n s . Some differences in  th e  e values m ay b e  a t t r ib u te d  e ither to  th e  
sp e c ia l so lva tiona l s ta te  o f  t h e  g u e s t molecules in  th e  cy c lo d e x trin  cav ity , or 
to  e x p e rim e n ta l inaccuracies o ccu rrin g  in  th e  p re p a ra t io n  o f th e  so lu tions 
(see ab o v e ).
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T he CD sp e c tru m  o f th e  /3-cyclodextrin  com plex  o f n a p h th a le n e  was 
m easu red  dow n to  250 n m  (T able I). In  th is  sp e c tra l range  tw o b an d  system s 
ap p ear. The p o sitio n s o f  th e  v ib ron ic  co m p o n en ts  o f b o th  h an d s co rrespond  
to  th o se  found in  th e  U V  sp ec tru m  m easu red  in  e th an o l [15]. B elow  258 nm  
th e  CD of th e  n a p h th a le n e  com plex is p o s itiv e . T h is accoun ts for th e  sm aller 
g  va lu e  of th e  267 n m  shou lder. In  th e  UV sp e c tru m  th e  overlap p in g  o f th e  
v e ry  in tensive  1B  b a n d  [16] w ith  th e  low er w av e len g th  p a r t  o f th e  1L a b an d  
causes th e  e v a lu es  o f  th e  la t te r  to  increase . I n  th e  CD sp ec tru m , how ever, 
th e  s itu a tio n  is ju s t  th e  opposite  w ith  th e  s tro n g  p ositive  CD b an d  o f low 
w aveleng th  sh iftin g  th e  neighb o u rin g  p a r t  o f  th e  1L a b an d  to w ard s th e  positive  
d irec tio n  and re su ltin g  in  a sm aller n eg a tiv e  v a lu e  o f Ae  a t  267 nm .

(2) Inclusion complexes o f  mono- and disubstituted benzene derivatives with
2 ,6 -dimethyl-ß-cyclodextrin

T he UV an d  CD d a ta  o f th e  t i t le  su b s ta n c e s  in v es tig a ted  b y  us can  be 
found  in  T able I I .  T h e  UV d a ta  re la tin g  to  e th an o lic  so lu tions h av e  been  ta k e n  
from  th e  l i te ra tu re  [14]. As it  was d e te rm in ed  b y  sy stem atic  ex p erim en ts  
using  so lu tions o f  d iffe ren t co n cen tra tio n s a n d  d iffe ren t [h o st]/[g u est] ra tio s , 
th e  induced  o p tica l a c t iv i ty  (Ae) show n by  th e  so lu tions used  for th e  m easu re­
m en ts  was o f m a x im a l in te n s ity , in d ica tin g  th a t  p ra c tic a lly  th e  to ta l  am o u n t 
o f  th e  aro m atic  co m p o n en t w as bound  in  th e  com plex .

In  several cases, in s te a d  o f w a te r, a d ilu te  so lu tio n  o f  hyd ro ch lo ric  acid 
(p H  2) or of sod ium  h y d ro x id e  (pH  12) w as u sed  fo r p rep a rin g  th e  com plexes, 
b u t  no sy s tem a tic  ex p erim en ts  w ere perfo rm ed  to  in v es tig a te  th e  p H  d ep en d ­
ence o f  th e  c h iro p tic a l p ro p erties . As a re su lt o f  th ese  q u a lita tiv e  ex p erim en ts  
it  w as found t h a t  n e ith e r  phenol in  basic so lu tio n , n o r aniline in  acid ic so lu tio n  
form  com plexes w ith  d im ethy l-/?-cyclodex trin  in  an y  d e tec tab le  m easure . In  
th e  case of th e  am inobenzo ic  acids, how ever, th e  shape o f th e  CD sp ec tru m  
does n o t change on  p ro to n a tio n  o f th e  am ino  g ro u p , on ly  th e  in te n s ity  o f  th e  
b an d s  is so m ew hat reduced .

The CD sp e c tra  o f th e  2 ,6 -d im ethyl-/3-cyclodextrin  com plexes o f phenol, 
an iline  and , in  p a r tic u la r , o f benzoic acid a re , in  th e  positions o f  th e ir  b ands 
as well as in  th e ir  in te n s ity , very  sim ilar to  th o se  described  by  S h i m i z u  et al.
[8] for th e  com plexes o f  u n su b s titu te d  /3-cyclodextrin  w ith  th e  sam e com ­
pounds.

I t  is re m a rk a b le  th a t  th e  CD sp ec tru m  o f th e  com plex o f an th ran ilic  
acid  is com plete ly  d iffe ren t from  those  o f  th e  o th e r  a ro m atic  com pounds s tu d ­
ied by  us. T he tw o  m ax im a  app earin g  in  th e  CD sp ec tru m  a t th e  w aveleng ths 
o f  th e  firs t tw o UV b an d s  assigned to  th e  1L b a n d  1L a ty p e  tra n s itio n s  are bo th  
o f  positive sign  an d  o f  low  in te n s ity . Also th e  g  va lues of these  CD b an d s  are 
sm all as com pared  w ith  th o se  o f th e  o th e r com plexes o f th is  ty p e .
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T a b ic  I I

CD a n d  U V  data o f inclusion complexes o f  mono- and disubstituted benzene derivatives with,
2,6- dim ethyl-ß-cyclodextrin in  water

Guest molecule Л, nm (Je) Л, nm (e)
J e

g  =  ----- X 10«
e

P h e n o l 272 ( -  0.14) 273 (1 900) - 0 .7 4

A niline 287 ( 0.10) 285 (1 740) - 0 .5 7

B enzoic  acid
280 ( —0.08) 

233 (+ 2 .3 2 )

280 (815) 

228 (11 400)

- 0 .9 8  

+  2.04

2 -H y d ro x y b en zo ic  acid
304 ( - 0 .2 1 )  

240 (+ 1 .2 2 )

302 (4 170) 

234 (7 420)

- 0 .5 0  

+  1.64

3 -H y d ro x y b en zo ic  acid
297 ( - 0 .2 6 )  

242 (+ 1 .5 4 )
296 (2 760) 

234 (6 900)

- 0 .9 4  

+  2.23

4 -H y d ro x y b en zo ic  acid
256 (+ 3 .3 8 )  

208 ( 7.30)

254 (14 100) 

212 (10 700)

+  2.40 

6.82

2-A m inobenzoic  acid
340 (+ 0 .0 9 )a 

247 (+ 0 .2 9 )

332 (4 500) 

247 (6 700)

+  0.20 

+  0.43

4-A m inobenzoic  acid 287 (+ 2 .6 6 )b 288 (19 000) +  1.40

a a t  p H  2: 340 (+ 0 .0 5 )  
b a t  p H  2: 287 ( +  1.28)

3) In c lu s io n  complexes o f  1-naphthol and 2-naphthol with ß-cyclodextrin

T h e  c h a rac te ris tic a lly  d iffe re n t CD sp ec tra  o f  th e  inc lusion  com plexes 
o f  th e  tw o  n ap h th o l isom ers w ith  /f-cyclodex trin , to g e th e r  w ith  th e  co rre sp o n d ­
in g  U V  sp ec tra , are show n in  F ig . 2. The sp e c tra l d a ta  are  su m m arized  in  
T a b le  I I I .  T he /i-cyc lodex trin  com plex  of 2 -n ap h th o l has also been  s tu d ie d  by  
H a r a t a  [9] w ith  sim ilar re su lts .

I n  accordance  w ith  th e  th r e e  b an d s  in  th e  UV sp ec tru m , th e  CD sp e c tru m  
o f 2 -n a p h th o l  exhib its th re e  in d u ced  C o tto n  effects w ith  m ax im a a t  329, 287 
an d  225 n m . The f irs t tw o  b a n d s  belonging  to  th e  xL b and xL a tra n s it io n s  are 
o f  n e g a tiv e  sign, while th e  th i r d  one o f  B b o rig in  is positive . T he a n iso tro p y  
n u m b e rs  o f  th e  neg a tiv e  b a n d s  are  o f  a b o u t th e  sam e va lu e  ( — 1.16 and  
— 1.26 • 1 0 ~ 4), b u t th a t  o f th e  p o s itiv e  b an d  is som ew hat h igher (-(-1.64 • 1 0 -4).
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F ig. 2. CD ( -----) a n d  UV (--------) sp ec tra  o f th e  in c lu sio n  com plexes of 1 -n a p h th o l ( to p ) and
2 -n a p h th o l (b o tto m ) w ith  /9-cyclodextrin  in  w a te r . (T he scale a t  th e  left re fe rs  to  th e  left 

side p a r t  o f th e  sp ec tra , th a t  a t  th e  r ig h t  to  th e  r ig h t side p a r t)

In  th e  UY sp ec tru m  o f 1 -nap h th o l, th e  f ir s t  tw o bands are  o v erlap p in g  
each  o th e r, nev erth e less , th e  v ibronic  co m p o n en ts  o f th e  1L b b a n d  c a n  be  well 
d is tin g u ish ed  o n  th e  long w aveleng th  side o f  th e  m ore in ten siv e  1L a b an d . 
I n  th e  sh o rt w av e len g th  reg ion  o f  th e  U V  sp ec tru m  tw o d is tin c t m a x im a  can 
be  found  assigned to  m ix tu res  o f severa l tra n s it io n s  [17]. In  c o n tra s t  to  th e ir  
s tro n g  overlap p in g  found  in  th e  UV sp e c tru m , th e  xL b and  1L a tra n s it io n s
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T ab le  Ш

CD a n d  U V  data o f  inclusion complexes o f  1-naphthol and  2-naphthol w ith ß-cyclodextrin in  water

G uest molecule Л, nm  (/de) Л, nm  (e)
Ae

g = -----X 104
e

324 (+ 0 .3 4 ) 324 (3 180) +  1.07

317 (+ 0 .1 0 ) 315 (3 600) + 0 .2 8

311 (+ 0 .0 7 ) 309 (4 400) + 0 .1 6

l-N a p h th o l
295 ( - 0 .2 7 ) 296 (5 480) - 0 .4 9

285s ( - 0 .1 5 ) 284s (4 580) - 0 .3 3

260 (+ 0 .1 0 )

234 (+ 6 .8 8 ) 234 (30 900) +  2.23

215 (+ 7 .2 0 ) 214 (33 200) + 2 .1 7

329 ( - 0 .2 3 ) 330 (1 980) - 1 .1 6
319s ( - 0 .1 7 ) 319 (1 720) - 0 .9 9
287 ( - 0 .6 0 ) 287 (4 740) - 1 .2 6

2-N ap h th o l 276s ( - 0 .3 1 ) 275 (5 840) - 0 .5 3

265s (+ 0 .2 5 ) 266 (5 000) + 0 .5 0

257 (3 860)
225 (+ 1 1 .5 0 ) 226 (70 000) -4-1.64

a p p e a r  in  th e  form  o f tw o w ell se p a ra te d  m a x im a  o f opposite  sign in  th e  CD 
s p e c tru m  o f  th e  /J-cyclodextrin  com plex  of 1 -n a p th o l. T he longest w av e len g th  
CD b a n d  (a t  324 nm ) is o f  p o s itiv e  sign w h ereas  th e  n e x t one (a t  295 nm ) 
is n e g a t iv e .  T he fine  s tru c tu re s  o f  th e  CD b a n d s  a re  in  good co rre la tio n  w ith  
th o se  o f  th e  U V  bands. T he tw o  sh o rt w av e len g th  U V  m ax im a also h a v e  th e ir  
e q u iv a le n ts  in  th e  CD sp e c tru m , b o th  o f  th e m  o f  p o sitiv e  sign. The a n iso tro p y  
v a lu e s  b e lo n g in g  to  th e  in d iv id u a l v ibronic co m p o n en ts  o f th e  f irs t b a n d  a p p a r ­
e n tly  d ec rea se  w ith  decreasing  w aveleng ths. T h is an o m aly  can  be a t t r ib u te d  
to  t h e  s tro n g  overlapp ing  o f th e  in ten siv e  гЬ а b a n d  w ith  th e  sh o rt w av e len g th  
c o m p o n e n ts  of th e  1L b b an d  in  th e  UV sp e c tru m . T herefo re  th e  e va lu es  re a d  
d ire c t ly  f ro m  th e  spec tru m  a re  m uch  h ig h er th a n  th e  rea l in te n s ity  o f  th e se  
b a n d  co m p o n e n ts . I t  is o n ly  th e  g  v a lue  o f  th e  w ell sep a ra ted  f irs t  v ib ro n ic  
c o m p o n e n t (-(-1.07 • 10-4) w h ich  can  be co n sid e red  as th e  a n iso tro p y  o f  th e  
f i r s t ,  p o s it iv e  b an d . The n e g a tiv e  b an d  assigned  to  th e  1L a tra n s itio n  is r a th e r  
w e a k  as  co m p ared  w ith  th e  in te n s i ty  of th e  co rresp o n d in g  UV m ax im u m . I ts  
g  v a lu e  am o u n ts  to  on ly  — 0.49 • 10 _4. T he twm in ten s iv e  positive b a n d s  a t  
s h o r t  w a v e le n g th s , how ever, a re  o f h igh g  v a lu es  ( +  2.2 • 1 0 -4).
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(4) Inclusion  complex o f  v itam in  K 3 (2 -m e th y l-1 A-naphllioquinone)  w ith  ß-cyclo- 
dextrin

T his com plex  f irs t  p rep ared  b y  F r ö m m in g  and S a n d m a n n  [18], and 
in v es tig a ted  by  S z e j t l i  et al. [19] in  c o n n e c tio n  w ith efforts to  p ro v id e  p h a rm a ­
cologically  ac tiv e  substances w ith  a p ro te c tin g  capsule of m o le c u la r  size, can 
also be chosen  as a su b stan ce  for th e  s tu d y  o f th e  co rre la tio n  b e tw e e n  s tru c ­
tu re  an d  ch iro p tica l p ro p erties  o f  c y c lo d e x tr in  com plexes w ith  a ro m a tic  m ole­
cules. T he CD and UV sp ec tra  o f  th e  aqueous solution o f th e  co m p lex  are 
show n in  Fig. 3. The sp ec tra l d a ta  a re  sum m arized  in  T ab le  IV . I n  add ition

Fig. 3. CD ( ) and  UV (------- ) sp ec tra  o f  th e  inclusion  com plex of v i ta m in  K :! (2-m ethyl-
1,4 -n ap h th o q u in o n e) w ith  /?-cyclodextrin in w a ter

to  th e  values o f  e, Ae and  g , th e  d ire c tio n s  of po larization  o f  th e  electronic 
tra n s it io n s  responsib le  for th e  in d iv id u a l b an d s  are also g iv en  in  th e  Table 
(II and  J_ in d ica tin g  th e  d irec tio n  o f  p o la riz a tio n  to  he p a ra lle l w ith  or per­
p en d icu la r  to  th e  long axis o f  th e  n a p h th o q u in o n e  m olecule).

T h e  m axim a app earin g  in  th e  CD sp ec tru m  correlate  w ell w ith  th e  cor­
re sp o n d in g  UV b ands. T he b a n d  belo n g in g  to  the  e lec tr ica lly  fo rb idden  
n  —*■ л*  tra n s it io n  o f th e  ca rb o n y l g ro u p s  appears around 420 n m  in  th e  form 
o f a h a rd ly  d e tec tab le  shou lder in  th e  U V  spectrum  and o f a v e ry  w eak  and 
b ro a d  n eg a tiv e  m ax im um  in th e  CD. (B ecause  of its low in te n s i ty , th is  band 
is n o t in d ica ted  in  Fig. 3.) H ow ever, th e  g  value of th is b an d  is fa ir ly  h igh in 
co m p ariso n  w ith  tho se  o f th e  o th e rs . I t  is very  probable t h a t  th is  va lue  is
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T able IV

CD and U V  data o f the inclusion  complex o f vitam in K 3 (2 -m e th y l- l ,■i-naphthoquinone) w ith
ß-cyclodextrin in water

Band A, nm Ae e
Ae

g =  -----  x 10-6
Polariza­

tion

П -*■ 71* 430 - 0 .0 3 50 —  6.00 1

l L „ 334 +  0.51 2 500 +  2.04 II

XK 266 - 1 .4 2 15 000 - 0 .9 5 _L

В ь 241 +  3.35 17 000 +  1.97 'I

u n re a lis tic , resu lting  on ly  fro m  th e  fact th a t  th e  e v a lu e  o f  th e  shoulder c a n n o t 
be d e te rm in ed  co rrec tly  w ith o u t perform ing a  c u rv e  reso lv ing  p rocedure . I t  
is w o r th y  o f no te  t h a t  th e  m agn itudes o f th e  g  v a lu e s  belonging to  th e  tw o  
p o s itiv e  CD bands a t  334 a n d  241 nm are tw o  tim e s  g re a te r  th a n  th a t  o f  th e  
n e g a tiv e  b an d  a t 266 n m .

T h e  positive m a x im u m  appearing  a t 334 n m  in  th e  CD and UV sp ec tru m  
ca n  be  assigned to  a t r a n s i t io n  localized m ain ly  o n  th e  benzene ring and  p o la r ­
ized  p a ra lle l to  th e  long ax is  o f  th e  molecule [20]. T h is  c a n  be regarded  as th e  
1L b tra n s it io n  of an  ortho d isu b s titu te d  benzene d e r iv a tiv e . The m axim um  o f 
n e g a tiv e  sign found a ro u n d  260 nm  in the  CD s p e c tru m  is com posed o f sev era l 
t ra n s it io n s  [21 — 23]. T h e  m o s t in tensive o f th e m  c a n  be a ttr ib u te d  to  th e  
q u in o n e  chrom ophore w ith  a  po larization  a long  th e  ax is  of the  tw o c a rb o n y l 
g ro u p s, i.e. pe rp en d icu la r to  th e  long axis o f  th e  n a p h th a le n e  ring. B ecause  
o f  i ts  in te n s ity  and  p o la r iz a tio n , th is “ q u in o n o id ”  b a n d  is often  re fe rred  to  
as th e  iL a band  of I he n a p th a le n e  chrom ophore  [20]. The highest en erg y  
b a n d  system  has been  a ss ig n ed  to  tran sitio n s an a lo g o u s  to  the  d eg en era ted  
1B  t r a n s it io n  pair o f  b en z e n e  [20]. The m ain  c o m p o n e n t of th is  b and  sy stem  
is considered  again as o r ig in a tin g  m ainly from  a “ b e n z e n o id ”  tran sitio n  po larized  
p a ra lle l to  th e  long ax is o f  th e  molecule [21 — 23]. T h e  CD w ith in  th is  la s t 
b a n d  is ra th e r  in ten siv e  a n d  o f  positive sign.

Discussion

I n  inclusion co m p lex es, th e  electronic sy s te m  o f  th e  achiral guest m o le­
cu le  an d  th a t  of th e  ch ira l cy c lo d ex trin  are in  in te ra c tio n , therefore, th e  to ta l  
sy s te m  being ch iral, all th e  tran sitio n s a t t r ib u te d  to  th e  com plex as a w hole 
m u s t  in  princip le be c o n n e c te d  w ith  ro ta tio n a l s t r e n g th  [24].
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In  th e  sim plified  p ic tu re  o f th e  ex c ited  s ta te s  used for ra tio n a liz in g  th e  
ex p e rim en ta l fa c ts  in  chem ical sp ec tro sco p y , how ever, th e  ch an g e  caused  by 
e x c ita tio n  on  th e  s ta te  o f  th e  electron ic  sy s tem  is usually  considered  as localized 
to  th e  ch ro m o p h o re , i.e. to  a sm aller o r la rg e r p a r t  o f th e  w hole m olecu le  [25]. 
In  th e  inc lu sio n  com plexes o f cy c lo d ex tr in s  w ith  arom atic  g u es ts , th e  la t te r  
can  be reg a rd ed  as th e  ch rom ophores responsib le  for th e  tra n s i t io n s  assigned 
to  th e  a b so rp tio n  b an d s above 200 n m . T h is sim plification  seem s to  be ju s t i­
fied  b y  th e  close s im ila rity  in  th e  p o sitio n s an d  in tensities o f  th e  b a n d s  found 
in  th e  an iso tro p ic  ab so rp tio n  sp e c tra  o f  so lu tions of th e  com plexes as well as 
in  th o se  o f  th e  gu est m olecules th em se lv es . I n  th is  respect th e  e ffec t o f  th e  
en v iro n m en t rep re sen ted  by  th e  h o st c a n n o t be regarded  as be ing  s ig n ifican tly  
d iffe ren t from  th a t  o f a com m on so lv en t (e.g. alcohol or e th e r). N ev erth e less , 
th e  a p p ea ran ce  o f  c ircu lar d ichro ism  w ith in  th e  abso rp tio n  b a n d s  assigned 
to  the  tra n s it io n s  o f th e  in h e ren tly  ac h ira l a ro m atic  guest in d ic a te s  t h a t  the  
e lec tron ic  sy s tem  o f th e  ch iral h o s t, to o , m u s t ta k e  some p a r t  in  th e se  t r a n ­
sitions.

Since no  ex ac t d escrip tion  o f  th e  g ro u n d  and  excited  s ta te s  o f such  a 
big e lec tron ic  sy s tem  as a w hole com plex , can , a t  p resen t, be ach iev ed  b y  the  
m ore so p h is tic a te d  m ethods o f q u a n tu m  ch em is try , for so lv ing p ro b lem s like 
th is , th e  sim plified  ap p ro x im atio n s o f  th e  p e r tu rb a tio n  th e o ry  a re  u sually  
em ployed  [10, 26]. A ccording to  th is  th e o ry , th e  electronic tra n s i t io n s  o f  an 
in h e re n tly  ach ira l ch rom ophore  can  acq u ire  th e  m issing t r a n s i t io n  m om ent 
(in th is  case th e  m agnetic  one) n ecessa ry  to  ren d er th e  ro ta t io n a l  s tre n g th  
nonzero , by  in te ra c tin g  w ith  th e  tra n s it io n s  o f  o th e r ch rom ophores arranged  
ch ira lly  w ith  re sp ec t to  i t  w ith in  or a ro u n d  th e  molecule.

F o r in te rp re tin g  th e  induced  o p tic a l a c tiv ity  of the  inc lu sio n  com plexes 
o f a ro m a tic  guests  and  cy c lo d ex trin  h o s ts , H a r a t a  and U e d a i r a  [7], and 
using  th e ir  m e th o d , also Sh i m i z u  et al. [8],  have applied th e  sim p le  m odel 
o f coup led  o sc illa to rs described f ir s t  b y  K u h n  [27] and b y  K i r k w o o d  [11], 
and  in c o rp o ra te d  la te r  in  p e r tu rb a tio n  th e o ry  by  T in oco  [10]. T h is m odel 
is based  on th e  d ipo le—dipole in te ra c tio n  be tw een  th e  electric t r a n s i t io n  dipole 
m om en t o f th e  a ro m a tic  guest m olecule a n d  th e  w eak electric m o m e n t induced  
b y  th e  o sc illa tin g  electric  fie ld  o f  lig h t in  th e  ст-bonds of th e  c h ira lly  a rranged  
a-D -glucosyl residues o f th e  c y c lo d ex trin  h o s t. T he resu lts o f ca lc u la tio n s  p e r­
form ed b y  a p p ly in g  th is  m eth o d  to  th e  com plexes of a n u m b er o f  su b s ti tu te d  
n a p h th a le n e  [7] and  benzene d e riv a tiv e s  [8] are in  q u a lita tiv e , b u t  n o t  in  re liab ly  
good q u a n ti ta t iv e ,  ag reem en t w ith  th e  exp erim en ta l d a ta . As a  m a tte r  of 
fa c t, no re liab le  num erica l re su lts  on  su ch  an  in tr ic a te  p hysica l q u a n t i ty  as 
th e  ro ta tio n a l s tre n g th , can  be ex p ec ted  from  a calcu la tion  in v o lv in g  crude 
sim p lifica tio n s. N evertheless, th e  in v e s tig a tio n s  of th e  J a p a n e s e  au th o rs  
[7, 8] h av e  show n th a t  th e  coupled o sc illa to r m odel can  well be u sed  to  exp la in  
th e  m a in  fe a tu re s  o f th e  op tical a c tiv ity  in d u ced  in  th e  cy c lo d ex trin  com plexes
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o f a ro m a tic  m olecules. B u t, since th e  ap p lica tio n  o f  th e ir  m ethod  to  o th e r  
co m p o u n d s requ ires r a th e r  laborious and s till in a c c u ra te  com p u ta tio n s for 
each  in d iv id u a l case, w e are  going to  give here  a q u a li ta t iv e  descrip tion  o f th e  
coup led  o sc illa to r m odel as ap p lied  to  th e  in c lu s io n  com plexes o f a ro m a tic  
m olecules an d , on th e  basis  o f  th is  m odel an d  o f e x p e rim e n ta l d a ta , to  fo rm u ­
la te  a sim p le  ru le  fo r c o rre la tin g  ihe ch irop tica l p ro p e rtie s  of th e  com plexes 
w ith  th e ir  s tru c tu re  an d  w ith  th e  n a tu re  o f  th e ir  e lectron ic  tran s itio n s . In  
our o p in io n , th is  sim ple  ru le  can  be m ore easily  an d  generally  app lied  in  
p ra c tic e  th a n  th e  ca lcu la tio n s  and , a t th e  sam e t im e , w ith  alm ost th e  sam e 
re lia b ility .

The descriptive model and  the sector rule

A cco rd in g  to  th e  m odel o f  coupled oscilla tors [11, 28], an  op tica lly  ac tiv e  
sy s tem  is com posed o f  (a t  leas t)  tw o oscilla ting  e lec tr ic  dipoles w hich m u s t 
n o t be  e ith e r  co p lan ar or p e rp en d icu la r s im u lta n e o u s ly  to  each o th e r an d  to  
th e  line  co n n ec tin g  th e ir  cen te rs . T he system  fo rm ed  b y  th e  coupling o f these  
o sc illa tin g  dipoles tr ill possess n o t only  a re s u lta n t  o sc illa ting  electric m o m en t 
b u t also an  osc illa ting  m ag n e tic  m om ent, w hich, b e in g  e ith er parallel or a n t i ­
p a ra lle l to  th e  electric  m o m en t, will give rise  in  th e  system  to  a positive  or 
n eg a tiv e  ro ta tio n a l s tre n g th , respective ly . T he r e la t iv e  directions of th e  r e s u lt­
a n t e lec tric  and  m ag n e tic  m o m en ts , i.e. th e  sign  o f  th e  ro ta tio n a l s tre n g th , 
d ep en d  on  th e  sp a tia l a rra n g e m en t of the tw o o sc illa to rs .

T h e  in te ra c tio n  o f  th e  tw o  oscillating d ipo les can  be described in  th e  
fo llow ing  w ay , too . A n o sc illa to r possessing an  e lec tric  dipole m om en t can  
acq u ire  also a m ag n etic  m o m en t if  p e rtu rb ed  b y  a n o th e r  oscillating dipole. 
T he p h en o m en o n  is rec ip ro cal, i.e. th e  second o sc illa to r also gets hold of a m a g n e t­
ic m o m e n t from  th e  in te ra c tio n , being p e rtu rb e d  b y  th e  f irs t one [28].

W ith o u t en te rin g  in to  an y  details o f m a th e m a tic a l deductions, th e ir  
re su lts  c a n  be sum m arized  in  th e  following d e sc rip tiv e  form . I f  tw o oscilla to rs 
of d iffe re n t energy a re  in such  a d isposition  to  each  o th e r  th a t ,  w hen in phase,*  
th e y  d e te rm in e  a r ig h t h an d ed  helix , th e  electric  a n d  m ag n etic  m om ents re s u lt­
ing fro m  th e ir  coupling  w ill be paralle l, and th e  ro ta t io n a l  s tren g th  belonging  
to  th e  o sc illa to r o f low er energy  will be of po sitiv e  s ign  (F ig . 4a). In  the inverse  
case, i.e ., i f  th e  re la tiv e  p o sitio n  o f th e  pair o f  o sc illa to rs  can  be ch a rac te rized  
b y  a le f t h an d ed  he lix , th e  re su ltin g  electric  a n d  m agnetic  m om ents are  
a n tip a ra lle l, and  th e  ro ta tio n a l s tren g th  belonging to  th e  lower energy osc illa ­
to r  w ill be  n eg a tiv e  (F ig . 4b).** ( I t  is alw ays th e  d irec tio n  of th e  re s u lta n t

* T h a t  m ode of coup ling  o f th e  tw o oscillating d ipo les is to he chosen in  w hich  the  
d ih ed ra l ang le  o f th e  tw o d ipo le  m o m e n t vectors is sm alle r t h a n  90°.

* * T h e  ro ta tio n a l s tre n g th  be longing  to  the h igher e n e rg y  oscilla to r is alw ays of in v erse  
sign (cf. [28]), b u t  th is  is n o t  re le v a n t for th e  p re sen t d iscussion .
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Fig. 4. C o u p lin g  o f  tw o  o sc illa to r s  d e te rm in in g  a  r i g h t  h a n d e d  (a ) a n d  a  le f t  h a n d e d  (6) h e lix . 
T h e  tw o  p a irs  o f  e m p ty  a r ro w s  r e p re s e n t  th e  p a i r  o f  o sc illa to rs  in  tw o  d if fe re n t  r e la t iv e  p o s i­
tio n s , th e  c u rv e d  a r ro w s  sh o w in g  how  th e  h e lic i ty  o f  th e  g iv en  p a ir  h a s  to  b e  in te r p r e te d .  
T h e  b la c k  a rro w s  in d ic a te  th e  d ire c tio n  o f  th e  e le c tr ic  (/t) a n d  m a g n e tic  (m)  t r a n s i t i o n  m o m e n t  

v e c to rs  r e s u l t in g  f ro m  th e  c o u p lin g . ( R  m e a n s  ro ta t io n a l  s t r e n g th )

Fig. 5. D ire c tio n  o f  th e  o sc illa t in g  in d u c e d  d ip o le  a t t r ib u t e d  to  a  sing le  g lu c o se  u n i t  o f  th e
c y c lo d e x tr in  m o le c u le

elec tric  vecto r w hich is to  lie regarded  as th a t  o f  th e  p ro p ag a tio n  o f  th e  helix . 
T he d irec tio n  o f th e  m ag n e tic  m om en t can  be d e te rm in ed  hy  th e  “ r ig h t  h an d  
ru le ” .)

This q u a lita tiv e  m odel o f th e  coupled  osc illa to rs can  be ap p lied  to  the  
cy c lo d ex trin  com plexes o f  a ro m atic  m olecules. T he electric tra n s i t io n  m o m en t 
■which belongs to  a selec ted  e lectron ic  tra n s i t io n  o f  the a ro m a tic  m olecule 
occupy ing  th e  c a v ity  o f  th e  cy c lo d ex trin  h o s t c an  he regarded  as th e  o sc illa to r 
o f  low er energy. In  th e  ca lcu la tio n s o f I I a r a t a  an d  U e d a i r a  [7], th e  p e r tu rb ­
ing d ipoles, i.e. th e  o sc illa to rs o f  h igher en erg y , arc  represen ted  hy  th e  in d iv id ­
ual cr-bonds o f th e  cy c lo d ex trin  m olecule b ro u g h t in to  o sc illa tio n  b y  th e  
o sc illa ting  electric  f ie ld  o f  ligh t. T he e lec tric  m om ent be longing  to  these  
osc illa to rs are  p ro p o rtio n a l to  th e  p o la rizab ility  o f th e  in d iv idua l b o n d s . The 
m om en ts  induced  in  th e  cr-bonds o f an  in d iv id u a l a-g lucopyranose u n it ,  how ever, 
c an  he sum m ed up  to  a re s u lta n t induced  e lec tric  m om ent a t t r ib u ta b le  to  a 
glucose u n it. I t  can  easily  be seen th a t ,  in  consequence o f th e  s t ru c tu ra l  sy m ­
m e try  of th e  glucose u n it ,  th is  “ re s u lta n t”  induced  oscillator is ly in g  n ea rly  
a long  th e  line con n ec tin g  th e  C3 and  0 5 a to m s (F ig . 5). T he in d u c e d  dipoles 
be longing  to  th e  in d iv id u a l glucose u n its  o f  th e  cyclodex trin  h ost a re  reg a rd ed  
in  our m odel as “ p e r tu rb e rs ”  w hich, b y  co u p ling  w ith  th e  e lec tric  tra n s i t io n  
d ipole  o f th e  a ro m atic  gu est, give rise to  th e  ro ta tio n a l s tre n g th  o f  th e  la tte r .*

* T h e  r o ta t io n a l  s t r e n g th  a r is in g  in  th e  “ p e r tu r b e r s ”  in  co n se q u e n c e  o f  t h e  r e c ip ro c a l  
n a tu r e  o f  th e  co u p lin g  w ill n o t  b e  d e a l t  w ith  h e re .
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F ig . 6. C oupled oscilla to r sy s te m s  com posed, on th e  one h a n d , o f th e  induced dipoles o f  t h e 
in d iv id u a l  glucose u n its  o f  a  /9-cyclodextrin  m olecule ( re p re se n te d  by  b lack  arrow s) an d , on 
th e  o th e r ,  o f the  electric  t r a n s i t io n  m o m en t of th e  g u est p o la r ize d  paralle l (a) w ith  a n d  p e rp e n ­
d ic u la r  (6) to  th e  C, s y m m e try  a x is  o f th e  host (re p re se n te d  b y  e m p ty  arrow s). F o r  d e ta ils ,

see te x t

I f  th e  d irection  o f  th e  tra n s itio n  dipole m o m e n t due to  the  in v e s tig a te d  
e le c tro n ic  tran s itio n  o f th e  a ro m a tic  guest o ccu p y in g  th e  cav ity  of th e  /9-cyclo­
d e x tr in  m olecule coincides w ith  th e  C7 sy m m etry  ax is  o f th e  la tte r , th e  re la tiv e  
p o s itio n s  o f the  coup led  o sc illa to r pairs com p o sed , on  th e  one h a n d , o f  th e  
c e n tr a l  dipole o f th e  a ro m a tic  tran s itio n  a n d , o n  th e  o ther, of th e  induced  
d ip o le  o f  any  of th e  in d iv id u a l  glucose u n its  d e te rm in e , w hen in  phase , a r ig h t 
h a n d e d  helix  (Fig. 6a). T h e re fo re , th is  geom etric  a rra n g e m e n t o f th e  tr a n s it io n  
m o m e n ts  of the  guest an d  o f  th e  “ p e rtu rb e rs”  in  th e  h o st induces a ro ta tio n a l 
s t r e n g th  o f positive sig n  in  th e  discussed tr a n s i t io n  o f  th e  arom atic  m olecule.

I t  is to  be ex p ec ted  t h a t  the  induced  ro ta t io n a l  s tren g th  w ill be o f a 
re la t iv e ly  large m a g n itu d e  in  th is  case, b ecause , in  consequence o f sy m m etry , 
th e  c o n tr ib u tio n s  o f th e  in d iv id u a l oscillator p a irs  ad d  up favourab ly .

T h e  ch ira lity  o f th e  geom etric  a rran g em en t rem ain s unchanged  ev en  in 
cases  w hen  the  d ire c tio n  o f  th e  tran s itio n  m o m e n t o f  th e  guest so m ew h at 
d e v ia te s  from  th a t  o f th e  sy m m e try  axis o f  th e  cy c lo d ex trin . A t an  angle  o f 
a b o u t  30°, how ever th e  tr a n s i t io n  m om ent beco m es para lle l w ith  one o f th e  
g lucose  dipoles, and , b y  f u r th e r  increase of th e  d e v ia tio n , th e  re la tiv e  a rra n g e ­
m e n t o f  some of th e  c o u p led  osc illa to r pairs w ill ch an g e  from  th e  r ig h t h an d e d  
to  a le ft handed  helix . I t  c a n  easily be seen th a t ,  a t  an  angle o f ab o u t 30 — 40° 
b e tw e e n  th e  d irections o f  th e  tran s itio n  m o m e n t a n d  th e  sy m m etry  ax is, th e  
c o n tr ib u tio n s  o f th e  d if fe re n t oscillator p a irs  co m p en sa te  each o th e r an d  th e  
ro ta t io n a l  s tren g th  v a n ish e s . B y fu rth e r in c re a s in g  th e  angle b e tw een  th e  
t r a n s i t io n  m om ent an d  th e  sy m m e try  axis, we a r r iv e  a t  a geom etry  a t  w hich  
m o s t o f  th e  local o sc illa to r p a irs  become o f le f t h a n d e d  ty p e  and  th e  re su ltin g
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F ig. 7. T he im ag in ary  double  cone d is tr ib u tin g  th e  env iro n m en t of a c y c lo d e x tr in  m olecule 
(rep re sen ted  by  a ring) in to  sec to rs  o f d ifferent signs

ro ta tio n a l s tre n g th  o f th e  system  changes to  n egative  sign. T he o p tim a l s itu a ­
tio n  for a neg a tiv e  ro ta tio n a l s tre n g th  is th e  one w ith  th e  tra n s i t io n  m o m en t of 
th e  a ro m atic  guest p e rp en d icu la r to  th e  sy m m e try  axis o f th e  h o s t  (F ig . 6b). 
H ow ever, even a t  th is  a rran g em en t th e  g eom etry  of th e  c e n tra l  t r a n s it io n  
m o m en t and  o f th e  seven  p e rtu rb in g  d ipo les is only of C2 and n o t  o f  C7 sym m e­
t r y ,  an d  th u s  th e  co n trib u tio n s  o f th e  in d iv id u a l oscillator p a irs  c a n n o t he all 
s im u ltan eo u sly  o p tim a l. T herefo re, th e  m a g n itu d e  of th e  m ax im a l n eg a tiv e  
ro ta tio n a l s tre n g th  (a t th e  “ p e rp e n d ic u la r”  position  of th e  t r a n s i t io n  m om ent) 
does n o t reach  th a t  o f th e  p ositive  one (a t  th e  “ para lle l” p o sitio n ).

T he conclusions from  th is  sim ple m o d e l can  he sum m arized  in  th e  follow ­
ing  ru le . I f  th e  elec tric  m o m en t belong ing  to  th e  in v es tig a ted  tr a n s i t io n  of 
th e  a ro m atic  guest m olecule falls w ith in  an  im aginary  doub le  cone  whose 
c e n te r  coincides w ith  th a t  o f th e  cy c lo d ex trin  and whose c o n s tru c to r  form s 
a n  angle o f ab o u t 30° w ith  th e  C7 sy m m e try  axis (Fig. 7), th e n  th e  induced  
ro ta tio n a l s tre n g th  an d  th e  sign o f th e  CD m ax im um  will be p o s itiv e , w hile  th e  
sign  o f th e  ro ta tio n a l s tre n g th  (and  th e  CD m axim um ) induced  in  a  tra n s it io n  
w ith  its  electric  m o m en t o u tside  of th is  d o u b le  cone will be n e g a tiv e . T h e  posi­
t iv e  or n eg a tiv e  induced  circular d ich ro ism  is o f m axim al m a g n itu d e  i f  th e  
tra n s it io n  dipole m o m en t is parallel o r  p erpend icu lar, re sp e c tiv e ly , to  th e  
sy m m e try  axis o f th e  cyclodex trin . B y a n  ang le  o f abou t 30° b e tw e e n  th e  d irec­
tio n s  o f th e  tra n s it io n  m om ent and th e  sy m m etry  axis, no in d u c e d  C otton  
effect can  he expec ted  w ith in  th e  a b so rp tio n  b a n d  is question .
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g ~  1-2x10 4

Fig. 8. S ec to r d iag ram  fo r p re d ic tin g  th e  sign and a p p ro x im a te  an iso tropy  (g) o f CD b a n d s  
in d u ce d  in inclusion  com plexes o f  a ro m atic  m olecules w ith  cyc lo d ex trin s . For deta ils , see te x t

T he above co n sid e ra tio n s  are in  good a g re e m e n t w ith  the  c a lcu la tio n s  
o f  S h i m i z u  et al. [8],  acco rd in g  to  w hich th e  m a g n itu d e  of th e  p ositive  r o ta ­
t io n a l s tre n g th  b e long ing  to  a tran s itio n  p a ra lle l  w ith  th e  sym m etry  ax is  is 
tw o  tim es  larger th a n  t h a t  o f  th e  negative ro ta t io n a l  s tren g th  connected  w ith  
a “ p e rp en d icu la r”  tra n s it io n .

T h e  ru le d educed  from  th e  sim ple m odel is d e m o n s tra te d  in  th e  d ia g ra m  
o f F ig  8. I t  shows a p lan e  sec tion  of th e  c y c lo d e x tr in  m olecule co n ta in in g  th e  
sy m m e try  axis. T he h a tc h e d  rectangles re p re se n t th e  tw o p a rts  o f th e  cross 
sec tio n  o f th e  cy c lo d ex trin  ring , and  th e  fu ll lin es  in d ica te  th e  cross sec tio n  
o f th e  double  cone. T he p lus and  m inus signs in  th e  sec to r pairs give th e  sign  
o f  th e  induced  CD b a n d  belong ing  to  th e  t r a n s i t io n  o f th e  arom atic  g u es t th e  
e lec tric  m om en t o f w hich  falls in to  th e  re sp e c tiv e  secto r pair. The d ash ed  
lines show  th e  d irec tio n s o f th e  tra n s itio n  m o m en ts  connected  w ith  the  p o s itiv e  
o r n e g a tiv e  induced  C o tto n  effects of m ax im al a n iso tro p y  (see below ). T h is 
cross sec tional re p re se n ta tio n  of th e  inclusion  com plexes is sufficient fo r th e  
fo rm u la tio n  o f th e  ru le , because , in  m ost co m p lex es, th e  guest m olecule c a n  
free ly  ro ta te  a ro u n d  th e  sy m m etry  axis in  th e  cy c lo d ex trin  cav ity  an d  ca n  
o ccu p y  m any  e q u iv a len t p o sitions w ith re sp ec t to  th e  host.

F o r th e  c h a ra c te r iz a tio n  o f th e  in ten s ity  o f  in d u ced  CD bands, th e  v a lu e  
o f th e  an iso tro p y  n u m b e r (g  =  Ae/s [24, 25]) is m o re  ap p ro p ria te  th a n  th a t  
o f  th e  ex p e rim en ta lly  m easu red  As. I t  m ay b e  su p p o sed  th a t  th e  d ipole m o ­
m e n ts  in d u ced  b y  th e  l ig h t in  th e  glucose u n its  o f  th e  cyclodextrin  m olecu le  
are  o f  a b o u t th e  sam e m a g n itu d e  w ith in  th e  sp e c tra l  range of th e  a ro m a tic  
b a n d s  in v e s tig a te d  in  o u r m easurem ents. The m a g n itu d e  of th e  p e r tu rb in g  
d ipo les be ing  c o n s ta n t, th e  v alue  of th e  induced  ro ta tio n a l s tren g th  d u e  to  
th e  co u p led  oscilla to r m echan ism  m ust be p ro p o rtio n a l to  th e  electric m o m en t
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o f th e  in v estig a ted  a ro m a tic  tra n s itio n  an d , th e re fo re , th e  v a lu e  o f th e  aniso­
tro p y  (Ae/e) m u st a lw ays be th e  sam e, irre sp ec tiv e  o f th e  in te n s i ty  (e) o f th e  
h an d  in  question . T h o u g h  th is  reason ing  is n o t co m p le te ly  c o rre c t, since the  
m ag n itu d e  o f th e  in d u ced  dipole m o m en ts  som ew hat in c reases  w ith  the  
decreasing  w av elen g th  o f  th e  lig h t (cf. p .3 4 8 ) [7, 8], o u r conclusion  d raw n  from  
it  seem s to  he ju s tif ie d , in  a good ap p ro x im a tio n , b y  e x p e rim en t. As can  he 
seen from  th e  d a ta  in  T ab les I —IV , th e  an iso tro p y  v alues (g ) belonging to  
th e  induced  C o tto n  effects o f d iffe ren t c y c lo d ex trin  com plexes are o f th e  
sam e o rd er o f m a g n itu d e  (10~4). T his va lu e  is o f  a b o u t one o rd e r o f m agni­
tu d e  sm aller th a n  in  th e  m ore usual cases, w hen  th e  e lec trica lly  allow ed tra n s i­
t io n  acquires th e  m issing  m agnetic  tra n s it io n  m o m en t from  an  in tram o lecu la r 
p e r tu rb a tio n a l in te ra c tio n  [24]. T herefo re , a g  va lu e  o f th e  m a g n itu d e  of 10~4 
o f an  induced  CD b a n d  o rig in a tin g  from  an  e lec trically  allow ed tra n s itio n  of 
th e  guest m olecule m a y  be  considered as an  in d ica tio n  o f  th e  fo rm ation  of 
a tru e  inclusion com plex . T he assu m p tio n  th a t  th e  o p tic a l a c tiv ity  of the  
inclusion  com plexes o f  cyclo d ex trin s  w ith  d iffe ren t ty p es  o f  guest molecules 
is due  to  a com m on m echan ism , is also su p p o rted  by  th e  re la tiv e ly  co n stan t 
v a lue  o f  th e  a n is tro p y  o f th e  induced  CD h an d s .

A ccording to  o u r m odel, th e  v a ria tio n s  fa lling  w ith in  one o rd e r of m agni­
tu d e  o f th e  values o f  an iso tro p y  o f th e  induced  CD hands re f le c t th e  geom etric 
a rran g em en t of g u est an d  h ost in  th e  inclusion  com plexes (see below).

B ased on th e  ex p erim en ta l d a ta , ap p ro x im a te  va lu es  re la tin g  to  th e  
an iso tro p y  n u m b er (g ) o f th e  induced  CD m ax im a  can  also be assigned to  th e  
sec to r pairs in  th e  d iag ram .

Now we w ill t r y  to  discuss our ex p e rim en ta l re su lts  in  th e  ligh t o f the  
sim ple sector ru le .

Inclusion  complexes o f  aromatic hydrocarbons

The 260 nm  b a n d  o f benzene o rig inates from  th e  4L ft t r a n s it io n  (in P l a t t ’s 

n o ta tio n  [16]) of th e  jr-system  [25]. B ecause o f  th e  h igh  sy m m e try  of the  
benzene m olecule (D 6/l), th is  tra n s itio n  is e lec trica lly  fo rb id d en  (i.e. th e  value 
of its  electric  tra n s it io n  m om ent is zero), how ever, b y  co u p ling  w ith  a v ibra- 
tio n a lly  excited  s ta te  o f e.lg sy m m etry , i t  acq u ires  a sm all e lec tric  tran sitio n  
m om en t po larized  a long  one of th e  lines connec ting  th e  m id p o in ts  of th e  
opposite  C—C b o nds [16, 30]. B eing re la tiv e ly  sm all an d  h ig h ly  sym m etric , 
th e  benzene m olecule can  be accom m odated  b y  th e  /9-cyclodextrin  host (inner 
d iam e te r 0.75 nm ) in  a n y  o f  th e  possible o rie n ta tio n s . In  th e  m o st sym m etric 
o f th e  im aginable  a rra n g e m en ts , th e  D e axis o f  th e  benzene m olecule is coin­
c id en t w ith  th e  C7 ax is o f  th e  /З-cy c lo d ex trin . T h e  p lane o f  th e  benzene m ole­
cule being p e rp en d icu la r to  th e  axis o f th e  cy c lo d ex trin  in  th is  position , all 
th e  possible d irec tio n s o f  th e  electric  m o m en t belong ing  to  th e  1L b tran s itio n
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F ig . 9 . T h e  sec to r d iagram  as ap p lie d  fo r th e  ex p lan atio n  of th e  n e g a tiv e  sign of th e  'Lj, C o tto n  
e ffec t in d u c e d  in  benzene b y  /9 -cy c lo d ex trin . (The em p ty  a rro w  in d ica te s  th e  d irec tio n  of 
p o la r iz a t io n  o f th e  'L;, tra n s itio n  le a d in g  to  th e  negative  C o tto n  effect. T he b ro k en  arrow s 
sh o w  tw o  o th e r  possible d irec tio n s o f  tb e  tran s itio n  m o m en t co inc id ing  w ith  n o d a l lines)

(p o la r iz e d  in  th e  p lane of th e  ring ) m ust be c o n c o m ita n t w ith  an  induced  
ro ta t io n a l  s tren g th  of n e g a tiv e  sign . O f th e  o th e r possib le  positions o f th e  
b en z e n e  rin g , those hav ing  th e  lo n g e r axis o f th e  m olecule (crossing th e  oppo­
s ite  C a to m s)  along th e  sy m m e try  ax is  of th e  cy c lo d ex trin  allow  m ore fa v o u r­
ab le  v a n  d e r W aals in te ra c tio n s  w ith  th e  host th a n  th o se  in  w hich th e  sam e 
ax is  o f  b en zen e  ring is p e rp e n d ic u la r  to  th e  cy c lo d ex trin  ax is. In  a rran g em en ts  
o f th e  fo rm e r ty p e , one of th e  possib le  directions o f  th e  electric  m o m en t o f th e  
xL b t r a n s i t io n  is lying along th e  line  o f  th e  m axim al n e g a tiv e  ro ta tio n a l s tre n g th  
as sh o w n  in  th e  sector d ia g ra m , w hile the  o ther d irec tio n s coincide w ith  th e  
se c tio n  lin es  of th e  double co n e , i.e. w ith  the  d irec tio n s  o f zero ro ta tio n a l 
s t r e n g th  (F ig . 9). T hus, th e  n e g a tiv e  sign of th e  C o tto n  effect induced  in  th e  
lL b b a n d  o f  benzene, th e  m o st sy m m etric  one of a ro m a tic  m olecules, c a n  well 
be e x p la in e d  by  apply ing  th e  se c to r  rule.

I n  th e  case of th e  b en zen e  com plex , th e  g v a lu e  is c o n s ta n t for all th e  
v ib ro n ic  com ponents of th e  1L b b a n d . The re la tiv e ly  low  value  o f an iso tro p y  
(g =  — 0.3 ■ 10 _4) can be e x p la in e d  b y  th e  fac t t h a t  n e ith e r  th e  benzene 
m o lecu les  inside th e  c a v ity  o f  th e  cyc lodex trin , n o r th e  d irec tio n  o f th e  t r a n ­
s it io n  m o m e n t in th e  benzene m olecu le  are fixed. Som e o f  th e  possible o rien ­
ta t io n s  m a y  be optically  in a c tiv e , o th e rs  m ay induce C o tto n  effects o f  opposite  
signs p a r t ly  com pensating  e ach  o th e r .

A t th e  m ost p robab le  a r ra n g e m e n t o f a to luene  m olecule in  th e  com plex , 
its  C2 ax is  is coincident w ith  th e  sy m m etry  axis o f  th e  cy c lo d ex trin . T he 1L b 
t r a n s i t io n  being polarized p e rp e n d ic u la rly  to  th e  C2 axis [25, 31], th e  in d u ced  
C o tto n  e ffec t of the  to luene  co m p lex  m ust, accord ing  to  th e  secto r ru le , be of 
n e g a tiv e  sign  in  ag reem ent w ith  experience. B ecause o f th e  fixed  d irec tio n  
o f th e  tra n s i t io n  m om ent w ith in  th e  m olecule and  b ecau se  of th e  fix ed  posi­
t io n  o f  th e  to luene m olecule r e la t iv e  to  th e  cy c lo d ex trin , th e  g v a lu e  belong-
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Fig. ÍÜ. T he sec to r d iag ra m  as applied  to  th e  c y c lo d ex tr in  com plex of d u ren e  (1 ,2 ,4 ,5 -te tra - 
m eth y lb en zen e). T h e  g u est m olecule c an n o t a cc o m m o d a te  sym m etrically  in  th e  cy clo d ex triu

c a v ity

ing to  th e  lL b tra n s i t io n  is m ore th a n  th re e  tim es  higher th a n  in  th e  case o f th e  
benzene com plex .

T he sam e ag reem en t betw een  th e  se c to r  ru le  and th e  e x p e rim e n ta l d a ta  
can  be found  w ith  th e  com plexes o f  i-b u ty lb en zen e , p -x y len e  an d  1,2,3,5- 
te tra m e th y lb e n ze n e , too . The d irec tio n  o f  p o la riza tio n  of th e  xL b b a n d  in  these  
m olecules w ith  e ith e r  one or m ore id e n tic a l su b s titu en ts  can  easily  be e s ta b ­
lished, by using  P latt’s spectroscopic m o m en ts , to  be p e rp e n d ic u la r  to  th e  
C2 sy m m e tiy  ax is (in  th e  case o f p -x y le n e , to  th e  one ru n n in g  th ro u g h  the  
tw o m eth y l g roups) [25, 31]. The re la tiv e  o rien ta tio n  of guest an d  h o s t in 
th ese  com plexes can  be ta k e n  as u n a m b ig u o u s  from  simple geom etric  consider­
a tio n s, for th e  ab o v e  m entioned  m olecules m ay  best accom m odate  th e  c a v ity  
w ith  th e ir  sy m m e try  axis ly ing p a ra lle l to  th a t  o f the  c y c lo d ex trin . T he g 
values o f th e  n e g a tiv e  bands found in  th e  CD sp ec tra  of all th e  th re e  com plexes 
are o f ab o u t th e  sam e m agnitude  (— 1 • 1 0 ~4).

In  c o n s tra s t to  th e  negative  m a x im a  found in th e  CD sp e c tra  o f  th e  
com plexes d iscussed  above, th e  /1 -cyclodextrin  com plex of d u ren e  (1,2,4,5- 
te tra m e th y lb e n ze n e ) ex h ib its  a w eak p o s itiv e  induced  band  in  th e  CD sp ec tru m . 
T his fac t p ro v id es  an  o p p o rtu n ity  to  p ro v e  th e  re liab ility  o f o u r sec to r ru le. 
As can  he d e te rm in ed  b y  P latt’s m e th o d  [16, 25, 31], th e  d ire c tio n  o f  th e  
elec tric  m om ent o f  th e  1L b tra n s it io n  in  d u ren e  coincides w ith  th e  C2 axis 
crossing th e  m olecu le  betw een  th e  m e th y l g roups in  orlo p o sitio n . T he m ost 
fav o u rab le  p o sitio n  for th e  durene m o lecu le  in  th e  cy c lodex trin  c a v ity  is th e  
one w ith  th e  ab o v e  m entioned  axis ly in g  in  th e  sym m etry  ax is  o f  th e  cyclo- 
d e x tr in . A t such  an  a rran g em en t o f  g u e s t an d  host, th e  tr a n s i t io n  m om ent 
falls in  a p o sitiv e  sec to r pa ir, enab ling  us to  p red ic t an  induced  C o tto n  effect 
o f positive  sign, as i t  can  indeed be fo u n d  in  th e  spectrum  (F ig . 10). A lthough
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a c c o rd in g  to  th e  rule th is  p o s itiv e  CD b and  shou ld  be o f a higher g  v a lu e  th a n  
th e  n e g a t iv e  ones in  th e  fo rm e r com plexes, th e  a c tu a l v a lue  o f g  is even  low er. 
T h e  r e la t iv e ly  sm all va lue  o f  a n iso tro p y  m ay  be asc rib ed  to  the  a sy m m etrica l 
p o s i t io n  o f  th e  benzene r in g  in sid e  th e  c y c lo d ex trin . T he pair of ortho m e th y l 
g ro u p s  e n te r in g  th e  c a v ity  f i r s t  do n o t le t th e  b en zen e  ring  itse lf reach  th e  
c e n te r  o f  th e  cyclodex trin . I n  a com plex w ith  such  an  asym m etrica l s tru c tu re , 
th e  in te ra c t io n  of th e  co u p led  dipoles m ust decrease  in  in ten s ity  [7, 8].

A s c a n  be seen from  th e  ab o v e  exam ples, th e  p roposed  rule can  be ap p lied  
w ith  success for ra tio n a liz in g  th e  ch irop tica l p ro p e rtie s  o f th e  c y c lo d e x trin  
c o m p le x e s  o f simple benzene  hom ologues.

T h e  ex p lan a tio n  o f th e  in d u ced  CD sp ec tru m  o f th e  com plex o f  n a p th a -  
len e  w ith  /?-cyclodextrin p o ly m er causes som e d ifficu lties . The firs t tw o t r a n ­
s itio n s  o f  n ap h th a len e  re fe rred  to  as th e  1L b a n d  th e  1L a tran sitio n s acco rd in g  
to  P latt  [16, 25, 31], are  p o la rized  para lle l an d  p e rp en d icu la r, re sp ec tiv e ly , 
to  th e  lo n g  axis of th e  n a p h th a le n e  m olecule. T hese  tra n s itio n s  w ith  m u tu a lly  
p e rp e n d ic u la r  electric m o m e n ts  should  give rise , accord ing  to  our ru le , to  
in d u c e d  C o tto n  effects o f o p p o s ite  signs, b u t th e  tw o  b an d s  found in th e  e x p e ri­
m e n ta l  CD spectrum  are b o th  o f  neg a tiv e  sign. T h is fin d in g  canno t be b ro u g h t 
in to  ac c o rd a n ce  w ith th e  ru le  b y  supposing an y  o f  th e  conceivable s tru c tu re s  
fo r  th e  c o m p b x . In  th e  lig h t o f  o th e r  d a ta  re la tin g  to  th e  s tru c tu re  o f th e  cyclo- 
d e x tr in  com plexes of n a p h th a le n e  deriv a tiv es  [7, 9 ], i t  m ay he supposed  th a t  
th e  n a p h th a le n e  m olecule p e n e tra te s  th e  c a v ity  w ith  its  longer axis p a ra lle l 
to  th e  sy m m e try  axis o f th e  cy c lo d ex trin . A co m p lex  w ith  th is  s tru c tu re  m u s t 
in d e e d  g iv e  a negative C o tto n  effect in  th e  1L a b a n d  as found  ex p e rim en ta lly . 
T h e  xi / & C o tto n  effect in d u ced  in  th is  com plex sh o u ld , how ever, be o f  p o s itiv e  
sign , in  c o n tra s t  to  our e x p e rim e n ta l re su lts . O ne could  try  to  ex p la in  th is  
a n o m a ly  b y  supposing th a t  th e  overlap p in g  o f th e  w eak  lL b and  of th e  m uch  
s tro n g e r  1L a bands m akes th e  fo rm er one sh if t in  th e  d irec tion  o f th e  la t te r .  
H o w e v e r , th e  first v ib ron ic  c o m p o n en t of th e  1L b b an d  is clearly  s e p a ra te d  
in  th e  CD spectrum  and  is, nev erth e less , n eg a tiv e . T he induced CD sp e c tra  
o f  th e  n a p h th o ls , on th e  o th e r  h a n d , are in good acco rd an ce  w ith  th e  p ro p o sed  
ru le  (see below).

In c lu s io n  complexes o f  substitu ted  benzene derivatives

T h e  ch irop tica l p ro p e rtie s  o f  /З-cyclo d ex trin  com plexes of a n u m b e r o f  
s im p le  b en zen e  deriva tives s u b s ti tu te d  w ith  one h y d ro x y l, am ino, c a rb o x y l 
o r  n i t r o  g ro u p , or w ith  a p a ir  o f  th e se  groups in  p a ra  position , have b een  s tu d ­
ied  e a r l ie r  b y  Shimizu et al. [8]. O ur resu lts  w ith  th e  2,6-dim ethyl-/3-cyclo- 
d e x tr in  com plexes o f som e o f  th e se  com pounds a re  in  good agreem ent w ith  
th o s e  o f  th e  Japanese  a u th o rs , in d ica tin g  th a t  th e  p e rtu rb in g  effect o f  th e
2 ,6 -d im ethy l-/S -g lucopyranose  u n its  does n o t m a rk e d ly  differ from  th a t  o f  th e
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glucose u n its  o f u n su b s titu te d  /З-cy c lo d ex trin . The d a ta  co llected  in  T ab le  I I  
can , a t least in  m ost o f  th e  in stances, be easily  explained on th e  b as is  o f our 
sim ple lu le .

T he c ry sta l s tru c tu re s  o f a -cy c lo d ex trin  com plexes of sev e ra l benzene 
d e riv a tiv e s  have  been  d e te rm in ed  b y  X -ra y  d iffrac tion  [32 — 36]. A s in d ica ted  
b y  th e  resu lts  o f th e se  stud ies, th e  h y d ro x y l or th e  am ino g ro u p  is u sually  
em erg ing  from  th e  c a v ity  n ea r th e  seco n d ary  h y droxy l side o f th e  c y c lo d ex trin  
m olecule, w hereas th e  carboxy l or th e  n i tro  group, form ing h y d ro g e n  bonds 
w ith  th e  p rim ary  h y d ro x y l groups o f th e  h o s t, is located  in  th e  in s id e  o f  th e  
hole. T hese s tru c tu ra l fea tu res  o f th e  com plexes found in  th e  c ry s ta ll in e  phase 
m a y  be supposed to  be valid  also in  so lu tio n .

As fa r as th e  signs o f  th e  induced  C o tto n  effects are co n cern ed , how ever, 
i t  is irre lev an t w h e th e r th e  su b s titu e n t o f  th e  guest is loca ted  a t  o n e  or the  
o th e r  side of th e  cy c lo d ex trin  m olecule. I n  th is  respect, th e  o n ly  im p o r ta n t 
fe a tu re  o f th e  s tru c tu re  is th a t  th e  m o n o su b s titu te d  d e riv a tiv e s  o f  benzene 
a re  o iien ted  w ith  th e ir  C2 axes ly ing  in  th e  sy m m etry  axis o f th e  c y c lo d ex trin  
rin g . In  these  com plexes th e  electric  m o m en ts  of the  1L b and  1L a tra n s itio n s  
bein g  polarized  p e rp en d icu la r and p a ra lle l, respective ly , to  th e  C2 axes o f the  
a ro m a tic  m olecules, fall in to  th e  n eg a tiv e  an d  th e  positive se c to r  p a irs , re­
spec tiv e ly , o f th e  sec to r d iag ram , in  a g reem en t w ith  th e  longer w av e len g th  
n eg a tiv e  and  sh o rte r  w aveleng th  p ositive  in d u ced  C otton effects fo u n d  in  th e  
ex p e rim en ta l CD sp ec tra . The g  values o f  th e  negative lL b C o tto n  effec ts are 
sm aller th a n  1 • 10 ~4, w hereas those  o f th e  p o sitiv e  lLa hands are  b e tw e e n  1 and  
2 • 10 ~4 ind ica tin g  also th e  q u a n tita tiv e  p red ic tions of th e  ru le  to  be  valid .

O f th e  com plexes o f  d isu b s titu te d  benzene  derivatives, th o se  o f  p -h y d ro x y - 
benzoic acid and  o fp -am in o b en zo ic  acid b e h a v e  regularly . As i t  c a n  be  regarded  
as unam biguous on sim ple geom etric  g ro u n d s , and as it  has b e e n  estab lish ed  
on  th e  exam ple o f th e  a -cy c lo d ex trin  co m p lex  of p -h y d ro x y b en zo ic  acid  [34], 
th e se  m olecules are s itu a te d  w ith  th e ir  long  axes parallel to  th e  cy c lo d ex trin  
ax is. T he ca rboxy l g roup  is im m ersed  in to  th e  cav ity , w hereas th e  h y d ro x y l 
o r th e  am ino g roup  is em erging from  it .  I n  th ese  com plexes th e  lL b an d  th e  
3L 0 b an d s are po larized  p e rp en d icu la r a n d  para lle l, respective ly , to  th e  com ­
m on sy m m etry  axis o f  th e  aro m atic  g u est an d  th e  cy c lodex trin  h o s t.

T he firs t in ten s iv e  b and  in th e  CD sp e c tra  of th e  com plexes o f  p-hy- 
droxybenzo ic  and  p -am inobenzo ic  acids h a s  to  be assigned, a cco rd in g  to  its 
sp ec tra l position  and  to  th e  high e v a lu e  o f  th e  correspond ing  b a n d  in  th e  
U V  sp ec tra , to  th e  1L(J tra n s itio n . T h u s th e  positive sign o f  th is  b a n d  is in 
ag reem en t w ith  th e  ru le . N eith er th e  CD n o r  th e  UV sp ec tru m  o f  p -h y d ro x y - 
benzoic acid show an y  tra c e  o f th e  b a n d  belonging  to  th e  lL b ty p e  tra n s itio n . 
I t  is p resum ab ly  h id d en  by  th e  m uch s tro n g e r  3La hand.

In  th e  CD sp ec tru m  o f p -h y d ro x y b en zo ic  acid a second, n e g a tiv e  band  
o f v e ry  high in te n s ity  can  also be fo u n d  a t  208 nm . This o r ig in a te s  from  a
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гВ  t y p e  tra n s itio n  p o la riz e d  n ea rly  p e rp en d icu la r to  th e  Ca axis o f th e  m o le­
cu le  w ith  an  angle o f p o la r iz a tio n ’1' of 76° a cco rd in g  to  P P P  calcu lations [37]. 
T h e  e lec tric  m om ent b e lo n g in g  to  th is t ra n s i t io n  g e ts  in to  a negative  sec to r 
p a ir ,  th u s  its  neg a tiv e  s ig n  is  in  accordance w ith  th e  sector rule. As to  th e  
a n is tro p y  o f th e  tw o  in d u c e d  CD bands o f  p -h y d ro x y b en zo ic  acid, i t  is o f 
in te r e s t  to  no te  th a t  w hile  th e  f irs t one is also  o f  a ra th e r  high g  v a lu e , th e  
seco n d  tra n s itio n  is o f  e x c e p tio n a l in ten sity , i ts  g  v a lu e  am ounting  to  — 6.8 • 
1 0 -4 . A s i t  has a lread y  b e e n  m entioned  above, th e  m ag n itu d e  of th e  in d u c e d  
d ip o les  in  th e  glucose u n i ts  som ew hat increases w ith  th e  decreasing o f  th e  
w a v e le n g th  of ligh t [7, 8 ]. T h is m eans th a t  th e  in te n s i ty  of th e  ro ta tio n a l 
s t r e n g th  resu lting  from  th e  in te rac tio n  o f th e  c o u p led  oscillators m u s t also 
in c re a se  as th e  w av e len g th  o f  th e  arom atic  t r a n s i t io n  decreases. This is w h y , 
w ith  th e  o th e r p a ra m e te rs  e q u a l, an  induced C o tto n  effect o f lower w av e len g th  
is co n n ec ted  w ith  a g re a te r  ab so lu te  value o f  a n iso tro p y . (The analogous XB  
b a n d s  w ere no t m easu red  fo r  th e  o ther b en zen e  deriv a tiv es .)

A s fa r as th e  signs a n d  th e  g  values o f th e  in d iv id u a l bands are concerned , 
th e  CD spectrum  o f th e  c y c lo d ex trin  com plex o f  m -hydroxybenzoic ac id  is 
v e ry  s im ila r to  th a t  o f  b en zo ic  acid. To our k n o w led g e , no X -ray  d a ta  a re  a t 
p re s e n t  availab le  on th e  s t ru c tu re  of th is  co m p lex . H ow ever, based  o n  th e  
s im ila r ity  betw een th e  s tru c tu re s  of th e  co m p lex es conta in ing  p -h y d ro x y -  
b en zo ic  acid  and  p -n itro p h e n o l as guest m olecu les [34], th e  s tru c tu re  o f  th e  
c y c lo d e x tr in  com plex o f  m -hydroxybenzo ic  ac id  c a n  b e  regarded  as ana logous 
to  th e  k n o w n  s tru c tu re  o f  th e  m -nitrophenol co m p lex  [35]. I t  is there fo re  v e ry  
p ro b a b le  th a t  th e  c a rb o x y l g ro u p  is s itu a ted  a t th e  “ b o t to m ”  of the  c y c lo d ex trin  
c a v ity ,  fo rm ing  h y d ro g en  b o n d s  w ith  th e  p r im a ry  h y d ro x y l groups, w hile th e

I
I

I
I

F ig . 11. D efin ition  of th e  sign  o f  th e  angle of p o la r iza tio n  fo r tran s itio n  m om ents o f  s u b ­
s t i tu te d  n a p th a le n e  and benzene d e r iv a tiv e s

* H ere  and  on th e  fo llo w in g  pages, th e  angle o f  p o la r iz a tio n  (a) of a t r a n s it io n  is 
ta k e n  as m easu red  from  th e  lo n g  a x is  o f th e  benzene o r n a p th a le n e  m olecule. In  case o f  th e  
s u b s t i tu te d  benzoic acids, th is  a x is  is ru nn ing  th ro u g h  th e  C a to m  of th e  carboxyl g ro u p . 
T he sig n  o f th e  angle is p o sitiv e  i f  th e  sm aller angle falls to w a rd  th e  second su b s titu en t b e in g  in 
ortho o r meta position  re la tiv e  to  th e  carboxyl group as sh o w n  in  F ig. 11. According to  th is  
d e fin itio n , th e  angle o f p o la r iz a tio n  c an  be positive o r n e g a tiv e , b u t  its  m agnitude c a n n o t be  
h ig h er t h a n  90°.
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Top ( s e c o n d a r y  Oil s i d e )

Bot tom ( p r im a r y  OH s i d e  )

F ig . 12. The sec tor d iag ra m  as app lied  to  th e  cy c lo d ex trin  com plex  of m -hydroxybenzo ic  acid

phenolic h y d ro x y l g roup  is hound  to  th e  seco n d ary  hyd ro x y ls  o f  th e  cyclo­
d e x tr in  m olecule a t  th e  w ider bo rder o f th e  c a v ity . The angles o f  po lariza tio n  
o f th e  1L b and lL a tra n s it io n s  have been  c a lc u la ted  by  K iss  an d  Szőke [38] 
to  be o f ab o u t -(-60° an d  + 6 ° ,  re spec tive ly . Supposing  th e  o r ie n ta tio n  o f the  
m olecule in  th e  c y c lo d ex trin  c a v ity  to  be as show n in Fig. 12, th e  sec to r rule 
p red ic ts  a w eaker n e g a tiv e  and  a s tro n g er p o sitiv e  induced  CD band  for th e  
xL b and  th e  1L a tra n s it io n s , respective ly , in  fu ll ag reem en t w ith  th e  experim en­
ta l  d a ta . T hus th e  p roposed  s tru c tu re  o f  th e  com plex  is su p p o rted  b y  th e  
analysis o f its  ch iro p tic a l p roperties.

The com plex o f  salicylic  acid w ith  2 ,6 -d im ethyl-/S -cyclodextrin  exh ib its  
a CD spectrum  s im ila r to  th a t  o f m -hydroxybenzo ic  acid. T here  is, how ever, 
a ch a rac te ris tic  d ifference in  th e  an iso tro p y  va lu es  o f th e  CD b an d s  belonging 
to  th e  tw o com plexes, w ith  those of th e  salicyclic  acid com plex  being  re m a rk ­
ab ly  sm aller th a n  th o se  o f  its  meta isom er. T h is difference c a n  p ro b ab ly  be 
a ttr ib u te d  e ith e r  to  th e  less fixed  acco m m o d a tio n  o f th e  fo rm er guest in  th e  
com plex or to  th e  d iffe ren t o rien ta tio n s o f  th e  tra n s itio n  m o m en ts  re la tiv e  
to  th e  p e rtu rb in g  sy s tem  o f th e  cy c lo d ex trin  in  th e  tw o com plexes. A t p resen t, 
no  d a ta  re la tin g  to  th e  s tru c tu re  o f  th e  cy c lo d ex trin  com plex  o f an  ortho 
d isu b s titu te d  benzene  d e riv a tiv e  can  be fo u n d  in  th e  lite ra tu re . C alculations 
o n  th e  excited  s ta te s  o f  salicylic acid have  g iven  —40° an d  — 19° for th e  values 
o f  th e  p o la riza tio n  angles o f  th e  lL b and  th e  lL a tra n s itio n s , re sp ec tiv e ly  [38]. 
H av in g  these  d a ta  an d  supposing th e  p red ic tio n s  o f  our sec to r ru le  to  be 
co rrec t, we m ay  t r y  to  m ake some proposals fo r th e  s tru c tu re  o f  th e  com plex. 
Tw o s tru c tu res  can  he b ro u g h t in to  acco rdance  writh  th e  ch iro p tica l p ro p e r tie s : 
th e  one w ith  b o th  fu n c tio n a l groups o u ts id e  th e  cy c lo d ex trin  c a v ity  an d  th e  
o th e r  w ith  b o th  g roups p e n e tra tin g  in to  i t .  T h e  line connec ting  th e  C1 and  C4 
a to m s of th e  benzene  rin g  m ust e ither ru n  p a ra lle l w ith  th e  sy m m etry  axis of
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F ig . 13. S e c to r  d iagram s as a p p lied  fo r  tw o  possible s tru c tu re s  o f th e  cy c lo d ex trin  com plex
of salicylic acid

th e  c y c lo d e x tr in  or form  an  an g le  n o t  w ider th a n  10° w ith  it. T he d irec tio n s 
o f  th e  e lec tr ic  tran s itio n  m o m en ts  o f th e  1L b and  1L a h an d s get, in b o th  s tru c ­
tu re s , in  n eg a tiv e  and p o sitiv e  sec to r pairs, re sp ec tiv e ly  (F ig . 13). A n y w ay , 
b o th  th e  tra n s it io n  m om ents fa ll, in  an y  of th e  tw o s tru c tu re s , n e a r  th e  n o d a l 
lines s e p a ra tin g  the  positive  a n d  n eg a tiv e  sec to rs, th u s  no in ten siv e  in d u ced  
o p tic a l a c t iv i ty  can be ex p e c te d . T his m igh t acco u n t for th e  re la tiv e ly  sm all 
v a lu e s  o f  an iso tro p y  found e x p e rim en ta lly .

W e enco u n ter some d ifficu ltie s  w hen  try in g  to  deduce a s tru c tu re  for 
th e  c y c lo d e x tr in  com plex o f  a n th ra n ilic  acid from  its  induced  CD sp ec tru m . 
T h e  e le c tr ic  m om ents o f th e  f i r s t  tw o tran s itio n s  in  an th ran ilic  acid  a re  of 
a lm o st th e  sam e direction , w ith  th e  ca lcu la ted  angles o f  p o la riza tio n  fo r th e  
1L b a n d  1L a bands being o f  —49° an d  —56°, re sp ec tiv e ly  [37]. T his seem s to  
be in  acco rd an ce  w ith  th e  tw o  in d u ced  CD b an d s also o f  th e  sam e sign . As a 
p la u s ib le  s tru c tu re  for th e  co m p lex , th e  apo lar benzene ring  m ay  be assum ed  
to  be  a b so rb e d  by th e  ap o la r c a v ity  o f th e  c y c lo d ex trin  w ith  th e  tw o  po la r 
fu n c tio n a l groups stick ing  o u t o f  i t  and  form ing  h y d ro g en  bonds w ith  th e  
n e ig h b o u rin g  w ater m olecules. I n  a com plex like th is , how ever, th e  elec tric  
m o m e n ts  o f  th e  tw o tra n s it io n s  w ould  get in  n eg a tiv e  sec to r pa irs (F ig . 14a), 
th e re fo re , accord ing  to  th e  se c to r  ru le , tw o  n eg a tiv e  CD bands w ould be e x p e c t­
ed in  c o n tr a s t  to  the  e x p e rim e n ta l ones w hich are b o th  positive . A p p ro ach in g  
th e  p ro b le m  from  th e  side o f  th e  ex p erim en ta l CD sp ec tru m , a n o th e r s tru c tu re  
can  also  b e  proposed for th e  co m p lex  w hich is co m p atib le  w ith  th e  tw o  p osi­
tiv e  CD m ax im a , as well as w ith  th e  sec to r ru le. In  th is  s tru c tu re  b o th  fu n c tio n ­
al g ro u p s  o f  an th ran ilic  acid  shou ld  be located  in  th e  cav ity  of th e  cyclo ­
d e x tr in  (F ig . 14b). A lthough  a t  f i r s t  sigh t th is  s tru c tu re  seems to  be fa ir ly  
im p ro b a b le , th e re  are several e x p e rim e n ta l fac ts  like ly  to  su p p o rt it.

Acta Chim . Acad. Sei. Hung. 110, 1982



K A J T Á R  e t  a l.:  S IM P L E  R U L E  F O R  P R E D I C T I N G  C IR C U L A R  D IC H R O IS M 351

Top Top

F ig. 14. T he sec to r d iag ram  as app lied  to  th e  in c lu sio n  com plex of a n th ra n ilic  acid  w ith  b o th  
i ts  fu n c tio n a l g roups being e ith e r o u ts id e  (a ) o r inside (b) th e  c y c lo d ex trin  c av ity

(а) W hile an iline does n o t form  a com plex  w ith  /J-cyclodex trin  a t  p H  2, 
a n th ra n ilic  acid does. F rom  th is  fa c t i t  c an  be concluded th a t  it  is th e  u n d isso ­
c ia te d  ca rb o x y l g roup  w hich is m a in ly  responsib le  for an ch o rin g  th e  la tte r  
m olecule in  th e  cyclodcx trin , th e re fo re , i t  m u st he in  th e  in sid e  o f  th e  c a v ­
i ty . U n d er such circum stances, th e  am ino  g roup , being in  ortho p o s itio n  to  the  
ca rb o x y l, can  easily  ge t in to  th e  in side  o f  th e  com plex, too.

(б) The th e rm o d y n am ic  p a ra m e te rs  o f  th e  com plex eq u ilib riu m  betw een  
^ -c y c lo d e x tr in  an d  th e  ortho an d  p a ra  isom ers o f hydroxy- an d  am inobenzoic  
ac id s show  a rem ark ab le  tre n d . T he v a lu es  o f AG, A H  and  A S  d e te rm in e d  by 
us [3 9 ] can  be found  in  T able У.

I t  can  be seen th a t ,  w hereas th e  AG  values belonging to  th e  d ifferen t 
benzo ic  acid d e riv a tiv es  do n o t d iffer to o  m u ch , th ere  is a s ig n if ic a n t difference

Table V
Therm odynam ic parameters o f  the complex fo rm a tio n  o f  2- and 4-substiluted benzoic acids with

ß-cyclodexlrin in  water

Guest molecule
AG (20 °C)
k J  m ol-1

AH
k J m ol-1

A S
J  m o l-1 d e e -1

2-IIydroxybenzoic  acid - 1 2 .6 33.5 - 7 2 .0

2-Am inobenzoic acid - 1 5 .6 35.6 68.3

4-H ydroxybenzoic  acid 14.7 20.0 21.1

4-Am inobenzoic acid - 1 6 .9 19.9 10.1
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in  th e  e n th a lp y  an d  e n tro p y  changes connected  w ith  th e  com plex fo rm a tio n  
o f th e  tw o  ortho isom ers on  th e  one h an d , an d  th e  tw o  para  isom ers, o n  th e  
o th e r . B o th  A H  an d  A S  re la te d  to  th e  fo rm a tio n  o f  a cy c lo d ex trin  com plex  
in  w a te r  so lu tio n  h av e  been  a ttr ib u te d , in  th e  f i r s t  p lace, to  changes in  th e  
h y d ro g e n  bon d s o f  th e  sy s tem  [9, 40]. T he g re a te r  n eg a tiv e  values o f  A H  
an d  A S  co n n ec ted  w ith  th e  co m p lex  form ing eq u ilib riu m  o f th e  ortho su b s ti tu te d  
benzo ic  ac id  d e riv a tiv es  as co m p ared  to  th o se  o f  th e ir  p a ra  isom ers, seem  to  
in d ic a te  t h a t  th e  fo rm a tio n  o f  th e  cy c lo d ex trin  com plex  from  th e  fo rm er 
co m p o u n d s  is follow ed by  a g re a te r  change in  th e  so lv a tio n a l s ta te  o f th e  g u es t 
an d  re s u lts  in  a m ore rig id  s tru c tu re  o f th e  co m p lex  th a n  in  th e  case o f  th e  
p a ra  iso m ers . This reason ing  is com patib le  w ith  th e  a ssu m p tio n  th a t  in  th e  
co m p lex es o f  ortho su b s ti tu te d  benzoic acids th e  g u e s t m olecule is acco m m o d a t­
ed w ith  b o th  its  fu n c tio n a l g ro u p s em bedded  in  th e  cy c lo d ex trin  cav ity , w hile  
in  th o s e  o f  th e  para  isom ers th e  ca rboxy l an d  th e  h y d ro x y l or am ino g roups 
p ro tru d e  o u t o f th e  h o st m olecule w ith  p a r t ia l  r e te n tio n  of th e ir  o rig in a l 
h y d ra tio n a l  s ta te .

A n o th e r  possible so lu tio n  o f  th e  d isc rep an cy  b e tw een  th e  signs o f  th e  
CD b a n d s  an d  th e  m ore p lau sib le  s tru c tu re  o f th e  an th ran ilic  acid com plex  
can  b e  ach iev ed  b y  supposing  th a t  th e  guest m olecu le  is in  dissociated  s ta te  
in  w h ic h  th e  p o la riza tions o f  th e  tra n s itio n s  re sp o n sib le  for th e  signs o f  th e  
in d u ced  CD b an d s  are  d iffe ren t from  tho se  c a lc u la ted  fo r th e  u n d issoc ia ted  
m o lecu les. As a m a tte r  o f fa c t,  w ith o u t X -ra y  d a ta  o n  th e  s tru c tu re  o r, a t  
le a s t, a  d e ta ile d  s tu d y  on th e  p H  dependence o f  th e  fo rm a tio n  and  th e  s ta b i l ­
i ty  o f  th e  a n th ra n ilic  acid com plex , th e  p rob lem  o f th e  v a lid ity  o f th e  sec to r 
ru le  fo r  th is  special case c a n n o t be se ttled .

C om plexes o f  1-naphthol and 2-naphthol

T h e  CD s tu d y  on  th e  cy c lo d e x trin  com plexes o f  th e  tw o n ap h th o l isom ers 
has b e e n  in c lu d ed  in  th is  a r tic le  to  show  th a t  th e  se c to r  ru le  can  also be app lied  
for e s tim a tin g  th e  p o la riza tio n s  o f  th e  tra n s itio n s  in  a ro m atic  m olecules. In  
th e  case  o f  th e  n a p h th o ls , th e  d irec tions o f  th e  e lec tric  m om ents be longing  
to  th e  d iffe re n t e lectron ic  tra n s it io n s  have  been  d e te rm in ed  ex p erim en ta lly  
[41] as w ell as ca lcu la ted  th e o re tic a lly  [17]. F ig u re  15 show s th e  resu lts  o f  th e  
c a lc u la tio n s  b y  S u z u k i  et al. [17] w hich a re  in  good agreem ent w ith  th o se  
o f e x p e rim e n ta l s tu d ies . (F o r th e  sake  of c la r ity  th e  n u m erica l values o f th e  
p o la r iz a tio n  angles are  also in d ic a te d ; w ith  re sp e c t to  th e m , cf. p. 40.)

B y  co m p arin g  th e  CD sp e c tra  show n in  F ig . 2 w ith  th e  d a ta  on th e  p o la r ­
iz a tio n s  o f  th e  in d iv id u a l b a n d s , a fu ll ag reem en t b e tw een  th e  ex p e rim en ta l 
d a ta  a n d  th e  p red ic tions o f  th e  sec to r ru le  c a n  be  e stab lish ed  if  we assum e 
th a t  th e  n a p h th o l  m olecules accom m odate  in  th e  c a v i ty  o f  th e  host w ith  th e ir  
long  a x e s  p a ra lle l to  th e  sy m m e try  axis o f th e  /3-cyclodextrin . The sam e a rran g e-
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OH

OH

a a
Lb - 2 4 °  
La +82°  
A e - 3 °  
Bb -1°

Lb -6 2°  
La +78°  
BB +9°

Fig. 15. D irections o f p o la riza tio n  of th e  'L b a n d  lL a b an d s in 1 -n ap h th o l (a ) a n d  2 -naph tho l 
(b) as calcu la ted  b y  S u z u k i  et al. [17]. (B elow  th e  figures th e  va lues o f  p o la r iz a tio n  angles 

o f  all th e  tran s itio n s  a re  also ind icated)

m ent of the naphthalene ring has been deduced from th e calculations of 
H arata and U edaira  [7], as well as from the negative sign o f  th e  band as­
signed to the 1L a transition  found by us in  the CD spectrum o f th e  cyclodextrin  
com plex o f naphthalene (see above).

The m ost re m a rk a b le  fea tu re  o f th e  CD spectra  o f  th e  n a p h th o l  com ­
plexes is th e  nice se p a ra tio n  o f  th e  lL b an d  lL a bands of 1 -n ap h th o l, th o u g h  the 
correspond ing  b an d s  in  th e  UV sp ec tru m  are  s trong ly  o v e rla p p in g . T he sepa­
ra tio n  o f overlap p in g  b an d s  o f d iffe ren t signs is often  m en tio n ed  as an  im por­
t a n t  ad v an tag e  o f th e  CD sp ec tra  over th e  UV spectra  in  th e  a ss ig n m en t of 
th e  electronic tra n s itio n s  [42]. T he p o ssib ility  o f  record ing  th e  CD sp ec tra  of 
achiral arom atic  com pounds in  th e  fo rm  o f th e ir  cy c lo d ex trin  com plexes offers 
a good o p p o rtu n ity  fo r e x ten d in g  th is  m eth o d  of sp ec tra l an a ly s is .

In  m any  cases, especially  w hen  dealing  w ith  m olecules o f  la rg e r size, 
th e  m ost p robab le  a rra n g e m en t o f g u est an d  h ost can  be p re d ic te d  on the 
basis o f sim ple geom etric  con sid era tio n s. I n  tho se  cases w h en  th e  s tru c tu re  of 
th e  com plex is know n, th e  a p p ro x im a te  d irec tions of p o la riz a tio n  o f  th e  differ­
e n t tran s itio n s  in  th e  guest m olecule c a n  be estim ated  b y  a p p ly in g  th e  sec­
to r  rule.

I t  is w o rth  m en tio n in g  th a t ,  in  a d d itio n  to  th e  sign p a t te r n  o f th e  CD 
sp ec tra , th e  m ag n itu d es  o f th e  g  va lues belonging to  th e  d iffe re n t induced 
b an d s  are in  good ag reem en t w ith  th e  p red ic tions o f th e  se c to r  ru le .

ß-Cyclodextrin complex o f  2 -m eth y l-l,•̂ -naphthoquinone

The la s t su b s tra te  we in v es tig a ted  fo r co rre la ting  th e  c h iro p tic a l p roper­
tie s  w ith  th e  re la tiv e  g eo m etry  o f  g u est an d  host in  inc lusion  com plexes was 
th e  /З-cyclo d ex trin  com plex  o f v ita m in  K 3 (2 -m e th y l- l,4 -n ap h th o q u in o n e ). 
T h e  assignm ent o f  th e  b an d s  in  th e  UV spec trum  to  tra n s it io n s  o f  d ifferent 
po la riza tio n  w as ach ieved  by  b o th  th eo re tica l ca lcu la tio n s [21 — 23] and
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e x p e r im e n ta l analysis o f  th e  sp e c tra  of su b s ti tu te d  n ap h th o q u in o n e  d e r iv a ­
t iv e s  [20]. Though th e re  a re  som e inconsistencies b e tw e e n  th e  resu lts  o f  th e  
d if fe re n t theo re tica l w orks [21 — 23], it  can  be a c c e p ted  w ith  good reason  t h a t  
th e  p o la riza tio n s  of th e  su b se q u e n t hands in  th e  sp e c tru m  are m u tu a lly  p e r­
p e n d ic u la r  to  each o th e r [20], as show n in T able IV . T h is fe a tu re  of th e  t r a n s i­
tio n s  is reflec ted  in  th e  a l te rn a tin g  signs o f th e  in d u ced  bands in  th e  CD 
s p e c tru m  o f th e  cy c lo d e x trin  com plex  of v ita m in  K 3. L eav in g  now th e  v e ry  
w eak  b a n d  assigned to  th e  n  —► n*  tran sitio n s o f th e  ca rb o n y l groups o u t o f  
c o n s id e ra tio n , it  can  be s ta te d  t h a t  the  positive signs o f  th e  f irs t  and  th e  th ird  
CD b a n d s  assigned to  th e  xL b a n d  1f í  tran sitio n s, re sp e c tiv e ly , of th e  n a p h th a ­
len e  chrom ophore  and  b o th  o f  th e m  polarized p a ra lle l to  th e  long axis o f th e  
m o lecu le , as well as th e  n e g a tiv e  sign of th e  second b a n d  assigned to  th e  p e r ­
p e n d ic u la r ly  polarized 1L a tra n s it io n s , are in  ag re e m e n t w ith  th e  p red ic tio n s 
o f  th e  se c to r  rule. The b a n d s  assigned  to  the  лЬ а an d  1B  tra n s itio n s  are s tro n g ly  
o v e r la p p in g  in  the  UV s p e c tru m , w hereas th e  tw o  co rresp o n d in g  CD m a x im a , 
b e in g  o f  opposite  sign, a re  w ell sep ara ted  in d ica tin g  th e  in d iv id u a lity  o f th e se  
b a n d s . T h e  values o f th e  a n iso tro p y  of th e  d iffe re n t b an d s  f i t  well to  th o se  
g iv e n  b y  th e  sector ru le . I t  is o n ly  th e  low est w a v e le n g th  h an d  th e  g v a lu e  o f 
w h ic h  is to o  small in  co m p a riso n  to  the  form erly  d iscussed  exam ples. This can  
p ro b a b ly  be a ttr ib u te d  to  th e  com plex  n a tu re  o f  th is  b a n d  com posed o f severa l 
c o m p o n e n ts  w ith  d iffe ren t po la riza tio n s [21 — 23].

T h e  s tru c tu re  o f th e  v i ta m in  K 3 com plex w ith  th e  long axis o f th e  g u est 
m o lecu le  ly ing  para lle l to  th e  cyclodex trin  sy m m e try  ax is  can  be regarded  as 
th e  m o s t p lausible one on  th e  basis  of sim ple g eo m etric  considerations. T he 
sa m e  s tru c tu re  can be d e d u c e d  from  the  secto r ru le  in  th e  know ledge o f th e  
p o la r iz a tio n s  of th e  d iffe ren t b a n d s  o f the  guest m olecu le . H ad  th e  la t te r  n o t 
b e e n  k n o w n  already , th e y  co u ld  have been e s ta b lish e d  b y  th e  p resen t CD 
s tu d y  o f  th e  cyclodex trin  co m p lex . These resu lts  c a n , th ere fo re , be reg a rd ed  
as a n  exam ple  for th e  a p p lic a b ili ty  of th e  sec to r ru le  in  th e  spectroscopic 
a n a ly s is  o f arom atic  c o m p o u n d s .
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LIQUID CRYSTALS, IV*
C O R R E L A T IO N  B E T W E E N  T H E  T H E R M A L  S T A B IL IT Y  A N D  

M O LE C U L A R  S T R U C T U R E  IN  C H O L E S T E R Y L  2 -E T H O X Y E T H Y L - 
-C A R B O N A T E  A N D  ITS S U L F U R  C O N T A IN IN G  A N A L O G U E S

P . M. A g ÓCS1* * ,  G. M o T IK A 1 and P . Z s É D E N Y I 2

f l In stitu te  o f  Organic C hem istry , J ó zse f A ttila  U niversity , Szeged , 
and  2 J ó k a i M ór Econom ical H igh-School, P ápa)

R eceived M arch  9, 1981 
In  revised  fo rm  J u ly  1, 1981 

A ccep ted  for p u b lic a tio n  A u g u s t 28, 1981

The change in  th e rm a l s ta b ility  w as in v e s tig a te d  w hen  th e  oxy g en  in  cho lestery l 
2 -e th o x y e th y l-c a rb o n a te  w as rep laced  b y  su lfu r. F o u r  com pounds w ere p re p a re d  and  
th e ir  phase  tra n s it io n s  w ere m easu red  w ith  th e  a id  o f d iffe ren tia l scan n in g  ca lo rim etry  
a n d  a polarizing  m icroscope  equ ip p ed  w ith  a h o t  stage.

O ne o f the  m o st im p o r ta n t  p ro p e rtie s  o f liq u id  c ry s ta ls  is th e ir  th e rm a l 
s tab ility * * *  [1]; its  know ledge is im p o r ta n t, because  th e  u p p e r lim it  o f ap p li­
ca tio n s m ay  be g o v ern ed  b y  it .  M any a u th o rs  h a v e  in v e s tig a te d  in  d e ta il th e  
occurrence  of m esom orph ic  p roperties a n d  th e  th e rm a l s ta b ili ty  o f com pounds 
as fu n c tio n s of th e  p o s itio n , n u m b er an d  le n g th  o f th e  side chains in  th e  case 
o f num ero u s d iffe ren t hom ologous series [2].

F ro m  the  in v e s tig a tio n s  o f L e d e r  [3] an d  E l s e r  et al. [4] i t  ap p eared  
th a t  3 /J-m ercapto-cholest-5-ene an d  cho leste ry l ch lo ro th io c a rb o n a te , in  c o n tra s t 
w ith  cholesterol an d  ch o leste ry l ch lo ro fo rm ate , a re  m esom orphic  m a te ria ls . 3/?- 
-M ercapto-cholest-5-ene b en zo a te , sy n th esized  b y  B e r n s t e in  an d  S a x  [5], also 
fo rm ed  a cholesteric  m esophase , and  b o th  th e  c ry sta llin e -ch o lesteric  a n d  choles­
te ric -iso tro p ic  tra n s itio n s  ensued a t  h ig h er te m p e ra tu re s , th a n  in  th e  case 
o f cho leste ry l b en zo a te  [6]. The sy n th eses  a n d  in v es tig a tio n s  o f  hom ologous 
series o f ch o leste ry l-n -a lk an o a tes  [7] an d  th io ch o le s te ry l-n -a lk an o a te s  [7] 
an d  th io ch o le s te ry l-n -a lk an o a te s  [8]; cho leste ry l-co -pheny la lkanoa tes [9] and  
th iocho lestery l-co -p lieny la lkanoates [10]; ch o le s te ry l-n -a lk y lca rb o n a te s  [11], 
ch o le s te ry l-S -n -a lk y lth io ca rb o n a te s  [12] an d  S -ch o leste ry l-n -a lk y lth io ca rb o n - 
a tes  [13 ], as íveli as 5oc-cholestan-3/?-yl-n-alkylcarbonates an d  5a-cho lestan - 
-3 /? -y l-S -n -a lky lcarbona tes [14] p re sen ted  th e  p o ss ib ility  o f assessing  th e  in ­
fluence  o f changing  th e  oxygen a to m s n e x t  to  th e  cho lestero l sk e le ton  for 
su lfu r a to m s.

* P a r t  I I I :  A c ta  P h y s . e t Chcm. Szeged, X X V I, 71 (1980)
** T o w hom  co rrespondence  should  be ad d ressed  

*'** T he th erm al s ta b il i ty  is th e  th e rm a l v a lu e  ( te m p e ra tu re )  a t  w hich th e  liq u id  c ry s ta l­
line  p ro p e rtie s  are lo st a n d  th e  sub stan ce  is tran s fo rm e d  in to  th e  iso trop ic  liq u id  s ta te

1 Acta Chim. Acad. Sei. H ung. 110, 1982
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A ccording to  th e  review s b y  E l s e r  [14] an d  E n n u l a t  [15, 16], th e  sub­
s t i tu tio n  o f  oxygen  b y  su lfur n e x t  to  th e  ca rbony l g roup  in c re a se s  b o th  the 
cho lesteric-iso trop ic  an d  th e  sm ectic -ch o les teric  tra n s itio n  te m p e ra tu re s  of the  
th io es te rs  and  th io ca rb o n a te s . T h is  f in d in g  is in  acco rd an ce  w ith  th e  da ta  
m easured  b y  B e r n s t e i n  and S a x  [5 ]: rep lacem en t by  su lfu r a to m  increases th e  
th e rm a l s ta b ility . In  ad d itio n  to  th is , th e  presence o f th e  s u lfu r  a to m  accen­
tu a te s  th e  odd -even  effect.

O ur p u rp o se  w as to  sy n th es ize  cho lestero l d e riv a tiv e s  c o n ta in in g  e th er 
a n d  c a rb o n a te  s tru c tu ra l  u n its  a n d  to  su b s ti tu te  th e  o x ygen  a to m s  b y  sulfur 
a to m s. B y  th e  ch an g in g  of th e  a to m s , w e w ished to  observe  w h a t  in fluence is 
ex e rted  on th e  liq u id  cry sta llin e  p ro p e rtie s  b y  th e  in c o rp o ra tio n  o f  sulfur 
a to m s in  place o f  th e  oxygen a to m s  a t  d iffe ren t d is tan ces  f ro m  th e  steran  
skele ton .

T he s ta r tin g  m a te ria l o f th e  sy n th es is  was ch o les te ry l ch lo ro fo rm ate
(I), w hich w as p re p a re d  from  c h o le s te ro l an d  phosgene in  d r y  benzene  [17]. 
T h is com pound (I) w as allowed to  re a c t  w ith  th e  co rresp o n d in g  h y d ro x y -[18] 
o r th io l d e riv a tiv e s  [19, 20] to  g ive th e  req u ired  com pounds ( I I , 1П, IV, V). 
T h e  syn thesis  ro u te  is show n in  F ig . 1.

The processes w ere effected  in  d ry  benzene, and  p y r id in e  w as used as 
ac id  accep to r. T h e  reac tio n s w ere fo llow ed b y  th in -lay e r c h ro m a to g ra p h y  and 
th e  p ro d u c ts  o b ta in e d  in  th e  u su a l m a n n e r  w ere p u rified  b y  c o lu m n  chrom a­
to g ra p h y  and  th e re a f te r  c ry sta llized . T h e  an a ly tica l d a ta  o f  th e  com pounds 
p rep a red  are show n in T able I .

T a b le  I

Analytical data fo r  the compounds I I ,  I I I ,  I V  and V

N o. C o m pound M ol. Mol. M, p ., к
A nalyg %

fo rm u la w eig h t
F o u n d C alculated

i i C h o le s t e r y l  2 - e t h o x y -  
e t h y l - c a r b o n a t e C32H54O4 5 0 2 .7 5 3 4 3 .5

C =  7 6 .1 6  
I I  =  1 0 .6 8

C =  7 6 .4 4  
H  =  1 0 .8 2

h i C h o le s t e r y l  2 - e t h y l -  
t h i o e t h y l - c a r b o n a t e C32H 510 3S 5 1 8 .8 1 3 8 1 .5

C =  7 3 .9 2  
H  =  1 0 .5 1

C =  7 4 .0 7  
H  =  1 0 .4 9

IV C h o le s t e r y l  2 - e t h y l t h i o -  
e t h y l - S - t h i o c a r b o n a t e C;,2H 5A S 2 5 3 4 .8 8 3 6 5 .5

C -  7 1 .6 0  
H  =  1 0 .1 2

C =  7 1 .8 5  
H  =  1 0 .1 7

V C h o le s t e r y l  2 - e t h o x y -  
e t h y l - S - t h i o c a r b o n a t e c 3j j 54o 3s 5 1 8 .8 1 3 3 8 .5

C =  7 4 .2 2  
H  =  1 0 .3 4

C =  7 4 .0 7  
H  =  1 0 .4 9

R esu lts a n d  D iscussion

On th e  basis  o f  th e  th e rm o g ram s a n d  th e  op tical o b se rv a tio n s , th e  phase 
tra n s itio n  schem es can  be given as show n in  Fig. 2.

T he a b b re v ia tio n s  are as fo llow s:

1* Acta Chim. Acad. S e i. H ung. 110, 1982
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I  =  isotropic liqu id
C h  =  cholesteric m e so p h a se
C, Cj, Cj[ =  c ry sta llin e  m o d ifica tio n s.

T h e  hea tin g  d irec tio n  is  in d ic a te d  by  a c o n tin u o u s  line, th e  cooling 
d ire c t io n  b y  a dashed lin e , a n d  th e  transitions d u r in g  th e rm o sta tin g  b y  a 
d o t te d  lin e .

338.5
c ------------------ * - I .

\
1 337

290 '••• 1
*

Ch
V

Fig. 2. T h e  p h a s e  tr a n s i t io n  s c h e m e s

Cholesteryl 2-ethoxyethyl-carbonate (I I )

T h e  com pound d isp lay s  a n  enan tio trop ic  c h o le s te ric  m esophase.

Cholesteryl 2-etliylthioethyl-carlionate (III)

O n  th e  basis of th e  th e rm o g ra m s , the co m p o u n d  does n o t form  a liq u id  
c ry s ta l l in e  phase. D uring ra p id  coo ling  (quenching) to  b e lo w  368.5 K , how ever, 
an  u n s ta b le  cholesteric m e so p h a se  is observable o p tic a lly , w hich d id  n o t 
a p p e a r  in  th e  calorim eter.

A c ta  Chim . Acad. Sei. Hung. 110, 1982
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C holesteryl 2 -e th y lth io e th y l-S -th io ca rb o n a te  (IV )

The com pound  ex h ib ited  a m o n o tro p ic  cholesteric  m eso p h ase , w hich 
beg an  to  c rysta llize  o n ly  d u rin g  a  lo n g er th e rm o s ta tin g  p e rio d . D ep en d in g  on 
th e  d u ra tio n  o f  th e  th e rm o s ta tin g  perio d  an d  th e  te m p e ra tu re , sev e ra l p o ly ­
m orph ic  tra n s itio n s  w ere o b se rv ab le  b e tw een  Cn an d  C,.

Cholesteryl 2-ethoxyethyl-S-thiocarbonate (V )

T his com pound  show s a m o n o tro p ic  cholesteric  m esophase . T h e  c ry s ta l­
lin e  s ta te  w as re fo rm ed  on cooling o n ly  a f te r  a 24 h  th e rm o s ta t in g  period  a t 
290 K .

F rom  th e  re su lts , we m ay  conclude  th a t  th e  p ro p ertie s  o f  th e  com pounds 
a re  sig n ifican tly  a lte re d  w hen  th e  e th e r  oxygen  a to m  is e x ch an g ed  fo r su lfu r 
(cf. th e  difference be tw een  co m pounds II an d  III). T he m e ltin g  p o in t rises 
a n d  on ly  an  u n s ta b le  liq u id  c ry s ta llin e  p h ase  is form ed.

T he exchange o f  th e  c a rb o n a te  oxygen  fo r su lfu r re s u lte d  is a m ore 
m o d e ra te  change (cf. th e  d ifference be tw een  com pounds II a n d  V). T he m e lt­
in g  p o in t changes on ly  in s ig n if ican tly , an d  th e  m esophase fo rm ed  is cholesteric  
in  b o th  cases.

T h e  com pounds co n ta in in g  su lfu r  a to m s in  th e  c a rb o n a te  g roup  (IV 
a n d  V) are s im ila r in  th a t  b o th  fo rm  m o n o trop ic  cho lesteric  m eso p h ase . The 
exchange o f th e  e th e r  oxygen  a to m  fo r su lfu r re su lts  in  a co n sid e rab le  rise  of 
th e  m elting  p o in t.

In  su m m ary , w e m ay  conclude  th a t  in  th e  case o f th e  co m p o u n d s  we 
h a v e  syn thesized  (w ith  th e  ex cep tio n  o f  com pound  V) s u b s ti tu t io n  b y  a su lfu r 
a to m  increases th e  th e rm a l s ta b ili ty . T h is is in  acco rdance  w ith  prev ious 
o b se rv a tio n s  [5, 14, 15, 16]. As re g a rd s  th e  change in  th e  p ro p e rtie s  o f  th e  
co m p o u n d s, rep lacem en t o f oxygen  b y  su lfu r fu r th e r  from  th e  s te ra n  skele ton  
h a s  a g re a te r  in fluence .

Experim ental

T he calorim etric  m easu rem en ts  w ere m ad e  w ith  a  P E R K I N —E L M E R  D SC -2 calo rim ­
e te r  in  a  h igh ly  pu rified  n itro g en  a tm o sp h e re . T he te m p e ra tu re  ax is w as c a l ib ra te d  w ith  th e  
m e ltin g  p o in t o f in d iu m  s ta n d a rd  an d  th e  m eltin g  p o in t of b id is tilled  w a te r . T h e  w eigh ts of 
th e  sam ples lay  in  th e  ra n g e  3 — 5 m g. T h e  te m p e ra tu re s  o f th e  ph ase  t ra n s it io n s  cou ld  be 
re p ro d u c e d  w ith  a n  accu racy  of i l  K .

F o r th e  d e te rm in a tio n  of th e  te x tu re s  o f th e  m esophases, a P H M K  (V E B  A n a ly tik , 
D resd en ) a p p a ra tu s  an d  a n  A M PL IV A L  P O L -U  (C arl Zeiss, J e n a )  p o la riz in g  m icroscope 
(eq u ip p ed  w ith  a  h o t s tag e) w ere used .

All m elting  p o in ts w ere m easu red  on a B o e tiu s  h o t-s tag e  a p p a ra tu s .
TLC  was carried  o u t on silica gel p la te s  (M E R C K , D C -F c rtig p la tte n , K iese lge l 60); 

d ev e lo p m en t w as pe rfo rm ed  w ith  a n  a c e to n e —benzene (1 : 30) m ix tu re . V isu a liz a tio n  was 
ach iev ed  b y  sp a ry in g  w ith  5 0 %  p h o sp h o ric  ac id  a n d  h ea tin g .
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C o lu m n  ch ro m a to g rap h y  w as  perform ed using  silica  gel (R E A N A L , K ieselgel 60, 
0 .063  — 0 .2  m m ) and  a 1 : 2 m ix tu re  o f ben zen e—p e tro leu m  e th e r .

T h e  I R  spectra  w ere r e c o rd e d  in  K B r pelle ts on  a  U N IC A M  S P  200 sp ec tro m ete r, 
w h ile  th e  P M R  spectra  w ere o b ta in e d  on a  JE O L  60-H L  sp e c tro m e te r  in  CDC13, w ith  TM S 
as in te r n a l  s tan d ard .

C holestery l 2 -e tho x y e th y l-carb o n a te  (II) a n d  its  
su lfu r-c o n ta in in g  derivatives (Ш, IV, V)

T h e  h y d ro x y  or th io l c o m p o u n d  (0.01 mole) a n d  2 m L  o f p y rid in e  w ere d isso lved  in 
10 m L  o f  d ry  benzene, an d  0 .01 m o le  cho lestery l ch lo ro fo rm ate  (I) in  15 m L  d ry  benzene was 
a d d e d  d ro p w ise  during  10 — 15 m in , w ith  stirring . S tirr in g  w as co n tin u e d , an d  th e  re ac tio n  
w as fo llo w ed  b y  th in -lay er c h ro m a to g ra p h y . W hen th e  re a c tio n  w as com ple te , th e  benzene 
so lu t io n  w as w ashed w ith  co ld  d i lu te  hydroch loric  acid  a n d  w a te r ,  a n d  d ried  over an h y d ro u s  
so d iu m  su lfa te . The benzene w as e v a p o ra te d  and th e  c ru d e  p ro d u c t  p u rif ied  by  co lum n ch ro ­
m a to g ra p h y  an d  finally  c ry s ta ll iz e d  fro m  a m ix tu re  o f b en zen e  a n d  e th y l alcohol.

*

T h e  au th o rs  are g ra te fu l t o  th e  H u n g arian  T ech n ica l C om m ittee  for considerab le  
te c h n ic a l  assistance of th is  re se a rc h . T h an k s are expressed  to  M rs. D r. B abtók-B ozóki an d  
É . G á c s-G e r g e l y  for th e  c o m b u s tio n  analyses, to  M r. A. Ga jd a c s i fo r tech n ica l a ssistance , 
to  D r. G y . D ombi for th e  P M R  s p e c tra , and  to  D r. J .  K is s  fo r  th e  I R  sp ec tra  an d  h e lp fu l
d isc u ss io n s .
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A NEW ROUTE FOR THE PREPARATION 
OF iV-SUBSTITUTED iV-DEMETHYLAPOCODEINE

DERIVATIVES

S. BeRÉNYI, S. HoSZTAFI, S. MäKLEIT* and I. SzEIFERT 
( I n s t i t u t e  o f  O rg a n ic  C h e m is tr y ,  K o s s u th  L a jo s  U n iv e r s i ty ,  D e b r e c e n )

R ece iv ed  M ay 13, 1981 
A ccep ted  fo r p u b lic a tio n  A u g u st 28, 1981

T ran s fo rm a tio n  of 6 -0 -m esy ln eo p in e  in to  6 -d em eth o x y th eb ain e  in  a  good yield 
is th e  f i r s t  ex p erim en ta l p ro o f  fo r th e  assu m ed  m echanism  of th e  co d ein  apocodeine 
re a rra n g em en t. 6 -D em eth o x y th eb a in e  p ro v e d  to  be an  im p o r ta n t  s ta r t in g  m ate ria l 
for th e  p re p a ra tio n  of IV -alkyl-JY -dem ethylapocodeine de riv a tiv es a ffo rd in g  b e tte r  yields 
th a n  p ro ced u res used so fa r.

In  th e  re c e n t p a s t ou r s tu d ie s  on neop ine u n eq u iv o ca lly  p ro v e d  th a t  
th is  m o rp h in e  a lkalo id  can c o n v e n ie n tly  be  tran sfo rm ed  in to  im p o r ta n t  deriv ­
a tiv e s  w hich  a re  o therw ise d iff ic u lt o f  access.

O ur in v es tig a tio n s  m ad e  possib le  to  develop th e  f irs t p ro c e d u re  for the  
in d u s tr ia l iso la tio n  of n a tu ra l  n eo p in e  from  ripe  poppy  h ead  [1] a n d , on th e  
o th e r h an d , to  w ork  ou t a new  ro u te  fo r its  p rep a ra tio n  s ta r t in g  fro m  th eb a in e
[2] w hich p rov ides th e  h ig h est y ie ld  in  com parison  w ith  th e  k n o w n  procedures.

In  th e  course of our s tu d ie s  n u m ero u s  new  deriva tives h a v e  been  p re ­
p a re d  by  th e  nucleophilic  s u b s ti tu t io n  reac tio n s  of 6 -0 -m esy ln eo p in e  (II) [3]. 
I n  th e  p re se n t p ap er, th e  sy n th es is  in  a good yield  of 6 -d e m e th o x y th eb a in e  
(3 -m e th o x y -4 ,5 « -e p o x y -6 ,7 ,8 ,1 4 -te tra d e h y d ro -1 7 -m e th y lm o rp h in a n )  (III) is 
rep o rted . S ta r tin g  from  th is  co m p o u n d , e.g., 14 -hydroxyallopseudocodeine  
(1 ,2 -add ition) can  he p rep a red  in  a v e ry  conven ien t w ay. N eo p in e  is also an 
im p o r ta n t s ta r t in g  m ate ria l in  th e  sy n th es is  o f В/C -írans m o rp h in e  d e riv a tiv e s , 
since i t  has p ro v ed  to  be su ita b le  for tra n sfo rm a tio n  in to  iso n eo p in e  b y  using 
a sim ple p ro ced u re  p rov id ing  a good y ie ld  an d  large-scale a p p lic a b ili ty  [4].

The p re p a ra tio n  o f 6 -d e m e th o x y th e b a in e  in  a h igh y ield  is n o te w o rth y  
in  tw o resp ec ts :

(a) 6 -D em eth o x y th eb a in e  is an  in te rm e d ia te  in th e  a ssu m ed  m echan ism  
o f th e  codeine —► apocodeine re a rra n g e m e n t (on th e  analogy  o f  th e  assum ed 
m echan ism  [5] of th e  m o rp h in e  —► ap o m o rp h in e  tra n sfo rm a tio n );

(b) if  th e  m echanism  is t ru e ,  th e  re a rra n g em e n t 6 -d e m e th o x y th e b a in e  —*■ 
ap o co d e ire  (VIb) can also be rea lized . B esides th e  firs t e x p e rim e n ta l co rrob ­
o ra tio n  of th e  assum ed m ech an ism , th is  p rov ides a new p o ss ib ility  for the

* To w hom  correspondence sho u ld  be addressed
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p re p a ra tio n  o f apocodeine  and  iV -su b s titu te d  IV -dem ethylapocodeine d e riv a ­
tiv e s  (VI), d e ta iled  s tu d ies  of w h ich  a p p e a r  desirable.

O n th e  basis o f  th e  li te ra tu re  d a ta ,  th e  following c o m b in a tio n s  can  be 
ta k e n  in to  acco u n t fo r th e  p re p a ra tio n  o f  th e se  com pounds:

(1) codeine Д- apocodeine -Í1» IV -dem ethylapocodeine -A IV-alkyl-iV-de- 
m eth y lap o co d e in e

(2) codeine Jb iV -dem ethylcodeine — *- iV -alkyl-lV -dem ethylcodeine Л- JV- 
a lky l-JV -dem ethylapocodeine

(3) codeine A- IV -dem ethylcodeine Л- iV -dem ethy lapocodeine Л- N -alky l- 
-7V -dem ethylapocodeine.

T h e  fo llow ing fa c ts  should be  ta k e n  in to  considera tion  fo r th e  rea liza tio n  
o f  th e  above co m b in a tio n s:

( la )  The y ie ld  o f th e  codeine —► apocode ine  tra n sfo rm a tio n  is  v e ry  low: 
12 .8%  w ith  oxalic ac id  [6], 30%  or 2 0 % w itli phosphoric  acid [7, 8 ], a n d  32%  
w ith  m eth an esu lfo n ic  acid  [9].

( lb )  The apocodeine  —► iV -dem ethy lapocodeine  tra n s fo rm a tio n  is u n ­
k n o w n , and  th e  iV -dem ethy lation  o f  a p o rp h in e  alkaloids has n o t  y e t  been 
sa tis fa c to rily  so lved . T he use of cy an o g en  b ro m id e  [10, 11, 12], a lk y l chloro- 
fo rm a te s  [13, 14], azod icarboxy lic  ac id  d ie s te rs  [15] and n itro u s  ac id  [12, 16] 
d id  n o t give th e  desired  resu lt. T h o u g h  th e  iV -dem ethylation  o f  som e ap o r­
p h in e  alkalo ids has been  achieved v ia  N - ox ide , th e  yields a re  g e n e ra lly  low
[17]; th e  best y ield  w as 34%  in th e  case  o f  th e  nuciferine —► iV -dem ethy lnuci- 
fe rin e  conversion. A ccord ing  to  K im , J .  C. [O rg. P rep . P roc. I n t . ,  9 , 1 (1977)], 
ap o m o rp h in e  can be iV -dem ethy la ted  w ith  m e th y l ch lo ro fo rm ate  in  87%  
y ie ld . T his re su lt, how ever, has n o t  b een  co rro b o ra ted  b y  o u r ow n stu d ies . 
W e also  in v es tig a ted  th e  case o f ap o co d e in e  u sing  2 ,2 ,2 -trich lo ro e th y l ch lo ro ­
fo rm a te , b u t th e  p ro d u c t o b ta in ed  wras n o t  id en tica l w ith  iV -dem ethy lapo- 
codeine  (Via).

( lc )  No d a ta  a re  availab le  in  th e  l i te ra tu re  concerning th e  iV -alkylation  
o f  JV -dem ethy laporph ines, only th e  IV -m ethy la tion  has h i th e r to  b een  p u b ­
lish ed  [18].

(2a) The codeine —► iV -dem ethylcodeine tran sfo rm a tio n  h a s  b een  th o r ­
o u g h ly  s tu d ied  an d  so lved : th e  y ields w ere  38%  w ith  cyanogen b ro m id e  [19], 
16%  w ith  azod icarboxy lic  acid d ie s te r  [19], 30%  w ith  n itro u s  ac id  [20], 
an d  in  th e  case o f ch lo ro fo rm ates th e y  w ere 71%  (—CH3) [21], 4 3 %  [ -C.,H5) 
[22], 65%  (C13CCH2- )  [23], and 89 %  (CeH 5- )  [24].

(2b) A ccording to  our own ex p erien ces, th e  IV -alkylation o f  IV -dem ethyl- 
m o rp h in a n  d e riv a tiv e s  can  generally  b e  p e rfo rm ed  in  50%  y ie ld  b y  m ean s of 
th e  u su a l p rocedures. In  th is  field  o u r  s tu d ie s  are  in  progress.

(2c) F o r th e  tra n sfo rm a tio n  o f  th e  IV -alkyl-iV -dem ethylcodeine d e r iv a ­
tiv e s  in to  IV -alkyl-lV -dem ethylapocodeine d e riv a tiv e s  only one e x a m p le  has 
h i th e r to  been p u b lish ed  in  th e  l i te ra tu re :  th e  conversion  of th e  iV -h y d ro x y e th y l

Acta Chim. Acad. Sei. H ung. 110 , 1982



3 6 6 BERÉNYI et al.t JV-SUBSTITUTED JV-DEMETHYLAPOCODEINES

d e r iv a tiv e  (VIc) in  42 %  y ie ld  [9]. ¥ e  perfo rm ed  th is  reac tio n  o f th e  IV-allyl 
d e r iv a tiv e  (VId) in  30%  y ie ld .

(3a) see (2a).
(3b) T he y ields a re  v e ry  low : 6%  w ith  p h o sp h o ric  acid [12], 13%  w ith  

o xalic  ac id  [12] an d  2 3 %  w ith  m ethanesu lfon ic  a c id  [9].
(3c) see (lc ).
A ccord ing  to  o u r re c e n t stud ies, 6 -0 -m esy ln eo p in e  (II) o b ta in ed  fro m  

n eo p in e  (I) in  90%  y ie ld  can  be  tran sfo rm ed  in to  6 -d em eth o x y th eb a in e  (III) 
in  9 3 %  y ie ld  b y  m ean s o f  te tra b u ty la m m o n iu m  f lu o rid e  (TB A F); III gave 
ap o co d e in e  (VIb) q u a n t i ta t iv e ly  on t re a tm e n t w ith  m ethanesu lfon ic  ac id , 
o r in  84 %  yield  c a lc u la ted  fo r neopine.

O n th e  basis o f  o u r re su lts  concerning th e  iV -dem ethy la tion  of m o rp h in e  
a lk a lo id s  b y  using  azo d ica rb o x y lic  acid d ie th y l e s te r  (A D D E ) [25], we m an ag ed  
to  tra n s fo rm  6 -d em e th o x y th e b a in e  in to  iV -d em eth y l-6 -d em eth o x y th eb a in e
(IV) in  70%  yield . C o m p o u n d  IV q u a n tita tiv e ly  g av e  iV -dem ethylapocodeine 
(V ia) on  tre a tm e n t w ith  m ethanesu lfon ic  ac id . iV -D em ethy l-6 -den iethoxy- 
th e b a in e  (IV) affo rded  Vd (in  45% ) on a lly la tio n  a n d  Vc (in  43% ) on 2 -h y d ro x y - 
e th y la t io n , w hich co m p o u n d s  could be q u a n t i ta t iv e ly  rearran g ed  in to  N -(2-  
-h y d ro x y e th y l)-iV -d em eth y lap o co d e in e  (VId) a n d  iV -allyl-iV -dem ethylapoco- 
d eine  (VIc), re sp ec tiv e ly . T h e  y ields ca lcu la ted  fo r neop ine  were 25 .2%  a n d  
2 6 .4 % .

O f th e  possib ilities  (1, 2, 3) o u tlined  ea rlie r , th e  b e s t one (codeine ?-9 - > 
A -d em eth y lco d e in e  iV -(2 -hydroxyethyl)-iV -dem ethylcodeine N - ( 2-
-hy d ro x y e th y l)-iV -d em eth y lap o co d e in e) p ro v id e d  12 .8%  overall y ield  [9, 24].

E xperim en ta l

M .p .’s were m easu red  w ith  a K offler a p p a ra tu s  a n d  a re  u n co rrec ted . T h in -lay er c h ro m a ­
to g ra p h y  w as perfo rm ed  o n  M erck  5554 silica gel 60 F 254 fo ils  u s in g  benzene : m e th a n o l (8 : 2) 
o r ch lo ro fo rm  : ace tone  : d ic th y la m in e  ( 5 : 4 : 1 )  dev elo p in g  m ix tu re s . The d e tec tin g  a g e n t w as 
D ra g e n d o rff  reag en t. P re p a ra t iv e  th in -la y e r c h ro m a to g ra p h y  w as perform ed on M erck 5717 
silica gel 60 F 254 ( 20 X 20 cm , la y e r  th ickness 2 m m ) a n d  th e  d e tectio n  was done in  U V  
ilg h t. T h e  'H-iNM K sp e c tra  w ere o b ta in ed  w ith  a J E O L  100 M H z spectrom eter.

6-O-M esylneopine (II)

F ro m  neopine (I) acco rd in g  to  [3].

6-Dem ethoxythebaine (III)

A ccording to  [3], b u t  w ith  th e  follow ing m o d ifica tio n .
C om pound I I  (5.0 g: 13.25 m m oles) was d isso lved  in  a n h y d ro u s  ace to n itrile  (300 m L ) 

a n d  T B A F  (15.0 g; 59 m m oles) w as ad d ed ; th e  m ix tu re  w as th e n  re flu x ed  for 2.5 h . T h e  so lv e n t 
w as e v a p o ra te d  and  th e  o ily  resid u e  ex tra c te d  w ith  e th e r  (3 X 50 m L). The m ate ria ls  o b ta in e d  
a f te r  e v ap o ra tio n  of th e  e th e r  c rv sta llized  on s ta n d in g  to  y ie ld  3.45 g (93% ) of th e  c ry s ta llin e  
p ro d u c t.

1H -N M R  (CC13): Ó (p p m ) 2.42s (3H . N - C H 3), 3.9s (3 H . О - C H 3), 5 .4 - 6 m  (4 H , 5 /ЗН, 
6 H , 7 H , 8H ), 6.62dd (2 H , А г - Ш .
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lV -D em ethyl-6-dem ethoxythebaine  (IV)

A  m ix tu re  o f com pound I I I  (1 .12 g ; 4 .0  m m oles) and  A D D E  (0.89 g; 5.1 m m oles) 
w as re flu x ed  in  a n h y d ro u s  benzene (15 m L ) fo r  8 h . T he solvent was e v a p o ra te d , th e  residue 
d isso lved  in  a n h y d ro u s  e th an o l (20 m L ) a n d  a n  a q u eo u s  so lu tion  10 m L  of a m m o n iu m  chloride 
(3.5 g) w as ad d ed . T h e  m ix tu re  was a llo w ed  to  s ta n d  a t  room  tem p e ra tu re  fo r  24 h , th e n  the  
e th a n o l w as e v a p o ra te d  to  leave 0.8 g (7 0 % ) o f th e  hydroch loride, m .p . 253 — 255 °C, afte r 
w ash in g  w ith  a n h y d ro u s  ethanol.

[а ] с  —176° (0 .5 , w ater). The free  b ase  w as a n  oil.
C17H 17N 0,H C 1. Calcd. N 4.6, C 67.2 , H  5.97, Cl~ 11.6. F ound  N  4 .8 , C 67.7, H  6.0, 

C l"  11.4.
Щ -N M R  (CDC13): <5 (ppm ) 3.8s (3 H , 0 - C H 3), 5 .4 - 6 m  (4H , 5 /Ш , 6 H , 7 H , 8 H ) 6.6dd 

(2 H , A r - H ) .

iV -(2-H ydroxyethy l)-JV -dem ethyl-6-dem ethoxythebaine (V c)

A  m ix tu re  o f com pound  IV (1.0 g; 3 .74 m m oles) a n d  2-brom oethanol (0 .53 ; 4 .24 m m oles) 
w as re flu x ed  fo r 6 h  in  an h y d ro u s e th a n o l (17 m L ) iu  th e  presence of sod ium  h y d ro g e n  c a rb o n ­
a te  (0 .53 g; 6.3 m m oles). The solid m a te r ia l  w as f i lte re d  off, th e  so lven t e v a p o ra te d  a n d  the  
resid u e  d issolved in  ace to n e . The in o rg an ic  s a l t  w as f ilte red  off an d  th e  a ce to n e  e v ap o ra te d  
to  y ie ld  1.0 g o f a n  o ily  p ro d u c t; 500 m g  o f th is  m a te ria l was p u rified  b y  re p a ra tiv e  TLC 
(dev elo p in g  m ix tu re : b en zen e—m eth a n o l 1 : 1 )  to  o b ta in  a substance  (250 m g; 4 3 % ) on 
e lu tio n  w ith  m eth a n o l, w hich  th en  c ry s ta ll iz e d  fro m  n -hexane . M.p. 122 — 122.5 °C.

M d —136° (0.5, chloroform ).
1H -N M R  (CDC13): <5 (ppm ) 2 .8m  (2 H , C H 2), 3 .6m  (2H , CH2), 3.8s (3 H , 0 - C H 3), 5 . 4 -  

5 .9m  (4H , 5 /ЗН, 6 H , 7 H , 8H ), 6.6dd (2 H , A r —H ).
C19H 21N 0 3. C alcd. N  4.5, C 73.26, H  6 .79 , F o u n d  C 4.2, C 72.8, H  6.65 .

iV -ally l-iV -dem ethyl-6-dem ethoxythebaine (Vd)

A m ix tu re  o f co m pound  IV (0.9 g; 3.38 m m oles) an d  allyl brom ide (0.49 g ; 4 .06 m m oles) 
w as re flu x ed  for 20 h  in  anhydrous e th a n o l  (15 m L ) in  th e  presence of so d iu m  h y d ro g en ca r- 
b o n a te  (0.43 g; 5.0 m m oles). The solid re s id u e  w as f ilte re d  off, washed w ith  e th a n o l, th e  so lven t 
e v a p o ra te d  an d  th e  resid u e  dissolved in  e th e r .  T h e  in so lub le  m ate ria l w as f i l te re d  off a n d  th e  
so lv en t e v ap o ra te d  to  o b ta in  an oil, h o m o g en eo u s in  TLC , w hich gave th e  h y d ro c h lo rid e  of 
Vd (520 m g; 43% ) on  tre a tm e n t w ith  h y d ro g e n ch lo rid e  in  anhydrous e th a n o l. M .p. 207 — 
211 °C (decom p.).

[a]*j5 —108° (0.25, w ater).
4 I -N M R  (CDC13: ő (ppm ) 3 .1 - 3 .4 m  (2 H , N - C H 2- ) ,  3.8s (3H , 0 - C H 3), 5 .0 - 5 .9 m  

(7 H , olefinic p ro to n s), 6 .6dd  (2H , A r — H ).
C20H n N O ,H C l. Calcd. N 4.07, C 69.85, H  6.45, C1“  10.3. F ound  N  3.75, C 69.1, H  6.5,

Cl- 10.8: '

JV -D em ethylapocodeine (V ia)

C om pound IV  (600 m g; 2.24 m m oles) w as d issolved in  m eth an esu lfo n ic  acid  (3 m L) 
a n d  h e a te d  a t  95 °C fo r 45 m in. A fter coo ling , th e  m ix tu re  was poured  in to  a s t i r re d  aqueous 
(50 m L ) so lu tion  of p o tass iu m  h y d ro g en  c a rb o n a te  (8.0 g), an d  s tirred  fo r f u r th e r  1 h . The 
p re c ip ita te d  m ate ria l w as filte red  off a n d  d r ied  u n d e r  red u ced  pressure to  a ffo rd  600 m g (100% ) 
of a  c ry sta llin e  su b s ta n c e , which w as h o m o g en eo u s in  TLC. I ts  h y d ro ch lo rid e  fo rm ed  w ith  
h y d ro g en ch lo rid e  in  an h y d ro u s  e th a n o l, d eco m p o sed  be tw een  270 and  280 °C (lit. [9] m .p. 
2 7 7 - 2 8 0  °C).

[a ]  n  —48 “ (0 .5 , w a ter).
Щ -N M R  (b ase , CDC13): <5 (ppm ) 3.8s (3 H , 0 - C H 3), 7 .0 -7 .2 m  (4 H , A r - H ) ,  8 .2dd 

(1 H , A r - H ) .

A pocodeinc (V Ib )

C om pound H I  (1.0 g; 3.35 m m oles) w as d isso lved  in  m ethanesu lfon ic  a c id  (5 m L ) and 
h e a te d  a t  95 °C fo r 45 m in . A fter cooling, th e  m ix tu re  was poured  in to  a n  a q u eo u s  (75 m L) 
so lu tio n  of p o tass iu m  h y d ro g en ca rb o n a te  (14.0 g) a n d  w orked up  as described  fo r co m pound
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V ia  to  y ie ld  1.0 g (100% ) o f th e  p ro d u c t. T he m .p . of i t s  h y d ro c h lo rid e , form ed w ith  h y d ro g en - 
ch lo rid e  in  a n h y d ro u s  e th a n o l, w as 246 °C (decom p.) (lit. [9] m .p . 257—260 °C).

T h e  free base  w as c ry s ta lliz ed  from  m eth an o l, m .p . 121 — 124 °C (m ethanolic  so lv a te )  
(lit. [9] m .p . 1 2 5 - 1 2 7  °C).

T h e  1H -N M R  d a ta  w ere id en tica l w ith  those p u b lish ed  in  R ef. [25] and w ith  th o se  of 
a u th e n t ic  apocodeine  o b ta in e d  fro m  codeine w ith  85%  p h o sp h o ric  acid  [8] or m eth an esu lfo n ic  
acid  [9].

IV-allyl-JV-demethylapocodeine (VId)

C om pound  Vd (1.0 g; 3.25 m m oles) was allow ed to  r e a c t  w ith  m ethanesu lfon ic  acid  
(5 m L ) a n d  w orked  up  as desc rib ed  above  to  y ield 1.0 g (1 0 0 % ) of VId, m .p. 59 — 63 °C.

[<x] d —90.8° (0.5, ch lo ro fo rm ).
T h e  m .p . of th e  h y d ro c h lo rid e  w as 216 — 220 °C.
[a]J>° - 1 5 7 °  (0.27, w a ter).
l H -N M R  (base, CDC13): Ö (p p m ) 3.1m  (2H , - C H 2- ) ,  3 .85s (3H , 0 - C H 3), 5 . 1 - 5 . 3m  

(3 H , o lefin ic  p ro to n s), 6.9 — 7.2m  (4H , A r—H ), 8 .1dd  (1 H , A r —H ).
C2üH 21N 0 2HC1. Calcd. N  4 .07 , C 69.86, H  6.45, C l"  10.3. F o u n d  N  3.75, C 69.6, H  6.38, 

C l“  10.6“

T h e  a u th o rs ’ th a n k s  a re  d u e  to  th e  F irs t D e p a r tm e n t o f Sciences of th e  H u n g a ria n  
A c ad e m y  o f Sciences an d  to  th e  A lk a lo id a  Chem ical W o rk s, T iszav asv ári, H u n g a ry  fo r f in a n ­
cial s u p p o r t ,  a n d  to  M r. A t t i la  L ö k i  fo r th e  41-N M R  sp e c tra .
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THERMAL DECOMPOSITION OF OXETANE 
AND OXETANE-d2 IN THE PRESSURE  

INDEPENDENT RANGE
Zs. H U N Y A D I-Z O L T Á N , L . Z a LO TAI, T . B É R C E S *  and F . M Á R T A  

(Central Research In s titu te  fo r  Chemistry, H ungarian  A cadem y o f  Sciences, B udapest)

R e c e iv e d  M a y  22 , 1981 
A c c e p te d  fo r  p u b l ic a t io n  A u g u s t  28, 1981

T h e  th e r m a l  d e c o m p o s itio n  o f  o x e ta n e  a n d  o x e tan e-2 ,2 -d >  h a s  b e e n  s tu d ie d  
a t  h ig h  p re s s u re s . O v e r  th e  te m p e r a tu re  r a n g e  o f  6 6 8  — 757 K , o x e ta n e  decom p o ses 
in to  e th y le n e  a n d  fo rm a ld e h y d e  via  a  c le a n  u n im o le c u la r  p ro c e ss  w i th  a  r a t e  c o n s ta n t

lo g ifc o o /s -1) =  15 .42 ±  0 .31  -  (259 .5  ±  3 .8 ) k J m o l - ' / R T l n  10

O x e ta n e - 2 , 2 -fi3  w a s  fo u n d  to  d e c o m p o se  b y  a  s im ila r  u n im o le c u la r  re a c tio n , 
a n d  in  th e  t e m p e r a tu r e  r a n g e  o f  673 — 758 К  th e  r a te  c o n s ta n ts  f i t t e d  th e  e q u a tio n

log  ( f e „ / s - ‘) =  15.54 ±  0 .16  -  (262 .8  ±  1.9) k J m o l - l/ R r  In  10

A  p re l im in a r y  s tu d y  o f  th e  p re s s u re  d e p e n d e n c e  o f  th e  f i r s t  o r d e r  r a t e  c o n s ta n t  • 
o f  o x e ta n e  a n d  o x e ta n e - d ,  d e c o m p o s itio n  h a s  b e e n  c a r r ie d  o u t  a t  7 3 2 .2  K . T h e  fa ll-o ff 
c u rv e s  w ere  a n a ly z e d  u s in g  th e  R R K  t r e a tm e n t .  T h e  b e s t  f i ts  w e re  o b ta in e d  w ith  th e  
S|^ p a r a m e te r s  18 a n d  19 f o r  o x e ta n e  a n d  o x e ta n e -d ,,  r e s p e c tiv e ly . T h e  r e la t io n  o f these  
S|^ p a r a m e te r s  to  th e o re t ic a l  e s t im a te s  a re  d isc u sse d .

In tro d u c tio n

A p a rt from  th e  e a rly  stud ies b y  W a l t e r s  an d  co-w orkers on oxetane 
[1] an d  3 ,3 -d im eth y l-o x e tan e  [2], th e  k in e tic s  o f th e  th e rm a l decom position  
o f  o x e tanes h av e  b e e n  in v es tig a ted  on ly  recen tly . A lth o u g h  k in e tic  d a ta  for 
various su b s titu te d  o x e tan es  are  availab le  to d a y , th e  re p o rte d  A rrh en iu s  p a ram ­
e te rs  seem  to  in v o lv e  a ce rta in  in co nsistency  “ L ow ”  A rrh en iu s  p aram eters  
(A  fac to rs  a ro u n d  10145 s -1  an d  a c tiv a tio n  energies less th a n  250 k J  m o l-1) 
w ere o b ta in ed  fo r th e  2 -a lky l deriv a tiv es  [3, 4] an d  “ h ig h ”  A rrh en iu s  p a ram ­
e te rs  (A  fac to rs o f  a b o u t 10155 s -1  an d  a c tiv a tio n  energies a ro u n d  or above 
250 k J  m o l-1 ) w ere  re p o rte d  for th e  3-a lky l ox e tan es [2, 5 ]. T h e  o rder of 
m ag n itu d e  d ifference in  th e  A  fac to rs is d ifficu lt to  e lu c id a te , p ro v id ed  th a t  
all com pounds decom pose  by th e  sam e m echanism .

A rrhen ius p a ra m e te rs  de te rm in ed  for th e  pyro lysis  o f  cis- an d  trans- 
-2 ,3 -d im eth y lo x e tan e  [6] c learly  belong to  th e  d a ta  d esig n a ted  h ere  as “ high” 
values. On th e  o th e r  h a n d , th e  resu lts  o b ta in ed  fo r c is-2 ,4 -d im ethy l-irans-3 -

* T o  w h o m  c o r re sp o n d e n c e  sh o u ld  be  a d d re sse d
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-v in y lo x e ta n e  decom position  [7] f i t  in  w ith  low values o f  th e  2 -a lky l d e riv a tiv es  
b u t  c a n n o t  be reconciled w ith  th e  “ h ig h ” values o f  th e  d im e th y lo x e tan es  [7].

R e g a rd in g  th e  d eco m p o sitio n  o f  oxetane itself, th e  e a r ly  s tu d y  o f B it t k e r  
an d  W a l t e r s  [1] gave

log ( k j s - 1) =  14 .79 — 251.2 k J  m o l ^ / R T l n  M  (1)

w h ile  m o r e  re c e n tly  H o l b r o o k  a n d  S cott [8] fo u n d

b g  ( k j s - 1) =  15.71 -  263.7 k J  m ol _1/R T  In 10 (2)

T h e  “ h ig h ”  A rrhenius p a ra m e te rs  ob ta ined  in  th e  la t t e r  s tu d y  f i t  in  m ore 
w ith  th e  k in e tic  p a ram e te rs  o f  cy c lo b u tan e  decom p o sitio n  [9].

T ra n s it io n  s ta te  e s tim a te s  fo r  th e  A rrhen ius p a ra m e te rs  o f o x e tan e  de­
c o m p o s itio n  m ade b y  B e n s o n  a n d  O ’N e a l  [15] (log =  14.7 a n d  E ^  =  247 
k J  m o l-1 ) seem to  su p p o rt th e  “ low ”  values, w hile th o se  re p o rte d  b y  H o l ­
b r o o k  a n d  S cott [8] a p p e a r  to  con firm  th e  “ h igh”  ones. F u r th e r  s tu d ies  are 
o b v io u s ly  requ ired .

I n  t h i s  p a p e r  w e r e p o r t  o u r  re s u lts  on  th e  d e c o m p o s i tio n  o f  o x e ta n e  
a n d  o x etane-2 ,2 -< /2 in  th e  p r e s s u r e  in d e p e n d e n t r a n g e ,  a n d  p re s e n t  so m e p r e ­
l im in a r y  d a t a  on  th e  p re s su re  d e p e n d e n c e  o f th e  u n im o le c u la r  r a te  c o n s ta n ts  
as w e ll  a s  th e  an a ly s is  b a s e d  o n  th e  K a sse l  (R R K )  th e o ry .

E xperim en tal

O x e ta n e  a n d  o x e ta n e -2 ,2 -d 2  w e re  p r e p a re d  f ro m  a c ry lic  a c e ta te  th r o u g h  3 -c h lo ro p ro p y l 
a c e t a t e ,  t r im e th y le n e  c h lo ro h y d r in  a n d  3 -c h lo ro p ro p y l a c e ta te .  R e d u c t io n  o f  c h lo ro p ro p y l 
a c e t a t e  to  tr im e th y le n e  c h lo r o h y d r in  w a s  c a r r ie d  o u t  b y  L iA lH 4  a n d  L iA lD 4, re sp e c tiv e ly . 
R in g  c lo s u re  w as b ro u g h t a b o u t  in  t h e  p re se n c e  o f  p o ta s s iu m  h y d ro x id e ,  as d e sc r ib e d  in  [10]. 
T h e  t r im e th y le n e  ox ide  ra w  p r o d u c t s  w e re  d is tille d  f ro m  K O H . F in a l  p u r i f ic a t io n  w as  c a r r ie d  
o u t  b y  b u lb  to  b u lb  d is t i l la t io n  in  v a c u u m .  T h e  ch em ica l p u r i t y  o f  t h e  sa m p le s  w as sh o w n  to  
b e  b e t t e r  t h a n  99 .5%  b y  g .l.c . M a ss  sp e c tro m e tr ic  a n a ly s is  o f  th e  o x e ta n e -d , sa m p le  sh o w ed  
a n  i s o to p ic  p u r i ty  b e t te r  t h a n  9 8 % .

K in e t i c  e x p e r im e n ts  w e re  c a r r ie d  o u t  in  a c o n v e n t io n a l  s t a t i c  v a c u u m  a p p a r a tu s  
e q u ip p e d  w i th  g rease less s to p c o c k s . A  c y lin d r ic a l  p y re x  v e sse l o f  450  c m 3  v o lu m e  w as u se d  
w i th  a  s u r fa c e /v o lu m e  r a t io  o f  0 .8 0  c m “ 1. T h e  r e a c tio n  v e sse l t e m p e r a tu r e  w a s  k e p t  c o n s ta n t  
b y  m e a n s  o f  a  re g u la te d  a ir  t h e r m o s t a t ; lo n g  te rm  s ta b i l i ty  a n d  t e m p e r a tu r e  g r a d ie n t  a lo n g  
th e  v e s s e l  w a s  ± 0 .2  K . T e m p e ra tu r e  m e a s u re m e n ts  w ere  c a r r ie d  o u t  w ith  a  c a l ib r a te d  iro n - 
c o n s t a n t a n  th e rm o c o u p le .

R e a c t a n t  p re ssu re  m e a s u re m e n ts  w e re  m a d e  w ith  a  q u a r t z  s p ira l  m a n o m e te r  (T E X A S  
M o d e l 1 4 5 ). A f te r  a  p re ssu re  in c r e a s e  o f  15 2 5 % , th e  r e a c t io n  w a s  q u e n c h e d  b y  e x p a n s io n
in to  a  g la s s  b u lb . G as sa m p le s  w e re  t r a n s f e r r e d  in to  a  g as  s a m p lin g  v a lv e . T h e  r e a c t io n  w as 
fo llo w e d  b y  g .l.c . a n a ly s is  w h ic h  w a s  c a r r ie d  o u t on  a n  H P  5 8 4 0 A  ty p e  g as c h ro m a to g ra p h . 
R e a c t io n  p ro d u c ts  w ere s e p a ra te d  o n  a  3 m  C hro m o so rb  101 c o lu m n  u s in g  a  te m p e r a tu re  
p r o g r a m  f ro m  333 to  423 K .

R isu lts

O x e ta n e  and  o x e ta n e-J2 decom posed w ith  a rep ro d u c ib le  ra te  in  th e  
se a so n ed  reac tio n  vessel. (S easo n in g  was achieved b y  c a rry in g  ou t a few runs 
in  th e  new  vessel.) E th y le n e  w as  th e  only re a c tio n  p ro d u c t w hich  could  be

A cta  Chim . Acad. Sei. Hung. 110, 1982
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d e te c te d  u n d e r  th e  cond itions o f g .l.c . ana ly sis . N on-condensab le  p ro d u c ts  
w ere n o t fo rm ed . C onversion c a lc u la ted  from  th e  analysis o f  e th y le n e  and  
o x e tan e  ag reed  w ith in  th e  lim its  o f e x p e rim e n ta l e rro r w ith  t h a t  o b ta in ed  
from  p ressu re  m easu rem en ts . In  a g re e m e n t w ith  previous in v e s tig a tio n s  [8], 
we fo u n d  th a t  o x e ta n e  decom posed u n d e r  o u r exp erim en ta l c o n d itio n s  in  a 
c lean  u n im o lecu la r reac tio n  accord ing  to  a sim ple s to ic h io m e try :

o x e tan e  —>- e th y le n e  -)- fo rm aldehyde (3)

R eac tio n  w as carried  o u t up  to  1 5 —25 %  conversion a n d  f i r s t  o rder 
r a te  coeffic ien ts w ere o b ta in ed  from  th e  a n a ly tic a l resu lts  :

1 + [e th y len e ]

[o x e ta n e ]
(4)

“ H ig h  p re ssu re ”  ra te  coefficients fo r  o x e tan e  decom position  w ere  d e te r­
m in ed  a t  p ressu res  o f  p 0 7 k P a  o v er th e  te m p e ra tu re  range  o f  6 6 8 —757 K . 
T h e  resu lts  a re  g iven  in  T ab le  I  an d  F ig . 1. A least-squares t r e a tm e n t  o f  th e  
d a ta  y ields

log ( k j s - 1) =  15.42 ±  0.31 -  (259.5 ±  3.8) k J  m o l~ 4 R T  In  10 (5)

w here  th e  e rro r  lim its  are  th e  s ta n d a rd  d ev ia tio n s.
“ H ig h -p re ssu re”  ra te  coefficients o b ta in e d  for oxetane-</2 d ecom position  

a t p ressu res  o f  p 0 ]>  7 k P a , in  th e  te m p e ra tu re  range 673 to  758 K , a re  given

Fig. 1. A rrh e n iu s  p lo t  fo r  o x e ta n e  d e c o m p o s itio n

2 Acla Chim. Acad. Sei. H ung. 110, 1982
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T ab le  I

First order rale coefficients fo r  oxetane decomposition

T(K) Po (ЫРа) 104 X  koo (s-1) T(K) Pa (kPa) 10* Xtoc («->)

668.1 7.24 0.145 708.7 7.83 2.24

669.2 6.98 0.148 715.1 6.99 3.26

677.0 6.97 0.277 722.5 8.69 5.06

686.3 7.64 0.423 732.0 15.21 8.86

686.7 8.99 0.454 748.2 7.37 22.8

699.0 6.40 1.16 757.3 7.24 28.6

in  T a b le  I I  a n d  F ig . 2. A lea s t-sq u a re s  t r e a tm e n t o f  th e  d a ta  yields

lo g  { k j s - 1) =  15.54 +  0.16 -  (262.8 ±  1.9) k J  m o l~ 11RT  In 10 (6)

w here  t h e  e rro r  lim its  are a g a in  th e  s ta n d a rd  d ev ia tio n s .
O n e  m a y  o b ta in  a k in e tic  iso tope  effect fro m  th e  ra te  coefficients d e te r ­

m in ed  fo r  o x e ta n e  and  o x e tan e -d 2. T hus, one c a lc u la te s  k Hj k D =  1.4 a t  732 K . 
U sing  E q s  (5) an d  (6), A H/ A D =  0.76 an d  E H — E D ~  —3.3 k J  m o l-1  a re  
e s t im a te d .

T h e  p ressu re  dependence o f th e  firs t o rd e r  r a te  coefficients o f o x e ta n e  
an d  o x e ta n e -d 2 decom position  w as s tu d ied  a t  732.2 К  a t  p ressures dow n to  
a b o u t 10 P a . T he fall-off p lo ts  o f th e  d a ta , to g e th e r  w ith  th eo re tica l cu rv es  
(see D iscu ss io n ), are  p re se n te d  in  F igs 3 a n d  4.

Fig. 2. A r rh e n iu s  p lo t  fo r  o x e ta n e -2 ,2 -d 2  d e c o m p o s itio n

A cta  C him . Acad. Sei. Hung. 110,  1982
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T a b le  П

F irs t order rate coefficients fo r  oxetane-d2 decomposition

T(K ) Po (kPn) 10‘ xfcoo (»"*) T (  K) Po (kPo) 10« x (.-■)

673.1 7 .09 0.131 7 2 4 .4 9.56 3.90

674.1 8 .2 9 0.150 7 24 .8 9.35 3.66

683.1 7 .8 3 0.297 7 32 .2 1 2 . 0 0 6.30

683.1 7 .75 0.301 7 3 4 .0 8.43 6.40

6 8 6 . 8 8 . 2 1 0.288 7 43 .1 7.76 1 2 . 2 0

6 8 8 . 1 6.61 0.394 743 .1 7.73 11.70

702.9 8 .0 6 1.06 7 4 9 .4 11.28 17.40

708.2 8 .80 1.29 7 4 9 .9 9.40 16.50

709.3 7 .05 1.78 7 50 .2 9.05 17.70

715.1 10.13 2.16 7 50 .2 9.01 16.70

715.1 6 .9 7 2.18 7 5 7 .2 11.01 25.80

723.0 7 .77 3.61 7 57 .5 10.87 24.60

732.0 7 .75 3.62 7 58 .2 8.72 25.90

Fig. 3. C a lc u la te d  a n d  e x p e r im e n ta l  fa ll-o ff  c u r v e s  fo r  o x e ta u e  d e c o m p o s itio n  a t  7 3 2 .2  K ;
О e x p e r im e n ta l  p o i n t s ; ------- R R K  c u rv e  w ith  s v  =  1 8 , lo g  ^4oo(s_1)  =  15.42, ( k J  m o l -1 ) =

=  259 .5

2* Acta Ckim. Acad. Set. H ung. 110, 198i
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F ig . 4 . C alculated  and experim ental fa ll-o ff curves for oxetane-2 ,2-d2 decom position at 732.2 K ;
О ex p erim en ta l p o in ts ;----  R R K  curve w ith  s «  =  19, log  A<»(s-1) =  15.54, ^ „ ( k j  m o l-1 ) =

=  262.8

D iscussion

T h e  “ h igh  p ressu re”  k in e tic  d a ta  o b ta in e d  fo r oxetane  deco m p o sitio n  
in  th i s  s tu d y  are com pared  in  T ab le  I I I  w ith  th e  early  resu lts  of B itt k e r  
a n d  W alter s  [1] an d  th e  m o re  recen t d a ta  o f  H olbrook and  Scott [8]. 
I t  c a n  b e  seen  from  th e  T a b le  t h a t  th e  r a te  coeffic ien ts  o rig inating  fro m  th e  
th r e e  so u rc e s  show re m a rk a b ly  good a g re e m e n t; th e y  all agree w ith in  4 p e r  
c e n t a t  713 К  (which is th e  m ean  te m p e ra tu re  o f  o u r investiga tions). H o w ev er, 
th e  c o m p a riso n  of th e  A rrh e n iu s  p a ra m e te rs  is n o t sa tisfy ing  a t all, in d ic a tin g  
th e  k n o w n  difficulties in v o lv ed  in  th e  p rec ise  d e te rm in a tio n  of A  a n d  E A

Table Ш
Comparison o f  kinetic data fo r  oxetane decomposition

log (Л °°/s-1) £ ^ (k j mol-1) 10‘ xfcoo (s-1)
at 713 К Ref.

15.42 ±  0.31 259.5 ±  3.8 2.56 This work

15.71 ±  0.31 263.7 ±  3.5 2.46 H olbrook and Scott [8]

14.79 251.0 2.52 B ittkeb and Walters [1]

A c ta  C him . Acad. Sei. Hung. 110, 1982
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from  к  m easu rem en ts . O ur p a ra m e te rs  a re  in  betw een  th e  “ h ig h  v a lu e s”  o f  
H olbrook an d  Scott a n d  th e  “ low  v a lu e s”  o f  B ittker a n d  W a l t e r s , b u t 
d e fin ite ly  closer to  th e  fo rm er ones.

T he ra te  coeffic ien ts a n d  A rrh en iu s  p a ram e te rs  o b ta in e d  fo r o x e tan e- 
-2 ,2 -d2 a re  in  line w ith  th o se  d e te rm in ed  in  th is  w ork for o x e ta n e  itse lf. T hus 
th e  k in e tic  re su lts  on d e u te ra te d  o x e tan e  decom position  seem  to  su b s ta n tia te  
th e  k in e tic  p a ra m e te rs  d e te rm in ed  fo r th e  decom position  o f  o x e ta n e  in  th is  
s tu d y .

I t  is c lear from  th e  above  d iscussion  as well as from  a n  in sp ec tio n  o f  
th e  A rrh en iu s  p a ra m e te rs  re p o rte d  fo r th e  decom position  o f  s u b s t i tu te d  oxe- 
ta n e s  (see th e  In tro d u c tio n )  t h a t  a ll so rts  o f  availab le  th e o re tic a l a n d  experi­
m e n ta l in fo rm a tio n  o th e r  th a n  к  m easu rem en ts  as a fu n c tio n  o f  T  h a v e  also 
to  be con su lted  in  o rd er to  com e to  a re liab le  conclusion re g a rd in g  th e  precise 
v a lu e  o f th e  A rrh en iu s  p a ra m e te rs  o f o x e ta n e  decom position . S u ch  in fo rm a tio n  
can  be ex p ec ted  from  th e  in te rp re ta t io n  o f th e  pressure d ep en d en ce  o f  th e  
f irs t  o rd e r ra te  coefficient an d  o f th e  k in e tic  iso tope effect.

I n  th is  p a p e r  we exam ine th e  e x p e rim e n ta l d a ta  on th e  p re ssu re  depen ­
dence  o f  th e  f irs t  o rd e r r a te  coeffic ien t a t  732.2 К  using th e  R ice  — R amsper- 
Ge r —K assel  (R R K ) th e o ry  [11] o f u n im o lecu la r reactions. A cco rd in g  to  th e  
R R K  th e o ry , th e  f irs t o rd e r r a te  coeffic ien t a t  an y  p ressure  is g iv en  b y

к 1 f~  Xs' 1 ex p  ( — x) d x

(s — 1)! J  о 1 +  A 1 * г
(0 b +  x )

w here  x  — (E  — E 0) jR T , b =  E 0/R T ,  A  a n d  Eg are to  be id e n tif ie d  as th e  
h ig h  p ressu re  p re -ex p o n en tia l fa c to r  a n d  a c tiv a tio n  energy , re sp e c tiv e ly , and  
со is th e  collision freq u en cy  a t p re ssu re /» . ( In  th e  ca lcu la tion  o f  со, th e  collision 
d ia m e te r  w as ta k e n  as 5 х Ю -8  cm .) In  E q . (7) s is th e  fa ll-o ff p a ra m e te r ;  
re g a rd in g  its  v a lu e  u sed  in  th e  ca lcu la tio n s  see th e  d iscussion  t h a t  follows.

R R K  ca lcu la tions w ere ca rried  ou t fo r o x e tan e  and o x e tan e -d 2 decom po­
sitio n  a t 732.2 К  using  th e  A rrh en iu s  p a ra m e te rs  o b ta ined  in  th is  s tu d y . The 
fa ll-o ff cu rves w ere co m p u ted  w ith  a series o f s values in  o rd e r  to  f in d  th e  
fa ll-o ff p a ra m e te rs  g iv ing  th e  b e s t f i t  to  th e  experim en ta l d a ta .  I n  th is  w ay  

=  18 a n d  =  19 w ere o b ta in e d  in  case o f  o xetane  an d  oxetane-c/2, respec­
tiv e ly . T he solid curves o f Figs 3 a n d  4 w ere com puted  w ith  s K p a ra m e te rs  
assigned  in  th is  m anner.

S im ilar good f its  to  th e  e x p e rim e n ta l fa ll-o ff d a ta  could  be  o b ta in e d  i f  
th e  A rrh en iu s  p a ra m e te rs  d e te rm in ed  b y  H olbrook an d  Scott or those  
re p o rte d  b y  B ittker  an d  W alters w ere used . N a tu ra lly , d iffe re n t sK values 
w ere req u ired  in  each  case. T he s K p a ra m e te rs  th a t  gave th e  b e s t f i t s  to  our 
fa ll-o ff d a ta  a t  732.2 К  are  p re sen ted  in  th e  second colum n o f T a b le  IV .

Acta Chim. Acad. Sei. H ung. 110% 1982
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Table TV

C o m p a r is o n  o f  KASSEL f i t  p a r a m e te r  w ith  c a lc u la te d  s  v a lu e s  (732.2 K)

* K  .best fit
s =  Cvib !R 

E q. (8)
» =  К-ЕГь>/“ Е,)/КГ

E q. (9)

» =  < Я а 11> х / Л Т

Eq.(10)

O x e tan e 18a 12.50 7.18 5.34

19b

17c

O xetane-d j l 9 a 13.52 7.79 5.60

a W ith  A rrhenius p a ra m e te rs  fro m  th is  work
b w ith  A rrhenius p a ra m e te rs  de term ined  by  H o l b r o o k  a n d  S c o t t  [8] 
0 w ith  A rrhenius p a ram e te rs  rep o rted  b y  B i t t k e r  a n d  W a l t e r s  [1]

A n aly sis  o f th e  fa ll-o ff  cu rves, on th e  b as is  o f  th e  R R K  th e o ry , cou ld  
s u p p o r t  one or th e  o th e r  o f  th e  A rrhenius p a ra m e te rs  rep o rted  fo r o x e ta n e  
d eco m p o sitio n  p ro v id ed  t h a t  th e  s p a ram e te r  w ere a v a ila b le  from  in d e p e n d e n t 
sou rces. Golden  et al. [12] sugg ested  th a t  th e  s p a ra m e te r  is un iquely  defined  
b y  th e  v ib ra tio n a l h e a t c a p a c ity  of th e  decom posing  m olecule as

s =  Cvib/R  =  2
i

u f  ex p  (Uj) 

[exp (u,) — l ] 2
( 8)

w h ere  u t =  hvJkT ,  a n d  v] b e in g  th e  m olecu lar freq u en c ies .
P laczek et al. [13] as w ell as Tschuikow -R o u x  [14] exam ined  th e  

e s tim a tio n  o f th e  “ e ffec tiv e”  n u m b er of o sc illa to rs  in  te rm s of th e  av e rag e  
en e rg y  o f  th e  reacting species  (w hich is also th e  n o n -fix e d  energy  o f th e  a c t i ­
v a te d  c o m p le x ) :

s (<Et~ > /  -  E 0) / R T  =  ~  (r+ +  2) +  2  ( # °  -  H°0) t ) / R T  (9)
2 ,=i

w h ere  s+ an d  r+ d es ig n a te  th e  n u m b er of v ib ra tio n a l degrees of freedom  an d
th e  n u m b e r  of ac tiv e  in te rn a l  ro ta tio n s  of th e  a c t iv a te d  com plex  and  2  ( E °  —'

i
- Щ )  f  a re  th e  P la n c k — E in s te in  harm onic o sc illa to r fu n c tio n s  for th e  com plex . 
S till a n o th e r  m e th o d  o f f in d in g  th e  s p a ra m e te r  is b y  f i t t in g  th e  av e rag e  
in te rn a l  energy  of a ll th e  m olecules a t  th e  te m p e ra tu re  in  question  [13, 14] :

* =  <EM \ / R T  =  +  2 ( Я °  -  H ő)‘lR T  í 10)
2 ;=]

w h ere  t an d  r  are th e  t o ta l  n u m b e r  o f v ib ra tio n a l degrees o f freedom  a n d  th e
n u m b e r  o f  in te rn a l r o ta t io n s  o f  th e  m olecule a n d  2  a re  th e

i
P la n c k  — E in ste in  h a rm o n ic  o sc illa to r fu n c tio n s fo r th e  m olecule.

A cta  Chim. Acad. Sei. H ung. 110f 1982
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D e te rm in a tio n s  o f th e  fa ll-o ff p a ra m e te r  from  E q s (8) — (10) w ere carried 
ou t using  th e  m o lecu la r an d  a c tiv a te d  com plex m odels su m m arized  in  th e  
A ppend ix . The re su lts  a re  g iven  in  T ab le  IV . All th e  th e o re tic a l estim ates of 
th e  s p a ra m e te r  a re  considerab le  less th a n  th e  sK p a ra m e te rs  g iv ing  th e  best 
f i t .  T heo re tica l p re d ic tio n  o f th e  fa ll-o ff p a ra m e te r  is c le a rly  n o t good enough 
e ith e r  to  su p p o rt o r to  re jec t a n y  o f th e  rep o rted  A rrh e n iu s  p a ram ete rs  of 
o x e ta n e  decom position . A m ore so p h is tic a ted  tre a tm e n t ,  th e  R R K M  theory  
is req u ired  to  an a ly z e  th e  fa ll-o ff d a ta . T his w ork is in  p ro g ress .

A ppendix

T h e  fo llow ing v ib ra tio n a l freq u en cy  assig n m en t (cm -1) w as adop ted  
in  th e  th e o re tic a l e s tim a tio n  o f th e  s p a ram ete rs .

Oxetane : M olecu lar frequencies w ere ta k e n  2959, 2930, 3000, 2966, 3007, 
2940, 1473, 1447, 1498, 1342, 1410, 1363, 1283, 1185, 1225, 986, 1142, 836, 
1134, 1018, 908, 1228, 931, 90. A c tiv a te d  com plex a ss ig n m en t w as 2967(6), 
1422(6), 1209(4), 911(2), 390(4), 50(1).

Oxetane-d2 • M olecular frequencies 2966(4), 2179(2), 1430(4), 1167(5), 
988(4), 871(3), 724(1), 87(1). A c tiv a te d  com plex a ss ig n m en t 2966(4), 2179(2), 
1430(4), 1167(3), 988(3), 871(1), 724(1), 430(4), 50(1).

*

T he a u th o rs  a re  in d eb te d  to  P ro f. M. B artók  for a ssis tan ce  in  th e  p rep ara tio n  of 
o x e tan e-d 2.
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ZUM EINFLUSS VON DISPERSIONSWECHSEL­
WIRKUNGEN AUF DIE ABSCHIRMKONSTANTE 

DER KERNMAGNETISCHEN RESONANZ

U . P o h l e  and G . G r o s s m a n n *
(S e k tio n  Chemie der Technischen U n iversitä t Dresden, Dresden, D D R )

Eingegangen am  25. M ai 1981 
Z u r V eröffen tlichung  an g en o m m en  am  28. A ugust 1981

E s w ird  d e r E in flu ß  der D ispersionsw echse lw irkungen  a u f  die A b sch irm u n g  
m itte ls  S tö ru n g srech n u n g  th eo re tisch  b e sc h rie b e n . Z unächst w ird  d e r E in f lu ß  der 
D ispersionsw echselw irkungen  zw ischen zw ei T e ilch en  au f die A bsch irm ung  u n te r s u c h t  
u n d  d a n n  eine V erallgem einerung a u f  v ie le  U m gebungsteilchen  d u rc h g e fü h r t .  Die 
th eo re tisch e n  E rgebn isse  w erden zu r A u s w e - 'u n g  experim en teller B e fu n d e  au s  31P- 
u n d  12-X e-N M R -S p ek tren  genutzt.

E in le itu n g

Seit 1951 [1] is t die A bhäng igke it d e r  chem ischen V ersch ieb u n g  vom  
L ö su n g sm itte l b e k a n n t. Z unächst v e rsu c h te  m a n  sie allein d u rch  d as  e n tm a ­
gnetis ie ren d e  F e ld  zu  e rk lä ren . B ald  fa n d e n  B o t h n e r -B y  und  G l ic h . [2], daß 
diese E rk lä ru n g  n ic h t ausre ichend  ist. E s  w u rd e  d er E in fluß  v o n  D isp e rs io n s­
w echselw irkungen  d isk u tie rt. Ma r s h a l l  u n d  P o p l e  [3] u n d  S t e p h e n  [4] 
v e rö ffen tlich ten  1958 theo re tisch e  A rb e ite n  ü b e r  den E in fluß  e ines ä u ß e ren  
e lek trisch en  F e ld es  a u f  die A b sch irm u n g . S tep h en  erhielt d en  e in fachen  
A usd ruck

<5 =  — B F 2, (1)

w onach  die V ersch ieb u n g  p ro p o rtio n a l d em  m ittle re n  Q u ad ra t des e lek trisch en  
F e ldes am  O rt des u n te rsu c h te n  K ern es  i s t .  B ei V ersuchen z u r B e rech n u n g  
dieses F e ldes w u rd e  deu tlich , daß  sich  d ie  d ire k te n  e lek trischen  F e ld e r , die 
v o n  den  N a c h b a rte ilc h e n  erzeugt w erd en , in  hohem  M aße a u s m itte ln , so daß  
das m itt le re  Q u a d ra t des e lek trischen  F e ld e s  am  O rt des u n te rs u c h te n  K ern s 
k le in  b le ib t u n d  in  g u te r  N äherung  d u rc h  d ie  W irk u n g  eines N a c h b a rte ilch e n s  
b esch re ib b a r se in  so llte  [5]. In  G asen w u rd e  m it diesem  M odell g u te  Ü b e re in ­
s tim m u n g  zw ischen  E x p erim en t u n d  T h e o rie  gefunden.

U n te rsu c h t m an  ab er die th e o re tis c h e n  Ergebnisse h in s ic h tlic h  ih res 
V erh a lten s  beim  Ü b erg an g  zum  K o n tin u u m  [6 ], so fin d e t m an , d a ß  d ie  D ic h te ­
a b h än g ig k e it d e r  A bsch irm ung  n ich t v e rsc h w in d e t. D as m ittle re  Q u a d ra t  des

* K o rre sp o n d en z  b i tte  an diesen A u to r r ic h te n
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d ire k te n  e lek trisch en  F eldes m uß  ab er in  e inem  K o n tin u u m  v ersch w in d en . 
M an k a n n  d a rau s  ersehen , d aß  dieses M odell a u c h  d ie  W irkung  des R e a k t io n s ­
feldes d e r  in d u z ie rten  M om en te  des u n te rsu c h te n  M oleküles a u f  die A b sc h ir ­
m u n g  f ü r  d en  F all zw eier T e ilch en  m it e n th ä lt .  D ieses R eak tionsfe ld  is t  a b e r  
a d d it iv ,  u n d  m an  m uß  bei h ö h e re r  D ich te  — insb eso n d ere  in  F lü ss ig k e iten  — 
alle U m g eb u n g sm o lek ü le  b erü ck sich tig en . D ie  e in fache  M u ltip lik a tio n  m it 
e in er m it t le re n  K o o rd in a tio n szah l [7]. au sg eh en d  vom  m ittle ren  Q u a d ra t  des 
e le k tr is c h e n  Feldes, das von  einem  M olekül am  O rt des u n te rsu c h te n  K e rn s  
e rz e u g t w ird , e n th ä lt die p rin z ip ie ll feh le rh a fte  V orausse tzung , daß  s ich  d a s  
m it t le re  Q u a d ra t des e lek trisch en  F eldes an  d iesem  O rt ad d itiv  aus d en  m i t t le ­
ren  Q u a d ra te n  d er von  d en  einzelnen  U m g ebungsm olekü len  e rzeug ten  F e ld e r  
z u sa m m e n se tz t. Es lag  n a h e , d aß  das R e a k tio n sfe ld  w egen seiner A d d it iv i tä t  
a lle in  f ü r  d ie  A b h äng igke it d e r  A b sch irm ung  v o n  D ispersionsw echse lw irkun­
gen v e ra n tw o r tl ic h  is t.

F ü r  die E in fü h ru n g  des R eak tio n sfe ld es  R  an s te lle  des m ittle re n  Q u a ­
d ra ts  des e lek trisch en  F eldes in  die B eziehung  (1) w urden  zwei u n te rs c h ie d ­
liche A n s ä tz e  verw endet. E in m a l se tz te  D e  M o n t g o l f i e r  [ 8 ]  einfach F 2 ~  R 2, 
u n d  d a ra u s  le ite te  R ü h m e n s  [9] le tz tlich  ab  : d ~  [(n2 — l)/(2 n  2 +  l ) ] 2.
A n d e re rse its  fü h rt L i n d e r  [10] das R e a k tio n sfe ld  so ein, daß  die Ä n d e ru n g  
des P o te n t ia ls  des u n te rs u c h te n  M oleküls im  R eak tio n sfe ld  gleich d e r  im  
g e d a c h te n  flu k tu ie re n d e n  F e ld  F  i s t : W  — — m R j 2 acF2, u n d  so e r h ä l t
er ö ~  (n 2 — l) /(2 n 2 -j- 1 ) ;

n  B rech u n g sin d ex ,
m  f lu k tu ie re n d e s  D ip o lm o m en t des u n te rs u c h te n  M oleküls,
<x dessen  P o la ris ie rb a rk e it,
W  P o te n tie lle  E nerg ie

I n  b e id en  M odellen is t die gleiche frag w ü rd ig e  G rundlage e n th a lte n . 
M an m u ß  d av o n  ausgehen , d aß  die Ä n d eru n g  d e r A bsch irm ung  eine F o lg e  d e r  
V e rä n d e ru n g  der W e llen fu n k tio n  des u n te rs u c h te n  M oleküls bei W echsel d e r  
U m g e b u n g  is t. B e tra c h te t  m a n  D ipo lw echselw irkungen , so e rzeu g t je d e  
V e rä n d e ru n g  m it n ich t v e rsch w in d en d en  M a trix e lem en ten  des D ip o lo p e ra to rs  
ein  s ta b ilis ie re n d  w irkendes R eak tio n sfe ld , dessen  R ic h tu n g  von der V e rä n d e ­
ru n g  d e r  W ellen fu n k tio n  des u n te rsu c h te n  M olekü ls abhängig  is t. St e p h e n  
h a t  a b e r  d ie  B eziehung (1) f ü r  ein von  a u ß en  angeleg tes, vom  b e tr a c h te te n  
M olekü l v ö llig  unabh än g ig es  e lek trisches F e ld  a b g e le ite t, und  n u r  d e sh a lb  
v e rsc h w in d e t das lin ea r vom  e lek trischen  F e ld  abhäng ige  Glied in  se in e r 
A b le itu n g  bei M itte lung  ü b e r  alle O rien tie ru n g en . D ie B eziehung (1) is t  also  
s tre n g  gen o m m en  fü r ein  R eak tio n sfe ld  n ic h t a n w e n d b a r. D eshalb is t es n o t ­
w en d ig , m it  H ilfe der S tö ru n g srech n u n g  q u a n te n m e c h an isch  die A b h ä n g ig k e it 
d er A b sc h irm k o n s ta n te n  v o n  der m o lek u la ren  D ipo l-D ipo l-W echselw irkung  
zu  u n te rs u c h e n . D abei m u ß  eine Z erlegung des e rh a lten en  E rgeb n isses  fü r

A c ta  Chim . Acad. Sei. Hung. 110, 1982
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M o lek ü lp aare  in  R eak tio n sfe ld an te il u n d  A n te il des d irek ten  F e ld e s  d u rc h ­
g e fü h rt w erden . D an ach  soll eine V era llgem einerung  a u f v iele U m g eb u n g ste il­
chen  b e i iso tro p e r U m gebung  fü r  d en  R eak tio n sfe ld an te il m it H ilfe  eines 
K o n tin u u m m o d e lls  b e tra c h te t  w e rd en . E in flü sse  der A n iso trop ie  d e r  U m ge­
b u n g  d u rc h  R ild u n g  von  K om p lex en  au s  w enigen Teilchen in  G asen  können  
d u rc h  e in en  s ta tis tisc h e n  A nsatz  b e rü c k s ic h tig t w erden.

T heorie

R am say  [11, 12] zeig te, d aß  d ie  B erech n u n g  des A b sch irm ten so rs  m it 
d er S tö ru n g srech n u n g  zw eiter O rd n u n g  m öglich  is t. F ü r  die U n te rsu c h u n g  
des A b sch irm ten so rs  u n te r  dem  E in f lu ß  eines äußeren  M edium s b e i V erw en­
d u n g  d e r D ipo l-D ipo l-W echselw irkung  is t  diese A b le itung  u n g ü n s tig , d a  G lieder 
d ie  b e id e  E in flü sse  — das m ag n e tisch e  F e ld  u n d  die D ipo l-D ipo l-W echselw ir­
k u n g  — e n th a lte n , e rs t in  3. u n d  4 . O rd n u n g  au ftre te n . E in e  b e trä c h tlic h e  
V ere in fach u n g  lä ß t  sich erzielen, w en n  m a n  einen O p e ra to r  f in d e t , d er es 
e r la u b t, die E lem en te  des A b sch irm ten so rs  m it der G ru n d zu stan d sw e llen ­
fu n k tio n  des b e tra c h te te n  M oleküls zu  berechnen . D ieser O p e ra to r  ex is tie rt 
n a c h  d em  T heorem  der d o p p e lten  S tö ru n g srech n u n g  [13]. S eine S tru k tu r  
is t fü r  d as  h ie r zu  b eh ande lnde  P ro b le m  ohne Belang.

E s  g i l t :

o*p =  <0|cr;„|0> (2)

=  [32<0| ^ Bfmid^dBß]p =  о, в =  0 (3)

=  [ д 2( Е  -  Цу B y ) l d ft, d B ß]n  =  О, В  =  0 (4)

Oiaß =  dB ß  se i d e r  O p e ra to r  der A b sch irm u n g ,

B ß  — die K o m p o n en ten  d e r  m agn etisch en  In d u k tio n  am  O rt des 
u n te rsu c h te n  K e rn s ,

pa — die K o m p o n en ten  des m agn etisch en  M om ents des u n te rsu c h ­
te n  K erns.

D ie  V ersch iebung  du rch  P aa rw ech se lw irk u n g  daß e rh ä lt m a n  z u : 

<5*0 =  üaß, Paar — ő(®g

=  [d2(Epaar — E 0] l d ^  d B ß ]  fj, =  0, В  ~  0 

=  [d V 2) +  w(3))/d/G d B ß ]  /1 =  0, В  = 0

Acta Chim. Acad. Sei. H ung. ПО, 1982
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D a b e i b e d e u te n  :

E °  — die E n erg ie  des M olekü lpaares o hne  W echselw irkungen  be i 
an ge leg tem  M agnetfeld]

E paar — die E n erg ie  des M olekü lpaares m it W echselw irkungen  
im  M agnetfe ld .

E s  t r e te n  e rs t in  zw e ite r u n d  d r i t te r  O rd n u n g  n ic h t tr iv ia l v e rsch w in ­
d en d e  B e iträ g e  zur V ersch ieb u n g  auf. Diese sin d  in  d en  sow ohl vom  O p e ra to r  

a ŝ au c h  vom  D ip o l-D ip o l-W ech se lw irk u n g so p era to r haß ab h än g en d en  
A n te ile n  d e r  S tö rungsenerg ien  in  zw eiter (w u n d  d r i t te r  O rdnung  ( w ^ )  
e n th a lte n . D ie P aa rw ech se lw irk u n g  soll d u rch  d e n  O p e ra to r  iiab in P u n k t ­
d ip o ln ä h e ru n g  h in re ichend  b esch rieb en  sein :

hab =  - M a M \ R - b3 =  — M a E ba =  — M bE ab (8)

H ie rin  b e d e u te n  :

M a — das D ip o lm o m en t des M oleküls a

M h — das D ip o lm o m en t des M oleküle b

R ab — der A b s ta n d  der L ad u n g ssch w erp u n k te  der 
M oleküle a u n d  b

E ba — das vom  D ip o l M b am  O rt des M oleküls a erzeugte 
e lek trische  F e ld

E ab -  das vom  D ip o l M a am  O rt des M oleküls b erzeugte 
e lek trische  F e ld .

Im  Z u s ta n d  ohne W echselw irkungen  e rh a lte  m a n  die W ellen funk tionen  
lna&  ̂ d e r  M olekülpaare  als P ro d u k t der W e llen fu n k tio n en  der e inzelnen  
M oleküle :

!»$>  =  í^ 0)> I 4 0)> -  |ru>  (9)

B ei d e r  D u rc h fü h ru n g  der S tö ru n g srech n u n g  e rg ib t sich  :

=  [ д 2 г d B ß]ß =  о, в = о =  0, (10)

w enn  d ie  O rien tie ru n g  d er e inzelnen  M oleküle z u e in a n d e r n ich t festgeleg t is t.

<5$ =  [02 w®/0A, d B ß\ м_0> в  ~ о
=  у  у  i a *ßrr — a *ßoo) < 0 0 1 К ь  1 r»> <JU  1 h ab I 00>

г и ( K ma +  Wgb -  Wf> -  W ^ f  '  K
r+u u^0
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D iesen  B e itrag  k a n n  m an  in  drei A n te ile  zerlegen , die sich h in s ic h tlic h  ih re r 
p h y sik a lisch en  B ed eu tu n g  u n te rsch e id en  :

1. r  == 0, 0 ;  W echselw irkung  des s ta tisch en  D ip o lm o m en ts  des
M oleküls a(m0a) m it dem  in d u z ie rten  M o m en t des M oleküls b (m,- b)

2. r ^  0, и  =  0 : W echselw irkung  v o n  m (- a u n d  m06
3. г 0, и ^  0 : W echselw irkung  v o n  m i a und  mib.
D er zum  1. F a ll gehörende B e itra g  <5*д\ verscliw indet, w eil d e r e rs te  

K la m m erau sd ru ck  in  Gl. (11) N ull w ird .
F ü r  <5*02 e rh ä lt  m an (2. F a l l ) :

<5*̂ 2 g ib t die A bh än g ig k e it der A b sch irm u n g  vom  d irek ten  e lek tr isch en  F e ld  
an , das der s ta tisc h e  D ipol des N a c h b a rm o lek ü ls  am  O rt des u n te rs u c h te n  
M oleküls e rzeu g t.

F ü r  den  3. F a ll e rh ä lt m a n :

<5<3j =  -V у  ( a *ßrr -  a*ßoo) < °°  1 К ь  |r u> < ru \hab |00>
Ф  ~ rTo. é o  { W Z  +  W Z  -  W ?  -  W f f

(13)

D ieser T erm  lä ß t  s ich  in  zwei Teile z e r le g e n :

=  <3$n +  «5̂ 32 (14)

D er e rs te  T eil e rg ib t sich bei B e rü c k s ic h tig u n g  von W Z  — W =  hvbr u n d  
W Z  -  W<°> =  hvb0u z u :

<5 <?>’ — у  у  Ogßrr -  axßOO J?ba vor <0 I M a I r> <r I M a I 0 )  g ba
Ú  é> h* (vgr + vb0u) 0U (V>ry- -  Ш 2,

(15)

Gl. (15) g ib t d en  E in flu ß  des d irek ten  e le k tr isc h e n  Feldes, das v o n  d e n  in d u z ie r­
te n  D ipo len  des M oleküls b am  O rt des u n te rsu c h te n  M oleküls a e rzeug t 
w ird , an .

U = 2  2
ryto Uyi0

Kflrr — a *ßOo) f i a b  y0u <0 1 I Ц> <Ц I М ь  I °>  £ ab

h ' K  +  v l )  °r {vbouy - K f

Gl. (16) e n th ä lt  den  s tab ilis ie renden  E in f lu ß  des N ach b arm o lek ü ls  a u f  V er­
än d e ru n g en  d e r W ellen funk tion  des u n te rs u c h te n  M oleküls u n d  l ä ß t  sich nach

* Die d e ta illie rte  A bleitung  is t in  [6] d a rg e leg t
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N ä h e ru n g e n  zu r B eseitigung  d er D oppelsum m e als R eak tio n sfe ld te rm  sch re ib en :

<5$32
(a*ßrr — gq/ioo) ^  gab VOu <0 \ M b \ M> <M | M b | 0>l g  \"  <xprr w apuu /

/a +  h  fA  ~  " ífo "°r (Vft0u)2 -  Ю 2

■a---- J g 6f <xb (rgr) Agr6
+  Ib r*0 K r

lg  2 — ^  пУ Ш Щ Ьг < К г )
'  a  \ -L b r * 0 K r

— —  У
tg +  Ib rpsO

<0 I М а I r> egr .
K r

(17)

(18)

(19)

(20 )

D a b e i b ed e u te n  :

I a b — m ittle re  A nregungsenerg ien  d er M oleküle о bzw. b
mf(vgr) — in d u z ie rte s  D ipo lm om en t des M oleküls b a u f  der F req u en z  Vgr
e bg r  — R eak tio n sfe ld  a u f  der F re q u e n z  V g r .

A u sg eh en d  d av o n , d aß  das d irek te  F e ld  b e i näherungsw eise iso tro p e r  
U m g eb u n g  im  V ergleich  zum  R eak tio n sfe ld  einen  v e rn ach lässigbaren  E in f lu ß  
a u f  d ie  A b sch irm u n g  a u sü b t, b ra u c h t m an in  g u te r  N äh eru n g  n u r den E in f lu ß  
des T e rm s  d ^ 32 bei d er V era llgem einerung  a u f  v ie le  U m gebungste ilchen  zu  
b e rü c k s ic h tig e n . D as R eak tio n sfe ld  s tim m t b e k a n n tlic h  in der R ich tu n g  m it 
dem  e rzeu g en d en  M om ent ü b e re in  u n d  is t a d d itiv , w eshalb  die A n w en d u n g  
eines K o n tin u u m m o d e lls  sinnvo ll is t. Es w ird  das M odell nach  O n s a g e r  [14] 
in  d e r V ersio n  n ach  B ö t t c h e r  [15] v e rw en d e t. D an ach  befinde t sich d e r  
e rzeu g en d e  D ipo l im  Z e n tru m  einer H ohlkugel m it dem  d ich teu n ab h än g ig en  
R ad iu s  a. A u ß e rh a lb  d ieser K ugel b e fin d e t sich  e in  K o n tin u u m , das g e k e n n ­
ze ich n e t is t d u rch  die frequenz- u n d  d ich teab h än g ig e  D ie le k tr iz itä tsk o n s ta n te  
er. B ei S u m m a tio n  ü b e r  alle M oleküle b e rh ä lt m a n  m it

^  e u r  —  R o r

ä(3 ) __ l g  -v ' ( ° K rOa/332 — —------—  > ------- , — 
l g  Ib  r * 0 hvQr

<0 I M °  I r> R n

D as K o n tin u u m m o d e ll liefert :

R о r
2 f c  -  1) < r |M a| 0>

2fi„ +  1 « 3

( 21)

( 22)

(23)
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u n d  so m it e rg ib t s ic h :

<5$32
I q +  h

2 ^ 4 < 0 |M “|r> < r|M a |0> ev — 1
—  2  K -  + ПГ • (24)

A u ch  d ieser A u sd ruck  is t fü r  die ex p e rim en te lle  A usw ertung  n o c h  zu  kom ­
p liz ie rt, d a  die K en n tn is  a lle r M o lek ü lzu stän d e , aller Ü b e rg an g sm o m en te  und 
d e r A b sch irm ten so ren  in  a llen  M o lek ü lzu stän d en  des u n te rs u c h te n  M oleküls 
sow ie d ie vo llständ ige  F re q u e n z a b h ä n g ig k e it der D ie le k tr iz itä tsk o n s ta n te n  
des M edium s b e n ö tig t w ird . Z w eck m äß ig  is t die E in füh rung  e in e r  g em itte lten  
D ie le k tr iz itä tsk o n s ta n te n  £, so d a ß  g i l t :

m it

txß s ~  4 
а 3 2 e + l

Kß = 2 2  - v
r* о

<0 |M a| r> <r \M a\ 0>

hKr

(25)

(26)

F ü r  die Ä n d eru n g  der A b sc h irm k o n s ta n te n  f o lg t :

= -
+  -fft

t £ — 1

а 3 2fi +  1
(27)

S ch ließ lich  k a n n  m an  noch  eine F re q u e n z  v e inführen, so d a ß  g ilt :

£ =  e(v) (28)

D a n n  g ilt u n te r  V erw endung d er ü b lic h e n  N äherung  fü r die F re q u e n z a b h ä n ­
g igke it d er D ie le k tr iz itä tsk o n s ta n te n  :

1 vl
£ +  2 

£ -  1 

2Ё +  1

Vft— V2 £0 + 2

1 + £ + 2

vl ‘I x N l  «ob j

vl  - V2 3M„

1 -
v l  -  V2 3 M ft

n 4 u N l x
d b 1

(29)

(30)

F ü r  die D ich teab h än g ig k e it d e r  A b sch irm u n g  ergib t s ich  :

=
Ia  +  h (1U

t
1 + vf — V2 3M„

4 n N L ocob
d b 1 (31)

In  G asen  ist die D ich te  im  a llg em ein en  k lein  genug, um  in  G l. (31) die 1 in 
d e r K la m m e r zu vernach lässigen . D a n n  is t d $  in gu te r N ä h e ru n g  lin ea r von
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d e r D ic h te  abhäng ig  u n d  m a n  e r h ä l t :

D a fü r  tr e te n  aber in  d e r  N ä h e  und  u n te rh a lb  d e r  k ritisch en  T e m p e ra tu r  
A n te ile  au f, die du rch  B ild u n g  von  K om plexen  a u s  w en igen  Teilchen h e rv o r­
g e ru fen  w erden. B eze ich n e t m a n  die V ersch iebung  d e r  fre ien  Teilchen d u rc h  
U m gebungseffek te  m it (d )15 d ie  im  K om plex au s zw ei T eilchen m it (ó)2 u n d  
d ie  im  K om plex  aus d re i T e ilch en  m it (<5)3 sowie d ie  A n te ile  der Teilchen m it 

(fre ie  T eilchen), x 2 (T e ilch en  im  Zw eierkom plex) u n d  x 3 (Teilchen im  D re ie r­
k o m p lex ), so erh ä lt m a n  f ü r  die V ersch ieb u n g :

«5 =  ^(d)! +  *2(<5)2 +  *з)<5)3 — . . . (33)

E s w ird  ein reines e in a to m ig e s  Gas u n te rsu ch t u n d  angenom m en, d aß  die 
A n te ile  d er Teilchen in  d e n  K om plexen  k le in  g e g e n ü b e r  denen der fre ien  
T e ilch en  sind .

* 2 , 3  <  * 1 x x Q d  1 (34)

^ 2 / 2  —  %2 —  jfCo (35)

^ з / З  —  =  K 3 (36)

D a b e i b ed eu ten  x't die M o len b rü ch e  der K om plexe  u n d  K t die K om plex b il­
d u n g sk o n s ta n te n . F ü r  e in a to m ig e  Gase lassen sich  f ü r  d ie  K om plexb ildungs­
k o n s ta n te n  u n te r  V e rw e n d u n g  der aus der s ta t is t is c h e n  T herm odynam ik  
b e k a n n te n  Form eln  fü r  d ie  ab so lu te  E n tro p ie  id e a le r  Gase folgende A u s­
d rü c k e  ab le iten  :

* 8  =
Ц___  4n l \ L <xob d
-  v2 ЗЛ Е  b

2 / 2 r2 N l h*
1/2

exp A U o \
e52v Mt 2 n m k T R T

36 Y i  я 2 N l I I x I y h 1/2 h2 3/2
e x p

A U 3

e5 VU 1 m 3 2 n  m k T R T

M it V M — M id  und  (ö ) l —  sowie

K ,  =  Kt,

K 3 k :a

d
] 4  2

d-
уз/г

exp

exp

/1U ,  

R T  

A U 3 
R T

(37)

(38)

(39)

(40)
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g ilt schließlich :

(<5)3- (41)

B ed eu tu n g  d er S ym bole :

A U 2 3 — m olare  K o m p lex b ild u n g sen erg ien  
VM — M olvolum en
N l  — L osch m id tsch e  K o n s ta n te
M  — M olm asse
d  — D ich te
m  — T eilchenm asse
r  — A b sta n d  d e r T eilchen  im  Z w eierkom plex
I x y z — K o m p o n en ten  des T rä g h e itsm o m e n ts
к  — B o ltz m a n n k o n s ta n te
h — P lan k sch es W irk u n g sq u a n tu m

Ő =  d% 2 k : jn/2 ex p A U n /A4 , 0 ~ ,  d -  A U 3--------  (d), -f- 3K 3 ——  e x p -----------
R T  ö J>3/2 1 R J 1

R esu lta te  u n d  D iskussion

Dichte- und Temperaturabhängigkeit der Abschirmkonstanten von X e n o n  in  der 
Gasphase

M it den U n te rsu c h u n g e n  v o n  J a m e s o n , J a m eso n  u n d  Co h e n  [16] zur 
D ich te - und  T e m p e ra tu rab h ä n g ig k e it d er 129X e-A bsch irm ung  in  d e r  G asphase 
lieg t eine experim en te lle  A rb e it v o r, die h e rv o rrag en d  geeignet is t  z u r  Ü b er­
p rü fu n g  th eo re tisch e r M odelle.

D ie A u to ren  geben fo lgende A b h än g ig k e it der chem ischen  V ersch ie­
b u n g  von  D ich te  u n d  T e m p e ra tu r  an  :

ö =  c1(t)d +  c2(t)d2 (42)

cx(t) =  (0,536 -  0,135 1 0~ 2 t +  0,132 10~4t2 -  0,598 1 0 -7 t :i 
-f- 0,663 1 0 _lot4)p p m /am ag a t

m it t =  (T  — 300) К  u n d  1 a m a g a t =  5,85 g/L.

c2(t) w ird  in  F o rm  einer T abe lle  angegeben .
N ach  Gl. (41) so llte  fü r  c2 g e lten  :

2 = 3 k 3T - 3%  exp
A U 3 )

(44)
R T  j

J ■ <>t
ln  (c2 T 3/2) =  ln  (ЗКз(<5)3)

A U 3
R T

(45)

3 A d a  Chim. Acad. Sei» H ung . 110, 1982
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D e r Z u sam m en h an g  (45) is t  in  A bb. 1 d a rg e s te llt . D ie  erh a lten e  G erade h a t  
e in en  K o rre la tio n sfa k to r  v o n  0.99. Aus dem  A n stie g  e rm itte lt m an  eine 
K o m p lex b ild u n g sen erg ie  v o n  —29,75 k j/m o l. D a  in  G asen in  g u te r  N ä h e ­
ru n g  lin e a r  von der D ich te  a b h ä n g t, se tz t sich c j au s  e inem  n ich t von d er T em ­
p e r a tu r  abhäng igen  A n te il c\ und  einem  te m p e ra tu ra b h ä n g ig e n  A n te il c'[ 
a d d i t iv  zusam m en, w ie m a n  au s den G leichungen  (32) u n d  (41) ersehen  k a n n .

Cl(T)  =  c[ +  c l ( T )  (46)

ln  [(Cl -  ci) T 1»] =  ln  [2 • 0,264 5 ,8 5 K '(d )2] -  . (47)

D ie beste  G erade m it einem  K o rre la tio n s fa k to r  von  0,99 e rh ä lt m a n  
fü r  c[ =  0,375 p p m /a m a g a t. (s. A bb. 2). A us dem  A n stieg  d er G eraden berech -

A bb. 1. T em p era tu rab h ä n g ig k e it d e s  K oeffizienten  c2(T )  in  d e r P o tenzre ihenen tw ick lung  de r 
M ed iu m versch iebung  n a ch  d e r  D ic h te  fü r X enongas im  T em p era tu rb ere ic h  zw ischen 250

und  295 К

A bb. 2. T e m p era tu rab h ä n g ig k e it des K oeffizienten  ct in  d e r  P o tenzre ihenen tw ick lung  de r 
M ed ium versch iebung  n ach  d e r D ic h te  fü r X enongas im  T em p era tu rb ere ich  zw ischen 250

u n d  300 К

A cta  Chim. Acad. Sei. Hung. 110, 1982
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net man eine K om plexbildungsenergie von —6 ,12  k j/m o l. Erm ittelt man  
K'% unter der Annahm e eines X e-X e-A bstandes von  450 pm (Minimum des 
LENNARD-JoNES-Potentials [1 7 ]), so erhält m an :

K Í  =  3 ,286  I O“ 5 g -1 L K ~ 1/2 (48)

Som it k a n n  m an  aus dem  O rd in a te n a b sc h n itt d er G eraden  (47) die 
chem ische V ersch iebung  des K om plexes aus zw ei A to m en  bezogen a u f  fre ie  
X e-A to m e zu  (<5)2 =  2237 ppm  berechnen  (F a k to re n  in  Gl. (4 7 ): 0.264 — 
n a tü rlich e  H ä u fig k e it v o n  129X e ; 5,85 — U m re c h n u n g  d er D ich tem aß e in ­
h e it) .

Dichteabhüngigkeit der Gas-Flüssigkeitsverschiebung von  P 4Ofi

Die 31P -chem ische  V ersch iebung von  P 4Og in  d e r G asphase w urde  zu 
115,57 ppm  gegen e x te rn e n  S ta n d a rd  e rm itte lt  (85% ige H 3P 0 4, T  =  300 K , 
E ich u n g  ü b e r e x te rn e n  L ock. D ie T e m p e ra tu rab h ä n g ig k e it des Locks w urde  
e lim in ie rt. D er angegebene W ert is t n ich t su sz e p tib ilitä tsk o rrig ie rt.) . E ine  
T e m p e ra tu rab h än g ig k e it k o n n te  im  B ereich  zw ischen  450 К  (L in ien b re ite  
79 H z) u n d  400 К  (L in ien b re ite  140 Hz) im  R a h m e n  d er d u rch  die hohe L in ien ­
b re ite  e in g esch rän k ten  M eßgenauigkeit n ich t fe s tg e s te llt w erden. Alle Mes­
sungen  w urden  bei 36,44 M Hz d u rch g efü h rt. F ü r  die D ich teab h än g ig k e it d er

Abb. 3. A bh än g ig k eit d e r  :"P -G as-F ]ü ssig k citsv e rsch ieb u n g  von  de r D ich te  der L ösung. D ie 
W erte  sind  su sze p tib ilitä tsk o rrig ie rt. (1) P 4O e in  S u b s ta n z , (2) P 4Oe in  CC14 (0,1 M ), (3) 

P 40 6 in CS2 (0,1 M ), (4) P 4Oe in  ra-D odecan (0,1 M )

3* Acta Chirn. Acad. Sei. Hung. HO, 198?
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G as-F lü ss ig k e itsv e rsch ieb u n g  e rg e b e n  sich die in  A bb. 3 d a rg e s te llte n  G erad en  : 

— (<5g>)-J 103 -  ööllO* =  — 15,91 (H z ) " 1 +  41,399 d " 1 g 

K o r re la t io n s fa k to r : rxy =  0 ,997  fü r  P 40 6 in  S ubstanz

- ( д ^ ) - Ч О 3 =  <5ё£ 103 =  — 11,49 ( H z ) - 1 +  31,107 r f - 1 g  c m - ^ H z ) " 1

m it rxy =  0,998 fü r P 4Oe in  CC14

— (á g 'j -H O j  =  ÓQL1 103 =  - 8 , 0 3  (H z ) " 1 +  16,438 d “ 1 g c m - ^ H z ) " 1 

m it rxy —  0 ,998 fü r P 4Oe in  CS2

- ( d ^ ) - H O 3 =  <5ql 103 =  - 7 , 6 8  ( H z ) - 1 +  12,074 d “ 1 g c m - 3( H z ) - ] 

m it rxy =  0,999 fü r P 4Oe in  ra-D odecan.

S o m it w ird  in  u n p o la ren  M ed ien , in  denen das u n te rsu c h te  P 4Oe-M olekül 
eine n äh eru n g sw eise  iso trope  U m g eb u n g  b es itz t, die D ic h te a b h ä n g ig k e it der 
G as-F lü ss ig k e itsv e rsch ieb u n g  d u rc h  Gl. (31) p rinzip iell r ic h tig  besch rieben . 
W ie m a n  au s dieser G le ichung  e rs ie h t, gilt fü r  den O rd in a te n a b sc h n itt  der 
G e ra d e n  :

_ la  +  a~
c0 —

h  t

t is t  e in e  K o n s ta n te  des u n te r s u c h te n  M oleküls.
( I a -j- I b) I I a is t näherungsw eise k o n s ta n t  gleich 2.

c0 — 2 a3/t (49)

A lso  m u ß  der H o h lk u g e lrad iu s  a v e rän d erlich  sein. F ü r  re ines P 40 6 gilt 
die B e z ie h u n g  (49) exak t, a3 k a n n  m a n  n ach  B öttcher [15] in  re in en  u n p o la ren  
S u b s ta n z e n  aus der A b h än g ig k e it d e r D ie le k tr iz itä tsk o n s ta n te n  v o n  der 
D ic h te  e rm itte ln . Das w urde  f ü r  re in es  P 4Oe d u rch g e fü h rt, w obei sich  a 3 =  
=  55,9  IO “ 24 cm 3 ergab. D a m it e rh ä lt  m a n  t =  7,027 1 0 -21 cm 3 H z b e i 36,44 
M H z. S o m it ist es m öglich, a 3 f ü r  P 40 6 in  den  an d eren  L ö su n g sm itte ln  zu 
b e re c h n e n . A ndererseits k a n n  m a n  а -3  als. E rw a rtu n g sw e rt d er rez ip ro k en  
se c h s te n  P o te n z  des T e ilc h e n a b s tan d e s  ü b er die rad ia le  A b s ta n d sv e rte ilu n g s ­
fu n k tio n  b e tra c h te n  :

a - 3 . j M r4 r (50)

A cta  C him . Acad. Sei. Hung. 110, 1962
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In  F lüssig k e iten  is t  d as  be i gegebener D ich te  keine F u n k tio n  d e r T em p era tu r. 
W enn  m an  als u n te re  In te g ra tio n sg re n ze  den R ad iu s  r 00 s e tz t ,  d er fü r  das 
u n te rsu c h te  M olekül c h a ra k te ris tisch  is t , so e rh ä lt m a n :

о 3 ~  Z ef{ r001 (51)

Z e(( is t eine effek tive  K o o rd in a tio n szah l. F ü r  die B e rech n u n g  e iner solchen 
K o o rd in a tio n szah l sch lagen  B e r n s t e i n  u n d  R a y n e s  [7] v o r :

Z  = H ra +  rbf (5 2 )

D ab e i berechnen  sie die M olekü lrad ien  von  u n te rsu c h te m  M olekül rc und  
L ösu n g sm itte lm o lek ü l rb aus dem  M olvolum en nach  d e r ONSAGER-Näherung. 
D as fü h r t  zu  einer D ic h te a b h ä n g ig k e it v o n  Z. Im  h ie r b esch rieb en en  Modell 
w ird  die D ich teab h än g ig k e it d er A bsch irm ung  du rch  die D ich teab h än g ig k e it 
d e r D ie le k tr iz itä tsk o n s ta n te n  besch rieben . D eshalb  d a r f  Z  k e in e  F u n k tio n  der 
D ich te  sein. D a s  e rre ic h t m an  d ad u rch , daß  m an  fü r  r d ie  M olekularrad ien  
n a c h  B ö t t c h e r  [15] e in se tz t. D abe i e rh ä lt m an  die in  T ab e lle  I  zusam m en­
g este llten  E rgebn isse .

T rä g t m an  n u n  die aus den  N M R -E x p erim en ten  e rh a lte n e n  W erte  von 
a ~ 3 gegen die K o o rd in a tio n szah l Z  a u f  (A bb. 4), so e rh ä lt  m a n  die Gerade 
a~3 =  ( — 5,293 -)- 1,967 Z )n m ~ 3 m it einem  K o rre la tio n s fa k to r  rxy — 0,9999. 
D a m it is t es m öglich, die K o o rd in a tio n szah l von  P 4Oe in  n -D o d e c a n  zu  bestim ­
m en . M an e rm itte lt Z  =  21,6. E in e  solch hohe K o o rd in a tio n sz a h l is t n u r mög­
lich , w enn die n -D odecanm olekü le  das P 40 6-M olekül m it d en  K e tten en d en  
um geben . Dieses V e rh a lte n  so llten  d an n  alle genügend la n g k c ttig e n  n-A lkane 
zeigen. D eshalb  k a n n  m a n  an n eh m en , d aß  a ~ 3 in  n -A lk an en  eine K o n s ta n te  ist.

W enn  m an  die c h a ra k te ris tisch e n  F req u en zen  vb d e r L ö su n g sm itte l durch 
die langw elligen U V -A bsorp tionsg renzen  au sd rü ck t, v e rb le ib t in  Gl. (31) als

T ab e lle  I

M olekülradien r, Koordinationszahlen /, und Böttcherradien a 
f ü r  P 40 G in  verschiedenen L ösungsm itte ln

Lösungsmittel r
in pm г а

in pm

P A 382 12,56 382
CC14 305 [15] 15,94 343*
c s 2 236 [15] 31,54 304*
n-D odecan — — 300*

* Aus den O rd in a ten ab sch n itten  in  A bb. 3 berechnet
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e in z ig e  u n b e k a n n te  Größe d ie  m itt le re  F requenz v. F ü r  P 40 G in  n-D odecan  
lä ß t  s ic h  v aus der D ic h te a b h ä n g ig k e it der chem ischen  V ersch iebung  be rech ­
n en . E s  is t  aber infolge d e r e n th a lte n e n  M itte lu n g  n ic h t anzunehm en , daß  
v v o m  L ö su n g sm itte l u n a b h ä n g ig  is t . F ü r ähnliche L ö su n g sm itte l k an n  m an  
e rw a r te n , d aß  v2 sich in  eine P o te n z re ih e  nach  vb e n tw ick e ln  lä ß t  u n d  das e rste

Abb. 4. A b h än g ig k e it der re z ip ro k en  d r i t t e n  Potenz des B ö ttc h e rra d iu s  v o n  der K o o rd in a ­
tio n s z a h l  fü r  P 40 6 in versch iedenen  L ö su n g sm itte ln . 1: P 40 6 in  S u b s ta n z , 2: P 4Oe in  CC14,

3: P 40 6 in CS2

Tabelle П

E xperim entelle  und berechnete 3lP-chem ische Verschiebungen Öql von  P 40 6 in  n-A lkanen

Lösungsm ittel UV-Limits 
in nm

^GL, exp* n Hz 

V* ~  ■’B

^GL, ber 

v* ~  vb

in Hz

v =  konst

n -H e x a n 170 107 97,8 107 118,1

n -O k ta n 171 113,9 107,8 114,9 121,2

n -D e ca n 172,5 117,6 114,4 116.1 118.2

n -D o d e ca n 173 118,8 118,8 118,8 118,8

* <5q l =  <5L(js — <50as. Die ch em isch en  Verschiebungen g e lten  fü r  eine M eßfrequenz von  
36,44 M H z. D ie experim entellen W e rte  sind  suszep tib ilitä tsko rrig iert

G lied d e r  E n tw ick lung  a u s re ic h e n d  is t. Es ergeben  sich  die M ö g lich k e iten : 
v2 =  k o n s t ,  v2 ^  vb und  v2 ~  p*. F ü r  diese Fälle  w u rd e n  die G as-F lüssigkeits- 
v e rsc h ie b u n g e n  fü r P 40 6-L ö su n g e n  in  n-A lkanen be i 24 °C v o rau sb erech n et 
u n d  d e n  experim en te llen  E rg e b n is se n  in  Tabelle I I  g eg en ü b erg es te llt. F ü r  den  
F a ll v2 ~  vb e rg ib t sich eine s e h r  g u te  Ü bere instim m ung .

S o m it is t die p rinz ip ie lle  A n w en d b ark e it d e r v o rg e leg ten  Theorie an  
e x p e r im e n te lle n  E rgebnissen nachgew iesen . E s w u rd en  a b e r  au ch  die G renzen 
d e u tlic h , d ie  die V o rau sb erech n u n g  der D ich teab h än g ig k e it der chem ischen 
V e rsc h ie b u n g  bei W echsel des L ö su n g sm itte ls  erschw eren .
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SIMULATION OF THE INSTABILITIES 
OBSERVED IN POTENTIOSTATIC STUDIES OF 

ACTIVE-PASSIVE TRANSITION

B . L e n g y e l * a n d  L .  M é s z á r o s
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and Corrosion, H u ngarian  A ca d em y  o f  Sciences, B u d a p es t)

R ece iv ed  J u ly  7, 1981 
A ccep ted  fo r p u b lic a tio n  S ep tem ber 4, 1981

T he in s ta b ility  o ccurring  in  th e  p o te n tia l  range of a c t iv e —p a ss iv e  tran s itio n  in 
th e  anodic p o la riza tio n  o f m e ta ls  w as s tu d ie d  b y  m eans of a  d u m m y  cell s im u la tin g  th e  
p o lariza tio n  cu rv e . T h e  o sc illa to ry  b e h av io u r was found  to  d e p e n d  on  th e  tran sfer 
p ro p erties  o f th e  p o te n tio s ta t  a n d  on th e  im pedance of th e  m e a su rin g  cell.

C urren t osc illa tions w ere o fte n  o b served  in  p o te n tio s ta tic  s tu d ie s  o f pas. 
s iv a tab le  m eta ls in  th e  p o te n tia l  ran g e  corresponding  to  a c t iv e — p assiv e  tra n s i­
t io n  [1 — 8]. T his phen o m en o n , h o w ever, w as no t rep o rted  b y  sev era l o ther 
au th o rs  engaged in  s tu d ies  o f m e ta l p a ss iv ity  [9 — 17].

W o j t o w i c z  [ 1 8 ]  re c e n tly  p u b lish ed  an  excellent rev iew  o f  th e  w orks on 
th e  chem ical an d  e lec tro ch em ica l causes o f oscillations. I t  is be liev ed  th a t  
oscilla tion  p h enom ena  a re  caused  b y  th e  com bined effect o f  c o n se c u tiv e  in te r­
facial and  diffusion processes.

O scilla to ry  b e h a v io u r o f e lec tro ch em ica l system s h a v e  b e e n  s tu d ied  by 
several au th o rs  recen tly . H o r a n y i  et al. [19] n o ted  th a t  u n d e r  su ita b le  condi­
tio n s  elec trochem ical o sc illa tions cou ld  occur even w ith o u t p o la riz in g  curren t. 
J e h r i n g  et al. s tu d ie d  osc illa tion  p h en o m en a  caused b y  th e  inhom ogeueity  
o f surface ten sio n  [20], an d  b y  th e  n eg a tiv e  resistance e n c o u n te re d  during  the 
p o te n tia l d ep en d en t a d so rp tio n  o f  an  in h ib ito r  on a m ercu ry  e lec tro d e  [21].

T he con tro l c h a ra c te r is tic s  o f p o te n tio s ta ts  were w id e ly  s tu d ie d  during 
th e  deve lopm en t o f m o d ern  p o te n tio s ta tic  techn iques as th e  cell im pedance 
c o n s titu tin g  th e  n eg a tiv e  feed -b ack  c ircu it considerably  a ffe c ts  th e  stab ility  
of th e  m easuring  sy stem  [22 — 24]. T h e  s tu d y  of th e  s ta b il i ty  o f  su ch  system s 
is especially  im p o r ta n t in  th e  case o f  p o te n tio s ta ts  w ith  i R  co m p en sa tio n , as 
the  tra n s fe r  ch a ra c te ris tic s  an d  th e  s ta b il i ty  can considerab ly  d e te r io ra te  when 
positive  feed -back  is com b in ed  w ith  neg a tiv e  feed-back  [2 5 —28]. I t  wras 
genera lly  assum ed  in  th e  above s tu d ie s  th a t  th e  real p a r t  o f  th e  cell im pedance 
is p o sitive , w hile th e  im a g in a ry  p a r t  is n egative  i.e. c a p a c itiv e . H ow ever, the  
p o la riza tio n  curves o f  v a rio u s e lec tro d e  processes ex h ib it n e g a tiv e  A  C differ­
e n tia l res is tan ce  in  ce rta in  p o te n tia l  ran g e , i.e. th e  c u rre n t d e n s ity  decreases

* To w hom  correspondence  shou ld  be addressed

Acla Cilim. Acad. Sei. H ung. 110, 1982
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as  th e  p o te n tia l is in c rea sed . T h is  phenom enon ca n  b e  o bserved  in  th e  a c tiv e — 
p a s s iv e  tran s itio n  reg ion  o f  th e  anodic p o la r iz a tio n  cu rves o f p a ss iv a tin g  
m e ta ls  [29].

A ccord ing  to  Sa l ie  [30] a n  im pedance h a v in g  a  neg a tiv e  rea l p a r t  is 
e n c o u n te re d  in th e  cases o f  an o m a lo u s  p o te n tia l a n d  coverage  dependence o f 
th e  r a te  o f  reactions, e.g. in  processes w ith  sh o rt- liv e d  in te rm ed ia tes  a t  le a s t 
o n e  sy m m e try  fac to r m u s t  b e  nega tive .

W o j t o w i c z  [ 1 8 ]  a l s o  r e p o r t e d  o n  s p o n t a n e o u s  o s c i l l a t i o n s  d u e  t o  a  

n e g a t i v e  i m p e d a n c e .

N eg a tiv e  d ifferen tia l re s is ta n c e  can also cau se  th e  in s tab ility  o f th e  
p o te n t io s ta t ic  m easuring s y s te m  in  add ition  to  s p o n ta n e o u s  oscillations. T h u s 
i t  w a s  d eem ed  in te restin g  to  s tu d y  w hether or n o t th e  in s ta b il i ty  of th e  m easu r­
in g  s y s te m  consisting o f th e  p o te n t io s ta t  and cell c o n tr ib u te d  to  th e  gen era tio n  
o f  o sc illa tio n s  w hen e le c tro c h em ic a l effects w ere ex c lu d e d .

T h e  p o ten tio s ta t is e s s e n tia lly  an am plifier w ith  a la rge  negative feed ­
b a c k , th e  la t te r  being c o n s t i tu te d  by  th e  m e a su rin g  cell. C onsequently  an  
in te g ra l  sy stem  is form ed b y  t h e  p o ten tio s ta t a n d  th e  cell, th e  form er h av in g  
a r e la t iv e ly  w ide-band f re q u e n c y  response an d  th e  l a t t e r  corresponding  to  an  
e q u iv a le n t  circuit com posed  o f  frequency  d e p e n d e n t e lem en ts. The tra n s fe r  
p ro p e r t ie s  of the  system  a re  d e te rm in e d  m ainly  b y  th e  im p ed an ce  of th e  m e a su r­
in g  ce ll, assum ing th a t  th e  p o te n t io s ta t  does n o t ca u se  lin ear d is to rtio n  in  
th e  ca se  o f  pure  ohmic lo a d  i.e. th e  gain and phase  c h a ra c te r is tic s  of th e  p o te n ­
t i o s ta t  a re  frequency in d e p e n d e n t in  a wide freq u en cy  ra n g e . These are essen tia l 
c o n d itio n s  o f th e  p o te n tio s ta t ic  tech n iq u e  w here th e  in p u t  vo ltage con tro lling  
th e  p o te n tio s ta t  (po lariz ing  v o lta g e )  and th e  o u tp u t  c u r re n t  generated  b y  i t  
( th e  c u r re n t  flowing th ro u g h  th e  cell) are m easu red  a n d  recorded. In  o th e r  
w o rd s , th e  polarizing cu rv e  is th e  rela tionsh ip  b e tw e e n  th e  in p u t vo ltage an d  
o u tp u t  c u rre n t of the  sy s te m  c o n s is tin g  of th e  p o te n t io s ta t  an d  th e  m easu ring  
cell, w h e re  th e  la tte r  c o n s t i tu te s  th e  feed-back c irc u it.

T h e  basic p o te n tio s ta tic  c irc u it  is shown in F ig . l a .  D iffe ren tia l am plifier 
A  is c o n tro lle d  by v o ltage  E x a t  th e  no n -in v ertin g  in p u t .  O u tp u t vo ltage E 3 
is c o n n e c te d  to  the  m easu rin g  cell. The cell c u rre n t is d en o ted  by  J .  V oltage 
E.2 d ev e lo p e d  betw een th e  re fe re n ce  and th e  w o rk in g  e lec tro d e  is applied  to  
th e  in v e r t in g  input of th e  d if fe re n tia l  am plifier. T h is  c o n s titu te s  th e  n egative  
fe e d -b a ck . T he following re la t io n s h ip  exists [22] b e tw e e n  v o ltages E 2, an d  E x :

E , A ß
1 +  A ß

Ei ( 1 )

w here  ß  is th e  feed-back f a c to r

ß  =  = -----------  ■
E 3 R k +  Z

(2)

A cta  Chim . Acad. Sei. Hung. 110, 1982



L E N G Y E L , M É S Z Á R O S : S I M U L A T I O N  O F  T H E  IN S T A B IL I T I E S 3 9 9

T he e q u iv a le n t c ircu it o f th e  cell is sh o w n  in  F ig . lb .  T he im p ed an ce  of 
an  a u x ilia ry  e lec tro d e  w ith  a su ffic ien tly  la rg e  surface area can  be n eg lec ted . 
T h u s th e  re s is tan ce  com p en sa ted  by  th e  p o te n tio s ta t  consists o f th e  re s is tan ce

F ig . la .  B lo c k  d ia g ra m  o f  th e  p o te n t io s ta t ic  c i r c u i t ;  b. e q u iv a le n t  c irc u it  o f  th e  m e a s u r in g  ce ll

o f  th e  so lu tio n  b e tw een  th e  au x ilia ry  a n d  th e  reference e lectrodes (Rk)- Im - 
p e d a n c e Z  b e tw een  th e  reference and  w o rk in g  electrodes is th e  sum  o f e lec tro d e  
im pedance  Z e a n d  u n co m p en sa ted  so lu tio n  res is tan ce  R nk- T he cell im p ed an ce  
c o n s titu te s  a v o ltag e  d iv id er betw een  th e  o u tp u t  vo ltage  E 3 a n d  E 2.

T he co n d itio n  fo r th e  correct fu n c tio n in g  o f th e  p o te n tio s ta t  is th a t  
1 is neglig ib le as co m p ared  to  A ß ,  i.e.,

\A ß I >  1 (3)
th u s

En =  ................ E ,  ^  E l (4)
‘ 1 +  A ß

i.e. th e  p o te n tia l  d ifference betw een  th e  re fe rence  and  w ork ing  e lec tro d es is 
v e ry  n ea rly  e q u a l to  th e  con tro l v o ltag e  o f  th e  p o te n tio s ta t (Eß).

H ow ever, b o th  A  an d  ß  depend  o n  freq u en cy . The a b so lu te  v a lu e  of 
b o th  q u a n titie s  decreases as th e  freq u en cy  is increased . I t  can  also o ccu r th a t  
th e  n eg a tiv e  feed -b ack  vo ltage  becom es p o sitiv e , because o f  th e  freq u en cy  
dependence o f  th e  ph ase  sh ift and  th e  sy s te m  becom es in stab le  i.e. u n d esirab le  
osc illa tion  m a y  be  se t up . T he prob lem s co n cern in g  th e  s ta b ili ty  o f  feed -back  
am plifiers  a re  w ell know n in l i te ra tu re  (cf. B o d e  [31]).

In  th e  p re se n t com m unication  th e  low -frequency  osc illa to ry  b eh av io u r 
o f  e lec trochem ical system s is s tu d ied  in  th e  p o ten tia l range o f  th e  a c t i v e -  
passive tra n s it io n . In  th is  p o ten tia l ran g e  th e  c u rren t vo ltage  c u rv e  ex h ib its

Acta Chim. Acad. Sei. H ung. 110,  1982
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F ig . 2a . C u r r e n t—v o lta g e  c h a r a c te r i s t ic s  o f  th e  d u m m y  ce ll; b. v a r ia t io n  o f  th e  d i f fe r e n t ia l
r e s is ta n c e  R d w ith  th e  p o t e n t i a l

n e g a tiv e  A C  resistance. I f  th e  d ifferen tia l (AC)  re s is tan ce  is neg a tiv e  (F ig . 2)

th e  fe e d -b a ck  fac to r

Br,
d E  

d j
< 0 ,

__  B q  В  n к

B k  B nk +  B d

(5)

( 6)

m a y  b eco m e positive. (As th is  ty p e  of o sc illa tio n  occurs m ain ly  a t  v e ry  low  
fre q u e n c ie s , th e  double la y e r  c a p a c ity  is n eg lec ted  in  E q . (6) as a f irs t a p p ro x i­
m a tio n .)  T h e  tra n sfe r  coeffic ien t o f th e  p o te n tio s ta t  (E 2/ E x) can be o b ta in e d  
b y  co m b in in g  E qs (6) a n d  (1)

E2   ________ Ap (Bq +  Rnk)_________  / ^ 4

E i  +  R d  +  ^ n k  +  A 0 ( B d +  R n k)

w h ere  A  (l is th e  low -frequency  (frequency  in d e p e n d e n t)  gain  of th e  d iffe re n tia l 
a m p lif ie r . I t  is ap p a re n t from  E q . (7) th a t  th e  p o te n tio s ta t  opera tes n o rm a lly

A cta  Chim . Acad. Sei. Hung. 110 , 1982



L E N G Y E L , M É S Z Á R O S : S I M U L A T I O N  O F  T H E  I N S T A B IL I T I E S 4 0 1

w hen

i ^ O ^ d  +  -^nk)l ^  l-^k +  +  ^nkl (8)

as in  th is  case E J E ^  1 regard less o f  th e  sign of Rd +  E nk. I f  th e  above  con­
d itio n  is n o t sa tis f ie d  e lec trode  p o te n tia l  E 2 does no t follow  c o n tro l voltage 
E \  i.e. e ith er

E 2 E l < 1  (9) o r E 2I E l >  1 (10)

depend ing  on th e  v a lu es  o f Rd, R nk. Rk  a n d  A {j. In  b o th  cases, so -ca lled  re lax a tio n  
osc illa tion  can  o ccu r i.e. th e  e lec tro d e  p o te n tia l set in  th e  ra n g e  o f  negative 
d iffe ren tia l re s is tan ce  (cf. F ig . 2) is sh if te d  e ith er to  a la rg e r  p o te n tia l  or a 
sm aller one d ep en d in g  on th e  co n d itio n  expressed  by  e ith e r  E q . (9) o r E q . (10) 
in  o rd e r to  sa tisfy  th e  s ta b ility  co n d itio n s. H ow ever, in  th is  in s ta n c e  p o ten tia l 
E 2 is set again  to  a n  u n s ta b le  v a lu e  a n d  th e  above process is re p e a te d .*

In  ad d itio n  to  re la x a tio n  osc illa tions a h igh-frequency  in s ta b i l i ty  (oscil­
la tio n ) can  also o ccu r in  m a n y  cases d u e  to  th e  frequency  d ep en d en ce  of bo th  
th e  abso lu te  v a lu e  a n d  th e  phase  o f ß A .  T h e  h igh-frequency  c u r r e n t  is rectified  
because of th e  n o n -lin e a r c u r re n t—v o lta g e  ch a rac teristics o f  th e  cell an d  the  
e lec trode  c u rren t is in creased  b y  th is  DC com ponent a n d  c o n se q u e n tly  the  
p o la riza tio n  cu rve  is d is to rte d .

The in s ta b ili ty  co n d itions are  show n  in  F ig . 2. F ig u re  2 a  re p re se n ts  th e  
p o la riza tio n  curve  m odelling  th e  a c t iv e —passive  tra n s itio n , w h ile  th e  differen­
tia l  resistance  R d =  d E / d J  as a fu n c tio n  o f th e  po larizing v o lta g e  is show n in 
F ig . 2b. I t  is a p p a re n t th a t  th e  d iffe ren tia l resistance is n e g a tiv e  in  region 
В  — C. U n co m p en sa ted  resis tan ce  R nk is show n in  th e  F ig u re  w i th  a  negative  
sign. A t given R k a n d  R nk va lues th e  s ta b il i ty  cond ition  g iven  b y  E q . (8) is 
sa tisfied  ou tside th e  h a tc h e d  a rea , a n d  re la x a tio n  osc illa tion  do es n o t  occur 
( B 'B " ,  B " 'C " ' ,  C "C ') .  W hereas in  reg ions B " B " '  and  C '" C "  th e  a b o v e  s ta b ility  
co n d itio n  is n o t sa tis f ied  an d  re la x a tio n  oscillation  is g e n e ra te d . I t  is also 
clear from  th e  F ig u re  t h a t  th e  p o sitio n  a n d  w id th  of th e  above p o te n t ia l  ranges 
can  be changed b y  v a ry in g  R nk, a n d  i f  R nk is su ffic ien tly  d ec rea sed  th e  in s tab il­
i ty  can  even be e lim in a ted . T he w id th  o f  th e  s ta b ility  an d  in s ta b i l i ty  regions 
re sp ec tiv e ly  depends on  th e  va lu e  o f  co m p en sa ted  resistance  H k acco rd in g  to  
E q . (8). T he in s ta b il i ty  regions B " B ' "  an d  C '"C "  are b ro a d e n e d  as R k is 
increased  w hereas re la x a tio n  osc illa tions are  considerab ly  d im in ish e d  b y  a 
decrease in  R k. F ig u re  3 rep resen ts  a p o la riz a tio n  curve i l lu s tr a t in g  th e  above 
considera tions. ^

In  order to  v e r ify  th e  above co n sid e ra tio n s  a dum m y cell w as c o n stru c ted  
h av in g  a c u rre n t—v o lta g e  c h a rac te ris tic s  s im ila r to  th e  s ta t io n a ry  p o la riza tio n  
cu rv es  observed  in  p a ss iv a tio n  s tu d ies  (F ig . 4).

* I t  sh o u ld  b e  n o te d  t h a t  th e  s t a b i l i ty  c o n d i t io n s  a re  also a f fe c te d  b y  th e  d o u b le  la y e r  
c a p a c i ty  [32] w h ic h  h a s  b e e n  n e g le c te d  in  th e s e  c o n s id e ra tio n s , h o w e v e r , t h e  a b o v e  d isc u ssio n  
re m a in s  q u a l i ta t iv e ly  v a l id  in  th e  p r e s e n t  ca se .
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F ig . 3. The c u rre n t—v o lta g e  ch arac te ris tics  ex p ec ted  o n  th e  basis  o f theo re tical
considerations

Fig. 4. The c u r re n t  —v o lta g e  characteris tics o f  th e  c irc u it in  Fig. 5

Fig. 5. C ircuit o f  th e  d u m m y  cell m odelling th e  a c t iv e  —passive  tran s itio n

A c ta  Chim .  Acad. Sei. Hung. 110 ,  1982
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T he d iffe ren tia l resistance is p o s itiv e  (R d — d E /d J  >  0) in  reg io n  A  — В  
o f th e  cu rve, w h ereas  it  is negative (R d =  d E / d J  <" 0) in  region В  — C. The 
la t te r  co rresponds to  th e  ac tive  -p a ss iv e  tra n s it io n .

T he c ircu it d iag ram  of th e  above se t-u p  is show n in Fig. 5. I f  th e  in p u t 
v o ltage  im pressed  betw een  po in ts 1 a n d  2 is increased th e  c u r re n t  in itia lly  
increases also. H o w ev er, w hen th e  c u r re n t  o f  tra n s is to r  T 2 is in c rea sed  above 
a ce rta in  lim it th e  v o ltag e  on resis tan ce  R 2 g rad u a lly  cu ts off t r a n s is to r  T 15 
w hich in tu rn  causes a decrease o f th e  c u r re n t flow ing th ro u g h  th e  c ircu it, 
i.e. th e  c ircu it e x h ib its  a negative  d iffe re n tia l resistance in  th is  ra n g e . The 
above c ircu it m odelling  th e  p o la riza tio n  cu rv e  o f a w orking e lec tro d e  of 
d iffe ren tia l re s is ta n c e  R d, connected  in  series w ith  resistance R nk a n d  R к 
s im u la ted  th e  e lec trochem ica l cell in  th e  u su a l p o ten tio s ta tic  e x p e rim e n t as 
show n in  F ig . 6, w h ere  C is th e  c a p ac ity  o f  th e  double layer, v a ria b le  re s is tan ce , 
R nk is th e  u n c o m p e n sa te d  cell re s is tan ce  w hile  R k is th e  cell re s is ta n c e  com ­
p en sa ted  by  th e  p o te n tio s ta t .

E x p e rim e n ts  w ere carried  ou t in  o rd e r  to  s tu d y  th e  effect o f  re sistances 
R nk an d  R k an d  c a p a c ity  C on th e  c u rre n t — v o ltag e  ch a rac teristics o f  th e  above 
c ircu it.

T ype T acu sse l P IT  20 — 2X  an d  Ja is s le  1000 T p o te n tio s ta ts  respec­
tiv e ly  w ere em p lo y ed  in  th e  m easu rem en ts . T h e  vo ltage across th e  im pedance  
betw een  p o in ts  2 a n d  3 (E y), w hich co rresp o n d s to  th e  e lec tro d e  p o te n tia l 
and  th e  p o te n tia l across resistance  R nk p ro p o r tio n a l to  cu rren t (J )  w ere  reco rded  
w ith  an  X  — Y t — Y 2 recorder as a fu n c tio n  o f th e  con tro l v o lta g e  o f  th e  
p o te n tio s ta t  ( E x) im p ressed  b y  m eans o f  fu n c tio n  g enera to r G. T h e  u n c o m p e n ­
sa ted  resis tan ce  R nk w as used as a m easu rin g  resistance . T he re su lts  o b ta in ed  
w ith  th e  T acusse l p o te n tio s ta t are  re p re se n te d  in  Figs 7 —9 -while Figs 
11 — 14 show  th e  p lo ts  o b ta in ed  w ith  th e  J a is s le  p o te n tio s ta t.

F ig . 6. Block d iagram  o f th e  m easu rin g  system

Acta Chim. Acad. Sei. H ung. 110 ,  1982
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T h e  e ffec t on th e  c u r r e n t—v o ltag e  curve  o f  th e  v a ria tio n  of re s is tan ce  R k 
b e tw e e n  0 a n d  3 k f í  is show n in  F ig . 7 in  th e  case  o f R nk =  3Í2 an d  C  =  0. 
I t  is a p p a r e n t  th a t  th e  d is to r tio n  o f th e  c u rv e  becam e  m ore m ark ed  in  th e  
n e g a tiv e  re s is ta n c e  range w h en  R k w as in c reased  in  accordance w ith  E q . (8),

F ig. 7. C u r re n t  —voltage ch a ra c te ris tic s  a t  d ifferen t R k v a lu e s  m easu red  w ith  ty p e  P I T  20 —
2 X  T acussel p o te n tio s ta t

A cta  C him . Acad. Sei. Hung. 110, 1982



L E N G Y E L , M É S Z Á R O S : S I M U L A T I O N  O F  T H E  IN S T A B IL I T I E S 4 0 5

e.g. a t  R k — 2 k ß  c u rre n t an d  p o te n tia l  o scilla tions could be  o b se rv ed . I t  is 
also ap p a re n t th a t  in  th is  case th e  v o lta g e  across re s is tan ce  R k -(- R nk (E y) 
an d  th e  con tro l v o ltage  o f th e  p o te n tio s ta t  (E x) differed in  th e  n e g a tiv e  resis­
ta n c e  range  i.e., th e  p o te n tio s ta t  could  n o t s tab ilize  th e  p o te n tia l in  th is  region.

T h e  effect o f th e  v a r ia tio n  o f R nк b e tw een  3 ß  an d  100 ß  o n  th e  p o ten tia l 
an d  c u rre n t oscilla tions is show n in  F ig . 8 fo r th e  case of R ^  =  3 k ß .

I t  is a p p a re n t th a t  th e  p o te n tia l ra n g e  o f  re lax a tio n  o sc illa tio n s decreased  
as Л Пк w as increased . T h e  oscilla tions to ta l ly  d isappeared  a t  su ff ic ie n tly  large 
v alues o f  R„k, how ever, th e  c u r re n t—v o ltag e  curve  was d is to r te d  in  th e  region 
o f n eg a tiv e  d iffe ren tia l re s is tan ce  b y  th e  rec tified  cu rren t co m p o n e n t o f high- 
freq u en cy  oscillations. T he decrease in  th e  su scep tib ility  to  re la x a tio n  oscilla­
tio n s  o f th e  system  can  be ex p la in ed  b y  th e  following c o n s id e ra tio n . The 
increase o f  R nk red u ced  regions B " B ' n a n d  C '"C "  w here re la x a tio n  oscilla tions 
occu rred  accord ing  to  F ig . 2b.

T he effect on th e  o sc illa to ry  b e h a v io u r o f cap ac ito r C s im u la tin g  th e  elec­
tro ch em ica l double la y e r  is show n in  F ig . 9.

I t  can  be observed  th a t  b o th  th e  re la x a tio n  and  h ig h -freq u en cy  oscilla­
tio n s  decreased  as th e  c a p a c ity  w as in c reased . The d ifference b e tw een  th e  
p o te n tia l  across im pedance  Z e +  R nk(E y) a n d  th e  contro l v o ltag e  o f  th e  p o te n ­
t io s ta t  (E x) decreased as th e  c a p a c ity  C w as increased . A d is to rtio n -free  c u r re n t—• 
v o ltag e  curve  w as o b ta in ed  w ith  a c a p a c ito r  o f 10 ,uF as show n in  (F ig . 4). 
T h e  decrease in  th e  te n d e n c y  o f o sc illa tions can  be explained  in  te rm s  o f th e  
sh u n tin g  and  p h ase -sh iftin g  effects o f th e  cap ac ito r connected  in  p a ra lle l to  
th e  n eg a tiv e  A C  res is tan ce .

A s i t  has a lre a d y  been  m e n tio n e d , th e  developm ent o f  u n d esirab le  
osc illa tions is considerab ly  in flu en ced  also b y  th e  gain (A)  o f th e  p o te n tio s ta t .

I n  o rder to  s tu d y  th e  la t te r  e ffect th e  above-m entioned  m e a su re m e n ts  
w ere also carried  o u t w ith  ty p e  Ja iss le  1000 T  p o te n tio s ta t. A  b u il t- in  phase 
co rrec tin g  circu it p e rm itte d  th e  v a r ia tio n  o f  th e  frequency  response  c h a ra c te r is ­
tic s  o f  th is  p o te n tio s ta t . T he sw itch  o f  p h ase  co rrec to r h ad  8 p o s itio n s .

T h e  freq u en cy  response  c h a ra c te ris tic s  o f  th e  system  are  sh o w n  in  Fig. 
10 a t  v a rious positions o f  th e  phase  c o rrec to r.

T he gain o f  th e  p o te n tio s ta t  w ith  an  ohm ic load a t  ß  — 1 w as p lo tte d  
as th e  fu n c tio n  of th e  freq u en cy  in  th e  F ig u re . I t  is ap p aren t t h a t  th e  freq u en cy  
response  o f th e  p o te n tio s ta t  w as p ra c tic a lly  c o n s ta n t in th e  fre q u e n c y  range 
from  1 to  10 k H z, in d ep en d en tly  o f th e  p o sitio n  of th e  phase c o rre c to r . I n  th e  
ran g e  from  10 to  100 k H z  th e  gain  w as fo u n d  to  v a ry  as th e  p o s itio n  o f th e  
p h ase  co rrec to r w as changed .

R esu lts  o b ta in ed  w ith  th e  d u m m y  cell a re  show n in F ig s  11 to  14. 
T h e  effect of th e  v a r ia tio n  o f re s is tan ce  R k is rep resen ted  in  F ig . 11, fo r th e  
case o f R nk =  3 ß  an d  C — 0, in  p o sitio n  1 o f  th e  phase co rrec to r. I t  is a p p a re n t 
t h a t  th e  increase o f R k above 1 k ß  cau sed  a  d is to rtio n  in  th e  c u r re n t  — vo ltag e

4 Acta Chim. Acad. Sei. H ung. 110 ,  1982
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Fig. 8. C u rren t — vo ltage  c h arac te ris tic s  a t  d ifferen t R n  ̂ values m easu red  w ith  ty p e  P IT  20 — 2 X  Tacussel p o te n tio s ta t
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F ig. 9. C u r r e n t—v o lta g e  c h arac te ris tic s  a t  d iffe ren t C values m easu red  w ith  ty p e  P I T  20 — 2 X  T a c u sse l p o te n t io s ta t
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c u rv e  in  th e  range o f n e g a tiv e  d iffe ren tia l re s is tan ce , due to  th e  re c tif ie d  
c u rre n t co m p o n e n t of h ig h -freq u en cy  osc illa tions occurring  in  th is  reg io n . 
R e la x a tio n  oscillations w ere also  observed  i f  re s is tan ce  R k w as la rg e r  t h a n  
3 k i2 . T h e  p o te n tia l  across im p ed an ce  Z e R nk(E y) an d  th e  con tro l v o lta g e  
(E x) s ig n if ic a n tly  differ in  th is  case. C om paring  th e  la t te r  resu lts  w ith  th e  
cu rv es  in  F ig . 7, i t  can  he  co n c lu d ed  th a t  h ig h -freq u en cy  o sc illa tions a re  
g e n e ra te d  a t  h igher va lues o f  re s is tan ce  R k w h en  ty p e  Ja issle  p o te n t io s ta t  
w as e m p lo y e d . As ex p ec ted , b o th  p o te n tio s ta ts  w ere  u n su itab le  fo r th e  s ta b i ­
l iz a tio n  o f  th e  p o ten tia l in  th e  ran g e  o f n e g a tiv e  d iffe ren tia l re s is tan ce .

R e s u l ts  ob ta in ed  w ith  v a r io u s  p h a se  c o rre c to r  positions are  sh o w n  in  
F ig . 12. I t  is ap p a re n t th a t  th e  v a r ia tio n  o f th e  freq u en cy  response c h a ra c te r is ­
tic s  a f fe c te d  b o th  re la x a tio n  osc illa tions a n d  h ig h -freq u en cy  osc illa tio n s as 
w ell as  t h e  difference b e tw een  th e  co n tro l v o lta g e  an d  th e  p o te n tia l ac ross 
im p e d a n c e  Z e -f- R nk.

T h e  e ffec t of th e  c a p a c ity  on th e  o sc illa to ry  b ehav iou r is sh o w n  in  
F ig . 13. I t  is c lear from  th e  F ig u re  th a t  th e  te n d e n c y  of b o th  re la x a tio n  o sc illa ­
tio n s  a n d  h ig h -freq u en cy  osc illa tions a t  id e n tic a l phase co rrec to r p o s itio n s  
d e c rea sed  as th e  c a p a c ity  w as in c reased . T h is  effect is due to  th e  s h u n tin g  
effect o f  th e  la tte r .

T h e  e ffec t of th e  v a r ia t io n  o f  th e  freq u en cy  response  ch a rac te ris tic s  u n d e r  
th e  sa m e  cond itions as in  t h e  above ex p e rim e n t is show n in  F ig . 14. T h e

A

1.2

1.0

0.8

F ig . 10. T h e  freq u en cy  response  o f  ty p e  1000 T  Ja issle  p o te n tio s ta t  m easured  across a n  ohm ic
re sis tan ce  a t  ß  =  1

Direct voltage  0 mV

Position of the m u l t i - r a n g e  m e te r 1000 mA

1. Position 1 of th e  p h a s e  c o r r e c to r sw itch
II. Posit ion 2 —и —

III. Position A — и —

IV. Position 6 - I I -

V. Position 8 —ii —

i _ ____J,___1___I I . I 11 1 -----------------1---------1___ 1---- 1----- J J M  1-------------------------------------

10 100 f [kHz]
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improper choice of the frequency response can considerably counteract the 
effect of the capacity namely the decrease of the oscillations. The above results 
are in accordance with theoretical considerations predicting that relaxation 
oscillations and high-frequency oscillations can also occur in the absence of

E „  [ m V ]

F ig . 11. C u rre n t—voltage  ch ara c te ris tic s  a t  v a rio u s  R k values m easu red  in  th e  f ir s t  p osition  of 
th e  phase  co rrec to r w ith  ty p e  1000 T  Ja issle  p o te n tio s ta t

Acta Chim. Acad. Set. H ung. 110,  1982
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F ig . 12. C u rre n t—vo ltag e  ch arac te ris tic s  a t  various va lues in  positions 1 and  8 resp ec tiv e ly  o f the phase co rrec to r measured w ith  type
1000 T  Ja issle  p o te n tio s ta t
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Fig. 13. C u rre n t—voltage  ch arac te ris tics  a t  various C v alues in position  1 o f th e  ph ase  co rrec to r m easu red  w ith  ty p e  1000 T  Jaissle  p o te n tio s ta t
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F ig . 14. C u rre n t—voltage  c h arac te ris tic s  a t  va rio u s C va lues in  p ositions 1 and  8 resp ec tiv e ly  o f th e
1000 T  Ja issle  p o te n tio s ta t

phase  co rrec to r m easu red  w ith  ty p e
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electrochem ical re a c tio n s , as a consequence o f  th e  in s ta b ility  o f th e  feed -b ack  
system  in th e  ra n g e  o f  neg a tiv e  d iffe ren tia l re s is tan ce . A ccordingly , th e  re su lts  
o b ta in ed  in  th e  cases o f  c ircu its h av in g  c ritic a l s ta b ility  are  co n sid e rab ly  
a ffec ted  b y  th e  re sp o n se  ch a rac teris tic s  o f  th e  p o te n tio s ta t an d  th e  im p ed an ce  
of th e  m easu ring  cell. T he  cell can  be co n sid e red  as a critical c ircu it in  p a s ­
s iv ity  stud ies w here , in  ad d itio n  to  chem ical effects, th e  electric  p a ra m e te rs  
of th e  p o te n tio s ta t  a n d  th e  m easuring  cell m a y  also influence th e  in s ta b ilitie s  
occu rring  in  th e  a c t iv e —passive tra n s itio n . T h ere fo re , w hen oscilla tions p h e n o m ­
ena are  observed  in  p o te n tio s ta tic  c o n d itio n s , i t  should  carefu lly  b e  s tu d ie d  
w h e th e r th e  p h en o m en o n  is caused b y  th e  in s ta b il i ty  of th e  m easu rin g  sy s tem  
or b y  th e  e lecrochem ical process.
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T he zeros o f  th e  m atch in g  po ly n o m ia l o f  a  m olecu lar g rap h  G a re  e ig en v alu es 
o f an  acyclic  g ra p h  T(G , v). T he co n stru c tio n  o f  T(G , v) and  its  basic p ro p e rtie s  a re  
d iscussed.

A few y ears  ago th e  topological re so n an ce  energy , T R E , w as p ro p o sed  
as a novel th e o re tic a l in d ex  of a ro m a tic ity  o f  con ju g a ted  co m pounds [1]. 
A lth o u g h  n ow adays i t  is clear th a t  th e  T R E  m e th o d  has a n u m b er o f  l im ita ­
tio n s  [2], th e re  h a v e  been  several successfu l a t te m p ts  to  use i t  in  v a rio u s  
chem ical p rob lem s [3 — 6] an d  one m igh t e x p e c t th a t  th e  T R E  m e th o d  (w hen 
cau tio u sly  applied) w ill be of some re lev an ce  also  in  th e  fu tu re .

T he topo log ica l resonance  energy is d e fin ed  as [1]

T R E  =  2 g j ( x j ~ y j )  W
1=  1

w here th e  X j ' s  a re  th e  H iickel m olecular o rb ita l  en erg y  levels, gj is th e  o c c u p a ­
tio n  n u m b er o f th e  j - t h  m olecular o rb ita l a n d  th e  y j s are  th e  zero s  o f  th e  
m a tch in g  p o ly n o m ia l oc(G) o f  th e  m o lecu la r g ra p h  G. N ote  th a t  th e  x f s  a re  
th e  eigenvalues o f  th e  g ra p h  G [7].

L e t G be a  m o lecu la r g raph  w ith  n  v e rtic e s  an d  m  edges, le t  p(G , k) 
he th e  n u m b er o f  к  m a tch in g s  of G. T h en  th e  m a tch in g  p o lynom ia l o f  G is 
defined  as

m
a(G ) =  a(G, x) =  2  ( - 1 ) * P ( G ,  k ) • (2)

A=0

T he basic  m a th e m a tic a l p ro p erties  o f oc(G) h a v e  been  repo rted  elsew here [8, 9]; 
for a review  o f th e  p rev io u s  w ork in  th is  f ie ld  see [9].** In  p a r tic u la r , a n u m b e r

* To w hom  corresp o n d en ce  should  be  a d d re ssed
** In  th e  la s t  tw o  decades th e  m atch in g  p o ly n o m ia l (also nam ed reference a n d  acyclic  

po lynom ial) has b een  in d ep e n d en tly  d iscovered  se v e ra l tim es an d  found  a p p lic a tio n s  in  a t  
lea s t fo u r d iffe ren t fie ld s  o f  science : s ta tis tic a l p h y sic s  [10], chem ical th e rm o d y n am ics  [11], 
g rap h  th eo ry  of a ro m a tic ity  [1 — 6] and  p u re  m a th e m a tic s  [12]. One should  also  n o te  t h a t  
th e  rook  po lynom ials , w h ich  hav e  been e x ten siv e ly  ex am in ed  in com binato ria l m a th e m a tic s  
[13] a re  in  fa c t specia l cases o f  m atch in g  p o ly n o m ia ls  [14]. T herefore th e  re su lts  ex p o sed  in  
th e  p re sen t p a p e r m ay  be  o f som e relevance in  a ll th e se  fields.
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o f  re c u rre n c e  re la tio n s a re  know n for a(G ), am o n g  w hich we m e n tio n  th e  
fo llo w in g  tw o  [8, 12].

L e t  v be a v e r te x  o f G a n d  le t v he a d ja c e n t to  th e  vertices w v  w2, . . . , w d. 
L e t  t h e  su b g rap h  G — v be  d en o ted  b y  i f .  T h e n

x{G)'— 'x x ( H )  -  j y  « ( Я  -  w j) . (3)
J- 1

L e t th e  g ra p h  G be com posed  o f p  d isco n n ec ted  p a r ts  Gj, G2, . . Gp. T h e n

a(G) =  x (G,)x (G2) . . . x(Gp). (4)

A  d istingu ished  a lg eb ra ic  p ro p e rty  o f  x (G) is th a t  all its  zeros a re  re a l 
n u m b e r s  [10, 15]. C on seq u en tly , T R E  is also  a re a l q u a n tity .

I n  o rd e r to  give a r a tio n a l e x p la n a tio n  o f  th e  above fac t, th e re  h a v e  
b e e n  se v e ra l a tte m p ts  in  th e  recen t p a s t  to  re d u c e  th e  co m p u ta tio n  o f  у ?  s to  
th e  d ia g o n a liza tio n  o f som e H e rm itia n  m a tr ix . H e r n d o n  and  P á r k á n y i  [16] 
n o tic e d  t h a t  because o f sy m m e try  th e  m a tc h in g  po lynom ial o f a g ra p h  so m e­
tim e s  co incides w ith  th e  c h a ra c te r is tic  p o ly n o m ia l o f a ce rta in  acyclic  g ra p h  
w ith  w e ig h te d  edges. F o r  ex am p le , th e  c h a ra c te r is tic  polynom ial o f G2 is e q u a l 
to  th e  m a tc h in g  p o ly n o m ia l o f  G15 <5(G2) =  « (G J , an d  th u s  th e  e ig en v a lu es  
o f  th e  g ra p h  G2 are  a t th e  sam e  tim e  th e  zeros o f  a(G x).

A ih a r a  [17] an d  la te r  also Schaad et al.  [18] fo rm ula ted  a m e th o d  b y  
w h ic h  a  com plex  H e rm itia n  m a tr ix  can  be c o n s tru c te d , such th a t  its  c h a ia c -  
te r is t ic  p o ly n o m ia l is eq u a l to  x(G). F o r ex am p le , th e  d ig raph  G3 re p re se n ts  th e  
H e rm it ia n  m a tr ix  th e  c h a ra c te r is tic  po lynom ial o f  w h ich  coincides w ith  x(Gj).
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T he m eth o d  o f H erndon  an d  P á r k á n y i can  he applied  to  a l im ite d  class of 
sy m m etric  m ono- an d  bicyclic sy stem s, w h ereas  A ihara’s m eth o d  w o rk s o n ly  for 
sy stem s w ith o u t condensed  rings. T h u s , fo r  exam ple, none o f  th e  m e th o d s  
describ ed  above can  be app lied  to  such  sim ple m olecules as azu len e  G4 or 
b ip h en y len e  G5 (w hich possess tw o  a n d  th re e  condensed rings, re sp ec tiv e ly ). 
R e c e n tly  Graovac [19] w as ab le  to  e x te n d  A ihara’s m eth o d  to  a lim ited  
n u m b e r o f sy m m etric  b icyclic c o n ju g a te d  system s w ith  co n d en sed  rings 
(e.g. n ap h th a le n e , b u t no t azulene).

In  th e  p resen t p a p e r we shall describe  a general g raph  th e o re tic a l re su lt 
w h ich  connects th e  m a tch in g  p o lynom ia l o f  an  a rb itra ry  m o lecu la r g ra p h  w ith  
th e  c h a rac te ris tic  po lynom ial of an  acyclic  g rap h .

L e t Ф(С) he th e  ch a ra c te ris tic  p o ly n o m ia l o f a graph  G [7]. I f  G is acyclic , 
th e n  [8, 9, 12] ac(G) =  0(G),  an d  so f in d in g  th e  zeros o f th e  m a tc h in g  p o ly ­
n o m ia l is s im ply  eq u iv a len t to  th e  g ra p h  eigenvalue p rob lem . T h e re fo re  in 
th e  follow ing we m ay  assum e th a t  G possesses cycles an d  th a t  th e  v e r te x  v 
be longs to  a t  least one cycle. W e sha ll also  assum e th a t  G is a c o n n e c te d  g raph .

T h e o r e m  1. F o r every  g rap h  G w ith  a given v e rtex  v , th e r e  ex is ts  an  
acyclic  g rap h  T(G, v) such  th a t  <x(G) is a d iv iso r of a[T(G , v)] =  0 (T (G ,  «)].

Proof. W e w ill use th e  sam e n o ta t io n  as in E q .  (3). L e t u s  fo r  s im p lic ity  
a ssum e th a t  th e  v e rte x  v  of th e  g rap h  G h as degree tw o  (i .e . v  is co nnec ted  
w ith  th e  vertices uq an d  w 2, d  =  2). W e c o n s tru c t th e  g rap h  G ^  as follow s.

U sing  E q s (3) an d  (4) it  is easy  to  see th a t

a(G(l)) =  x x ( I I ) 2 — x ( I i ) [ x ( H  — uq) -j- a (H  — uq)], 
i .e .

a(G(l)) =  a(G )a(H ). (5a)

I f  th e  v e r te x  v  has degree d , th e n  E q . (5a) becom es

a(G(l)) =  a (G )x ( / i jd_1. (5b)

H en ce  a(G) is a d iv iso r o f a (G ^ ) .
Notv, from  th e  above c o n s tru c tio n  is ev iden t th a t  in  G*1* th e  v e r te x  v 

does n o t belong to  an y  cycle an d  c o n seq u en tly , all cycles o f G w h ich  co n ta in  
th e  v e r te x  v h av e  been opened  d u iin g  th e  tran sfo rm atio n  G —► G ^ .
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I f  G(l) is acyclic , th e n  T heorem  1 is p ro v e d . I f  G ^  is no t acyclic, th e n  we 
r e p e a t  o u r a rg u m en t on  th e  vertices w 1 an d  w 2 a n d  c o n s tru c t th e  g ra p h  G'22. 
A s an  exam ple we co n s id e r th e  case w hen w x h a s  degree th re e  (and is a d ja c e n t 
to  th e  vertices iq , z t a n d  z2) an d  iv2 has deg ree  fo u r  (and  is ad jacen t to  th e  
v e r tic e s  v v  z3, zi  a n d  z5).

U sing th e  sam e re a so n in g  as before w e co n c lu d e  th a t  a (G ^ ) is a d iv iso r 
o f  a (G ^ ) ,  and  th u s  x(G) is a d iv isor of a(G^2)). I n  fa c t,

x(G(2)) =  x(GM )x(H  -  ivJociH -  iv2)2 =

=  x(G )x (H )x(H  -  Wl) x ( H  -  ml,)2. (6a)

I n  th e  general case w e o b ta in

d
a(G(2)) =  x(G)x(H)d~x П  а (Я  -  w])d,~ 1

í = 1

w h ere  dj +  1 is th e  deg ree  o f  th e  v e rtex  Wj.

(6b)

I f  G(2> is acyclic, th e n  T heorem  1 follow s. I f  G ^  s till possesses cycles, 
th e n  w e con stru c t in  th e  sam e  m anner th e  g ra p h  G^  etc. F inally , we m u st 
a r r iv e  a t an  acyclic g ra p h  G^  such  th a t  x(G) is a d iv iso r o f x(G^).  T hen T(G, v) =  
=  Gw. Q . E . D .

A  different p ro o f o f  T heorem  can be fo u n d  in  [20] w here a n u m b e r 
o f  consequences of th is  re su lt  are  discussed.

In  order to  give an  ap p lica tio n  of T h eo rem  1, consider th e  g rap h  Gx 
a n d  i ts  v e rtex  vv  T he  T(G, v x) is o b ta ined  in  one s te p , i .e .  T(G1, v 1) =  G)1*.
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Since <x(G)^) == a(G 1)a(JF/1), we h av e  fin a lly

Ф (Н ,) x 3 — 2 x

T heorem  1 h as  tw o  im p o r ta n t consequences. F irs tly , th e  zeros of a(G) 
a re  e igenvalues o f T(G, v). T h u s th e  en tire  th e o ry  o f  th e  m a tc h in g  polynom ial 
an d  th ere fo re  also th e  th e o ry  o f T R E  tu rn s  o u t to  be a specia l case o f g raph  
sp ec tra l th eo ry . (O f course, n o t all eigenvalues o f T(G, v) a re  zeros o f  a(G). 
T he problem  o f th e  id e n tif ic a tio n  o f th o se  zeros o f 0 [T (G ,  i>)] w h ich  are  of 
in te re s t for th e  T R E  m e th o d  will be exam ined  la te r .)

Secondly, since th e  eigenvalues o f all g raphs are re a l n u m b ers  [7], all 
th e  zeros of oc(G) m u st also  be rea l n u m b ers  an d  T heorem  1 p io v id e s  an  elem en­
ta r y  and  tra n s p a re n t d e m o n s tra tio n  o f th e  re a li ty  o f T R E . In  p a r tic u la r , th e  
ca lcu la tio n  of th e  zeros o f a(G) is for all g rap h s show n to  be  e q u iv a len t w ith  
th e  d iagona liza tion  o f  a ce rta in  H erm itian  m a tr ix . H en ce  we o b ta in e d  a general 
so lu tion  of th e  p rob lem  considered  in  p ap ers  [16 —19].

T he m eth o d  fo r th e  co n stru c tio n  o f th e  g rap h  T(G , v) is ev id e n t from  the 
p ro o f o f T heorem  1. In  o rd e r to  fo rm u la te  th is  p ro ced u re  in  a m ore precise 
m an n e r, we need  a few d efin itions. L et th e  v e rtices  o f  th e  g rap h  G be denoted  
b y  tq , v2, . . . , vn.

A  p a th  o f  len g th  p  in  th e  g rap h  G is a sequence (tqo, v . . . , tq ) of 
p  -)- 1 m u tu a lly  d is tin c t v e rtices  such th a t  tq is a d ja c e n t to  v jf, j  — 1, 2, 
. . . , p .  This p a th  s ta r ts  a t  th e  v e rte x  v ,-o an d  ends a t  v . T h e  sequence (iq) 
w ill be u n d ersto o d  as a p a th  o f len g th  zero.

T he p a th  (tqs, v(i, . . . , t>(- ) w ill be called  th e  m ax im al p ro p e r su b p a th
o f th e  p a th  (tqt, tq,, . . . , vip i, v ip).

F o r exam ple , th e re  ex is t seven p a th s  in  th e  g rap h  Gx w h ich  s ta r t  a t 
th e  v e rtex  tq. T hese a r e : W x =  (tq), W 2 =  (tq, v2) W 3 — (tq , v2, v3), =
=  (»!, tq, v3, vt ), W b =  ( r 1? u3), W e -= (vv  v3, v2) an d  IV-, =  (tq , v3, u4). W 1 is a 
m ax im al p ro p er su b p a th  o f  W 2 an d  JFS, W 5 is a m ax im a l p ro p e r su b p a th  of 
Wg an d  W~r  etc. W 4, W 6 a n d  W n are  n o t m ax im al p ro p e r su b p a th s  o f any  
p a th  in  Gr

T h e o r e m  2 .  L e t G be a g rap h  an d  v i ts  v e r te x . L e t W 4, W 2, . . . , W N 
be th e  p a th s  o f  G s ta r t in g  a t  v. T hen  T(G, v) is th e  g rap h  w hose v ertices are

Acta Chim. Acad. Sei. H ung. 110, 1982
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W i ,  W 2, . . . , W N an d  tw o  v e r tic e s  W t an d  Wj  a re  a d ja c e n t in  T(G , v) i f  W ( 
is a m a x im a l p roper s u b p a th  o f W j  or vice versa.

T (G , v) is necessarily  a n  acyclic  g raph .
A s an  exam ple we  sh a ll co n sid er T(GV i>4) once ag a in . T h e  seven  v ertices 

o f  th i s  g rap h  correspond to  th e  seven  p a th s  o f G4 w h ich  s ta r t  a t  vv  O f course, 
th e  g ra p h  T(GV Vj) c o n s tru c te d  accord ing  to  T h eo rem  2 i t  th e  sam e as th e  
g ra p h  Gf* co n stru c ted  fo llow ing  T heorem  1.

T (G,, v ,)

I t  is convenien t to  a ss ig n  to  th e  v e rtex  W j  o f T(G, v) th e  sam e labe l 
as t h a t  o f  th e  end v e r te x  o f  th e  p a th  Wj. T he v e rtices  o f  G ^  in  ou r prev ious 
e x a m p le  h av e  been lab e lled  acco rd in g  to  th is  co n v en tio n .

A s fu r th e r  exam ples w e p re se n t th e  g rap h s T(G4, r 1), T(G4, v3) and
T(G5, v5).

A 5 6 7 8 9 10

T (G t ,v ,  )

4 5 6 7 В 9 10 I 2

T (Gt , v 3 )

A cta  Chim . sicacl. Sei. Hung. 110, 1982
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A fte r a l i t t le  p rac tice , th e  c o n s tru c tio n  o f T(G, v) becom es a ro u tin e  
ta sk . W e s ta r t  w ith  th e  v e rte x  v an d  follow  step -b y -s tep  th e  p a th s  o f  G. F o r 
exam ple  from  th e  v e r te x  v3 of G4, we can  re a c h  in  one step  th e  v e rtic e s  vv  
t>2 a n d  v9. F ro m  vi we m u s t follow th e  p a th  vs, ve, v7, va, v9, v10, v v  v2. F ro m  
v9 we can  reach  in  one s tep  e ith er i>10 or vg. F ro m  t>10 we can hen  c o n tin u e  only  
to  v 1 an d  th e re  a f te r  to  v2 w here th is  p a th  m u s t be ended. Etc.

E v e ry  b ra n c h  o f T(G, v) is te rm in a te d  w hen  from  a v e r te x  w e can n o t 
pass to  an y  o th e r  v e r te x  (w ith o u t re p e titio n ) .

Som e e lem en ta ry  p ro p erties  o f T(G, v) a re  th e  following.
(a) I f  G is acyclic , th e n  T(G, v) =  G.
(b) L e t us d en o te  b y  v th e  v e r te x  o f  T(G , v) w hich co rresponds to  th e  

p a th  (v) o f th e  g rap h  G. U sing th e  n o ta tio n  o f  E q . (3) we have th e n

T(G, v) — v =  у  T( H, Wj )
У=1

and

0 [ T (G ,  « ) - » ] =  П  ф  [т (я ’ ™y)] •
У- i

(c) I f  th e  v e r te x  v is in v a rian t u n d e r  som e sy m m etry  o p e ra tio n s  on  G, 
th e n  i t  w ill be in v a r ia n t u n d er th e  sam e sy m m e try  opera tions o n  T(G, v). 
I n  p a r tic u la r , i f  G has a p lane of sy m m e try  w hich  contains v, th e n  T(G, v) 
also has such a p lan e  o f sym m etry . T h is fa c t can  be easily recogn ized  on  th e  
exam ple T(G4, iq).

(7)

(8 )

5 Acta Chim. Acad. Sei. H ung. 110 ,  1982
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S ince we are m a in ly  in te re s te d  in  th e  so lu tio n  o f th e  eigenvalue p ro b lem  
o f  T (G , v) we can ap p ly  th e  w ell-know n g ro u p  th e o re tic a l a rg u m en ts  [7, 21] 
in  o rd e r  to  reduce th e  d im ension  o f th e  m a tr ix  w h ich  has to  he d iag o n a lized .

F o r  exam ple, in s te a d  o f  T(Gi , v 1) (w h ich  possesses 33 v e rtic e s) i t  is 
su ff ic ie n t to  solve th e  e igenva lue  problem  o f th e  g ra p h  T '(G4, t>4) (w hich h as  on ly  
17 v e r tic e s ) .

S im ila rly , in s tead  o f T(G :, v3) one m a y  consider th e  e ig en v a lu es  o f  
T '(G X, v 3), w hich on th e  o th e r  h an d  is ju s t  th e  p rev io u sly  m en tio n ed  g ra p h  G2. 
T h is  l a t t e r  exam ple illu s tra te s  th e  fac t t h a t  th e  H e r n d o n ’ s  m eth o d  [16] fo r 
th e  c a lc u la tio n  of oc(G) is a special case o f o u r  ap p ro ach .

T h ere fo re , w henever possib le, one sh o u ld  choose th e  v e r te x  c to  b e  a 
s y m m e tr ic  one (like v3 in  G4 or v1 in  G4) a n d  u s in g  group th e o ry  re d u c e  th e  
n u m b e r  o f  vertices o f T(G, v).

(d ) In  order to  o b ta in  a graph  T(G, v) w ith  as few vertices as p o ssib le , 
i t  is o f te n  conven ien t to  choose v to  be a v e r te x  belonging to  as m a n y  cycles 
o f  G as possib le.

(e) T(G, v) re flec ts  th e  p a th  s tru c tu re  o f  th e  g rap h  G. I t  is w o r th  n o tin g  
t h a t  re c e n tly  T(G, v) has b een  in d ep en d en tly  considered  in  con n ec tio n  w ith  
th e  e n u m e ra tio n  of ce rta in  ty p e s  of p a th s  in  G [22].

F ro m  th e  sp ec tru m  o f  T(G, v) we can  d e te rm in e  th e  zeros o f <x(G). F o r  
e x a m p le , th e  set o f th e  zeros of a(G4) is e q u a l to  th e  spec trum  o f T(G4, v 3) 
m in u s  tw ice  th e  sp ec tru m  o f P 9 =  G4 — v3.

P9 = Gt -  v3

T h is  co n c lusion  follows from  th e  ap p lica tio n  o f  E q . (5), viz.,

a[T (G 4, v3)] =  «(G*1*) =  a(G 4)*(G4 -  v3) \  
i.e.

« (G J -  Ф[Т(G.„ v3) ] /0 ( P s) \

A cta  Chim . Acad. Sei. Hung. 110,  1982
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A pplying E q s (5), (6) an d  th e ir  generalizations for G ^\ t >  2 we can in 
all cases e lim ina te  th o se  e igenvalues o f  T(G, v) w hich a re  n o t  zeros o f a(G). 
H ow ever, such a p ro ced u re  m ay  be q u ite  ted ious for large p o ly cy c lic  m olecular 
g rap h s. F o r tu n a te ly , th e re  ex ists a s im p le r criterion  for d ec id in g  w hether an 
eigenvalues of T(G, v) is a zero o f a(G ), based  on th e  e x a m in a tio n  o f  th e  eigen­
v ec to rs  o f T(G, v).

L et th e  g rap h  T(G, v) possess N  ve rtices  and le t Cj =  (С д , Cj2, . . . , C;N) 
be th e  e igenvecto r w ith  th e  e igenvalue  X j ,  j  =  1 , 2 , . . . ,  N .  L e t  th e  compo­
n e n t o f th e  v e c to r  Cj co rrespond ing  to  th e  v e rtex  v o f T(G, v)  b e  CJV.

T h eo rem  3. S uppose th e  po ly n o m ia ls  a(G — v) and  a(G) h a v e  no common 
zero . T hen  у  is a zero o f a(G) i f  and  o n ly  i f  fo r some j ,  у  — X j  a n d  Cjv is n o t zero.

Before p ro v in g  th is  T heorem  i t  is w o rth  no ting  th a t  i f  t h e  g rap h  G has 
a H am ilto n ian  p a th , th e n  th e  re q u ire m e n ts  of th e  T h eo rem  a re  necessarily 
fu lfilled  [10].

Proof. F ro m  T heorem  2.5 o f [20] w e find  th a t

« ( G - t i )  _  Ф [ Т ( С , у ) - у ]

«(G) Ф [T(G, v)]

F ro m  E q . (3) in  th e  p ro o f o f T heorem  5.2 in  [20] we h av e  f u r th e r

Ф [ Т ( С , у) - у]  =  "  (CJvf

Ф [ Т ( С ,г ) ]  р г х - X j

I t  follows from  (10) th a t  th e  poles o f  0 [ 7 ’(G, v) — t>]/0[7’(G, t>)] a re  simple. 
Since x(G — v) a n d  a(G) are assu m ed  to  have no com m on  ze ro , i t  follows 
from  (9) th a t  th e re  are  e x a c tly  n  su ch  poles, w here n is th e  n u m b e r  o f vertices 
o f G. F in a lly , i t  is c lea r from  (10) t h a t  у  is a pole if  a n d  o n ly  i f  Cjv ^  0 for 
som e j  such th a t  X j  =  y . Q .E .D .

A ccording to  T heorem  3, th e  zeros o f x(G) can be d e te rm in e d  as follows 
B y  solving th e  g rap h  eigenvalue p ro b lem  for T(G, v), one a u to m a tic a l ly  obtains 
th e  e igenvectors Cj. T hose e igenvalues o f  T(G, v) for w hich  CJV ^  0 are neces­
sa rily  zeros of x(G). H ence a t least som e zeros of a(G) can  b e  id e n tif ie d  in  th is 
m an n er. I f  a(G) a n d  x(G  — v) h av e  no  com m on zero, th e n  th e  ab o v e  procedure 
y ields all th e  zeros o f x(G). I t  is a fo r tu n a te  fact t ha t  for th e  g re a t  m ajo rity  of 
chem ically  re le v a n t g rap h s th is  co n d itio n  is satisfied [23] a n d  th u s  Theorem  3 
is fu lly  app licab le .

One of th e  a u th o rs  (I. G .) w ould like  to  th a n k  th e  A lexander v o n  H u m b o ld t  Foundation  
fo r financia l su p p o rt o f th is  research .
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THE INFLUENCE OF THE IONIC STRENGTH 
ON THE DISSOCIATION CONSTANT 

OF HYDROGEN CYANIDE
( S H O R T  C O M M U N I C A T I O N )

V. G á s p á r  and  M. T . B e c k *

( I n s t i t u t e  o f  P h y s ic a l  C h e m is tr y , K o s s u th  L a jo s  U n iv e r s i t y ,  D e b r e c e n )

R e c e i v e d  J u n e  1 7 ,  1 9 8 1  

A c c e p t e d  f o r  p u b l i c a t io n  S e p t e m b e r  1 8 ,  1 9 8 1

F o r th e  s tu d y  o f  th e  p h o to a q u a tio n  o f h e x a c y a n o fe rra te (II)  and  octa- 
cyan o m o ly b d a te (IV ) [1] th e  d issociation  c o n s ta n t o f h y d ro g en  cyan ide  (K d) 
w as d e te rm in ed  a t  sev e ra l ionic s tren g th s  in  th e  ran g e  from  0.1 to  5.0 m ol d m -3 
N aC104 (T  =  298 K ).

D a ta  in  th e  l i te ra tu re  are  availab le  on ly  in  th e  ran g e  o f  th e  D e b y e -  • 
H iickel th e o ry  a n d  w ere e x tra p o la te d  to  zero ionic s tre n g th  [2, 3, 4 ]. D ifferen t 
m eth o d s w ere used  fo r th e  d e te rm in a tio n  o f  K d. B r i t t o n  a n d  R o b i n s o n  

ca lcu la ted  p K d =  9.31 b y  m easuring  th e  s a tu ra te d  v a p o r  p ressu re  o f H CN , 
P a n g  de te rm in ed  p K d =  9.22 b y  sp ec tro p h o to m e tric  m easu rem en ts  an d  I z a t t  

et al. got p K d =  9.21 b y  m o n ito ring  th e  p H  w ith  glass e lec tro d e  [2].
In  our s tu d y  th e  d issocia tion  c o n s ta n t w as d e te rm in ed  b y  a po ten - 

tio m e tric  t i t r a t io n  m e th o d  using  cyanide selec tive  an d  glass e lec trodes. A lin ear­
ized  form  o f t i t r a t io n  cu rve  w as used fo r ca lcu la tio n s [5].

Experimental

0 .1  m o l  d m - 3  s o d i u m  c y a n i d e  ( R e a n a l  p r o d u c t )  s t o c k  s o l u t i o n s  w e r e  f r e s h l y  p r e p a r e d  
a n d  u s e d  o n l y  i f  n o  y e l l o w i s h  c o lo u r a t io n  o c c u r r e d .  T h e  s o l u t i o n s  w e r e  k e p t  i n  p l a s t i c  v e s s e l s  
i n  t h e  d a r k  a n d  c o ld ,  u n d e r  N .. a t m o s p h e r e .

1 .0  m o l  d m - 3  p e r c h lo r i c  a c id  s t o c k  s o l u t i o n s  w e r e  p r e p a r e d  b y  d i l u t i n g  6 0 %  (M e r c k  
p r o d u c t )  p e r c h lo r ic  a c id .  T h e  c o n c e n t r a t i o n  w a s  d e t e r m i n e d  b y  t i t r a t i o n  p o t a s s i u m  h y d r o -  
g e n c a r b o n a t e  ( R e a n a l  p r o d u c t )  u s i n g  m e t h y lo r a n g e  a s  a n  i n d i c a t o r .

F o r  t i t r a t i o n  a t  d i f f e r e n t  i o n i c  s t r e n g t h s  0 .1  m o l  d m - 3  p e r c h lo r i c  a c i d  a n d  a b o u t  0 .0 1  
m o l  d m - 3  s o d iu m  c y a n i d e  s o l u t i o n s  w e r e  d i l u t e d  f r o m  t h e  s t o c k  s o l u t i o n s .

T h e  io n i c  s t r e n g t h  o f  d i f f e r e n t  s a m p le s  w a s  a d j u s t e d  w i t h  6 .0  m o l  d m - 3  s o d iu m  p e r ­
c h lo r a t e  (M e r c k  p r o d u c t )  s t o c k  s o lu t io n .

T h e  c y a n i d e  c o n c e n t r a t i o n  w a s  d e t e r m in e d  w i t h  a n  O P - 2 0 1  U n i v e r s a l  R a d e l k i s  p H -  
m e t e r  u s in g  O P - 7 1 1 - D - I R a d e l k i s  i o n s e l e c t i v e  e l e c t r o d e  a n d  К  4 0 1  R a d i o m e t e r  S .C .E .  ( f i l l e d  
w i t h  s a t u r a t e d  s o d iu m  c h lo r id e  t o  a v o id  t h e  p r e c i p i t a t i o n  o f  p o t a s s i u m  p e r c h lo r a t e ) .

T h e  p H  v a l u e  o f  t h e  s a m e  s a m p le  w a s  d e t e r m i n e d  w i t h  P H M - 5 1  R a d i o m e t e r  p H  m e t e r  
u s i n g  G K  2 3 0 1  c o m b i n e d  e l e c t r o d e  ( f i l l e d  a l s o  w i t h  s a t u r a t e d  s o d i u m  c h lo r id e ) .

T h e  c o n s t a n t  t e m p e r a t u r e  w a s  2 9 8  ±  0 .1  К .

* T o  w h o m  c o r r e s p o n d e n c e  s h o u ld  b e  a d d r e s s e d
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Calculations

A  lin earized  form  o f th e  t i t r a t io n  curve  can  be w ritte n  as fo llo w s:

w here

V+Vo
Снсю,

[C N -] =  F eq 1 V  +  Vo

К -d CHC10(
[C N -]  [H +] ( 1 )

j h c io ,

V

eq

K ,

vo lum e of a t i t r a t e d  so d iu m  cyanide so lu tio n  (g enera lly  50 m L )( 
CCN_ 0.01 m ol d m -3 , I  =  0.1, . . . , 5.0 m ol d m -3 N aC 104. 
co n c e n tra tio n  o f p e rc h lo ric  ac id  so lu tion  used  fo r t i t r a t io n  (0.1 m ol 
d m “ 3, I  =  0.1, . . . , 5 .0  m ol d m " 3 N aC104),
vo lum e of added  ac id  (m L )
equ ivalence  vo lum e o f  p e rch lo ric  acid , d efin ed  as : V eq =  
(m L ),
th e  dissociation  c o n s ta n t  o f  H CN  (m ol d m “ 3).

V0[CCN- ]

'HCIO.

T h e  K d values w ere c a lc u la te d  from  th e  slope o f  (1) ty p e  lines b y  leas t 
sq u a re s  m e th o d . The cyan ide  a n d  h y d ro g en  ion  co n cen tra tio n s  w ere ca lcu la ted  
o n ly  in  th e  f irs t p a r t  o f th e  t i t r a t io n  curves, because  o f th e  w ell-know n 
a n o m a lo u s  ch a rac te r of th e  c y a n id e  se lective e lec tro d e  below  p H  =  8.5 [6 ].

Results

L in ea rized  ti tra t io n  cu rv es  a t  d ifferen t ionic s tre n g th s  are  show n in
F ig . 1.

T h e  f i r s t  p a r t o f th e  t i t r a t io n  curves w as lin e a r  in  th e  w hole ran g e  o f 
th e  io n ic  s tre n g th  from  0.1 to  5 .0  m ol d m “ 3 N aC104.

A sia  C him . Acad. Sei. Hung. 110, 1982
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T he re su lts  o f th e  calcu lations are  su m m arized  as follows :

I
(mol dm- * NaC104) p K d

0.00

0.10
1.00
3 .0 0

5 .0 0

9 .2 1  i  0 .0 1  ( e x t r a p o la t e d )

9 .0 6  ±  0 .0 2  

8 .8 8  ±  0 .0 2  

8 .8 1  ±  0 .0 2  

8 .7 8  ±  0 .0 2

T he m ean  va lu es  w ere ca lcu la ted  fro m  th e  resu lts  of th re e  p a ra lle l 
m easu rem en ts.

T here  is a good ag reem en t b e tw een  th e  D H  th e o ry  and  e x p e rim e n ta l 
r e s u l t s : th e  d issoc ia tion  co n stan t s tro n g ly  increased  w ith  in c reas in g  th e
ionic s tre n g th .

[1] Gáspár , V .,  B eck ,M. T . : to be published
[2 ]  S t a b i l i t y  C o n s t a n t s  o f  M e t a l - I o n  C o m p le x e s ,  L o n d o n ,  T h e  C h e m ic a l  S o c i e t y ,  B u r l i n g t o n

H o u s e ,  W . l .  1 9 6 4
[3 ]  B o u ch to n , J .  H . ,  K e l l e r , R . N .:  .) . I n o r g .  N u c l .  C h e m . ,  2 8 ,  2 8 5 1  (1 9 6 6 )
[4J Ch r ist e n se n , J. J ., J ohnston , II. D ., Izatt, R. M.: J . Chem. S o c ( A ) ,  1970, 454
[5 ]  I v ask a , A .:  A c a d e m i c  D i s s e r t a t i o n ,  A b o  A k a d e m i ,  A b o ,  F i n la n d  1 9 7 5
[6 ]  G ra tzl , M ., R a k iá s , F . ,  H o rva i, G .,  T ó th , К . ,  P u n g o r , E .:  A n a l .  C h im . A c t a ,  102, 8 5
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( 0 -  - 4 )  N E I G H B O U R I N G  G R O U P  P A R T I C I P A T I O N  A N D  F R A G M E N T A T I O N  

I N  T H E  1 6 - H Y D R O X Y M E T I I Y L A N D R O S T - 5 - E N E - 3 ,1 7 - D I O L  S E R I E S

G y. S c h n e i d e r * * ,  I . V i n c z e , L. H a c k l e r ,  J .  A. S z a b ó  a n d  G y. D o m b i

(Institute of Organic Chemistry, József Attila University, Szeged)

R e c e i v e d  M a y  1 5 ,  1 9 8 1  
A c c e p t e d  fo r  p u b l i c a t i o n  S e p t e m b e r  2 3 ,  1 9 8 1

T h e  f o u r  p o s s i b l e  i s o m e r s  o f  1 6 - h y d r o x y m e t h y l a n d r o s t - 5 - e n e - 3 / S ,1 7 - d i o l  w e r e  
t r a n s f o r m e d  i n t o  t h e  m ix e d  p - t o l u e n e s u l f o n i c  a c i d — a c e t ic  a c id  e s t e r s  (la, 2a, 3a, 4a), 
a s  w e l l  a s  i n t o  t h e  C - 1 7 - t e t r a h y d r o p y r a n y l  a c e t a l s  o f  t h e  m ix e d  e s t e r s  (lb, 2b, 3b, 4b). 
O n  a lk a l in e  m e t h a n o l y s i s  o f  t h e  m i x e d  e s t e r s ,  la  a n d  4a y ie ld e d  t h e  a- a n d  /? - o x e t a n e s  
(5a a n d  6a) c o n d e n s e d  t o  t h e  D  r i n g  o f  t h e  s t e r a n e  s k e le t o n ,  w h i l e  2a a n d  3a g a v e  
a  f r a g m e n t a t i o n  p r o d u c t  (7a). T h e  m i x e d  e s t e r  C - 1 7 - t e t r a h y d r o p y r a n y l  a c e t a l s  (lb, 
2b, 3b, 4b) t r a n s f o r m e d  i n t o  t h e  1 6 - m e t h o x y m e t h y l  d e r iv a t iv e s  (lc, 2c, 3c, 4c) u n d e r  
s im i la r  e x p e r i m e n t a l  c o n d i t io n s .

A lkaline  reac tio n s of a ,y -h a lo h y d rin s  o r a,y-dio l m o n o su lfo n a te s  lead 
to  th e  fo rm a tio n  o f fou r-m em bered  o x e tan es . The process is a ne ighb o u rin g  
g roup  p a r tic ip a tio n  ch a rac terized  b y  th e  g enera l sym bol (0 ~ — 4). W hile  th ree-, 
five- or six -m em bered  cyclic e th e rs  a re  fo rm ed  rap id ly  an d  u n ifo rm ly  under 
s im ila r cond itio n s, th e  fo rm atio n  o f  o x e ta n e s  is often  acco m p an ied  b y  su b s titu ­
tio n , e lim in a tio n  or f ra g m e n ta tio n  s id e -reac tions. O xetane  fo rm a tio n  takes 
p lace  re a d ily  in  com pounds c o n ta in in g  th e  -reactive groups in  fa v o u re d  steric 
p o sitio n s [1].

S te ro ids w ith  th e ir  re la tiv e ly  r ig id  skele tons are su itab le  fo r  th e  develop­
m en t o f  s tab le  oxe tan e  rings u n d e r so lvo lysis conditions or in  a pho tochem ical 
re a c tio n .

In  th e  l i te ra tu re  m a in ly  th e  fo rm a tio n  o f oxetanes co n d en sed  to  rings 
A, В an d  D is re p o rte d , an d  sp iro -o x e ta n e  de riv a tiv es  have also  b een  described. 
A lkaline  solvolysis o f th e  a p p ro p r ia te  5a-hydroxy-3 /9 -p -to luenesu lfonate  
re a d ily  g ives, 3 a ,5 a -ep o x y ch o les tan e , since th e  groups ta k in g  p a r t  in  the 
conversion  are  in  favourab le  s te ric  p o sitio n s, fu rth e rm o re , th e  1 ,3 -diaxial 
in te ra c tio n  o f th e  C-19 m eth y l g ro u p  an d  th e  hydrogen a to m s is s ig n ifican tly  
red u ced  in  th e  re su ltin g  cyclic sy s te m . T he 5/?,3oe-isomer, h o w ev e r, yielded 
on ly  a f ra g m e n ta tio n  p ro d u c t, 4 ,5-secocholest-3-ene-5-one u n d e r  s im ila r experi­
m e n ta l co n d itio n s, a lth o u g h  th e  s te r ic  co n d itions of c y c liz a tio n  are  sa tisfied

* P a r ts  X X V II and  I V :  Gy. S c h n e id e r , I .  V in c z e , A. Vass, L . H a c k l e r , Gy. D o m bi: 
A c ta  C h im . A cad. S e i .  H ung. 109, 7 8  ( 1 9 8 2 )

* *  T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  b e  a d d r e s s e d
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[2]. T h e  6 /S-methyl [3] a n d  6/5-hydroxy [4] d e r iv a tiv e s  o f  3<x,5<x-epoxycholestan 
a re  a lso  know n. In  th e  A -n o r-ch o lestan e  se ries, b o th  th e  2 a ,5 a -ep o x y  a n d  
2y3,5/?-epoxy-A -nor-cholestane deriva tives h av e  b een  p re p a re d  by  th e  so lv o ly tic  
m e th o d . F o rm a tio n  o f  th e  la t t e r  com pound w as acco m p an ied  b y  f ra g m e n ta ­
tio n , since  th e  C-19 m e th y l g ro u p  exerts a s tro n g  h in d ra n c e  on the  rin g  sy s tem
[5]. I n  th e  series o f co m p o u n d s  w ith  an d ro s tan e  sk e le to n , 3 a ,5a-epoxyandros- 
ta n e  a n d  its  1 ,17-dione d e r iv a tiv e  have been  p re p a re d  [6]. The sy n th esis  o f  
th e  5 a ,7 a -a n d  5/3,7/S-epoxy d e riv a tiv es  condensed  to  th e  В ring  of th e  choles- 
ta n e  sk e le to n  has also b een  ach ieved  in sp ite  o f  th e  fa c t th a t  the  p o ss ib ility  
o f  th is  sy n th es is  w as q u e s tio n e d  earlier in th e  l i te r a tu r e  [7]. a -O xetanes [8 , 9] 
a n d  /?-oxetanes [10] c o n d e n se d  to  th e  D rin g  a re  a lso  know n. S p iro -exe tane  
d e r iv a tiv e s  condensed  to  r in g s  A and  D , p re p a re d  b y  solvolysis, h av e  also  
b een  re p o r te d  [5, 11, 12].

O x e tan e  rings w ere deve loped  a t  th e  A a n d  В rin g s  o f cholestane  a n d  
n o r-ch o le s tan e  p h o to c h e m ic a lly  [13, 14, 15, 16].

W e rep o rted  ea rlie r t h a t  redu c tio n  o f 1 6 -h y d ro x y m e th y lan d ro s t-5 -en e - 
3/3-ol-17-one w ith  com plex  m e ta l hydrides y ie lded  a m ix tu re  o f tw o 16-hydroxy- 
m e th y lan d rost-5 -ene-3 /9 ,17 -d io l isom ers. O f th e se , 16a-p -to luenesu lfony l- 
oxym ethy landrost-5 -ene-3 /? ,17 /?-d io l 3 ,17 -d iaceta te  (2a) suffered p a r tia l f ra g ­
m e n ta t io n  in  a lkaline m ed ia  a n d  form ed p a r tly  an  a lk y l e th e r. 16/S-p-Toluene- 
su lfonyloxym ethy landrost-5 -ene-3 /? ,17 /?-d io l 3 ,1 7 -d ia c e ta te  (4a) yie lded  th e  
o x e ta n e  (6a) condensed to  r in g  D  [17]. The s te reo sp ec ific  cyclization  reac tio n  
w as su ita b le  for th e  d e te rm in a tio n  o f  th e  c o n fig u ra tio n  o f th e  isom ers. T h is 
m e th o d  o f d e te rm in in g  th e  co n fig u ra tio n s was d ev e lo p ed  earlie r in our la b o ra ­
to ry  fo r th e  ex am in a tio n  o f  th e  cis and  trans m o d ifica tio n s  o f 2-hydro x y m eth y l- 
c y c lo p en tan o l [18]. C onversion  a t  th e  tw o isom ers a v a ilab le  of 16-hydroxy- 
m e th y land rost-5 -ene-3 /? ,17 -d io l y ielded th e  m o d ific a tio n s  16/5,17a(3a) [19] 
an d  16a , 17a (la ) [20] w h ich  h a d  been m issing.

I n  th e  possession o f  th e  four isom ers, th e  16-p-to luenesu lfony l-oxy- 
-m e th y l-1 7 -ace to x y  m ix ed  e s te rs  ( la , 2a, 3a, 4a) as w ell as th e  C -17-tetra- 
h y d ro p y ra n y l m ixed e s te r  a c e ta ls  (lb , 2b, 3b, 4b) w ere  p re p a re d  and su b jec ted  
to  c o m p a ra tiv e  solvolysis ex p e rim en ts .

Solvolysis results

A ll th e  four possib le isom ers o f 16 -p -to lu en esu lfo n y lo x y m eth y lan d ro s t- 
-5-ene-3/3,17-diol d iace ta tes  ( la ,  2a, 3a, 4a) and 1 6 -p -to lu enesu lfony loxym ethy l- 
androst-5-ene-3/3 ,17-diol 3 -a c e ta te -1 7 -te tra h y d ro p y ra n y l ace ta ls  (lb , 2b, 3b, 4b) 
w ere su b je c te d  to  m e th an o ly s is  in  th e  presence o f  fo u r  equ iv a len ts  o f sod ium  
m e th o x id e  a t  the  te m p e ra tu re  o f  boiling.

T h e  conversion w as m o n ito re d  by  th in - la y e r  ch ro m a to g rap h y .

Acla Chim. Acad. Sei. Hung. 110, 1982
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A fter co m p le tio n  o f  th e  reac tio n  th e  p ro d u c ts  w ere p u rified  on a co lum n 
p ack ed  w ith  A120 3 o f  m ed ium  a c tiv ity , b y  th e  su c tio n  ch ro m ato g rap h ic  
m ethod .

Id e n tif ic a tio n  o f  th e  substances w as based  on th e  I R  an d  1H -N M R  
sp ec tra  (Table I).

Isom er 16a, 17a  ( la )  gave b y  rap id  conversion  an  e n tire ly  u n ifo rm  p ro d ­
u c t (5a), w hich y ie ld ed  th e  m o n o ace ta te  (5b) w ith  p y rid in e /ace tic  an h y d rid e . 
In  th e  IR  sp ec tru m , th e  b a n d  ch a rac te ris tic  o f  ox e tan es ap p ea red  a t  980 c m -1 
[5, 18]. In  th e  1H -N M R  sp ec tru m , th e  AB sp e c tru m  fra c tio n  o f th e  m ethy lene  
p ro to n s  in  th e  o x e ta n e  rin g  is found  a t  3.9 an d  4.75 p p m . T he an iso trop ic  
sh ield ing  effect o f  th e  h e te ro  a to m  in th e  re su ltin g  s tra in e d  rin g  is show n b y  
th e  s trik in g ly  h ig h  (0.52 ppm ) d iam agnetic  sh if t o f  th e  C-18 a n g u la r  m e th y l 
g roup . The p resence  o f  th e  fou r-m em bered  h e te ro  rin g  does n o t  a lte r  th e  
coupling  c o n s ta n t b e tw een  16/ЗНД7/ЗН (a b o u t 5 H z) re la tiv e  to  C16,C17- 
d isu b s titu te d  s te ro id s  [21 ].

The fo rm a tio n  o f  th e  o x e tan e  ring  in  а -position  (5a) is p a r tic u la r ly  fa v o u r­
ab le , since th e  quasi-axia l  a lkoxide group a t  C-17 ex erts  an  Sn i a t ta c k  a t  th e  
C -16 -p -to luenesu lfony loxym ethy l, group b e ing  ag a in  in  а -position , on th e  
opposite  side re la tiv e  to  th e  C-18 m eth y l g roup , a n d  th is  allow s th e  develop­
m en t o f a ring  sy s tem  re la tiv e ly  free o f s tra in .

T he 16/3,17/3 isom er (4a) also gave th e  earlie r re p o rte d  [17] 16/3,17/3- 
-o x e tan e  d e riv a tiv e  (6a) in  a good yield (84% ). T he re a c tio n  is accom pan ied  
b y  som e fra g m e n ta tio n , w hich  can be exp la ined  b y  th e  re la tiv e ly  p ack ed  space 
in  th e  /З-oxetane w ith  th e  C-18 m eth y l g roup  in  th e  sam e s te ric  p o sitio n .

The IR  sp e c tru m  has th e  b an d  c h a ra c te ris tic  o f  ox e tan es a t  970 c m -1 . 
In  th e  JH -N M R  sp e c tru m  th e  AB spec tru m  fra g m e n t o f  th e  m e th y len e  p ro to n s 
in  th e  oxetane  r in g  ap p ea rs  a t  4.15 and  4.7 p p m . T he an iso tro p ic  sh ield ing  
effect o f th e  h e te ro  a to m  in th e  16/3,17/3 fu sed  rin g  gives rise  to  a p a ram ag n e tic  
sh ield ing  effect on  th e  signal o f th e  C-18 m e th y l p ro to n s  (1.05 ppm ), in  c o n tra s t 
w ith  th e  16a,17a fu sed  ring . T he 1 6 aH ,1 7 aH  coup ling  c o n s ta n t w ith  a value 
o f  9.5 H z co rresponds to  experience o b ta in ed  w ith  C-16, C-17 d isu b s titu te d  
s te ro id s  [21].

T he o b se rv a tio n  th a t  in  b o th  s te ro id  ox e tan es (5a, 5b an d  6a, 6b) th e  
coupling  c o n s ta n ts  co rresp o n d  to  th e  C-16, C-17 d isu b s titu te d  d e riv a tiv e s  can 
be exp la ined  b y  th e  fa c t th a t  th e  d isu b s titu te d  D r in g  in  ste ro id s  has such  a 
s tab le  con fo rm atio n  w h ich  can n o t be a lte red  s ig n ifican tly  even  th e  a tta c h m e n t 
o f  a fou r-m em bered  rin g .

T he conversion  o f  th e  tw o trans isom ers (2a, 3a) to o k  p lace a t  a ra te  
equal to  th a t  o f th e  o x e ta n e  fo rm atio n  and  led  to  th e  sam e fra g m e n ta tio n  p ro d ­
u c t (7a). Since th e  C -16 -p -to luenesu lfony loxym ethy l g ro u p  has a d is ta n t 
s teric  position  re la tiv e  to  th e  C-17 h y d ro x y l fu n c tio n , cyc liza tio n  could n o t 
ta k e  p lace, how ever, th is  g roup  could h av e  ta k e n  p a r t  in  nucleoph ilic  ex-

Acta Chim. Acad. Sei. H ung. 110, 1982



4 3 2 S C H N E I D E R  c t  a l .:  S T E R O I D S , X X V I I I

Table I
1H - N M R  data

Com -
S u b s titu e n t C hem ical s h if ts  ő

p o u n d
3 16 17 3 6 17 16 C H t O 18

lc /Ю Н a C H 2— O C H 3 а О Н 3 .4 5 .4 5 3 .8 3 .5 2 0 .7 5

ia / 3 0  A c a C H ,— O C H , а О А с 4 .6 5 .4 5 5 .0 8 3 .4 0 .8 5

2c /З О Н а С Н . - О С Н з /З О Н 3 .4 5 .4 0 3 .5 3 .4 0 .8 2

2d ßO  A c a C H 2- O C H 3 /З О А с 4 .6 5 .5 0 4 .6 3 .4 0 .8 1
3c /З О Н /ЗС Н 2- О С Н 3 « О Н 3 .4 5 .4 5 3 .6 3 .5 5 0 .7 2

3d ßOAc /З С Н „ - О С Н 3 а О А с 4 .6 4 .5 4 .6 5 3 .5 0 .8 2
4c /З О Н /З С П , О С Н 3 /З О Н 3 .4 5 .4 3 .8 3 .5 5 0 .8 0

4d ßOAc ^ С Н о - О С Н з /З О А с 4 .6 5 .4 5 4 .8 5 3 .4 0 .8 4
5a ßOH 1 6 а , Í 7 a o x e t a n e 3 .4 5 .5 4 .5 5 3 .9 ;  4 .7 5 0 .5 2
5b ßO  A c 1 6 а ,1 7 а o x e t a n e 4 .6 5 .5 4 .6 3 .9 ;  4 .8 5 0 .5 2
6a ^ о н 16/3 ,17/9 o x e t a n e 3 .5 5 .4 4 .4 8 4 .1 5 ;  4 .7 1 .0 5
6b ßOAc 16 /3 ,17 /3 o x e t a n e 4 .6 5 .4 4 .4 8 4 .1 ;  4 .7 1 .0 5
7a /З О Н F r a g m e n t a t io n 3 .6 5 .5 — — 1 .0 5

7b ßOAc F r a g m e n t a t io n 4 .6 5 .5 — — 1 .0 5

8 a /З О Н F r a g m e n t a t io n 3 .5 5 .5 - - 0 .8 0

8b ßOAc F r a g m e n t a t io n 4 .6 5 .4 _ — 0 .8 5

* R e a c t i o n  w i t h  t r i c h l o r o a c e t y l  i s o c y a n a t e  ( T A I )  r e s u l t in g  i n  t h e  f o r m a t io n  o f  t h e

c h a n g e  o r e lim ination  re a c tio n s . S ince th e  s teric  co n d itions of h e te ro ly tic  frag ­
m e n ta t io n  were g iven, th is  l a t t e r  process o ccu rred  a t  a h igh  ra te  an d  q u a n t i ­
t a t iv e ly  (F ig. 1).

F ra g m e n ta tio n  (Schem e B) follow ed th e  schem e observed  fo r a ,y -h a lo - 
h y d r in s  b y  G r o b  an d  S c h i e s s  (Schem e A) (F ig. 2) [22]. F ra g m e n ta tio n  can 
o ccu r in  all cases, w here th e  nucleo fugal group is lo ca ted  s te rica lly  d is ta n t from  
th e  a lk o x id e  function  deve loped  in  alkaline m edia and cyc liza tio n  th u s  can n o t 
ta k e  p lace . In  several cases, i t  occurs sim u ltan eo u sly  w ith  th e  less fav o u red , 
o x e ta n e  fo rm ation  [2], or in s te a d  o f th is  reac tio n  [22].

T h e  s tru c tu re  of th e  f ra g m e n ta tio n  p ro d u c t (7a) w as in d ica ted  b y  th e  
s ig n a l o f  th e  a ldehyde p ro to n  h av in g  a h igh  chem ical sh if t (9.6 ppm ) in  th e  
d l - N M R  spectrum ; th e  e n v iro n m e n t of th is  a ldehyde  is a lip h a tic  in  n a tu re  
an d  e x h ib its  no coupling. T h e  sp ec tru m  fu rth e rm o re  in d ica tes  th e  presence 
o f  th r e e  olefir.ic p ro tons.

T h e  a ldehyde group  o f th e  fra g m e n t (7a) could  be red u ced  w ith  N a B H t
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o f  c o m p o u n d s  1 — 8

(p p m ) O th e r
C oupling  co n stan ts R e a c tio n  w i th T A I*  

(C h em ica l s h if ts  in  ppm )
19 — OAc O th e r

1 .0 2 O C H ,:  3 .3 6 3  H :  4 .8 :  1 7 H :
4 .7 ;  N H :  8 .7

1 .0 5 2 .0 5 :
2 .0 6 O C H ,:  3 .3 5 J m  i7 —  5 .5  H z —

1 .0 2 — O C H 3: 3 .3 9 J ír  17 == 7 .0  H z 3 H :  4 .7 ;  1 7 H :
4 .7 ;  N H :  8 .4 8

2 .0 3 O C H 3: 3 .3 5 —

1 .0 4 — O C H 3: 3 .4 3 H :  4 .7 ;  1 7 H :
4 .7 ;  N H :  8 .7

1 .0 4 2 .0 4 O C H 3: 3 .3 5 —

1 .0 3 — O C H ,:  3 .3 8 3 H :  4 .8 ;  1 7 H :
5 .0 ;  N H :  8 .5 5

1 .0 4 2 .0 4 O C H ,:  3 .3 5 —

1 .0 4 — 1 6 H :  3 .1 3 H :  4 .7 ;  N H :  8 .4
1 .0 6 2 .0 5 1611: 3 .2 J  1R.17 =  5 H z —

1 .0 7 — 1 6 H :  3 .2 3 H :  4 .6 ;  N H :  8 .4
1 .0 6 2 .0 2 1 6 H :  3 .2 —

1 .1 1 — - C H =  5 .0 5 ;  = C H 2: 4 .1 ;  5 .5
C H O : 9 .5 — 3 1 1 : 4 . 6 ;  N H :  8 .8

1 .1 0 2 .0 5 —  C H  =  : 5 .1 ;  = C H 2: 4 .1 ;  5 .6
- C H O :  9 .6 — —

1 .0 5 — —  C H  =  : 5 .1 ;  =  С Н „: 4 .1 ;  5 .6 — 3 H :  4 .6 ;  C H 2O H :
- C H , O H :  3 .2 ;  3 .6 3 .6 ;  3 . 9 ;  N H :  8 .5

1 .0 3 2 .0 2 —  C H = :  5 .1 ;  = C H 8: 4 .8 ;  5 .6
—  C H .O A c :  3 .6 5 ;  3 .9 5 — —

trich loroacety lcarbam oyl d e riv a tiv e  (TAC) [25]

an d  th e  re su lting  p ro d u c t (8a) w as co n v erted  in to  th e  co rresp o n d in g  d ia c e ta te  
(8b) b y  tre a tm e n t w ith  a m ix tu re  o f ace tic  a n h y d rid e  an d  p y rid in e .

B o th  th e  o x e tan e  fo rm a tio n  an d  f ra g m e n ta tio n  processes fa il to  occur 
w hen  th e  C-17 h y d ro x y l fu n c tio n  is p ro te c te d  w ith  a te tra h y d ro p y ra n y l ace ta l 
lin k ag e . A lkaline m e th an o ly sis  o f  these  d e riv a tiv e s  (lb , 2b, 3b, 4b) y ie ld e d  th e  
co rrespond ing  1 6 -m eth o x y m eth y l com pounds ( lc ,  2c, 3c, 4c) a f te r  a c id  h y d ro l­
ysis o f  th e  p ro tec tiv e  g roup . T he fo rm atio n  o f  th e se  deriv a tiv es  can  b e  ex p la in ed  
b y  Sn2 Sn-2 exchange o f  th e  16-p-to luenesu lfony loxy  group.

T he absence o f  o x e ta n e  fo rm atio n  in  th e  cis isom ers (lb , 4b) in d ica te s  
th a t  th e  (0 _ —4) n e ig h b o u rin g  group p a r tic ip a tio n  tak es  p lace o n ly  in  th e  
presence o f th e  a lkox ide  g roup . The absence o f  th e  f ra g m e n ta tio n  reac tio n  
in  th e  tw o trans isom ers (2b, 3b) show s again  t h a t  th e  a ,у f ra g m e n ta tio n  tak es  
p lace in th e  presence o f  a n  alkox ide g roup  in  trans  position  th e  n u c leo fu g a l 
g roup . The oxygen in  a c e ta l bond  is n o t su ffic ien tly  nucleo p h i'ic  to  in itia te  
e ith e r  o xetane  fo rm atio n  o f frag m en ta tio n .
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Experimental

M .p . ’ s  w e r e  d e t e r m in e d  o n  a  K o f l c r  b lo c k  a n d  a r e  u n c o r r e c t e d .
S p e c i f i c  r o t a t i o n  w a s  m e a s u r e d  w i t h  a  P o L .m a t - A  p o la r im é t e r ,  t h e  c o n c e n t r a t i o n  b e i n g  

c =  1 i n  c h l o r o f o r m .
T h e  1H - N M R  s p e c t r a  w e r e  o b t .  i n e d  w i t h  a  J e o l  C -6 0  H L  T o k y o  (6 0  M H z )  i n s t r u m e n t  

in  C D C 1 3 u s i n g  T M S  in t e r n a l  s t a n d a r d .  T h e  d a t a  a r e  g i v e n  i n  p p m  o n  t h e  ő s c a l e .

A cta  Chim . Acad. Sei. Hung. 110, 1982
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T h e  I R  s p e c t r a  w e r e  r e c o r d e d  w i t h  a  U n i c a m  S P  2 0 0  in s t r u m e n t  i n  K B r  p e l l e t s .
T h e  t h i n - l a y e r  c h r o m a t o g r a m s  w e r e  o b t a i n e d  o n  K ie s e lg e l - G  (M e r c k )  l a y e r s  o f  0 .5  m m  

t h i c k n e s s .  T h e  d e v e l o p i n g  s o l v e n t  m ix t u r e s  w e r e  t h e  f o l l o w i n g :  ( I )  m e t h a n o l  : b e n z e n e ,  1 : 9 9 ;  
( I I )  m e t h a n o l  : b e n z e n e ,  5  : 9 5 ;  ( I I I )  a c e t o n e  : b e n z e n e  : p e t r o le u m  e t h e r ,  3 0  : 35 : 3 5 .  T h e  
s p o t s  w e r e  d e t e c t e d  b y  s p r a y i n g  w i t h  5 0 %  a q u e o u s  p h o s p h o r i c  a c id  f o l l o w e d  b y  h e a t i n g  a t  
1 0 0  — 1 2 0  °C  fo r  1 5  m in .  T h e  R y v a lu e s  w e r e  m e a s u r e d  f o r  t h e  s p o t s  o b s e r v e d  i n  U V  l i g h t  o f  
3 6 5  n m  w a v e  l e n g t h .

I n  t h e  c o l u m n  c h r o m a t o g r a p h ic  s e p a r a t i o n ,  t h e  c o lu m n  w a s  p a c k e d  w i t h  A 120 3 h a v i n g  
a n  a c t i v i t y  o f  I I I  —  I V  s t a n d a r d i z e d  a c c o r d i n g  t o  B r o c k m a n n .  T h e  d im e n s io n s  o f  t h e  c h r o m a t o ­
g r a p h ic  c o l u m n  w e r e  2 5 x 2  c m . T h e  w e ig h t  o f  A 120 3 p a c k i n g  w a s  5 0  g .

16a-p-Toluenesulfonyloxymethylandrost-5-ene-3ß,17o:-diol 3-acetate (la )

1 6 < x - H y d r o x y m e t h y la n d r o s t - 5 - e n e - 3 /J ,1 7 a - d io l  2 4  ( 7 .2 4  g ;  0 .0 2  m o le )  w a s  d i s s o l v e d  in  
a n h y d r o u s  p y r i d i n e  ( 2 5  mL) a n d  a s o lu t io n  o f  p - t o l u e n e s u l f o n y l  c h lo r id e  ( 7 .5  g ;  0 . 0 3 8  m o le )  
in  p y r id i n e  (2 5  m L )  w a s  a d d e d  t o  i t  d r o p w is e  w h i l e  c o o l i n g  in  i c e .  T h e  r e a c t i o n  m i x t u r e  w a s  
a l lo w e d  t o  s t a n d  o v e r n i g h t ,  t h e n  a d d e d  t o  a n  i c e - o l d  s o l u t i o n  o f  2 0 %  H 2S 0 4 ( 1 0 0  m L ) .  T h e  
c r y s t a l s  w h ic h  s e p a r a t e d  w e r e  f i l t e r e d  o f f ,  w a s h e d  u n t i l  f r e e  f r o m  a c id ,  a n d  r e c r y s t a l l i z e d  f r o m  
a m ix t u r e  o f  b e n z e n e  a n d  p e t r o l e u m  e t h e r  (9 .1  g ;  8 8 . 1 % ) .

T h e  p r o p e r t i e s  o f  t h i s  c o m p o u n d  a n d  t h e  o t h e r  p r o d u c t s  a r e  l i s t e d  i n  T a b l e  I I .

16/?-o-Toluenesulfonyloxymethylandrost-5-ene-3ß,T7a-diol 3-acetate (3a)

1 6 / 3 - H y d r o x y m e t h y l a n d r o s t - 5 - e n e - 3 / 3 ,1 7 a - d i o l  ( 7 . 2 4  g ;  0 .0 2  m o le )  2 0  w a s  c o n v e r t e d  a s  
d e s c r ib e d  f o r  la  ( 8 . 7  g ;  8 4 .2 % ) .

16-/>-Toineuesulfoiiyloxyincthylandro.-t-5-enc-3ß, 17-diol 17-tetrabydropyranyl ether
(lb, 2b, 3b, 4b)

( G e n e r a l  p r o c e d u r e  N o .  1 )
C o m p o u n d  la, 2a, 3a, 4a ( 2 .5 8  g ; 0 .0 0 5  m o l e )  w a s  d i s s o l v e d  in  d ic h lo r o m  t h a n e  ( 3 0  m L )  

a n d  3 ,4 - d i h y d r o p y r a n e  ( 3  m L )  a n d  a  c a t a l y t i c  a m o u n t  o f  b o r o n  t r i f l u o r id e  e t h e r a t e  w a s  
a d d e d  t o  t h e  s o l u t i o n .  I t  w a s  a l lo w e d  t o  s t a n d  f o r  2 4  h ,  n e u t r a l i z e d  w i t h  m o r p l  o l in e ,  w a s h e d  
w i t h  w a t e r ,  d r ie d  a n d  e v a p o r a t e d  t o  d r y n e s s .  T h e  o i l y - c r y s t a l l i n e  r e s id u e  w a : s u b j e c t e d  t o  
c h r o m a t o g r a p h ic  s e p a r a t i o n  i n  a  m ix t u r e  o f  b e n z e n e  a n d  p e t r o le u m  e t h e r  (> 0  : 5 0 ) .  T h is  
s o l v e n t  m i x t u r e  (8  X 1 0 0  m L )  w a s  u s e d  t o  e l u t e  t h e  p u r e  s u b s t a n c e ,  w h ic h  w a s  f i n a l l y  r e ­
c r y s t a l l i z e d  f r o m  a  m i x t u r e  o f  m e t h a n o l  a n d  w a t e r .

16-Methoxymethylaiulrost-5-ene-3ß,17-diol (lc, 2c, 3c, 4c)

( G e n e r a l  p r o c e d u r e  N o .  2 )
C o m p o u n d  lb, 2b, 3b, 4b ( 1 .2  g ;  0 .0 0 2  m o l e )  w a s  d i s s o lv e d  in  m e t h a n o l  ( 2 5  m L )  a n d  

r e f l u x e d  w i t h  N a O C H 3 ( 0 .4 5  g ;  0 .0 0 8  m o le )  fo r  4 8  h .  T h e  r e a c t i o n  m ix t u r e  w a s  a c i d i f i e d  t o  p H  
3 w i t h  a q u e o u s  h y d r o c h l o r i c  a c id ,  a n d  b o i l e d  g e n t l y  f o r  3 0  m in .  I t  w a s  t h e n  d i l u t e d  w i t h  
w a t e r ,  t h e  c r y s t a l l i n e  p r e c i p i t a t e  w a s  f i l t e r e d  o f f ,  w a s h e d  u n t i l  n e u t r a l ,  a n d  r e c r y s t a l l i z e d  f r o m  
a  m ix t u r e  o f  e t h a n o l  a n d  w a t e r .

16-Methoxymethylandrost-5-ene-3ß,17-diol 3,17-diacetate (Id, 2d, 3d, 4d)

(G e n e r a l  p r o c e d u r e  N o .  3 )
C o m p o u n d  lc, 2c, 3c o r  4c ( 0 .3 3 4  g ; 0 . 0 0 1  m o l e )  w a s  a l lo w e d  t o  s t a n d  i n  a  m i x t u r e  o f  

p y r id i n e  (2  m L )  a n d  a c e t i c  a n h y d r id e  (2  m L )  f o r  2 4  h .  T h e  r e a c t i o n  m ix t u r e  w a s  t h e n  d i l u t e d  
w i t h  w a t e r ,  t h e  p r e c i p i t a t e  w h ic h  s e p a r a t e d  w a s  f i l t e r e d  o f f ,  w a s h e d  w i t h  w a t e r ,  d r ie d  a n d  
r e c r y s t a l l i z e d  f r o m  m e t h a n o l .

16a,17a-Epoxymethyleneandrost-5-ene-3ß-ol (5a)
C o m p o u n d  l a  ( 1 .0 3  g ;  0 .0 0 2  m o le )  w a s  d i s s o l v e d  i n  m e t h a n o l  (2 5  m L )  a n d  r e f l u x e d  

w i t h  N a O C H 3 ( 0 .4 5  g ;  0 .0 0 8  m o le )  fo r  6  h .  T h e  r e a c t i o n  m i x t u r e  w a s  t h e n  d i l u t e d  w i t h  w a t e r ,  
t h e  p r e c i p i t a t e  w a s  f i l t e r e d  o f f .  w a s h e d  w i t h  w a t e r ,  d r i e d  a n d  r e c r y s t a l l i z e d  f r o m  b e n z e n e  
( 0 .5 6 0  g ;  9 2 .7 % ) .

I R :  3 5 0 0  c m  1 ( b r o a d ,  O H ) ,  9 8 0  c m  1 ( o x e t a n e ) .

6 Acta  Chitti. Acad. S e i. H u n g . 110« 1982
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Table II

A nalysis, %

N o. M .p., °C so lv en t [« Id Hf Calcd-/Found Y ie ld , M e th o d
w e ig h t o f c ry s ta lliz a tio n

C H
% N o .

la C29H40OGS 1 3 6 - 1 3 7 —  7 3 ° 0 .8 0  ( I I ) 6 7 .4 2 7 .8 0 8 8 .1
5 1 6 . 7 0 b e n z e n e /p e t r o -

le u m  e t h e r 6 7 .5 5 7 .9 0
lb c :ilH48o7s 1 7 3 - 1 7 6 - 3 6 ° 0 .9 5  ( I ) 6 7 .9 7 8 .0 5 8 5 .7 l

6 0 0 . 8 2 m e th a n o l 6 7 .8 0 8 .2 5
l c c21h 34o 3 2 0 8 - 2 1 0 - 6 4 ° 0 .6 5  ( I I I ) 7 5 .4 2 10 .0 1 9 2 .5 2

3 3 4 . 5 0 e th a n o l /w a t e r 7 5 .5 0 1 0 .2 5
l il 1 3 9 - 1 4 5 - 5 3 ° 0 .5 5  ( I ) 7 1 .8 4 9 .1 6

4 1 8 . 5 8 m e th a n o l 7 1 .7 5 9 .3 0 9 6 .2 3

2b C34H480 7S 1 5 3 - 1 5 5 - 7 1 ° 0 .8 5  ( I ) 6 7 .9 7 8 .0 5 9 1 .3 1
6 0 0 . 8 2 m e th a n o l 6 7 .8 5 8 .3 0

2c c21H34o 3 1 8 2 - 1 8 3 - 9 3 ° 0 .4 0  ( I I I ) 7 5 .4 2 1 0 .0 1 9 8 .2 2
3 3 4 . 5 0 e t h a n o l /w a t e r 7 5 .5 0 1 0 .2 7

2d C,5H :lsO- 1 6 1 - 1 6 3 - 1 1 4 ° 0 .6 5  ( I ) 7 1 .8 4 9 .1 6 9 8 .2 3
4 1 8 . 5 8 m e th a n o l 7 1 .7 3 9 .2 4

3a c29h 40o 6s 1 5 2 - 1 5 5 - 6 5 ° 0 .7 0  ( I I ) 6 7 .4 2 7 .8 0 8 4 .2
5 1 6 . 7 0 b e n z e n e 6 7 .5 7 7 .7 1

3b C34H180,S 1 6 5 - 1 6 7 - 4 7 ° 0 .8 5  ( I ) 6 7 .9 7 8 .0 5 8 8 .3 1
6 0 0 . 8 2 m e th a n o l  /  w a t e r 6 7 .8 3 8 .2 1

3c c ,,h 34o 3 1 9 4  197 — 7 6 ° 0 .3 5  ( I I I ) 7 5 .4 2 1 0 .0 1 9 2 .7 2
3 3 4 . 5 0 m e th a n o l 7 5 .5 4 1 0 .21

3d C25H 3s0 5 1 4 2 - 1 4 4 - 3 5 ° 0 .6 0  ( I ) 7 1 .8 4 9 .1 6 9 6 .5 3
4 1 8 . 5 8 m e th a n o l 7 1 .7 0 9 .3 1

4b C34H48C7S 8 8 - 9 0 - 3 4 ° 0 .9 0  ( I ) 6 7 .9 7 8 .0 5 9 0 .5 1
6 0 0 . 8 2 m e th a n o l 6 7 .7 5 8 .1 4

4c c 21H34o 3 1 6 2 - 1 6 4 ° - 5 3 ° 0 .6 0  ( I I I ) 7 5 .4 2 1 0 .0 1 9 3 .4 2
3 3 4 . 5 0 m e th a n o l 7 5 .6 0 1 0 .2 8

4d c 25H 38o 5 1 3 9 - 1 4 4 - 4 4 ° 0 .5 5  ( I ) 7 1 .8 4 9 .1 6 9 0 .8 3
4 1 8 . 5 8 m e th a n o l 7 1 .6 5 9 .3 1

5a 1 9 1 - 1 9 3 - 4 9 ° 0 .5 5  (1 1 ) 7 9 .4 4 1 0 .0 0 9 2 .7
3 Ö 2 .4 6  ‘ b e n z e n e 7 9 .5 5 1 0 .2 1

5b c22h 32o 3 1 1 8 - 1 2 2 - 4 8 ° 0 .6 5  ( I ) 7 6 .7 2 9 .3 6 9 4 .4
3 4 4 . 4 9 m e t h a n o l 7 6 .8 0 9 .5 0

6a C20H 30O2 1 8 8 - 1 9 0 6 6 ° 0 .5 0  ( I I ) 7 9 .4 4 1 0 .0 0 8 4 .4
3 0 2 . 4 6 b e n z e n e 7 9 .5 1 1 0 .2 3

6b c 22H 33o 3 1 2 2 - 1 2 5 - 7 2 ° 0 .6 0  (1 ) 7 6 .7 2 9 .3 6 9 6 .1
3 4 4 . 4 9 m e t h a n o l 7 6 .6 5 9 .4 1

7a 1 3 0 - 1 3 3 - 6 7 ° 0 .6 0  ( I I ) 7 9 .4 4 1 0 .0 0 9 5 .0
3 0 2 . 4 6 e t h a n o l /w a t e r 7 9 .5 8 9 .9 5

7b с.,.,н3.,о3 9 4 - 9 6 - 6 2 ° 0 .7 0  ( I ) 7 6 .7 2 9 .3 6 9 0 .0
3 4 4 . 4 9 m e t h a n o l 7 6 .8 3 9 .2 7

8a C20HJ2O2 1 3 8 - 1 4 0 - 6 7 ° 0 .5 0  ( I I ) 7 8 .9 1 1 0 .5 9 9 5 .2
3 0 4 .4 7 e t h a n o l 7 8 .7 5 1 0 .6 7

8b C24H360 4 75 - 7 7 ° 0 .5 0  ( I ) 7 4 .2 0 9 .3 4 9 0 .9
3 8 8 . 5 4 m e t h a n o l 7 4 .3 0 9 .4 7

( I )  m e t h a n o l  : b e n z e n e  (1  : 9 9 )
( I I )  m e t h a n o l  : b e n z e n e  (5  : 9 9 )

( I I I )  a c e t o n e  : b e n z e n e  : p e t r o l e u m  e t h e r  (3 0  : 3 5  : 3 5 )

A cta  Chim . Acad. Sei. Hung. 110, 1982
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16a,17a-Epoxymethyleneandrost-5-ene-3ß-ol 3-acetatc (5b)

C o m p o u n d  5a ( 0 .3 0 2  g ;  0 .0 0 1  m o le )  w a s  a c e t y l a t e d  a c c o r d i n g  t o  G e n e r a l  p r o c e d u r e  N o .  3 , 
t h e n  c r y s t a l l i z e d  f r o m  m e t h a n o l  ( 0 .3 2 5  g ;  9 4 .4 % ) .

I R :  1 2 5 0 ,  1 7 3 0  (O C O ) , 9 8 0  c m - 1  ( o x e t a n e )

16/l,17/j-Epoxyinethyleneandrost-5-ene-3ß-ol (6a)

C o m p o u n d  4a ( 1 .0 3  g ;  0 .0 0 2  m o l e )  w a s  t r a n s f o r m e d  a c c o r d i n g  t o  t h e  p r o c e d u r e  g iv e n  
f o r  5a. T h e  p r o d u c t  o b t a i n e d  w a s  s u b j e c t e d  t o  c h r o m a t o g r a p h ic  s e p a r a t i o n .  W i t h  4 X  1 0 0  m L  
o f  b e n z e n e — p e t r o l e u m  e t h e r  ( 7 5  : 2 5 )  7a w a s  e l u t e d  ( 0 .0 1 2  g ;  2 % );  w i t h  8 x 1 0 0  m L  o f  b e n ­
z e n e - p e t r o l e u m  e t h e r  ( 5 0  : 5 0 )  a n d  2 x 1 0 0  m L  o f  b e n z e n e  6a w a s  e l u t e d  ( 0 . 5 1 0  g ;  8 4 .4 % ) .

I R :  3 5 0 0  ( b r o a d ,  O H )  9 7 0  c m - 1  ( o x e t a n e ) .

16ß,17ß-Epoxymethyleneayidrost-5-ene-3ß-ol 3-acetate (6b)

C o m p o u n d  6a ( 0 .3 0 2  g ;  0 .0 0 1  m o l e )  w a s  a c e t y l a t e d  a c c o r d i n g  t o  G e n e r a l  p r o c e d u r e  
N o .  3 , t h e n  c r y s t a l l i z e d  f r o m  m e t h a n o l  ( 0 . 3 3 0  g ,  9 6 .1 % ) .

I R :  1 2 5 0 ,  1 7 3 0  (O C O ) , 9 7 0  c m - 1  ( o x e t a n e )

16,17 -seco-5,15(16)-An<lrostadiene-13a-formyl-3ß-ol (7a)
( G e n e r a l  p r o c e d u r e  N o .  4 )

C o m p o u n d  2a, 3a ( 1 . 0 3 3  g ;  0 .0 0 2  m o l e )  w a s  d i s s o l v e d  in  m e t h a n o l  ( 2 5  m L )  a n d  r e f lu x e d  
w i t h  N a O C H 3 ( 0 .4 5  g ;  0 .0 0 8  m o le )  fo r  6 h .  T h e  r e a c t i o n  m ix t u r e  w a s  n e u t r a l i z e d  w i t h  1 0 %  
i c e - c o l d  s u l f u r i c  a c i d ,  t h e  p r e c i p i t a t e  w h i c h  s e p a r a t e d  w a s  f i l t e r e d  o f f ,  w a s h e d  w i t h  w a t e r ,  
d r ie d  a n d  d i s s o l v e d  in  b e n z e n e .  T h e  p r o d u c t  w a s  o b t a i n e d  b y  c h r o m a t o g r a p h i c  s e p a r a t io n  
i n  b e n z e n e — p e t r o l e u m  e t h e r  (5 0  : 5 0 ) ;  8  X 1 0 0  m L  o f  s o l v e n t  m ix t u r e  e l u t e d  t h e  p u r e  s u b s t a n c e ,  
w h i c h  w a s  c r y s t a l l i z e d  f r o m  a  m ix t u r e  o f  e t h a n o l  a n d  wra te r .

2 16,17-seco-Androsta-5,15-(16)-diene-13a-formyl-3ß-ol 3-acetate (7b)
C o m p o u n d  7a ( 0 .3 0 2  g ;  0 .0 0 1  m o l e )  w a s  a c e t y l a t e d  a c c o r d i n g  t o  G e n e r a l  p r o c e d u r e  

N o .  3 ,  t h e n  c r y s t a l l i z e d  f r o m  m e t h a n o l  ( 0 . 3 1 0  g ,  9 0 .0 % ) .
I R :  1 2 4 0 ,  1 7 3 0  (O C O ) , 1 6 9 0  c m " 1 (C O ) .

16,17 -seco-Androsta-5,15(16)-diene-13<x-hydroxymethy l-3ß-ol (8a)
C o m p o u n d  7a ( 0 .6 0 4  g ;  0 .0 0 2  m o l e )  w a s  d i s s o l v e d  in  m e t h a n o l  ( 5 0  m L )  a n d  N a B  II4 

( 0 .7 5  g ;  0 .0 2  m o le )  w a s  a d d e d .  T h e  r e d u c t i o n  m i x t u r e  w a s  d i l u t e d  w i t h  i c e - w a t e r  t h e n  a c i d i f i e d  
w i t h  i c e - c o l d  2 0 %  s u l f u r i c  a c i d .  T h e  p r e c i p i t a t e  w a s  f i l t e r e d  o f f ,  w a s h e d  u n t i l  f r e e  f r o m  a c id ,  
a n d  c r y s t a l l i z e d  f r o m  e t h a n o l  ( 0 .5 8 0  g ; 9 5 .2 % ) .

16,17 - seco -Androsta-5|15(16)-diene-13 a-acetoxymethyl-3ß-ol 3-acetate (8b)

C o m p o u n d  8a ( 0 .3 0 4  g ,  0 .0 0 1  m o le )  w a s  a c e t y l a t e d  a c c o r d i n g  t o  G e n e r a l  p r o c e d u r e  
N o .  3 ,  t h e n  c r y s t a l l i z e d  f r o m  m e t h a n o l  ( 0 . 3 5 0  g ;  9 0 .9 % ) .

I R :  1 2 5 0 ,  1 7 4 0  (O C O ) , 1 6 9 0  c m ' 1 (O C ) .

*
T h e  a u t h o r s ’ t h a n k s  a r e  d u e  t o  C h e m ic a l  W o r k s  o f  R ic h t e r  G e d e o n  L t d .  ( B u d a p e s t )  

fo r  s u p p o r t i n g  t h i s  r e s e a r c h .  T h e  a u t h o r s  a r e  g r a t e f u l  t o  D r .  J .  K i s s  a n d  M r s .  É .  G . GERGELY 
f o r  t h e  r e c o r d in g  o f  I R  s p e c t r a ,  t o  D r . K .  L .  LÁNG a n d  D r .  G . B a r t ó k -B o z ó k i f o r  t h e  m ic r o ­
a n a l y s i s  r e s u l t s  a n d  t o  M iss C s. H o r v á t h  f o r  t e c h n i c a l  a s s i s t a n c e .
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SYNTHESIS OF PEPTIDES CONTAINING 
d-GLUCOSAMINIC ACID, III*

S U L F A T I O N  O F  P E P T I D E S

K . Gá l l - I s t ó k 1, E . Z á r a -K a c z iá n 1, L. K is f a l u d y 2 and G y . D e á k 1**
( l Research Institute o f Experimental Medicine, Hungarian Academy o f  Sciences, 

Budapest, and 2 G. Richter Chemical Works, Budapest)

R e c e i v e d  D e c e m b e r  3 ,  1 9 8 0  
I n  r e v i s e d  f o r m  A u g u s t  1 7 ,  1 9 8 1  

A c c e p t e d  f o r  p u b l i c a t i o n  O c t o b e r  1 5 ,  1 9 8 1

T h e  s u l f a t e d  d e r i v a t i v e s  o f  s e v e r a l  o l i g o p e p t id e s  c o n t a i n i n g  4 ,6 - O - b e n z y l id e n e -
g lu c o s a m in i c  a c id  ( H - B E G A - O H )  w e r e  p r e p a r e d  u s in g  t h e  a d d u c t  o f  p y r i d i n e  a n d  S 0 3.

I n  P a r t  I I  o f th is  series we re p o r te d  th a t  frag m en t c o n d e n sa tio n  w ith 
azide h a d  been fo u n d  su itab le  fo r th e  p re p a ra tio n  o f th e  a c e ta te s  o f glycyl- 
a lan y l-4 ,6 -0 -benzy lideneg lucosam in ic  am ide  (H -G ly -A la-B E G A -N H 2), glycyl- 
-4 ,6 -O -benzy lideneg lucosam iny la lan ine  am ide (H -G ly -B E G A -A la-N H 2) and
4 ,6 -0 -b en zy lid en eg lu co sam in y lg ly cy la lan in e  am ide (H -B E G A -G ly -A la-N H 2), as 
w ell as th e  a c e ta te  o f 4 ,6 -0 -benzy liden eg lu co sam in y lg ly cy la lan y l-4 ,6 -0 -b en zy l- 
ideneg lucosam iny lg lycy lalany l am ide  (lI-B E G A -G ly -A Ia-B E G A -G ly -A la-N II2).

In  co n tin u a tio n  o f th is  w ork , su lfa ted  derivatives o f  p e p tid e s  contain ing 
glucosam inic acid w ere to  be p re p a re d  fo r th e  purpose o f  b io lo g ica l te s ts . The 
su lfa tio n  reac tio n  m ay  ta k e  p lace a t  th e  am ino group o f th e  am in o  acid in 
IV -term inal position  a f te r  rem o v al o f  th e  p ro tec tiv e  g ro u p , a n d  a t  th e  free 
h y d ro x y l groups in  th e  m olecule. As described  earlier [1], th e  benzy loxycar- 
bo n y l group can be rem oved  from  th e  p ro te c te d  p ep tides b y  hydrogenolysis 
in  alcoholic so lu tions co n ta in in g  ace tic  acid ; in  th is  case th e  a c e ta l bonds 
in  th e  4 ,6-O -benzylidene g roup  p ro te c tin g  th e  glucosam inic a c id  re m a in  in tac t. 
I n  th e  follow ing, m e th o d s  su itab le  fo r th e  rem oval of th e  b e n z y lid e n e  group 
w ere exam ined , since in  th is  w ay  tw o  fu r th e r  hyd roxy l g ro u p s co u ld  be made 
accessible to  th e  su lfa tio n  reac tio n .

T here  are  o n ly  few  d a ta  in  th e  l i te ra tu re  regard ing  th e  re m o v a l of the  
benzy lidene  g roup  b y  hydrogeno lysis , even if  all m anuals m e n tio n  i t ; in  the 
a c tu a l cases, u su a lly  ac id  hyd ro lysis  is em ployed . B e r g m a n n  et al. [2] applied 
i t  successfully  in  th e  case o f Z -G ly-B E G A -O H  and  A -(b en zy lo x y carb o n y l)- 
-pheny la lany l-4 ,6 -0 -benzy lidene-D -g lucosam in ic  acid, using  p a lla d iu m  black in 
m eth an o lic  so lu tion  c o n ta in in g  a la rg e  excess of acetic  ac id  ; th e  hyd rogena­
tio n  w as fin ished a f te r  th e  lib e ra tio n  o f ca rb o n  dioxide h ad  ceased . T h e  m ix ture

* P a r t  I I  : A c t a  C h im . A c a d .  S e i .  H u n g . ,  1 0 7 ,  2 2 1  (1 9 8 1 )
**  T o  w h o m  c o r r e s p o n d e n c e  s h o u ld  b e  a d d r e s s e d
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w as t h e n  tran sfe rred  in to  a c lo se d  system , and  th e  re a c tio n  was con tinued  
th e re  u n t i l  th e  calcu lated  a m o u n t  o f hydrogen gas h a d  been  absorbed. T he 
s u b s ta n c e  ob tained  from  th e  re a c t io n  contained n e i th e r  Z, no r benzylidene 
g ro u p .

P re c ise  repetition  o f  th i s  ex p erim en t in ou r la b o ra to ry  failed to  yield  
th e  e x p e c te d  product. T he m e lt in g  po in t of th e  m a te r ia l  o b ta in ed  b y  us w as 
id e n tic a l  w ith  th a t  of th e  s u b s ta n c e  reported  b y  B e r g m a n n  et al., b u t tw o  
sp o ts  w e re  observed in  th e  th in - la y e r  ch ro m ato g ram . I n  th e  IR  sp ec tru m , 
b a n d s  ch a rac te ris tic  of m o n o s u b s ti tu te d  benzene r in g  ap p e a re d  a t 705 an d  
750 c m - 1 , an d  the  new b a n d  a t  1780 cm -1 in d ic a te d  th e  fo rm a tio n  o f lac to n e  
o r e s te r .  E lem en ta l analysis  d a t a  o f  th e  p roduc t d id  n o t  agree w ith  th e  ca l­
c u la te d  v a lu es . A tte m p te d  p u r if ic a t io n  of th e  m ix tu re  fa iled . The reac tio n  
w as r e p e a te d  w ith  th e  a c e ta te s  o f  G ly-B EG A -N H 2 a n d  A la-B E G A -N H 2, b u t  
in  b o th  cases hygroscopic m a te r ia l  was ob ta ined  w h ic h  gave several spo ts 
in  t h e  T L C  tests , and  p u r if ic a t io n  could not be a c h ie v e d . I n  th e  IR  sp ec tra  
o f  t h e  p ro d u c t m ix tures f ro m  th e s e  experim ents, th e  b a n d  ind ica ting  th e  
p re se n c e  o f  ester or lac to n e  a t  a b o u t  1780 cm -1 w as a b s e n t . In  th e  a tte m p te d  
re d u c t iv e  rem oval of th e  b e n z y lid e n e  group, th e  u se  o f  pa llad iu m -o n -carb o n  
in s te a d  o f  palladium  b lack  c a ta ly s t  was also of no a v a il.

I t  w as observed t h a t  b en z a ld e h y d e  ap p ea red  in  th e  reac tio n  m ix tu re  
w h e n  c o n c e n tra ted  h y d ro c h lo r ic  ac id  was used to g e th e r  w ith  pallad ium -on- 
c a rb o n  in  th e  h yd rogeno ly tic  ex p erim en ts  for re m o v a l o f th e  benzyloxycar- 
h o n y l g ro u p . On the  basis o f  o b se rv a tio n  and  l i te r a tu r e  analogies it  becam e 
e v id e n t  t h a t  the  rem oval o f  t h e  p ro tec tin g  group sh o u ld  be effected b y  h y d ro l­
y sis . H e n c e  cleavage of th e  b en zy lid en e  group w as a t te m p te d  in m eth an o l 
c o n ta in in g  hydrochloric a c id . T h e  m odel com pounds w e re  Z -G ly-B E G A -N H 2 
a n d  Z -A la-B E G A -N H 2 ; th e s e  w ere  refluxed fo r 30 m in  in  95%  m e th an o l 
c o n ta in in g  0.5%  h y d ro ch lo ric  a c id . W ork-up of th e  re a c tio n  m ix tu re  gave a 
s u b s ta n c e  w ith  definite m e l t in g  p o in t consisting o f  one  spo t on th in -lay e r. 
I n  t h e  I R  spectrum  of th e  p r o d u c t ,  the  in te n s ity  o f  th e  b a n d  ch arac te ris tic  
o f  m o n o su b s titu te d  p h en y l d e c re a se d . I t  was s tr ik in g  t h a t  th e  Am ide I  b an d  
a t  1660  cm "“1, charac teristic  o f  th e  peptide bond  co u ld  n o t be found, how ever, 
n ew  b a n d s  assignable to  e s te rs  a p p e a re d  at 1750 a n d  1230 c m “ 1. C onsequently , 
th e  p r o d u c t  is not, e ith e r  o n  th e  basis of the  IR  sp e c tru m , or th e  elem enta l 
a n a ly s is  d a ta , the  su b stan ce  e x p e c te d .

H y d ro ly s is  ex p erim en ts  in  aqueous ethano l c o n ta in in g  hydrochloric  acid  
a n d  in  aqueous tr if lu o ro a c e tic  a c id  failed sim ila rly . A lth o u g h  benzaldehyde 
a lw a y s  could  he d e tec ted  d u r in g  processing, th e  p ro d u c ts  o b ta ined  w ere 
h y g ro sc o p ic  m ixtures g iv in g  s e v e ra l spots in  th e  th in - la y e r  ch rom atog ram s, 
a n d  th e i r  poor solubility  in  o rg a n ic  solvents of p re v e n te d  pu rifica tio n .

S u m m in g  up th e  re s u lts  o f  experim ents, a t te m p ts  a t  th e  rem oval of th e
4 ,6 -O -benzy lidene  group re m a in e d  unsuccessful in  b o th  th e  hydrogenolysis
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and  th e  h y d ro ly sis  procedures. T his can  be  a ttr ib u te d  to  th e  im p o ss ib ility  of 
p u rific a tio n  o f  th e  resu ltin g  m ix tu res , in  ad d itio n  to  th e  o ccu rren ce  o f  side- 
reac tions. T he su b stan ces  conta in ing  fo u r  h y d ro x y l groups, to  be  e x p e c te d  on 
th e  rem oval o f th e  benzylidene group , a re  so luble  only in w a te r  o r sh o rt-ch a in  
alcohols, b u t  in  th e se  solvents th e  co m p o n e n ts  could no t be se p a ra te d . The 
resu lts  o f co lum n  ch rom atog raph ic  e x p e rim e n ts  were also u n sa tis fa c to ry , since 
these m ix tu re s  w ere so strong ly  b o und  to  a lu m in iu m  oxide or silica gel pack ing  
th a t  th e y  cou ld  n o t be elu ted . T h u s th e  in itia l p ro jec t, su lfa tio n , h a d  to  be 
realized  w ith  d e riv a tiv e s  conta in ing  th e  benzy lidene group.

A ccord ing  to  th e  lite ra tu re , g lu co p ro te in s  are su lfated  [3] in  an h y d ro u s  
p y rid in e  w ith  ch lo rosulfonic acid , o leu m , or fum ing su lfu ric  ac id . These 
m eth o d s cou ld  n o t  be  em ployed in  th e  p re se n t w ork, since th e se  v e ry  ac tive  
agen ts (m in era l acids) w ould also cause  th e  p a r tia l  or to ta l  c leav ag e  o f th e
4 ,6-O -benzylidene g roup , y ielding th u s  a  m ix ed  end-product. F o r  th e  su lfa tio n  
of am ino alcohols [4] th e  use of th e  p y rid in e -su lfu r  trio x id e  a d d u c t ( P y .S 0 3) 
was re p o rte d . T h is basic  reagen t seem ed  to  be su itab le  for th e  p re se n t purpose  
as i t  is reco m m en d ed  m ain ly  for use w ith  com pounds sensitive  to  acids. I ts  
ap p lica tio n  h as  f re q u e n tly  been describ ed  in  th e  lite ra tu re , th o u g h  n o t  in  th e  
fie ld  o f g lu co pro te in s.

T he su lfa te d  deriva tives of th e  p e p tid e s  w ere to  be iso la ted  in  th e  form  
of th e  sodium  s a l t , an d  to  be ch a rac te rized  p rim arily  by  th e ir  su lfu r to  n itrogen  
(S % /N % ) ra tio .

T he re a g e n t, P y .S 0 3, was p rep a red  acco rd in g  to the  l i te ra tu re  m e th o d  [5].
In  o rd e r to  de te rm ine  th e  re a c tio n  co n d itio n s, th e  sulfuric ac id  sem iester 

of Z -serinan .ide  лгав p repared . T he re a c tio n  w as effected in p y rid in e  so lu tion  
w ith  P y .S 0 3 a t 65 °C, w hereupon th e  e x p e c te d  product was o b ta in e d  in  77%  
yield. F u r th e i on , th is  reac tion  w as u se d  fo r  determ ining  th e  a c t iv i ty  o f th e  
new ly p rep ared  b a tch es  of th e  P y .S o 3 re a g e n t.

T he n e x t m odel com pound w as a d ip e p tid e  am ide, H -G ly -B E G A -N II2. 
U nder o p tim al cond itions, th e  free h y d ro x y l g roup  is converted  in to  a su lfuric 
acid sem iester, a n d  th e  free am ino g ro u p  in to  sulfam idic acid. T h e  b e s t p roce­
dure  w as to  use tw o  m ole-equivalen ts o f  P y .S 0 3 calcu la ted  fo r one  g roup  to  
be su lfa ted , a n d  th e  reagents were a llo w ed  to  reac t in p y rid in e  a t  24 °C for 
1 h. In c rea sed  te m p e ra tu re  or ex ten d ed  re a c tio n  tim es re su lted  in  decom posi­
tio n  o f th e  m ix tu re . U nder such c o n d itio n s , [N a S 0 3(G ly -B E G A )S 03Na]-]NH2 
was iso la ted  in  5 0 %  y ie ld ; th is  teas th e  d o u b ly  su lfated  d e riv a tiv e . T h e  sulfur- 
-n itrogen  ra tio n  in  th e  p roduct was 1.60 (ca ld .S % /N %  : 1.53). T h e  O H  b and  
a t 3450 c m -1 in  th e  IR  spectrum  o f th e  p ro d u c t ind icates t h a t  one o f th e  
h y d ro x y l g roups d id  n o t reac t. This a s su m p tio n  is confirm ed b y  th e  O H  —- OD 
exch an g e  in  h e a v y  w a te r  (broad, deep b a n d , rO D , 2300—2600 c m 1).

O n th e  basis  o f  th e  form er ex p erien ce , th e  su lfation  reac tio n s  o f  tr ip e p ­
tid e s  co n ta in in g  glucosam inic acid  w ere  in v es tig a ted . U nder th e  cond itions
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used  fo r  th e  d ipep tide  am ide  H -G ly -B E G A -N H 2, th e  corresponding d e r iv a ­
tiv e s  o f  H -G ly -B E G A -A la-N H 2 a n d  H -G ly -A la -B E G A -N H 2 were p re p a re d  in  
50%  y ie ld . T hese com pounds a re  now  tre b ly  su lfa te d  derivatives. A cco rd in g  
to  th e  T L C  te s ts , th e  w h ite , p o w d er su b stan ces a re  hom ogeneous, a n d  th e  
IR  s p e c tr a  a re  iden tical w ith  th e  sp ec tra  o f  th e  sod ium  salts o f su lfa te d  
H -G ly -B E G A -N H 2 in th e  ra n g e  o f  th e  c h a ra c te ris tic  b a n d s . In  th e  co m p o u n d s, 
S % /N %  =  1.67 (ca lcu la ted  v a lu e :  1.72).

I n  t h e  case of H -B E G A -G ly -A la-N H 3, w h ere  th e  groups to  he s u lfa te d  
w ere lo c a te d  w ith in  one am ino  ac id  a t  th e  N - te rm in a l p a r t ,  th e  reac tio n  p e r io d  
w as e x te n d e d  to  24 h. U n d er th e s e  cond itions, th e  ex p ec ted  p ro d u c t, (N a S 0 3)3- 
-B E G A -G ly -A la -N H 2 w as o b ta in e d  in  68%  y ie ld , b e in g  th e  treb ly  s u lfa te d  
e n d -p ro d u c t.

I n  possession  of th e  exp erien ce  o b ta in ed  in  th e  su lfa tion  of tr ip e p tid e s , 
th e  s u lfa t io n  o f H -B E G A -G ly -A la-B E G A -G ly -A la-N H 2 w as also successfu lly  
e ffec ted . I n  th is  case, too , a re a c tio n  lim e  o f 24 h  an d  th e  reagen t P y .S 0 3 
w ere u se d . T h e  expected  e n d -p ro d u c t, (N aS 0 3)3B E G A -G ly-A la-B E G A -(N aS 03)2- 
-G ly -A la -N H 2 v a s  o b ta ined  in  71 %  yield .

B io lo g ica l studies on th e  p ep tid e s  c o n ta in in g  glucosam inic acid w ill b e  
re p o r te d  elsew here.

E xperim en ta l

M . p . ’s  w e r e  d e t e r m in e d  o n  a  B i i c h i — T o t t o l i  a p p a r a t u s  a n d  a r e  u n c o r r e c t e d .  I R  s p e c t r a  
w e r e  r e c o r d e d  in  K B r  p e l l e t s  ( P e r k i n  E l m e r  M o d e l  4 5 7 ) .  A l l  c o m p o u n d s  w e r e  a n a l y z e d  f o r  
C , H ,  N  w i t h  r e s u l t s  o f  a t  l e a s t  0 .4 %  a c c u r a c y ,  T h e  R j  v a l u e s  w e r e  d e t e r m in e d  u s in g  t h e  a s c e n d ­
in g  t e c h n i q u e s  o f  t h in - la y e r  c h r o m a t o g r a p h y  in  t h e  f o l l o w i n g  s o l v e n t  s y s t e m s  :

( 1 )  E t O A c  : A c O H  : M e O H  : H A )  =  3  : 0 .7  : 0 .7  : 0 .5  ;
( 2 )  i - B u O H  : A c O H : H , 0  =  2  : 2  : 1 ;
( 3 )  E t O A c  : i - P r O H  : P y  : H 20  = 2 . 5 : 1 :  0 .7  : 0 .7 .
F o r  t h e  d e t e c t i o n  o f  t h e  s p o t s  n in h y d r in  o r  c h l o r o t o l u i d i n  w e r e  u s e d .

S o d iu m  s a l t  o f  t h e  s u l f u r i c  a c id  s e m i e s t e r  o f  Z - s e r i n e  a m id e
Z - S e r ( S 0 3N a )  — N H 2

Z - S e r i n e  a m id e  (0 .9 5  g ,  4  m m o l e s )  w a s  d i s s o l v e d  i n  a n h y d r o u s  p y r id in e  (1 5  m L ) ,  t h e n  
t h e  s u l f u r  t r i o x i d e  a d d u c t  [5 ]  ( in  t h e  f o l l o w i n g  P y . S 0 3) ( 1 . 2 5  g ;  8  m m o le s )  w a s  a d d e d ,  a n d  
t h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  6 5  °G  fo r  1 h .  T h e  p y r i d i n e  w a s  t h e n  e v a p o r a t e d  in  v a c u u m  
( 2 .6 8  k P a )  o n  a  b a t h  o f  4 0  °C  t e m p e r a t u r e ,  t h e  r e s id u a l  y e l l o w  o i l  w a s  d i s s o lv e d  in  w a t e r  
(5  m L ) ,  m a d e  a lk a l in e  w i t h  3 0 %  a q u e o u s  N a O I I  t o  p H  7 .5 ,  m i x e d  w i t h  e t h a n o l  ( 3 0  m L )  
a n d  c o o l e d  t o  0  °C . T h e  s o d iu m  s u l f a t e  w h i c h  s e p a r a t e d  w a s  f i l t e r e d  o f f  a n d  w a s h e d  w i t h  e t h a n o l  
( 2 x 5  m L ) .  T h e  c o m b in e d  f i l t r a t e  w a s  e v a p o r a t e d  to  d r y n e s s  in  v a c u u m ,  w a te r  w a s  r e m o v e d  
b y  d i s t i l l a t i o n  w i t h  b e n z e n e  ( 3 x 5  m L ) ,  t h e n  t h e  r e s id u e  w a s  t r i t u r a t e d  w i t h  d r y  e t h e r  ( 4  X 1 0  
m L ) ,  w h e r e u p o n  t h e  o il  t u r n e d  i n t o  a  w h i t e  p o w d e r .  A  s u b s t a n c e  (1 .1  g )  d e c o m p o s i n g  a t  
1 7 0  — 1 7 5  °C  w a s  o b t a in e d .  I t  w a s  d i s s o l v e d  in  m e t h a n o l  ( 2 7 .5  m L ) ,  f i l t e r e d ,  a n d  e t h e r  ( 3 0  m L )  
w a s  a d d e d  i n  s m a l l  p o r t io n s  w h i l e  s t i r r i n g  a n d  r u b b in g  t h e  w a l l s  o f  t h e  v e s s e l .  T h e  m i x t u r e  
w a s  t h e n  c o o l e d  t o  0  °C  ; t h e  c r y s t a l l i n e  s u b s t a n c e  w h i c h  s e p a r a t e d  w a s  f i l t e r e d  o f f ,  w a s h e d  
w i t h  a n h y d r o u s  e t h e r  ( 3 x 5  m L )  a n d  d r ie d  t o  o b t a in  t h e  a n a l y t i c a l l y  p u r e  p r o d u c t  ( 0 . 9 9  g ;  
7 3 % ) ,  m . p .  1 6 8  — 1 7 7  °C  ( d e c o m p n ) .

C nH 13N 2N a 0 7S (340.291).
R }  0 . 3 5 .
I R  ; A m i d e  I  1 7 1 5 ,  1 6 8 0  c m - 1 , A m id e  I I  1 5 4 0  c m - 1 , 1 2 5 0  c m - 1 .
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[S o d iu m  s u i t  o f  t h e  s u l f u r i c  a c id  s e m i e s t e r  o f  Z - s e r in e
Z - S e r ( S 0 3N a )  — O N a

Z - S e r in e  ( 0 .9 6  g ; 4  m m o l e s )  w a s  a l lo w e d  t o  r e a c t  w i t h  P y . S 0 3 a s  d e s c r i b e d  a b o v e .  
T h e  r e s id u e  o b t a in e d  o n  e v a p o r a t i o n  o f  t h e  p y r i d i n e  w a s  d i s s o lv e d  in  w a t e r  ( 2  m L )  a n d  m a d e  
a l k a l i n e  t o  p H  8 w i t h  3 0 ° , N a O H  ( 1 .8 5  m L )  w h i l e  s t i r r i n g  a t  0  °C . T h e  j e l l y  s o l u t i o n  w a s  m ix e d  
w i t h  e t h a n o l  ( 1 0  m L )  a n d  c o o l e d  t o  0  °C . T h e  c r y s t a l s  w e r e  f i l t e r e d  o f f  w i t h  s u c t i o n ,  w a s h e d  
w i t h  e t h a n o l  ( 2 X 3  m L ) ,  t h e  w a s h i n g  l iq u o r  w a s  c o m b i n e d  w i t h  t h e  f i l t r a t e ,  a n d  t h i s  s o l u t i o n ,  
n o w  b e in g  fr e e  f r o m  s u l f a t e ,  w a s  m i x e d  w i t h  e t h a n o l  ( 4 5  m L )  w h i le  s t i r r i n g  a n d  r u b b i n g  th e  
w a l l s  o f  t h e  v e s s e l .  T h e  p o w d e r y  m a t e r i a l  w h i c h  s e p a r a t e d  o n  c o o l in g  w a s  f i l t e r e d  o f f ,  w a s h e d  
w i t h  d r y  e t h e r  ( 1 0 x 5  m L )  a n d  d r ie d  t o  o b t a i n  0 .9  g  ( 6 1 % )  o f  a  p r o d u c t ,  m . p .  1 8 5  — 1 8 7  °C . 
I t  w a s  d i s s o l v e d  in  w a t e r  (2  m L ) ,  c l a r i f i e d ,  m i x e d  w i t h  e t h a n o l  ( 5 0  m L )  a n d  c o o l e d  t o  0  °C . 
T h e  w h i t e  s u b s t a n c e  w h i c h  s e p a r a t e d  w a s  f i l t e r e d  o f f  a n d  w a s h e d  w i t h  a n h y d r o u s  e t h e r  
( 3 x 5  m L )  t o  o b t a in  a  h o m o g e n e o u s  s u b s t a n c e  ( 0 .5 6  g ;  3 8 % )  m .p .  1 7 8 -  1 8 1  °C  ( d e c o m p n . ) .

C n H n N N a . ,0 8S  ( 3 6 3 .2 5 9 ) .
R}  =  0 .4 .
I R  : A m id e  I  1 7 1 5 ,  A m id e  I I  1 5 3 0 ,  vasC O O -  1 6 2 5 ,  rsS 0 2 1 2 5 0  c m - 1 .

S o d iu m  s a l t  o f  t h e  s u l f a t e d  d e r iv a t iv e  o f  g l y c y l - 4 , 6 - 0 - b e n z y l i d e n e g l u c o s a m i n i c  a m id e
( N a S 0 ) 3G l y - B E G A ( S 0 3N a )  -  N R ,

H - G l y - B E G A - N H , . A c O H  ( 1 0 .  g ;  2 .2 5  m m o l e s )  w a s  d i s s o lv e d  in  a n h y d r o u s  p y r id i n e  
( 1 5  m L ) ,  c o o le d  to  1 5  °C , a n d  P y . S 0 3 ( 2 .4  g ;  1 5 .0  m m o l e s )  w a s  a d d e d  t o  t h e  m i x t u r e ,  w i t h  
s t i r r i n g .  I t  w a s  t h e n  s t ir r e d  a t  r o o m  t e m p e r a t u r e  f o r  1 h .  T h e  s o l v e n t  w a s  d e c a n t e d  f r o m  t h e  
s y r u p  w h ic h  s e p a r a t e d ,  a n d  t h e  s y r u p  w a s  r u b b e d  w i t h  d r y  b e n z e n e ; t h e  b e n z e n e  w a s  a d d e d  
t o  t h e  p y r id i n e  s o lu t io n .  T h i s  r e s u l t e d  i n  t h e  s e p a r a t i o n  o f  a  s m a l l  a m o u n t  o f  m a t e r i a l  o n  
s h a k i n g .  T h i s  p r o c e d u r e  w a s  r e p e a t e d  s e v e r a l  t i m e s .  T h e  s y r u p s  w e r e  c o m b i n e d ,  d i s s o l v e d  in  
w a t e r  (7  m L )  a n d  t h e  b e n z e n e  w a s  r e m o v e d  in  a  v a c u u m  d e s i c c a t o r .  T h e  r e s i d u e  w a s  t h e n  
m a d e  a lk a l in e  to  p H  7 .1  w i t h  3 0 %  N a O H  ( a b o u t  2 .8  m L )  a t  0  °C  w h i l e  s t i r r i n g  v i g o r o u s l y  
( t h e  p H  w a s  c h e c k e d  p o t e n t i o m e t r i c a l l y ) .  E t h a n o l  ( 1 5  m L )  w a s  a d d e d  t o  t h e  j e l l y  s o l u t i o n ,  
i t  w a s  c o o le d  to  0  °C , t h e  c r y s t a l s  w e r e  f i l t e r e d  o f f  w a s h e d  w i t h  e t h a n o l  ( 2 x 5  m L ) ,  t h e  w a s h i n g  
l i q u o r  w a s  c o m b in e d  w i t h  t h e  f i l t r a t e  a n d  t h i s  w a s  m i x e d  w i t h  e t h a n o l  ( 1 5  m L )  a d d e d  in  
s m a l l  p o r t io n s .  A  s t i c k y  m a t e r i a l  s e p a r a t e d  f r o m  w h i c h  t h e  l iq u id  w a s  d e c a n t e d  ; t h e  r e s id u e  
s o l i d i f i e d  o n  r u b b in g  w i t h  e t h a n o l  ( 2 5  m L ) .  A f t e r  f i l t r a t i o n  i t  w a s  w a s h e d  w i t h  e t h a n o l  
( 2 x 5  m L )  a n d  w i t h  a n h y d r o u s  e t h e r  ( 4  X 5 m L )  a n d  d r ie d  o v e r  p a r a f f in  c h i p s  a n d  P 20 5 in  
a  v a c u u m  d e s i c c a t o r  ( 0 .4 3  g  ; m .p .  2 1 3  — 2 1 4  °C ). T h e  s o l u t i o n  o b t a i n e d  f r o m  t h e  c r u d e  p r o d u c t  
w a s  m i x e d  w i t h  e t h a n o l  ( 1 2 0  m L ) ,  c o o l e d  t o  — 2 0  °C  a n d  p r o c e s s e d  a s  d e s c r i b e d  a b o v e  t o  
o b t a i n  a  s e c o n d  c r o p  o f  t h e  s u b s t a n c e  ( 0 . 4  g ) .  T h e  t w o  p r o d u c t s  w e r e  f o u n d  t o  b e  id e n t i c a l  
o n  t h e  b a s i s  o f  t h e  p h y s i c a l  c o n s t a n t s  ( 0 . 8 3  g ;  6 1 % ) .  S % /N %  : 1 . 6 2 ;  R j  0 . 3 8 ,  d e v e lo p e d  
t w i c e .

I R  : A m id e  I  1 6 8 0 ,  A m i d e  I I  1 5 4 0 ,  vs S 0 2 1 2 4 0 ,  r O H  3 4 5 0  c m - 1 .

S u l f a t io n  o f  t r ip e p t id e  a m id e s  c o n t a i n i n g  4 - 6 - O - b e n z y l i d e n e g l u c o s a m i n i c  a c id

T h e  a c e t a t e  o f  t h e  a p p r o p r ia t e  t r i p e p t i d e  a m i d e  ( 2 .2  g ; 4 .6 4  m m o l e s )  w a s  d i s s o l v e d  
in  a n h y d r o u s  p y r id i n e  (3 3  m L ) ,  c o o le d  t o  1 5  °C  a n d  P y . S 0 3 ( 4 .5 5  g ;  2 8 .6  m m o l e s )  w a s  a d d e d .  
T h e  m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  ( 2 4  °C )  f o r  1 h  ( in  t h e  c a s e  o f  H - B E G A - G l y -  
- A l a - N H 2, f o r  2 4  h ) .T h e  l i q u i d  w a s  d e c a n t e d  f r o m  t h e  s y r u p  w h ic h  s e p a r a t e d ,  a n d  t h e  p r o c e d u r e  
w a s  r e p e a t e d  a s  d e s c r ib e d  f o r  t h e  s u l f a t i o n  o f  H - G l y - B E G A - N H , ,  u s i n g  a  t o t a l  o f  1 5 0  m L  o f  
b e n z e n e .  T h e  c o m b in e d  s y r u p s  w e r e  d i s s o l v e d  in  w a t e r  (7  m L ) ,  b e n z e n e  w a s  r e m o v e d ,  a n d  
t h e  s o l u t i o n  w a s  m a d e  a l k a l i n e  t o  p H  7 .2  a t  0  °C . E t h a n o l  ( 3 0  m L )  w a s  p o u r e d  t o  t h e  j e l l y  
s o l u t i o n ,  i t  w a s  c o o le d  t o  0  °C , t h e  in o r g a n i c  c r y s t a l s  w e r e  f i l t e r e d  o f f ,  w a s h e d  w i t h  e t h a n o l  
( 2 x 8  m L ) ,  t h e n  t h e  c o m b i n e d  s u l f a t e - f r e e  f i l t r a t e  w a s  a l lo w e d  t o  t r i c k l e  t h r o u g h  a  f i l t e r  
b e d  m a d e  f r o m  c la r i f y in g  c a r b o n .  T h e  c o lo u r le s s  s o l u t i o n  w a s  m i x e d  w i t h  e t h a n o l  ( 2 5 0  m L ) ,  
c o o l e d  t o  2 0  °C , t h e  p o w d e r - l ik e  s u b s t a n c e  w h ic h  s e p a r a t e d  w a s  f i l t e r e d  w i t h  s u c t i o n ,  w a s h e d  
w i t h  e t h a n o l  ( 2 x 5  m L )  a n d  w i t h  e t h e r  ( 3  X 1 0  m L ) ,  t h e n  d r ie d  in  a  v a c u u m  d e s i c c a t o r .

S o d iu m  s a l t  o f  t h e  s u l f a t e d  d e r iv a t iv e  o f  H - G l y - B E G A - A l a - N H 2
( N a S 0 3) G l y - B E G A ( N a S 0 3) - A l a - N H 2

Y ie ld  4 9 % ;  S % /N %  : 1 .6 7  ( c a l c d .  : 1 .7 2 ) .  M .p .  2 2 6  2 2 7  °C  ( d e c o m p n . )  ; R )  0 .4 2 ,
M P V p l o n f ' i l  t w i p p

I R  : A m id e  I 1 6 8 0 ,  A m i d e  I I  1 5 4 0 ,  vsS 0 2 1 2 4 0  c m - 1
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S o d iu m  s a l t  o f  t h e  s u l f a t e d  d e r iv a t iv e  o f  H - G l y - A ! a - B E G A - N H 2
( N a S 0 3) G l y - A l a - B E G A ( N a S 0 3) 2 Ш ,

Y i e l d  4 9 %  ; S % /N %  : 1 .6 2  M .p .  2 1 6  °C  d e c o m p n .  ; R)  0 . 4 5 ,  d e v e lo p e d  t w i c e .
I R  : A m id e  I  1 6 8 0 ,  A m i d e  I I  1 5 4 0 ,  rsS 0 2 1 2 4 0  c m - 1 .

S o d iu m  s a l t  o f  t h e  s u l f a t e d  d e r iv a t iv e  o f  H - B E G A - G ly - A la - N H o
( N a S 0 3) 3B E G A - G l y - A l a - N H 2

Y i e l d  6 8 % ;  S % /N %  : 1 .6 8 .  M .p .  2 1 2 °  ( d e c o m p n . ) ;  R t  0 . 3 ,  d e v e lo p e d  t w i c e .
I R  : A m id e  I  1 6 8 0 ,  A m i d e  I I  1 5 4 0 ,  t'sS 0 2 1 2 4 0  c m - 1 .

S o d i u m  s a l t  o f  t h e  s u l f a t e d  d e r i v a t i v e  o f  4 ,6 - O - b e n z y l i d e n e g l u c o s a m i n y l g l y c y l a l a n y I -  
- 4 , 6 - O - b e n z y l i d e n e g l u c o s a m i n y l g l y c y l a l a n i n e  a m id e

( N a S 0 3) 3B E G A - G l y - A l a - B E G A ( N a S 0 3)2- G l y - A l a - N H 2

T h e  a c e t i c  a c id  s a l t  o f  H - B E G A - G l y - A l a  B E G A - G l y - A l a - N H 2 ( 1 .2  g ; 1 .4  m m o l e )  w a s  
d i s s o l v e d  i n  a n h y d r o u s  p y r i d i n e  ( 1 8  m L ) ,  c o o le d  t o  1 0  °C , a n d  P y . S 0 3 ( 2 .4 5  g ; 1 5 .4  m m o l e s )  
w a s  a d d e d  ; t h e  m ix t u r e  w a s  t h e n  s t ir r e d  a t  r o o m  t e m p e r a t u r e  f o r  2 4  h .  T h e  s o l u t i o n  w a s  
m i x e d  w i t h  b e n z e n e  ( 4 0 0  m L )  a d d e d  in  s m a l l  p o r t i o n s ,  t h e  s t i c k y  m a t e r ia l  w h ic h  s e p a r a t e d  
w a s  r u b b e d  w i t h  b e n z e n e ,  d r i e d  i n  a  v a c u u m  d e s i c c a t o r ,  a n d  d i s s o l v e d  in  w a t e r  (1 3  m L ) .  T h e  
c l e a r ,  y e l l o w  s o lu t io n  w a s  m a d e  a l k a l i n e  t o  p H  7 .5  w i t h  3 0 %  N a O H  ( a b o u t  2 .1  m L )  a t  0  °C , 
w i t h  v i g o r o u s  s t i r r i n g ; t h e  p H  w a s  c h e c k e d  p o t e n t i o m e t r i c a l l y ,  t h e n  a n h y d r o u s  e t h a n o l  
( 3 . 3  m L )  w a s  a d d e d  t o  t h e  s o l u t i o n  a n d  i t  w a s  c o o le d  t o  0  °C .

T h e  j e l l y  c r y s t a l s  w h i c h  s e p a r a t e d  w e r e  f i l t e r e d  o f f  w i t h  s u c t i o n ,  w a s h e d  w i t h  a n h y d r o u s  
e t h a n o l  ( 2 x 2  m L ) ,  t h e n  s e p a r a t e l y ,  w i t h  a n h y d r o u s  e t h e r  ( 3 x 5  m L ) ,  a n d  d r ie d  t o  o b t a i n  
a  w h i t e  p o w d e r ,  N a , S 0 4 ( 1 .1 3  g ) .

T h e  s u l f a t e - f r e e  y e l l o w  f i l t r a t e  w a s  a l lo w e d  t o  t r i c k l e  t h r o u g h  a  f i l t e r  b e d  m a d e  f r o m  
a c t i v a t e d  c a r b o n .  T h e  c o lo u r le s s  s o l u t i o n  y i e ld e d ,  o n  t h e  a d d i t i o n  o f  e t h a n o l  ( 2 0 0  m L ) ,  a  w h i t e ,  
w e l l - s e d i m e n t i n g ,  p o w d e r y  s u b s t a n c e  ( 1 .3  g ;  7 1 % ) ,  w h i c h  d e c o m p o s e d  a t  2 2 0 — 2 2 1  °C  w i t h  
t h e  e v o l u t i o n  o f  g a s .  R j  0 . 6 5 .  S % / N %  : 1 .5 2  ( c a lc d .  1 .6 4 ) .

I R  : A m id e  I  1 6 7 5 ,  A m i d e  I I  1 5 4 0 ,  rsS 0 2 1 2 4 0  c m - 1 .

T h e  a u t h o r s  e x p r e s s  t h e i r  t h a n k s  t o  M rs . J .  H a sk ó -B r e u e r  f o r  r e c o r d in g  t h e  in f r a r e d  
s p e c t r a  a n d  t o  M iss  M . F o d o r  f o r  t h e  m ic r o a n a ly s e s .

T h e  a u t h o r s  g r a t e f u l l y  a c k n o w l e d g e  t h e  s u p p o r t  o f  t h i s  w o r k  b y  t h e  C h e m ic a l  W o r k s  
o f  G e d e o n  R i c h t e r  L t d . ,  B u d a p e s t .
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NMR RELAXATION STUDIES IN SOLUTION 
OF TRANSITION METAL COMPLEXES, VII

P R O T O N A T I O N  O F  T H E  V A N A D Y L  I O N  I N  A Q U E O U S  S O L U T I O N

/
I. N ag ypál’*, I. Fá b iá n 1 and R. E . Connick2

( l I n s t i t u t e  o f  In o r g a n ic  a n d  A n a ly t i c a l  C h e m is tr y ,  K o s s u th  L a jo s  U n iv e r s i t y ,  D eb recen  a n d  
2 D e p a r tm e n t  o f  C h e m is tr y ,  U n iv e r s i ty  o f  C a l i fo r n ia ,  B e r k e le y ,  C a l i f o r n ia ,  U S A )

R e c e i v e d  N o v e m b e r  1 6 ,  1 9 8 1  
A c c e p t e d  f o r  p u b l i c a t i o n  D e c e m b e r  1 1 ,  1 9 8 1

T h e  p r o t o n a t i o n  o f  t h e  v a n a d y l  i o n  in  a q u e o u s  s o l u t i o n  h a s  b e e n  d e t e c t e d  a n d  
t h e  e q u i l ib r iu m  c o n s t a n t  f o r  t h e

V 0 2 + +  I I  +  ^  V O H 2 +

r e a c t i o n  h a s  b e e n  d e t e r m in e d  s p e c t r o p h o t o m e t r i c a l l y  a t  2 9 8  K ,  i n  6  M ( N a ,H ) C 1 0 4. 
T h e  t r a n s v e r s e  r e l a x a t i o n  o f  w a t e r  p r o t o n s  i n  a c id i c  s o l u t i o n s  o f  v a n a d y l  i o n  h a s  b e e n  
s t u d i e d  a t  2 .5  a n d  1 0 0  M H z  f r e q u e n c ie s .

A  m o d e l  i s  g i v e n  t o  i n t e r p r e t  t h e  r e l a x a t i o n  m e a s u r e m e n t s ,  w h i c h  t a k e s  in t o  
a c c o u n t  t h e  p r e s e n c e  o f  t w o  p a r a m a g n e t i c  s i t e s  a n d  t h e  c o u p l i n g  b e t w e e n  t h e m  t h r o u g h  
t h e  p r o t o n  e x c h a n g e  r e a c t i o n s .  T h e  c o n t r a d i c t o r y  s t a t e m e n t s  c o n c e r n i n g  t o  t h e  r e l a x a ­
t i o n  b e h a v io u r  o f  t h e  s y s t e m  h a v e  b e e n  r e i n t e r p r e t e d  a n d  r e c o n c i l e d  b y  t h e  u s e  o f  t h e  
p r e s e n t  m o d e l .

A n  e l e c t r i c  c i r c u i t  d e s c r ip t io n  o f  t h e  c o u p l e d  c h e m ic a l  e x c h a n g e  a n d  p a r a m a g n e t ic  
r e l a x a t i o n  p r o c e s s e s  i s  in t r o d u c e d  a n d  p r o v e d  t o  b e  e q u i v a l e n t  w i t h  t h a t  o f  t h e  d e s c r ip ­
t i o n s  b a s e d  o n  t h e  B loch  e q u a t i o n s  a n d  o n  f o r m a l  k i n e t i c  c o n s i d e r a t i o n s .  T h e  in t e r ­
r e l a t io n  o f  t h e  p r o t o n  e x c h a n g e  r a t e  c o n s t a n t s  a n d  t h e  p a r a m a g n e t i c  r e l a x a t i o n  t im e s  
a r e  c a l c u la t e d  a n d  i l l u s t r a t e d  o n  a  n o m o g r a m .

I nt r oduct i on

T he N M R re la x a tio n  s tu d y  o f th e  lig an d  an d  p ro to n  ex c h a n g e  processes 
ta k in g  place in  so lu tio n  o f p a ra m a g n e tic  tra n s itio n  m e ta l com plexes has 
received  considerab le  a t te n tio n  since th e  lay in g  o f th e  fo u n d a tio n  o f  th e  m ethod 
b y  Sw ift  and  Connick  [1]. Special a tte n tio n  has been  d ire c te d  to  vanadyl 
com plexes in  o rd er to  u n d e rs ta n d  th e  pecu lia r ch a ra c te ris tic s  o f  v an ad y l ion. 
In  a p rog ram  u n d e r ta k e n  in  our la b o ra to ry , a sy s te m a tic  equ ilib riu m  and 
N M R  re lax a tio n  s tu d y  o f  v a n a d y l com plexes is in  p rog ress [2]. T he survey 
of prev ious w ork  in  th e  l i te ra tu re  rev ea led  th a t  th e re  is a c o n tra d ic tio n  in  the  
in te rp re ta tio n  o f  th e  N M R  re la x a tio n  re su lts  even in  th e  s im p le s t V 0 2+ — H  + 
system .

Rallhausen  and Gray  [3] described the V 0 (H 20 )5 + ion  in terms of 
molecular orbitals. T hey  stated  th a t “ the resistance o f V 0 2+ to protonation

* T o  w h o m  c o r r e s p o n d e n c e  s h o u ld  b e  a d d r e s s e d
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c a n  b e  u n derstood  in  te rm s  o f  th e  MO bonding sch em e . W ith  th e  oxygen  2p 
o rb i ta ls  used  for я -b o n d in g  o n ly  th e  spcr h y b rid  is le f t  fo r p ro to n a t io u ; it 
h a s  considerab le  2s c h a ra c te r ,  a n d  is en erg e tica lly  u n su ite d  for bond ing  
p u rp o s e s .”

R iv k in d  [4] th o ro u g h ly  s tu d ie d  th e  p ro to n  re la x a tio n  processes a t  18.1 
M H z freq u en cy  in aqueous v a n a d y l  solutions in  p resen ce  o f oxalic, perch loric , 
n i t r ic  a n d  sulphuric acids u p  to  a b o u t 10 M .  T he co n sid e rab le  increase o f th e  
spin-—s p in  re laxation  ra te s  w i th  increasing  a c id ity  w ere  in te rp re te d  as due 
to  t h e  fo rm atio n  an d  d e c o m p o s itio n  of V O H 3 + , p ro to n a te d  v a n ad y l ion. 
F o r  t h e  p ro to n a tio n  c o n s ta n t h o w ev er, only a ro u g h  a p p ro x im a tio n  was given, 
b e c a u s e  th e  ionic s tre n g th  w a s  n o t  held c o n s tan t d u r in g  th e  experim en ts. 
T h e  [V O H 3+]/([V 02 + ][H  + ]) p ro to n a tio n  co n stan ts  fo u n d  a re  as fo llow s:

H2C20 4 H 2S 0 4 H N 03 HC104
— 2.5 — 0.3 — 0.25 — 0.13 \

T h e  o rd e r  o f the  p ro to n a tio n  c o n s ta n ts  was in te rp re te d  as due *o th e  in te ra c ­
t io n  o f  th e  aquated  v a n a d y l io n  w ith  th e  a p p ro p ria te  an io n s  w hich increases 
th e  e le c tro n —density  of th e  v a n a d y l  oxygen.

Co p e n h a f e r  and  K e n d i n g  [5] studied  th e  V 0 2+ — H 3P 0 4 system  spec- 
tro p h o to m e tr ic a lly . The d a ta  f ro m  p H  0 —2 could be in te ip ie te d  b y  ta k in g  in to  
a c c o u n t R iv k in d ’s re su lts .

Sw i f t , Ste ph e n so n  a n d  St e i n  [6] also th o ro u g h ly  s tu d ied  th e  k inetics 
o f  th e  p ro to n a tio n  of a q u a te d  v a n a d y l ion in  aq u eo u s  so lu tio n , a t 60 M Hz 
f re q u e n c y , in  the  presence o f  ace tic , phosphoric, su lp h u ric  an d  perch loric  
ac id s . Io n ic  streng th  w as n o t  h e ld  constan t in  th e i r  ex p erim en ts , b u t  th e  
r e s u lts  w ere  evaluated  b y  ta k in g  in to  account th e  ch an g e  of th e  a c tiv ity  
c o e ffic ien ts . They s ta ted , t h a t  th e  s im ila rity  of th e  a c t iv a tio n  p a ram e te rs  for 
th e  p ro to n -c a ta ly ze d  p ro to n  ex ch a n g e  of v an ad y l io n  a n d  th a t  o f n ick e l(II) 
a n d  c h ro m iu m (III)  ions is a s t ro n g  argum ent aga in st th e  R i v k i n d ’s in te rp re ta ­
t io n . R e u b e n  and F iat  [7] c a re fu lly  studied  th e  p ro to n  a n d  d eu te ro n  re la x a ­
t io n  in  aq u eo u s solution o f v a n a d y l  ion. They s ta te d  t h a t  T 2B, th e  p a iam ag - 
n e tic  re la x a tio n  tim e in  th e  f i r s t  h y d ra tio n  shell also p la y s  a role in  th e  overall 
r e la x a t io n . The role of th e  t b a n d  T 2B was sep ara ted  th ro u g h  th e  co m p ara tiv e  
s tu d y  o f  th e  p ro ton  and  d e u te ro n  re lax a tio n . The p ro to n  re la x a tio n  was s tu d ied  
a t  60 M H z and  the  d eu te ro n  re la x a t io n  at 8.13 M H z freq u en c ies . T he assum ed 
m e c h a n ism  was the  sam e in  th e s e  tw o  works [6 —7], i.e. a n  en co u n te r com plex 
o f  V O (H 20 )x + and H 30 +, fo llo w ed  b y  th e  fo rm atio n  o f  a hydrogen-bonded  
c o m p le x  betw een  th e  H 30 + a n d  th e  w aters on th e  V O (H 20 )^  + , an d  its  d is­
so c ia tio n .

N o n e  of the  above in te rp re ta t io n s  is en tire ly  sa tis fa c to ry . U sing th e  
N M R  re la x a tio n  m ethod  o n ly , i t  is  no t possible to  d is tin g u ish  betw een  th e

A d a  Chim . Acad. Scl. Hung. 110, 1982
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second o rder p ro to n -c a ta ly z e d  p ro to n  exchange an d  th e  fo rm a tio n  an d  decom ­
position  of p ro to n a te d  v a n a d y l ion , as was done in  a chem ically  com pletely  
d iffe ren t, h u t as a n  “ exchange  an d  re lax a tio n  m odel”  v e ry  s im ila r co pper(II)- 
-g lycine system  [8 ]. T h u s  an  in d ep en d en t m e th o d  o f eq u ilib riu m  analysis 
shou ld  he used to  s tu d y  th e  p ro to n a tio n  of v a n a d y l ion . H av in g  determ ined  
the p ro to n a tio n  c o n s ta n t (s ta b ili ty  co n stan t o f th e  h y d ro g en -b o n d ed  com plex), 
th e  N M R  re la x a tio n  d a ta  shou ld  be ev a lu a ted  b y  ta k in g  in to  accoun t b o th  
chem ical en v iro n m en ts  an d  re a c tio n  p a th w ay s , in  a s im ila r m an n e r as was 
done in  th e  co p p e r(II)-g ly c in e  sy stem .

O n th e  basis  o f th e  ab o v e , th e  aim s of th e  p re se n t w o rk  are  :
— to  s tu d y  th e  V 0 2+ -f- H  + ^=^V O H 34 eq u ilib riu m  sp e c tro p h o to m e tri-  

ca lly  a t  c o n s tan t C10,f c o n c e n tra tio n ,
— to  in te rp re t  th e  N M R  re lax a tio n  m easu rem en ts  a t  tw o  d ifferent 

frequencies, ta k in g  in to  acco u n t b o th  chem ical en v iro n m e n ts  an d  reaction  
p a th w ay s .

E xperim ental

T h e  V O (C 1 0 4) 2 s t o c k  s o l u t i o n  w a s  p r e p a r e d  f r o m  N H 4V O s . A m m o n i a  w a s  e l i m i n a t e d  
b y  h e a t i n g  in  a l k a l i n e  s o l u t i o n .  T h e  r e d u c t i o n  w a s  c a r r ie d  o u t  m a i n l y  b y  H C 1 , a n d  f i n i s h e d  
b y  K I  i n  a c id ic  s o l u t i o n .

T h e  I 2 f o r m e d  w a s  f i l t e r e d  o f f  t o g e t h e r  w i t h  a n  a p p r o p r i a t e  a m o u n t  o f  c h a r c o a l .  T h e  
h a l i d e  i o n s  w e r e  p r e c i p i t a t e d  w i t h  A g C 1 0 4 p r e p a r e d  f r o m  A g 20  a n d  H C 1 0 4. T h e  s t o c k  s o lu t io n  
n e i t h e r  f o r m e d  a  p r e c i p i t a t e  w i t h  A g C 1 0 4 n o r  w i t h  H C 1 s o l u t i o n .  T h e  a c i d i t y  o f  t h e  s t o c k  
s o l u t i o n  w a s  d e c r e a s e d  b y  a d d i t i o n  o f  s o d iu m  h y d r o x id e .  T h e  Y 0 2 +  c o n c e n t r a t i o n  w a s  d e t e r ­
m i n e d  s p e c t r o p h o t o m e t r i c a l l y .  F o r  t h i s ,  a  s t a n d a r d  s o l u t i o n  w a s  p r e p a r e d  f r o m  s p e c t r a l l y -  
p u r e  v a n a d i u m .  N a C 1 0 4 w a s  p r e p a r e d  f r o m  p.a. M e r c k  N a O H  a n d  H C 1 0 4. T h e  io n i c  s t r e n g t h  
o f  a l l  o f  t h e  s o l u t i o n s  s t u d i e d  w a s  a d j u s t e d  to  6  M  ( N a + , H + jC lO ^ - .

A  B E C K M A N  A C T A  3  s p e c t r o p h o t o m e t e r  w a s  u s e d  f o r  t h e  s p e c t r o p h o t o m e t r i c  m e a s u r e ­
m e n t s .  T w o  s p e c t r a  w e r e  r e c o r d e d  in  t h e  n e a r  I R  r e g io n  o n  a  B E C K M A N  A C T A  M 4  i n s t r u m e n t .

A  N E W P O R T  N 2 0  t y p e  i n s t r u m e n t  w o r k in g  a t  2 .5  M H z  f r e q u e n c y  w a s  u s e d  t o  m e a s u r e  
T 2 p r o t o n  r e l a x a t i o n  t i m e s .  I n  a d d i t i o n  J E O L  J N M  M H - 1 0 0  h i g h  r e s o l u t i o n  in s t r u m e n t  w a s  
u s e d  t o  m e a s u r e  t h e  h a l f - w i d t h  o f  t h e  w a t e r  p r o t o n s ,  f r o m  w h i c h  t h e  r e l a x a t i o n  t im e s  a t  
1 0 0  M H z  w e r e  c a l c u l a t e d  i n  t h e  u s u a l  w a y .  A l l  o f  t h e  e x p e r i m e n t s  w e r e  c a r r ie d  o u t  a s  t i t r a ­
t i o n s ,  i.e. t w o  s o l u t i o n s  w e r e  p r e p a r e d  in  w h ic h  t h e  v a n a d y l  c o n c e n t r a t i o n  w a s  t h e  s a m e ; 
o n e  o f  t h e m  c o n t a i n e d  6  M  N a C 1 0 4 a n d  t h e  o t h e r  6  M  H C 1 0 4. T h e  s a m p l e s  f o r  t h e  d i f f e r e n t  
m e a s u r e m e n t s  w e r e  p r e p a r e d  f r o m  t h e s e  b y  a p p r o p r ia t e  m i x i n g .  T h e  m e a s u r e m e n t s  o f  t h e  
d e n s i t y  o f  s o m e  o f  t h e  s a m p l e s  s h o w e d  t h a t  t h e  m i x i n g  d id  n o t  c a u s e  m o r e  t h a n  0 .5 %  c h a n g e  
in  t h e  v a n a d y l  c o n c e n t r a t i o n .  T h e  d e n s i t y  m e a s u r e m e n t s  w e r e  u s e d  t o  c a l c u l a t e  t h e  t o t a l  
p r o t o n  c o n c e n t r a t i o n  in  t h e  d i f f e r e n t  s a m p le s .

R esu lts  and  E valuation

Som e of th e  sp e c tra  reco rd ed  betw een  550—800 n m  a re  show n in  F ig . 1. 
T he isosbestic  p o in t a t  756 n m  ind ica tes th a t  tw o  d iffe ren t species are in 
equ ilib rium  in  th e  so lu tio n . T he sam e conclusion can  be  d raw n  from  th e  
Colem an—Varga  [9] p lo ts , i llu s tra te d  in  F ig . 2. T h e  tw o  sp ec tra  recorded  in 
th e  n e a r  IR  reg ion  show  a m ax im um  25%  d ifference a t  900 nm  (see F ig . 3), 
w hich proves t h a t  th e  m ax im u m  of th e  eq u ilib riu m  conversion  is a t least

Acta Chim, Acad. Sei. Hung. 110, 1982
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2 5 % , ev e n  if  th e  m olar a b s o rp tio n  coefficient o f th e  p ro to n a te d  com plex is 
ze ro  a t  th is  w ave leng th . T h e  c h an g e  o f th e  ab so rb an cy  as a fu n c tio n  o f log [H +] 
is se e n  in  F ig . 4 a t some w av e  le n g th s . I t  is seen in  F ig . 4 t h a t  th e  “ sa tu ra tio n ”

Fig. 1. T h e  s p e c t r a  o f  4 .6 7  1 0  3 M  V O ( C 1 0 4)2 a t  d i f f e r e n t  p e r c h lo r i c  a c i d  c o n c e n t r a t io n s .
J  =  6  M  ( N a + ,  H + ) C 1 0 4, d =  5  c m

Fig. 2. Co lem a n—Varga plots [9] o f  th e  spectra, indicating two species in equilibrium  in
the solution

A d a  C him . Acad. Sei. Hung. 110, 1982



N A G Y P Ä L  e t  a t :  T R A N S I T I O N  M E T A L  C O M P L E X E S 451

Fig. 3. T h e  s p e c t r a  o f  4 .6 7  1 0 - 3  M  V 0 ( V 1 0 4) 2 i n  t h e  n e a r  I R  r e g io n .  1 . [ H + ] =  6 . 0  JVf; 2 .  [ H + ] =  
=  0  M ;  d — 5 c m .  T h e  r e l a t iv e  d e v i a t i o n  o f  t h e  s p e c t r a  is  s h o w n  b y  t h e  d o t t e d  l i n e

Fig. 4. T h e  c h a n g e  o f  t h e  a b s o r b a n c y  o f  4 .6 7  1 0 ~ 3 M  V 0 ( C 1 0 4) 2 a s  a  f u n c t i o n  o f  l o g  [ H  + ] a t  
d i f f e r e n t  w a v e  l e n g t h s .  T h e  f u l l  l in e s  a r e  c a l c u l a t e d  f r o m  t h e  e q u i l ib r iu m  c o n s t a n t

p a r t  o f th is  ty p e  o f  p lo t is no t reached  ev e n  in  6 M  HC104, i.e. t h e  m ax im u m  
o f th e  eq u ilib riu m  conversion should  be  less th a n  abou t 70% .

In  acco rd an ce  w ith  th e  above co n sid e ra tio n s ,

К  =  1V 0 H W 1 -  =  0.23 ±  0.05 
[V 0 2+] [H +]

A d a  Chim . A cad . S e i. H u n g , 1 10 , 1982
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w as fo u n d  for th e  p ro to n a tio n  co n stan t o f  th e  v a n a d y l ion from  th e  le a s t  
s q u a re s  analy sis  o f th e  sp e c tra . I t  m eans t h a t  a b o u t 50 —60 p e rcen tag e  o f  
th e  t o t a l  v a n a d y l is fo u n d  in  p ro to n a te d  fo rm  in  6 M  H C104, i.e. th e  p ro to n a te d  
sp ec ies  sh o u ld  be reg a rd ed  as a  sep a ra te  chem ica l en v iro n m en t for th e  p ro to n s  
d u r in g  th e  ev a lua tion  o f  th e  N M R  re lax a tio n  m easu rem en ts .

A cco rd in g  to  B a l l h a u s e n  an d  G r a y  [3 ], th e  p ro to n a tio n  of th e  v a n a d y l 
o x y g e n  w o u ld  resu lt in  a s ig n if ic a n t change o f  th e  charge  tran sfe r p a r t  o f  th e  
s p e c tru m . O n th e  o th e r h a n d , th e  charge t r a n s f e r  b an d s  are — in  g en era l — 
m u c h  m o re  sensitive to  th e  ch an g e  o f th e  co m p o sitio n  o f th e  so lvent. I n  s p ite  
o f  th i s ,  th e  difference b e tw e e n  th e  tw o sp ec tra  re c o rd e d  in  th e  charge t r a n s fe r  
le g io n  (250 — 210 nm ) in  6 M  H C104 and  in  6 M  N aC 10} was less th a n  5 % . 
I t  m a y  b e  concluded th e re fo re  th a t  th e  p ro to n a tio n  site  is no t th e  v a n a d y l 
o x y g e n  b u t  one of th e  c o o rd in a te d  w a te r m olecu les.

T h e  re lax a tio n  ra te , c o rre c te d  for th e  re la x a tio n  of th e  w a te r  p ro to n s  
in  th e  ab sen ce  of v a n ad y l io n  a n d  norm alized  fo r  th e  to ta l  v an ad y l c o n c e n tra ­
tio n , is show n in F ig . 5 as a  fu n c tio n  of th e  p e rch lo ric  acid c o n c e n tra tio n . 
I t  is se e n  from  th e  F ig u re  t h a t  u p  to  ab o u t 0.5 M  H C 104 th e  re la x a tio n  r a te  
c h a n g e s  th e  sam e w ay  a t  th e  tw o  d iffe ren t freq u en c ies . The e x tra p o la te d  
v a lu e  o f  th e  o rd ina te  in  F ig . 5 gives k 1 =  (1 .3  +  0.2) X l O 5 sec-1 , th e  f i r s t  
o rd e r  r a t e  co n stan t fo r th e  re a c tio n

У О (Н 20 ) Г  V 0 (H 20 ) 30 H  + +  H  +

iq  =  k j \ \  0 2 + ]

since  t h e  p ro to n  re lax a tio n  is chem ical exchange co n tro lled  [6, 11]. T he re s u lt  
is in  g o o d  agreem ent w ith  th e  earlier d a ta  w h e n  th e  sam e defin ition  o f  k 1

Fig. 5. N o r m a l i z e d  r e l a x a t io n  r a t e  o f  t h e  w a t e r  p r o t o n s  a s  a  f u n c t i o n  o f  p e r c h lo r ic  a c i d  c o n ­
c e n t r a t i o n  a t  t w o  d if f e r e n t  f r e q u e n c i e s .  T Vo 2 - | - i s  t h e  t o t a l  v a n a d y l  io n  c o n c e n t r a t io n  a n d  a i s

t h e  t o t a l  p r o t o n  c o n c e n t r a t i o n

Acta C him . Acad. Sei. Hung. 110, 1982
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is u sed  an d  th e  d ifference in  ionic s tre n g th s  is ta k e n  in to  a c c o u n t : 6.2 X Ю4 
[10], 1 .0 x 10s [6 ], and  1 .7 X 105 [11] s e c " 1.

I n  acco rdance  w ith  the re su lt of th e  sp ec tro p h o to m etric  m easu rem en ts , 
th e  e v a lu a tio n  o f  th e  d a ta  is based  on th e  fo llow ing scheme :

w h e re :

®, 1.28 105[VO2 + ]

v2 =  k2[V 0 2 + ][H  + ] ^

V 0 (H 20 ) 3H 0 H 2+ +  H O H 2+ V 0 (H 20 ) 3H 0 H 2 + +  IIO H +  

k 3[ У О Ш  + ] -  k 3K [ \  0 2 + ] [H  + ] =  fc_3[V 0 2+][H  + ]

Л 0 ( H 20 ) 3H 0 H 2 + +  H O H  V 0 (H 20)4+ +  H O H +

X  8 [V 0 (H 20)* + ]/T<]>, у  =  9 [У 0 (Н 20 ) 3Н 30 3+]/Г 2̂

L e t us in tro d u c e  th e  follow ing d e n o tio n s  : a - to ta l p ro to n  c o n c e n tra ­
tio n  2 [H 20 ]  +  [H  + ] ; b [V 0 2 + ], c -  [V O H 3 + ]. The ra tio  o f  th e  u n ­
re lax ed  p ro to n s  in  th e  d ifferen t sites a re  d e n o te d  b y  f a, f b a n d / c. W ith  th ese  
th e  fo llow ing eq u a tio n s  m ay  be w ritte n  fo r  th e  change of th e  c o n c e n tra tio n  
o f  th e  u n re lax ed  p ro to n s  in  th e  d iffe ren t s ite s , w h en  th e  v an ad y l c o n c e n tra tio n  
is m uch  sm aller th a n  th e  w a te r c o n c e n tra tio n  :

d(o •/„) a ■ f„
— d t—  =  (1,1 +  V2̂ b +  V3^ c ~  +  v2 +  =  — г —  (4 a )

d (8fe f u)
---- J t----=  («1 +  f2)/a +  8r3/ c -  (tq +  v 2 +  S v 3 +  X ) f b 0 (4h)

d(9c */c)
----- 7------=  v 3 f a  +  8i>3 f h — (9«3 +  Y ) f c =  0 (4c)

7 Acta Chim. Acad. Sei. H ung . 110 ,  1982
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D iv id in g  all th re e  e q u a tio n s  b y  f a, yields a f te r  re a r ra n g e m e n t:

=  К  +  f 2)(l - Ш  +  *3(1 - fc ' fa )  (5a)
1 2 p

(»1 +  «2) =  К  +  v 2 +  8t>3 +  X ) f bifa —  8 v3f clfa (5b)

v3 =  — 8i>3f blfa +  (9v3 +  Y ) f j f a (5c)

f j f a a n d  f j f a m ay  be ex p ressed  from  equ a tio n s (5b) a n d  (5c). S u b s titu tin g  th e s e  
in to  e q u a t io n  (5 a ) :

Q _  («1 to) (9«з X  +  9t>3 Y  - f  X Y ) -f~ v 3 (8v3 X  -f- 8t?3 Y  4~ X Y )
T 2p v3 -}- 9v3 v 3 +  8r| +  9v3 X  -f- 8v3 Y  +  v3 Y  +  v 2 Y  X Y

There are three different m ethods for th e  derivation  of equation (6). T he  
m eth o d  illustrated  above w as used first b y  Ge n s e r  and Connick [12]. Tw o  
other m ethods, based on probability  considerations [13] and on th e  m atrix  
form u lation  of the B loch equations [14] w ere published by us earlier.

H e re  we in tro d u ce  a new  m ethod  to  c a lc u la te  th e  exchange c o n tr ib u tio n  
o f  th e  p a ra m a g n e tic  T 2 re la x a tio n , w hich seem s to  be th e  m ost concise , a n d  
c o n c e p tu a lly  i t  is closest to  th e  processes a c tu a lly  ta k in g  place in  th e  sy s te m  
w hen  th e  pu lse  m ethods are  u sed  to  m easure th e  T 2 re lax a tio n  tim e . T h e  sy s te m  
m a y  b e  re g a rd e d  as a co n d en se r, w hich is su d d e n ly  filled  up , th e n  d isch a rg ed  
th ro u g h  d iffe ren tly  coup led  resistances. T he d iffe re n t qu an tities  re p re se n tin g  
th e  c o n d e n se r an d  th e  sy s te m  stud ied  co rre sp o n d  to  each o th e r as fo llo w s :

C ondenser P a ra m a g n e tic  system

C a p a c i t y ,  C 
V o l t a g e ,  U 
C h a r g e ,  Q =  C • XJ 

C h a n g e  o f  t h e  c h a r g e

T o t a l  p r o to n  c o n c e n t r a t i o n ,  a  

R a t i o  o f  u n r e la x e d  p r o t o n s ,  f a 

C o n c e n tr a t io n  o f  u n r e l a x e d  p r o t o n s ,  a • f a

d<? . Q d ( a  - f a ) a ■ f a

d i  1 C ■ R d t  T2p

C o n d u c t a n c e  =  l/R
C u r r e n t  b e t w e e n  t w o  p o in t s  

o f  t h e  c i r c u i t

aIT.!p

F l o w  r a te  o f  t h e  u n r e l a x e d  p r o to n s  b e t w e e n  t w o  s i t e s

hr, b =  ”a, b ( U a Uf,) «4 b ( f a  -  f b )

C o n d u c t a n c e  b e t w e e n  t w o  
p o i n t s  o f  t h e  c ir c u it

R a t e  o f  c h e m ic a l  e x c h a n g e  b e t w e e n  s i t e s  a a n d  b o r  t h e  
r a t e  o f  p a r a m a g n e t i c  r e l a x a t io n

â,b Vo, ь  X, Y

( F o r  CW  N M R  a n  a n a l o g o u s  n e t w o r k  o f  c o u p le d  r e s i s t a n c e s  a n d  a  v o l t a g e  s o u r c e  w o u ld  
b e  t h e  a p p r o p r i a t e  m o d e l)

A cta  C him . Acad. Sei. H ung .  110,  1982
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T he pu lsed  N M R  m e th o d  m a y  b e  v isualized  in  te rm s o f  th e  ab o v e  scheme. 
A fte r a sudden  filling  o f  th e  co n d en ser i t  is discharged th ro u g h  th e  ap p ro p ria te  
resistances, i.e. th ro u g h  th e  d iffe ren t chem ical exchange a n d  p aram ag n etic  
re la x a tio n  processes. T h e  tim e  n ecessa ry  to  reduce th e  in i t ia l  charge to  
its  e -th  p a r t  is CR, i.e. T 2p. T h u s th e  aim  o f th e  d e riva tion  o f  t h e  p aram ag n e tic  
ex ch an g e-co n trib u tio n  is to  exp ress th e  re su lta n t co n d u c ta n c e  o f  th e  appro­
p r ia te  circu it in  te rm s  o f th e  in d iv id u a l resistances (co n d u c tan ces).

T he electric  c ircu it "which m a y  be  d raw n  fo r th e  V 0 2+ — H + system  is 
as fo llo w s:

relaxed 
protons 
in the
paramagnetic
sites

w h e re : J?a =  1 j vv  R 2 =  l/i>2* R 3 — jR4 =  1 jX ,  R 5 =  1 / Y .  T h e  sta rtin g
eq u a tio n s  — based  on th e  K i r c h o f f ’s ru le  — are as follow s :

i d R  1 +  (hi — i a  - h ) R 2 =  0

{ i a  i c  i d )  R 2  'I-  i a  R \ =  U

(ia +  i c ~  i d )  R 2  +  i c  R 3  8 +  ( i c  - i b )  R 3 =  0

( 4  — i c )  R - 3  +  i b  R 3 =  и

T hese equa tions are  lin ea r  for i b, i c, i d an d  id. T hus th e  r e s u l ta n t  conductance 
(ia +  h W  {— a /T 2p) m a y  be ex p ressed  as follows fro m  th e  ap p ro p ria te  
d e te rm in a n ts  :

1 1 1 8 8 9

R 2R t R s +  R 1R i R s +  R 3R , R 5 +  ~R%R~ T R j R ,  +  R . R 2R 4 +
9 9 9

_a_ ' R i R 3R ,  +  R 2R 3R ,  R i R 3R s_________________

T2P 1 1 1 8 8 9 9 9 ' ^

R 4R 5 R 2R b R , R ,  R 3R S R * ' R 3R 4 R 2R 3 '  R ,R S

1 * Acta  Chirn. A c a d . S e i.  I lu n g .  110, 1982
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I t  is  e a s y  to  show th a t  e q u a t io n s  (6) and (8) are  th e  s a m e ; th e y  are equ a lly  
a p p r o p r ia te  for expressing th e  c h em ica l exchange a n d  p a ra m a g n e tic  re lax a tio n  
c o n tr ib u t io n  to  th e  m easu red  re la x a tio n  tim e. AH o f  th e s e  m ethods are a p p li­
cab le  o n ly  w hen th e  Aoj t r a n s v e r s e  re laxation  [1] is u n im p o r ta n t, as is th e  
case  h e re .

F ig u re  5 shows th a t  t h e  e ffec t of iq is n eg lig ib le  com pared  to  th a t  o f 
v2, v 3 a n d  86/T2̂ j ; th e re fo re  i t s  co n tr ib u tio n  to  th e  m e a su re d  re lax a tio n  ra te  
m a y  b e  reg a rd ed  as an  a d d i t iv e  te rm . W ith  th is  a s s u m p tio n  equa tion  (6) m a y  
be  r e a r r a n g e d  in to  th e  fo llo w in g  fo rm , which d escrib es  th e  dependence o f th e  
r e la x a t io n  ra te  — norm alized  f o r  [V 0 2 + ] — on th e  h y d ro g e n  ion  co n cen tra tion .

w h e re

S =  [H + ]

W  9 Z W

z  +  T  +  V “ [H +]
64 IF

1 +
Z +  9

[H+]

s a

T 2p[ v o 2+]

p 8
T1!!)1 2 В

z  = | a2 +  j  Kk.

T <2) 4- h - 11 2 ß  T  ^

(9)

T h e  S v a lu e s  m ay be c a lc u la te d  d irec tly  from  th e  m e a su re d  d a ta . These are  
p lo t t e d  as a functions o f [H  + ] in  F igures 6 and  7. I t  is seen  from  th e  F igu res 
t h a t  t h e  norm alized  re la x a tio n  r a t e  changes th e  sam e  w a y  a t  th e  tw o  fre­
q u e n c ie s  u p  to  about 0.3 М Н С Ю 4 o n ly . The s tra ig h t l in e  d escrib ing  th e  d a ta  a t  
100 M H z  frequency c learly  sh o w s h a t  th e  T 2B in  th e  f i r s t  h y d ra tio n  sphere 
o f a q u a te d  vanady l ion h as  n o  ro le  in  the  m easured  d a ta ,  w hile  it  is an  im p o r­
t a n t  f a c to r  in  governing th e  re la x a t io n  ra te  a t 2.5 M H z frequency .

T h e  m ath em atica l a n a ly s is  o f  equation  (9) show s t h a t  th e  slope of th e  
s t r a ig h t  lin e  a t 100 M Hz f re q u e n c y  m ay be g iven as  fo llow s :

1
slope Z  +  —  W  (3.6 ±  0.4)10® M ~  4 e c " 1 .

T h u s , a ssu m in g  th a t  th e  p a ra m a g n e tic  re lax a tio n  t im e  in  th e  p ro to n a te d  
v a n a d y l  io n  is negligible c o m p a re d  to  th e n  :

k2 +  К  ■ k3 =  k 2 -f- k _ 3 — (3.6 +  0.4)10® M  Jsec x.

A c ta  C him . Acad. Sei. Hung. 110, 1982
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T he m ost im p o r ta n t  conclusion  o f th is  re su lt  is th a t  th e  effects o f  th e  p ro to n - 
ca ta ly zed  p ro to n  ex ch an g e  an d  th e  fo rm a tio n  a n d  d issocia tion  o f  th e  p ro to n - 
a te d  v a n a d y l io n  can  n o t be sep a ra ted , ev en  w h en  th e  eq u ilib riu m  c o n s ta n t 
is know n from  in d e p e n d e n t m easu rem en ts .

Fig. 6. T he S  =  / ( [ H + ] )  fu n c tio n  a t  tw o d ifferen t freq u en c ies  u p  to '[ H  + ] =  6.0 M  (see: te x t

Fig.  7. T he S  =  / ( [ H +]) fu n c tio n  a t  tw o d iffe re n t frequencies u p  to  [ H + ] =  1.0 M

A cta  C him . A ca d . S e i. H u n g . 110 , 1982
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Fig. 8.  T h e  in te r-re la tio n  o f th e  p a ra m e te rs  rep re sen tin g  th e  exchange  processes a n d  th e  
p a ram ag n e tic  re la x a t io n  in  th e  V 0 2+— H + system

T h e  le a s t  squares f i t  o f  th e  S  = / [ H  + ] fu n c tio n  a t  2.5 M H z fo r P ,  Z  
an d  W  le a d s  to  th e  follow ing re s u lts  :

P  =  (4 .2  +  0.4) 10° s e c '1 

Z  =  (3 .9  +  0.4) 106 M ~ \  s e c - 1 

W  =  (9 .8  +  0.8) 101 M - ^ e c " 1

F ro m  th e s e  d a ta  only T ^  c a n  b e  g iven ; th e  o th e r p a ra m e te rs , k 2, k s an d  
T fs> a re  in te r-re la ted .

T 2B  (1-9 +  0.2) 1 0 - 6 sec (2.5 M Hz)

T he in te r - re la t io n  of th e  p a ra m e te rs  is i l lu s tra te d  in  F ig . 8. I t  is a reaso n ab le  
a s su m p tio n , th a t  T \ <[ th u s  th e  follow ing ran g e  of th e  p a ra m e te rs
m a y  b e  r e a d  from  th e  F ig u re  :

1.9 IO " 6 sec <  T <  2.4 lO “ 6 sec 

k 2 <  3.9 1 0 - 6 M _1 sec-1

1.9 107 s e c -1  >  k 3 >  2 106 sec -1

A cta  C him . Acad. Sei. Hung. 110, 1982
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I t  shou ld  he m en tio n ed , th a t  d iffe re n t p ro to n s m ay he d is tin g u ish e d  in  
th e  V 0 (H 20 ) 3H 30 3 + site . In  th is  d e r iv a tio n , how ever, th e  n ine p ro to n s  are  
reg a rd ed , as eq u iv a len t. I t  m eans, th a t  th e  T 2jj-range given from  th is  c o n s id e ra ­
tio n  is an  “ av erag e”  of th e  d iffe ren t p a ra m a g n e tic  re lax a tio n  tim es c h a ra c te r iz ­
ing  th e  d iffe ren t p ro to n s in  th e  p ro to n a te d  v a n a d y l ion. In  p rin c ip le , i t  w ould  
be possib le to  d istin g u ish  betw een  th e  d iffe re n t p ro tons o f V 0 (H 20 ) 3H 30 3+, 
b u t  th e  re su ltin g  eq u a tio n s a re  m uch  m o re  com plica ted , or th e y  c o n ta in  m ore 
th a n  th re e  p a ra m e te rs  to  be f i t te d . T h e  p re se n t experim en ta l d a ta ,  how ever, 
can  be  f i t te d  w ith in  th e  ex p e rim en ta l e r ro r  w ith  a o n e -p a ram ete r e q u a tio n  
a t 100 M H z an d  w ith  a th re e -p a ra m e te r  e q u a tio n  a t 2.5 M H z, th u s  th e  use 
o f a m ore  co m plica ted  m odel is n o t ju s t i f ie d .  I t  is seen in  F ig . 8. T h a t  th e  
k 2 ш  0 case w ould  agree w ith  Rivkind’s [4], th e  к й ^  0 case w o u ld  agree 
w ith  Swift’s [6] in te rp re ta tio n . T he m o s t p ro b ab le  situ a tio n  is, h o w ev e r, th a t  
b o th  processes a re  ta k in g  p lace : p ro to n a te d  v a n ad y l ion is fo rm e d  a t  su ffi­
c ie n tly  h igh  h y d ro g en  ion  c o n c e n tra tio n , b u t  th e  p ro to n -c a ta ly ze d  p ro to n - 
exch an g e  w ith o u t th e  s tab iliz a tio n  o f th e  V O H 3+ h y d ro g en -b o n d ed  com plex  
is also an  im p o r ta n t  reac tio n  pa tlrw ay . T h e  m echan ism  of th e  p ro to n  exchange 
in  th e  lig h t o f  th e  aboves is p ro b a b ly  as follow s :

C o n tra ry  to  Rivkind’s in te rp re ta t io n  how ever, the  p ro to n a tio n  s ite  of 
th e  v a n a d y l ion is n o t th e  V 0 2+ o x y g en , b u t  one of th e  c o o rd in a te d  w a te r 
m olecules. Q u an tu m  chem ical c a lcu la tio n s  are  in  progress to  p re d ic t  th e  m ost 
p ro b ab le  s tru c tu re  of th e  p ro to n a te d  v a n a d y l ion.
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C obalox im e(II) d e riv a tiv e s  o f th e  fo rm u la  C o(H dm g),L „, w here  I ld m g  “ is the  
m onoanion  o f d im e th y lg ly o x im e , L  is P h 3P , p y  a n d  E t3N a n d  n  =  1 o r  2, are active 
ca ta ly s ts  o f  d e h y d ro g en a tio n  a n d  oxygen  in se rtio n  reac tio n s  a t  ro o m  tem p era tu re  
a n d  a tm ospheric  0 2 p ressu re . H y d ro g en  p erox ide  is n o t a n  in te rm e d ia te  a n d  inactive 
co b alo x im e(III) d e riv a tiv e s  are  n o t fo rm ed  d u rin g  th e  reac tio n s . E S R , UV-Vis and 
p o larography  d a ta  p o in t to  successive О-a to m  tran s fe r  from  su p e ro x o co b a lo x im e(III)  and 
/i-peroxoclicobalox im e(III) to  th e  su b s tra te s  via  a  co b alty l ion  ty p e  o xeno id  reagent.

W e have re c e n tly  re p o rte d  th a t  co b a lo x im e(II) com plexes o f  th e  general 
fo rm ula  Co(H dm g)2L n, w here  L is P h 3P , p y  a n d  N E t3, H d m g -  is th e  m ono­
an ion  o f d im eth y lg ly o x im e, an d  n  =  1 or 2, show  a re m a rk a b le  ca ta ly tic  
a c tiv ity  in  th e  o x id a tio n  o f ce rta in  o rgan ic  com pounds b y  m o lecu la r oxygen 
u n d e r m ild co n d itions [1 — 3]. T he c a ta ly tic  ox id a tio n s o b se rv ed  th u s  far 
in c lu d e  b o th  dehydrogenations and  oxygen insertions, as exem p lified  b y  the 
iollow ing eq u a tio n s :

Dehydrogenations

( 1 )

(н л м (Q)

Ph —.\ H —XH —Ph
Ou. c a t .

)>h-N=N—Ph ( 2)

(HjAH) (All)

* To w hom  corresp o n d en ce  should  be addressed
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O xygen  in sertions
P h 3p ^  P h 3PO (4)

R - N C ^  R NCO (5)

P h — N O P h  n o 2 (6)

w h e re

HoQ
H „A B
O P D
H 2B I
IB I

— hydroquinone, Q — p-ben zo q u in o n e ,
— hydrazobenzene, A B  — azobenzene
— o-pheny lened iam ine,
— 2 ,2 -d im ethy ld ihydrobenz im idazo le
— 2 ,2 -d im eth y l-2 fí-b en zim id azo le

A p p a re n tly , th e  c a ta ly s t  sy s te m  contains a n  a c tiv e  species w hich  is 
c a p a b le  o f  abstrac tin g  h y d ro g e n  a tom (s) and/or tra n s fe r r in g  oxygen  a tom (s). 
T h is b e h a v io u r  indicates th a t  t h e  coba lox im e(II) — d io x y g en  c a ta ly tic  system s 
m a y  b e  re g a rd e d  as models fo r  b io lo g ica l ox idoreductases a n d  th e ir  s tu d y  m ig h t 
p ro v id e  m echan istic  in fo rm a tio n  on  th e  ty p e  of species responsib le  fo r c a ta ly tic  
o x id a tio n  in  living organism s. O f  p a r tic u la r  in te re s t a re  th e  system s in  w h ich  
a sp ec ie s  capable  of tra n s fe r r in g  a n  oxygen a to m  to  a s u b s tra te  m ig h t fo rm , 
e sp e c ia lly  i f  it is derived fro m  d ioxygen . The reac tio n s  o f  E q s  (4 )—(6) ta k e  
p lace  in  acetone  h u t o th e r  n o n p ro tic  solvents can  also be  ap p lied  (benzene, 
T H F ) . I n  th ese  m edia fo rm a tio n  o f  th e  observed p ro d u c ts  s tro n g ly  in d ica tes  
d ire c t t r a n s f e r  of an О -a to m  fro m  some “ oxeno id”  species p re sen t in  th e  
c o b a lo x im e  ( I I ) -  dioxygen s y s te m .

R e le v a n t  to  th is  w ork  is th e  n a tu re  of oxygen  com plexes form ed up o n  
c o n ta c t  o f  th e  various c o b a lo x im e (II)  derivatives w ith  d io x y g en  or a ir. A ccord­
ing  to  E S R  investigations, c o b a lo x im e (II)  reac ts  w ith  0 3 in  n o n p ro tic  so lven ts
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to  y ie ld  m o n o n u c lea r superoxo  and  d in u c le a r  /х-peroxo com plexes [4] :

C o(H dm g)2L -f- 0 2 т=^ 0 2C o(IIdm g)L  (7)

(I) (П)
0 2C o(H dm g)2L C o(H dm g)2L L (H d m g )2Co—0 2 C o(H dm g)2L

(HI)
A su b seq u en t slow er process p rov ides a  d in u c lea r /i-superoxod icobalox im e 
an d  a C o(H dm g)2(O H )L  ty p e  cob a lo x im e ( I I I )  com plex. B o th  superoxo  
com plexes can  be re a d ily  d e tec ted  v i a  th e i r  8 a n d  15 line E S R  s p e c tra , re sp ec ­
tiv e ly , w hile th e  ц -peroxo  com plexes I I I  h a v e  ty p ic a l UV-Vis s p e c tra  d e p e n d ­
ing on th e  ty p e  o f lig an d  L. T hus th e  p re sen ce  or absence, a n d  th e  changes 
in  c o n cen tra tio n  o f  th e se  oxygen co m p lex es can  he c o n v en ien tly  d e te c te d  
d u rin g  a n y  c a ta ly tic  reac tio n .

Results an d  D iscussion

A  basic  fa c t re la tin g  to  th e  o x id a tio n  m echan ism s o p era tin g  in  th e  cobal- 
ox im e(II) sy stem s is t h a t  co b a lo x im e(III)  d e riv a tiv e s  of th e  g e n e ra l fo rm u la  
C o(H dm g)2(X )L  (w here  X  is O H -  o r Cl) do n o t  catalyze re a c tio n s  (1 )—(6). 
T he ad d itio n  o f su ch  com plexes to  a c a ta ly t ic  system  e ither p rio r  to  o r  d u rin g  
th e  re a c tio n  h as  no  effect w hatsoever o n  th e  process.

T he a d d itio n  o f  free-rad ical a cc e p to rs  to  th e  reacting  m ix tu re s  d id  no t 
affect th e  r a te  o f  th e  reactions (q u in o n e , 2 ,6 -d isu b stitu ted  q u in o n e s , hyd ro - 
qu inone , 2 ,6 -d isu b s titu te d  h y d ro q u in o n es). T h e  E S R  spectra  re c o rd e d  d u rin g  
reac tio n  d id  n o t rev ea l th e  presence o f  a n y  o rgan ic  radicals.

T he above o b serv a tio n s strong ly  fa v o u r  non-rad ical (m o lecu la r) m ech a­
nism s fo r th e  co b a lo x im e(II) ca ta ly zed  o x id a tio n s  stud ied .

C a ta ly t ic  d eh yd ro g en a t io n s

C ata ly tic  reac tio n s  (1 )—(3) w ere p e rfo rm e d  a t 1 a tm  o f 0 2 p re ssu re  and  
a t  room  te m p e ra tu re  in  acetone. T he s u b s tra te  to  ca ta ly s t ra t io  w as v a ried  
b e tw een  200 a n d  5. T h e  co n cen tra tio n  o f  th e  organic re a c ta n ts  a n d  p ro d u c ts  
w as fo llow ed b y  gas ch ro m a to g rap h y  a n d  UV-Vis sp e c tro p h o to m e try  (azo­
benzene). T h e  in it ia l  ra te s  of 0 2 u p ta k e  l is te d  in  Table I  rev ea l th e  follow ing 
re a c tiv ity  o rd e r fo r  th e  th re e  su b s tra te s

H 2AB >  H 2Q >  H 2B I

T he sto ich io m etrie s  a re  correc tly  re p re se n te d  b y  E qs (1) — (3) as th e  am o u n t 
o f  p ro d u c t a t  a n y  in s ta n t  is eq u iv a len t to  th e  am ount of 0 2 co n su m ed  u p  to
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Table I

Substrates Csubs.
[mol/L]

Ccat.
[mol/L]

In itia l ra te  of 
O, uptake

|n  mL/min]

H,AB 0 .1 2 x l 0 - 3 22

H20 0 .1 l x i o - 2 1.7

H2BI 0 .1 l x i o - 2 0.9

P h 3P 0 .1 l x i o - 2 0.27

Bu-NC 0.1 ; l x i o - 2 0 .0 8

S o lv e n t 50 m L  acetone, T  =  25 °C, p q , =  1 a tm  in  e v e ry  reaction

th a t  t im e ,  w ith in  th e  e rro r  o f  th e  a n a ly tic a l m e th o d s  used (gas v o lu m e try  
an d  gas ch ro m a to g ra p h y ).

T h e  re a c tiv ity  o f th e  cobalox im e oxygen  com plexes tow ards th e  s u b ­
s tr a te s  h a s  been  d e m o n s tra te d  b y  add ing  so lu tio n s  o f  H 2AB, H 2Q a n d  H 2B I  
to  f re s h ly  o x y g en a ted  co b a lo x im e(II) so lu tions (L  —-  P h 3P) in  acetone , w h e re  
ra p id  fo rm a tio n  of II a n d  III is know n to  ta k e  p lace . C om plete d isap p ea ran ce  
o f th e s e  o x ygen  com plexes wras observed w ith  H 2A B  ; th e ir  c o n c e n tra tio n  
w as s tro n g ly  decreased  in  th e  p resence  of H ,Q  an d  H 2B I. W hen these  so lu tio n s 
are  co o led  to  —40 °C th e  co lo u r of th e  oxygen com plexes reappears, c a ta ly tic  
o x id a tio n  b e in g  a p p a re n tly  slow ed down.

A  q u e s tio n  of im p o rta n c e  is w heth er or n o t h y d ro g en  peroxide is fo rm ed  
as a n  in te rm e d ia te  in  th e se  deh y d ro g en a tio n s. T h e  fo rm ation  of H 20 2 is a 
re a so n a b le  p ossib ility , w h ich  can  be realized  v i a  successive or s im u ltan eo u s  
H  a to m  tra n s fe r  from  th e  s u b s tra te  to  co o rd in a ted  d ioxygen . The in te rm e d ia c y  
o f H 20 2 h a s  been  d e m o n s tra te d  b y  H a lper n  a n d  Se n n  [5] in  th e  o x id a tio n  
o f P h 3P  c a ta ly z ed  b y  P t ( P h 3P )3. A lthough, no H 20 2 is form ed in  re a c tio n s  
(1) — (3 ), i t  s till m ay  be p re se n t as an  in te rm e d ia te , w h ich  w ould su b se q u e n tly  
re a c t  w ith  a second m olecule o f  th e  su b s tra te  to  co m p le te  th e  ca ta ly tic  cycle . 
B o th  p o la ro g ra p h y  an d  co n v en tio n a l chem ical a n a ly s is  failed to  d e te c t H 20 2 
d u rin g  d e h y d ro g en a tio n s  (1) — (3). I t  has been sh o w n  th a t  H 20 2 reacts b u t  v e ry  
slowdy wri th  th e  su b s tra te s  u sed , th u s , if  fo rm ed , i t  shou ld  have been  a c c u ­
m u la te d  in  th e  reac tin g  sy s tem s. C obalox im e(II) com pounds reac t w ith  H 20 2 
o n ly  s lo w ly  and  th e  p ro d u c ts  are c a ta ly tic a lly  in ac tiv e  co b a lo x im e(III)  
d e r iv a tiv e s . These fac ts  s tro n g ly  d isfavour th e  in te rm e d ia te  fo rm a tio n  o f  
h y d ro g e n  p e rox ide  in  th e se  sy stem s.

A s concerns th e  ty p e  o f  cobaloxim e species p re sen t during  c a ta ly t ic  
o x id a tio n , th e  following has b e e n  estab lished . I n  th e  case of th e  m ost r a p id ly  
o x id ized  s u b s tra te , H 2A B , E S R  experim en ts h a v e  show n th a t  only  th e  u n ­
c h a n g e d  co b a lo x im e(II) c a ta ly s t ,  C o(H dm g)2L , is p re se n t during th e  fa s te s t
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stag e  o f th e  reac tio n  : its  signal in te n s ity  w as equal, w ith in  th e  ex p e rim en ta l 
e rro r, to  th a t  of a so lu tio n  p rep a red  u n d e r N , w ith o u t ad d ed  s u b s tra te . N one 
o f th e  oxygen com plexes o r co b a lo x im e(III)  deriv a tiv es  could  be o b serv ed  by 
p o la ro g rap h y  d u rin g  th e  reac tio n . A t la te r  stages, how ever, w h en  th e  p ro d u c t 
azobenzene reaches ap p rec iab le  co n cen tra tio n s , th e  E S R  s ig n a l due to  
C o(H dm g)2L decreases ow ing to  com plex  fo rm atio n  b e tw een  c a ta ly s t  and 
p ro d u c t (cf. la te r).

D uring  th e  c a ta ly tic  o x id a tio n  of H 2Q and  H 2B I, i .e .  th e  less reactive  
su b s tra te s , th e  p ic tu re  is s lig h tly  d iffe ren t inasm uch  as a t  th e  f i r s t  s tage  all 
3 com ponen ts of eq u ilib ria  [7], i.e. I, II an d  III are  p resen t a t  re a d ily  d e tec tab le  
levels as w itnessed  b y  E S R  an d  UV-Vis sp ec tra . L a te r , h o w ev er, III slowly 
d isap p ears  and  C o(H dm g)2(O H )L  begins to  accu m u la te , as sh o w n  b y  th e  
po larog ram s reco rded . T h is  is accom pan ied  b y  th e  decrease o f  th e  ca ta ly tic  
a c t iv i ty  (slower 0 2 u p ta k e ) .

F ro m  these  o b se rv a tio n s  i t  is ev id en t th a t  th e  fa s te r  th e  c a ta ly t ic  reac­
tio n , th e  low er th e  c o n cen tra tio n s  o f th e  oxygen  com plexes II a n d  III are at 
a given e x te n t o f re a c tio n .

E ffec t  o f  p r o d u c t  o n  h y d ra zo b e n ze n e  o x id a t io n

The decrease o f  th e  E S R  signal in te n s ity  due to  C o(H dm g)2L  a t  la te r  
s tages of H 2AB o x id a tio n  w ith o u t observab le  fo rm atio n  o f  II a n d /o r  III, or 
a n y  co b a lo x im e(III) com plexes deserves special a tte n tio n . S u ch  a  s itu a tio n  
is expec ted  to  p rev a il i f  a co ba lox im e(II) d im er form s, w h ich  w o u ld  h av e  no 
E S R  signal.

T he v o lu m etric  0 2 u p ta k e  curves show n in  F ig . 1 i l lu s tr a te  th e  observed 
p henom ena w ith  re sp e c t to  th e  effect o f  azobenzene. C urve 1 co rresponds to  
a  ty p ic a l c a ta ly tic  o x id a t io n : th e  sy stem  co n ta in s on ly  th e  c a ta ly s t  and 
hydrazobenzene. T h e  re m a rk a b ly  fa s t re a c tio n  comes to  a  r a th e r  a b ru p t stop 
a f te r  ab o u t 70%  o f th e  0 2 req u ired  has been  consum ed. S im ila r cu rves bu t 
w ith  sm aller fin a l 0 2 u p ta k e  are  observed  i f  th e  system  c o n ta in s  a d d e d  p roduc t 
(A B , curves 2 an d  3). I n  th e  p resence o f  excess P h 3P , th e  0 2 co n sum ption  
becom es g rea te r th a n  w ith o u t ad d itiv es  (cu rves 4 and  5).

The observed  b e h a v io u r  can  be  ra tio n a lized  in  te rm s  o f  co m p lex  fo rm a­
tio n  betw een  co b a lo x im e(II) an d  azobenzene, followed b y  d im e riz a tio n  to  an 
E S R -in ac tiv e  species :

C o(H dm g)2P h 3P  +  AB ^  C o(H dm g)2AB +  P h 3P  (8)

Л (I) (IV)

2 .C o(H dm g)2AB ^  A B (H dm g)2C o -C o (H d m g )2AB (9)

(V)
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I f  d im e r  У is c a ta ly tic a lly  in a c tiv e , i.e . does n o t r e a t  w ith  0 2, i t  w ill g rad u a lly  
t i e  u p  th e  active c a ta ly s t  I ,  reducing  b o th  th e  r a te  a n d  conversion. A dded  
p r o d u c t  w ill enhance th e s e  phenom ena. A cco rd in g  to  E q . (8), excess P h 3P

F ig .  1. E ffec t of additives on  k in e tic  cu rv es o f H 2AB o x id a tio n  c a ta ly z ed  b y  (P h 3P )2C o(H dm g)2. 
S o lv e n t acetone, T  =  25 °C, p q 2 «=< 1 a tm , CHsAB =  0.1 m ol/L .
1. 3 X 1 0 -*  m ol/L  (P h 3P),C o(H dm g)..;
2. 3 X 10 _4 m ol/L (Ph3P)2C o (H d m g )2 -f- 0.05 m ol/LAB;
3. 3 X  10 ~4 m ol/L (Ph3P)2C o (H d m g )2 -j- 0.1 m ol/LAB;
4. 3 X 1 0 -4  m ol/L (Ph3P )2C o (H d m g )2 -f- 0.05 m ol/L Ph3P ;
5. З х  1 0 -4  m ol/L (Ph3P )2C o (H d m g )2 +  0.1 m ol/L Ph3P

su p p re sse s  com plex fo rm a tio n  w ith  AB, lead ing  to  a  lo n g er life o f th e  c a ta ly s t 
a n d , consequen tly , to  a h ig h e r  conversion.

T o  support th ese  a s su m p tio n s  we h av e  p re p a re d  d im er V u n d e r  N 2. 
I t s  e le m e n ta l analysis, in f ra re d  spectra  and  gas c h ro m a to g rap h ic  b eh av io u r 
w ere  co n sis ten t w ith  th e  p ro p o se d  com position. A ce to n e  so lu tions of th e  solid 
p r e p a re d  give no E S R  s ig n a ls . M ethanol so lu tions o f  th e  solid  show a po laro - 
g ra p h ic  half-w ave p o te n tia l a t  a b o u t 1.25 Y (vs .  S .C .E . u n d e r  N2), in d ica tin g  
t h a t  c o b a lt is in th e  -)-2 o x id a tio n  s ta te . I ts  acetone so lu tio n s  re a c t w ith  d ioxygen  
e x tre m e ly  slowly, an d  do n o t  ca ta lyze  th e  o x id a tio n  o f hyd razobenzene. 
H o w e v e r , th e  add ition  o f  excess P h 3P  s ta rts  an d  su s ta in s  th e  ca ta ly tic  reac tio n .

I t  is in te resting  t h a t  C o (H d m g )2(P h3P) is q u ite  s ta b le  against d im eriza­
t io n  in  acetone so lu tion  [6], h ow ever, rep lacem en t o f  th e  a x ia l  P h 3P  ligand  
s tro n g ly  enhances th e  fo rm a tio n  o f a d iam agnetic  co b a lo x im e(II) dim er.
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O x yg en  in se r t io n s

R eactio n s (4) — (6) re su ltin g  in  a n e t  О -a to m  in se rtio n  occur a t  room  
te m p e ra tu re  a n d  a tm o sp h eric  0 2 p ressu re . T h e  v o lum etric  0 2-u p ta k e  ra te s  
are  m uch low er th a n  fo r d eh y d ro g en a tio n s w ith  th e  sam e co b a lo x im e(II) 
c a ta ly s ts . R eac tio n  (4) w as te s te d  for H 20 2 ; it  w as n o t fo u n d  to  a p p e a r a t 
a n y  s tages of th e  p rocess.

T he su b s tra te s  o f  reac tio n s (4) a n d  (5) a re  also good ligands. I f  c a ta ly s ts  
C o(H dm g)2L w ith  L  o th e r  th a n  P h 3P  (e .g .  p y rid in e , E t3N) a re  used  fo r th e  
o x id a tio n  of P h 3P  as su b s tra te  a t  s u b s tra te  to  c a ta ly s t ra tio s  o f  5 —20, th e n  
th e  c a ta ly s t is f ir s t  co n v e rted  to  C o(H dm g)2P h 3P . A lread y  a t  th e  ea rly  stages 
o f  th e  reac tio n , th e  oxygen  com plexes o f ty p e s  II an d  III (w ith  L  =  P h 3P ) can 
be read ily  d e tec ted  b y  E S R  and  UV-Vis sp ec tro sco p y , resp ec tiv e ly .

S im ilarly , n -b u ty l an d  n -octy l iso cy an id e  su b s tra te s  f i r s t  d isp lace th e  
a x ia l  ligand  L  a n d  th e  re su ltin g  isocyano  com plexes w ill ac t as c a ta ly s ts . T he 
ra te  of isocyan ide  o x id a tio n  is in d ep en d en t o f  th e  n a tu re  o f L  in  th e  com plex 
used  as th e  source o f coba lox im e(II). T h e  UV-Vis sp ec tra  a re  p ra c tic a lly  th e  
sam e d u rin g  o x id a tio n  w ith  an y  in itia l C o(H dm g)2L.

C onclusions

T he co b a lo x im e(II) c a ta ly s t sy stem s described  are  cap ab le  o f effecting  
b o th  d eh y d ro g en a tio n  an d  oxygen in se r tio n  processes. T he re su lts  p resen ted  
in d ica te  th e  in v o lv em en t of an  “ o x en o id ”  re a g e n t, w hich can  tra n s fe r  tw o 
oxygen  a tom s in  succession to  su itab le  a ccep to rs  or can  a b s tra c t 2 x 2  h y drogen  
a to m s from  su ita b le  H  a to m  donors. T h ese  ra th e r  rem ark ab le  fe a tu re s  are  
req u ired  b y  th e  fa c ts  th a t

(i) H 20 2 is n o t invo lved  as an  in te rm e d ia te , and
(ii) th e re  is no loss o f cobaloxim e in  th e  form  o f co b a lo x im e(III) , w hich 

is know n to  la ck  c a ta ly tic  a c tiv ity .
L e t us i l lu s tra te  th e  req u irem en ts  on  an  exam ple. Suppose th a t  th e  

superoxo  com plex  II is responsib le fo r th e  d eh y d ro g en a tio n  o f h y d razo b en - 
zene, lead ing  to  th e  fo rm atio n  o f e ith e r  H 20 2 or I I20  :

C o 0 2 +  H 2AR -> H20 2 - f  AB +  Co (10)

C o 0 2 +  H 2AB — H ,0  +  AB +  [CoO] (11)

(for c la rity , Co now  s tan d s  for C o(IIdm g)2L ). F o rm ally , re a c tio n  (10) re-pro- 
duces Co, w hich  is necessary  for re p e a te d  c a ta ly tic  cycles to  occur. H ow ever, 
th e  fa ilu re  to  d e te c t H 20 2 d u ring  th e  re a c tio n  elim inates p rocess (10) as a 
possib ility . O n th e  o th e r  h an d , reac tio n  (11) conform s to  th e  ob se rv a tio n s,
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b u t i t  is hard to visualize th e  id en tity  o f the species [CoO], F orm ally, it  is 
a co b a lty l ion and m ay he represented b y  one o f th e  following s tru ctu res:

[Со11 —О] [СоШ —0 - ]  [CoIV—0 2~]
(VI) (VII) (VIII)

or m ore probably, by a resonance hybrid o f the three structures. The transfer  
o f one H  atom  to [CoO] w ould  produce the h igh ly  stab le hydroxocobaloxim e-
(III) m o ie ty , Co111 —OH, i . e .  C o(H dm g)2(O H )L, w hich is cata lytica lly  in active , 
C on seq u en tly , the tranfer o f  each  H  atom  w ould lead  to  the loss o f  a ca ta ly st  
m olecu le , w hich is clearly not th e  case. One m ust, therefore, conclude th a t 2 
H  ato m s are abstracted b y  [CoO] in  a concerted process, v i a  a possible tran si­
t io n  s ta te  as depicted b y  E q . (1 2 ):

I CoO ] +  H A H

- í
I I  I ' h

/  X
С о— О

\  -X'
1Г  Pli

Co - r  H sO +  A I! (12)

In  sum m ary, the absence o f H 20 2 and th e  lack o f cobaloxim e(III) for­
m ation  require the presence o f  a “ double” oxenoid reagent capable o f  releas­
ing 2 o x y g en  atoms successively . This function can be performed presum ably  
b y  b o th  th e  superoxocobaloxim e C o 0 2 and the /i-peroxocobaloxim e Co — 0 2—Co 
(П and III). In  the latter case, E q . (11) should be replaced by

Co—0 2—Co +  H ,A B  — H 20  +  AB +  [CoO] +  Co (13)

In b o th  cases the second О atom  is transferred (abstracted) from [CoO], a 
species w h ose nature requires further exploration.

O xygen  insertions ( 4 ) —(6) can also be readily interpreted in term s o f  
II, III and th e  hypothetic new  oxenoid reagent [CoO]. For exam ple,

CoO, +  P h 3P  — [CoO] +  P h 3PO (14)

Co -  0 , -  Co -f- P h 3P — [CoO] +  P h3PO +  Co (15)

[CoO] +  P h 3P — P h3PO +  Co (16)

A  species analogous to  [CoO] has been assum ed by G r o v e s  and V a n  

D e r  P u y  [7] to  be the oxenoid  reagent in cyclohexanol oxidation by hydrogen  
p eroxid e in  th e  presence o f iron(II) salts, v i z .  the ferryl ion, F e 0 2+. The sam e  
iron oxo  interm ediate has been invoked to  explain selective c is-l,2 -d io l for­
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m ation from cyclohexanol when h yd roxy la ted  with iron(II)-peroxy acid 
system s [8, 9]. A  porphyrin-bound iron oxo  species was suggested  to  be re­
sponsible for the regioselectiv ity  observed in  the iron-porphine ca ta lyzed  oxy­
gen transfer from iodosylbenzene to  hydrocarbons [10]. R eactive oxom etallo  
species are not restricted to iron. An oxoporphinatochrom ium (Y ) com plex  
has been generated, which is capable o f  hydroxylating  and epoxid izing hydro­
carbons under cata ly tic  and stoich iom etric conditions, the oxygen  source 
being iodosylbenzene [11].

W ork is in progress to  obtain a deeper insight into the m echanism s o f  
these cata lytic oxidations.

E x p erim en ta l

All chem icals used  were of reag en t g ra d e , C o(H dm g)2Ln com plexes w ere p rep ared  
acco rd ing  to  s ta n d a rd  m eth o d s [4]. All re ac tio n s  w ere follow ed by  gas v o lu m e try  a n d  q u a n ti ta ­
tiv e  GC analysis. UV-Vis sp ec tra  were reco rd ed  o n  a B eckm an A cta  M IV , I R  sp e c tra  on a 
H itac h i M odel E P I-G 3 , an d  E S R  spec tra  on  a JE S -M E -3 X  ty p e  sp ec tro m ete r.

P re p a ra tio n  a n d  ch arac te riza tio n  of [А В С о 11 ( H d i r i g)./], (V). T he c o m p lex  its e lf  was 
p re p a re d  s im ilarly  to  th e  usua l co b alo x im e(II) co m p o u n d s [4] u n d e r N 2. UV -V is sp ec tru m  
u n d e r  N2 does n o t show  a n y  b an d  a ro u n d  470 n m . T h e  acetone so lu tion  o f V does n o t  give 
a n y  E S R  signal ev en  u n d e r  N2. The IR  sp e c tru m  su p p o rts  th e  presence o f A B  in  th e  coord ina­
tio n  sphere. F ro m  th e  so lu tion  of V in d iffe re n t so lv en ts  th e  expected  a m o u n t o f  A B  can  be 
d e te c te d  b y  GLC, corresponding  to  1 : 1  A B /Со ra tio . Q u a n tita tiv e  deco m p o sitio n  of 
C o(H dm g)X 2_n L„ com plexes a t  th e  tem p e ra tu re  o f th e  in jec to r (250 °C) o f th e  GLC gives free L. 
P h 3P , py  or N R j can  be  m easu red  by GLC in  su c h  a  w ay .

♦

W e th a n k  M r. J .  B o d n á r  for reco rd ing  th e  I R  sp ec tra .
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A defin itio n  of a  to rsio n al in te rn a l  coord ina te  is d iscussed  u n d e r  m ax im al 
sep a ra tio n  from  o th e r  v ib ra tio n a l c o o rd in a te s . T he arb itrariness a n d  s y m m e try  restric ­
tio n s  p re sen t in  th e  p ro b lem  are  d isc losed . I t  is also shown th a t  E c k a r t  v e c to rs  provide 
a m eth o d  to  define an d  norm alize  th e  d ih ed ra l angle change.

In tro d u c tio n

A to rs io n a l m o tio n  in  p o ly a to m ic  m olecules has b een  d e f in e d  as the  
ro ta t io n  o f one p a r t  o f a m olecule w ith  re sp ec t to  th e  re m a in d e r . W h e n  h in ­
d ra n c e  is large, th e  to rs io n a l m o tio n  becom es a to rsional o sc illa tio n  w ilh  a 
v ib ra tio n a l frequency

u> =
1

2  71 rk l

U  I s

w here  к  is th e  force c o n s ta n t o f th e  o sc illa to r , I A and  I B a re  th e  m o m en ts  of 
in e r tia  o f  groups A an d  R re sp e c tiv e ly  (see F ig . 1) abou t th e  r o ta t io n a l  axis, 
a n d  I  =  I A +  J B. In te rn a l  ro ta tio n  is b o u n d ed  b y  tw o l im itin g  cases, th e  
free  ro to r  (k  =  0) an d  a rig id  s tru c tu re  (k  =  oo). Torsional o sc illa tio n  freq u en ­
cies are  n o rm ally  observed  in  th e  fa r  in f ra re d  region of th e  s p e c tru m . Corre­
sp o n d in g ly , force c o n s ta n ts  are a b o u t a n  o rd e r of m ag n itu d e  s m a lle r  th a n  a  
n o rm al bend ing  force c o n s ta n t. T h is re p re se n ts , in  a p seu d o -d ia to m ic -lik e  pic­
tu r e ,  a v e ry  shallow  p o te n tia l w ell w h ic h  corresponds to  a la rg e  am p litu d e  
m o tio n . T h eo re tica lly  an  in te rn a l m o tio n  w ith  a large a m p litu d e  c a n n o t be 
p ro p e rly  tre a te d  w ith in  th e  a p p ro a c h  o f  in fin itesim al v ib ra tio n s , w hich  is 
th e  s ta n d a rd  sem i-rig id  p ro ced u re  [1] a n d  therefore  a su ita b le  th e o re tic a l 
ex ten s io n  is req u ired  to  inc lude  th is  p a r t ic u la r  coordinate. E x p e r im e n ta l ly  it 
is o b served  th a t  in te rn a l ro ta tio n s  s tro n g ly  couple w ith  m o le c u la r  ro ta tio n  
a n d  are  responsib le  fo r th e  p a tte rn s  o f  ch an g e  th a t  occur in  th e  ro ta tio n a l

* T o  w h o m  c o rre sp o n d e n c e  sh o u ld  b e  a d d r e s s e d

8 * Acta Chim . A cad . S e i. H u n g .  110 , 1982
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s p e c tra  o f  rigid m odels w h ic h  can  be analyzed to  y ie ld  in fo rm ation  a b o u t th e  
to rs io n a l  po ten tia l well. T h e re  is also evidence [2] o f  in te rn a l  ro ta tio n —v ib ra ­
t io n a l  coupling , th u s  c a s tin g  d o u b t on th e  com m on  assu m p tio n  in w hich  th e  
in te rn a l  ro ta tio n  m ay  be  co nsidered  sep arab le  f ro m  o th e r  v ib ra tions. T h e  
s e p a ra t io n  of th e  to rs io n  f ro m  o th e r v ib ra tions b eco m es m ore valid  th e  low er

th e  fo rce  co n stan t v a lu e . F o r  a large num ber o f  m o lecu les , however, to rs io n a l 
freq u en c ies  are co m p arab le  in  value to  som e b e n d in g  (skeletal) v ib ra tio n a l 
fre q u e n c ie s  and, th u s , th e i r  t r e a tm e n t  w ith in  th e  v ib ra tio n a l problem  seem s 
n e c e ssa ry .

T h e  defin ition  o f a n  in te rn a l  coord inate  fo r  th e  to rs io n a l oscillation has 
b e e n  a  con troversia l issue  in  th e  lite ra tu re . F o r  in s ta n c e , it  has been a rg u ed  
b y  Mayantz and  Shaltuper [3] th a t  an  in d e p e n d e n t in te rn a l v ib ra tio n a l 
c o o rd in a te  for the  to rs io n a l m o tio n  cannot be w o rk e d  o u t, while Williams [4] 
h a s  re c e n tly  sum m arized  m o s t  o f th e  prev ious r e s u lts  on to rsional in te rn a l  
c o o rd in a te s  and  has g iv en  genera lized  expressions fo r  th e  Wilson’s v e c to rs  
[1] o f  osc illa ting  a to m s. T h e se  generalized ex p re ss io n s  shou ld  be “ ap p licab le  
to  m o lecu les of an y  g e o m e try  an d  sy m m etry ”  [4 ]. T h ese  resu lts, how ever, 
seem  to  be restric ted  to  th e  m o lecu la r m odel o f co a x ia l sym m etry -to p  g ro u p s. 
T h e  g en era l case of tw o  a sy m m e tr ic  ro tors does n o t  a llow  a m axim al s e p a ra ­
tio n  o f  to rs io n  from  ro ta t io n ,  th e re b y  p rev en tin g  th e  d efin itio n  of an  in te rn a l 
to rs io n a l  coordinate.

A  defin ition  of th e  in te r n a l  to rsional c o o rd in a te  is a tte m p te d  here  u sin g  
a m in im iz a tio n  tech n iq u e , i.e . m inim izing th e  c o n tr ib u t io n  of o ther v ib ra tio n s  
to  th e  to rs io n  and  th e re b y  d e fin in g  th e  c o o rd in a te  u n d e r  m axim al se p a ra tio n  
from  rem ain in g  v ib ra tio n a l coo rd in a tes . I t  is a lso  sh o w n  for th e  p a r tic u la r  
case o f  tw o  coaxial sy m m e tr ic  ro to rs  th a t  Eckart v e c to rs  as defined b y  Louck 
a n d  Galbraith [5] p ro v id e  a  su itab le  an d  c o n v e n ie n t fram ew ork fo r th e  
d iscu ss io n  of the  to rs io n  c o o rd in a te . Williams’ n o ta t io n  will be follow ed as 
c lo se ly  as possible.

A cta  Chirti. Acad . Sei. Hunt'• 11 0 , 1982

F i g .  1. Molecular model for internal rotation



AROCA et al.: TORSIONAL INTERNAL COORDINATE 473

D eriv a tio n  o f the  to rsional c o o rd in a te  expressions

A ccording to  M a l h io t  an d  F e r ig l e  [6] a n  in te rn a l c o o rd in a te  m ay  be 
defined  as th e  d ifference  betw een  a sc a la r  fu n c tio n  f ( r t) o f in s ta n ta n e o u s  
positio n  v ec to rs  re la tiv e  to  som e fixed  p o in t  a n d  th e  sam e fu n c tio n  a t  th e  
equ ilib rium  co n fig u ra tio n . T herefore th e  to rs io n a l in te rn a l co o rd in a te  is 
defined  as

A *  = f ( r t) (1)

( i  =  1, 2, . . . , N ,  w here  N  is th e  to ta l  n u m b e r  o f a tom s in  th e  m olecule).
C onsidering in fin ite s im a l dev ia tio n s fro m  th e  equ ilib rium  co n fig u ra tio n , 

w hich  is th e  b asic  a ssu m p tio n  in  th e  th e o ry  o f  in fin ites im al v ib ra tio n s , if  
/ ( r , )  is ex p an d ed  in  a  T ay lo r series an d  te rm s  h ig h er th a n  f ir s t  o rd e r in  th e  
expansion  are  n eg lec ted , i t  is found  th a t

2  (V //)o  (r,- -  r?) =  2  s i 'A r i (2)
i

w here  th e  sy m bo l ( ) 0 is used  for th e  g ra d ie n t a t  equ ilib rium . I t  is know n 
from  E c k a r t  co n d itio n s  [1, 5] th a t  s,- v e c to rs  m u st sa tis fy  th e  equ a tio n s

N
2 st =  0
/=i

( 3 )

N
J S ’ Sj x  r, =  0 ( 4 )
1 =  1

a n d  since s t a re  th ree -d im en sio n a l vec to rs , th e re  is a to ta l  o f 3N  coo rd in a tes . 
E q u a tio n s  (3) a n d  (4) p rov ide  a to ta l  o f  six  re la tio n sh ip s  be tw een  th em  and  
one eq u a tio n  fo r n o rm a liza tio n . T here ex is ts  th e n  an  a rb itra rin e ss  in  th e  selec­
tio n  o f s t co o rd in a te s  o f  th e  order of 3N  — 7, a n d  th ere fo re  a g enera l exp res­
sion  for th e se  coeffic ien ts  is given by

3 N - 7

s'i =  j y  ca s f
a= 1

( 5 )

E q u a tio n  (5) c e r ta in ly  supp o rts  th e  a rg u m e n t [3] th a t  a d e fin ite  v a lue  
o f a to rs io n a l c o o rd in a te  (2) does n o t u n iq u e ly  d e te rm in e  ev e ry  d ih ed ra l 
change in  th e  lin e a r  co m b in a tio n  defin ing  th e  in te rn a l  coo rd ina te . T h is in d e te r­
m inacy  does n o t, how ever, question  th e  in te rn a l  coo rd in a te  d e fin ition .

L et us consider in itia lly  a group  o f  a to m s  i  — 1, . . . , m  a tta c h e d  to  
a fix ed , n o n te rm in a l a to m  A, and  if  r(- is th e  eq u ilib riu m  p o sitio n  v ec to r  of 
th e  i th  a tom  from  th e  cen tre  of m ass o f th e  m olecule , £>,• th e  eq u ilib riu m  bond

9 A cta  C him . A cad . S e i. H u n g . 110, 1982
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le n g th  b e tw een  A an d  th e  i t h  a to m , an d  e,- a u n it  v ec to r  d irec ted  a lo n g  th e  
b o n d , th e n  p t =  p,e,- is th e  b o n d  v ec to r.

A ll changes of p i  v e c to rs  th e n  rep re sen t th e  d isp lacem ent fro m  th e  
re fe re n c e  geom etry  in  te rm s  o f  m olecule fixed  co o rd ina tes an d  can  be  due  to  
in te r n a l  m otions (v ib ra tio n s) o r in te rn a l ro ta tio n  ab o u t an  axis n.

T h e  to ta l  change dp, d u e  to  in te rn a l m o tio n  can  th u s  be w r it te n

dP i  =  dp? +  (p, X n)  d Ф

w h e re  ( p ( X n )  dФ is th e  c o n tr ib u tio n  to  th e  a to m ic  d isp lacem ents d u e  to  an 
in te r n a l  clockwise ro ta tio n  d 0  o f  th e  g roup  o f te rm in a l a tom s w ith  re sp ec t 
to  a n  a x is  n  w hich coincide w ith  th e  chem ical bond  A — B. In  o rd e r to  s e p a ra te  
b o th  co n tr ib u tio n s  th e  sum  o f  th e  squares o f d p ]  is m inim ized. I n te rn a l  to r ­
s io n a l co n trib u tio n s  are  th e re fo re  m ax im ally  se p a ra te d  from  o th e r  in te rn a l 
m o tio n s ,

2  lid p ? li2 =  2 W AP i -  ( P i X n )  d 0 |! 2 (7)
i  i

o r

\ I d p ? I i2 dp, l2 +  d -ф  2  ( P i  X re) Í i2 — 2 (dp ,, (p, X n )) d<Z> (8)
i  i  i  i

T a k in g  th e  derivative  w ith  re sp e c t to  d 0 , an d  se ttin g  it  equal to  zero , w e h av e

(9)

( 10)

E q u a tio n  (6) can  be re w r i t te n  using  m ass-w eigh ted  vec to rs d e fin ed  [1] 
as p i  [/m, p ,. The ex p ressio n  o b ta in ed  by  th e  m in im ization  p ro ced u re  is 
th e n  g iv en  by

2d Ф J £ | | ( p , - X n | |2 - 2  £  (d p „  (p „  X n ) )  =  0
i  i

a n d
d 0 =  у  (dTp ( P i x  ” )) . (P , X n)  ■ (p , X n)

i (P, X n )(p , X n) 2  (P i  X n ) (P j  X n)

d 0 =  V  (dPo (p. X ” )) . m i a?

(p , X n) ■ (p i  X n )  2  m i a ?
i

( 11)

w h e re  o f  is th e  square o f th e  d is ta n c e  o f th e  i th  a to m  from  th e  n ax is. I t  shou ld  
be  n o te d  th a t

K , = ^ ~  an d  2 K ' = 1 .  (12)
1 A  i

A cta  Chim . Acad. Sei. Hung. 110, 1982
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T h e f irs t te rm s  in  (10) an d  (11) re p re s e n t th e  p ro jec tion  o f  a  d isp lacem en t 
dp,- on th e  ax is p e rp en d icu la r to  th e  p la n e  fo rm ed  by  p,- an d  n ,  a n d  is te rm ed  
d 0 ,. W hen  all m te rm in a l a tom s a re  e q u iv a le n t (same d is ta n c e  a,- a n d  m ass), 

1 1
th e n  K j  = ---- an d  dФ =  ^  ЙФ,, w h ich  is th e  classical fo rm u la  fo r  m ole-

in m i
cules in  w hich  a sy m m etric -to p  g ro u p  is a tta c h e d  to  th e  fra m e .

I f  w e define A t{ =  KjA<P, A r t is  c le a rly  th e  change in  th e  d ih e d ra l angle 
due  to  th e  ro ta t io n  of th e  a to m  i  b y  th e  angle АФ. T he a c tu a l  ch an g e  in  a 
v e c to r  r { u p o n  ro ta tio n  th ro u g h  АФ  a b o u t th e  n axis is given b y

A r  I =  ( г /  X  n)  А Ф .  (13)

E q u ilib riu m  positio n  v ec to rs  r,- c an  be  w ritte n  in  te rm s  o f  b o n d  vecto rs 
an d  rA, th e  equ ilib riu m  position  v e c to r  fo r th e  atom  A.

Г,  =  Г д  +  Qie i ;  Tj =  ГВ  +  Q f j  ; r B =  r A +  (5A B e A B  ( 1 4 )

F o r  sy stem s w here  th e  cen tre  o f m ass  lies on  th e  axis of ro ta t io n  (rAX n ) =  0 
a n d  (13) gives

zlr( =  — Qt s in  act hi АФ  (15)
w here

h, =  (e, X  eAB)(sin  cq)-1 . (16)

C om bining  p rev io u s re su lts  th e  e x p lic it v a lu e  o f A r t is f o u n d :

A t j  = --------^ — h j - A r j .  (17)
Qi sin

H ence

* , = --------- — К .  (18)
Qi  sm  a,-

T h e so-called  genera l expression [4] fo r  a  to rs io n a l coo rd in a te  o f  a m o lecu la r 
m odel in  w hich  th e  axis o f in te rn a l ro ta t io n  is th e  A —В ch em ica l b o n d  can 
now  be  w r itte n  u sing  E ck a rt’s c o n d itio n s  (4).

m l
2  p /(*/ X  e , )  +  s j  X ( eAB Pa b  +  e j  Qj)  +  ( s B X eAB) Pa b  =  0 . (19)
i = 1  j = i

T ak in g  th e  v e c to r  p ro d u c t o f едв w ith  each  side, and  w ith  th e  a id  o f  th e  
p ro p e rtie s  o f th e  tr ip le  v ec to r p ro d u c t , e q u a tio n  (19) gives 

m l  l
2  P«(ea b  • e i) s i +  £  Qj  (eAB • e j )  S j  +  ^ s ,  qa b  +  s B qa b  =  0 , (20)
, = i  7 - 1  7 - 1

( e AB '  e i) —  c o s  ®(AB> ( e A B  '  e j )  —  — COS X j B A .

Acta  Chim . A cad . S e i. H u n g . 1 1 0 , 1982
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H en ce , (2) f in a lly  p ro d u ces

s b  — —  sj  —  2
Qi cos c ^  Q j  C O &  C t j

7 = 1  1= 1  G AB J - 1 G A B

A  sim ila r exp ression  can  be ob ta in ed  fo r  sA :

-Sj. ( 21)

m l

,a = - 2 « - 2 * ^ ' j +  2
Qi  COSOCf

S i  .

i=1 /=1 Gab í= i Gab
( 22)

C om bining  A x  =  ^  / I t .-, w ith  (17), (21) a n d  (22), th e  general exp ression  
(2) is o b ta in e d : 1

=  2 K ti(eis in  <*,■) 1 -  ( gab ч  «/) 4  К  • Лга +
i= i

+  2  Kj (G a b  t g  <*y) _1 h J ■ d r  A +  2  K J  [(Gy s i n  *y) _1 -  
7=1 7= i

m

— (G a b  tg  «у)-1 ] h j  ■ Л г в +  2  K i (G a b  tg  а , ) - 1  Л, • Лгв -
1 =  1

m l
—  2 K i  (Qi s in  x i) _1 h i  ■ Ar, —  2 K j ( qj  sin  X j ) ~ 1 hj ■ Ä T j . (23)

1=1 7=1

I t  w as p rev io u sly  p o in te d  ou t th a t  for in te rn a l  sym m etric  ro to rs  K t =  
— m ~ 1 a n d  K t =  Í - 1 . T h e re fo re , for m olecules in  w h ich  th e  axis of in te rn a l 
r o ta t io n  is th e  axis o f loca l sy m m etry , expressions (23) in  th e  p resen t w o rk  
a n d  (32 ) in  W il l ia m s ’ p a p e r  are eq u iv a len t. I t  is th u s  concluded th a t  th is  
fo rm u la  is in  fac t re s tr ic te d  to  th e  to rsion  o f c o a x ia l  sy m m etric  ro to rs.

Torsional m otion and the Eckart fram e

T h e  resu lts  o f th e  p rev io u s  section  can be o b ta in e d  indep en d en tly  u sin g  
E c k a r t  vec to rs an d  E ck a rt  fram es, an d  th e  sy m m e try  restric tions c lea rly  
v isu a lized  from  th e  g eo m e try  o f  th e  problem .

L o uck  and  Ga l b r a it h  [5] have  d e fin ed  th re e  E ckart v ec to rs  F t 
( i  =  1, 2 , 3) in  te rm s o f  th e  equ ilib rium  p o sitio n  v e c to rs , th e  m asses o f  th e  
p a r tic le s  an d  th e  in s ta n ta n e o u s  position v ec to rs . T h e y  have  also defined  an  
E ck a rt  fram e as a r ig h t-h a n d e d  t r ia d  of u n it  v e c to rs  /,■ ( i =  1, 2, 3) in  te rm s  
o f th e  v e c to is  E T he e q u ilib riu m  (s ta tic  m o lecu la r m odel) E ckart fram e a n d  
th e  e q u ilib riu m  p rin c ip a l ax is  fram e coincide. T h e re fo re , in  m a trix  n o ta tio n

A cta  Chim. Acad. Sei. H ung. 110, 1982
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E ckart vector m atrix at equilibrium can be w ritten  as [7]

F n =  A M  A  (24)

w here  F 0 is a 3 x 3  m a tr ix  w hose colum ns co n ta in  th e  co m p o n en ts  of th e  3 
v ec to rs  M  is th e  N x N  d iagonal m ass m a tr ix , a n d  A  is th e  tran sp o se  o f  
A  con ta in ing  th e  co m p o n en t o f th e  equ ilib rium  v e c to rs  r®. T h u s  F „  is a d iago­
n a l m a tr ix  in  th e  eq u ilib riu m  in e rtia l p rin c ip a l ax is  fram e .

F o r th e  s tu d y  o f  to rs io n a l m o tion , local E ckart fram es can  be  defined 
from  th e  positio n  v e c to rs  o f  th e  ro to rs  A an d  В  as w ell as E ckart v ec to r 
m a trices  F A a n d  F B. A ssum ing  tw o  co a x ia l  sy m m etric  ro to rs  w ith  a com m on 
z  ax is, th e  p rin c ip a l ax is  fram es are  linked  to  th e  E ckart fram es locally , an d  
th e  F  m atrices a re  d iag o n a l. In fin ite s im a l ro ta tio n s  dФ А o f  th e  ro to r  A an d  
d(£B o f th e  ro to r  В a re  e q u iv a len t to  considering  in f in ite s im a l ro ta tio n s  of th e  
ro to r-fix ed  ax is sy s tem . Mey er  an d  R edding  [7] h a v e  re c e n tly  show n th a t  
a sim ple ro ta tio n  o f th e  m o lecu la r groups p roduces a ro ta t io n  o f  th e  E ckart 
fram e, and  th a t  th e  change in  F  can  sim ply  be  w r it te n  as

d F  =  d R F  . (25)

T h e  an tisy m m etric  m a tr ix dR  o f a ro ta tio n  dФ a b o u t th e  z  axis is given by

0 d Ф
dR  = - d  Ф

0

0

0

0  "

0

0

C onsidering th a t  fo r  th e  u n m ix ed  to rs io n a l m o tio n  
eq u a tio n s are  o b ta in e d  :

F f  dtf>A +  F ?  d<Z>B =  0 ,  

F 2a d<PA +  F 2b d 0 B =  0 .

d F A -f- d F B =  0,tw o

(26)

(27)

S u b trac tin g  (27) from  (26) produces th e  tr iv ia l re su lt F f1 =  F A, confirm ing  
th a t  A and  В a re  sy m m etric  ro to rs . A dding  th e se  tw o  eq u a tio n s , i t  is found  
th a t

J A d 0 A +  J B d<Z>B =  0 , (28)

m ean ing  th a t  th e  c o n tr ib u tio n  of th e  an g u la r m o m en tu m  a b o u t th e  axis o f 
in te rn a l ro ta tio n  to  th e  to ta l  an g u la r m o m en tum  is zero.

The f irs t te rm  in  (28) fo r a sm all change А Ф  re p re se n ts

I A Л Ф А  =  2  T H i  «? А Ф А
i

(29)

A c ta  C h im • A c a d . S e i. H u n g . 110, 1982
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О Г

m

а ф к  =  2 К <ЛФ * =  2 A t í (3°)
1 í= i

w h ere  К ,• a re  th e  sam e co e ffic ien ts  defined  b y  (12). T h e  to ta l  ro ta t io n  АФ а 
is th e  a d d it io n  of a tom ic n o rm a liz e d  co n trib u tio n s zJr,- d efin ed  b y  (17). T he 
an g le  o f  to rs io n  w ith in  th e  m o lecu le  is defined b y

m + l  m + l

Ax  =  АФа  —  АФВ =  2  Axi =  2  Sj • Art . (31)
i i

E q u a t io n  (31) can now he re w r i t te n  fo r tw o p ra tic u la r  cases.
i) C oax ia l-equ ivalen t s y m m e tr ic  ro to rs  : in  th is  case АФа =  — АФВ :

f a  =  2  Ki а ф а -  2  Kj ЛФВ (32)
i j

Ат =  2 2  K i А Ф а  =  -  2 2  К < ((б /sin * .)_1 h i - A r i (33)
i i

ii) N o n-equ iva len t c o a x i a l  sy m m etric  ro to rs :

Ax =  2  Ki АФа — 2  Kj АФВ (34)
‘ j

A x =  — 2  K {  s in  Kj) 1 hi ■ A r f — 2  K j ( e j  sin  x i) 1 ' A r j- (35)
i i

In  a ll p re v io u s  cases th e  v a lu e  А Ф  h a s  been ta k e n  from  (15).

D iscu ssio n  a n d  Conclusions

T h e  m olecular m odel co n s id e re d  in  th is  p a r t ic u la r  d iscussion  o f th e  
to r s io n a l  v ib ra tio n a l c o o rd in a te  consists  o f tw o sem i-rig id  p a r ts  connected  
b y  a  c h e m ic a l bond A —В a b o u t  w h ich  th e  tw o p a r ts  m a y  ro ta te  w ith  respect 
to  e a c h  o th e r . F o r all p re v io u s  d e riv a tio n s  i t  h as  b een  assu m ed  th a t  th e  
ax is  o f  ro ta t io n  coincides w ith  th e  bo n d  A —В a n d  c o n ta in s  th e  cen tre  of 
m ass  o f  t h e  en tire  m olecule. U n d e r  th ese  cond itions e q u a tio n s  (15) to  (23) 
are  v a l id .  F o r  th e  p a r tic u la r  case  in  w hich  th e  cen tre  o f m ass  o f  th e  respective  
r o to r  lie s  also  on th e  axis o f  r o ta t io n ,  equa tion  (23) is re d u c e d  to  th e  case of 
tw o  e q u iv a le n t  coaxia l  sy m m e tr ic  ro to rs  (33) or tw o  n o n -e q u iv a le n t co a x ia l  
s y m m e tr ic  ro to rs  (35). T h is s im p lif ic a tio n  of (23) cou ld  h a v e  b een  in ferred  
fro m  th e  m odel itself w here n u ll  s vec to rs should  be assigned  to  th e  atom s
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fo rm ing  th e  b o n d  a b o u t w hich th e  to rs io n  occurs. Therefore e q u a tio n  (23) 
does n o t rep re sen t a general case a n d  i t  is re s tric ted  to  c o a x ia l  sy m m etric  
ro to rs .

T he g enera l case is a m olecular m o d e l o f tw o a sy m m etric -to p  groups 
jo ined  b y  a chem ical bond  A — В a b o u t w h ich  th e  tw o p a rts  m ay  r o ta te  w ith  
respect to  each  o th e r. In  th is  case th e  c e n tre  o f mass of th e  a sy m m e tr ic - to p  
group  does n o t lie on  th e  axis of ro ta t io n . T he tran s la tio n  o f th e  m olecule 
as a w hole is neg lec ted  ; i .e . ,  Eckart’s co n d itio n  (3) is fulfilled. T h e re  ex ists, 
how ever, a n e t c o n tr ib u tio n  of th e  to rs io n  to  th e  to ta l ro ta tio n a l en e rg y  [8] 
given b y  th e  k in e tic  energy  of a m ass M 1 a t  th e  cen tre  of m ass o f  th e  top-1  
an d  a m ass M 2 a t  th e  cen tre  of m ass o f  th e  top-2  re la tive  to  a n  ax is  system  
w hose orig in  is a t  th e  cen tre  of m ass o f  th e  w hole m olecule. T h e re fo re , th e  s 
v ec to rs  fo r th e  in te rn a l to rsiona l c o o rd in a te  o f  tw o asym m etric  ro to rs  w ill no t 
sa tis fy  th e  Eckart cond itio n  (4), i . e . ,  v ib ra t io n  and  ro ta tio n  c a n n o t be sepa­
ra te d  fo r th is  p a r tic u la r  in te rn a l c o o rd in a te . I t  is th e reb y  co n c lu d ed  th a t  a 
to rs io n a l in te rn a l co o rd in a te  fo r th e  m o d e l o f  tw o asym m etric  ro to rs  o sc illa t­
ing  a b o u t an  A —В bo n d  can n o t be d e fin e d . F in a lly , i t  shou ld  b e  n o te d  th a t  
Eckart’s co n d itio n  (4) w as used in  th e  d e r iv a tio n  of (23) w hich  e x p la in s  th e  
re s tr ic tio n  o f th is  fo rm u la  to  co a x ia l  sy m m e tr ic  ro to rs.

T he a u th o rs  w ish  to  th a n k  Professor F . T ö r ö k  an d  D r .  N. F . S t e p a n o v  fo r  helpful 
discussions.
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Jo ach im  B u d d r u s  : G ru n d la g e n  d e r  O rganisch en  C h em ie  

W alte r  de G ru y te r, B erlin  — N ew  Y o rk  1980, 754 S eiten

W er sich die A ufgabe s te llt , ein  L eh rb u c h  de r organischen Chemie fü r  G ru n d k u rse  an 
H ochschu len  zu sch reiben , is t  in  e iner schw ierigen  Lage. D as G ebiet de r o rg a n isch e n  Chemie 
is t gew altig , der V erfasser is t  jed o ch  d u rch  die gegebene — u n d  m eist geringe — S tu n d en zah l 
u n d  d u rch  den fu n d ie ren d en , e in fü h ren d en  C h a ra k te r  des B uches g eb u n d en . D ie  vielleicht 
w ich tigste  F rage  de r S tra te g ie  des B u ch sch reib en s is t  d abei, was aus dem  h o ffn u n g slo s  riesigen 
a b e r aus diesem  oder jen em  G ru n d  gleich w esen tlich  e rscheinenden M ateria l im  B u c h  e n th a l­
te n  u n d  m it w elchem  G ew icht b e h an d e lt sein soll. Im  großen  und  ganzen s in d  d ie  P rinz ip ien  
fü r  die A bfassung gegeben : n eben  de r he rk ö m m lich en , m ehr oder m in d e r  k u rzg efaß ten , 
a u f  den  T ypen  des K o h le n s to ffg e rü s tsu n d  de r fu n k tio n e lle n  G ruppen b e ru h en d e n  B eh an d lu n g s­
weise h a t  sich in  le tz te re r  Z eit e in  m o d ern eres S y stem  durchgese tz t, d as s ich  a u f  Begriffe, 
P rin z ip ien  u n d  v o r a llem  a u f  R e a k tio n s ty p e n  s tü tz t .  E s erwies sich, d a ß  b e id e  Selek tions­
p rin zip ien  geeignet sind , e in  g u tes L eh rb u ch  de r o rg an isch en  Chemie zu sch re ib en . B eide  N ähe­
ru n g e n  besitzen  ih re  V or- u n d  N a ch te ile : d ie e rs te  g ib t einen besseren  Ü b e rb lic k  ü b e r die 
G esam th e it der o rg an ischen  Chem ie, jed o ch  v e r lie r t  sich  de r S tud ierende  d a b e i le ic h t in  den 
E in ze lh e iten , e r  s ieh t den  W ald  v o r B äu m en  n ic h t. D ie zweite ist k a u m  g e e ig n e t, d as S toff­
w issen zu  e rw e ite rn , g ib t a b e r d a fü r solche th eo re tisch e  G rundlagen, die d ie  S tu d e n te n  befähi­
gen , ein  belieb iges G eb iet de r o rgan ischen  C hem ie in  ausreichender T iefe zu  v e rs te h e n  und  
sein  W issen a u f  dem  gegebenen  G ebiet zu  n u tze n .

D em  A u fb a u  n ach  fo lg t das vorliegende B u ch  eher dem  trad itio n e lle n  W eg . D er ein­
le iten d e  A b sch n itt, w orin  die G rundbegriffe , die a llgem einen  F ragen  der B in d u n g s th eo rie  und 
de r chem ischen R e a k tio n e n  b e h an d e lt sind , i s t  a u ffa llen d  ku rz  (29 Seiten), so d a ß  zum  Ver­
s tä n d n is  des B u ch es frü h e r  e rw orbene, g rü n d lich e  theo re tisch e  K en n tn isse  e rfo rd e rlic h  sind. 
D er V erfasser versch w eig t n ic h t, d aß  er bei de r B e h an d lu n g  der w ich tigen  E rsc h e in u n g en  der 
o rgan ischen  Chemie (K o n fo rm atio n sg le ich g ew ich te , A ro m a tiz itä t, T a u to m e r ie  usw .) auf 
spek troskop ische  M ethoden , vo r allem  a u f  d ie  K ernm agnetische  R eso n an z-S p ek tro sk o p ie  
b asieren  w ird. Diese K o n z ep tio n  is t  n ic h t n eu , g e h ö rt ab e r dennoch zu  d e n  V o rzü g en  des 
B u c h e s : du rch  ih re  k o n se q u e n te  A nw endung  e rre ich t de r V erfasser, d a ß  d ie  anregenden  
th eo re tisch en  u n d  p ra k tisc h e n  Prob lem e u n d  ih re  L ösungen  u n tre n n b a r  m it  d e n  gegenw ärtig  
am  allgem einsten  an g ew e n d e te n  M ethoden  d e r S tru k tu ru n te rsu c h u n g  v e rb u n d e n  b leiben.

N ach  dem  e in le iten d en  Teil folgen die K a p ite l  über gesä ttig te  K o h len w asse rsto ffe , 
O lefine , A cety len -K oh lenw assersto ffe  u n d  m eh rfa ch  u n g esä ttig te  K o h len w asse rsto ffe . N ach 
d e r V o rfü h ru n g  de r C ycloparaffine  u n d  de r b en zo id en  K oiilenw asserstoffe w e rd en  d ie  H alogen­
v erb in d u n g en , die m eta llo rg an isch en  V erb in d u n g en , die Alkohole u n d  P h e n o le , Ä th e r, Oxo­
v erb in d u n g en  u n d  sch ließ lich  d ie C arb onsäuren  u n d  ih re  funktionellen  D e riv a te  in  d e r gew ohn­
te n  R eihenfolge b e h a n d e lt . D as K ap ite l ü b e r  A m ine  b ild e t den Ü bergang  zum  T h e m a  Am ino­
säu ren , P ep tid e  u n d  P ro te in e . A bschließend fo lgen d ie K ap ite l ü b er h e te ro cy c lisch e  V erb in­
d u n g en  u n d  k u rz  die im  voran g eg an g en en  n ic h t b e rü h rte n  N atu rsto ffe .

D ieser k lassische A u fb au  w ird  v o rte ilh a f t  e rg än z t durch  Teile ü b e r  P o ly m erisa tio n s 
re ak tio n e n  (K ap ite l 6), pericyclische  R e ak tio n en  (K a p ite l 7). n ich tbenzo ide  a ro m a tisch e  und  
a n tia ro m a tisch e  V e rb in d u n g en  (K a p ite l 10), E n an tio m e rie  (K ap ite l 11) sow ie  nukleophile  
S u b s titu tio n s- u n d  E lim in a tio n sreak tio n en  (K a p ite l  12 bzw . 13).

D er W ert des B uches w ird  geste ig ert d u rc h  die B ehandlung  m o derner S y n th esem e th o d en  
(z. B. die W ittig -S y n th ese ), m eh rs tu fig e r u n d  tec h n isch e r Synthesen , M eta ll-A lken-K om plexe
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u n d  im  allgem einen die V o rfü h ru n g  de r B edeutung v o n  e lem en ta ro rg an isch en  V erb in d u n g en  
in  d e r  o rgan ischen  Chemie. D ie k u rz e  B ehandlung de r K o h le n h y d ra te  am  E nde des K a p ite ls  
ü b e r  O xoverb indungen  is t  a u c h  g u t  gelungen.

D ie  B eh an d lu n g sart des S to ffe s  is t durchaus v o n  h o h e m  N iveau  u n d  wohl fu n d ie r t ,  
o b w o h l ä u ß e rs t  k n ap p g efaß t u n d  ste llenw eise  sogar lak o n isch . D a d u rch  konnte  der V erfasser 
n a h e z u  das gesam te G ebiet d e r o rg an isch en  Chemie a u f  754 S e iten  erö rte rn . D em gem äß  is t 
jed e s  e inzelne  W ort von G ew ich t, w obei der Mangel a n  e rk lä re n d e n , lockerer v e rfaß ten  T eilen  
das B u c h  zu einer tro ck en en  L e k tü re  m ach t und  das V e rs tä n d n is  des Stoffes e rschw ert. D ie 
V e rtie fu n g  in  die Theorie de r o rg a n isch e n  Chemie is t k e inesw egs im  T ex t vo rh an d en , je d o c h  
s t r e b te  d e r Verfasser dies o ffen s ich tlic h  n ich t an. D ie e in fa ch e n  A ufgaben am  S chluß  de r 
e in ze ln en  K ap ite l passen g u t  zu m  b e h an d e lten  S to ff ; ih re  L ö su n g  is t  im  A nhang zu f in d en . 
D ie F o rm e ln  u n d  A bb ildungen  z u r  I llu s tra tio n  des T ex tes  s in d  zw ar n ich t besonders au g en ­
fä llig , d o ch  k lar u n d  a n sc h au lic h .

N a ch  der M einung des R e z e n se n te n  kann  dieses L e h rb u c h  — wegen der a u ß e ro rd e n t­
lich  g e d rä n g te n  Fassung — fü r  d e n  G ru n d s tu fe n u n te rrich t n u r  zusam m en  m it e rk lä ren d e n  
V o rle su n g en  oder bei e in g eh en d e r B eh an d lu n g  in  S em in a ren  m it  E rfo lg  verw endet w erd en .

E in  w esentlicher M angel i s t  d ie  nahezu  unbegreifliche  K ü rz e  des K apite ls ü b e r h e te ro ­
cy clisch e  V erb in d u n g en : in sg e sa m t 21 S eiten ! D er T ite l des K a p ite ls  11 („ E n a n tio m erie “ ) 
is t u n g ew ö h n lich , noch m eh r a b e r  d ie  auffallend geringe A n z a h l d e r Beispiele sowie das F eh len  
v o n  gesch ich tlichen  H inw eisen .

D ie  „G rundlagen  de r O rg a n isch e n  Chemie“ v o n  J o a c h im  B u d d r u s  is t ein w ertvo lles 
L e h rb u c h , eigenartiges u n d  g e d an k e n erre g en d e s  P ro d u k t d e r  je tz ig e n , nach  der sp ru n g h a ften  
th e o re tis c h e n  E n tw ick lung  fo lg en d e n  Epoche der o rg an isch en  Chem ie.

A . K u c s m á n

D epartm ent  o f  Organic Chemistry , Eötvös Loránd U niversi ty , Budapest

Ja ro s la v  B e n e s  : R a d i o a k t i v e  K o n t a m i n a t i o n  d er  B io sp h ä re

V E B  G u s ta v  F ischer Verlag Je n a , 1981, 206 pp.

I n  de r V erunrein igung d e r U m w e lt spielt die K o n ta m in a tio n  der B iosphäre m it ra d io ­
a k tiv e n  S toffen  eine zu n eh m en d e  R olle . Die E n erg iee rzeu g u n g  d u rc h  A to m kraftw erke  sow ie 
d ie V e rb re itu n g  der fried lichen  A n w en d u n g  von ra d io a k tiv e n  Iso to p en  erhöhen die G efahr 
d e r U m w eltv e rsch m u tzu n g . D esw eg en  kom m t dem  B uch , d a s  fü r  einen b re iten  K reis v o n  
L ese rn  b e s tim m t ist, eine g ro ß e  B e d e u tu n g  zu.

G liederung u n d  W ah l de r e inzelnen  K apitel erfo lg te  n a c h  d id ak tisch en  G esich tsp u n k ­
te n , u m  P h y sik e rn , A rtz te n , C h em ik e rn  und  Biologen Ü b e rb lic k  zu  geben.

D ie erste  tschechische A u flag e  erschien im  J a h re  1974 u n d  w ar h au p tsäch lich  fü r  
tsc h ec h isch e  Leser b e s tim m t. F ü r  d ie  deutschsprachige A u sg ab e  w u rd e  das B uch u m g e a rb e ite t  
u n d  e in iges Bild- und  T a b e lle n m a te r ia l  ausgew echselt, u m  es fü r  e inen  allgem einen L eserkreis 
g e e ig n e t zu m achen. U n te r  d iesem  G esich tspunkt w u rd e  d ie  G liederung  der K ap ite l v o rg e ­
n o m m e n  :

K a p ite l 1. b efaß t sich  m it  d e r  B estim m ung der „ B io s p h ä re “ , u n te rte ilt  in  D efin itio n  
u n d  S t r u k tu r  der Ö kosystem e (20 Seiten). K apitel 2 6 v e rm it te ln  die G rundkenn tn isse  ü b e r
die R a d io a k tiv i tä t  und  ü b e r  d ie  versch iedenen  Quellen d e r  ion isierenden  S trah lu n g  in  de r 
B io sp h ä re , wie natü rliche , k o sm isch e  u n d  von den k ü n s tlic h e n  R ad ionuk liden  h e rrü h re n d e  
S tra h lu n g . Diese P ro b ien  a tik  n in  m t  in dem B uch in sg e sa m t 50 Seiten ein. Die K a p ite l  7 
m id  8 (30 Seiten) geben e in en  Ü b e rb lick  über die v o n  ra d io a k tiv e n  A bfällen v e ru rsa c h te n  
U m w eltsv eru n re in ig u n g en . D ie R a d io a k tiv itä t  der A tm o sp h ä re , des W assers, des B odens 
u n d  d e r  P flan zen  wird in d en  n ä c h s te n  K ap ite ln  (9 13) a u f  65 S eiten  d e ta iliert b e h an d e lt.
V on  b esonderem  In teresse  s in d  d ie  „B ew egung der ra d io a k tiv e n  Stoffe in der B io sp h ä re“ 
(K a p ite l  14) u n d  die „ K o n ta m in a t io n  des O rganism us d u rc h  ra d io a k tiv e  S toffe“ (K a p ite l  
15 ; 14 Seiten).

D e r V erfasser ru n d e t  d a s  darg e leg te  M aterial m it  A u s fü h ru n g en  über den S tra h le n ­
sc h u tz  u n d  ü ber die D o sim etrie  a b ,  wobei auch a u f  die in te rn a tio n a le n  E m pfeh lungen  u n d  
a u f  n a tio n a le n  S tra h le n sc h u tzv o rsc h rif te n  eingegangen w ird . D as  B uch  wird m it dem  K a p i te l :
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„ P e rsp ek tiv en  der S tra lilen g e n e tik  u n d  künftige  Quellen d e r K o n ta m in a tio n  de r B iosphäre“ 
abgeschlossen .

D as B uch e n th ä lt  137 L ite ra tu rh in w eise , 34 A b b ild u n g en  u n d  25 T abellen . Die E in ­
h e ite n  sind dem  S I-S y stem  (S y stem e  In te rn a tio n a le )  e n ts p re c h e n d  angegeben .

D as W erk v e rm it te lt  e in  um fassendes B ild ü b e r  d a s  b ish e r  in  d ieser H insich t n ich t 
b eh an d e lte  G ebiet des U m w eltsch u tze s u n d  w ird du rch  d ie g u te  Z u sam m en ste llu n g  au f v e r­
sch iedenen  F ach g eb ie ten  de r Iso to p en am v en d u n g  tä t ig e n  F o rsc h e rn  v iel H ilfe b ieten . Das 
B uch  is t in einem  le ich t v e rs tä n d lic h e n  S til geschrieben  u n d  fesse lt d ie A ufm erksam keit 
des Lesers.

I .  B á l i n t - A m b r ó

Research Institute fo r  Heavy  Chemical Industries , Veszprém

L . N e m e s  : D e te rm in a tio n  o f  m olecular geo m etry  b y  ro ta tio n a l spectroscopy

A k ad ém ia i K iadó, B u d ap es t, 1981,
256 pag es , 291 references, 18 figures a n d  27 ta b le s

T his book is p u b lish ed  as V olum e 51 of th e  series “ N ew  re su lts  in  ch em istry ”  in  H u n ­
g a ria n , (ed ito r : B . C s á k v á r i ) .  T h e  ca lcu la tio n  of b o n d  len g th s  a n d  b o n d  angles in  m olecules 
fro m  h igh  reso lu tion  ro ta t io n a l  sp e c tra  a n d  its  p rac tica l a n d  th e o re tic a l p ro b lem s are d iscussed. 
F o r  th e  d e te rm in a tio n  o f m o lecu la r s tru c tu re s  in th e  gaseous p h a se  m icrow ave  spectroscopy  
a n d , recen tly , laser sp ec tro sco p y  arc  ex ten siv e ly  used . T h e  h ig h  re so lu tio n  o f these  m ethods 
m ak es th e  s tu d y  of th e  ro ta t io n a l  s tru c tu re  of sp ec tra  possib le  b o th  in  th e  g ro u n d  and  in  th e  
ex c ited  v ib ra tio n a l s ta te s . T h e  a u th o r  p roves th ro u g h  n u m ero u s  ex am p les t h a t  c erta in  m olec­
u la r  s tru c tu ra l p ro b lem s, e.g. th e  p la n a rity  o r lin e a rity  o f  m olecu les, th e  sequence of 
a to m s in  th e  m olecule, etc., c an  be decided  only in  th e  a c c u ra te  k n o w ledge  o f  th e  m olecu lar 
g eo m etry . T he d e te rm in a tio n  o f m o lecu la r g eo m etry  w ith  h ig h  p rec is io n  is a  d ifficu lt ta sk , 
in  sp ite  o f th e  fa c t  t h a t  th e  ro ta tio n a l tran s itio n s a re  a c c u ra te ly  k n o w n  fro m  th e  sp ec tru m . 
T h e  d ifficu lty  o rig in a tes  f ro m  th e  dependence of th e  a c c u ra te  e ffec tiv e  ro ta tio n a l co n stan ts  
t h a t  can  be  ca lcu la ted  fro m  th e  ex p erim en ta l tran s itio n s , on  th e  v ib ra tio n a l-ro ta tio n a l s ta te  
o f  th e  m olecule. T h u s th e  s tru c tu re  r 0 — or in th e  ex c ited  s ta te  rv — c a lcu la ted  from  th em  dif­
fe rs from  s tru c tu re  re b e lo n g in g  to  th e  p o ten tia l m in im u m  o f  th e  m olecu le , w h ich  is considered  
a s  th e  real m o lecu lar g eo m e try .

The a u th o r  d iscusses in  d e ta il th e  s tru c tu res  rz, rs, a n d  rm a p p ro x im a tin g  r e w hich are  
c a lcu la te d  from  s tru c tu re  r 0, in  th e  know ledge of th e  m o le c u la r  force fie ld , th e  Coriolis 
z e ta  c o n stan ts  a n d  th e  sp e c tra  o f th e  iso tope su b s ti tu te d  d e r iv a tiv e s . T hese  a re  com pared  a n d  
discussed  ou th e  basis o f  d a ta  p u b lish ed  in  th e  l i te ra tu re ,  th e ir  p h y s ic a l m ean ing  is g iven, as 
well as th e  m eth o d  o f th e ir  co rrec tio n s, a n d  th e  c a lcu la tio n  m e th o d s  k n o w n  so fa r. A sep a ra te  
c h a p te r  is d ev o ted  th e  p ro b lem s co n cern in g  th e  reg ress io n  c a lcu la tio n s .

S im ilar p ro b lem s arise  in  th e  d e te rm in a tio n  o f th e  m o lecu la r geo m etry  by  e lectron  
d iffrac tio n . T he a u th o r  d iscusses th e  e lectron  d iffrac tion  s tru c tu re s  a n d  r° as vei I. of w hich  
r? corresponds to  rz. T h is  is th e  basis fo r  th e  d e te rm in a tio n  o f th e  m o lecu la r geom etry  from  
com bined  e lectron  d iffrac tio n  a n d  m icrow ave d a ta . C o rrespond ing  to  th e  im po rtan ce  o f th is  
p ro b lem , a sep a ra te  c h a p te r  deals w it th is  question .

T he a u th o r  uses th e  S I u n its ,  b u t  th e  conversion  o f spec tro sco p ic  d a ta  in to  o th e r  
u n its ,  e.g. in to  cgs u n its  is also  p ro v id ed .

T he book fills a  gap  b o th  in  th e  H u n g a rian  an d  in te rn a tio n a l  l ite ra tu re  on spectroscopy .
N um erous w orks a re  p u b lish ed  on m icrow ave sp e c tro sco p y  a n d  ro ta tio n a l sp ec tra , 

b u t  a book was m issing  th a t  sy s te m a tic a lly  su rveys all th e  p ro b lem s of th e  d e te rm in a tio n  of 
g eo m e try  an d  w hich  s tr iv e s  fo r  com ple teness.

T his w ork  is u sefu l m a in ly  fo r  ex p erts , b u t  can  b e  successfu lly  app lied  also by  those  
w ho only w an t to  c lear u p  som e basic  concepts, o r to  look  a f te r  a g iven  m eth o d .

Department o f  Physical Chemistry, Technical Universi ty, B udapest
L . S z t r a k a

Acta Chim. Acad. Sei. Hung. 110, 1982
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W . J .  Criddle a n d  G . P . E llis : S p e c t ra l  a n d  C h e m ic a l  

C h a r a c te r i z a t i o n  o f  O rg a n ic  C o m p o u n d s  : A  L a b o r a to r y  H a n d b o o k  (2nd  ed).

J o h n  W ile y  and  Sons, C hichester — N ew  Y o rk  — B risbane  —T o ro n to  1980, I X  +  115 pages

A  p ra c tic a l guide to  th e  q u a li ta t iv e  analysis and  id en tif ic a tio n  o f o rg an ic  a n d  p h a rm a ­
c e u tic a l  su b s ta n c e s  — th is m ig h t b e  a n o th e r  version  of th e  t it le  o f th is  bo o k  ; in d eed , s tu d e n ts  
o f  o rg a n ic  ch em istry  or p h a rm acy  w ill f in d  c lea r-cu t guidance a n d  a su rp ris in g ly  g re a t am o u n t 
o f  in f o r m a t io n  in  th is sh o rt l a b o ra to ry  m a n u a l  on  th e  classic a n d  m o d ern  tec h n iq u es  o f  id en tify ­
in g  o rg a n ic  com p m ds.

C h a p te r  1 (6 pages) d eals w i th  p re lim in a ry  te s ts  o f  c h a ra c te r iz a t io n : q u a lita tiv e
e le m e n ta l  an a ly sis , ign ition , c o lo u r a n d  o d o u r, d e te rm in a tio n  of th e  m eltin g  a n d  boiling 
p o in ts ,  t h e  im p o r ta n t so lub ility  c h a ra c te r is tic s .

I n  C h a p te r  2 (28 pages) th e  c h em ica l an d  spectroscopic  c h a ra c te riz a tio n  m e th o d s  are 
g iv en , w e ll g ro u p ed  in tab les a cc o rd in g  to  fu n c tio n a l groups. B asic  know ledge  o f th e  p rincip les 
o f  th e  sp ec tro sco p ic  m ethods ( IR , U V , 4 I -N M R , MS) is assum ed, a n d  h e re  th e  te c h n iq u es  of 
p re p a r in g  th e  sam ples and  th e  ru d im e n ts  o f  in te rp re ta tio n  o f th e  sp e c tra  a re  d iscussed , w ith  
h in ts  w h e re  one or th e  o th e r k in d  o f  sp ec tro sco p y  m ay  prove  m o st e x p ed ien t. A m ple  no tes 
e x p la in  t h e  reac tio n s on w hich  th e  c h em ica l te s ts  fo r fu n c tio n al g roups a re  b a se d , o r th e  notes 
call a t t e n t i o n  to  possible ex cep tio n s a n d  p itfa lls .

C h a p te r  3 (3 pages) b rie fly  d e sc rib e s  th e  sep ara tio n  of o rgan ic  m ix tu re s , b a se d  m ain ly  
on  th e  d if fe re n t  solubilities o f  th e  c o m p o n e n ts  in  w a ter, e th e r, d ilu te  acid  o r a lka li.

N e x t  (C h ap te r 4 ; 21 p a g e s ), p ro c e d u re s  for th e  p re p ara tio n  of c h a ra c te ris tic  crysta lline  
d e r iv a t iv e s  a re  given, to  confirm  th e  id e n t i ty  o f com pounds such  as a lcohols, a ldehydes, 
a m id e s , a m in e s , esters, organic h a lid e s , h y d ro c a rb o n s , phenols, o rgan ic  su lfu r com p o u n d s, etc.

C h a p te r  5 (50 pages) co n sis ts  o f  35 tab le s  excellently  a rra n g e d  acco rd in g  to  ty p es  of 
o rg a n ic  c o m p o u n d s  (e.g. aceta ls, a lco h o ls , etc.) ; th e  la b o ra to ry  w o rk er c an  f in d  h e re  th e  boiling 
or m e l t in g  p o in ts  of a host o f th e  m o s t  c o m m o n  organic chem icals, th e  m .p .’s o f  th e ir  ch aracte ris­
t ic  d e r iv a t iv e s ,  and  special n o tes w h ic h  m a y  assist fin a l id en tifica tio n .

T h e  la s t  c h ap te r  (3 pages) is  d e s ig n ed  for s tu d e n ts  o f p h a rm a c y  a n d  co m p le tes th e  
p re v io u s  m a te r ia l  w ith six tab le s  l is t in g  th e  physical co n stan ts  o f a b o u t  170 p h a rm a ce u tic a l 
c o m p o u n d s  w h ich  are m ostly  in  c o m m o n  u se . r

T h e  a u th o rs ’ v a s t experience  in  th e  re sea rc h  an d  teach ing  of o rg an ic  c h em is try , to g e th e r 
w ith  th e  a b il i ty  of lucid and  concise w r i t in g  is re flected  in th e  excellence o f th is  sm all v o lu m e : 
in  th e  se le c tio n  of th e  m ate ria l, in  i t s  a r ra n g e m e n t an d  p re sen ta tio n . T h e  second  ed itio n  m ade 
use  o f  a ll th e  experience o b ta in e d  th r o u g h  th e  w arm  recep tio n  a n d  re sp o n ses to  th e  f irs t 
p u b l ic a tio n . W hen  th e  book com es to  a th ir d  ed ition , th e  a u th o rs  m a y  p e rh a p s  consider th e  
re v ie w e r’s su g g estio n  to include b r ie f  m e n tio n  of th e  p o ten tia lities  also o f 13C -N M R  spectroscopy .

T h e  h o o k  is p rim arily  in te n d e d  a n d  recom m ended  to  s tu d e n ts  a n d  le c tu re rs  o f o rganic 
c h e m is try ,  b u t  w ith  the  m an y  e x c e lle n tly  a rra n g e d  d a ta  i t  m ay  also se rv e  a s  a  co n v en ien t 
so u rce  o f  r a p id  inform ation  to  a n y  c h e m is t w ork ing  in  an  organ ic  la b o ra to ry .

F .  K Á L L A Y
Research In s t i tu te  fo r  Organic Chemical I n d u s t r y ,  Budapest

A c ta  C him . Acad. Sei. Hung. 110, 1982
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L es A c ta  C h im ic a  p a r a is s e n t  en  f ra n fa is ,  a l le m a n d , a n g la is  e t  ru sse  e t  p u b l ie n t  des 
m é m o ire s  d u  d o m a in e  d e s  sc ie n c e s  ch im iq u e s .

L es  A c ta  C h im ic a  s o n t  p u b lié s  sous fo rm e  d e  fa sc ic u le s .  Q u a t r e  fasc icu les  s e ro n t  r é u n is  
en  u n  v o lu m e  (3  v o lu m e s  p a r  a n ) .

O n  e s t  p r ié  d ’e n v o y e r  le s  m a n u s c r i ts  d e s tin e s  ä  la  r e d a c t io n  ä  l’a d resse  s u iv a n te :

Acta Chimica
Budapest, P.O. Box 67, H-1450, Hongrie

T o u te  c o r re s p o n d e n c e  d o i t  é t r e  e n v o y é e  ä  c e t t e  m é rn e  a d re sse .
L a  r e d a c t io n  n e  r e n d  p a s  d e  m a n u s c r i t .
A b o n n e m e n t  e n  H o n g r ie  ä  1’A k a d é m ia i K ia d ó  (1 3 6 3  B u d a p e s t ,  P . О . B . 2 4 , С. С . B . 

215 11488), ä  l ’é t r a n g e r  a  l ’E n tr e p r is e  d u  C o m m e rc e  E x té r i e u r  « K u l tu r a »  (H -1 3 8 9  B u d a ­
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D ie  A c ta  C h im ic a  e r s c h e in e n  in  H e f te n  w e c h s e ln d e n  U m fa n g e s . V ie r H e f te  b i ld e n  e in e n  
B a n d . J ä h r l i c h  e rsc h e in e n  3 B ä n d e .

D ie  z u r  V e rö ffe n tl ic h u n g  b e s t im m te n  M a n u s k r ip te  s in d  a n  fo lg e n d e  A d resse  z u  s e n d e n

Acta Chimica
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A n  d ie  g le ic h e  A n s c h r if t  i s t  je d e  fü r  d ie  R e d a k t io n  b e s t im m te  K o rre s p o n d e n z  z u  r i c h te n .  
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«Acta Chimica* выходит отдельными выпусками разного объема, 4 выпуска 
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Предназначенные для публикации рукописи следует направлять по адресу:
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Budapest, P.O. Box 67, H-1450, В Н Р
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Редакция рукописей не возвращает.
Отечественные подписчики направляйте свои заявки по адресу Издательства 

Академии Наук (1363 Budapest, P.O.B. 24, Текущий счет 215 11488), а иностранные 
подписчики через организацию по внешней торговле « K u ltu ra »  (H-1389 B u d a p e s t  62, 
P.O.B. 149. Текущий счет 218 10990) или через ее заграничные представительства и 
уполномоченных.



Periodicals of the Hungarian Academy of Sciences are obtainable 
at the following addresses:

A U STR A LIA
C.B .D . L IB R A R Y  A ND SU BSCRIPTIO N  SERV ICE 
Box 4886, G .P .O ., Sydney N .S. XV. 2001 
C O SM O S BO O K SH O P, 145 Ackland Street 
St. Kilda (M elbourne) , Victoria 3182

A U STR IA
G L O B U S, H öchstädtp la tz  3, 1206 Wien X X  

BEL G IU M
O F F IC E  IN T E R N A T IO N A L  DE L1BRAIR1E
30 A venue M arnix , 1050 Bruxelles 
L IB R A IR IE  D U  M ON D E ENT1ER 
162 rue  d u  M idi, 1000 Bruxelles

B U LG A RIA
H EM  US, B ulvár Ruszki 6, Sofia 

CANADA
P A N N Ó N IA  BOOKS, P.O. Box 1017 
Postal S ta tio n  “ B”, Toronto, Ontario M 5T  2T8

CH IN A
C N P IC O R , Periodical Departm ent, P.O. Box 50 
Peking

C Z E C H O SL O V A K IA
M A D ’A R S K Á  K U L T Ú R A , N árodní tfida 22 
115 66 Praha
PN S D O V O Z  T ISK U , V inohradská 46, Praha 2 
PN S D O V O Z  TLAÖE, Bratislava 2

D E N M A R K
E JN A R  M U N K S G A A R D , N orrcgade 6 
1165 Copenhagen К
FE D E R A L  REPU B LIC  OF GERMANY 
K U N S T  U N D  W ISSEN ERICH  BIEBER 
Postfach  46, 7000 Stuttgart 1
FIN L A N D
A K A T E E M IN E N  K IR JA K A U PPA , P.O. Box 128 
SF-00101 H elsinki 10

FR A N CE
D A W S O N -F R A N C E  S. А., В. P. 40, 91121 Palaiseau 
E U R O P É R IO D IQ U E S  S. A., 31 Avenue de Ver­
sailles, 78170 La  Celle St. Cloud
O F F IC E  IN T E R N A T IO N A L  DE D O C U M E N T A ­
T IO N  E T  L IB R A IR IE , 48 rue Gay-Lussac 
75240 Paris Cedex 05

G E R M A N  D EM O CRA TIC  REPUBLIC 
H A U S D E R  U N G A R ISC H E N  K U L T U R  
K arl L iebknecht-S traße 9, DDR-102 Berlin 
D E U T S C H E  POST ZE IT U N G SV E RT R IEB SA M T 
Sraße d e r Pariser Kommune 3-4, DDR-104 Berlin
G REA T B RITA IN
B L A C K W E L L ’S PERIODICALS D IV IS IO N
H ythe B ridge Street, Oxford 0X 1  2ET
B U M P U S , H A L D A N E  AND M AX W ELL LTD .
C ow per W orks, Olney, Bucks M K46 4BN
C O L L E T ’S H O L D IN G S LTD ., D enington Estate
W ellingborough , N orthunts NN8 2QT
W M . D A W S O N  A ND SONS LTD ., C annon  House
Folks tone , Kent CT19 5 EE
H. K . L E W IS  A N D  CO., 136 Gower Street
London W C 1E  6B S
G R E E C E
K O S T A R A K IS  BROTHERS IN T E R N A T IO N A L  
B O O K S E L L E R S, 2 H ippokratous Street, Athens-143
H O L L A N D
M E U L E N H O F F -B R U N A  B.V., Beulingstraat 2,
A ms ter dam
M A R T IN U S  N IJH O F F  B.V.
Lange V o o rh o u t 9-11, Den Haag

SW ETS SUBSCRIPTION SERV ICE 
347b Heereweg, Lis se

IN D IA
A L L IE D  PUBLISHING PR IV A T E  LT D ., 13/14
A saf Ali R oad, New Delhi 110001 
150 B-6 M ount Road, Madras 600002 
IN T E R N A T IO N A L  BOOK H O U SE  PVT. LTD. 
M adam e Cam a Road, Bombay 400039 
T H E  STA TE T R A D IN G  C O R P O R A T IO N  O F 
IN D IA  LTD ., Books Im port D ivision, Chandralok 
36 Janpath , New Delhi 110001

ITALY
IN T ER SC IEN T IA , Via Mazzé 28, 10149 Torino 
L IB R E R IA  CO M M ISSIONARIA SA N SO N I, Via 
Lam arm ora 45, 50121 Firenze 
SA N TO  VANASIA, Via M. M acchi 58 
20124 Milano
D. E. A., Via Lima 28, 00198 Roma  

JA P A N
K IN O K U N IY A  BOOK-STORE CO. LTD .
17-7 Shinjuku 3 chome, Shinjuku-ku, Tokyo 160-91 
M A R U Z E N  COM PANY LTD ., B ook D epartm ent, 
P.O . Box 5050 Tokyo In ternational, Tokyo 100-31 
N A U K A  LTD. IM PORT D E P A R T M E N T  
2-30-19 M inami Ikebukuro, Toshim a-ku, Tokyo 171

KOREA
C H U L PA N M U L , Phenjan 

N O RW AY
T A N U M -T ID SK R IFT -SE N T R A L E N  A S .  K arl
Johansgatan  41-43, 1000 Oslo

PO L A N D
W ^G IE R S K I INSTYTUT K U L T U R Y , M arszal-
kow ska 80, 00-517 Warszawa
C K P  I W, ul. Towarowa 28, 00-958 Warszawa

RO UM A N IA
D. E. P., Bucure§ti
IL E X IM , Calea Grivitei 64-66, Bucure§ti 

SO V IE T UNION
SO JU ZPE CH A T -  IM PO R T, Moscow  
an d  the post offices in each town 
M EZH D U N A R O D N A Y A  KN1GA, Moscow G-200

S P A IN
D IA Z  DE SANTOS, Lagasca 95, M adrid 6 

SW EDEN
A LM Q V IST AND W IKSELL, G am la B rogatan 26
101 20 Stockholm
G U M P E R T S U N IV ER SITET SB O K H A N D E L AB 
Box 346, 401 25 Göteborg 1

SW ITZERLAND
K A R G E R  LIBRI AG. Petersgraben 31, 4011 Basel 

USA
EBSCO SUBSCRIPTION SERV ICES 
P.O. Box 1943, Birmingham, Alabama 35201 
F . W. FA X O N  COM PANY, IN C .
15 Southwest Park, Westwood M ass. 02090 
T H E  M OO RE-COTTRELL SU B SC R IPT IO N  
A G E N C IE S , North Cohocton, N. Y. 14868 
R E A D -M O R E  PUBLICATIONS, INC.
140 C edar Street, New York , N. Y. 10006 
STECHERT-M ACM 1LLAN, INC.
7250 Westfield Avenue, Pennsauken N . J. 08110

YUGOSLAVIA
JUG O SLO V EN SK A  K N JIG A , Terazije 27, Beograd 
F O R U M , Vojvode MiSiéa 1, 21000 N ovi Sad

HU ISSN 0001-5407 Index: 26.007


	1. szám��������������
	PHYSICAL AND INORGANIC CHEMISTRY���������������������������������������
	B. D. Pandey–D. C. Rupainwar: The Extraction of Iron(III)-salicylate with an Indeigenous Solvent Tri-isoamyl Phosphate (TAP)�����������������������������������������������������������������������������������������������������������������������������������
	S. C. Ameta–H. L. Gupta–P. N. Pande–H. C. Chowdhry: Kinetics of Oxidative Decarboxylation of L-Cysteine by Permanganate������������������������������������������������������������������������������������������������������������������������������
	P. N. Patel–S. Pandey: Preparation, Infrared Absorption Spectra and X-ray Powder Diffraction Patterns of Mixed (Ca+Sr+Pb) Hydroxylapatites�������������������������������������������������������������������������������������������������������������������������������������������������
	S. K. Sangal–S. K. Sahni–V. B. Rana: Five-Coordinate Manganese(II) and Iron(II) Complexes of [2,6-(N, N’-Diacetyl and N,N’-Dibenzoyl]-diaminopyridine������������������������������������������������������������������������������������������������������������������������������������������������������������
	L. Seres: Molecular Decomposition Reactions of Dialkyl Ethers. The Estimation of Preexponential Factors��������������������������������������������������������������������������������������������������������������
	L. Mészáros–B. Lengyel–T. Garai: Study of Inhibitors by Electrode Impedance Measurements�����������������������������������������������������������������������������������������������
	M. N. Beg–R. Shyam–R. P. Khandelwal: Studies with Inorganic Precipitate Membrane. Membrane Selectivity from Multiionic Potential and Conductivity Measurements���������������������������������������������������������������������������������������������������������������������������������������������������������������������
	I. Rani–K. B. Pandeya–G. L. Sawhney–J. S. Baijal: Mössbauer and Magnetic Studies on Hydroxo-Bridged Iron(III) Complexes of some Oximes���������������������������������������������������������������������������������������������������������������������������������������������
	M. A. Aramendia–V. Borau–C. Jimenez–J. M. Marinas: New Metallic Catalysts Obtained by Supporting Platinum on AlPO4–Al2o3 and AlPO4–SiO2 Systems������������������������������������������������������������������������������������������������������������������������������������������������������

	ORGANIC CHEMISTRY������������������������
	B. Ágai–I. Bitter–É. Csongor–L. Tőke: Modified Crown Ethers, I. Carbonic Acid Derivatives Containing One Crown Ehter Unit (Preliminary Communication)������������������������������������������������������������������������������������������������������������������������������������������������������������
	B. Ágai–I. Bitter–É. Csongor–L. Tőke: Modified Crown Ehters, II. Carbonic Acid Derviatives of Bis-Crown Ehters (Preliminary Communication)�������������������������������������������������������������������������������������������������������������������������������������������������
	C. P. Singh: Synthesis of N1-Isonicotinoyl-3,5-diphenyl-4-(sulfamoylphenyllazo)-1,2-diazoles as Antimalarial Agents��������������������������������������������������������������������������������������������������������������������������
	Á. Buvári–J. Szejtli–L. Barcza: The 1:1 and 1:2 Complex Formation between ß-Cyclodextrin and Benzoic Acid����������������������������������������������������������������������������������������������������������������
	J. Cs. Jászberényi–I. Petrikovics–E. T. Gunda–S. Hosztafi: The Mannich Reaction of Cephalosporin Sulfoxides and Sulfones�������������������������������������������������������������������������������������������������������������������������������
	E. Márványos–S. Antus–M. Nógrádi: Oxidation of some Cyclic ?-Benzylidene Ketones with Thallium(III) Nitrate in Methanol������������������������������������������������������������������������������������������������������������������������������

	ANALYTICAL CHEMISTRY���������������������������
	K. Burger–L. Domokos–G. Pethő–E. Pungor: Errof Analysis of a New Potentiometric Evaluation Based on the Measurement of the Bound Reagent Concentration�������������������������������������������������������������������������������������������������������������������������������������������������������������

	RECENSIONES������������������

	2. szám��������������
	PHYSICAL AND INORGANIC CHEMISTRY���������������������������������������
	L. Vincze–S. Papp: 1H-NMR- and Mössbauer Investigation of the Ion Pairs of Tetrachloroferrate(III) Anon with Quaternary Phosponium Cations�������������������������������������������������������������������������������������������������������������������������������������������������
	L. Vincze–S. Papp: Calculation of Association Constants and Distribution of Contact and Dipolar Interactions for [R3P+R’] [ŰfeCl4]-Ion Pairs���������������������������������������������������������������������������������������������������������������������������������������������������
	M. Drátovský–E. Dvořáková–Z. Rytyř: Oxidation of Alkali Metal Iodates in Molten Alkali Metal Nitrates������������������������������������������������������������������������������������������������������������
	Z. Czerwiec–Z. Mandecki: X-ray Study of the Lattice Parameters of the Four Dichloro-N-sulfinylaniline Isomers��������������������������������������������������������������������������������������������������������������������
	S. Balogh–Gy. Farsang–L. Maros: Voltametric Determination of the Dissociation Constant of Glycolaldehyde and DL-Glyceraldehyde Bisulphites�������������������������������������������������������������������������������������������������������������������������������������������������
	Gy. Vértes: Electrochemistry of Stianless Steels, I. Potentiodynamic Polarization Curves�����������������������������������������������������������������������������������������������

	ORGANIC CHEMISTRY������������������������
	S. Giri, Nizamuddin–A. K. Mishra: Synthesis of Some 3-Aroyflavones as Potential Fungicides�������������������������������������������������������������������������������������������������
	V. P. Pathak–G. P. Garg–R. N. Khanna: Synthesis of 5-Methoxy-2-(3,4-methylenedioxyphenyl)-4H-furo[2,3-h][1]-benzopyran-4- one 5-Methoxy-2-phenyl-4H-furo[2,3-h][l]-benzopyran-4-one������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	B. K. Bhatta-Charya–H. Singh–L. D. S. Yadav–G. Hoornaert: Synthesis of Some New 2-Aryl-5-aryl/aryloxymethyl-1,3,4-oxadiazolo-[3,2-a]-s-triazine-7-thiones and their Parent Thioureas as Potential Pesticides�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	K.-G. Berndt–D. Gloyna: Electronic Interactions in omega-Diphenylphosphinyl-trans-styrenes Substituted in Position 4 and in their Derivatives
	M. Tonković–S. Musić–O. Hadžija–I. Nagy-Czakó–A. Vértes: Mössbauer Study of Iron–Sugar Complexes�������������������������������������������������������������������������������������������������������
	G. T. Szabó–K. Aranyosi–L. Tőke: Polyethylene Glycol Derivatives as Complexing Agents and Phase-Transfer Catalysts, IV. Behaviour of Phase-Transfer Catalysts in Solid-Liquid Phase Equilibria�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	G. T. Szabó–K. Aranyosi–L. Tőke: Polyethylene Glycol Derivatives as Complexing Agents and Phase-Transfer Catalysts, V. Reaction Rates in the Organic Phase�����������������������������������������������������������������������������������������������������������������������������������������������������������������
	T. Lóránd–D. Szabó–A. Földesi–A. Neszmélyi: Reactions of Mono- and Diarylidenecycloalkanones with Thiourea and Ammonium Thiocyanate, VI. Z-E-Isomerization of 2-Alkylmercapto-4-phenyl-8-benzylidene-5,6,7,8-tetrahydroquinazolines������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

	ANALYTICAL CHEMISTRY���������������������������
	L. Daruházi–J. Szejtli–L. Barcza: Polarographic Determination of Potential Guest Molecules in the Presence of Cyclodextrin���������������������������������������������������������������������������������������������������������������������������������


	3. szám��������������
	PHYSICAL AND INORGANIC CHEMISTRY���������������������������������������
	K. Bar-Eli–E. Geiseler: Multiple Steady States and Hysteresis During Stirred Flow Oxidation of Cerous Ion by Bromate. Experiments and Models���������������������������������������������������������������������������������������������������������������������������������������������������
	H. D. Försterling–H. J. Lamberz–H. Schreiber–W. Zittlau: BrO2 as an Intermediate in the Belousov–Zhabotinsky Reaction����������������������������������������������������������������������������������������������������������������������������
	Z. Noszticzius–A. Feller: On the Applicability of the Lotka–Volterra Scheme for Different Types of the Belousov–Zhabotinskii Reaction��������������������������������������������������������������������������������������������������������������������������������������������
	Gy. Póta–Gy. Bazsa–M. T. Beck: Study of Pseudo-Waves in Periodic Reactions���������������������������������������������������������������������������������
	A. M. Zhabotinskii: Self-Oscillating Chemical Reactions. Mechanism of Oscillating Oxidations with Bromate����������������������������������������������������������������������������������������������������������������
	E. Kőrös–G. Putirskaya–M. Varga: Perturbation of Bromate Oscillators, I. Perturbation by gamma Irradiation
	B. Turcsányi: Oscillatory Reactions: Model Constructions and Possibilities of Realization������������������������������������������������������������������������������������������������
	M. Burger–K. Rácz: On the Preoscillatory Period of the Belousov–Zhabotinsky Reaction�������������������������������������������������������������������������������������������

	ORGANIC CHEMISTRY������������������������
	M. Kajtár–Cs. Horváth-Toró–É. Kuthi–J. Szejtli: A Simple Rule for Predicting Circular Dichroism Induced in Aromatic Guests by Cyclodextrin Hosts in Inclusion Complexes������������������������������������������������������������������������������������������������������������������������������������������������������������������������������


	4. szám��������������
	PHYSICAL AND INORGANIC CHEMISTRY���������������������������������������
	Zs. Hunyadi-Zoltán–L. Zalotai–T. Bérces–F. Márta: Thermal Decomposition of Oxetane and Oxetane-d2 in the Pressure Independent Range������������������������������������������������������������������������������������������������������������������������������������������
	U. Pohle–G. Grossmann: Effect of Dispersion Interactions on NMR Shielding Constants������������������������������������������������������������������������������������������
	B. Lengyel–L. Mészáros: Simulation of the Instabilities Observed in Potentiostatic Studies of Activa–Passive Transition������������������������������������������������������������������������������������������������������������������������������
	C. D. Godsil–I. Gutman: Contributions to the Theory of Topological Resonance Energy������������������������������������������������������������������������������������������
	V. Gáspár–M. T. Beck: The Influence of the Ionic Strength on the Dissociation Constant of Hydrogen Cyanide (Short Communication)���������������������������������������������������������������������������������������������������������������������������������������
	I. Nagypál–I. Fábián–R. E. Connick: NMR Relaxation Studies in Solution of Transition Metal Complexes, VII. Protonation of the Vanadyl Ion in Aqueous Solution��������������������������������������������������������������������������������������������������������������������������������������������������������������������
	S. Németh–A. Fülep-Poszmik–L. I. Simándi: Mechanistic Features of Cobaloxime(II) Catalyzed Oxidations with Dioxygen��������������������������������������������������������������������������������������������������������������������������
	R. Aroca–E. A. Robinson–Yu. N. Panchenko–V. I. Pupyshev: On the Torsional Internal Coordinate in Molecular Vibrations����������������������������������������������������������������������������������������������������������������������������

	ORGANIC CHEMISTRY������������������������
	P. M. Agócs–G. Motika–P. Zsédenyi: Liquid Crystals, IV. Correlation between the Thermal Stability and Molecular Structure in Cholesteryl 2-Ethoxyethyl-carbonate and its Sulfur-Containing Analogues�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	S. Berényi–S. Hosztafi–S. Makleit–I. Szeifert: A New Route for the Preparation of N-Substituted N-Memethylapocodeine Derivatives���������������������������������������������������������������������������������������������������������������������������������������
	Gy. Schneider–I. Vincze–L. Hackler–J. A. Szabó–Gy. Dombi: Steroids, XXVIII. Neighbouring Group Participation, V. (O—4)-Neighbouring Group Participation and Fragmentation in the 16-Hydroxymethylandrost-5-ene-3,17-diol Serioes���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
	K. Gáll-Istók–E. Zára-Kaczián–L. Kisfaludy–Gy. Deák: Synthesis of Peptides Containing D-Glucosaminic Acid, III. Sulfation of Peptides��������������������������������������������������������������������������������������������������������������������������������������������

	RECENSIONES������������������

	Oldalszámok������������������
	_1���������
	_2���������
	_3���������
	_4���������
	_5���������
	_6���������
	_7���������
	_8���������
	1��������
	2��������
	3��������
	4��������
	5��������
	6��������
	7��������
	8��������
	9��������
	10���������
	11���������
	12���������
	13���������
	14���������
	15���������
	16���������
	17���������
	18���������
	19���������
	20���������
	21���������
	22���������
	23���������
	24���������
	25���������
	26���������
	27���������
	28���������
	29���������
	30���������
	31���������
	32���������
	33���������
	34���������
	35���������
	36���������
	37���������
	38���������
	39���������
	40���������
	41���������
	42���������
	43���������
	44���������
	45���������
	46���������
	47���������
	48���������
	49���������
	50���������
	51���������
	52���������
	53���������
	54���������
	55���������
	56���������
	57���������
	58���������
	59���������
	60���������
	61���������
	62���������
	63���������
	64���������
	65���������
	66���������
	67���������
	68���������
	69���������
	70���������
	71���������
	72���������
	73���������
	74���������
	75���������
	76���������
	77���������
	78���������
	79���������
	80���������
	81���������
	82���������
	83���������
	84���������
	85���������
	86���������
	87���������
	88���������
	89���������
	90���������
	91���������
	92���������
	93���������
	94���������
	95���������
	96���������
	97���������
	98���������
	99���������
	100����������
	101����������
	102����������
	103����������
	104����������
	105����������
	106����������
	107����������
	108����������
	109����������
	110����������
	111����������
	112����������
	113����������
	114����������
	114_1������������
	114_2������������
	114_3������������
	114_4������������
	114_5������������
	114_6������������
	117����������
	118����������
	119����������
	120����������
	121����������
	122����������
	123����������
	124����������
	125����������
	126����������
	127����������
	128����������
	129����������
	130����������
	131����������
	132����������
	133����������
	134����������
	135����������
	136����������
	137����������
	138����������
	139����������
	140����������
	141����������
	142����������
	143����������
	144����������
	145����������
	146����������
	147����������
	148����������
	149����������
	150����������
	151����������
	152����������
	153����������
	154����������
	155����������
	156����������
	157����������
	158����������
	159����������
	160����������
	161����������
	162����������
	163����������
	164����������
	165����������
	166����������
	167����������
	168����������
	169����������
	170����������
	171����������
	172����������
	173����������
	174����������
	175����������
	176����������
	177����������
	178����������
	179����������
	180����������
	181����������
	182����������
	183����������
	184����������
	185����������
	186����������
	187����������
	188����������
	189����������
	190����������
	191����������
	192����������
	193����������
	194����������
	195����������
	196����������
	197����������
	198����������
	199����������
	200����������
	201����������
	202����������
	203����������
	204����������
	205����������
	206����������
	207����������
	208����������
	209����������
	210����������
	211����������
	212����������
	213����������
	214����������
	215����������
	216����������
	217����������
	218����������
	219����������
	220����������
	221����������
	222����������
	223����������
	224����������
	225����������
	226����������
	227����������
	228����������
	229����������
	230����������
	231����������
	232����������
	233����������
	234����������
	235����������
	236����������
	237����������
	238����������
	238_1������������
	238_2������������
	238_3������������
	238_4������������
	238_5������������
	238_6������������
	239����������
	240����������
	241����������
	242����������
	243����������
	244����������
	245����������
	246����������
	247����������
	248����������
	249����������
	250����������
	251����������
	252����������
	253����������
	254����������
	255����������
	256����������
	257����������
	258����������
	259����������
	260����������
	261����������
	262����������
	263����������
	264����������
	265����������
	266����������
	267����������
	268����������
	269����������
	270����������
	271����������
	272����������
	273����������
	274����������
	275����������
	276����������
	277����������
	278����������
	279����������
	280����������
	281����������
	282����������
	283����������
	284����������
	285����������
	286����������
	287����������
	288����������
	289����������
	290����������
	291����������
	292����������
	293����������
	294����������
	295����������
	296����������
	297����������
	298����������
	299����������
	300����������
	301����������
	302����������
	303����������
	304����������
	305����������
	306����������
	307����������
	308����������
	309����������
	310����������
	311����������
	312����������
	313����������
	314����������
	315����������
	316����������
	317����������
	318����������
	319����������
	320����������
	321����������
	322����������
	323����������
	324����������
	325����������
	326����������
	327����������
	328����������
	329����������
	330����������
	331����������
	332����������
	333����������
	334����������
	335����������
	336����������
	337����������
	338����������
	339����������
	340����������
	341����������
	342����������
	343����������
	344����������
	345����������
	346����������
	347����������
	348����������
	349����������
	350����������
	351����������
	352����������
	353����������
	354����������
	355����������
	356����������
	356_1������������
	356_2������������
	356_3������������
	356_4������������
	356_5������������
	356_6������������
	357����������
	358����������
	359����������
	360����������
	361����������
	362����������
	363����������
	364����������
	365����������
	366����������
	367����������
	368����������
	369����������
	370����������
	371����������
	372����������
	373����������
	374����������
	375����������
	376����������
	377����������
	378����������
	379����������
	380����������
	381����������
	382����������
	383����������
	384����������
	385����������
	386����������
	387����������
	388����������
	389����������
	390����������
	391����������
	392����������
	393����������
	394����������
	395����������
	396����������
	397����������
	398����������
	399����������
	400����������
	401����������
	402����������
	403����������
	404����������
	405����������
	406����������
	407����������
	408����������
	409����������
	410����������
	411����������
	412����������
	413����������
	414����������
	415����������
	416����������
	417����������
	418����������
	419����������
	420����������
	421����������
	422����������
	423����������
	424����������
	425����������
	426����������
	427����������
	428����������
	429����������
	430����������
	431����������
	432����������
	433����������
	434����������
	435����������
	436����������
	437����������
	438����������
	439����������
	440����������
	441����������
	442����������
	443����������
	444����������
	445����������
	446����������
	447����������
	448����������
	449����������
	450����������
	451����������
	452����������
	453����������
	454����������
	455����������
	456����������
	457����������
	458����������
	459����������
	460����������
	461����������
	462����������
	463����������
	464����������
	465����������
	466����������
	467����������
	468����������
	469����������
	470����������
	471����������
	472����������
	473����������
	474����������
	475����������
	476����������
	477����������
	478����������
	479����������
	480����������
	481����������
	482����������
	483����������
	484����������
	485����������
	486����������
	487����������
	488����������
	489����������
	490����������


