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SOME CHEMICAL REACTIONS OF THE ELECTRODE 
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T H E  BEH A V IO U R  OF METAL O X ID E S  IN  T H E  ARC IN  STE A D Y  Ar 
ATM O SPHERE. T H E  ROLE OF T H E  REACTIVITY OF METAL O X ID E S  
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A U X IL IA R Y  E L E C T R O D E S
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The role o f the reactivities of m etal oxides was investigated on the carbon powder 
m ixtures o f 20 m etal oxides. If the heat o f oxidation  related to one atom  of bound oxy­
gen is lower than — 50 kcal, the reaction abruptly increases. This lim it is in good coin­
cidence w ith the heat o f formation o f C 0 2, —48 kcal/m ol. A t a given electric current, 
the exten t of reaction also depends on the am ount of pure m etal formed, since it  trans­
fers the heat necessary for the reaction in to  the bulk of sample. Particularly good chances 
o f comparison were provided by the d ifferent oxides o f the same m etal w ith  different 
oxidation  numbers.

According to the data obtained as a function of burning tim e, the reaction takes 
place in the first few  seconds when the electrode is heated to a sufficient exten t. Thus 
the positive effect o f heat o f reaction on evaporation m ay also occur in the first period. 
The relative exten t o f heating and cooling processes is a decisive factor in controlling 
the temperature conditions necessary for the reaction.

O u r previous p a p e r  [1] was concerned  w ith  carbon  pow der m ix tu res  of 
fiv e  m e ta l oxides. T he resu lts  have show n th a t  th e  reac tiv itie s  o f m e ta l oxides 
m u st h av e  a role, b u t  th e  resu lts  were n o t  su ffic ien tly  unam biguous. In  order 
to  s tu d y  th is  problem  in  g rea te r de tails, m easu rem en ts were perfo rm ed  on 20 
d iffe ren t m eta l oxides. T he role of th e  b u rn in g  tim e  of th e  arc w as also in v es ti­
g a ted  on tw o selected m e ta l oxides, th e  re la tiv e ly  u n stab le  CuO an d  th e  v e ry  
stab le  A120 3. In  b o th  series of ex perim en ts R W  I I  au x ilia ry  e lectrodes (p ro ­
duced b y  R ingsdorff W erk e  G m bH ) w ere app lied , and  th e  ex p erim en ts  w ere 
carried  o u t in  closed cell, un d er s te a d y  A r atm osphere . T he ex p e rim en ta l 
m ethod  is described in  d e ta il in  P a r t  X X I I I  of our series [2].

The role o f the reactivities o f m etal oxides

T he m eta l oxides used  in  th e  in v estig a tio n s w ere as follows (in  th e  sequence 
of increasing  re ac tiv ity ): M gO, A120 3, C r20 3, ZnO , S n 0 2, SnO , F e 20 3, CdO, 
CoO, Sb20 3, C00O3, P bO , B i20 3, P b 30 4, Cu20 ,  CuO, P b 0 2, HgO (red  an d  yellow

1 Acta Chim. Acad. Sei. Huug, 97, 1978



m odifications), a n d  A g20 . T he lis t includes m e ta l oxides o f d ifferen t c o n s titu ­
tio n , such as A g20 ,  CuO, A120 3, P b 0 2, etc. In  o rd er to  m ake th e ir  b eh av io u r 
com parable , m ix tu re s  of id en tica l oxygen c o n te n t w ere p rep ared  w ith  carb o n  
pow der SU — 601 (p roduced  in  C zechoslovakia). T h e  fo rm ula  w eight of m e ta l 
oxides was d iv ided  b y  th e  n u m b e r of bound  oxygen  a to m s, and  on th e  basis 
o f  th is  “ eq u iv a len t w eig h t“ , u sed  as m olecular w eigh t, m ix tu res  w ith  a m ole 
frac tio n  of 0.03 o f  m eta l ox ide w ere p rep ared . C arbon  pow der w as used  in  
la rg e  excess, in  o rd er to  h av e  p rac tica lly  on ly  CO as reac tio n  p ro d u c t. T he 
basis of com parison  w as th e  h e a t o f oxide fo rm a tio n ; th e  s tab ilities  and  reac ­
tiv itie s  of m eta l ox ides w ere ch a rac te rized  b y  th is  q u a n ti ty . T he h ea ts  o f ox ide

2 SZABÓ, DOBOLYI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXV
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Fig. 1. CO production as a function of the reactiv ity  o f m etal oxides. Anodic excitation

fo rm ation  w ere also no rm alized  to  one oxygen , i.e. th e y  w ere d iv ided  b y  th e  
num ber of oxy g en  atom s in  th e  form ula. T he above sequence of reac tiv itie s  
w as ob tained  b y  th is  m e th o d . In  th e  figures an d  tab le s  o f th is  p ap er ZlH den o tes  
these norm alized  h ea ts  o f ox ide  fo rm atio n  in  kcal/m ol.

F igure 1 show s the am o u n ts  of CO in cm 3, o b ta in ed  w ith  m eta l oxide—c a r ­
bon pow der m ix tu re s  filled  in to  th e  boring  of R W  I I  ca rrie r electrode. In  th e se  
experim ents th e  carrie r e lec tro d e  was anode, c u rre n t w as 7 A, b u rn in g  tim e  
10 s. FigureJ 2 show s th e  re su lts  o f sim ilar m easu rem en ts  w ith  th e  ca rrie r e lec t- 
trode  as ca th o d e . A lthough  th e  am o u n ts  of CO can  be seen to  sca tte rw ide ly , a ce r­
ta in  ten d en cy  can  be recognized. T he b roken  lines show  th e  ap p ro x im ate  lim its  
o f sca tte rin g , w hereas th e  m idd le  solid line show s th e  average ten d en cy . T h e  
large sc a tte r  o f  th e  d a ta  m u s t be th e  re su lt o f several effects. T he specific  
w eights of m e ta l oxides a p p e a r to  be im p o r ta n t, since th e  d a ta  of MgO, CdO, 
ZnO and B i20 3, w hich h av e  low  specific w eigh t an d  th u s  give loose m ix tu re s , 
are all h igher th a n  expected . T he w eight o f sam ple  filled  in to  th e  boring  o f  th e  
electrode w as also d ifferen t. T h is effect could  n o t be e lim ina ted  by  p lo ttin g  th e  
d a ta  as th e  fra c tio n  of re a c te d  m ateria l re la te d  to  sam ple w eight. A lth o u g h  
the m eta l oxides w ere pu lv e rized  to  ab o u t th e  sam e e x te n t before p rep a rin g
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th e  m ix tu res, th e ir  adherence to  carb o n  pow der an d  in  th e  boring was v a ry in g . 
This was ev id en t from  th e  fa c t th a t  w hen tap p in g  th e  electrode a fte r filling , 
th e  upper, loose lay e r could be rem oved in th e  fo rm  o f pow der in  c e r ta in  
in stances, and  fell ou t as a sm all ta b le t  in o ther cases. T h e  vo latilities of th e  
m eta ls  form ing  th e  various m e ta l oxides are g rea tly  d iffe ren t, too. B o th  p ro p ­
erties m ay affect th e  b low -out o f th e  specim en from  th e  b o ring  of th e  au x ilia ry  
electrode.

M aterial fa llen  to  th e  b o tto m  o f th e  cell is u n a b le  to  tak e  p a r t  in  th e  
reac tion . On th e  o th e r h an d , m a te ria l d riven  in to  th e  p la sm a , due for in s ta n c e

AI, О, ZnO SnO CoO PbO Cu,0 PbO,

v --------- / NMgO Cr203 Sn02 /CdO/COjO^РЬ3ОЛ HgO]
Fe203 50205 Bij03 CuO Ag20

Fig. 2. CO production as a function of the reactivity of m etal oxides. Cathodic excitation

to  its  sm aller specific w eight, undergoes p lasm a reac tio n s  in s tead  of electrode 
reac tio n s, th e reb y  increasing  th e  m easured  am ount o f CO. Sam ple spilled in to  
th e  p lasm a also decom poses and  ev ap o ra tes , and th e n , d iffusing  in to  th e  co lder 
zones of th e  p lasm a, i t  m ay  re a c t w ith  carbon v a p o u rs  arising  from  carb o n  
pow der and  th e  ca rrie r e lectrode [3]. M etal oxides are  n o t  fu lly  recom bined , 
an d  a frac tio n  of th e  oxygen a tom s fo rm ed  by  d issociation  reac ts  w ith  carbon  
to  y ield  CO in th e  colder zones o f th e  p lasm a. O f course, m a te ria l m ay also 
a rriv e  in to  th e  p lasm a  b y  d irec t ev ap o ra tio n  and  d issoc ia tion , in ad d itio n  
to  spilling, for th is  is th e  basis o f th e  arc ex cita tion  o f m a te ria ls  in spectra l 
analysis. This is, how ever, of im p o rtan ce  in  the  case of v o la tile  substances only .

The am o u n t o f m a te ria l m issing from  th e  boring  o f  th e  electrode a fte r  
arc ing  was m easured  in  all exp erim en ts , and  i t  was co m p ared  to  th e  loss of 
sam ple  ca lcu la ted  from  th e  vo lum e of CO evolved. In d e e d , th e  largest d iffe r­
ences betw een  th ese  values w ere found  in  cases w hen  CO production  w as 
increased . H ow ever, re la tiv e ly  fav o u rab le  results were o b ta in e d  for CuO +  C 
m ix tu re  a lready  m en tio n ed  [2 ] an d , am ong o thers, fo r A120 3 +  C m ix tu re .

I t  is w orth  observ ing  th a t  even w ith  stab le  oxides (A120 3, Cr20 3) ab o u t 
0.1 cm 3 of CO could  be m easured . T h is proves again th a t  in  th e  burn ing  spo t
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o f  th e  arc on the  e lec tro d e  of very  h igh  te m p e ra tu re , w here th e  h e a t is tra n s­
fe rre d  from  the  arc to  th e  electrode, sp o n tan eo u s decom position  an d  fu rther, 
p la sm a  and v apour p h a se  reactions m u st be ta k e n  in to  acco u n t. C onsequently , 
th e re  is a separa te  re a c tio n  zone in  th e  u p p e r  layer of th e  e lec trode  where, 
ow ing  to  the  high te m p e ra tu re , th e  m e ta l oxides decom pose irrespec tive ly  of 
th e i r  p roperties. B elow  th is  zone, th e re  is a second, la rger b u t  co lder reaction  
zone also depending o n  th e  cu rren t o f th e  a rc , w ith  dow nw ard  decreasing te m ­
p e ra tu re . Less s tab le  m e ta l oxides decom pose and  reac t in th is  zone. They 
c a n  b e  found in  th e  ris ing , rig h t h a n d  side o f th e  curves.

T he m iddle cu rv es  of th e  figures, rep resen tin g  th e  av erag e , s ta r t  to  bend 
u p w a rd s  a t a h e a t o f  ca . —50 kcal/m ol. T h is m ay  have tw o  reasons. On one 
h a n d , th e  heating  (7 A) and  cooling p ro p e rtie s  (heat co n d u c tio n  of R W  I I  
c a rb o n , carbon p o w d er, and  th e rm a l ra d ia tio n ) of th e  e lec tro d e  m ay  be such 
t h a t  th e  tem p e ra tu re  o f th e  reac tio n  zone p rom otes th e  th e rm a l decom position 
o f  m e ta l oxides w ith  low er h eats  o f fo rm a tio n , i.e. of th e  less s ta b le  ones. This 
is , how ever, im possib le  since th e  te m p e ra tu re  of the  com plete  b u lk  of RW  I I  
c a th o d es  is m uch lo w er th a n  th a t  o f anodes [4], and  still th e  bend ing  points 
o f  th e  curves o b ta in e d  w ith  d ifferen t e lec trode  polarities a re  a t  th e  same loca­
tio n . The o ther re a so n  can be sough t in  th e  behav iour o f th e  o th e r reaction  
p a r tn e r , carbon. T h e  o x id a tio n  of ca rb o n  in to  CO yields —25 kcal/m ol, w hereas 
a d irec t ox idation  in to  C 0 2 produces ca. —48 kcal/m ol p ro  one oxygen atom . 
T h is  is in good a g reem en t w ith  th e  m en tio n ed  value of —50 kcal/m ol w here 
th e  curves s ta r t  to  b e n d  upw ards. T h is fa c t recalls th e  p ro b lem  of C 0 2 fo rm a­
tio n . A lthough in  su ch  excess o f ca rb o n  pow der p rac tica lly  no  C 0 2 could be 
m easu red  in  th e  case  of CoO [2], w ith  m ore reactive  m e ta l oxides, am ong 
o th e rs , th e  fo llow ing para lle l reac tio n s shou ld  be ta k e n  in to  accoun t:

MeO +  C =  Me +  CO 

2MeO +  C =  2Me +  C 0 2 

MeO 4- CO =  Me +  C 0 2 and  

C 0 2 +  С =  2CO

T o  investigate  th e se  reactions, m ix tu re s  w ith  v ary ing  am o u n ts  of carbon 
pow der were m easu red  under s te a d y  an d  flow ing A r a tm o sp h e re . These m eas­
u rem en ts  will be d iscussed  in  su b seq u en t papers.

Five of th e  20 ty p es of m e ta l oxides deserve fu r th e r  discussion. The role 
o f  reac tiv ity  is w ell illu s tra ted  b y  th e  b ehav iou r of th e  th re e  oxides of lead : 
P b O , P b 30 4 an d  P b 0 2. The resu lts  are  show n in T ab le  I .  L abels о and  c in  
th e  heading o f th e  tab le  in d ica te  th e  p o la rity  of th e  c a rr ie r  electrode during  
arcing.
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Table I

Comparison o f the three types o f lead oxide 

a — anodic, c — cathodic excitation

Metal
oxide

A H
keal/m ol

CO cm3 Sample
w eight,

g

Missing am ount, 
g

a C a c

PbO - 5 2 0.28 0.18 0.0290 0.0023 0.0055

Pb30 4 — 44 0.36 0.28 0.0286 0.0030 0.0054

P b 0 2 - 3 3 0.44 0.51 0.0277 0.0020 0.0056

T ab le  II

Comparison o f  the two types o f cobalt oxide 

a — anodic, c — cathodic excitation

Metal
oxide

A H
keal/m ol

CO cm3 Sample
weight,

Missing am ount,

a c g
“ c

CoO - 5 7 0.21 0.13 0.0231 0.0019 0.0017

Co20 3 - 5 2 0.35 0.26 0.0215 0.0011 0.0004

T he heats o f fo rm atio n  (zffl) o f  th e se  oxides p ro  one b o u n d  oxygen a to m  
decrease in  th e  ab o v e  sequence, a n d  so increase th e ir  reac tiv itie s . Since th e  
th ree  oxides co n ta in  th e  sam e m e ta l, th e re  m ay  be no su b s ta n tia l d ifference 
b e tw een  th e  e v a p o ra tio n  ra tes an d  h e a t  co n d u c tiv ities  o f th e  specim ens. T he 
adherence of th e  pow ders m ust a lso  be ap p ro x im a te ly  th e  sam e since th e  
m a te ria l m issing from  th e  boring o f  th e  e lectrode a fte r arcing  is p rac tica lly  
th e  sam e for th e  th re e  lead  oxides, save  fo r th e  v a ria tio n  w ith  th e  p o la rity  
of th e  carrier e lec tro d e . In  th is case th e  vo lum e of CO p roduced  in  th e  arc  
s tr ic tly  follow th e  re a c tiv ity  series w ith  b o th  anodic and  ca thod ic  ex c ita tio n . 
This is even m ore ch a rac te ris tic  if  i t  is ta k e n  in to  acco u n t th a t  th e  specific 
w eights of m ix tu res con ta in ing  th e  sam e  am o u n ts  of b o u n d  oxygen  are slig h tly  
d ifferen t, and th u s  th e  sam ple w e ig h ts  decrease in  th e  above sequence. P re ­
sum ab ly , th is  fa c t so m ew h at decreases th e  possib ility  of reac tio n , and  c o u n te r­
acts th e  role of re a c tiv ity . And still, th e  m easured  volum e o f CO clearly  follow 
th e  sequence of reac tiv itie s . H ow ever, it  re flec ts  th e  s tro n g er ev ap o ra tio n  of 
lead , p a rticu la rly  fro m  th e  cathode, t h a t  m ore m a te ria l is lo st from  th e  boring  
a fte r arcing th a n  in  th e  case of ano d ic  ex c ita tio n .

A sim ilar s ta te  o f affairs can  b e  observed  in  th e  o th e r  tw o in te re s tin g  
cases, i.e. w ith  CoO a n d  Co20 3 (T able  I I )  and  w ith  SnO an d  S n 0 2 (Table I I I ) .  
L ike in th e  case o f lead , th e  com p ariso n  of these  d a ta  is m ore ju s tified  and  
successful th an  th a t  o f  th e  oxides o f d iffe ren t m etals.
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Table II I

Com parison o f the two types o f tin  oxide 

a — anodic, c — cathodic excitation

Metal
oxide

A H
keal/m ol

CO cm3 Sample
weight,

Missing am ount, 
g

“ c g a c

SnO, - 7 1 0.10 0.12 0.0238 0.0006 0.0018

SnO - 6 9 0.24 0.21 0.0232 0.0009 0.0020

Table IV

Com parison o f  the two types o f  copper oxide 

a — anodic, c — cathodic excitation

Metal
oxide

A H
keal/m ol

CO cm3 Sample
weight,

Missing am ount, 
g

a c g a

Cu20 - 4 1 0.53 0.34 0.0270 0.0050 0.0063

CuO - 3 8 0.28 0.20 0.0251 0.0008 0.0021

The fo u rth  a n d  f if th  cases a lread y  show  co n trad ic tio n s.
T he re la tive  vo lum es of CO m easured  for CuO an d  Cu20  are  opposite  

to  th e  expecta tions (T ab le  IV ). T he reasons can  be found  in  th e  high re a c tiv ­
itie s  o f copper ox ides an d  th e  good h e a t c o n d u c tiv ity  o f m e ta l copper form ed 
in  th ese  reactions. I n  th e  s trong  reac tio n  large am o u n t o f copper m e ta l is 
fo rm ed  which, ow ing to  its  low v o la tility  and  high h ea t con d u c tan ce , also 
tra n s fe rs  heat to  th e  low er p a rts  of th e  boring . O f th e  tw o m ix tu res , in  th e  case 
o f  Cu„0 a double a m o u n t of good h ea t co n d u c to r copper is fo rm ed; th e  vo lum e 
o f CO evolved is also n ea rly  tw ofold  th a n  in  th e  case of CuO, a lth o u g h  th e ir  
o x y g en  con ten t is th e  sam e. This also seem s to  be proved  b y  a fu r th e r  ex p eri­
m e n t in  which a d ilu te d  Cu20  +  C m ix tu re  was used w hich co n ta in ed  1.72 % 
b y  w eight of b o u n d  oxygen  and  th e  sam e am o u n t of copper as th e  m ix tu re  
o f  CuO. In  th is  case 0.32 cm 3 of CO w as m easured  w ith  anodic and  0.24 cm 3 
w ith  cathodic ex c ita tio n . T hese re su lts  are  n ea rly  th e  sam e as th e  ones ob ta in ed  
w ith  th e  above m ix tu re  of CuO co n ta in in g  th e  sam e am o u n t o f copper. Con­
seq u en tly , the  a m o u n t o f pure  m e ta l fo rm ed  in  th e  reac tio n  also has an  im p o r­
t a n t  role in co n tro llin g  th e  te m p e ra tu re  o f th e  boring  of th e  ca rrie r e lectrode. 
I n  th e  increased re a c tio n , in  th e  case o f Cu20 ,  th e  m a te ria l loss from  th e  boring  
o f  th e  electrode w h ich  can  be observed  up o n  the  effect o f th e  arc also increases 
su b stan tia lly .

The carbon po w d er m ix tu res of H gO  of red  and  yellow  c ry s ta l m o d ifica ­
tio n s  also show odd  behav iou r. H ere th e  m eta l co n ten t o f th e  m ix tu re  is th e
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Table V

Comparison o f  red and yellow HgO 

a — anodic, c — cathodic excitation

HgO
CO cm: Sample

weight,
Missing am ount, 

g

a c g
“ C

Red 0.48 0.35 0.0312 0.0262 0.0158
Yellow 0.45 0.32 0.0326 0.0223 0.0155

sam e in  q u an tity , b u t  on the  basis o f th e ir  c ry sta l s tru c tu re  th e  red m odifica­
tio n  is know n to be m ore  stab le . T he resu lts  are show n in T ab le  V. T he d iffer­
ence in  th e  tw o cases is sm all, b u t in  a rep ea ted  m easu rem en t th e  sam e could 
be observed. In  all p ro b a b ility , th e  reaso n  m ay  be th e  h igh  v o la tility  o f m er­
cu ry  an d  th e  d ifferen t adherences an d  spillings of th e  pow ders of th e  tw o ty p es 
of oxides. M ercury m e ta l form ed in  th e  reaction  is v e ry  v o la tile , and carries 
the u n reac ted  m ix tu res of d ifferent adherences to  d iffe ren t ex ten ts . F o r th a t  
m a tte r , th is  is also in d ic a te d  by th e  v e ry  high losses from  th e  boring of th e  
carrie r electrode.

O f th e  poorly re a c tiv e  m ateria ls , th e  behav iou r o f A120 3 (and  Cr20 3) was 
found to  be very fav o u rab le . This re a c ts  to  only  a v e ry  sm all ex ten t, and  
th e  m a te ria l m issing fro m  th e  boring o f  th e  electrode a f te r  arcing  is very  little , 
only 0.0007 and 0.0006 g w ith  anodic  an d  ca thod ic  ex c ita tio n , respectively . 
T his is ca . 3 % of th e  m a te r ia l filled  in to  th e  boring , w hich  also con ta ins, o f 
course, th e  evapora ted , n o t only th e  spilled  m ate ria l. T h e  reac tio n  m ay  ru n  
here on ly  in the zone o f th e  burn ing  sp o t of th e  arc, th e re fo re  it  is a very  p ro m ­
ising m odel m ateria l fo r th e  com parison  of th e  b eh av io u r of reac tive  CuO. 
T herefo re , in  the follow ings, th e  reac tio n s o f m ix tu res  CuO +  C an d  A120 3 +  C 
w ere stu d ied .

The role of the burning time o f arc

T hese investiga tions were carried  o u t w ith  CuO +  C m ix tu res  of 0.03 
m e ta l oxide mole fra c tio n , a t  a c u rre n t o f 7 A. T he m easu red  volum e of CO 
as a fu n c tio n  of bu rn in g  tim e  is show n in  Fig. 3. T he re a c tio n  increases linearly  
w ith  b u rn in g  tim e, an d  th e  anodic v a lu es  are again  h ig h er th a n  th e  ca thod ic  
ones ow ing to  the h ig h er ex ten t of glow ing. T he s im u ltan eo u s change in  th e  
a m o u n t o f  m ateria l lo s t from  the  b o rin g  of the  ca rrie r e lec trode  can  be seen 
in  F ig . 4. T he m easured d a ta  denoted  w ith  solid line show  n ea rly  linear re la ­
tio n sh ip , b u t  they  are  obviously  h ig h e r th a n  th e  ex p ec ted  consum ption  of 
m a te ria l (broken line) ca lcu la ted  from  th e  am o u n ts  o f CO produced . T he
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F ig. 3. CO production as a function of the burning tim e of arc. CuO +  C m ixture, 7 A; a —
anodic, c — cathodic excitation

F ig. 4. The am ount of m aterial consum ed from the boring of the electrode as a function of 
burning time. CuO +  C m ixture, 7 A; a — anodic, c — cathodic excitation . Solid line: m eas­

ured; broken line: calculated values

difference is due to  th e  spilling o f sam ple. O f th e  m easu red  va lues, how ever, 
th e  resu lts ob ta ined  w ith  ca thod ic  ex c ita tio n  are h igher th a n  th e  anodic ones. 
T h is has been observed  several tim es. T he ex c ita tio n  source, as given p re ­
v iously  [2], is a.c. po larized  arc, i.e. in  fac t a pulsing d.c. I t s  pu m p in g  effect 
also causes spilling in  th e  sam ple, m ain ly  w ith  ca th o d ic  ex c ita tio n , since in  
th is  case th e  processes tak e  p lace in  th e  u p p er zone of th e  filling . T he te m p e r­
a tu re  of th e  b u rn in g  spo t of th e  arc  is h igher on th e  ca th o d e  [5] an d , p ro b ab ly , 
th is  is also decisive in  th e  spilling of m ateria l.

In  paralle l w ith  th e  gas an a ly tica l m easu rem en ts, sp ec tra  were also 
ta k e n . F igure 5 show s th e  in te n s ity  o f a to m  line Cu 282.4 n m  (Ic u i) as a fu nc tion  
of th e  bu rn ing  tim e  of arc. As has been done before [6 ], th e  change in  th is  
in te n s ity  was reg a rd ed  p ro p o rtio n a l w ith  th e  change in  th e  ev ap o ra tio n  o f 
th e  oxide. T he curves are  of sa tu ra tio n  ch a rac te r. T he in ten s itie s  are fa irly  
low  owing to  th e  re la tiv e ly  low c u rre n t and th e  Ar a tm o sp h ere .

As a com parison , th e  change of th e  reac tio n  w ith  th e  b u rn in g  tim e  o f 
a rc  was also d e te rm in ed  w ith  an  arc  of 18 A. T he curves o b ta in ed  from  th e  
m easured  volum e of CO are show n in F ig . 6 . These curves also show  sa tu ra tio n  
ch a rac te r, closely app ro ach in g  th e  100 % line co rrespond ing  to  th e  possible 
com plete reac tio n , in d ica tin g  th a t  w ith  h igher cu rren t an d  lo n g er bu rn in g  tim e  
th e  com plete b u lk  o f sam ple s ta r ts  to  glow and  reac t. T h e  line  in ten sities  of th e  
spec trum  (Fig. 7 I cu i ;a to m  line Cu 282.4 nm ) also show  sa tu ra tio n  as a func-
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Fig. 5. The in tensity  o f  atom  line Cu 282.4 nm  as a function of burning tim e, 7 A; a — anodic,
c — cathodic excitation

Fig. 6. CO production as a function of th e  burning tim e of arc. CuO +  C m ixture, 18 A; a —
anodic, c — cathodic excitation

c — cathodic excitation

tio n  of tim e. T he fa c t th a t  sa tu ra tio n  curves are  o b ta in ed  fo r b o th  7 A and  
18 A ind ica tes t h a t  th e  ra tio  of th e  h e a tin g  an d  cooling o f e lec trode  is sh ifted  
in  tim e . The te m p e ra tu re  of th e  e lec tro d e  does n o t increase p ro p o rtio n a lly  
w ith  tim e  since a t  h igher te m p e ra tu re s  th e  electrode is cooled m ore s trong ly  
ow ing to  th e  h igher tem p era tu re  g ra d ie n t [14]. T he effect o f th e  h ea t of reac-

Ada Chim. Acad. Sei. Hung. 97, 1978



tio n  on th e  da ta  of th e  sp ec tru m  m u st also be s tro n g er in  th e  f irs t period. 
T h e  reac tio n  zone co incides w ith  th e  ev ap o ra tio n  zone o f th e  arc  only in  th e  
f i r s t  period  of ex c ita tio n . As th e  reac tio n  proceeds in  tim e , i t  m oves dow n­
w ard s  in  the  filling o f  th e  e lectrode, aw ay  from  th e  ev ap o ra tio n  zone o f th e  
a rc , i.e. from  the b u rn in g  sp o t. T he h e a t o f reac tion  evolved fa r from  the u p p er 
la y e rs  does no t h e a t th e  u p p er la y e r  p ro p o rtio n a lly . W ith  h igher cu rren ts  
th is  effect is enhanced  b y  th e  fa c t th a t  th e  reac tio n  ra te  is also h igher in  th e  
f ir s t  period , as show n b y  gas an a ly tic a l m easurem ents. T hese fac ts  give rise 
to  th e  sa tu ra tio n  c h a ra c te r  of in te n s ity  curves. C om plete sa tu ra tio n  can , 
o f  course, not be ach ieved  since m eta llic  copper form ed in th e  reaction  ev ap o ­
ra te s  longer during a rc in g , and  th e  in ten s itie s  are in te g ra te d  on th e  p h o to ­
g rap h ic  plate.

To check th e  ab o v e  considera tions, m easu rem en ts w ere also perform ed 
w ith  A1.,0:S +  C m ix tu re s  as a fu n c tio n  o f b u rn in g  tim e . O w ing to  th e  expected  
sm all reac tion  th e  c u r re n t applied  w as 18 A. T he resu lts  o f gas analysis are 
show n  in Fig. 8. T h e  p ro d u c tio n  o f CO increases lin ea rly  w ith  tim e, b u t  it 
reach es 0.3 cm 3 on ly  a f te r  16 s w ith  th e  ca rrie r e lec trode  as anode, w hich 
v o lu m e  corresponds to  o n ly  30 % of th e  com plete  reac tio n  ca lcu la ted  from  th e  
w e ig h t of sam ple in  th e  boring  o f th e  e lectrode. In  c o n tra s t , CuO p roduced  
1.14 cm 3 of CO u n d e r th e  sam e co n d itio n s (18 A, 16 s) w hich  corresponds to  
96 % of the  com plete reac tio n  ca lcu la ted  from  th e  w eigh t o f  th e  sam ple. T his 
is even  more c h a ra c te ris tic  if  i t  is considered  th a t  in  th e  case of A 1,03 +  C 
m ix tu re  the  am o u n t o f  m a te ria l m issing  from  th e  boring  a fte r  arcing  is v e ry  
low  (F ig . 9), as p o in ted  o u t in  th e  end  of th e  previous section .

T he results o f spectroscop ic  m easu rem en ts  can  be seen in  Fig. 10. T he 
in ten s itie s  of atom  line  A1 305.0 nm , s tro n g ly  expanded  v e rtic a lly  in  th e  figure , 
also  show sa tu ra tio n  cu rves as a fu n c tio n  of bu rn in g  tim e . This su p p o rts  th e  
ch an g e  of tem p e ra tu re  cond itions in  tim e , arising  from  th e  h ea tin g  and  cooling 
o f  electrode, and its  role in  the  e v a p o ra tio n  o f sam ple. A ccording to  th e  resu lts  
o f  gas analysis, chem ical reac tions an d  th e ir  effects shou ld  h a rd ly  be ta k e n
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Fig. 8. CO production as a function of the burning tim e of arc. A120 3 +  C m ixture, 18 A; a —
anodic, c — cathodic excitation
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in to  acco u n t here, and  th u s  th e  in ten s ity  curves re flec t th e  change of evapo­
ra tio n  in  tim e  n ea rly  in d ep en d en tly  of the  chem ical reac tions. I t  also tu rn s  
o u t th a t  a t these  high cu rren ts , in  th e  considera tions p e rta in in g  to  copper, 
to o , i t  is p rim arily  these  reac tio n -in d ep en d en t h e a tin g  an d  cooling processes 
th a t  p lay  th e  m ain  role. C hem ical reactions on ly  m odify  th e  resu lts  in  th e  
sam e direction .

T he sp ec tru m  c h a ra c te r  curves re la ted  to  th e  m ean  p lasm a tem p e ra tu re  
(/lY cu 237.0/282.4 5 7 I1 H> 18 A: Fig. 12; /IY ai 281.6/305.0 ? 18 A: Fig. 13) sim i­
la r ly  show  th a t  in  th e  f irs t  period  of burn ing  tim e  th e re  are  m ore su b s ta n tia l 
changes in  th e  com position  o f th e  p lasm a, ow ing p re su m ab ly  to  th e  in itia l 
s tro n g  increase in  te m p e ra tu re  and  evapora tion .

F ig. 9. The am ount o f m aterial consum ed from the boring o f electrode as a function of burning 
tim e. A120 3 +  C m ixture, 18 A; a — anodic, c — cathodic excitation . Solid line: measured,

broken line: calculated values

Fig. 10. The intensity o f atom  line A1 305.0 nm  as a function of burning tim e, 18 A; a — anodic,
c — cathodic excitation

<
5 0 ------ 1----- ‘---------- *-------- ‘-------------------- 1-------

0 2 U 7 10 16
s

Fig. 11. The change o f  spectrum  character (A Y c u 237.0/282.4) w ith  tim e. CuO
anodic, c — cathodic excitation

C m ixture, 7 A;
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0 1 2 4  7 10 16

F ig. 12. The change of spectrum  character (z lY cu 2 3 7 .0 ,2 8 2 .4) w ith tim e. CuO +  C m ixture, 18 A;
a — anodic, c — cathodic excitation

-----------1------------1------------------1--------------- - I -------------------------------- _ i __

0 2 4 7 10 16s
F ig. 13. The change of spectrum  character (A  YA] , Hl 6/305 0) w ith tim e. A120 3 m ixture, 18 A;

a — anodic, c — cathodic excitation
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SOME CHEMICAL REACTIONS OF THE ELECTRODE 
GAP AND THEIR ROLE IN SPECTROCHEMICAL 

ANALYSIS, XXYI
T H E  B E H A V IO U R  OF METAL O X ID E S IN  T H E  ARC IN  STEADY Ar 

ATM O SPHERE. T H E  ROLE OF T H E  METAL O X ID E -C A R B O N  PO W D ER  
RATIO  W ITH  RW II A U X IL IA R Y  ELECTRO DES

Z. L . S zabó and H . D obo lyi- F e j é r d y *

(Departm ent o f  Inorganic and A nalytical Chemistry, Eötvös L . U niversity, Budapest 
* H ungarian Optical Works, Budapest)

R eceived N ovem ber 15, 1976

W hen arcing carbon powder m ixtures of chem ically more active m etal oxides, 
CO and C 02 are form ed in parallel reactions. Their am ounts are the highest w hen the  
ratio o f carbon and oxygen  bound in the m etal oxide is about 1 : 1. The powder specim en  
investigated  is heated  by the heat o f reaction, but cooled b y  the pure m etal form ed  
sim ultaneously in  the boring of the electrode, owing to its good heat conductivity. The 
state  o f the plasm a is affected substantia lly  by the carbon oxides reaching the plasm a, 
depending on their quantity . The line intensities o f the spectrum  are determined b y  the  
result o f these three processes.

P rev ious p ap ers  [1— 3] of th is  series were concerned  w ith  th e  b eh av io u r 
o f th e  carbon  pow der m ix tu re s  o f som e m eta l oxides in  th e  arc. The sp ec tru m  
line in ten s itie s  an d  th e  am o u n ts  o f  CO form ed in  th e  re a c tio n  w ere m easu red  
as a fu n c tio n  o f th e  c u rre n t o f th e  a rc , th e  q u a lity  o f  th e  m e ta l oxides a n d  
th e  b u rn in g  tim e  o f th e  arc. In  th e se  ex p erim en ts , la rge  excess of carbon  w as 
app lied  in  o rd er to  e lim in a te  th e  fo rm a tio n  o f C 0 2. N everthe less, some d a ta  
h av e  in d ica ted  th a t  C0.2 m ay  also from  in th e  reac tio n . T his p ap er deals w ith  
th e  role o f th e  ra tio  o f  m e ta l ox ide an d  carbon  pow der, in  s tead y  A r a tm o s ­
phere , w ith  R W  I I  c a rr ie r  electodes. T he exp erim en ta l a p p a ra tu s  an d  m e th o d  
have a lread y  been described  in  R ef. [1]

Results and discussion

T he gas a n a ly tic a l resu lts  [1] ob ta in ed  in  th e  p re lim in ary  experim en ts 
w ith  th e  m ix tu res  co n ta in in g  v a rio u s am o u n ts  of CoO in  carbon  have show n 
th a t  th e  higher th e  a m o u n t of m e ta l oxide in  th e  m ix tu re  th e  s tronger th e  
reaction . H ow ever, th e  m easu rem en ts encom passed on ly  th e  CoO +  C w /w  
ra tio s  up  to  1 : 1, co rrespond ing  to  a m e ta l oxide m ole frac tio n  of 0.14. A lread y  
a t  th is  ra tio , a s lig h t re ta rd a tio n  could  be observed in  th e  curves. Considering 
th e  possibilities, we w ere forced to  conclude th a t  we h a d  m easured  th e  f irs t ,
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r is in g  section of a m ax im u m  curve. T h e  curve  should h av e  a  m ax im um  a t 
a 1 : 1 m olar ra tio  o f  m e ta l oxide an d  ca rb o n , p rovided  th a t  one m ole of m etal 
o x id e  contains one o x y g en  atom , since th is  is th e  op tim u m  ra tio  for CO fo r­
m a tio n . In  the  fo llow ing  experim en ts m ix tu re s  of CuO and C, considered as 
fav o u rab le  model [3], h a v e  been used , a n d  th e  resu lts  w ere p lo tte d  as a func­
t io n  of the  mole f ra c tio n  of CuO fo u n d  in  th em . H ow ever, th e  calcu la tions 
h a v e  also shown t h a t  u p  to  the  m o la r ra tio  1 : 1 th e  ex p ec tab le  reaction  is 
d ire c tly  p roportiona l to  th e  n um ber o f m oles filled in to  th e  bo ring  of th e  elec­
tro d e , and not to  th e  m ole frac tion . T herefo re , in th e  follow ing stud ies th e  
m easu red  values w ere  p lo tted  ag a in s t th e  n u m b er of m oles a c tu a lly  m eas­
u re d  in to  the b o ring  o f  the  electrode. In  th e  f irs t, le ft-h an d  sections of the  
c u rv e s  th e  reaction  is de term ined  b y  th e  n u m b er of m oles o f m e ta l oxide, 
w h ereas  w ith a m e ta l oxide co n ten t h ig h er th a n  50 ml % its  e x te n t depends 
on  th e  otherwise d ecreasin g  am oun t of ca rb o n  pow der in  th e  m ix tu re  held by  
th e  boring of th e  e lec tro d e . Therefore, in  th e  following figures we have show n 
th e  m ole num bers fo r  th e  m ix tu re  o f CuO and  C pow der, ca lcu la ted  on th e  
b as is  of the  am o u n ts  m easured  in to  th e  boring  of th e  ca rrie r e lec trode; in the  
le f t-h a n d  sides th e  CuO mole num bers are  increasing from  le ft to  rig h t, and 
in  th e  righ t-hand  sides o f th e  figures th e  num ber of C m oles a re  increasing 
f ro m  righ t to  le ft. F ig u re  1 shows th e  calculated values of th e  possible m ax i­
m u m  reaction  from  th e  specim en, d ep en d in g  on its  m inor co m ponen t, i.e. th e  
a m o u n t of CO th a t  w o u ld  evolve if  a t  th e  given sam ple w eigh t th e  com plete 
a m o u n t of m eta l o x id e , or, in  th e  r ig h t-h a n d  section of th e  cu rve, th e  com ­
p le te  am ount of c a rb o n  reac ted . “ S am ple w eig h t” is s tressed  since th e  higher 
th e  CuO con ten t o f  th e  specim en, th e  g rea te r, though  th e re  is no linear re la ­
tio n sh ip , the specific w eig h t of th e  m ix tu re . T herefore, th e  sam e boring  of th e  
e lec tro d e  (in size) w ill hold  increasing ly  m ore am oun ts of sam ple  (in w eight).

In  the above m a n n e r , a regu la r, eq u ila te ra l trian g le  is ob ta in ed  in th e  
f ig u re , the upper p e a k  o f w hich is a t  th e  m o la r ra tio  1 : 1, w here  th e  tw o scales 
o f  th e  abscissa also m ee t. This, on th e  basis  of th e  given sam ple  weight? m eans 
5 .2 5 x 1 0  4 mol o f CuO  and  C, re spec tive ly .

Figure 2. show s th e  experim ental re su lts  ob tained  w ith  a c u rren t of 7 A 
a n d  burn ing  tim e of 10 s. T he m ix tu res w ere filled in to  th e  low er R W  I I  carbon 
c a rr ie r  electrode, a n d  w ere arced ag a in s t a coun tere lectrode  of th e  sam e m a te ­
r ia l . T he specim en w as excited  by an  a.c. po larized  arc ig n ited  a t  th e  m ax im um  
o f  v o ltage . W ith  th e  c a rr ie r  electrode co n n ec ted  as anode (cu rv e  a), th e  exper­
im e n ta l results give a cu rve  very  s im ila r to  th e  ca lcu la ted  one, b u t  rounded  
a t  th e  peak. The cathodic results (cu rve  c) are m uch low er, an d  th u s  give a 
f la t te r  m axim um . H ow ever, the h igher anodic resu lts  are  also m uch below 
th e  calculated v a lu es . In  the  anodic case, th e  m easured  p o in ts  w ere f irs t 
co n n ec ted  w ith  tw o  s tra ig h t lines co rrespond ing  to  th e  tw o  sides of th e  
tr ia n g le , tak ing  th e  p o sitio n  of th e  th re e  po in ts  in th e  neighbourhood  of th e
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Fig. 1. The m axim um  possible reaction calculated from  the weight o f CuO +  C m ixture

E
О

о
о

0 1 5 25 1 0
m CuO — — J-*—  m C mol »IO4

Fig. 2. Measured am ount of CO as a function of the com position of CuO -f C m ixtures. 7 A, 
10 s; a — anodic, c — cathodic excitation

p eak  as th e  s c a tte r  o f th e  d a ta . H ow ever, b y  ta k in g  in to  acco u n t th e  com ple te  
se t o f ex p erim en ta l d a ta  i t  could be seen th a t  in  every  sim ilar m easu rem en t 
(e.g. u n d er flow ing  atm osphere , too) th e  th re e  u p p e r ex p erim en ta l p o in ts  
a p p ea r in  th e  g iven  locations. T he m ix tu re s  consum ed d u ring  th e  ex p erim en ts  
w ere p rep ared  ag a in  and  w ith  these  th e  sam e ty p es  of curves w ere o b ta in ed . 
I t  could be excluded  therefore  th a t  th e re  w as some m istak e  in  th e  p re p a ra tio n  
of m ix tu re s  or in  th e  w eight m easu rem en ts.

T he locatinos o f th e  m ax im a are  sh ifted  w ell observab ly  to w ard s th e  
m e ta l oxide c o n te n ts  higher th a n  th e  m olar ra tio  1 : 1 .  T his can  also be a t t r ib ­
u te d , in  p a r t , to  th e  fac t th a t  th e  ca rrie r e lectrode is ca rbon , too , w hich , 
a lth o u g h  to  a sm alle r ex ten t, m ore precisely  to  an  e x te n t increasing  w ith  
a decrease in th e  ra tio  of carbon  pow der in  th e  m ix tu re , also tak es  p a r t  in  th e

Acta Chim. Acad. Sei. Hung. 97, 1978



16 SZABÓ, DOBOLYI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXVI

reac tio n . This is also in d ica ted  by a w ell m easu rab le  reac tio n  o b ta in ed  w ith  
p u re  CuO, i.e. a t  a “ zero ”  mole frac tio n  o f C.

T he higher v a lu e s  ob tained  w ith  th e  ca rrie r e lectrode connected  as 
an o d e  are, in  a g reem en t w ith  the  p rev io u s observ a tio n s, obvious. T he head  
o f  th e  anode glows u p  u n d er arcing to  o b se rv ab ly  h igher e x te n t th a n  th e  
ca th o d e , and even a f te r  sw itching off th e  arc  i t  s till glows, un like  th e  ca th o d e . 
C onsequen tly , th e  s tro n g e r  reaction  is ev id e n t in  th is  case.

A n increase in  th e  am o u n t of CuO in  th e  boring  o f th e  electrode p roduces 
an  increasing ly  s tro n g e r  oxidising sy stem . I t  could  th ere fo re  be expec ted  th a t  
th e  ox idation  of c a rb o n  proceeds fu r th e r , to  th e  fo rm atio n  of CO.,. F ig u re  3 
show s th e  respective  re su lts . The curves o f CO, o b ta in ed  b y  th e  effect of arc 
a re  sim ilar in ru n  to  th o se  of CO. In  th e  anodic  case (curve a), according to  th e  
th re e  u p p er p o in ts , th e  m ax im um  ap p ears  ag a in  a t  a m e ta l oxide c o n cen tra tio n  
s lig h tly  higher th a n  th e  m olar ra tio  1 : 1 ,  an d  th e  ca th o d ic  cu rve  (c) is sim i­
la r ly  f la tte r . T he m ax im u m  of th e  la t te r  is sh ifted  to w ard s som ew hat even 
h ig h er m eta l oxide ra tio s . One could also  observe th e  “ de lay ”  in  th e  values 
o b ta in ed  w ith  anod ic  ex c ita tio n  a t low  copper oxide co n ten t, owing to  th e  
s tro n g e r reducing  co n d itio n s caused b y  th e  large excess of ca rbon  pow der. 
I t  follows from  th e  ab o v e  th a t  the  tw o reac tio n s , th e  fo rm a tio n  of CO an d  CO,, 
a re  in  close co rre la tio n . F ro m  the  p o sitions o f th e  m ax im a , w hich lie be tw een  
th e  m olar ra tio s 1 : 1 an d  1 : 2, fav o u rin g  th e  fo rm atio n  of th e  tw o ty p e s  of 
th e  carb o n  oxides, i t  follow s th a t  the  tw o  reac tio n s ru n  in  para lle l and com pete  
in  using  th e  o x id a n t CuO . This also ex p la in s  th e  ro u n d  tip s  of th e  p eak s of 
th e  tw o  curves.

F o r stu d y in g  th e  electrode su rface reac tions of carbon  electrodes, th e  
m easu red  volum e ra t io s  of CO and C 0 2 could  be well u tilized  to  ch arac terize  
th e  red o x  p roperties o f  th e  system  [4]. I n  th e  c ited  w ork  stream in g  a tm osphere  
w as used, in  w hich  th e  possib ility  o f in te rco n v ersio n  betw een  CO an d  CO, 
d u rin g  th e  diffusion th ro u g h  p lasm a zones of d ifferen t te m p era tu res  w as elim i­
n a te d  by  th e  h igh flo w  ra te  of th e  gas, i.e. th is  reac tio n  was “ freezed in ” . 
T herefo re , the  CO,/CO ra tio  charac terized  here  th e  ac tu a l s itu a tio n  p resen t 
in  th e  v icin ity  of th e  electrode. O ur p re se n t ex perim en ts were carried  o u t in  
closed  cell, in  s te a d y  A r atm osphere.* N evertheless, m ain ly  for th e  sake of 
com parison  w ith  la te r  experim ents u n d e r flow ing  a tm osphere , we have  p lo tte d  
th e  volum e ra tio s CO,/CO calculated  from  th e  m easured  volum es of CO, and  
CO as a function  o f th e  com position o f th e  m ix tu re . T he resu lts  are show n 
in  F ig . 4.

D ue to  th e  f lu c tu a tio n  of the  p o in ts  o f th e  orig inal curves (F igs 2 an d  3), 
th e  m ean  values o b ta in e d  w ith  th e  c a rr ie r  electrode as cathode p roduced  a 
w a v y  curve. W hen  th e  ra tio  C 02/C 0  is ca lcu la ted  from  th e  sm oothed  curves 
o f C 0 2 and  CO p ro d u c tio n  (Figs 2 an d  3), th e  ra tio  cu rve  becom es s tra ig h t 
a n d  shows rising  c h a ra c te r . C onsequently , w ith  increasing  m eta l oxide ra tio
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m CuO — »- I •»— m C m olx104

Fig. 3. Measured am ount o f C 0 2 as a function of the com position of CuO +  C m ixtures. 7 A, 
10 s; a — anodic, c — cathodic excitation

Fig. 4. Volum e ratio C 02/CO as a function of the com position of CuO +  C m ixtures. 7 A, 10 s;
a — anodic, c — cathodic excitation

in pow der m ix tu res, th e  ra tio  C 0 2/C 0  ind ica tes th e  increasing  ox idation  co n ­
d itions even in s te a d y  a tm o sp h ere . T he curve o b ta in ed  w ith  th e  carrier e lec­
tro d e  as anode passes a m ax im u m , w ith  th e  C 0 2/C 0  ra tio s  ca lcu la ted  e ith e r  
from  th e  ex p erim en ta l p o in ts  or from  th e  sm oothed  curves. T he rising c h a r­
ac te r o f th e  curve in d ica te s  th e  increasing  o x ida tion  cond itions in th is  case, 
too. H ow ever, th is  anod ic  cu rve  ru n s above th e  ca th o d ic  one, since th e  te m p e r­
a tu re  conditions occu rrin g  in  th e  anode are  p ro b ab ly  in  fav o u r of C 0 2 p ro ­
duction . F rom  a com parison  of Fig. 2 and  3 p e rta in in g  to  C 0 2 and  CO, respec­
tive ly , it  tu rn s  ou t th a t  th e  prev iously  delayed C 0 2 p ro d u c tio n  a t th e  m ax im um  
alread y  exceeds th e  vo lu m e of CO produced . A fter th e  m ax im um , a lth o u g h  
th e  am o u n t of o x id an t CuO increases fu r th e r  in  th e  sy stem , th e  am o u n ts  of 
b o th  carb o n  oxides show  decreasing ten d en cy . T he decrease is fa s te r for C 0 2, 
and  th u s  th e  curve o f th e  ra tio  C 0 2/C 0  bends back . H ow ever, th e  reason  for 
th e  m ore rap id  decrease in  C 0 2 fo rm atio n  requires ex p lan a tio n . A ccording
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to  o u r assum ptions, th e  phenom enon  shou ld  be exp lained  again  b y  th e  heating  
a n d  cooling cond itions, i.e. th e rm al con d itio n s of th e  elec trode , a lread y  m en­
tio n ed  several tim es [3]. T he th e rm a l decom position  of th e  increasing  copper 
ox ide  co n ten t req u ires  increasing ly  m ore  energy, w hich is less an d  less com ­
p e n sa te d  by  th e  h e a t  o f reac tio n  w h ich  decreases ow ing to  th e  decreasing 
ca rb o n  con ten t. T h u s , th e  reac tio n  zone o f th e  te m p e ra tu re  ad v an tageous 
fo r C 0 2 fo rm ation  decreases. A t th e  sam e tim e, th e  effect of th e  chem ical 
re a c tio n  on th e  site  o f CO fo rm ation  o f h ig h er te m p e ra tu re  [5] is sm aller, and 
th u s  th e  am oun t o f CO decreases less a b ru p tly , rem ain ing  p ro p o rtio n a l w ith  
th e  change in  th e  com position  of th e  m ix tu re .

F rom  th e  m easu red  am o u n ts  o f CO and C 0 2 we h av e  ca lcu la ted  th e  
a m o u n t of m eta l ox ide  consum ed in  th e  reac tio n s y ield ing  th e  above p roducts, 
as a percentage o f sam p le  w eight filled  in to  th e  boring  o f th e  electrode, and 
th e se  resu lts w ere su m m ed . The va lu es  £  % ob ta ined  are  g iven in  Fig. 5 as 
a fu n c tio n  of th e  co m position  of pow der m ix tu re . As can  be seen, th e  to ta l  
re a c tio n  per cen t gives again  a m ax im u m  curve in  th e  case o f anodic ex c ita ­
t io n  w hereas th e  ca th o d ic  resu lts  decrease, f irs t to  a g rea te r  e x te n t th e n  a t 
a low er ra te . This m u s t also be in  re la tio n  w ith  th e  above, since th e  sam e d a ta  
w ere  used in  a d iffe ren t w ay . In  th e  case o f anodic ex c ita tio n  a fu r th e r  excess 
o f ox idation  tak es  p lace  owing to  th e  g re a te r  h ea t o f reac tio n  evolved in  th e  
s tro n g e r reaction , a n d  th is  causes th e  m ax im um . On th e  o th e r h an d , in  th e  
co lder ca thode th e  re a c tio n  is w eaker, an d  th e  cooling effect of p u re  m eta l 
fo rm ed  in increasing  q u a n titie s  d o m in a tes; th is  accounts for th e  m onotonously  
decreasing  values. I t  c a n  be seen th a t  even  in  th e  case of th e  s tro n g est reac tion , 
i t  is below 50 % o f th e  th eo re tica lly  possib le m ax im um  reac tio n  un d er th e  
g iven  ex cita tion  co n d itio n s. I t  can  th e re fo re  be excluded  th a t  th e  reactions 
a re  contro lled  b y  th e  consum ption  o f th e  m a te ria l in  th e  b o ring  of th e  elec­
tro d e , and  th a t  th is  phenom enon  affects th e  co rrect in te rp re ta tio n . T his is 
also  proved  by  F ig . 6, w hich  shows th e  loss of sam ple u n d e r th e  effect o f arc. 
T h e  solid line co rresp o n d s to  th e  m easu red  d a ta , w hereas th e  b roken  line 
in d ica tes  th e  to ta l  losses ca lcu la ted  from  th e  am oun ts of th e  tw o  carbon  oxides 
fo rm ed  here, i.e. le a v in g  th e  system  in  gas form . T he tw o curves ru n  close to 
one an o th er b o th  w ith  anodic (a) a n d  w ith  ca thodic  (c) ex c ita tio n , i.e. the  
sp illing  of sam ple sh o u ld  hard ly  be ta k e n  in to  account.

In  parallel w ith  th e  gas a n a ly tic a l m easurem ents, sp ec tra  w ere also 
ta k e n . F igure 7 show s th e  in ten s ity  of a to m  line Cu 282.4 nm  (Icu i) as a function  
o f th e  com position  o f m ix tu re . L ike in  our previous considera tions, th is  was 
ta k e n  p rop o rtio n a l to  th e  ev ap o ra tio n  o f th e  sam ple. T h e  m easured  po in ts  
in  th e  figure are jo in e d  by  broken  lines, and  th e  solid line shows th e  m ean 
cu rv e . Curve c show s th e  decrease o f cathodic resu lts  w ith  increasing  CuO 
c o n te n t. C onsequen tly , a lth o u g h  th e  a m o u n t of copper increases in  th e  sam ple, 
th e  ra te  of ev ap o ra tio n  and  ex c ita tio n  decreases. In  th e  ev ap o ra tio n  of sam ple
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Fig. 5. The cum ulated percentage evaluation o f the tw o reactions. CuO +  C m ixtures, 7 A, 
10 s; a — anodic, c — cathodic excitation

F ig /6 .  The am ount of m aterial consum ed from the[boring of the electrode as a function of the  
com position of CuO +  C m ixtures. 7 A , 10 s; a — anodic, c — cathodic excitation

m CuO — ! - — m C mol»104

Fig. 7. The change of the in tensity  o f atom  line Cu 282.4 nm  w ith the com position of the m ix ­
ture. 7 A , 10 s; a — anodic, c — cathodic excitation

th e  m o st im p o r ta n t ro le is p layed  b y  th e  te m p e ra tu re  of th e  b u rn in g  sp o t o f 
th e  arc  on th e  su rface o f e lectrode. This depends on th e  m e lting  and  bo iling  
p o in ts  o f th e  m a te ria l o f th e  e lectrode, in  th e  case of carbon  on its  su b lim a tio n  
te m p e ra tu re . T he boiling  p o in t of copper is 2336 °C, w hereas th e  su b lim a tio n  
te m p e ra tu re  of carbon  is in  th e  range o f 3600 — 4000 °C. F o r m ix tu res  w ith
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low  CuO co n ten t, th e  tem p e ra tu re  o f th e  b u rn in g  sp o t is de te rm ined  h y  th e  
la rg e  excess of ca rb o n . As, how ever, th e  a m o u n t o f CuO increases in  th e  
bo ring  of th e  e lec tro d e , th e  am ount o f p u re  copper fo rm ed  in  th e  red u c tio n  
also increases. T h is reduces the  te m p e ra tu re  o f th e  bu rn in g  sp o t, w hich, 
a lth o u g h  th e  co p p er c o n te n t increases, le ad s  to  m uch  low er line in ten sitie s  in  
th e  spectrum . C urve a , ob ta ined  from  th e  m easu rem en ts using th e  ca rr ie r  
e lec trode  as anode ru n s  above the  ca th o d ic  cu rve. A lthough  w ith  p u re  copper 
e lec trode  un d er A r a tm o sp h ere , th e  ca th o d e  ev ap o ra te s  m ore strong ly , causing  
s tro n g e r lines [6], th e  tem p era tu re  o f am o rp h o u s carb o n  carrier e lectrodes 
an d  o f carbon  p o w d er m ix tu res filled in to  th em  is h ig h er w hen connected  as 
anode [5]. Ow ing to  th e  g rea te r reac tio n  in  th e  w arm er electrode, th e  h e a t o f 
reac tio n  and  th e  e v a p o ra tio n  of th e  sam p le  are  h igher th a n  in th e  ca th o d e . 
T herefo re, th e  line in ten s itie s  also increase. T h e  f irs t, rising  section of th e  anodic 
cu rve  ind icates th e  ro le  o f  th e  increasing co p p er co n ten t, as well as of th e  chem ­
ica l reac tio n  an d  th e  h e a t evolved in  i t .  H ow ever, th is  effect is overcom pen­
sa te d  la te r  by  th e  te m p e ra tu re  decreasing  effect o f th e  resu lting  pu re  copper 
a lread y  discussed w ith  th e  cathodic  cu rve .

In  our op in ion , th e  w aviness of th e  cu rves d raw n  w ith  broken  lines is 
due  to  th e  f lu c tu a tio n  o f experim en ta l d a ta  only. T h e  high f lu c tu a tio n  of 
in te n s ity  d a ta  is w idely  know n, and th is  is th e  reason  fo r alw ays using in te n ­
s ity  ra tio s  in  q u a n ti ta t iv e  analysis. T h e  f lu c tu a tio n  o f  experim en ta l po in ts  
can  n o t alw ays be e lim in a ted  to  a su ffic ien t e x te n t even hy  using th e  m ean  
v a lu es  of several p a ra lle l m easurem ents.

In  ad d itio n  to  th e  ra te  of e v a p o ra tio n , th e  com position  of th e  sam ple  
also affects th e  co n d itio n s  of the  p lasm a. F ig u re  8 shows th e  change of th e  spec­
tru m  ch a rac te r (Z)Yn [), form ed from  ion  line Cu 237.0 nm  and  a to m  line 
Cu 282.4 nm , as a fu n c tio n  of th e  com position  of th e  pow der m ix tu re . T he 
change of th e  v a lu es  is opposite to  th o se  of gas an a ly tica l m easu rem en ts. 
T h e  higher th e  a m o u n t o f carbon oxides fo rm ed  in  th e  reaction  in  th e  closed 
cell, th e  low er th e  d a ta  of spectrum  c h a ra c te r , and  vice versa. As is know n [7], 
th e  noble gas c h a ra c te r  o f  A r ensures h ig h er p lasm a te m p era tu res  in  th e  in v e s ti­
g a tio n  of m eta ls , a n d  increases line in ten s itie s , p a rtic u la rly  w ith  ca th o d ic  
ex c ita tio n . P ro b a b ly  th is  effect increases th e  f irs t ca thod ic  values, th e re b y  
suppressing  th e  m ax im u m  expected  in  th e  beginning  o f th e  ca thod ic  cu rve  
p rev iously  show n in  F ig . 7. The increasing  am o u n t of carbon  oxides decreases 
th is  noble gas c h a ra c te r  o f th e  gas a tm o sp h ere , and  th e  A Y ц i values re la ted  
to  th e  m ean  te m p e ra tu re  of th e  p lasm a  decrease sim ultaneously . T he effect 
o f th e  re la tiv e ly  la rg e  p roportions o f ca rb o n  oxides in  th e  gas a tm o sp h ere  is 
s tro n g e r th a n  th a t  o f  th e  change in  th e  e v a p o ra tio n  ra te  o f copper. T he m in im a 
o f th e  sp ec tru m  c h a ra c te r  curves coincide w ith  th e  m ax im a of th e  carb o n  
oxide curves in s te a d  o f  those of th e  in te n s ity  curve o f copper. T he e v a p o ra ­
tio n  of copper is w eak , how ever, th e  p e rcen tag e  changes in  th is  ev ap o ra tio n  m ay
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Fig. 8. The change of spectrum  character (z)VCu 237.0/282.1) w ith the com position of the m ixture. 
7 A , 10 s; a — anodic, c — cathodic excitation

Table I

Comparison o f  the fluctuations o f gas analytical and spectral data 

+ :  agreem ent, 0 : no tendency recognized, — : opposite changes

Mole fraction of copper oxide

Exication 1.0 0.75 0.60 0.50 0.13 0.07 0.03

CO с о , CO с о , CO CO, CO CO, CO CO, CO CO, CO CO,

Anodic 0 + + + 0 + 0 0 0 0 + + +

Cathodic + 4- + 0 + - - - + + 0 4- -

be v e ry  h igh, and  th u s  th e  line  in ten sities  of copper m ay  undergo  su b s ta n tia l 
changes. In  our case, how ever, ow ing to  th e ir  low a m o u n ts , th e y  m ay h a rd ly  
p lay  any  role in th e  p ro p e rtie s  o f  th e  p lasm a in com parison  w ith  th e  effect of 
ca rb o n  oxides.

W e w ished to  d iscover a fu r th e r  re la tionsh ip  be tw een  th e  e x te n t of ch em ­
ical reac tions and  th e  line in ten s itie s  m easured  s im u ltaneously . F o r th is  
reason , th e  directions o f th e  f lu c tu a tio n s  of th e  d a ta  o b ta in ed  w ith  gas an a ly tica l 
an d  spectroscopic m e th o d s  w ere com pared . T he p a ra lle l CO and  C 0 2 resu lts  
belonging to  th e  single m easu red  po in ts  were a rranged  in to  increasing  sequence. 
The corresponding line in ten s itie s  m easured  s im u ltaneously  w ith  the  ind iv idua l, 
para lle l gas an a ly tica l m easu rem en ts  w ere w ritten  beside these  values. W e 
have com pared  th e  d irec tio n s of th e  flu c tu a tio n s  o b ta in ed  in  th e  tw o m easu re­
m en t ty p es. The C 0 2 an d  CO q u a n titie s  ob ta ined  w ith  th e  anodic  and  ca thod ic  
ex c ita tio n  of seven m ix tu re s  w ith  d iffe ren t com positions give 28 sets o f d a ta . 
The resu lts  of com parison  are  show n in T able I . I f  th e  d irec tions of th e  f lu c ­
tu a tio n s  of th e  tw o m easu rem en ts  are  th e  sam e, a “  +  ”  m ark , if  no ten d en cy  
is observab le  in  th e  d a ta , a “ 0”  m ark , and  if  th e  tw o ten d en c ies  are opposite , 
“  — ”  m a rk  is given in  ta b le . A ccord ing  to  th e  ta b le , o f th e  28 cases th e re  
w ere 15 positive, 8 n e u tra l  an d  only  5 negative  cases. C onsequen tly , in  th e  
m a jo rity  o f cases th e  re a c tio n , i.e. gas evolu tion , increases w ith  th e  ev ap o ra tio n  
and  ex c ita tio n  of th e  sam ple. In  th e  n eu tra l and n eg a tiv e  cases a p p a re n tly
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th e  in d iv idua l errors o f  th e  tw o ty p e s  o f m eth o d s d o m in a te  a n d  d is tu rb  the  
e x p e c te d  com plete ag reem en t. N am ely , i t  c an  be observed  t h a t  “  —”  m arks 
a p p e a r  exclusively in  th e  case o f ca th o d ic  ex c ita tio n . A nd, g en era lly , cathod ic  
e x c ita tio n  produces m ore  f lu c tu a tin g  sp ec tra , too  [8]. I t  is also w o rth  observing 
t h a t  th e  worse ag reem en t can  be fo u n d  a t  m ole frac tio n  0.5 , w here  th e  flu c­
tu a t io n  of gas a n a ly tic a l re su lts  is also th e  strongest. N everth e less , th e  corre­
la t io n  holds in  b ro ad  g en era lity . C onsequen tly , e ither th e  re a c tio n , increased 
fo r  unknow n reason , increases b o th  ev ap o ra tio n  and  line in ten s itie s , or th e  
e x te n t  of bo th  processes increases fo r som e com m on reason .

F o r the  sake o f  com parison , v a rio u s  carbon  pow der m ix tu re s  o f A120 3 
w ere  also in v estig a ted . T h e  m ix tu re s  w ere p rep ared  in  a m a n n e r th a t  th e  fo r­
m u la  w eight of A120 3 w as d iv ided  b y  th re e , i.e. by  th e  n u m b e r of oxygen 
a to m s  bound in  i t ,  a n d  th u s  n o t th e  m o lecu lar w eight b u t  th e  oxygen  equ iva­
le n t  w eight [3] w as ta k e n  in to  acco u n t, “ m  1/3 A120 3”  on th e  h o rizo n ta l axes 
o f  th e  following f ig u res  deno tes th e  oxygen  equ ivalen ts o b ta in e d  th is  w ay  and 
f ille d  in to  the  b o rin g  o f th e  ca rrie r e lec trode . T he reac tio n  ca lcu la ted  for the  
m ax im u m  am o u n t o f  CO possible on th e  basis o f th e  sam ple  w eigh ts in th e  
b o rin g  gives, of course, an  eq u ila te ra l tr ia n g le  also here as a fu n c tio n  of mole 
n u m b e rs , or in  th e  case of A120 3 oxygen  equ ivalen ts, th e  p e a k  of w hich is 
a t  a  1 : 1 oxygen a to m —carb o n  a to m  ra tio , w ith  a value o f ex a c tly  10.0 cm 3 
in  o u r case. T he m easu red  values are show n in Fig. 9. T h e  m ax im u m  of th e  
v e ry  f la t  curve is in  th e  expec ted  lo ca tio n , at' 1 : 1 mole (or oxygen  equivalen t) 
r a t io  of A120 3 an d  C. T h e  low  va lu es  are , o f course, due to  th e  h igh  s tab ility  
o f  A120 3. D irect re d u c tio n  w ith  c a rb o n  can  n o t be ta k e n  in to  accoun t here. 
A lth o u g h  the  “ h e a d ”  o f  th e  e lec trode  glows u p , like in  th e  above cases, i t  is 
o n ly  th e  very  l i ttle  m a te r ia l e v a p o ra te d  an d  decom posed a t  th e  tem p era tu re  
o f  th e  burning sp o t o f th e  arc an d  p e rh ap s  in  its  im m ed ia te  neighbourhood  th a t  
re a c ts  b y  diffusing in to  colder areas. Since a lum inium  m e ta l is n o t form ed in 
th e  boring, th ere  is no  resu ltin g  cooling effect. I t  is w o rth  n o tin g  th a t  also in 
th is  case the m u tu a l re la tio n sh ip  o f  th e  anodic  (a) an d  ca th o d ic  (c) curves is 
d e te rm in ed  by  th e  e lec trode  h e a te d  b e tte r  as anode, w hich in d ica tes  th a t  th e  
zone of the  reac tio n  is la rg e r th a n  th e  zone of evap o ra tio n . C onsequen tly , some 
m a te r ia l m ight also decom pose an d  re a c t in  th e  im m ed ia te  ne ighbourhood  of 
th e  burn ing  spot.

Owing to  th e  low  re a c tiv ity , on ly  th e  m ix tu res  w ith  h igher oxygen 
c o n te n t produce C 0 2 in  am o u n ts  of 0.05 — 0.07 cm 3 exceeding th e  experim en ta l 
e rro rs. The p ercen tag e  o f reac tio n , too , re la ted  to  th e  w eigh t o f th e  sam ple, 
co u ld  be ca lcu la ted  from  th e  re su ltin g  CO only. The change o f th is  q u a n tity  
is  show n in Fig. 10. I n  a ten fo ld  o rd in a te  expansion  w ith  re sp ec t to  th e  curve 
o f  CuO for th e  sake  o f b e tte r  o rie n ta tio n , th e  descending c h a ra c te r  of th e  curves 
is w ell observab ly  s im ila r to  th e  cu rve  of CuO o b ta ined  w ith  ca thod ic  ex c ita ­
tio n . (As we d e te rm in ed  la te r , a 3 .5-fold expansion  produces a lm o st coinciding

22 SZABÓ, DOBOLYI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXVI

Acta Chim. Acad. Sei. Hung. 97, 1978



SZABÓ, DOBOLYI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXVI 23

0.5í,£U
О  и

0
0 1 4.35 1 0

m '/3 A I2 03— —| — -  m С mol * 104

F ig. 9. Measured am ounts of CO as a function  of the com position o f A120 3 +  C m ixtures. 7 A , 
10 s; a — anodic, c — cathodic excitation

F ig. 10. The percentage evaluation o f CO producing reaction w ith  A120 3 +  C m ixtures. 7 A, 
10 s; a  — anodic, c — cathodic excitation

curves.) I n  th e  ca thod ic  ex c ita tio n  of CuO +  C m ix tu re s , too , only a l i t t le  
re a c tio n  occurred , th u s  its  e ffect could be neglected  ap p ro x im ate ly . I n  th is  
case, how ever, th e  role of th e  re su ltin g  copper m e ta l o f p o o r v o la tility  is p lay ed  
b y  h a rd ly  decom posing and  poor h e a t co n d u c to r A120 3. T h e  m axim um  o b ta in ed  
w ith  th e  anodic  ex c ita tio n  o f CuO pow der m ix tu res , w hich  is caused b y  th e  
reac tio n , is obv iously  ab sen t in  th e  anodic ex c ita tio n  o f p rac tica lly  n o n ­
reac tin g  AI0O 3 m ix tu res.

T he in te n s ity  curves o f a lu m in iu m  (Fig. 11, I ai 305.0)5 well in d ica te  th e  
noble gas c h a ra c te r  of Ar. In  th is  case h igher line in ten s itie s  were o b ta in e d  
w ith  ca th o d ic  ex c ita tio n , b u t  th e  m ax im um  ch a ra c te r  o f th e  curves w as also 
observab le . T he m ax im a are again  lo ca ted  a t  1 : 1 m olar ra tio , and  th e y  do n o t 
sh ift fo rw ards, like w ith  copper, since th e  e x te n t o f re a c tio n  is in su ffic ien t to  
p ro m o te  ev ap o ra tio n  th ro u g h  its  h e a t of reac tio n , an d  no p u re  m eta l is fo rm ed  
in  th e  bo ring  of th e  electrode w hich  w ould  ex e rt cooling effect. The m ax im u m  
c h a ra c te r  in  th is  case is due to  th e  fa c t th a t  th e  e v a p o ra tio n  of th e  sam ple  
an d  th e  p ro p ertie s  o f th e  p lasm a are  contro lled  f irs t  by  th e  increasing a lu m i­
n ium  c o n te n t of th e  sam ple, an d  in  th e  la te r  phases b y  th e  decreasing te m p e r­
a tu re  of th e  b u rn in g  spo t of th e  arc  owing to  th e  low er carb o n  co n ten t. S ince
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F ig. 11. The change of the in tensity  o f atom  line A1 305.0 nm  w ith the com position of the m ix­
ture. 7 A, 10 s; a — anodic, c — cathodic excitation

F ig. 12. The change of spectrum  character ( / ) У д ] 281 6/306 0) w ith the com position of the m ixture. 
7 A , 10 s; a — anodic, c — cathodic excitation

no  p u re  m eta l is fo rm ed , th e  descent o f th e  second p a r t  o f th e  cu rve  is sm aller 
th a n  in  th e  case o f CuO.

T he changes in  th e  ch a rac te r o f p la sm a  are show n b y  th e  spec tru m  c h a r­
a c te r  curves (zlY ii i) g iven in  Fig. 12, ca lcu la ted  from  th e  in te n s ity  ra tio s 
o f  ion  line A1 281.6 n m  and atom  line A1 305.0 nm . T heir shapes and  positions 
a re  opposite  to  th o se  o f  th e  in ten s ity  cu rves. Now th e  changes in  th e  p lasm a 
a re  due  to  changes in  th e  ev ap o ra tio n  o f a lu m in iu m  only, w hich , being th e  m ost 
ea s ily  ionized co m p o n en t, increases or decreases th e  m ean  te m p e ra tu re  of the  
p la sm a  according to  its  decreasing or increasing  am oun t. T he p lasm a is no t 
a ffec ted  b y  th e  c a rb o n  oxides form ed in  th e  reaction , since th e ir  am o u n t is 
p ra c tic a lly  negligible.

T he above com parisons in d ica te  t h a t  th e  s ta tem en ts  on  CuO m ix tu res , 
reg a rd in g  th e ir  s tro n g  reactions, are  co rrec t. The h e a t o f reac tio n  evolved
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increases th e  te m p e ra tu re  of th e  filling, an d  th e  pu re  m e ta l form ed in th e  boring  
of th e  electrode in  th e  reac tio n  acts as cooling m ed iu m , depending on its  
am o u n t. Gaseous re a c tio n  p roduc ts, w hen fo rm ed  in la rg e r  q u an titie s , m ay  h av e  
a s tro n g er in fluence  on  th e  tem p era tu re  of th e  p lasm a th a n  th e  m eta l v a p o u r  
fo rm ed  from  th e  sam p le . T he line in ten sitie s  o f th e  sp ec tru m  are u ltim a te ly  
de te rm in ed  by  th e  re su lt  o f these  th ree  processes. C onsequen tly , in  th e  case 
of chem ically  m ore ac tiv e  m eta l oxides, a ty p e  of chem ical m a trix  effect m u st 
also be tak en  in to  ac c o u n t in  spectrochem ical analysis.
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On the study of a CuO +  C m ixture, the am ount o f C 02 produced in  the arc 
increases, and that o f CO decreases, as a result of the passage of an Ar gas flow . The 
flowing gas rem oves the oxides o f carbon from the site o f their interconversion, and 
therefore the possibility o f  the reaction C 02 +  C =  2 CO decreases. This reaction takes  
place in the main in the plasm a phase. The oxides o f carbon are predom inantly form ed  
in  the reaction of the constituents o f the powder m ixture in  the boring of the carrier 
electrode. The flow ing gas slightly  increases the possibility o f  the sum of the reactions, 
and the spectral line intensities, too , are changed m ainly on anodic excitation.

In  preceding  p a r ts  o f th is  series, in  w hich we d e a lt w ith  th e  b eh av io u r 
m e ta l oxides [1 —4], we re p o rte d  on experim en ts in a s ta tio n a ry  A r a tm o sp h ere . 
I n  p rac tica l sp ec tra l analysis, how ever, as opposed to  closed-cell ex perim en ts 
in  a s ta tio n a ry  a tm osphere , m easu rem en ts in  p a r tly  or fu lly  open gas cells, 
i.e. in  a flow ing gas a tm o sp h ere , are  generally  fav o u red  [5]. In  closed cells 
th e  electrode exchange an d  th e  com plete  or a t  least un ifo rm  flu sh in g -o u t o f 
th e  cell is d ifficu lt. A ccord ingly , use of th e  o ther tw o  ty p es is p re fe rred , 
a lth o u g h  these  requ ire  a h igher gas consum ption  in  o rd er fo r th e  a ir to  be k e p t 
aw ay  from  th e  arc to  a sa tis fa c to ry  ex ten t. A t th e  sam e tim e  th e  flow ing gas 
a tm o sp h ere  has a n u m b er o f fav o u rab le  fea tu res. In  m a n y  cases i t  is a d v a n ­
tageous th a t  i t  cools th e  electrodes or th e  p lasm a. M ore s ign ifican t th a n  th is  
is th e  fa c t th a t  th e  gas a tm o sp h ere  is a lm ost id en tica l in  th e  various e x a m in a ­
tions, for th e  flow ing gas carries aw ays th e  bu lk  of th e  gaseous reac tio n  p ro d ­
u c ts  an d  th e  possib ly  dep le ted  gas a tm osphere . T hus, i t  ensures a c o n s ta n tly  
fresh  gas a tm osphere . H ow ever, th is  m eans only  ap p ro x im a te ly  iden tica l co n ­
d itions. In  th e  p lasm a and  in  th e  en v iro n m en t of th e  elec trodes, even in  th e  
case o f a flow ing gas a tm o sp h ere , a la rge  role is p lay ed  b y  diffusional gas 
exchange, th e  ra te  of w hich is f in ite  [6]. W hen a gas p ro d u c in g  or gas consum ­
ing  reac tio n  is possible th ere fo re , because of th e  re la tiv e ly  slow gas exchange
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th e  gaseous reac tio n  p a r tn e r  form ed or consum ed nev erth e less  m akes its  
e ffec t felt.

F o r th e  above reasons our fu r th e r  ex perim en ts w ere ca rried  ou t in  a 
flow ing  A r a tm o sp h ere . A n accoun t of th ese  in v estiga tions will be given in 
th e  p resen t and  fo llow ing p a r ts  of th is  series. In  th e  ex p erim en ts  rep o rted  here, 
on th e  basis of p rev io u s experience a CuO +  C pow der m ix tu re  w as used in  
w hich  th e  mole fra c tio n  o f CuO was 0.6, w hile th e  carbon  pow der was a Czech­
oslovak  p ro d u c t o f ty p e  SU — 601. T his m ix tu re  com position  ensured m ildly 
ox id izing  conditions an d  th u s , besides CO, a well m easurab le  q u a n tity  of CO, 
w as also form ed in  th e  arc  reac tio n . W ell h ea tin g -u p , am o rp h o u s carbon  R W  I I  
e lec trodes (R in g sd o rff W erke  G m bH ) w ere used  as au x ilia ry  electrodes, and  
th e  pow der m ix tu re  w as p acked  in to  th e  borings in these. T h e  co u n te r electrode 
w as sim ilarly  ca rb o n  o f  ty p e  R W  I I .  M easurem ents were m ad e  o f th e  am oun ts 
o f oxides of ca rbon  p ro d u ced  as a re su lt o f th e  A. C .-polarized arc, and o f th e  
in ten s itie s  of th e  co p p er sp ec tra l lines. A d e ta iled  descrip tio n  o f th e  experi­
m e n ta l conditions an d  th e  m ethod  can be found  in a p rev ious p ap er [1].
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R esults

A n ex am in a tio n  w as f irs t  m ade o f th e  effects o f th e  r a te  of flow of th e  
A r gas a tm osphere  on th e  reac tio n  b e tw een  th e  co n s titu e n ts  o f th e  m ix tu re  
an d  on th e  spec tra l in ten sitie s . As a lread y  m entioned  in th e  descrip tion  of th e  
exp erim en ta l con d itio n s [1], a slight change w as necessary  in  th e  experim en tal 
a p p a ra tu s . B etw een  th e  gas cell and  th e  ev acu a ted  gas analysis  reac to r flask  
ensu ring  th e  flow  o f th e  gas, c a lib ra ted  glass capillaries o f vario u s sizes were 
connected , w ith  w hich  th e  ra te  of flow  o f th e  gas was reg u la ted . The average 
c u rre n t o f th e  arc  w as 7 A, and  its  b u rn in g  tim e  was 10 s. T he am oun ts of 
CO and  CO, th u s  m easu red  are show n in F igs 1 and 2, re spec tive ly . The curves 
d en o ted  by a d e m o n s tra te  anodic ex c ita tio n  of th e  ca rrie r e lectrode and  the  
m ix tu re  packed  in  i t ,  w hile c in d ica tes  its  ex c ita tio n  as ca thode . F o r b o th  
ty p e s  of ex c ita tio n  th e  q u a n tity  of CO produced  in  th e  reac tio n  decreases, 
w hile th a t  o f CO, increases w ith  increase in  th e  ra te  of flow  of the gas. The 
increasing  ra te  o f flow  o f th e  gas a tm osphere  m ay  resu lt in  a n u m b er of effects. 
I t  m ay  cool th e  e lec trodes an d  th e  reac tio n  zone w here th e  gases are form ed, 
an d  i t  can  reduce  th e  possib ility  of in te rco n v ersio n  o f th e  CO and  CO, b y  
rem oving  th em  from  th e  reac tio n  zone. T h e  cooling effect o f th e  flow ing gas 
is n o t very  m ark ed  here , and  can n o t even  be de tec ted  in  th ese  curves. T he 
second effect is m an ifested  m ore s trong ly . O n cathod ic  ex c ita tio n  of the  sam ple, 
w hen  th e  sc a tte r  o f th e  m easu rem en ts too  is h igher, th e  ra tio  o f the  changes 
in  th e  am oun ts o f th e  tw o oxides of ca rb o n  is n o t su ffic ien tly  c lear-cu t, b u t  
in  th e  anodic case gas flow ing  a t h igher ra te s  causes a decrease in  the  q u a n tity
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Fig. 1. Change of the am ount of CO produced in the arc, as a function of the rate o f flow  of the  
Ar; a: anodic, c: cathodic excitation

Fig. 2. Change of the am ount o f C 02 produced in  the arc, as a function of the rate of flow  of the  
Ar; a: anodic, e: cathodic excitation

of CO w hich  is exac tly  tw ice the in crease  in  th e  q u a n tity  of C 0 2. This confirm s 
th e  reac tio n  C 0 2 +  C =  2 CO, in  w h ich  th e  ra tio  of th e  p roduced  and  con­
sum ed volum es is 1 : 2. A t th e  sam e tim e , th is  proves th a t ,  in  th e  series of 
p a ra lle l an d  consecutive reactions, th e  f in a l reac tio n  d e te rm in ing  th e  m easu r­
able am o u n ts  of CO an d  C 0 2 is th e  above tra n sfo rm a tio n  betw een  th e  tw o 
oxides o f  carbon . T he curves also show  th a t  th is  reac tio n  is n o t successfully  
co m ple te ly  frozen in  th e  given ex p e rim en ta l a p p a ra tu s , even w ith  th e  h ighest 
flow  ra te  em ployed, fo r th e  d a ta  of th e  curves are  still n o t c o n s ta n t a t  th e  
given flow  ra tes. T hus, in  th e  o therw ise p rev iously  successfully  app lied  C 0 2/C 0
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ra tio s , w hich will be d iscussed  la te r , we could  n o t a t ta in  values p e rfec tly  
re fle c tin g  th e  m o m e n ta ry  o x ida tion  cond itions. H igher flow  ra te s  could  n o t 
be  u sed , as th e  600 cm 3 ev acu a ted  flask  th e n  no longer ensured  th e  c o n s ta n t 
gas r a te  for 10 s. H ence , in  th e  su b seq u en t ex perim en ts we m ade do w ith  a gas 
r a te  o f  860 cm 3/m in , in  th e  know ledge th a t  th e  in te rconversion  of th e  tw o 
ox ides of carbon  could n o t be fu lly  rep ressed .

A th ird  effect o f th e  passage of a gas flow  is to  be seen in  th e  curves of 
F ig . 3. H ere th e  o vera ll reac tion  ca lcu la ted  from  th e  above CO, an d  CO 
q u a n tit ie s  is given as a p ercen tage  of th e  m ax im um  possible reac tio n  follow ing 
fro m  th e  q u an titie s  o f pow der m ix tu re  ta k e n  in  th e  in d iv id u a l ex perim en ts 
(27 %). This F igure in d ica te s  th a t ,  as th e  ra te  of flow  of th e  gas increases, w ith  
an  accom pany ing  in crease  in  th e  rem o v al o f th e  oxides of carbon  fo rm ed , 
th e ir  p a r tia l p ressu re  decreases in  th e  en v iro n m en t of th e  reac tio n  site , and  
th e  possib ility  of fu r th e r  reac tio n  is increased . H ow ever, th is  change is o f only 
a v e ry  slight e x te n t. I t  is p robab le  th a t  from  th e  reac tio n  zone w here th e  oxides 
o f ca rb o n  are fo rm ed , i.e. th e  boring  in  th e  electrode, th e  gases pass b y  d iffu ­
sion  in to  th e  zone o f  tran sfo rm a tio n , from  w here th e y  are carried  b y  th e  
gas flow .

D uring  th e  b u rn in g  of th e  arc, th e  q u a n tity  of m a te ria l consum ed from  
th e  boring  in  th e  e lec trode  bare ly  changes w ith  th e  ra te  of flow  of th e  gas, 
a n d  b y  and large co rresponds to  th e  change in  th e  overall reac tion . A ccordingly , 
th e  F igu re  of th is  is n o t p resen ted  sep a ra te ly  here.

O n the  o th e r h a n d , i t  is in te re s tin g  to  consider th e  dependence on the  
gas r a te  of the  C 0 2/CO ra tio  o b ta in ed  from  th e  m easured  volum es of C 0 2 and  
CO (F ig . 4). T he v a lu es  re su lting  from  anodic (a) and  ca thod ic  (c) ex c ita tio n  
o f th e  sam ple give in te rsec tin g  curves; a t  h igher flow  ra te s  th e  values re la tin g  
to  ca thod ic  ex c ita tio n  are  th e  la rg e r. B o th  curves slope upw ards, how ever, 
in d ic a tin g  th a t  th e  possib ility  of red u c tio n  of C 0 2 b y  carbon  decreases if  the  
C 0 2 is rap id ly  rem o v ed  w ith  th e  gas flow . F rom  th e  fa s te r increase o f th e  
ra tio s  ob ta ined  on ca th o d ic  ex c ita tio n  i t  m ay  be concluded  th a t ,  a lth o u g h  
th e se  values are  a u to m a tic a lly  low er th a n  those  for anodic ex c ita tio n , th e  
p ercen tag e  increase o f th e  q u a n tity  o f C 0 2 in  th e  cooler ca th o d e  is m ore rap id  
th a n  th a t  of th e  la rg e r am o u n t in  th e  h o tte r  anode. I f  th e  phenom enon  is 
ex am in ed  in th e  oppo site  d irection , i.e. if  we tu rn  from  a flow ing to  a s ta tio n a ry  
a tm o sp h ere , th is  m eans th a t  we do n o t rem ove th e  oxides of ca rb o n  from  th e  
zone of th e ir in te rconversion . I t  m ay  th en  be s ta te d  th a t  a p ro p o rtio n a lly  
la rg e r percen tage  o f th e  o therw ise low er am o u n t of C 0 2 is reduced  on ca th o d ic  
ex c ita tio n  th a n  in  th e  anodic case. T h is m ay  be exp la ined  in  tw o w ays, for 
th e  tran sfo rm a tio n  C 0 2 +  €  =  2 CO m ay  ta k e  place a t  tw o sites. O ne site  is 
th e  surface of th e  ca rrie r e lectrode, w hen  one of th e  reac tio n  p a r tn e rs , th e  
ca rb o n , is th e  m a te r ia l of th e  in can d escen t solid ca rrie r electrode. T h e  o th e r 
s ite  is p resu m ab ly  th e  u p p er zone o f th e  p lasm a, w here th e  te m p e ra tu re  is
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Fig. 3. Sum m arized percentage evaluation of the two reactions; a: anodic, c: cathodic excitation

Fig. 4. Change of the ratio o f the volum es o f the oxides o f carbon formed, as a function o f the  
rate o f flow  of the Ar; a: anodic, c: cathodic excitation

su itab le  an d  w here b o th  of the  re a c tio n  p a r tn e rs  a rrive . The ox ida tio n  an d  
red u c tio n  tend en c ies  dependent on  th e  p o la r ity  (and  cu rren t) o f th e  e lec trode  
m u st be m an ifested  in  the  p rev io u sly -s tu d ied  electrode surface reac tio n  w ith  
th e  m a te ria l of th e  ca rrie r electrode [7]. H ere  th e  reac tio n  m u st tak e  p lace to  
a h igher e x te n t on th e  anode, for in  th e  g iven  eq u a tio n  th e  carbon  is th e  su b ­
stance  o f th e  e lec tro d e , and in th e  re a c tio n  th is  undergoes ox idation . Surface 
o x id a tio n  of th e  m a te r ia l  of the e lec tro d e  is b e tte r  p ro m o ted  b y  ex c ita tio n  as 
an anode. T herefo re , i t  is on anodic ex c ita tio n , ju s t  th e  opposite  case to  th a t  
observed  e x p e rim en ta lly , th a t  th e  h ig h e r re la tiv e  change should  be found  as 
a re su lt o f th e  flow ing  o f  the gas a tm o sp h e re . T hus, th e  second case is th e  m ore 
p ro b ab le , or a t  le a s t t h a t  giving rise to  th e  la rg e r change. I t  is also know n th a t  
m ore ca rb o n  is su b lim ed  from th e  h ig h e r-te m p e ra tu re  bu rn in g  spo t of th e  
ca th o d e  th a n  from  th e  anode [8]. A cco rd ing ly , because of th e  la rg e r am o u n t 
of ca rb o n  av ailab le , th e  reaction p roceeds fu r th e r  in  th e  p lasm a phase. T he
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flow ing  gas th u s  rem o v es p a r t  of th e  CO, from  th e  p lasm a phase before it  
can  re a c t  to  an  even  g re a te r  ex ten t w ith  th e  ca rb o n  form ed in  th e  su b lim a tio n  
an d  sim ilarly  tr a n s p o r te d  here. These co m p o n en ts  are  there fo re  rap id ly  carried  
to  co lder zones w here th is  reaction  is less possible.

T here  is, h ow ever, ano ther p rob lem . I f  th e  A r gas con ta in s sm all 
a m o u n t of 0 „  th e  d irec tio n  of th e  changes caused  by  th e  gas flow  is s im ilar 
to  th e  one discussed ab o v e . W e will deal w ith  th is  p roblem  in  a fu tu re  p ap er.

T he Icu I in te n s ity  curves p lo tted  from  th e  m easured  d a ta  for th e  282.4 nm  
a to m  line of Cu (F ig . 5) show  th a t  th e  sp e c tra l line in ten sities  o b ta in ed  w ith  
ca th o d ic  ex c ita tio n  o f  th e  sam ple scarce ly  v a ry  w ith  increase o f th e  ra te  of 
flow  o f th e  gas. In  th e  anodic case, how ever, a m ax im um  curve w as found . 
T h is m ay  again be th e  re su ltan t of tw o  effects. In itia lly  th e  in te n s ity  values 
increase , for the  ap p rec iab le  am ount o f CO, d im in ish ing  th e  noble gas ch a ra c te r  
o f  th e  A r is in creasin g ly  m ore and m ore effec tively  rem oved. L a te r , how ever, 
i t  is p robab le  th a t  th e  effect of th e  h ig h er gas flow  in cooling th e  p lasm a is 
m an ifested , or tu rb u le n c e  m ay possib ly  occur, because of w hich a la rger 
q u a n t i ty  of oxides o f  ca rb o n  again passes in to  th e  p lasm a. O n ca thod ic  e x c ita ­
tio n  a m uch sm aller a m o u n t of oxides o f  ca rb o n  is p roduced , an d  th u s  these  
effects do no t show  u p , or possibly th e y  ju s t  balance each o th er. All th is  is 
o n ly  assum ption , o f  course, a lthough  th e  curves (F ig . 6) p lo tted  from  th e

32 SZABÓ, DOBOLYI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXVII

Fig. 5. Change of the in tensity  of the 282.4 nm  atom  line of Cu w ith the rate o f flow of the Ar;
a: anodic, e: cathodic excitation

c m 3 A r / m i n .

F ig. 6. Change of the spectral character (d  Ycii 2 3 7 .0 /2 8 2 .4) w ith the ratt of flow  of the Ar;
a: anodic, c: cathodic excitation
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sp ec tra l c h a ra c te r  d a ta  (values m u ltip lied  b y  100),ZlYcu ц i ,  fo rm ed from  th e  
237.0 n m  ion  line and  th e  282.4 nm  a to m  line o f Cu, ap p ea r to  confirm  it .  T hese 
curves rev ea l th a t  th e  change o f th e  av erag e  te m p e ra tu re  of th e  p lasm a  is 
ju s t  th e  rev erse  of th a t  o f th e  in te n s ity  values. H ere, th e  anodic va lu es  give 
a m in im um  curve. I t  w as d e m o n s tra te d  in  a prev ious pu b lica tio n  [4] th a t  such  
a considerab le  change in  th e  average  te m p e ra tu re  o f th e  p lasm a m ay  be caused  
by  th e  change in  com position  o f th e  p lasm a  gases, and  less so by  th e  d ifferences 
in  e v a p o ra tio n  of th e  copper, w hich o therw ise  is n o t ju s tif ie d  a t all here.
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MASS SPECTROMETRIC INVESTIGATION 
OF SOME SEMIQUINONES
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Received December 24, 1976

The electron-im pact-induced decom position of eight sim ple sem iquinones has 
been studied in  detail, using low and high resolution m ass spectrom etry as well as the  
deuterium labelling technique. The results show th a t the dom inant fragm entation proc­
esses of these com pounds are connected w ith  the form ation o f ions of the more stable  
quinonoid structure.

In the decom position of certain com pounds exam ined significant ort/io-effects 
and rearrangements involving m ethyl group m igration were revealed, too.

A lthough th e  m ass sp ec tra  of num erous com pounds con ta in ing  semi- 
q u in o n o id  su b -s tru c tu re  p a r ts  have been  pu b lish ed  (e.g. [1 —4]), th e y  are  
u n su ita b le  for s tu d y in g  th e  correlation  b e tw een  th e  m ass sp ec tru m  and  th e  
sem iquinonoid  sk e le to n , because generally  i t  is n o t th is  s tru c tu ra l m oiety 
t h a t  d irects th e  fra g m e n ta tio n  of those m olecules. C onsequen tly , to  estab lish  
th e  frag m en ta tio n  p a th w a y s  charac teris tic  o f th is  ty p e  o f skele ton  i t  seem s 
to  be necessary  to  s tu d y  sy stem atica lly  — sim ilarly  to  th e  case o f quinones [5] — 
th e  m ass sp ec tra l b e h a v io u r of sim ple sem iqu inone m olecules w ith  know n 
s tru c tu re s .

In  th is  p ap er th e  re su lts  of m ass sp ec tro m etric  s tu d ies  of th e  com ­
pounds*  1 to  8 a re  re p o rte d .
In  se lecting  these  m odels i t  was an  im p o r ta n t co n sid e ra tio n  to  estab lish  a 
co rre la tio n  basis fo r th e  s tru c tu ra l elucidation  of u n k n o w n  com pounds p re ­
p a re d  b y  th e  o x id a tio n  o f several su b s titu te d  chalcones w ith  th a lliu m (III)-  
n i t r a te  [6].

F igures 1 to  9 show  th e  70 eV m ass sp ec tra  of th e  com pounds s tu d ied . 
In  o rd e r to  e lucidate  th e  s tru c tu re s  and fo rm a tio n  p a th w a y s  o f th e  m ain  frag ­
m en t ions, observ a tio n  o f th e  m etastab le  p eak s, e lem en ta l analysis o f ce rta in  
ions an d , in th e  case o f 2, p a r tia l d eu te rium  labelling  tech n iq u e  were used. 
(In  F igs 1 —9 arrow s d en o te  m etastab le  su p p o rte d  tra n s itio n s .)  T he m ass 
sp ec tra  of th e  com pounds exam ined  show severa l m ain  ch a rac te ris tic  fea tu res. 
E v e ry  spectrum  ex h ib its  a m olecular peak of s ig n ifican t ab u n d an ce . T he frag ­
m en ta tio n  p a th w ay s o f 1 are  show n in  Schem e 1. As im p o r ta n t  p rim ary  frag-

* The compounds studied were synthesized by Dr. S. A n t u s .
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F i g .  1 .  The m ass spectrum  o f 4 ,4-d im ethoxycyclohexa-2,5-dienone (1)
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F ig. 2. The m ass spectrum of 3 ,4 ,4 ,5-tetram ethoxycyclohexa-2,5-dienone (2)

Acta Chim. Acad. Sei. Hung. 97, 1978

Fig. 3. The mass spectrum  of 3 ,4 ,4,5-tetram ethoxycyclohexa-2,5-dienone-d3 (2a)
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Fig. 4. The m ass spectrum  of 3 ,4 ,5-trim ethoxy-4-ethoxyeyclohexa-2,5-d ienone (3 )

Ada Chim. Acad. Sei. Hung. 97, 1978

Fig. 5. The m ass spectrum  of 3 ,4 ,5-trim ethoxy-4-isopropoxycyclohexa-2,5-dienone (4 )
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Fig.  7. The mass spectrum  of 3,4,5-trim ethoxy-4-acetoxycyclohexa-2,5-dienone (6)
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Fig. 6. The mass spectrum  of 3 ,4,5-trim ethoxy-4-isobutoxycyclohexa-2,5-dienone (5)
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Fig. 8. The mass spectrum  of 4-m ethoxy-3,4-m ethylenedioxycyclohexa-2,5-dienone (7)

Fig. 9. The m ass spectrum  of 4-ethoxy-3,4-m ethylenedioxycyclohexa-2,5-dienone (8)
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m e n ta tio n  processes th e  expulsion  of a C H 4 m olecule and  th e  sp littin g  o ff of 
a O C H 3 rad ica l are observed, of w hich th e  la t te r  ro u te  is favoured . T he d riv ing  
force o f  th is  process can  be th e  fo rm a tio n  o f  th e  stab le  qu inono id  s tru c tu re  
of th e  re su ltin g  ions (m/e 123). T he in te re s tin g  com petitive  ro u te , loss o f a 
m e th a n e  m olecule from  th e  m olecular ion, leads to  th e  ion o f m/e 138. T he 
sp irocyclic  s tru c tu ra l rep re sen ta tio n  of th is  ion  is supp o rted  b y  its  co m p ara ­
tiv e ly  h ig h  s tab ility , as well as b y  its  a b ility  to  e lim inate  C H 20 .  I t  is n o te ­
w o r th y  th a t  CH4 expulsion does n o t occur in  th e  presence of ortho su b s titu e n ts  
(cf. th e  m ass spectra  of 2 to  6). T his effect m ay  be due to  th e  s teric  h in d ran ce  
of th e  o -su b stitu en ts  on th e  spiro rin g  fo rm atio n .

S im ila rly  to  1, th e  m ain  p rim a ry  frag m en ta tio n  process o f 2 is th e  
c leav ag e  of a m ethoxy  group . T he m ass sp ec tru m  of d eu te riu m  labelled  2a 
show s th a t  only one of th e  gem inal m e th o x y  groups can be e lim in a ted  via  th is  
p rocess. T h e  resu lting  ion of qu inono id  s tru c tu re  (m/e 183) can  su b seq u en tly  
lose a m e th y l radical o r/an d  a € 0  m olecule. T he resu lts of th e  ex am iu a tio n  of 
th e  d eu te riu m  labelled  com pound  (2a) in d ica te  th a t  th e  d e ta c h m e n t of a 
m e th y l rad ica l from  th e  gem inal orf/io-m ethoxy groups — neg lec ting  th e  iso­
to p e  effects* — occurs tw ice m ore fre q u e n tly  th a n  from  th e  neighbouring  
o rtho -m ethoxy  groups. (The easy  c leavage o f a m ethy l rad ica l from  arom atic  
co m p o u n d s  bearing  several m e th o x y  su b s titu e n ts  in  th e  a ro m a tic  ring  is a 
w ell-know n phenom enon [7].)

A s a consequence o f th e  tw o ty p e s  o f m eth y l group d e tach m en ts , th e  
M —C H 3 ions observed a t  m/e 199 in  th e  m ass spec trum  of 2 h av e  to  consist 
o f  a  m ix tu re  of tw o d iffe ren t s tru c tu re s . A p a r t  of these  ions is capab le  to  
e lim in a te  a C 0 2 m olecule su b seq u en tly ; th is  process m u st invo lve  a m e th y l 
g ro u p  rea rran g em en t. F ro m  the  ionic ab u n d an ces and  from  th e  iso topic  sh ifts 
o f th e  m etastab les  in  th e  m ass sp ec tru m  o f 2a we conclude th a t  th is  C 0 2 elim i­
n a tio n  is sign ifican t on ly  for th e  M —C H 3 ions w hich lo st a m e th y l rad ica l 
fro m  a gem inal m e th o x y  group.

T h e  frag m en ta tio n  o f 3 — 6 is q u ite  sim ilar to  th a t  o f 2a. A com m on 
f ra g m e n ta tio n  p a tte rn  fo r these  com pounds are show n in Schem e 2. T he im p o r­
ta n c e  o f ce rta in  rou tes o f decom position  p resen ted  in  th e  Schem e is consid­
e ra b ly  a ltered  by  v a ry in g  R 2. I t  c an  be seen from  th e  ionic abundances 
(F ig . 2 to  Fig. 7) th a t  th e  d e tach m en t o f *R2 or R 20 - rad ica ls  in s tead  of CH.{' 
o r  C H 30% respective ly , becom e m ore pronounced  w hen th e  size o f R 2 is 
in c reasin g . This phenom enon  is a t t r ib u te d  to  th e  d ifferen t s tab ilitie s  of th e  
n e u tra l  fragm ents lost. F o r 3 to  6 ( R 2 =- C H 3) e lim ination  o f an  R 2 —H  m ole­
cu le  from  th e  m olecular ions also ta k e s  place. In  th e  case o f 6 th is  process 
in v o lv in g  H  m ig ra tion  (a k e ten e  expulsion) com pletely  suppresses th e  hom o-

* The neglect o f the kinetic isotope effect is justified by the observation that the abun­
dance ratios of m etastable peaks and that o f normal ions corresponding to the processes 
217 — 202 and 217 — 199 are the sam e in case o f  2a.
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ly tic  d e tach m en t o f R 2. T he ions o f m/e 200 form ed in  these  re a rran g em en t 
processes can e lim in a te  a m eth an o l m olecule subseq u en tly  or follow ing th e  
loss o f  a m ethyl group .

In  th e  cases o f 7 an d  8 one of th e  m ain  frag m en ta tio n  p a th w ay s  is th e  
loss o f  th e  R 20 ’ ra d ic a l from  th e  m o lecu lar ions. E lim in a tio n  of a fo rm a l­
d eh y d e  m olecule from  th e  m eth y len ed io x y  group as a com peting  or a su b ­
se q u e n t process is also v e ry  s ign ifican t. T he abundance  ra tio  of th e  M —R 20  
an d  M —C H20  ions o b ta in e d  depends on th e  s ta b ility  of R 2 (cf. F igs 8 and  9). 
C o n tra ry  to  th e  m/e 199 ions of 2 — 6, th e  M —CH20  ions of 7 and  8 c an n o t 
ex p u lse  a C 0 2 m olecule, su p p o rtin g  th e  assu m p tio n  th a t  th e  oxygen  a to m  of 
th e  fo rm aldehyde fo rm ed  has been  d e tach ed  from  th e  gem inal position .

F ina lly , i t  c an  be  concluded  from  th e  decom position  p a th w a y s  observed  
fo r I  to  8 th a t  th e  m a in  ro u te  of th e  e lec tro n -im p ac t-in d u ced  frag m en ta tio n  
o f  th e se  simple sem iqu inones invo lves cessa tion  of th e  sem iqu inono id  s tru c tu re  
g iv ing  rise to  th e  fo rm a tio n  of ions w ith  th e  m ore stab le  qu inono id  skeleton .

E xperim en ta l

Mass spectra were obtained by an A E I MS-902 double focusing m ass spectrom eter w ith  
an electron energy of 70 eV and a source tem perature of 120 °C. The sam ples were introduced  
using a direct insertion probe. E xact m ass m easurem ents were carried out w ith an accuracy  
o f +  2 ppm of the theoretical values. M etastable ions occurring in  the first field  free region  
were collected by altering the ESA voltage.

*

The authors thank Dr. S. Antus for putting the com pounds studied at their disposa
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The stab ility  constants o f the outer sphere com plexes o f two inert com plexes 
[tris(d ipyridyl)-cobalt(III)] and [tris(phenanthroline)-cobalt(III)] w ith th iocyanate  
and iodide ions were determ ined at different ionic strengths. Potassium  fluoride proved  
to be a suitable inert salt. The stab ility  constant changes according to a m inim um  curve  
as a function  o f the ionic strength. This can be explained b y  the change of the a c tiv ity  
coefficients w ith  the ion concentration.

T he d e te rm in a tio n  o f s ta b ility  c o n s ta n ts  of o u te r  sphere com plexes raises 
several th eo re tica l questions. T he s ta b ility  of m o st o f these  com plexes is 
ra th e r  low, th u s  fa ir ly  h igh co n cen tra tio n s o f th e  lig an d  are  needed in  o rd e r 
to  ach ieve a su ffic ien tly  g rea t conversion , co n seq u en tly  experim en ts m u s t be 
carried  o u t a t  ra th e r  h igh  ionic s tren g th s . H ow ever, to  keep th e  ionic s tre n g th  
c o n s tan t, th e  p rinc ip le  o f c o n s tan t ionic m edia genera lly  app lied  in  s tu d ies  o f 
com plex equ ilib ria  c a n n o t be m ade use o f here [1] since ions (n itra te , p e r­
ch lorate) w hich form  com plexes of b u t  low  s ta b ility  a re  r ig h tly  expec ted  to  
te n d  to  form  o u te r sp h ere  com plexes, an d  these  are  p rim arily , perhaps ex c lu ­
sively, resu lts  o f e lec tro s ta tic  in te rac tio n s . Several s tu d ies  p o in t tow ards o u te r  
sphere com plexes o f p e rch lo ra te  ions being form ed; s ta b ility  co n stan ts  fo r 
several species o f ions h av e  been de te rm in ed . F rom  th e  p o in t of view o f ou r 
stud ies here  we consider th e  n o tab le  in te ra c tio n  o f  h ex am in e -co b a lt(III)  
[2, 3], and  o f tr is (p h en an th ro lin e )-iro n (II)  [4] com plexes w ith  perch lo ra te  ions 
especially s ign ifican t. In  th e  course of o u r w ork  we fo u n d  th a t  in  th e  d e te rm i­
n a tio n  of th e  s ta b ility  c o n s ta n ts  of th e  o u te r sphere com plexes of [tris(phen- 
a n th ro lin e )-c o b a lt(III)]- , an d  of [tris(d ip y rid y l)-co b a lt(III)]-co m p lex es, p o ta s ­
sium  fluo ride  is su itab le  fo r th e  m a in ten an ce  of a m ed iu m  o f co n stan t ionic 
s tren g th  because flu o rid e  ions do n o t fo rm  o u te r sphere  com plexes w ith  th e  
ions m entioned .

E xperim en ta l

Substances. [Tris(dipyridyl)-cobalt(III)]-perchlorate, Co(dipy)3(C104)3• 3 H20  was p re­
pared as described b y  B u r s t a l l  and N y h o l m  [5]; also the phenanthroline com plex was syn ­
thesized in this w ay, w ith the necessary alterations. All the other reagents used were analytical 
grade commercial products.

Instrum ents. A  B eckm an В type spectrophotom eter was used; this was fitted  w ith  
a therm ostated holder for the cuvettes which were kept a t 22 ± 0 .2  °C.
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R esults and discussion

A t several su itab le  w ave len g th s  th e  v a ria tio n  of th e  lig h t abso rp tio n  
o f th e  solutions w as d e te rm in ed ; s ta b ility  co n stan ts , and  m o la r abso rp tions 
w ere  ca lcu la ted  g rap h ica lly , b y  using  a lin ea rized  equation .

M L3 + +  X -  =  M L3X 2+ (1)

re p re se n ts  an ou ter sphere  ty p e  com plex ; th e  equilib rium  c o n s ta n t of its  fo r­
m a tio n  is

K  =  [M L3, X 2+]

[ML§+] [ X - ]

w h e re  M stands for th e  m e ta l ion  w ith  th re e  positive charges, L  fo r th e  e lec tri­
c a lly  n eu tra l, b id e n ta te  ligand  b o u n d  in  th e  in n er sphere, an d  X  fo r an  anion 
w ith  one negative charge , b o u n d  in  th e  o u te r  sphere.

P rov ided  th e  a b so rp tio n  b y  X - , re sp ec tiv e ly  by its  sa lt, is negligible a t  
th e  w ave leng th  of th e  m easu rem en ts th e n  th e  abso rp tion  o f  th e  so lu tion  is

A =  ej [ML3 + ] +  e0[M L3, X 2 + ] (3)

w h ere  g; is th e  m olar ab so rp tio n  of M L3, a n d  e„ th a t  of th e  M L 3, X 2+ com plex. 
W h en  th e  m ateria ls  b a lance

T m — [ML3+] -f e0 [M L3, X 2+] (4)

is ta k e n  in to  accoun t,

A =  £j (T M -  [M L3, X 2 + ]) +  e0[ML3, X 2 + ]

£j can  be dete rm in ed  b y  sep a ra te  ex p e rim en t. I f  for th e  v a lu e  of £,ТМ we 
w rite  A ', and  if  we consider th a t  [X ~ ] is ap p ro x im ate ly  th e  sam e as th e  to ta l  
co n cen tra tio n  of X '

T x =  [X ] +  [M L3, X 2 + ] ~  [X - ]

th e n  it  follows th a t

/1А =  A — A ' =  (e0 -  £j) [M L3, X 2 + ] =  Ae  [M L3, X 2 + ] (5)

R ea rran g em en t o f (5) gives th e  fo llow ing  equa tion

T M T X  =  T x  1 
ZlA A s  К  Ae

W h en  the left h and  te rm  of th is  eq u a tio n  is p lo tted  as a fu n c tio n  of T x  a 
s tra ig h t line is o b ta in ed  from , its  slope an d  in te rsec tion  K , an d  Ae, or £0 can  
be calculated .
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Тм Ту
A K

W ith  sodium  p erch lo ra te  used for m ain ta in in g  p e rm a n e n t ionic s tre n g th , 

d raw n as a fu n c tio n  o f th e  co n cen tra tio n  o f  th e  ligand  will n o t y ield

a s tra ig h t line. T h is  suggests th a t  p erch lo ra te  ions fo rm  o u te r  sphere com plexes 
w ith  th e  in e r t com plexes s tu d ied . P rac tica lly  no ch an g e  in  th e  lig h t ab so rp tio n  
o f th e  in ert com plex  is caused b y  fluoride  ions. T h is in  itse lf  does n o t p rove  
th a t  fluoride ions do n o t associa te  w ith  th e  in e r t  com plexes here s tu d ied . 
H ow ever, w hen  p o tass iu m  flu o rid e  in s tead  of p o tass iu m  chloride w as app lied

TSCN-

Fig. 1. Change of the lig h t absorption o f the tris(dipyridyl)-cobalt(III) com plex in function  
of the thiocyanate ion  concentration I  =  2.5 (potassium  fluoride) ^complex 5 • 10~ä m ole • 
• d m - 3 ; width 1 cm; I =  22 °C. Curve 1, A =  400 nm; Curve 2, A =  390 nm; Curve 3, A =

=  380 nm

for th e  m ain ten an ce  o f  c o n s ta n t ionic s tren g th , for th e  s ta b ility  c o n s tan t of 
ion  pairs C o(dipy)3, SC N 2+ a considerab ly , higher v a lu e  w as o b ta ined : th is  
suggested  th a t  f lu o rid e  ions associated  w ith  the  c o b a lt( I I  I)-com plexes in  b u t  
a sligh t ex ten t if  a t  a ll, th u s  w ere su itab ly  applied  w hen  th e  effect o f ionic 
s tre n g th  on th e  s ta b ili ty  of o u te r sphere  com plexes w as te s te d . As exam ples, 
F igu res 1, and  2 show  resu lts  for th e  C o(dipy)3+ and  SC N ~ system  a t an  ionic 
s tre n g th  of one m ole. F u r th e r  d a ta , v e ry  g rea t in  n u m b er, w ill n o t be p r in te d  
b u t  a re  m ade av a ilab le  to  those  w ho m igh t be in te re s te d  in  them . T ab le  I 
p resen ts  s tab ility  c o n s ta n ts  n o ted  fo r various system s. H ere  we see th a t  th e  
s ta b ility  co n stan t o f th e  ion  p a ir C o(dipy)3, SCN 2+ has an  ex trem e value w hen  
p lo tte d  as a fu n c tio n  o f ionic s tre n g th .

T he resu lts  d e m an d  ex p lan a tio n  from  tw o p o in ts  o f view . On th e  one 
h a n d  i t  is n o t obvious w hy  flu o rid e  ions should n o t fo rm  ion  pairs w ith  th e  
com plex  ion th a t  carries th ree  po sitiv e  charges; based  on sim ple e lec tro sta tics 
th e  c o n tra ry  is to  be  ex p ec ted . On th e  o th e r h and  th e  q u es tio n  arises w hy th e  
s ta b ility  co n stan t e x h ib its  a m in im um  w hen  p lo tted  a g a in s t th e  co n cen tra tio n  
of p o tassium  fluoride . W e th in k  th e  h igh degree of h y d ra ta t io n  of th e  fluo ride  
ion  furnishes th e  answ er to  b o th  these  questions. O w ing to  its  sm all size,
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"̂ SCN"

Fig. 2. E valuation of data in Fig. 1
T  T

— M x  as a function o f the thiocyanate concentration at three different w ave lengths 
A

f lu o rid e  ion is v e ry  s tro n g ly  h y d ra te d , th u s  fo rm atio n  o f an  o u te r  sphere ty p e  
com plex  presupposes th e  rem oval o f w a te r  m olecules from  a ra th e r  stab le  
h y d ra te  sheath . T h e  h ig h  degree o f h y d ra ta tio n  of the f lu o rid e  ion , o u ts ta n d ­
in g ly  high am ong sing le-charged  anions is ex h ib ited  in  th e  m ean  a c tiv ity  coef­
f ic ie n t w hich passes th ro u g h  a m in im u m m  as a function  o f th e  concen tra tion .

O f course, th e  s ta b ili ty  co n stan ts  sum m arized  in  T ab le  I  a re  th e rm o d y ­
n am ic  constan ts  v a lid  fo r th e  given m ed ium . T heir re la tio n sh ip  to  th e  s tab ility  
c o n s ta n t  K ° re fe rred  to  p u re  w a te r as th e  s ta n d a rd  s ta te  c a n  be  w ritten  as

K ° =  К  — =  К  Y  (7)
Уз+ У -

w here  y 3+, y 2+ ’ an(l  У -  s ta n d  for th e  m o lar a c tiv ity  coeffic ien ts , referred  to  
p u re  w a te r as th e  s ta n d a rd  s ta te , o f th e  corresponding  ionic species. W ith  
a supposed d is tan ce  o f  7.5 Á betw een  th e  ionic cen tres, an d  based  upon th e  
considera tions o f B je rru m , we o b ta in ed  17 for K°. I t  is a good ap p rox im ation  
w h en  the  a c tiv ity  coeffic ien t of th e  th io c y a n a te  is ta k e n  as be ing  th e  sam e as

Table I

Complex Medium К

Co(dipy)3, SC N2+ KCl +  KSCN =  1 mole • d m '3 1 .0± 0 .1

Co(dipy)3, SC N2+ K F +  KSCN =  1 mole • dm -3 1.7 +  0.1

Co(dipy)3, SCN2+ KF +  KSCN =  2.5 mole ■ dm -3 l.OiO.l
Co(dipy)3, SCN2+ KF +  KSCN =  4.0 mole • dm "3 1.2 +  0.1

Co(dipy)3, SC N 2+ KF +  KSCN =  6  mole • dm -3 2.3 +  0.1

Co(dipy)3, I 2+ K F +  KI =  1 mole • dm -3 1.5±0 .1

Co(phen)3, I 2+ K F +  K I =  1 mole • dm -3 1.7± 0 .1

Acta Chim. Acad. Sei, Hnug. 97, 1978



ILCHEVA, BECK: THE EFFECT OF IONIC STRENGTH 49

th e  m ean  a c tiv ity  coeffic ien t of p o tassiu m  fluoride:

K ° =  К — ----- (8)
Уз+ У±

co n sequen tly  i f y  + is know n  [6] th e  ap p ro x im a te  v a lu e  o f th e  q u o tien t of th e  
a c tiv ity  coeffic ien ts o f th e  ou ter sphere com plex w ith  tw o positive charges 
and  th a t  of th e  in e r t com plex  ion w ith  th ree  positive charges can be ca lcu la ted  
(Table I I ) .  T hese fig u res  do no t seem  to  be u n realistic  th o u g h  i t  w ould n o t be 
co rrec t to  accep t th is  tre a tm e n t as being  a q u a n tita tiv e  one. H ow ever, i t  seem s 
th a t  th e  change in  s ta b ili ty  co n stan ts  b y  v a ry in g  th e  co n cen tra tio n  of p o ta s ­
sium  flu o rid e  can  be  exp la ined  q u a lita tiv e ly .

Table II

I 1 2.5 4 6
к 1.73 1.00 1.25 2.30
K°
к 9.8 18 13.6 7.4

У2 + 
Уз+

6.4 12.0 11.2 7.4

F in a lly  we w ish  to  rem ark  th a t  w hile p o tassium  fluo ride  h a rd ly  affects 
th e  lig h t a b so rp tio n  o f  th e  in e r t com plex, or does n o t affect i t  a t  all, th e  m o lar 
lig h t ab so rp tio n  of an  o u te r  sphere com plex  s ign ifican tly  changes as a fu n c tio n  
o f th e  ionic s tre n g th  an d  does so accord ing  to  an  ex trem e v alue  a t each o f th e  
w ave len g th s  selected . F u r th e r  i t  is w o rth  m en tion ing  in  th is  co n tex t th a t  
ea rlie r o b se rva tions show ed th a t  fluo ride  ions had  h a rd ly  an y  effect on th e  
m olar lig h t a b so rp tio n  o f th e  stab le  te tracy an o n ick e la te (II)-co m p lex , w here 
as it  p ro v ed  h igh ly  effective [7] in  th e  case of th e  less stab le  p en tacy an o - 
n ick e la te (II) . F u r th e re  investig a tio n s are needed  to  reveal w h e th e r it  is gener­
a lly  tru e  th a t  w hen  ionic s tren g th  is v a ried  b y  th e  use of ions no t likely  to  
form  com plexes, m o la r lig h t abso rp tion  will change th e  g rea te r th e  low er th e  
s ta b ility  of th e  com plex  ion.
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The parameter m ethod has been applied to the calculation of force constants 
of m ethyl fluoride (E  species o f order three). Three fundam ental frequencies, two zetas 
and one isotopic frequency have been used as input data. Two sets o f force constants 
were obtained. Of these, the one which reproduces the other isotopic frequencies exactly  
has been chosen as the relevant set.

Introduction

T he p a ram e te r  m e th o d  h as  been applied  for ca lcu la tin g  th e  force con­
s ta n ts  o f po lyatom ic m olecules in  several p u b lica tions [1 — 7]. G enerally , 
in  these  m ethods freq u en c ies , Coriolis coupling co n s ta n ts  (zetas) an d  v ib ra ­
tio n a l am plitudes h av e  been  used  as in p u t d a ta . F requencies o f th e  m olecule 
a fte r  iso topic  su b s titu tio n  h av e  been  used as in p u t d a ta  o n ly  in  second o rder 
cases [3]. T his p ap er in tro d u ces  th e  use of iso topic  frequencies in  th e  th ird  
o rd er case.

Theory of the method

T he no rm al frequencies o f a po lya tom ic  m olecule a re  re la te d  to  th e  force 
c o n s ta n ts  by  th e  m a trix  eq u a tio n s

G F L  = L A  (1)

L F L  =  A  (2)

L L  = G (3)

w here th e  sym bols have  th e ir  u su a l m eanings [8]. A ssum ing  th a t  on isotopic 
su b s titu tio n  in  th e  m olecule, th e  F  e lem ents are u n ch an g ed , w hile, G, L  and  
A  change b y  sm all am o u n ts , i t  has been show n [9] th a t

d iag  [L~ 1 (AG) L ~ ]A ] =  diag [Л А ] (4)
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I t  follows th a t
[ L - 1 (AG) L ~ l]u =  (AXi)jXi

In  th e  param etric  ap p ro ach ,

L  = Т А

w h ere  T  is a low er tr ia n g u la r  m a tr ix , such th a t  T  T  =  G, and

A  =  ^45 ^46 ^56

( 6)

( ? )

(5 )

in  w hich A ij  are o rth o g o n a l m atrices invo lv ing  the  a n g u la r  p a ra m e te r  Ф,у [1, 6]. 
B y  v irtu e  of E qs (7) an d  (6), E q . (5) becom es

[ 4 *  A i6 A 45 T - 1 (AG) f - 1 A 45 А 4в А я ]и = (AX^/X, ( 8)

w here  l — 4, 5, 6 in  th e  case u n d e r  analysis. In tro d u c in g  T  1 (AG) T  1 =  K ,  
o n e  ob tains

W ritin g

E q . (9) becomes

[ ^ 5 6  ^ 4 6  ^ 4 5  К  ^ 4 5  ^ 4 6  ^ 5 ß ]li — ( . A X f i / X i  

^45 ^ 4 5  =  *  *

(9 )

( 10)

(И)[ ^ 5 6  ^ 4 G  ^  ^ 4 6  ^ 5 o ] / /  —  ( A * l ) ß l  

E xpressing  A i6 an d  A 56 in  te rm s o f Ф46 and  Ф56, E q . (11) gives

K 4i co s2 Ф46 +  К в6 s in 2 Ф4в +  2 К ,6 c o s  Ф.ш sin Ф46 =  (zlA4)/A4 (12)

К 44 8Ш2Ф46 8Ш2Ф56 +  к 55 co s2 Ф5в +  -Êßß cos2 Ф4̂  sin 2 Ф56 -  

* *
-  2 ( К 4 5  s i n  Ф 4в s i n  ф 5в COS Ф56 +  к 4в sin Ф46 CO S Ф,6 s in 2 Ф58 -

-  К 5в cos Ф46 sin  Ф5в cos Ф56) =  (АХ5)1Х5 (13)

* * *
К 44 s in 2 Ф46 cos2 Ф56 +  К ъъ s in 2 Ф56 +  К 66 cos2 Ф4в cos2 Ф50 +

* *
+  2 (К 45 sin  Ф46 sin Ф56 cos Ф56 -  К № sin Ф46 co s2 Ф46 cos2 Ф50 -  

*
-  К 56 cos Ф40 sin  Ф56 cos Ф5в) =  (АХ6)1Хв (14)

E q u a tio n s  (12), (13) and  (14) m ak e  i t  possible to  in tro d u c e  th e  iso topic fre ­
quencies as a d d itio n a l d a ta .

Acta Chim. Acad. Sei. Huug. 97, 1978



CHELLAM, ARULDHAS: APPLICATION OF THE PARAMETER METHOD 53

Application to m ethyl fluoride

T he m eth y l f lu o rid e  m olecule (C H 3 F ) belongs to  th e  CSv p o in t g roup . 
I t  has 9 fu n d a m e n ta l frequencies ЪАХ +  3E .  O f th ese , th e  ЪЕ v ib ra tio n s  are 
th e  su b je c t of th is  p a p e r. T he expressions fo r th e  G m a tr ix  e lem ents, th e  d a ta  
w ith  reg a rd  to  th e  g eo m etry  o f th e  m olecule and  th e  exp erim en ta l va lues of 
th e  frequencies, e tc ., a re  ta k e n  from  Ref. [10].

Fig. l . Y  ariation of Ф46 against Ф46. Curves A 1 and A  2 show the values o f Ф46 which f it  the Coriolis 
coupling constant f4. Curves В  I and В 2 show the values o f Ф46 which f it  the isotopic frequency  

P oin t o f intersection of A 2 and В 2 is irrelevant as it  lies outside the T ö r ö k  lim its. The point 
of intersection  of A 1 and В 1 denotes the values o f Ф45 and Ф4е consistent w ith both  f4 and v.

T he ac tu a l m ethod  is as follows. F o r d ifferen t va lues of Ф45 from  —45° 
to  + 4 5 °  (T ö r ö k  lim its) [11], th e  values of Ф48 to  f i t  f 4 are ca lcu la ted  using  
th e  re la tio n  g iven as E q . (14) in  Ref. [6]. O f th e  tw o values of Ф46 for each  Ф45, 
one lies o u ts id e  th e  T ö r ö k  lim its . T he v a ria tio n s  of th e  tw o values o f Ф46 
w ith  Ф45 are  show n as cu rves A1 and  A2 in  F ig . 1. Also, th e  values o f Ф4в to  
f i t  (ZlA4)/A4 are  ca lcu la ted  using E q . (12). A gain , th e re  are tw o sets o f Ф 
of w hich one se t is en tire ly  ou tside  th e  T ö r ö k  lim its. T he va ria tio n s o f th e  
tw o  va lu es  o f Ф46 w ith  Ф45 are  show n as curves E l  and  R2 in  Fig. 1. T he p o in ts  
o f in te rsec tio n  of th e  cu rves give tw o com binations of Ф45 and  Ф4в th a t  w ould 
f i t  b o th  f 4 an d  (zlA4)/A4. O u t of th e  tw o  po in ts  o f in te rsec tio n , th e  one ly ing  
o u ts id e  th e  T ö r ö k  lim its  is ignored  an d  th e  o th e r is ta k e n  as th e  re le v a n t one.
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T h e  e x a c t p o in t o f in te rsec tio n  fo u n d  b y  m agn ify ing  th e  co m p u ta tio n  in  its  
n e ig h b o u rh o o d  is Ф45 =  —0.465°, Ф46 =  —0.445°. T he correspond ing  value  of 
Ф5в is c a lcu la ted  using  £5 an d  E q . (15) of R ef. [6]. Two values are  o b ta in ed  
fo r Ф5в. U sing each va lu e , th e  m a tr ix  L  is fo u n d  b y  app ly ing  E q s (7) an d  (6), 
a n d  th e n  F  is c a lcu la ted  b y  E q . (2). E ach  v a lu e  of Ф56 gives a se t o f force 
c o n s ta n ts .

I n  o rder to  e lim in a te  th e  irre le v a n t se t, th e  iso topic frequencies are  ca l­
c u la te d  using  th e  tw o se ts. N a tu ra lly , b o th  sets rep roduce  th e  f irs t  frequency  
r4 o f th e  iso topically  su b s ti tu te d  m olecule. B u t, only  one se t rep roduces all 
th e  frequencies sa tis fac to rily , w hile th e  o th e r does n o t, th o u g h  th e  in d iv id u a l 
F  e lem en ts  are n o t ap p rec iab ly  d ifferen t.

T h e  re lev an t force co n stan ts  (m dyn/Á ) fo r th e  m olecule are

Fti = 5.36 f * = 0.40

^ 4 5  = - 0 .0 9 F56 = - 0 .0 5

^ 4 0  = 0.06 ^ 6 6  = 0.76

F o r th e  sake of c o n firm a tio n , th e  m olecule CD3F  w as ta k e n  as th e  orig­
in a l m olecule and  C H 3F  as th e  iso top ica lly  su b s titu te d  m olecule, follow ing 
th e  sam e procedure.

T h e  force c o n s ta n ts  o b ta in ed  are

^44 = 5.40 F yo =  0.43

^45 = - 0 .1 1 F 5e =  0.05

F i6 = 0.15 Fee =  0.85

T h e  close ag reem en t confirm s th e  v a lid ity  of th e  m ethod . T he slight 
d ev ia tio n s  are due to  th e  fa c t th a t  th e  m ass o f th e  D a to m  is tw ice th a t  of 
th e  H  atom .

T h u s, th e  p a ra m e te r  m eth o d  can  be successfully  app lied  to  v ib ra tio n a l 
p ro b lem s of o rder th re e  b y  in co rp o ra tin g  iso topic frequencies as a d d i­
tio n a l d a ta .

*
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The form ation of 1 : 1 com plexes betw een Y (III), P r(III), N d (III), S m (I lI )  
G d(III) and D y (III)  ions and 2-benzim idazolethiol has been shown potentiom etrically. 
The m eta l-ligan d  stab ility  constants (log K j) and proton ligand stab ility  constants 
(log К У) have been determ ined by the pH -titration  technique at 30 °C and 0.1 M  ionic 
strength.

Introduction

2-B enzim idazo le th io l is an  in d u s tr ia lly  im p o r ta n t com pound. I ts  ce rta in  
m e ta l sa lts  h a v e  b een  used  as h ea t s tab ilize rs fo r p o lyam ides [1]. I ts  lead  
com plex is used  in  th e  p h o to co n d u c tiv e  lay e rs  of e lec tro p h o to g rap h ic  p la tes [2]. 
T he ad d u c ts  o f 2 -benzim idazoleth io l w ith  t in ( I I )  and  (IV ) an d  a n tim o n y (III)  
halides h av e  also been  rep o rted  [3]. R h o d iu m  and  irid iu m  com plexes h av e  
been iso la ted  an d  th e  d e te rm in a tio n  of p a llad iu m  using  th is  ligand  has also 
been done [5]. T he R u ( I I I )  com plex has been s tu d ied  sp ec tro p h o to m etri- 
cally  [6]. T h ere  are, how ever, no d a ta  in  th e  lite ra tu re  on th e  in te rac tio n  of 
th is  ligand  w ith  th e  ra re  e a r th  ions. W e now  re p o rt th e  s ta b ility  co n stan ts  of 
such com plexes in  50 vo l. % aqueous e th an o l, de te rm in ed  p o ten tio m etrica lly , 
as in  case o f B ism uth io l I  [7].

Materials and methods

Anhydrous rare earth chlorides were dissolved in perchloric acid of desired norm ality  
to prevent the hydrolysis o f these ions. 2-Benzim idazolethiol (m . p. 295 °C, Fluka, A. G.) was 
dissolved in ethanol. The sodium  hydroxide(B D H ) and perchloric acid (E . Merck) solutions 
were prepared in  condu ctiv ity  water and standardized by usual m ethods [8]. 1.0 M  NaCIO, 
(R iedel) solution was prepared in bidistilled water.

Apparatus. For pH  determ ination, an ELICO LI-10 pH -m eter w ith + 0 .0 5  accuracy 
was em ployed in  com bination w ith  glass calomel electrodes calibrated w ith  the help of standard  
buffers. An inert atm osphere w as m aintained b y  bubbling oxygen and carbon dioxide free 
nitrogen gas trough the solutions.
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Results and discussion

P ro ton-ligand  stab ility  constants

2-B enzim idazo leth io l (I) is a d e riv a tiv e  of 1-H -benzim idazole (II); i t  
c o n ta in s  tw o  ty p es o f p ro to n s  N  — H  a n d  S —H . A t low  p H , th e  acid ligand  
cu rv e  lies sligh tly  above th e  pu re  acid cu rv e  p resu m ab ly  due to  th e  p ro to n a tio n  
o f  th e  N  —H  group in  th e  acid—ligand  sy s tem  (Fig. 1). T he acid—ligand  curve  
o v erlap s w ith  th e  p u re  acid  cu rve  b e tw een  В =  (5.0 —8.5), b u t  dev ia tes a t  
В =  8.8. T he low est v a lu e  of Пд, 1.085, w as observed  a t  В  =  11.8 an d  th e  
h ig h e s t v a lue  of п д , 2.0 a t  В =  8.5, w hich  ind ica tes th a t  on ly  one p ro to n  
is re leased , p resu m ab ly  from  th e  N  —H  group . T he p ro to n —ligand  fo rm atio n  
cu rv e  has been o b ta in ed  b y  p lo ttin g  nX ag a in s t В (F ig. 2).

T h u s  only  log K ?  w as o b ta in ed  b y  th e  h a lf  in teg ra l m eth o d  and  poin tw ise 
ca lcu la tio n s , also ex te n d e d  to  th e  aqueous e thano l system  [7].

Fig. 1
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F ig. 2 ,

Table I

S tab ility  constants at 30 °C  +  0.1 and fl =  0.10 M

S ta b ility
c o n s ta n t

I c g K f
log Kj_

Y(IH) Pr(III) Nd(III)

H alf integral method 10.80 7.20 +  0.05 7.10 +  0.025 7.10 +  0.05

Pointwise calculation 10.92 7.21 +  0.05 7.15 +  0.025 7.21 +  0.05

Average 10.86 7.205 +  0.05 7.125 +  0.025 7.155 +  0.05
Standard deviation +  0.005 ± 0 .0 2 5 +  0.0066 ± 0 .0 7 8

(1 .3-=nA«= 1.9) ( 0 .2 < n < 0 .8 ) ( 0 .3 < n < 0 .6 ) ( 0 .3 < n < 0 .6 )

Stability b g K ?
log K,

constant
Sm(III) Gd(III) Dy(IH)

Half integral method 

Pointwise calculation 

Average

Standard deviation

10.80

10.92

10.86

±0 .005
(1 .3 < n A<  1.9)

7.30 +  0.05 

7.38 +  0.05 

7.34 +  0.05

± 0 .0 6 2  
(0.3-= n <  0.8)

7.35 +  0.05 

7.30 +  0.05 

7.325 +  0.05

± 0 .0 0 8 9  
(0.3-= n-= 0.9)

7.05 +  0.025 

7.09 +  0.025 

7.07 +  0.025 

± 0 .1 3
(0.3-< n-= 0.6)
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Fig. 3,

M etal-ligand  stab ility  constants

T o e lim inate  th e  possib ility  of th e  hyd ro ly sis  of th e  ra re  e a r th  ion and  
th e  presence of p o ly n u c lea r species, we w orked  a t  low p H  (up  to  В =  6.5) in 
d ilu te  solutions.

T h e  co m plexa tion  reac tio n  betw een  la n th a n id e (I I I)  ions an d  th e  reag en t 
w as obvious b y  th e  considerab le  d ev ia tio n  o f th e  m e ta l- lig a n d  t i tra tio n  curve  
fro m  th e  reag en t cu rv e  along th e  vo lum e a a  is (Fig. 1).

T h e  increase in  th e  n  values w as co n tin u o u s from  В =  3.0 to  В =  6.5 
in  all cases. T he m ax im u m  n value in  all th e  cases was g rea te r th a n  0.5, in d i­
c a tin g  1 : 1 com plex fo rm atio n . The n  v a lu e  changed  a b ru p tly  b eyond  В =  6.5, 
due  to  th e  hydro lysis  o f  th e  m etal ion, th e re fo re  n values w ere considered only 
u p  to  В =  6.5.

T he pL  values w ere  ca lcu la ted  a t  v a rio u s  n values an d  log K x was ob­
ta in e d  b y  th e  h a lf  in te g ra l m ethod  an d  b y  po in tw ise  ca lcu la tions. These log K j  
v a lu e s  p lo tted  a g a in s t e 2/ r  (F ig. 3) show  a rough ly  lin ear increase w ith  e2/r, 
su ggesting  th a t  th e  m e ta l—ligand bonds h a v e  som e ionic ch a rac te r.

*
The authors thank Prof. W. R a h m a n , H ead, Departm ent of Chemistry, for providing  

all the necessary research facilities. One of us (У. I .)  thanks the C. S. I. R ., New Delhi, for 
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Adsorption o f n-butane and re-butane : hydrogen m ixtures has been investigated  
gravim etrically on N i black ca ta lyst in  temperature range o f 20 — 200 °C. In addition  
to physisorption different chem isorption forms are discernible: chem isorption of n -but­
ane leads to form ation o f dissociatively  adsorbed butane, to its  fragm ents above 88 °C 
and to a form  of low  reactiv ity  towards hydrogen. Comparison of the rate o f hydrogenol- 
ysis to the rate o f hydrogenation of the chemisorbed substrate perm its to suggest that  
the last form  acts as poison for hydrogenolysis.

T ran sfo rm a tio n  of s a tu ra te d  hydrocarbons on N i c a ta ly s ts  has been 
ex tensively  in v e s tig a te d  from  b o th  k inetic  an d  m echan ism  p o in t o f view  
[1 — 7]. D iffe ren t reac tio n  ro u te s  such as d eu te riu m  exchange and  h y d ro ­
genolysis have  been  exp la ined  b y  assum ing “ w eak ly ”  an d  “ s tro n g ly ”  bon d ed  
in te rm ed ia te s  [6] on th e  surface th e  fo rm er being  d eh y d ro g en a ted  to  a lesser 
e x te n t [5] th a n  th e  la t te r  one. O n N i ca ta ly s t m u ltip ly  deh y d ro g en a ted  species 
a re  easily  form ed resu ltin g  in  “ deep”  frag m en ta tio n  [6 — 7] o f th e  h y d ro carb o n  
m olecules an d  in  poisoning  o f th e  surface by  carbonaceous deposits. O ur recen t 
p ap er deals w ith  ad so rp tio n  of n -b u tan e  on N i b lack  c a ta ly s t. In  o rder to  
o b ta in  a deeper in sig h t in to  th e  n a tu re  of th e  chem isorbed  su b s tra te  a d so rp ­
tio n  of h y d rogen : n -b u ta n e  m ix tu re s  an d  th e  re a c tiv ity  of th e  chem isorbed 
su b s tra te  w ith  H 2 are  in v es tig a ted . A dso rp tion  d a ta  can  th e n  be com pared  
w ith  q u a n ti ty  o f a d so rp tio n  th a t  appears d u rin g  d eu te riu m  exchange or 
hydrogenolysis.

E xperim ental

Adsorption m easurem ents were performed by means of a Sartorius electrobalance (Type  
4102) connected to a vacuum  and gas handling system . N i sam ple was heated by stabilized  
A. C.; the heating wires were placed directly on the hang-dow n tubes. Temperature of the  
sam ple was recorded close to the sam ple holders. The m icrobalance w as tested  in loaded state  
using N i plates w ith  the sam e w eight as the catalyst itse lf in static  as well as in flow  m easure­
m ents w ith hydrogen, re-butane and their m ixtures in the tem perature range of 2 0 —200 °C. 
The bouyancy effects were recorded and tabulated. N i black ca ta lyst was prepared from  
N i(O H )2 in situ. D etails o f preparation have been described elsewhere [8]. In adsorption m eas­
urem ents 0.3 g sam ple was used. The specific surface area of the N i sam ple used is 6.2 m 2 g -1  
as measured by the B E T /N 2 m ethod. Gases (hydrogen and re-butane) were passed through
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B Ä SF -11 contact and then through a colum n filled w ith  molecular sieve. n-B utane contained  
0.02 m ol % 2-methylpropane.

Adsorption m easurem ents were performed in the tem perature range o f 20 — 200 °C. 
B efore each measurement N i ca ta lyst was hydrogenated at 350 °C for 30 m in and then evacuat­
ed for 8 — 9 • 10“ 5 torr and fin a lly  cooled to the tem perature of the experim ent. In som e cases 
after hydrogenation the sam ple was purged in H e, a t 350 °C for 30 min.

D ata on n-butane hydrogenolysis were measured in an atm ospheric flow  reactor. n-But- 
ane and hydrogen were m ixed w ith helium  and passed downflow through the catalyst bed 
consisting of 0.2 g №  diluted carefully w ith 0.3 g silica sand. By adjustm ent of the helium  and 
hydrogen flow rate the partial pressure of hydrogen was varied. Flow  rate o f n-butane was 
29.5 m l m in “ 1. The total gas flow  was m aintained at 450 m l m in“ 1 throughout. R ate measure­
m ents were performed at low  conversion levels up to 10 %. The effluents were analysed by  
Packard 427 gas chrom atograph. Conversion a was calculated from the balance equation, 

3 4
a =  100 V  iC,/ £  iCj. where С,- denotes molar concentration of a hydrocarbon w ith i-carbon 

1=1 1=1atom s. The reaction rate w as calculated to un it surface area, Гд =  10 2 aFS 1, where F-flow- 
rate  o f  the feed- and S- the surface area of the catalyst-used.

Results

A dsorp tion  iso th e rm s w ere d e te rm in ed  betw een  20 an d  150 °C m easuring  
th e  w eigh t of th e  to ta l  ad so rp tio n  b y  v a ry in g  th e  equ ilib rium  p ressures betw een 
250 an d  5 to rr. T h e  w e ig h t o f th e  chem isorbed  su b s tra te  (m easu red  a t  8 —9 
1 0 “  5 to rr)  was th e n  su b s tra c te d  from  th e  w eigh t o f th e  to ta l  ad so rp tio n . E x p e ri­
m e n ta l resu lts are su m m arized  in  T ab le  I ,  w hich  con ta in s th e  ty p e  o f iso therm , 
th e  isosteric  hea t o f a d so rp tio n  an d  th e  area  occupied by  an  ad so rb ed  n -b u tan e . 
T h e  la t te r  value w as de te rm in ed  from  vmn_ Eut/^m.N^BET) using  <tN2 =  
=  16.2 Á 2 [9].

In  Table I I  d a ta  on  n -b u tan e  chem isorp tion  and  th e  effect o f hydrogen  
on  th e  rem oval of th e  irrev e rs ib ly  b o n d ed  su b stra te s  are  sum m arized . In  th e  
second  colum n th e  w e ig h t of th e  rev e rsib ly  adsorbed  su b s tra te  (p°_But — 50 
to r r )  is also given. T h e  q u a n tity  o f su b s tra te  chem isorbed  below  88 °C is 
n e a r ly  in d ependen t o f te m p e ra tu re . T he p ercen tage  surface occu p a tio n  reaches 
8 —10 % in th is te m p e ra tu re  range. W eig h t o f th e  chem isorbed  su b s tra te  com ­
m ences to  increase ab o v e  88 °C. A t 152 °C th e  adso rp tion  becom es tim e  depend-

ТаЫе I

D ata on reversible adsorption of n-butane

Temp, range 20 60 °C 60 120 °C

Isotherm F F

Heat of adsorption  
— J H fl, kJ m ole-1
4 v m)

3 3 .0 -3 0 .5
(0 .0 5 -0 .2 )

6 8 .1 -4 5 .1
(0 .0 5 -0 .1 5 )

Surface area 1020 m 2/adsorbed 
n-but. 28 112

F — Freundlich
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Table II

n-Butane adsorption on N i black

Temp./°C

Amount of n - jutane (/ig m~2) Remained on the surface Hydrogenation rate

physisorbed
(P»-but=50Torr)

chemisorbed 
(10- 4 Torr, 0.5 hr)

after 3 min in 
50 Torr H 2

after 20 min of 
H 2 flow 

(7.5 ml min-1)
R®

f i g  m-2 min- 1
Rb■*'20

f i g  m“ 2 min- 1

24 142 35 _ _ _ _
24c OJ CO 63 - - - -

32 103 32 - - - -

55 87 38 10 - - -

88 43 43 15 10 - -

103 21 87 32 13 - 0.83

142 12 143 57 33 15 0.92

159 10 185 127 88 26 1.21

198 10 193 142 103 62 0.76

198d 10 187 167 147 32 0.11

203e 10 249 202 182 65 0.68

197* 10 195 183 182 " —

a) In itial rate; b) rate measured after 20 m inutes; c) after hydrogenation sam ple was 
purged in He for 0.5 hr; d) evacuated for 5 hrs; e) sam ple exposed to n-butane for 1.5 hrs;

sample heated in the at 450 °C (during heat treatm ent 15 /;g w eight loss was observed) — not 
measured

Table III

In itia l composition o f substrates form ed from  chemisorbed n-butane in Нг

T ° C C. c, C, 4C . /  h iCi4=1

142 73.2 12.7 14.1 0.13

159 87.5 11.2 1.3 0.07
198 95.0 4.9 0.1 0.03

en t. T he ra te  o f w eigh t increase a t  198 °C is n ea rly  p ro p o rtio n a l to  th e  sq u a re  
ro o t of th e  p a r tia l p ressu re  of n -b u tan e ; a t  50 to r r  i t  reaches 8 — 10 /ig/10 
m inu tes. As show n in  th e  la s t tw o  co lum ns p a r t  of th e  irreversib ly  bonded  
su b s tra te  w as read ily  h y d ro g en a ted  a fte r  adm ission o f 50 to r r  hydrogen . 
A fter 3 m in u tes  th e  sy stem  w as filled  u p  a tm ospheric  p ressu re  of H 2 an d  
fu r th e r  w eight change w as recorded  in  s tream  of H 2 (7.5 m l m in “ 1). R em oved 
h y d rocarbons w ere tr a p p e d  and  th e ir  com position  was checked  gas ch rom ato- 
g raph ica lly . R esu lts  a re  p resen ted  in  T ab le  I I I ,  w hich show s th e  com position  
of th e  gaseous p ro d u c ts  collected in  th e  f irs t  five  m inu tes. F u r th e r  h y d ro g en a­
tio n  resu lted  in fo rm atio n  of m e th an e  only.
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Table IV

Effect o f  hydrogen on chemisorption and hydrogenolysis o f  n-bulane

T °c №
Torr

Weight of 
the chemi­
sorbed sub­

strate 
tig va~ г

Initial 
weight loss 

figm-T

Rate n-butane 
consumption, гд 

mol m -2 s-1

Rate of hydro­
genation®

R0, mol m~* s-1

23 0 33 — -
5.5 10 - - -

20b 0 - - -

88 0 57 - - -

4.5 10 10 - -

53 10 10 - -

198 0 197 - 1.10 IO“ 9 6.12 Ю-эа

7.5 137 89a 5.15 i o - 8 6.12 10-93

22.5 83 57a 1.33 10~7 3.43 О 1 w

55.0 24 10 5.12 1 0 -7 6.70 ю - 9

163.0 20 14 1.17 IO“ 6 0.97 i o - 9

232.0 25 15 1.38 10“ 6 1.02 IO"9

515.0 20 5 5.63 1 0 -7 1.38 i o - 9

a Measured after 5 m inutes after having closed the hydrocarbon stream , otherwise 
in itia l weight loss; ь Р н с =  200 Torr, otherwise 50 Torr; £ it  has been assum ed that H/C ratio 
is  tw o and m ethane is the only product o f hydrogenation — not measured

M easurem ents a t  198 °C rev ea led , t h a t  th e  increase o f th e  w eight o f th e  
chem isorbed  su b s tra te  in  course o f tim e  resu lted  also in  ra ise  of th e  w eight 
o f  non -reac tin g  su b s tra te . E v a c u a tio n  o f th e  sam ple a fte r a d so rp tio n  influences 
also  th e  re a c tiv ity  o f th e  adsorbed  su b s tra te  p ro b ab ly  ow ing to  fu r th e r  d isso­
c ia tio n  of C -H  bonds.

The effect o f h y d rogen  on ch em iso rp tio n  of n -b u ta n e  w as in v es tig a ted  
a t  23, 88 and  189 °C. R esu lts  are  d ep ic ted  in  T able IV  to g e th e r w ith  ra te  
m easu rem en ts on n -b u ta n e  hydrogeno lysis . As can be seen from  th e  re su lts , 
presence of h y d ro g en  s trong ly  in flu en ces irreversib le  ad so rp tio n . A t 189 °C 
th e  adsorp tion  is tim e  d ep en d en t: w eig h t as well as conversion  is m easured  
a f te r  30 m inu tes. T u rn in g  o f th e  h y d ro c a rb o n  s tream , 5 — 15 /tg of th e  su b ­
s tr a te  was rem o v ab le  im m ed ia te ly . I n  th e  la s t co lum n ra te  of th e  fu r th e r  
w eigh t decrease is g iven.

D iscussion

In  ag reem en t w ith  earlier in v es tig a tio n s  [10] d a ta  on re-butane ad so rp tio n  
rev ea l d ifferen t ad so rp tio n  form s. T he reversib le  ad so rp tio n  below  60 °C can  
be  ascribed to  p h y siso rp tio n . T h is conclusion  is based on th e  h e a t of ad so rp tio n
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a n d  on th e  surface area  occupied b y  an  adsorbed n -b u ta n e , w hich is close to  
th e  v a n  der W aals area of th e  m olecule [9]. In  te m p e ra tu re  range b e tw een  60 
a n d  100 °C p a r t  o f th e  adsorbed  su b s tra te  is still rem o v ab le  by  ev acu a tio n  
b u t  th e  isosteric  h e a t of a d so rp tio n  a t  low coverages (0 .0 5 —0.1) is severa l 
tim es  g rea te r th a n  th e  h ea t of condensa tion . A bove 140 °C th e  rev e rsib ility  
o f  n -b u ta n e  ad so rp tio n  is ceased. (T he w eight decrease d u ring  ev acu a tio n  a t 
189 °C p ro b ab ly  corresponds to  fu r th e r  dissociation o f  C -H  bonds an d  to  self­
h y d ro g en a tio n  of th e  chem isorbed su b s tra te .)

T h e  chem isorbed  su b s tra te  fo rm ed  below 88 °C consist o f n -b u tan e . 
C hem iso rp tion  proceedes p ro b ab ly  th ro u g h  d isp lacem en t of chem isorbed  h y ­
drogen , since th e  rem ain ing  p ressu re  o f hydrogen  is 10 1 T o rr in th e  b a lance . 
T h e  n -b u ta n e  coverage is low an d  corresponds to  6 —7 adso rbed  m olecules per 
100 m e ta l a tom . T he q u a n tity  of chem isorbed  su b s tra te  increases co n tin u o u sly  
w ith  rising  te m p e ra tu re  th a t  m ay  p o in t to  th e  n o n -u n ifo rm ity  of th e  surface 
being  induced  b y  presence of h y d ro g en , im purities a n d  b y  th e  d ifferen t a c tiv ­
ities o f edges, corners etc. A bove 152 °C th e  q u a n tity  o f th e  chem isorbed su b ­
s tra te  does depend  on tim e. T his process is analogous to  th e  high te m p e ra tu re  
dep o sitio n  of carbon  discussed b y  severa l au th o rs  [11 — 13]. The te m p e ra tu re  
d ependence  of deposition  ra te  (s te a d y  ra te )  gives an a p p a re n t ac tiv a tio n  energy  
of 34 +  3 kcal m ol- 1 for n -b u tan e  as m easured  by  te m p e ra tu re  ju m p  m eth o d  
be tw een  250 an d  350 °C.

E x p e rim e n ts  concern ing  th e  rem o v al of chem isorbed  su b s tra te  p rove  
th a t  i t  consists of d ifferen t ch em iso rp tion  form s. As show n b y  h y d ro g en a tio n  
re su lts  one p a r t  is rap id ly  h y d ro g en a ted  and  consists o f n -b u tan e  as well as 
o f its  frag m en ts  above 88 °C. T he in itia l ra te  of h y d ro g en a tio n  of th e  ch em i­
so rbed  su b s tra te  a t  190 °C is 60 fig  m in -1 m -2 . This v a lu e  assum ing th a t  o n ly  
m e th an e  is form ed and  th e  su b s tra te  consist of (CH 2) u n its  corresponds to  
a h y d ro g en a tio n  ra te  of 7.13 10“ 8 m ol m -2  sec-1 . This v a lu e  is an  u p p er lim it 
of th e  h y d ro g en a tio n  ra te ; in  case o f n -b u ta n e  deso rp tion  i t  w ould be 1.78 10 ~s 
m ol m - 2 sec ' \  T he ap p a re n t ac tiv a tio n  energy of h y d ro g en a tio n  is 12 +  4 
kca l m ol \  as m easured  in  te m p e ra tu re  range of 1 4 2 —200 °C. This v a lu e  is 
low er th a n  rep o rted  for h y d ro g en a tio n  of carbon  deposited  from  benzene or 
p ro p en e  above 500 °C, w here i t  reaches 67 [12] and 32 [14] kcal m ol“ 1, resp ec­
tiv e ly . A fte r rem oval of 60 % o f th e  su b s tra te  (w ith in  15 m inu tes) th e  h y d ro ­
g en a tio n  ra te  0.76 f i g  m in “ 1 m 2 a t 190 °C i.e. th e  ra te  o f m e th an e  fo rm atio n  
is 10.2 10 9 m ol m “ 2 sec-1 . This v a lue  does agree w ith  ch ro m ato g rap h ic  re su lts .

T he q u a n tity  of th e  slowly re a c tin g  su b stra te  is s tro n g ly  in fluenced  b y  
th e  ev acu a tio n  tim e  as well as by  fu r th e r  h ea t tre a tm e n t a t  e levated  te m p e ra ­
tu re s  in  v acuum . A nalysis of ex h a u s t gas ind ica ted  th a t  m e th an e  is th e  on ly  
d e te c ta b le  p ro d u c t. T he slowly reac tin g  su b stra te  m igh t consist of superfic ia l 
ca rb id e  (N i3C) or superfic ia l ca rb o n  a to m  [15], th a t  m ig h t tran sfo rm  in to  
m e ta l or fo rm  g rap h ite , w ich is th e n  h ig h ly  u n reac tive  to w ard s  hydrogen  [16].
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Presence of h y d ro g e n  as show n b y  re su lts  in  T ab le  IV  influences th e  
chem iso rp tion  of b u ta n e  to  a large e x te n t. T h e  re ta rd in g  effect decreases w ith  
increasin g  te m p e ra tu re  in  ag reem ent w ith  k in e tic  in v es tig a tio n s  on deu terium  
exch an g e  [17] an d  hydrogeno lysis [5 — 7]. T he q u a n tity  o f chem isorbed 
s u b s tra te  decreases m a rk e d ly  w ith  increasing  pressure  o f hyd rogen . Corre­
spon d in g  ra te  m easu rem en ts  on hydrogeno lysis a t  198 °C show  th a t  th e  ra te  
o f  n -b u tan e  c o n su m p tio n  as a function  o f h y d rogen  p ressu re  can  be ch a rac ­
te r iz e d  by  a b ro ad  v u lc a n o  shaped curve. T h e  decrease o f re a c tio n  ra te  a t  low 
H 2/n -b u ta n e  ra tio s can  b e  ascribed  to  th e  po isoning  of th e  su rface  by  th e  slowly 
re a c tiv e  su b stra te  i.e. to  th e  decrease o f th e  n u m b er of w o rk in g  active sites. 
P e rcen tag e  of u n b lo ck ed  surface atom s can  be ca lcu la ted  b y  assum ing th a t  
th e  q u a n tity  of th e  chem iso rbed  su b s tra te  m easu red  a t  zero p a r tia l  p ressure 
o f  hydrogen  co rresponds to  th e  full coverage of th e  surface a to m s. The sharp  
decrease of the  re a c tio n  ra te  (ap p a ren tly  i t  is very  sensitive  fo r th e  q u a n tity  
o f  th e  rem aining s u b s tra te )  is in  ag reem ent w ith  prev ious suggestions according 
to  w hich hydrogeno lysis involves m u ltip ly  d eh y d ro g en a ted  surface species
[1 8 ,1 9 ].

The “ a p p a re n t”  po ison ing  of th e  reac tio n  ra te  a t  high h y d ro g en  to  b u ta n e  
ra tio s  can be e x p la in e d  b y  assum ing co m p e titio n  b e tw een  hydrogen  and 
n -b u ta n e  for th e  a d so rp tio n  sites. The com petitio n  resu lts in  a low er p ro b ab ility  
o f  hyd rocarbon  f in d in g  an  unoccupied N i site .

The q u a n tity  o f  th e  chem isorbed su b s tra te  m easured  u n d e r conditions 
o f  “ no rm al”  hyd ro g en o ly sis  is sm all. T h e  m easured  5 — 15 ц g w eight loss 
reco rd ed  after tu rn in g  o ff th e  h y d ro ca rb o n  s tream  p ro b a b ly  corresponds to  
th e  w eight o f th e  su rface  com plex being  responsib le for hydrogeno lysis, since 
th e  ra te  of h y d ro g e n a tio n  of th e  rem ain in g  p a r t  is n o t com m ensurab le  w ith  
th e  ra te  of th e  h y d ro g eno lysis . I t  can  be s ta te d  for th is  reaso n , th a t  the  surface 
coverage for h y d ro c a rb o n  is low, con seq u en tly  th e  reac tio n  proceeds only  on 
a sm all frac tion  o f th e  surface. This o b se rv a tio n  m ay u n d erlin e  th e  im portance  
o f  sites having low  co -o rd in a tio n  [19] (e.g. edges or B- sites [20]) in  p rom oting  
hydrogenolysis.

To sum  u p , th e  chem isorp tion  m easu rem en ts reveal ab o v e  88 °C d ifferen t 
chem isorp tion  fo rm s, a lth o u g h  th ey  are  n o t sh a rp ly  sep arab le  from  each o ther. 
T h is m ay be th e  consequence  of th e  ex tensive  d issociation  o f C -H  bonds th a t  
m ay  explain a lm o s t sim ultaneous fo rm a tio n  of d issoc ia tive  chem isorbed 
b u ta n e , its frag m en ts  an d  of slowly re ac tiv e  carbon  deposits . I t  can be n o ted  
th a t  th is p h en o m en o n  is in  ag reem ent w ith  k inetic  m easu rem en ts , since on 
N i b lack d eu te riu m  exchange, hydrogenolysis and  poison ing  are unseparab le  
from  each o th e r [21].
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CLEAVAGE OF THE HETEROCYCLIC RING OF 
ISOFLAVONOIDS BY NUCLEOPHILIC 

REAGENTS, V
REACTION OF ISO FLAV O N E W ITH  H Y D R O X Y L A M IN E  A N D  ITS RING  

TRANSFO RM ATIO N INTO 4-H Y D R O X Y -3-PH E N Y L C O U M A R IN

У . S zabó , J . B o r d a  and L. L osonczi

(Institu te o f  A p p lied  Chemistry, Kossuth Lajos U niversity, Debrecen)

R eceived N ovem ber 4, 1976

Isoflavone reacts w ith hydroxylam ine between pH 4 and 11, at a rate increasing  
w ith  the pH , to y ield  4-phenyl-5-(2’-hydroxyphenyl)-isoxazole (1). I t  follows from  the  
structure of the product that the nucleophilic reagent attacks on the C-2 atom  and 
cleavage of the y-pyrone ring of isoflavone occurs. Under such conditions, isoflavone  
does not show the usual carbonyl reaction w ith hydroxylam ine.

Compound I is very  stable in  acid m edia, however, cleavage of the isoxazole  
ring takes place in  strongly alkaline solutions to give 2-(2’-hydroxybenzoyl)phenyl- 
acetic nitrile (Y). This conversion confirm s both the structure o f I  and the direction of  
the conversion of isoflavone.

Compound V is in  r ing-chain  tautom eric equilibrium w ith  4-hydroxy-3-phenyl- 
coumarin imine (VIII), depending on the pH . Compound VIII can be converted into  
4-hydroxy-3-phenylcoum arin (IX) when refluxed in acid solution . In this w ay a ring 
transform ation of chrom one to 4-hydroxycoum arin has been achieved w ith  the sequence: 
isoflavone -  I  -  V -  VIII IX.

In tro d u c tio n

A lthough  th e  c a rb o n y l reac tions of flavones (2-phenylchrom ones) have  
been  discussed in  severa l p ap ers  [1 — 5], i t  is in te restin g  to  n o te  th a t  reac tions 
of iso flavones (3 -phenylchrom ones) w ith  n itrogen  co n ta in in g  nucleophilic 
reag en ts  h av e  no t been  tre a te d  y e t.

Iso flavone has a b a s ic ity  low er th a n  th a t  o f chrom one an d  flavone [6], 
while th e  sensitiv ity  o f its  C — 2 a to m  to w ard s nucleophilic  reag en ts  is signif­
ic a n t [7, 8]. Therefore, on t re a tm e n t w ith  nucleophilic reag en ts , isoflavone 
m ay  give th e  usual ca rb o n y l reac tio n s, as well as cleavage o f th e  y-pyrone 
rin g  m a y  occur w ith  th e  fo rm atio n  of pyrazole , isoxazole, or even dioxim e 
de riv a tiv es .

R esults and  discussion

Iso flav o n e  was allow ed to  re a c t w ith  hyd ro x y lam in e  u n d e r w idely  varied  
co n d itions, in  order to  d e te rm in e  th e  o p tim um  yield  an d  v a rious possible 
d irec tions of reac tiv ity ; how ever, th e  sam e m ain  p ro d u c t w as alw ays ob ta in ed
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u p  to  p H  11. A co m p o u n d  w ith  positive  FeC l3 reac tio n  w as also form ed in  
sm a ll am ou n ts; th is  w as p ro b ab ly  th e  d ioxim e, b u t  its  p resence  caused no 
d if f ic u lty  in  iso lating  th e  m ain  p ro d u c t.

T ab le  I  shows t h a t  th e  y ield  was s ligh tly , and  th e  re a c tio n  tim e sign ifi­
c a n tly , dependent on th e  co n cen tra tio n s  o f hyd rox ide  ion  a n d  th e  nucleophilic 
a g e n t in  the  solu tion . T h e  reac tio n  ra te  increases up to  a b o u t p H  11; how ever, 
a b o v e  th is  value th e  re a c tio n  is n o t unam b ig u o u s owing to  th e  sen sitiv ity  of 
th e  reac tio n  p ro d u c t to  a lkali, as well as because of th e  d eg rad a tio n  of th e  
y -p y ro n e  ring of iso flavone  [7, 8]. A com pound  producing  a deep v io le t reac tion  
w ith  FeC l3 (not id en tica l w ith  th e  co m p o u n d  supposed  to  be  th e  dioxim e) and  
2 -h y d ro x y d eo x y b en zo in  oxim e w ere fo rm ed .

A m u lticom ponen t reac tio n  p ro d u c t w as o b ta in ed  w ith  h y d ro x y lam in e  
h y d ro ch lo rid e  in  h o t p y rid in e , and  sim ilarly , w ith  h y d ro x y lam in e  base in  
a b so lu te  ethanol.

T he m ain p ro d u c t in  th e  above reac tio n s  was a w h ite  c ry sta llin e  com ­
p o u n d  contain ing  one n itro g en  a tom  an d  one h y d ro x y l g roup  w hich  could be 
a c e ty la te d . The ferric  ch lo ride  reac tio n  w as negative.

In  view o f th e  re a c tiv ity  of th e  iso flavone m olecule on th e  ca rbony l 
g ro u p  and  the  p o ss ib ility  o f a tta c k  on th e  C —2 a to m  u n d e r  cond itions lead ing  
to  a n  isoxazole, th e  fo rm a tio n  of th ree  com pounds w ith  d iffe ren t s tru c tu re s  
c a n  be  assum ed, d ep en d in g  on w h e th e r th e  nucleophilic  a t ta c k  occurs on th e  
C —2 or C —4 a to m .

Table I

Reaction o f  isoflavone with hydroxylamine under various conditions

Solvent pH
Temp.,

°C
Reaction 
time, hrs Yield, % M. p.,°c

1. EtOH : H20  =  8 0 : 2 0 ~ 1 * 80 ~  24 0 —

2. EtOH : H20  =  80 : 20 6 .0 80 7.0 75 1 6 1 -1 6 4

3. EtOH : H20  =  80 : 20 7.0 80 2.5 90 1 6 1 -1 6 4

4. EtOH : H20  =  80 : 20 8.0 80 1.5 93 1 6 1 -1 6 4

5. Dioxan : H20  =  60 : 40 9.3 30 ~  20 85 1 6 1 -1 6 4

6. Dioxan : H.,0 =  60 : 40 10.8 30 1.5 85 1 6 1 -1 6 4

7. EtOH : H20  =  90 : 10 ~ 1 1 20 6 .0 92 1 6 1 -1 6 4

8. Absolute EtOH - 20 ~  24 90 1 5 5 -1 6 0 * *

9. Absolute EtOH - 20 ~  12 60 1 5 9 -1 6 1 * *

10. Pyridine - 115 1.5 80 1 5 0 -  160“

Reagent: N H 2—OH-H C1 (3 m oles excess) +  2 — 4: acetate-a lk ali; 5 — 6: phosphate- 
acetate buffers; 8: N aO E t titrated to the equivalence point, 9: the sam e, w ith NaO Et excess; 
2 — 7: raw product chrom atographically pure.

* Acid catalysis (HC1); ** three-com ponent raw product
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Since spectroscopic  m ethods d id  n o t p rov ide  unam biguous evidence fo r 
com pounds I, II  o r I I I ,  hydro lysis o f th e  p ro d u c t w ith  aqueous acid or a lka li 
was a tte m p te d .

T h e  com pound  o b ta in ed  in  th e  above reac tio n  suffers no change even  
w hen tre a te d  w ith  5 M  hydroch lo ric  acid in aqueous e th an o l. This h igh  s t a ­
b ility  m akes s tru c tu re  I I  im probab le , since isoflavone oxim e (II) w ould un d erg o  
hydro lysis  to  iso flavone u n d er such  conditions.

In  a lkaline  m ed iu m  th e  com pound  suffers a change, as show n b y  th e  
sp ec tra  in  F ig . 1.

T h is conversion is reversib le  up  to  a ce rta in  p H , how ever, it  becom es 
irreversib le  in  s tro n g ly  a lkaline so lu tion  (ab o u t 1.25M  aqueous alcoholic

Fig. 1. Changes In the spectrum  of 4-phenyl-5-(2’-hydroxyphenyI)isoxazole in 1M  sodium
hydroxide solution
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a lk a li) , an d  a fte r ac id ify ing  th e  alkaline so lu tio n , th e  w hite  c ry sta llin e  com ­
p o u n d  (m .p . 98 —100 °C) giv ing th e  d a rk  v io le t FeCl3 re a c tio n  m entioned  
ab o v e  is ob ta ined . T he re a c tio n  is fa s t (30 m in) an d  u n am biguous; th e  yield 
is n e a r ly  100 %. T he com pound  is soluble in  a lkaline so lu tions and , according 
to  e lem en ta l analysis, i t  co n ta in s  one n itro g e n  a tom . T he N M R  sp ec tru m  of 
th e  p ro d u c t, k e p t in  d a rk n ess  a t 0 °C, show s a signal a t  11.75 ppm  w hich 
d isap p ea rs  on th e  effect o f  D 20  and  can  be assigned to  th e  p ro to n  of a phenolic 
h y d ro x y l group in  ch e la te  bond . In  th e  I R  sp ec tru m  an in ten se  n itrile  b and  
is fo u n d  a t  2270 c m -1 , a n d  th e  b and  a t  1640 c m -1 ind ica tes th e  presence of 
a k e to n ic  carbonyl.

O n th e  basis o f th e  above a n a ly tic a l d a ta  i t  w as supposed  th a t  th is  p ro d ­
u c t  o f th e  alkaline conversion  was 2-(2’-h ydroxybenzoy l)pheny lace tic  n itrile  
(V). T h e  synthesis o f У w as effected in  o rd e r to  confirm  th is  assum ption .

T he p rocedure suggested  by  K a w a se  [9] was m odified  to  p rep a re  2 (2’- 
m e th o x y b en zo y l)p h en y lace tic  n itrile  (IV), an d  th is  was d em e th y la ted  to  V 
w ith  an  excess of A1C13 in  h o t abso lu te  benzene.

T he fo rm atio n  o f 3 -pheny l-4 -hydroxycoum arin  im ine (V III) [10] w as n o t 
o b se rv ed  during  d em eth y la tio n , p ro b ab ly  ow ing to  th e  re la tiv e ly  low  te m p e ra ­
tu r e  used  and  th e  h ig h er s tab ility  of th e  A1C13 com plex o f th e  n itrile  un d er 
su ch  conditions. C om pound  V was o b ta in e d  from  IV in  a lm o st 100 % yield . 
T h e  p roperties of th e  sy n th e tic  co m p o u n d  V were id en tica l in  all respects 
w ith  those of th e  p ro d u c t p rep ared  b y  th e  alkaline conversion. H ow ever, 
u n d e r  such cond itions i t  is only I, i.e. 4 -phenyl-5-(2’-hydroxypheny l)isoxazo le, 
w h ich  can yield V.
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T he reac tio n  of h y d ro x y lam in e  and  isoflavone s ta r ts  w ith  th e  nucleophilic  
a t ta c k  on C —2 u n d e r th e  g iven  reac tio n  cond itio n s, a n d  th e  a ldoxim e V II 
is fo rm ed , w hich y ie lds th e  isoxazo le  I  in  a rap id  cy c liza tio n  step . O n th e  basis 
of th e  resu lts g iven in  T ab le  I ,  th e  p ro b ab ility  of an  a t ta c k  on C —4 an d  th u s  
th e  fo rm ation  of th e  no rm al oxim e (II) or th e  isoxazole  I I I  is very  sm all in 
th e  case of iso flavone, in  c o n tra s t  w ith  th e  experiences w ith  flav o n e  [11].

:o N H , - O H

C Ph
II
О

- H 20 (3)

C om pound V is u n s ta b le  an d  is converted  V III b y  tr e a tm e n t  w ith  acids or 
d ilu te  bases. V III an d  V are  in  th e  re la tionsh ip  o f  r in g -c h a in  tau to m erism  
since V H I can be co n v erted  to  V in  ra th e r  co n c e n tra ted  (a b o u t 2.5M )  a lka li 
so lu tions.

H

Since V III y ie ld s 4 -h y d ro x y -3 -p h en y lco u m arin  (IX ) w hen  re flu x ed  in  
acid aqueous so lu tion  [10], th e  p re se n t w ork has ach ieved  th e  tran sfo rm a tio n  
o f th e  chrom one rin g  in to  th e  4 -hy d ro x y co u m arin  rin g , accord ing  to  th e  
follow ing reac tio n  series:

IX

*

The authors’ thanks are due to Miss E. T h e i s z  for her valuable help in  the experim ental
work.
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E xperim en ta l

The UV spectra were recorded w ith a Unicam  SP  800 instrum ent in ethanol; IR  spectra 
were obtained with a U nicam  SP-200G  instrum ent in K Br pellets; the NM R spectra were de­
term ined  with a JEOL instrum ent.

The reactions were m onitored by the TLC technique on DC-Alurolle Silicagel 254 (Merck) 
layers. The developing m ixture was benzene-ethanol (95 : 5). M. p .’s are uncorrected.

4 -P h en y l-5 -(2 ’-hydroxyphenyl)isoxazole (I)

H ydroxylam ine hydrochloride (2.0 g; 30.0 m m oles) was dissolved in 2 .5M  sodium  hydrox­
ide (5 cm 3), and the pH  o f the solution was adjusted to 11. Isoflavone (2.22 g; 10.0 mmoles) 
w as suspended in ethanol (50 cm 3) and added to the above aqueous solution o f hydroxylam ine. 
T he yellow  reaction m ixture, in which isoflavone slow ly dissolved, was allowed to stand at 
room  temperature for 6 hrs. The solution was then acidified w ith hydrochloric acid (pH ~  5) 
and evaporated to dryness. The product was crystallized from aqueous ethanol to obtain 2.19 g 
(91 .9  %) of I, m. p. 1 6 3 -  166 °C.

C15H u N 0 2. Calcd. C 75.9; H 4.63; N 5.90. Found C 75.1; H 4.80; N  5.84 %.
UV; Umax (log e) 228 (4.28), 263 nm (4.03).
IR  (KBr): 970 ( N - O ) ,  1620 (C = N ), 3420 c m -'  (OH).
NMR (DMSO-de): 9.0 (s, 1H, C3—H ), 10.1 ppm  (s, 1H, OH; exchangeable w ith D20 ).

Acetate o f I (V I)

Compound I (0.6 g; 2.5 m m oles) was allowed to stand in a m ixture o f acetic anhydride 
(1 .17  cm 3; 12.5 mmoles) and absolute pyridine (0.60 cm 3; 7.5 m m oles) at room  temperature for 
1 day . The reaction m ixture was then poured in to  ice-water, and the product which separated 
w as crystallized from ethanol (0.60 g; 85.7 %), m. p. 1 0 4 — 106 °C.

C17H 13N 0 3. Calcd. N  5.00. Found N  4.97 %.
UV: Amax (log E) 270 nm  (4.03).
IR: 1190. 1370 ( C - C H 3), 1630 (C = N ), 1765 c m -'  (C =  0 ) .
NMR (CDC13): 1.98 (s, 3H, CH3), 8.48 ppm  (s, 1H, C3- H ) .

2 - (2 ’-M ethoxybenzoyl)phenylacetic nitrile (IV )

Sodium metal (2 .3  g) was dissolved in a m ixture of anhydrous benzene (20 cm 3) and an­
hydrous ethanol (20 cm 3). E thanol was rem oved from the sodium  ethoxide suspension by means 
o f  distillation (the volum e was kept m eanwhile about constant by the addition o f anhydrous 
benzene). Phenylacetic n itrile (5.8 g; 50.0 m m oles) and 2-m ethoxybenzoic acid m ethyl ester 
(8 .0  g; 50.0 mmoles) were added and the solution was m aintained at 90 — 95 °C while the alco­
hol formed evaporated from  the reaction m ixture. After treatm ent for 4 hrs, the m ixture was 
poured into water (200 cm 3). The organic phase was extracted w ith  water, the aqueous phase 
w as re-extracted w ith ether, and the com bined aqueous phases were acid ified w ith sulfuric 
acid  (pH  =  2 3). The m ilky emulsion was cooled, whereupon a w hite crystalline substance
separated, which was recrystallized from ethanol (10.5 g; 87.5 %), m. p. 1 0 9 — 110 °C (lit [9],. 
m . p. 1 0 8 -  109 °C).

IR: 1680 ( C = 0 ) ,  2270 (C = N ), 3050 cm “ 1 (CH).
NMR (CDC13): 3.86 (s, 3H, OCH3), 5.82 ppm  (s, 1H, C2-  H).

2 - (2 ’-H ydroxybenzoyl)phenylacetic nitrile (V )

(a )  Compound I (0 .60 g; 2.53 m m oles) was dissolved in a m ixture o f ethanol (10 cm 3) 
and 2.5M  sodium hydroxide (10 cm 3). The hom ogeneous yellow  solution  was allowed to stand 
at room temperature for Ihr, acidified w ith hydrochlorid acid, and the alcohol was removed. 
T he substance which separated was filtered off, washed until free from  acid and crystallized  
from  80 % aqueous ethanol (0.53 g; 88.3 %); m. p. 98 — 100 °C.

C16Hu NOj. Calcd. N  5.90. Found N 5.84 %.
UV: Ятях (log e) 262 nm (4.00).
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IR : 1640 (C =  0 ) ,  2270 ( f e N ) ,  3050 (CH), 3250 cm “ 1 (OH).
NM R (CDCLj): 5.05 (s, 1H, C2- H ) ,  11.75 ppm (s, 1H, OH).
fb) Compound IV (1.0 g; 4.0 m m oles) was dissolved in anhydrous benzene (5 cm 3) and  

anhydrous A1C13 (2.0 g; 15.0 m moles) was added to the solution. The m ixture was refluxed  
for 30 — 40 m in, w ith  vigorous stirring. The com plex which separated was decom posed w ith  
0.1M  hydrochloric acid under cooling in  ice-w ater (t <  5 °C, pH  =  2 — 3). After the separation  
of the phases, the aqueous phase was extracted  w ith benzene. The com bined benzene solutions  
were dried, clarified and evaporated to dryness in vacuum . The rem aining oil was shaken w ith  
petroleum  ether and aceply cooled. The product separated in the form  of white crystals (0 .80 g; 
84,0 %), m. p. 98 -  99 °C.

(c) Compound VIII (0.237 g; 1.0 m m ole) was dissolved in ethanol (3 cm3) and 5M  so­
dium hydroxide (3 cm 2) was added to it. The yellow  solution was allowed to stand at room  
tem perature for 15 m in, then acidified w ith  hydrochloric acid, w ith  cooling. The sem i-solid  
substance which separated was rubbed w ith  water and crystallized from 80 % aqueous ethanol 
(0.185 g; 78.0% ); m. p. 9 7 - 9 9  °C.

No m. p. depression was observed in adm ixtures o f the com pounds prepared according  
to (a), (b) and (c). The m ixed m. p.’s were betw een 97 and 99 °C.

The elem ental analyses o f the com pounds synthesized according to (b) and (c) were 
identical w ith those of the product described under (a).

4-H ydroxy-3-phenylcoum arin inline (VIII)

Compound V (0.237 g; 1.0 m m ole) was refluxed in a m ixture o f ethanol (3 cm3) and cone, 
hydrochloric acid (2 drops) for 15 min. Som e of the ethanol was evaporated, the white product 
was washed w ith  water until free from acid, and crystallized from  ethanol to obtain 0.21 g 
(88.6 %) o f  VIII, m. p. 2 2 4 -  226 °C (lit. [10] m. p. 2 1 9 -2 2 0  °C).

IR : 1610 (C = C ), 1645 (C =  N), 3240 (N H ). 3380 cm “ 1 (OH).
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OXAZEPINES AND THIAZEPINES, IV*

SY N T H E SIS OF 2 ,3-D IH Y D R O -2-P N E H Y L -l,4 -B E N Z O X A Z E P IN E  D ER IVA TIVE S

A . L é v a i and R . B o g nár

(Institu te o f  Organic Chem istry, Kossuth L. U niversity, Debrecen)

R eceived February 9, 1977

The Schm idt reaction o f flavanones gave 2,3-d ihydro-2-phenyl-l,4-benzox- 
azepin-5(4H )-ones (V —VIII) which afforded the corresponding thiones (IX —XII) on 
treatm ent w ith P2S5. From  com pound V, N -acyl and N -a lkyl derivatives (XIII —XIX) 
were also prepared.

A ccording to  K rapcho  an d  T u r k  [2] th e  S ch m id t reac tio n  of flav an o n e
(I) gives 2 ,3 -d ihydro -2 -pheny l-l,5 -benzoxazep in -4 (5H )-one. L a te r  th e  reac tio n  
w as re in v es tig a ted  b y  L o ck h art , an d  Mis it i and  R im a to r i [3 ,4] w ho, on th e  
basis o f chem ical d eg rad a tio n  an d  spectroscopic evidences, found  th a t  th e  
com pound  described  b y  K rapcho  an d  T urk  [2] w as in  fa c t 2 ,3-d ihydro-2- 
pheny l-l,4 -benzoxazep in -5 (4H )-one  (V). 2 ,3 -D ihydro-2-pheny l-l,4 -benzoxaze- 
p in-5(4H )-one w as also p rep a red  b y  M is it i  et al. [5] via  th e  Schm id t reac tio n  
o f 2’-hydroxychalcone. M is it i  an d  R im atori [6] p rep a red  2 ,3-d ihydro-2- 
p h eny l-l,4 -benzoxazep in -5 (4H )-ones as m a jo r p ro d u c ts  from  6-m ethy l-, 
6 -n itro - an d  8 -n itro flav an o n e  as well. T hus, th e  reac tio n  to o k  place m a in ly  
w ith  alkyl m ig ra tion . In  th e  course o f o u r w ork on th e  syn th esis  of oxazepines, 
th e  S chm id t reac tio n  of som e s u b s titu te d  flavanones ( П - I V )  has also been 
in v estig a ted .

F rom  com pounds II , I I I  an d  IV th e  corresponding  2 ,3 -d ihydro-2-phenyl- 
l,4 -benzoxazep in -5 (4H )-ones (V I—V III) w ere ob ta ined . T h e ir s tru c tu re  was 
u n equ ivoca lly  p roved  b y  com parison  o f th e ir  IR  and  1H -N M R  spectra  w ith  
tho se  o f a u th e n tic  2 ,3 -d ihydro -2 -pheny l-l,4 -benzoxazep in -5 (4H )-one (V) [3, 4].

T hus in  th e  S chm id t reac tio n  o f  flav an o n es, a lky l m ig ra tio n  leads to  th e  
fo rm atio n  of 2 ,3 -d ihydro -2 -pheny l-l,4 -benzoxazep in -5 (4H )-ones. T he assum ed 
m echanism  o f th e  reac tio n  can  be il lu s tra te d  as follows (Schem e I):

T he co n ju g a te  acid o f th e  k e to n e  p roduces a p ro to n a te d  az ido h y d rin  
w ith  hydrazo ic  acid , w hich loses w a te r  to  fo rm a n im in o d ia z o n iu m io n . T h eo re t­
ica lly  th e  im inod iazon ium  ion  can  ex is t in  syn  (Z ) or an ti (E ) form . C oncerning 
th e  Schm id t reac tio n  o f ke tones i t  w as fo u n d  b y  Sm ith  an d  A n t o n ia d e s  [7]

* For Part III , see Ref. [1].
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Scheme I

t h a t  re a rran em en t occurs a t  th is  s tage  b y  m ig ra tio n  of th e  g roup  
a n ti to  the  d iazo n iu m  n itrogens. In  th e  case of flav an o n es th is  is th e  C H 2 
g ro u p  if the im inod iazon ium  ion has th e  an ti con fig u ra tio n  w ith  — N i d irec ted  
aw ay  from th e  C — 2 a tom . Since alky l m ig ra tion  w as observed  for all th e  
flavanones in v e s tig a te d  so far, i t  is a reasonab le  a ssu m p tio n  th a t  th e  im in o ­
d iazonium  ion o b ta in e d  from  th em  ex ists in  th e  anti fo rm , w hich in  tu rn  leads 
to  alkyl m ig ra tion . A lky l m ig ra tion  follow ed b y  n itro g en  e lim ination  gives 
a carbonium  ion , w h ich  produces th e  corresponding  2 ,3 -d ihydro -2 -pheny l-l,4 - 
benzoxazepin-5(4H )-one on h y d ra tio n .

The s tru c tu re  o f  th e  im inod iazon ium  ion is q u ite  sim ilar to  th a t  o f fla- 
v an o n e  hyd razo n e , th e  stab le  isom er of w hich was fo u n d  anti by  K á l l a y
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I, V, IX:
II, VI, X:
III, VII, XI:
IV, VIII. XII:
XIII: R 3 =  C0 2 CH3 

XIV: R 3  =  C0 2 C2H 5 

XV: R 3 =  COCH2Cl
XVI: R 3 =  COC6 H 5

R 1 =  R 2 =  H 
R 1 =  H, R 2  =  З-ОСН3 

R 1 =  OCH3, R 2 =  H  
R 1 =  OCH3 , R 2 =  Cl 
XVII: R 3  =  CH2 C02H
XVIII: R 3 =  (CH 2)2CO„H 
XIX: R 3 =  CH2 C 0 2 C2 H 5

Scheme I I

Table I

Spectral data

IR »H NMR(<5ppm)

’CO [cm -’] NH* Aromatic 1
- C H - A r

- C H a-

V 1600 8.64 7 .3 8 -8 .3 0 m 5.73q 3.76m

VI 1660 7.88 6.58 -  7.60m 5.22q 3.44m
VII 1650 8.52 6.85 — 8.24m 5.68q 3.75m
VIII 1660 8.48 6 .8 8 -8 .2 4 m 5.66q 3.76m

* The NH  signal is extinguished b y  D 20
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et al. [8]. This com parison  m ig h t be an  in d irec t p ro o f o f th e  an ti configura tion  
o f  th e  im inodiazonium  ion.

F o r th e  p re p a ra tio n  o f 2 ,3 -d ihydro -2 -pheny l-l,4 -benzoxazep in -5 (4H )- 
th io n es(IX  — X II),2 ,3 -d ihydro -2 -phenyI-l,4 -benzoxazep in -5 (4H )-ones,(V  —V III) 
w ere  allowed to  re a c t w ith  P 2S5 u n d er th e  reac tio n  cond itions described  in  th e  
l i te ra tu re  [9, 10].

Am ong th e  b enzoxazep ine  th ere  are com pounds h av in g  v a rious p h a rm a ­
cological, i.e. ana lg e tic , an tip h lo g is tic , spasm oly tic , an tih is tam in ic , ca ta lep tic , 
sed a tiv e , an ticonvu lsive , an tinarcosis , e tc ., a c tiv itie s  [11 — 16]. O ne of th e  aim s 
o f  th e  p resen t s tu d y  w as th e  syn thesis  of novel, bio logically  ac tiv e  benzoxaze- 
p in es , which we in te n d e d  to  accom plish  by  th e  p re p a ra tio n  o f  som e N -su b stitu ted  
d eriv a tiv es . To o b ta in  N -acy la ted  d e riv a tiv es  X III  —XVI we acy la ted  2,3-di- 
h y d ro -2 -p h eny l-l,4 -benzoxazep in -5 (4H )-one  (V) w ith  m e th y l or e th y l chloro- 
fo rm a te  and  ch lo ro ace ty l or benzoyl ch loride. C om pound V w as also allowed 
to  re a c t w ith  iodoacetic  acid  or /1-propiolactone to  y ie ld  N -acetic  acid (XVII) 
o r N -propionic acid  (X V III) d e riva tives. S u bstance  XVII gave an  e th y l ester 
(X IX ) on este rifica tio n  w ith  e thano l.

E xperim en ta l

M. p.’s are uncorrected.
The IR  spectra were taken in KBr pellets on an UNICAM  SP 200 G instrum ent. The 

1H -NM R spectra were recorded w ith  a JEO L MH 100 instrum ent in  deuterochloroform (in­
ternal standard TMS, 0 = 0  ppm), at room temperature.

The flavanones used as starting materials were prepared by known procedures [1 7 — 19].

2 ,3 -D iliydro-2-phenyl-l,4-beiizoxazepin-5(4H )-ones (V —VIII)

Concentrated sulfuric acid (2 ml) was added portionwise to the stirred and cooled m ix­
ture of flavanone (I —IV) (2 g), sodium  azide (1.0 g) and glacial acetic acid (8 ml). The mixture 
w as stirred for further 2 hrs at 45 — 50 °C and then poured into water. The precipitated material 
w as filtered off. washed free of acid, and crystallized from m ethanol to yield compounds V — 
VIII (Tables I and II).

2 ,3-D ihydro-2-phenyl-l,4-benzoxazepin-5(4H )-th iones (IX — XII)

2,3-D ihydro-2-phenyl-l,4-benzoxazepin-5(4H )-one (V —VIII) (2 m m oles) and P2S5 
(3 m m oles) were refluxed for 1.5 hr in dry pyridine (10 ml). The m ixture was poured into water 
and acidified w ith dilute hydrochloric acid. The residue was filtered off, washed free of acid, 
and crystallized from m ethanol to afford a yellow  crystalline substance ( IX —XII) (Table II).

2 ,3-D iliydro-2-phenyl-4-m ethoxycarb9nyl-l,4-benzoxazepin-5(4H )-one (X III)

(a) 2,3-D ihydro-2-phenyl-l,4-benzoxazepin-5(4H )-one (V) (2.4 g) and m ethyl chloro- 
form ate (5 ml) were dissolved in dry acetone (100 m l), and refluxed for 5 hrs in the presence 
o f K 2C 03 (10 g). The inorganic salt was filtered off, the solvent evaporated in vacuum , and the 
residue crystallized from m ethanol to yield a white crystalline m aterial (1.7 g: 56.6 %), m. p. 
1 1 3 - 1 1 4  °C.

(b) M ethyl chloroform ate (5 ml) was added portionwise to the stirred and cooled sus­
pension of compound V (2.4 g) and sodam ide (2 g) in anhydrous toluene (100 m l). The mixture
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Table II

Analytical and physical data of the compounds prepared

Overall
formula

Molecular
weight

Analy »is (%)

M. p. (°C) Yield
(%)

Calculated Found

C H N S C H N s

VI 119-120 33.3 Ci6Hi60 3N 269.28 71.35 5.61 5.20 _ 71.59 5.58 5.26
VII 131-132 42.8 CwH160 3N 269.28 71.35 5.61 5.20 - 71.31 5.56 5.31 -
VIII 154-155 38.0 C16H140 3NC1 303.72 63.36 4.62 4.62 - 63.64 4.72 4.66 -
IX 174-175 62.0 c15h 13o n s 255.25 70.56 5.09 - 12.54 70.38 5.08 - 12.50
X 134-135 71.4 c16h 16o2n s 285.34 67.34 5.29 - 11.23 67.54 5.37 - 11.15
XI 158-159 49.5 c16h 15o2n s 285.34 67.34 5.29 - 11.23 67.47 5.27 - 11.10
XII 135-136 48.3 c16h 14o2nsci 319.72 60.08 4.37 - 10.03 60.01 4.48 - 9.97
XIII 113-114 * cI7h 15o4n 297.29 68.68 5.05 4.71 - 68.83 5.10 4.82 -
XIV 97-98 * cI8h 17o4n 311.32 69.45 5.46 4.50 - 69.24 5.36 4.42 -
XV 108-109 32.2 cI7h 14o3nci 315.73 64.76 4 . 4 4 4 . 4 4 - 65.30 4.42 4.52 -
XVI 158-159 23.3 c22h 17o3n 343.36 76.96 4.95 4.08 - 77.01 5.04 4.12 -
XVII 172-173 * c17h 15o4n 297.29 68.68 5.05 4.71 - 67.79 5.07 4.82 -
XVIII 164- 165 32.2 c18h 17o4n 311.32 69.45 5.46 4.50 ~ 69.75 5.59 4.39 -
XIX 111-112 73.4 c19h I9o4n 325.34 70.15 5.84 4.30 _ 69.92 5.81 4.40 -

* Yield is given in the experim ental section
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was stirred for further 8 hrs a t room tem perature, the precipitated inorganic salt filtered off, 
the so lven t evaporated in  vacuum  and the residue crystallized from m ethanol to afford com ­
pound X III (1.8 g; 60.0 %), m . p. 1 1 3 -  114 °C.

2 ,3-D ihydro-2-phenyl-4-ethoxycarbonyl-l,4-benzoxazepin-5(4H )-one (XIV)

U nder the conditions applied in the preparation o f XIII, the treatm ent of V (1.0 g) w ith  
ethyl chloroform ate (2 ml) yielded com pound XIV (a) (0 .9  g; 69.2 %) (b) (0.8 g; 61.5 %), m. p. 
9 7 - 9 8  °C.

Compounds XV and XVI were prepared according to m ethod (a), using chloroacetyl 
chloride and benzoyl chloride as acylating agents.

2 ,3-D ihydro-2-phenyl-4-carboxym ethyl-l,4-benzoxazepin-5(4H )-one (XV II)

(a) Iodoacetic acid (1.0 g) in anhydrous toluene (30 m l) was added dropwise to the  
stirred and cooled suspension o f compound V (1.0 g) and sodam ide (1.0 g) in  anhydrous toluene  
(20 m l). The m ixture was stirred for 20 hrs then poured into  water. The two phases were sep­
arated, th e  aqueous solution acidified w ith  dilute hydrochloric acid, the precipitated m aterial 
filtered off, washed free of acid, and crystallized from  m ethanol to yield a w hite crystalline  
product (1.0 g; 83.0 %), m. p. 1 7 2 — 173 °C.

(b) Compound V (2.4 g) and sodium hydride (1.0 g) were dissolved in  dry dim ethyl 
form am ide (70 ml). Iodoacetic acid (3.0 g) in dry d im ethyl formam ide (30 m l) was added drop- 
wise to  the stirred and cooled solution. The m ixture was stirred for 14 hrs, poured onto crushed 
ice, th en  worked up as described for the aqueous solution  under ( a )  to yield com pound XVII 
(1.8 g; 60.0 %), m. p. 1 7 2 -  173 °C.

2 ,3-D ihydro-2-phenyl-4-(2-carboxyethyl)-l,4-benzoxazepin-5(4H )-one (X V III)

Under the conditions (m ethod b) applied in  the preparation of XVII, the treatm ent of 
V (2.4 g) w ith  /3-propiolactone (2.0 ml) gave a w h ite crystalline product (Table II).

2 ,3-D ihydro-2-phenyl-4-(carbethoxy m ethyl)-1,4-benzoxazepin-5(4 H )-one (X IX )

Compound XVII (1.0 g) w as refluxed for 7 hrs in  a m ixture of anhydrous ethanol (50 m l) 
and concentrated sulfuric acid (1 ml). The solution w as poured onto crushed ice, the residue  
filtered  off, washed free of acid and crystallized from ethanol to afford a white crystalline prod­
uct (Table II).

The products prepared in different ways (a and b) gave no m. p. depression in adm ixture.

Thanks are due to Drs S. S z a b ó  and L. S z i l á g y i  for recording the spectra and help in  
the interpretation; to Mrs E . H a j n a l  for her technical assistance and to the sta ff o f the A na­
ly tica l Laboratory for the m icroanalyses. The present stu dy  was sponsored b y  the H ungarian  
A cadem y of Sciences, w hich is gratefully acknowledged.
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PROBLEMS OF 2-ETHYLANTHRAQUINONE 
HYDROGENATION

B. L o so nczi, Á . L e n g y e l -Mé sz á r o s , M. N o vák -K is s ,

J .  MORGÓS and J .  PETRO

(Departm ent o f  Organic Chemical Technology, Technical University, B udapest)  

R eceived April 13, 1977

In the reduction of 2-ethylanthraquinone the reaction stops after a hydrogen  
consum ption of 3 m oles H 2 per m ole o f substrate. The product is 2-ethyl-5,6,7,8-tetra- 
hydroanthrahydroquinone. The e th y l group is protruding from the plane form ed by  
the arom atic rings, and hinders the aromatic ring carrying the alkyl group in gettin g  
sufficiently near to the surface of the catalyst to undergo hydrogenation.

In troduc tion

T he in d u s tr ia l im p o rtan ce  o f m an u fac tu rin g  hydrogen  perox ide  on 
2 -e th y la n th ra q u in o n e  basis can  be  cha rac terized  b y  th e  sole fac t th a t  in  1974 
49 % o f th e  w orld p ro d u c tio n  w as m ade b y  th is  m ethod .

T he process is th e  follow ing:

T h e  su b s tra te  is d issolved in  a u sua lly  tw o -com ponen t so lvent, in  w h ich  
the  a p o la r  quinone an d  th e  p o la r  h y d roqu inone  form s are b o th  so lub le  (in  
ab o u t 20 % (w/w)). H y d ro g en a tio n  is carried  o u t in  th e  presence o f R a n e y  
nickel o r pa llad ium -charcoa l c a ta ly s t , b u t i t  can  also be effected using bo rid e  
c a ta ly s ts  [1]. T he so lven ts com m only  used are  lis ted  in  T ab le  I  (1 —6). A fte r  
h y d ro g en a tio n  th e  c a ta ly s t  is f ilte re d  off, an d  th e  so lu tio n  of I I  is ox id ized  
b y  b low ing  a ir th ro u g h  it. H y d ro g en  peroxide is th e n  e x tra c te d  from  th e  o rganic  
so lu tion  w ith  w a te r, an d  th e  so lu tio n  of I is rec ircu la ted  for fu r th e r  use.
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Table 1

Solvents used in the experim ents

No. Solvent Volumetric
ratio

1 Benzene-octanol 3 : 2
2 Benzene-ethanol 1 : 1

3 Dim ethylform am ide-octanol 5 : 1

4 B enzene-2-m ethylcyclohexanol 3 : 2

5 Tetraline-cyclohexanol 1 : 1

6 D ib u ty l phthalate

7 B u ty l acetate

8 Isobu ty l acetate

9 A m yl acetate

10 Isoam yl acetate

In  the  l i te ra tu re  w e can find  v e ry  s c a n ty  in fo rm atio n  on th e  th eo re tica l 
a sp ec ts  of th e  p rocess; how ever, th e  n u m b e r of re lev an t p a te n ts  is a b o u t 150. 
M ost of them  p o in t o u t th a t  th e  se lec tiv ity  o f  th e  c a ta ly s t is a v e ry  im p o rta n t 
f a c to r  in the  p ro p er red u c tio n  of th e  a ro m a tic  ring  system . A t th e  sam e tim e, 
sev e ra l p a ten ts  m e n tio n  th a t  no t only I , b u t  also th e  eu tec tic  m ix tu re  form ed 
w ith  its  5 ,6 ,7 ,8 -te trah y d ro  deriv a tiv e  can  be used.

O ur in v es tig a tio n s  aim ed a t e lu c id a tin g , as fa r as possible, th e  inco n sis t­
en cy  of these s ta te m e n ts .

O ur ex p erim en ts  w ere carried  o u t in  th e  so lvents lis ted  in  T ab le  I . The 
ex p erim en ta l m e th o d s  have  been described  in  one of our earlier com m uni­
ca tio n s  [2].

E xp erim en ta l

In our first experim ents the number of m oles o f H 2 absorbed by each m ole o f 2-ethyl- 
anthraquinone was in vestiga ted . The results are sum m arized in Table II when using 5 • 10-3  
m ole of substrate, for the saturation of the total ring system  672.3 ml of H 2 would be required 
in addition to the 112.05 m l calculated for the quinone hydroquinone conversion. However, 
hydrogen uptake stopped after the absorption o f 3 2 0 —345 ml. This m eans that besides the 
hydrogen needed for the quinone-hydroquinone conversion, about 2 moles o f H2 are consumed  
per m ole of substrate. A ccordingly, only one m em ber o f the ring system  is saturated. Thus in 
the course of the reaction one of the following com pounds, or their m ixture, m ust be formed:

OH

OH OH
III IV

5,6,7,8-Tetrahydro-2-ethylanthrahydroquinone l,2,3,4-Tetrahydro-2-ethylanthrahydroquinone

OH
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Table II

Total hydrogen uptake o f  2-ethylanthraquinone in the hydrogenation o f the aromatic 
ring system  in different solvents

R eaction  m ixture: 40 ml of solvent; 1.18 g (5 • 1 0 ~ 3 mole) 
of 2-ethylanthraquinone; 1 ml o f ca ta lyst

Temperature: 25 °C

Solvent H , consumption 
mole/mole of substrate

l 3 .0 9

2 2 .8 8

3 3 .0 0

4 2 .7 9

5 2 .9 5

6 3 .1 8

7 3 .2 1

8 2 .8 6

9 3 .0 7

10 3 .0 1

Table III

Oxygen uptake and НгОг y ie ld  in the oxidation o f  2-elhyltelrahydroanthra 
hydroquinone in different solvents

Solvent
O , consumption 
(mole • 10“ 3)

H ,O t yield 
(mole • 10" 3)

l 4 .8 5 4 .9 3

2 5 .2 0 5 .1 1

3 5 .0 1 4 .9 5

4 4 .8 8 4 .9 7

5 5 .1 5 5 .1 5

6 5 .0 5 5 .1 0

7 4 .9 7 4 .9 5

8 4 .8 8 4 .9 0

9 5 .2 3 5 .2 0

10 5 .0 7 5 .0 5

On oxidizing the reaction m ixtures, oxygen consum ption and the yield of H20 2 were 
quantitative w ithin the experim ental errors (Table III), and better than  in the case of substrate  
I [7]. H owever, recovery of the hydrogen peroxide was very d ifficu lt, because in the aqueous 
extraction of the reaction m ixture an em ulsion stable for 8 — 24 hours was formed.

The product o f ring hydrogenation was identified. From reaction  m ixture in benzene- 
ethanol, the solvent was evaporated after oxidation and extraction. The crystals obtained were 
dissolved in a fivefold  quantity  of ethanol and precipitated from the solution w ith the sam e 
quantity of water. The product was isolated as yellow  crystals, w ith  a m elting range of 162 — 
165 °C. On the basis o f  data in the literature [3] and by com parison w ith  an authentic sam ple
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(B D H ), the substance corresponds to the com pound of structural formula III. Mixed m elting  
poin ts are listed in Table IY.

Table IV

Comparison o f 2-ethyl-5,6,7,8-tetrahydroanthraquinone isolated from  the experiments, 
with an authentic sample ( B D H ) on the basis o f m ixed m. p .

Own product, % 0 25 50 75 100

BDH product, % 100 75 50 25 -

M. p„ °c 164 163 163 162 162
165 165 165 165 165

In hydrogenation experim ents o f the B D H  product, H 2 uptake ceased after a consum p­
tion  o f 1 mole H2 per m ole o f substrate. Further on, during the oxidation of th is reaction m ix­
ture, in  H 20 2 production and extraction the sam e behaviour was observed as in the oxidation  
o f th e  ring hydrogenated product formed in our experim ents.

D iscussion

O ur investig a tio n s h av e  show n th a t  in  th e  redu c tio n  o f th e  a rom atic  ring  
sy s te m  of 2 -e th y lan th raq u in o n e  th e  re a c tio n  stops a fte r a h y d ro g en  u p ta k e  
o f 3 m oles per m ole o f su b s tra te . T he p ro d u c t is 2 -e th y l-5 ,6 ,7 ,8 -te trah y d ro - 
a n th rah y d ro q u in o n e .

T he ex p lan a tio n  o f th e  phenom enon  is, in  our op in ion , th e  follow ing: 
th e  delocalization  energy  of an th racen e  is 5.314/3; th a t  of n a p h th a le n e  is 3.683/3 
(/3 h a s  for arom atic  com pounds a v a lu e  betw een  —16 an d  —20 kcal/m ole) 
[4, 5 ]. The conversion o f th e  a n th racen e  rin g  system  in to  a ring  system  of 
n a p h th a le n ic  ch a ra c te r  re su lts  in  a com p o u n d  of more stab le  s tru c tu re  (1.631/3). 
T h e  a rom atic  c h a ra c te r  o f th e  la t te r  is now  so strong th a t  i t  c a n n o t be h y d ro ­
g e n a te d  under th e  g iven  conditions. N a tu ra lly , th is w ould n o t  y e t  exclude th e  
possib ility  of th e  fo rm a tio n  of com pound  IV.

I f  we co n stru c t th e  co rrec tly  p ro p o rtio n a te d  m olecu lar m odel, (m ade b y  
th e  К esearch In s t i tu te  for O rganic C hem ical In d u s try , B u d ap est)  of th e  
2 -e th y la n th ra q u in o n e  an d  th e  co rrespond ing  hydroqu inone m olecules, it  can  
be  seen (Figs 1 —6) th a t  th e  ethy l g roup  is p ro tru d in g  from  th e  p lane of th e  
a ro m a tic  rings and  its  ro ta tio n  is p a r t ly  h indered . P re su m ab ly , th is  h inders 
th e  ring  carry ing  th e  a lk y l group in  g e ttin g  sufficien tly  n e a r to  th e  ca ta ly s t 
su rface  to  undergo h y d ro g en a tio n . W e suggest th a t  th is  is th e  reason  w hy th e  
r in g  m arked  w ith  3 in  s tru c tu ra l fo rm u la  I I I  rem ains u n ch an g ed  during  
hydro g en a tio n .

Since, c o n tra ry  to  I I , h y d rogen  perox ide  is p rac tica lly  q u a n tita tiv e ly  
form ed from  III , th is  xvould be a su itab le  su b s tra te  for th e  m eth o d . I ts  use is, 
how ever, p rev en ted  b y  its  em ulga ting  effect observed d u rin g  th e  ex trac tio n
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of th e  p ro d u c t. U sing  a m ix tu re  of eu tec tic  com po sitio n  of I  and  2 -e th y l- 
5 ,6 ,7 ,8 -te trah y d ro an th raq u in o n e-9 ,1 0 , th is  effect w as n o t observed an d  th e  
yield  of hyd rogen  perox ide  w as im proved  b y  8 —10 % com pared  w ith  su b ­
s tra te  I.
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A  series o f e th y l propionates, substitu ted  in position 2 w ith non-arom atic as- 
- tr ia z in e ( la —g, 2 a —c), aromatic as-triazine (8 a —h), arom atic im idazole (10a, 10c, lOe, 
12c) and arom atic 1,2,3-thiadiazole rings (13a), propionamides, substituted in position  
2 w ith  arom atic im idazole rings (12a, 12d, 12f, 12h), and o f propionic acids, su bstitu ted  
in position 2 w ith  arom atic im idazole (10b, lOd, lOf, 12b, 12e, 12g, 12i) and arom atic
1,2,3-thiadiazole rings (13b), have been synthesized. Condensation of diethyl 2-m ethyl- 
-3-oxosuccinate w ith  all benzam idrazones studied gave two isomeric as-triazinone de­
rivatives each ( l e  and 2a, I f  and 2b, l g  and 2c, respectively), furnishing thereby the  
first exam ples for the form ation o f isom eric as-triazinones in  condensations of a-oxo- 
esters w ith  am idrazones. W hile the non-aroinatic as-triazine rings o f compounds Id — l g  
were arom atized by various m ethods to y ield  compounds 8a — h, all attem pts to convert 
the non-arom atic as-triazine rings o f com pounds 2a — c into arom atic ones failed. S ign if­
ican t anti-inflam m atory activities were observed for com pounds I f  and 12g • HC1.

C erta in  /» -su b stitu ted  p h en y lace tic  an d  2-pheny lp rop ion ic  acids h av e  
been know n for th e ir  a n ti- in f la m m a to ry  p roperties [1]. A search th ro u g h  th e  
l i te ra tu re  revealed  th a t  th e  in f la m m a to ry  a c tiv ity  is re ta in e d  w hen th e  p h en y l 
groups o f th e  above com pounds are  rep laced  b y  h e ta ry l g roups (see e.g. R efs 
[2 — 7]). In  th e  hope th a t  com pounds o f enhanced  a c tiv ity  w ould be o b ta in ed , 
we h av e  syn th esized  a series of p rop ion ic  acids and  th e ir  derivatives, su b ­
s ti tu te d  in  position  2 b y  as-triaz in e , im idazole and  1 ,2 ,3-th iadiazole rings.

A. as-Triazine derivatives**

T he e th y l 2 -(2 ,5 -d ihydro -5 -oxo-as-triaz in -6 -y l)p rop ionates l a  [9, 10], l e ,  
I f  and  l g  w ere o b ta in ed  by  allow ing to  re a c t d ie th y l 2 -m ethy l-3 -oxosuccinate  
w ith th io sem ica rb az id e  or th e  a p p ro p ria te  benzam id razone. W hereas a single 
com pound  ( la )  re su lte d  (in  ag reem en t w ith  th e  lite ra tu re )  from  th e  reac tio n  
w ith  th io sem ica rb az id e , th e  isom eric e th y l2 -(l,6 -d ih y d ro -6 -o x o -as-triaz in -5 -y l)- 
p ro p io n a tes  2a —c w ere o b ta in ed , in  ad d itio n  to  com pounds l e  — g, from  th e  
condensations w ith  th e  benzam idrazones.

* Chinoin Pharm aceutical Company Research Fellow, 1973 — 75. Present address: Chi- 
noin Pharm aceutical Com pany, Rudapest.

* * This part o f the present paper is considered as Part X X  of the series as-Triazines and  
Condensed D erivatives. For Part X IX  and a prelim inary com m unication on the present stu d ­
ies, see Ref. [8].
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z

a -S H *

b —SMc

C —NH -  CHiCHjOH

d
~ N\  / °

e -  Ph

r -CsHiCl-p

g —СбШОМе-р

h -л тн 2

4

2

z

a -P h

b -СбШС1-р

C —CeH-iOMe-p

z

a -P h

b -C sH iC l p

C — CeH»OMc-p

T he s tru c tu re s  o f  th e  pairs of isom eric  com pounds follow (1) from  th e  
N M R  spectra  w hich , in  all cases, e x h ib it 3H  doub lets a ro u n d  ő 1.4 an d  1H 
q u a d ru p le ts  a t  a b o u t 4.0 ppm ,** e s tab lish in g  th e  presence of a M eCH CO O Et

g ro u p  and  ru ling  o u t  th e  a lte rn a tiv e  ty p e  3a s tru c tu res  for both isom ers;***
(2) from  th e ir  a lk a lin e  hydro lysis follow ed b y  decarb o x y la tio n  to  yield p ro d u c ts

* This com pound actuallv  exists as the 3(47/)-th ioxo tautom er
**T he 1H quadruplets are difficult to  recognize in the case o f the p-m ethoxyphenyl 

derivatives l g  and 2c.
*** Condensation of diethyl 2-m ethyl-3-oxosuccinate w ith am inoguanidine furnishes 

3b in addition to l h  [9, 10].
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w hose N M R  sp ec tra  ex h ib it ty p ica l C -ethy l signal p a tte rn s  an d  to  w hich, 
th ere fo re , th e  isom eric s tru c tu re s  6a —c an d  7a —c, re spec tive ly , h ad  to  be 
assigned, th e  ty p e  4 and  5 s tru c tu re s  being th e re b y  ru led  o u t for th e  orig inal 
co n densa tion  p ro d u c ts ; an d  (3) from  th e  m ass sp ec tra  o f th e  isom eric chloro 
d e riv a tiv es  I f  an d  2b w hich b o th  h av e  a b u n d a n t M —101 peaks estab lish in g  
th e re b y  th e  p resence of M eCH CO O Et groups in  b o th  isom ers.

S tru c tu re s  l e  —l g  an d  2a  —2c, respective ly , w ere assigned  to  th e  h igher 
and  low er m elting  m em bers of th e  pairs o f isom etric  com pounds resu ltin g  
from  th e  cond en sa tio n s w ith  benzam idrazones on th e  basis o f th e  IR  sp ec tra  
of th e ir  d e -e th o x y ca rb o n y la tio n  p ro d u c ts  whose h ig h est freq u en cy  b an d  in  
th e  double  bo n d  reg ion  ap p eared  a t  ab o u t 1610 an d  1660 c m -1 , respective ly , 
w hich p e rm itte d  th e  unequ ivocal assignm en t o f th e  c ross-con juga ted  ty p e  6 
and  co n ju g a ted  ty p e  7 s tru c tu re s  to  th e  d e -e th o x y ca rb o n y la tio n  p ro d u c ts  of 
th e  h igher and  low er m e lting  co n densa tion  p ro d u c ts , resp ec tiv e ly . In  ag reem en t 
herew ith , th e  tivo h ig h es t frequency  b an d s in  th e  doub le  bo n d  region o f th e  
h igher an d  low er m elting  isom ers of th e  orig inal co n d en sa tio n  p ro d u c ts  ap p ea r 
a t  a b o u t 1745 an d  1610, and  a t  ab o u t 1745 and  1670 c m -1 , respective ly .

T h is is th e  f irs t case th a t  isom eric as-triaz inones h av e  been  iso lated  from  
th e  reac tio n  of am id razones an d  a -ke to  acids or th e ir  este rs , cf. Refs [11 —13].

M eth y la tio n  o f com pound  l a  fu rn ish ed  th e  S -m e th y l d e riv a tiv e  l b  
w hich w as su b seq u en tly  am inolyzed  w ith  th e  a p p ro p ria te  am ines to  fu rn ish  
com pounds l c  an d  Id .

8

Z Y

a
/°

-O M e

b —Ph -OM e

C - с 6н 4(Л-г> —OMe

d —CeHiOMe-p -O M e

e -P h -Cl

f -С 6Н4С1-р -C l

g -P h -NEt*

h -CeHiCl-p -NEt2
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T h e 2-(as-triaz iny l)p rop ion ic  acid  d e riv a tiv es  8a —8d c o n ta in in g  aromatic 
tr ia z in e  rings were o b ta in e d  by  tre a tin g  com pounds Id  — l g  w ith  d iazo m eth an e. 
A ccord ing  to  TLC, a t  m o st traces o f isom eric p ro d u c ts  w ere fo rm ed  u n d er th e  
co n d itio n s  applied.

A lte rn a tiv e ly , co m pounds l e  a n d  I f  w ere tre a te d  consecu tive ly  w ith  
p h o sp h o ry l chloride an d  d ie th y lam in e  to  y ield  th e  d ie th y lam in o  deriv a tiv es  
8g an d  8h. In  the  p -ch lo ro p h en y l series, th e  in te rm ed ia te  8 f  w as also iso la ted . 
N o a tte m p ts  were m ad e  to  iso late  th e  co rrespond ing  in te rm e d ia te  8e o f th e  
p h e n y l series.

All our a t te m p ts  a t  converting  th e  isom eric a s-triaz in o n e  deriv a tiv es  
2a —2c by  either o f th e  above m eth o d s in to  ty p e  9 p ro d u c ts  co n ta in in g  an  
a ro m a tic  as-triazine rin g , failed.

B. 2 - ( l -  and  2 -lm idazo ly l)prop ion ic  acid derivatives

The ethy l 2 -(4 ,5 -d ia ry l-l-im id azo ly l)p ro p io n a tes  10a, 10c an d  lOe w ere 
o b ta in e d  by allow ing to  reac t th e  a p p ro p ria te  4 ,5 -d iary lim idazo le  w ith  e th y l 
2 -b rom oprop iona te . A cid -cata lyzed  h y d ro lysis  of th e  la t te r  fu rn ish ed  th e  co r­
resp o n d in g  free acids 10b, lOd and  lOf, respective ly . A ccord ing  to  th e ir  IR  
sp e c tra , the  la t te r  do ex is t in th e  c ry s ta llin e  s ta te  in  th e  zw itterion ic  form s.

X R R R' Y

a H E t a P h - P h - 0

b H H b P h - P h - NH

C C'l tót c p-CIC6H4- p-ClC6H 4- NH

d Cl H d p-M eOCeHi- p-MeOCeltj— NH

e MeO E t e M e - p-MeCoHi— NH

r MeO H

Several m e th o d s  w ere te s te d  fo r th e  p re p a ra tio n  of 2-(4 ,5-diphenyl-2- 
-im idazo ly l)p rop ionam ide 12a, an d  th e rm a l cycliza tion  of desyl 2 -cyanopro-
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p io n a te  (11a) or 2-cyano-JV -desylpropionam ide ( l ib )  in  th e  presence of in  s itu  
p rep ared  fo rm am ide  an d  am m onium  ace ta te /ace tic  acid , respectively , p ro v ed  
to  be th e  b est. I t  is n o tew o rth y  th a t  cyc liza tion  is accom pan ied  by  h y d ra tio n  
of th e  n itrile  g roup  in  b o th  cases. A cid -cata lyzed  h y d ro lysis  of th e  am ide 10a 
fu rn ished  th e  acid  10h, an d  este rifica tion  of th e  of th e  la t te r  gave th e  com ­
p o und  10c.

The 2-cyano-iV -(2-oxoalkyl)propionam ide ro u te  p ro v ed  su itab le  for th e  
p rep a ra tio n  of th e  2 -[4 ,5-d i(p-ch lorophenyl)-2-im idazoIy l]- (12e), 2-[4,5-di- 
(p -m ethoxypheny l)-2 -im idazo ly l]- (12g)and  2-[4-m ethy l-5 -(p -to ly l)im idazo ly l]- 
propionic acids (12i) (in  form  of th e ir  hydroch lo rides) as well.

E  R'

Y

12 13

H R’

a P h - P h -

b P h - P h -

C P h - P h -

d р-СЧСвШ- p-ClCeH4-

e p-CK'eHi— p-OlCeH.,-

r p-MeOCrTU- р-МеОСбН4~

g p-MeOCoH | - p-MeOCeHj—

h M e- р-М еС бН *“

i M e - ;>-MeCüH4~"

Y R

- N H í а Et

-О Н ь Н

—OEt 

-N H ;  

-O H

- n h 2

-O H

- n h 2

-O H

C. 2 - ( l ,2 ,3 -T h ia d ia z o l-5 -y ljp r o p io n ic  acid  deriva tives

The e th y l e s te r 13a w as o b ta in ed  b y  allow ing to  re a c t e th y l 2-(ethoxy- 
th io ca rb o n y l)p ro p io n a te  w ith  d iazom ethane. A lkaline hyd ro lysis  furn ished  th e  
free acid 13b.

B io log ica l screening results

C om pounds l c - l g ,  2a, 2b, 8a - 8 d ,  8 f - 8 h ,  10b, lOd, lOf, 12b, 12e HCl
12g • HC1 and 12i • HC1 w ere te s ted  for th e ir  a n ti- in fla m m a to ry  activ ities in
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r a ts .  S ign ifican t a c tiv ity  w as observ ed on ly  w ith  com pounds I f  an d  12g • HC1. 
N e ith e r  of th e  la t te r  d isp layed  analgesic effects, nor were th e y  ab le to  p o te n ­
t ia te  th e  ac tiv ity  o f narco tics.

E xperim en ta l

IR , UV and 60 MHz NM R spectra were obtained w ith Spectrom om  2000 (H ungarian  
O ptical W orks, Budapest) and P erkin— Elm er 421 IR -, Unicam  SP-700 UV- and Perkin — Elm er 
R -12 NM R spectrom eters, respectively. TMS was used as internal standard for the NM R  
sp ectra  taken in CDC13 and CC14, and the DM SO-d5 signal (& =  2.50 ppm ) was used as the  
reference signal for the spectra taken in DM SO-d6.

Ethyl 2-(5-oxo-3-th ioxo-2 ,3 ,4 ,5 -tetrahydro-as-triazin-6-yl) propionate ( la )

A m ixture o f d iethyl 2-m ethyl-3-oxosuccinate [14] (30.3 g; 0.15 m ole), thiosem icarba- 
zide (13.65 g; 0.15 m ole) and ethanol (200 m l) w as refluxed until a hom ogeneous solution re­
su lted  (about 5 hrs). A solution of m etallic sodium  (3.55 g; 0.15 mole) in ethanol (100 ml) was 
added , and refluxing was continued for another hr. The solvent was evaporated in vacuum , 
th e  residue taken up in water (300 m l) and, w ith  cooling in ice-w ater, slightly acidified (pH  =  
=  6) to  obtain 30.6 g (89 %) of the title  com pound, m. p. 155 — 156 °C (water), lit. [10] m. p. 
144 °C.

C8H n N 30 3S (229.3). Calcd. C 41.91; H 4.84; N  18.33; S 13.99. Found C 41.64; H 4.87 
N  17.97; S 13.67 %.

IR (K B r): 1720 and 1700 cm ’ 1.

Ethyl 2-(3-aryl-2,5-dihydro-5-oxo-as-triazin-6-yl)propionates ( l e — lg )  and 
ethyl 2-(3-aryl-l,6-d ihydro-6-oxo-os-triazin-5-yl)propionates (2a— c)

( a )  A  m ixture o f benzam idrazone (8.2 g; 61 m moles), obtained according to the pro­
cedure described for the p-chloro derivative [12], d iethyl 2-m ethyl-3-oxosuccinate [14] (12.3 g; 
61 m m oles) and 2-propanol (55 m l) was stirred until a clear solution resulted, and subsequently  
refluxed  for 1 hr. The crystalline product A  (2.75 g) consisting m ainly o f a m ixture of com ­
pounds l e  and 2a, which separated on cooling, w as refluxed for 15 m in w ith  benzene (50 ml) 
to  g ive  2.25 g (14 %) of l e  as the insoluble residue, m. p. 217 — 218 °C (i-PrO H ).

C14H 15N30 3 (273.3). Calcd. C 61.63; H 5.53; N  15.37. Found C 61.26: H 5.64; N  15.08 %.
UV (EtO H ): 244 (4.38).
IR  (KBr): 1740. 1605 cm “ 1.
NM R (DMSO-d6): Ö 1.25, t, +  4.10, qu, COOEt; 1.40, d, +  3.90, qu, M e-C H < ; 7.65, 

m , 3H , +  8.15 ppm , m, 2H , Ph.
The filtrate o f fraction A was concentrated to about one third o f its original volum e to 

g iv e  another crystalline product (5 g). The la tter  was dissolved in  hot m ethanol (50 ml); on  
cooling, 1.1 g of a crystalline m ixture consisting m ainly of com pounds l e  and 2a separated. 
T h e m ethanolic filtrate was treated w ith w ater to  obtain another crop o f crystals which was 
recrystallized from benzene to y ield 1.65 g (10 %) of 2a, m. p. 1 3 8 — 139 °C (benzene or CC14).

Ci4H 15N 30 3 (273.3). Calcd. C 61.53; H 5.53; N  15.37. Found C 61.28; H 5.72; N  15.26 %.
UV (ЕЮ Н ): 2.15 (3.98), sh; 262 (4.27).
IR  (KBr): 1740, 1660 c m - 1.
NM R (DM SO-d6): <5 1.10, t , +  4.05, qu, COOEt; 1.45, d, +  4.10, qu, M e - C H < ;  

7.5 , m , 3H, +  8.1 ppm , m , 2H , Ph.
From the benzene filtrate  o f 2a further 0.5 g of a crystalline m ixture of products was 

recovered.
No efforts were m ade to separate the com ponents of the crystalline m ixtures by chro­

m atography.
( b )  A m ixture of p-chlorobenzam idrazone [12] (3.8 g; 22.5 m m oles), diethyl 2-m ethyl- 

-3-oxosuccinate [14] (4.7 g; 23.2 m m oles) and 2-propanol (15 ml) was stirred for 24 hrs at room  
tem perature and subsequently kept overnight in  a refrigerator. The crystalline product was 
collected  and the filtrate evaporated to about one third of its original volum e to give a second
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crystalline crop. Chromatographic work-up (130 g K ieselgel 40, Merck, für die Säulenchrom ato­
graphie, Korngrösse 0.063 — 0.200 m m , 7 0 —230 m esh ASTM; solvent: benzene-ethyl acetate, 
9 : 1  -*• 7 : 3) o f the com bined crystalline products (3.35 g) furnished 1.05 g (15 %) of com pound  
2b, m. p. 176— 177 °C (E tO H ), and 1.25 g (18 %) o f compound If , m. p. 206 °C (E tO A c), in de­
creasing order of their R< values.

C14H 14C1N30 3 (307.3). Calcd. C 54.64; H  4.58; Cl 11.52; N  13.65. Compound If: Found  
C 54.46; H  4.53; Cl 11.73; N 13.43 %. Compound 2b: Found C 54.50; H 5.17; Cl 11.77; 
N  13 50 %

UV (EtO H ): Compound If: 250 (4.34); com pound 2b: 211 (4 .12), sh; 267 (4.33).
IR  (KBr): Compound If: 1745, 1620; com pound 2b: 1750, 1675 cm -1 .
NM R, I f  (DM SO-d6): ó 1.10, t ,  +  4.10, qu, COOEt; 1.40, d, + . 3.90, qu, M e-C H < ;  

7.65 +  8.15, A2B 2, p-ClC6H4. -  2b (CDC13): 1.25, t, + 4 .2 5 , qu, COOEt; 1.65, d, + 4 .3 5 , qu, 
Me-CH<^; 7.50 +  8.15 ppm , A2B 2, p-ClC6H4.

( c )  A m ixture of p-m ethoxybenzam idrazone (11.8 g; 71.5 m m oles), obtained according  
to  the procedure described for the p-chloro analogue [12], d iethyl 2-m ethyl-3-oxosuccinate  
[14] (14.5 g; 71.8 m m oles) and 2-propanol (100 ml) was stirred for 8 hrs a t room tem perature, 
th en  allowed to stand for 2 days and fina lly  refluxed for 6 hrs to  obtain  14.4 g of a crystalline  
product. Chromatographic work-up by 4 g portions of the latter (120 g K ieselgel 40, Merck, 
as above; solvent: as above) furnished a to ta l o f 5.8 g (27 %) of com pound 2c, m. p. 167 — 168 °C 
(E tO H ), and 5.0 g (23 %) of com pound lg ,  m. p. 192— 193 °C (d ioxane), in decreasing order of  
their R f  values.

C16H 17N30 4 (303.3). Calcd. C 59.39; H  5.65; N  13.85. Com pound lg :  Found C 59.51; 
H 5.71; N  13.68 %. Compound 2c: Found C 59.21; H 5.78; N 14.16 %.

UV (EtO H ): Compound lg :  214 (4.15), sh; 258 (4.22), sh; 283 (4.31); com pound 2c: 
210 (4.13), sh; 281 (4.38).

IR  (KBr): Compound lg :  1740, 1610; com pound 2c: 1725, 1650 cm -1 .
NM R (DMSO-d6), lg :  Ő 1.15, t, +  4.10 , qu, COOEt; 1.40, d , M e-C H < ; 3.85, s, MeO; 

7.15 +  8.10, A2B 2, p-MeOCeH4; 2c: 1.10, t ,  +  4.15, qu, COOEt; 1.45, d, M e-C H < ; 3.80, s, 
MeO; 7.10 +  8.10 ppm , A2B2, p-MeOC6H4.

De-ethoxycarbonylation of compounds l e — lg  and 2a— 2c

( a )  Compound l e  (2.0 g; 7.3 m m oles) was stirred for 1 hr w ith  10 % aqueous sodium  
hydroxide (10 ml) at room tem perature. The solution was neutralized w ith  20 % aqueous hydro­
gen chloride (pH  =  7) and the resulting crystalline product (1.05 g) refluxed for 30 m in w ith  
nitrom ethane (0.5 m l) to yield 0.52 g (35 %) o f compound 6a, m . p. 185 °C (nitrom ethane).

Cn H n N 30  (201.2). Calcd. C 65.65; H 5.51; N  20.88. Found C 65.42; H 5.21; N  21.01 %.
UV  (EtO H ): 244 (4.28).
IR  (KBr): 1620 cm " 1.
NM R (DMSO-d6): Ö 1.10, t ,  +  2.65, qu, E t; 7.7, m, 3H, +  8.2 ppm , m, 2H, Ph.
( b )  Compound I f  (0.3 g; 1 m m ole) was stirred for 1 hr w ith  I N  NaO H  (5 ml) a t room  

tem perature. The insoluble im purities were filtered off; the filtrate  was acidified w ith  cone, 
aqueous hydrogen chloride and the resulting crystalline product refluxed for 1 hr w ith  nitro­
m ethane (3 ml) to yield 0.20 g (87 %) of com pound 6b, m. p. 2 8 5 — 286 °C (DM F).

Cn H 10ClN3O (235.7). Calcd. Cl 15.05; N  17.83. Found Cl 15.11; N  17.86 %.
UV  (EtO H ): 251 (4.26).
IR  (KBr): 1605 cm " 1.
( c )  Compound l g  (1.5 g; 5 m m oles) was stirred for 1 hr w ith  10 % aqueous N aO H  so­

lu tion  (10 ml) at room tem perature. A cidification w ith cone, hydrochloric acid furnished 1.1 g 
o f a crude product which was recrystallized from dioxane to yield 0.55 g (48 %) of com pound  
6c, m. p. 248 — 250 °C (dioxane).

Cu H 13N30 2 (231.2). Calcd. C 62.32; H  5.67; N  18.17. Found C 62.43; H  5.92; N 18.04 %.
UV  (EtO H ): 215 (4.21) sh-like; 281 (4.37).
IR  (KBr): 1600 c m - 1.
NM R (DMSO-d6): 6 1.10, t, +  2.65, qu, E t; 7.15 +  8.10 ppm , A 2B 2, p-MeOC6H4.
( d )  D e-ethoxycarbonylation of com pounds 2a — 2c was carried out essentially accord­

ing to  the m ethod described under ( b ) ,  using the following am ounts o f  reactants and applying  
the follow ing conditions:

Starting com pound 2a (0.5 g; 1.8 m m ole), I N  NaOH 5 m l, stirring for 30 m in; n itro­
m ethane 3 ml, refluxing for 1 hr; yield 0.25 g (68 %) of compound 7a, m . p. 1 8 0 — 181 °C (E tO H ).

Cu H u NsO (201.2). Calcd. C 65.65; H 5.51; N  20.88. Found C 65.49; H  5.44; N 20.75 %.
UV (EtO H): 213 (4.01), sh; 262 (4.27).

7 Acta Chim. Acad. Sei. Hung. 97, 1978



98 NYITRAI et al.: SOME PROPIONIC ACIDS AND DERIVATIVES

IR  (KBr): 1660 c m - 1.
INMR (DMSO-d6): <5 1.25, t ,  +  2.85, qu, E t; 7.4, m, 3H , 4- 8.0 ppm , m, 2H , Ph.
Starting compound 2b (0 .4  g; 1.3 mmole), 1ЛГ N aO H  5 ml, stirring for 4 hrs; nitrom eth- 

ane 3 m l, refluxing for 20 m in; y ield 0.18 g (59 %) o f com pound 7b. m. p. 193 — 194 °C (EtO H ).
Cu H 10ClN3O (235.7). Calcd. C 56.06; H 4.28; Cl 15.05: N 17.83. Found C 56.12; H 4.36; 

Cl 15.35; N 17.65 %.
UV (EtO H ): 267 (4 .26).
IR  (KBr): 1670 c m ' 1.
NM R (DMSO-d6): 6 1 .20, t, +  2.80, qu, E t; 7.45 +  8.05 ppm , A2B 2, р-С1С„Н4.
Starting com pound 2c (0.5 g; 1.6 m m ole), I N  N aO H  10 ml, stirring for 15 min; nitro- 

m eth an e 10 ml, refluxing for 1 hr; yield 0.25 g (66 %)  o f com pound 7c, m. p. 204 — 205 °C 
(E tO H ).

C12H 12N30 2 (231.2). Calcd. C 62.32; H 5.67; N  18.17. Found C 62.39; H 5.63; N 18.26 % 
UV (EtO H): 209 (4 .23 ), sh; 281 (4.55).
IR  (KBr): 1650 c m " 1.
NM R (DMSO-d6): ő 1 .15, t , +  2.80, qu, E t; 7.0 +  8.0 ppm, A 2B 2, p-MeOC6H4.

Ethyl 2-(3-m ethylth io-5-oxo-2,5-dihydro-as-triazin-6-yl)-propionate ( lb )

Metallic sodium (2.3 g; 0.1 mole) and, subsequently, com pound l a  (22.9 g; 0.1 m ole)  
w ere dissolved in ethanol (200 m l). Methyl iodide (6.9 ml; 0.11 m m ole) w as added, and the  
m ixture allowed to stand for 15 m in at room tem perature and then refluxed for another 15 min. 
T he solvent was evaporated in  vacuupi and the residue triturated w ith  water to yield 24.0 g 
(99 %) of the title com pound, m. p. 166 °C (EtO Ac).

C9H 13N 30 3S (243.3). Calcd. C 44.44; H 5.38: S 13.18. Found C 44.47; H 5.31; S 12.98 %.
IR  (KBr): 1730 and 1630 c m ' 1.

Ethyl 2-[3-(2-hydroxyethylam ino)-5-oxo-2,5-dihydro-us-triazin-6-yl]propionate ( l c )

A mixture of com pound lb  (2.43 g; 10 m m oles), 2-am inoethanol (0.60 ml; 10 mmoles) 
an d  anhydrous anisole (10 m l) was refluxed for 4 hrs to obtain 1.20 g (47 %) of the title  com ­
pou nd , m. p. 179 °C (nitrom ethane).

C10H 16N4O4 (256.3). Calcd. C 46.87; H 6.29; N  21.87. Found C 46.60: H  6.51; N 21.12 %.
IR  (KBr): 1720 and 1620 cm " 1.

Ethyl 2-(3-m orpholino-5-oxo-2,5-dihydro-as-triazin-6-yl)-propionate (Id)

A m ixture of com pound lb  (2.43 g; 10 m m oles), morpholine (0.87 ml; 10 mmoles) and 
anhydrous anisole (10 m l) w as refluxed for 3 hrs. L ight petroleum  (50 m l) was added after 
cooling, to obtain 2.10 g (74 %)  o f  the title com pound, m. p. 165 °C (E tO A c).

C12H 18N40 4 (282.3). Calcd. C 51.06; H 6.42; N  19.86. Found C 51.07; H 6.46: N 19.91 %.
IR  (KBr): 1745 and 1600 cm " 1.
NM R (CDCl,): <5 1.25, t , +  4.20, qu, COOEt; 1.45, d, M e-C H < j 3.75 ppm, bs, 8H , mor- 

pholino group.

Ethyl 2-(5-m ethoxy-3-subst.-as-triazin-6-yl)propionate (8 a — d)

Compounds Id — l g  ( 1 0 —20 mmoles) were stirred w ith excess ethereal diazom ethane 
solution  at room tem perature until, according to TLC, they had been com pletely used up 
(1 — 3 hrs). Acetic acid was added to decompose the excess o f the reagent. The resulting m ixtures 
were evaporated to dryness, the residues chrom atographed through colum ns of silica (solvent: 
benzene-E tO A c, 4 : 1 )  and the oily products crystallized  from light petroleum .

Compound 8a, 35 % yield , m. p. 68 °C.
C,3H20N4O4 (296.3). Calcd. C 52.69; H 6.80; N  18.91. Found C 52.63; H 7.02; N 18.65 %.
IR  (KBr): 1730 c m - 1.
NMR (CC14): 6 1.20, t, +  4.10, qu, COOEt; 1.45, d, Me-CH<^; 3.75, s, 8H, morpholino 

group; 4.93 ppm, s, MeO.
Compound 8b. 40 % yield , m. p. 72 °C.
C15H „ N 30 3 (287.3). Calcd. C 62.70; H 5.96; N  14.63. Found C 62.97; H 6.10; N 14.47 %.
UV (ÉtO H): 256 (4.15); 274 (4.08).
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IR  (K Br): 1735 c m ' 1.
NMR (CC14): <5 1.25, t, +  4.15, qu, COOEt, 1.65, d, M e-C H < ; 4.15, s, MeO; 7.45, m, 

3H , +  8.45 ppm , m , 2H , Ph.
Compound 8c, 57 % yield, m. p. 84 — 85 °C.
C]5H leClN30 3 (321.8). Calcd. C 55.99; H  5.01; Cl 11.01; N 13.06. Found C 55.90; H 5.44; 

Cl 11.49; N 13.00 %'.
UV (EtO H ): 263 (4.21); 278 (4.21).
IR  (K Br): 1720 c m - 1.
NM R (CC14): 6 1.25, t, + 4 .2 0 , qu, COOEt; 1.65, d,

P-C1C6H4.
Compound 8d. 46 % yield, m. p. 6 5 — 66 °C.
C16H 19N 30 4 (317.4). Calcd. C 60.56; H 6.03: N  13.24.
UV (EtO H ): 217 (4.22): 289 (4.32).
IR  (K Br): 1720 cm “ 1.
NM R (CDC13): <5 1.20, t, +  4.20, qu, COOEt; 1.7, d, M e-C H < ; 3.9, s, +  4.15, s, two  

MeO’s: 7.05 +  8.55 ppm , A2B 2, p-MeOCBH4.
The yields o f the oily products obtained after chrom atography (w hich were pure accord­

ing to TLC) am ounted to about 8 0 — 90 %. In spite o f the considerable losses during crystalliza­
tion, no attem pts were m ade to optim ize the conditions of recovery o f the products.

Me-CH<^; 7.55 +  8.55 ppm, A2B 2, 

Found C 60.67; H 5.96; N 13.01 %.

Ethyl 2-[5-chloro-3-(p-ehlorophenyl)-us-triazin-6-yl]-propionie acid (8 f)

Compound I f  (1 .2  g; 3.9 mmoles) was refluxed for 3 hrs w ith phosphoryl chloride (15 m l)  
and the excess reagent evaporated in  vacuum . The oily residue was taken up in  benzene (30 m l), 
the solution washed w ith  water, dried (M gS04) and evaporated to dryness in vacuum  to yield  
an oily product which was crystallized from gasoline to obtain 0.85 g (67 %) of the title  com ­
pound, m. p. 83 — 84 °C (gasoline).

C14H 13C12N 30 2 (326.2). Calcd. C 51.55; H  4.02; Cl 21.74; N 12.89. Found C 51.92: H  4.01; 
Cl 21.76; N  12.70 %.

UV (E tO H ): 210 (4.11), sh: 270 (4.37).
IR  (K Br): 1745 cm “ 1.
NM R (CDC13): ö 1.30, t , + 4 .3 0 , qu, COOEt; 1.80. d, +  4.50, qu, M e-C H < ; 7.7 +  8.7 

ppm , A2B 2, p-ClC6H4.

Ethyl 2-(3-aryl-5-diethvlam ino-ns-triazin-6-yl)propionates (8g , 8h)

f a )  Compound l e  (2.0 g; 7.8 m m oles) was refluxed for 3 hrs w ith  phosphoryl chloride 
(15 m l), and the m ixture evaporated to dryness in  vacuum . The residue was triturated w ith  
ether and water (20 m l, each) and the aqueous layer extracted w ith tw o portions of ether (10 ml, 
each). The com bined ethereal solutions were dried (M gS04) and treated  w ith  charcoal. D i- 
ethylam ine (2 ml; 20 m m oles) w as added and the m ixture stirred for 4 hrs at room temperature. 
After extraction w ith  tw o portions of water (20 ml, each) and drying (M gS04), the solvent 
was evaporated and the o ily  residue crystallized from  gasoline to y ie ld  1.15 g (45 %) of com ­
pound 8g, m. p. 90 — 91 °C (gasoline).

C18H 24N40 2 (328.40). Calcd. C 65.83; H  7.37; N  17.06. Found C 65.52; H  7.04; N  17.29 %.
UV (EtO H ): 254 (4.39).
IR  (K Br): 1735 c m - 1.
NM R (CDC13): <5 1.20, t , +  4.25, qu, COOEt; 1.35, t, +  3.70, qu, N E t2; 1.7, d, M e-C H < ;  

7.5, m, 3H , +  8.55 ppm , m, 2H , Ph.
( b )  Com pound I f  was treated w ith phosphoryl chloride as described for the preparation 

of com pound 8f. The crude com pound 8f, obtained after evaporation of its  benzene solution  
in vacuum , was boiled up w ith  gasoline (30 ml). The insoluble im purities were filtered off and 
the filtrate treated w ith  charcoal and evaporated to dryness. The residue was dissolved in an­
hydrous ether and stirred for 4 hrs w ith diethylam ine (1.2 ml; 11.7 m m oles) at room tem pera­
ture. The m ixture was evaporated to dryness, the residue triturated w ith  water and the crystal­
line product recrystallized from  aqueous ethanol and subsequently from  gasoline to y ield 0.82 g 
(58% ) of com pound 8h, m. p. 106—107 °C (gasoline).

С,яН ,Х Ш 40 ,  (362.9). Calcd. C 59.58; H  6.39; Cl 9.77; N 15.44. Found C 59.36; H 6.20; 
Cl 9.92; N 15.00 %.'

IR (KBr): 1740 cm -* .
NM R (CDC13): ő 1.25, m, 9H ; +  3.65, m, 4H , +  4.20, m, 2H , N E t2 +  COOEt; 1.65, 

d, M e-C H < ; 7.40 +  8.35 ppm , A2B 2, p-ClC6H4.
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Ethyl 2-(4,5-d iaryl-l-im idazolyl)propionates (10a, 10c, lO e)

M etallic sodium (2.1 m m oles) and, subsequently, the appropriate 4,5-diarylim idazole  
[1 5 — 17] (2.0 mmoles) were dissolved in  E tO H  (10 ml). The m ixtures were evaporated to dry­
ness in  vacuum  and the resu lting sodium  salts dissolved in anhydrous DM F (10 ml). E thy l 
2-brom opropionate (2.1 m m oles) was added and the m ixtures stirred at room  tem perature until, 
according to TLC, the reactions were com plete (3 — 5 hrs). The solvents were evaporated in  
vacuum . W ater (10 ml) w as added and the resulting emulsions were ex tracted  w ith  ether. The 
crystalline residues o f the ether solutions were recrystallized from tetrahydrofurane-light 
petroleum .

Compound 10a, 62.5 % yield, m. p. 106°C.
C20H20N2O2 (320.4). Calcd. C 74.97; H  6.29; N  8.75. Found C 74.92; H 6.27; N  8.68 %.
IR  (KBr): 1750 c m - 1.
Compound 10c, 65 % yield , m. p. 133 °C.
C20H 18Cl2N2O2 (389.3). Calcd. C 61.70; H 4.66; N  7.20. Found C 61.74; H 4.49; N 7.34 %.
IR  (KBr): 1750 c m " 1.
Compound lOe, 58 % yield , m. p. 108 °C.
C22H24N20 4 (380.43). Calcd. C 69.45; H  6.36; N  7.37. Found C 69.20; H 6.45; N  7.53 %.
IR  (KBr): 1760/1740 cm “ 1, d.

2-(4,5-D iaryl-l-im idazolyl)propionic acids (10b, lOd, lO f)

Mixtures of the above esters (1 m m ole), water (15 m l) and cone, aqueous hydrogen  
chloride (1.5 ml) were refluxed until hydrolysis was com plete (2 hrs). T he resulting solutions 
were neutralized (pH =  7) w ith  10 % aqueous N a2C 0 3 solution, w ith  continuous stirring and 
ice-cooling, to yield the colourless crystals o f  the title  com pounds w hich were recrystallized  
from  butanol.

Compound 10b, 88 % y ield, m. p. 285 °C.
C18H 16N20 2 (292.3). Calcd. C 73.96; H  5.52; N  9.58. Found C 73.81; H  5.82; N  9.54 %.
NMR (DMSO-d6): <5 1.6, d, M e-C H < ; 7 .0 - 7 .6 ,  m, Ph’s; 8.0 ppm , s, 2-H.
Compound lOd, 82 % yield, m. p. 245 — 246 °C.
C18H I4C12N20 2 (361.2). Calcd. C 59.85; H  3.91; Cl 19.63; N  7.76 Found C 60.10; H  4.15; 

Cl 19.98; N 7.62 %.
Compound lOf, 73 % yield, m. p. 240 — 242 °C.
C20H20N2O4 (352.4). Calcd. C 68.17; H 5.72; N 7 .9 5 . Found C 67.92; H 6.06; N 8 .1 5  %.

2-Cyano-iV-desylpropionamides ( l i b — 11c)

( a )  Anhydrous pyridine (6 ml) was added, w ith stirring, to a m ixture of desylam m o- 
nium  chloride (4.0 g; 16.2 m m oles), 2-cyanopropionyl chloride [18] (2 m l; 21 m m oles) and an­
hydrous dioxane (50 m l). After the evolu tion  o f heat had ceased, the m ixture was heated to  
its  b. p., kept for about 5 m in at this tem perature, stirred for another 2 hrs w ithout further 
heating, allowed to stand overnight and evaporated to dryness in  vacuum . W ater (20 m l) and 
dilute  aqueous hydrochloric acid were added (pH  =  1) to obtain a gum m y product which, 
w hen boiled up w ith a sm all am ount of ethanol, becam e crystalline. The title  compound (2.50 g; 
53 %) thus obtained had m. p. 137 °C (aqueous MeOH).

C18H16N20 2 (292.3). Calcd. C 73.96; H 5.52; N 9.58. Found C 73.62; H 5.31; N  9.50 %.
IR  (KBr): 3300, 1660 cm “ '.
( b )  The p ,p ’-dichloro derivative was sim ilarly prepared starting w ith p ,p ’-dichloro- 

desylam m onium  chloride [19, 20] (5.2 g; 16.4 m m oles). The oily residue, obtained after evap­
oration of the reaction m ixture to dryness in  vacuum , was treated w ith  water (30 ml) and kept 
in  a refrigerator, whereupon it  gradually solidified to yield 3.9 g (65.7 %) of com pound 11c, 
m. p. 157— 158 °C.

C18H I4C12N20 2 (361.23). Calcd. Cl 19.63. Found Cl 19.20 %.
IR  (KBr): 3300, 1680, 1650 cm “ 1.
This product proved, w ithout recrystallization, su fficiently pure for conversion into

12d.

2-C yano-jV -[l-(l-p-m ethylbenzoyl)ethyl]propionam ide ( l i e )

This compound w as obtained, starting w ith l-(p-m ethylbenzoyl)ethylam m onium  chlo­
ride (7.30 g; 36.5 m m oles), 2-cyanopropionyl chloride (4 ml; 41 m inoles), anhydrous dioxane
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(60 m l) and anhydrous pyridine (10 m l), in the sam e w ay as described for com pound l i b .  The 
residue obtained after evaporation of the reaction m ixture to dryness, gradually solidified  
w hen treated w ith  w ater and scratched, to y ield  4.70 g (53 %) of crude l i e ,  m . p. 132 °C, which  
w as subjected to cyclization to 12h and hydrolysis to 12i w ithout further purification (see 
below).

2-(4,5-D iaryl-2-im idazolyl)propionam ides (12a, 12d)

( a )  A m ixture of freshly recrystallized dry benzoin (8.0 g; 37 m m oles) and 2-cyano- 
propionyl chloride [18] (9.60 g; 82 m m oles) was heated for 1 hr at 6 0 — 80 °C and for 30 m in at 
105 °C to yield gradually a clear m elt o f the interm ediate 11a.

In the m eantim e 99 % formic acid (20 m l) was neutralized w ith  (N H 4)2C 0 3 (40 g), and 
the m ixture gradually heated to 160 °C. A t this poin t compound 11a was added; the flask , in 
w hich the latter was prepared, was rinsed w ith  formamide (20 ml) and the solution added to 
the reaction m ixture, which was then heated for 3 hrs at 170— 180 °C. (All tem peratures given  
were measured inside the reaction m ixtures.) After cooling, ethanol (80 ml) was added and the 
m ixture refluxed for 1 hr to yield 5.50 g (50 %) of the crystals of com pound 12a, m. p. 289 — 
290 °C (E tO H ).

C18H 17N 30  (291.4). Calcd. C 74.21; H 5.88; N  14.42. Found C 74.07; H 5.77; N  14.61 %.
IR  (KBr): 3300, 3050, 1670 cm " 1.
( b )  A  m ixture o f 2-cyano-JV-desylpropionamide ( l ib )  (1.35 g; 4.5 m m oles), am m onium  

acetate (4 g) and acetic  acid (15 ml) w as refluxed for 2 hrs, evaporated to dryness and boiled  
up w ith  water (15 m l) to yield 1.10 g (81.5 %) o f a crystalline product, m. p. 280 °C (d) which, 
according to its m ixed m. p. and IR  spectrum , was identical w ith the product obtained as de­
scribed under ( a )  and which was used w ithout further purification.

( c )  A  m ixture of crude 2-cyano-iV-(p,p’-dichlorodesyl)propionam ide (11c) (3.5 g; 
9.7 m m oles), am m onium  acetate (10 g) and acetic acid (30 ml) was refluxed for 2 hrs and con­
centrated to about half its original volum e. W ater (50 m l) was added to precipitate a gum m y  
product which becam e crystalline w hen the m ixture was heated for a short tim e to its  b. p. 
Compound 12d (3.1 g; 89 %) was obtained w ith  m. p. 2 3 0 -  231 °C (EtO H ).

C18H 15C12N 30  (360.25). Calcd. N 1 1 .6 6 . Found N 11.76% .
IR  (KBr): 3350 (sh), 3000, 1660 cm -1 .

2-(4,5-D isubstituted-2-iniidazolyl)propionic acids (12b, 12e, 12g, 12i)

( a )  A  m ixture o f the amide 12a (2.3 g; 8.0 m m oles), cone, hydrochloric acid (10 m l) 
and water (25 m l) was refluxed for 30 m in. (A  thick paste o f crystalline 10a- HC1 w as formed  
after about 10 m in.) The hydrochloride (2.2 g; 83 %, m. p. 160 °C) was filtered off, taken up 
in w ater and treated w ith  (NH 4)2C 03 to  adjust pH  =  6. The crystalline product was filtered  
o ff and rapidly recrystallized from a m ixture of ethanol (80 m l) and water (110 m l) to obtain  
1.60 g (66% ) of com pound 12b, m. p. 2 1 7 —218 °C.

C18H ieN2 • у  H 20  (301.35). Calcd. C 71.74; H 5.69; N 9 .3 0 . Found C 71.26; H 5.71; 

N  9.67 %.
IR  (K Br): 1750 cm -1 .
( b )  A m ixture o f the amide 12d (2.0 g; 56 m m oles), acetic acid (35 m l) and cone, hydro­

chloric acid (15 ml) was refluxed for 1 hr. W ater (10 m l) was added, and refluxing w as continued  
for another 30 m in to  obtain 1.90 (86 %) of com pound 12e • HC1, m. p. 2 6 4 — 265 °C (after re­
precipitation of its  solution  in acetic acid w ith  cone, hydrochloric acid).

C18H I4C12N20 2 -HC1 (397.7). Calcd. Cl 26.74; N 7 .0 4 . Found Cl 26.56; N 6 .9 2 % .
IR  (K Br): 1760 c m * 1.
( c )  Compound l i d  was prepared, starting w ith  p ,p ’-dim ethoxydesylam m onium  chlo­

ride [20] (5.0 g; 16.2 m m oles), sim ilarly to  the synthesis of com pound l i b  described above. 
The gum m y product, obtained after evaporation o f the reaction m ixture to dryness in  vacuum  
and addition o f water, w as separated, the aqueous layer extracted w ith  two portions of chloro­
form  (10 ml, each) and the gum m y product was dissolved in the combined chloroform solutions. 
The solution was dried over M gS04, the so lvent evaporated and the residue (crude l id )  refluxed  
for 90 min w ith a m ixture of ammonium acetate (10 g) and acetic acid (30 ml). The resulting  
yellow  solution of com pound 12f was concentrated to  about 15 ml; water (20 m l) and cone, 
hydrochloric acid (30 m l) were added. The m ixture was refluxed for 20 min and kept overnight 
in a refrigerator to y ield  3.30 g (52.5 %) of com pound 12g ■ HC1, m. p. 221 — 222 °C (after re­
precipitation from its  solution in acetic acid w ith cone. HC1).
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C20H 20N2O4 • HC1 (388.9). Calcd. C 61.78; H 5.44; Cl 9.12; N  7.20. Found C 61.99; H 5.59; 
Cl 9.59; N 7.58 %.

IR  (K Br): 1760 cm " 1.
( d )  The crude com pound l i e  (4.40 g; 18 m m oles), obtained as described above, was 

refluxed for 1 hr w ith a m ixture o f ammonium acetate (7 g) and acetic acid (30 ml). The result­
ing solution  of compound 12h was concentrated to about one half its original volume. W ater 
(40 m l) and cone, hydrochloric acid (10 ml) were added, the resulting clear solution was re­
fluxed  for 1 hr and concentrated to about 15 ml in vacuum . Cone. HC1 (20 ml) was added and 
the m ixture heated to its b. p. From the clear solution a m ixture of compound 12Í-HC1 and 
am m onium  chloride separated on cooling. R ecrystallization from water furnished 2.8 g (56 %) 
of the title  compound, m. p. 175 — 176 °C (dried over P90 5 at 80 °C in vacuum ).

C14H 16N20 2 HC1 (280.8). Calcd. Cl 12.63; N 9 .9 7 . Found Cl 12.55; N 9.54% .
IR  (K Br): 1740 c m - ' .
The salt is extrem ely hygroscopic.

Ethyl 2-(4,5-diphenyl-2-im idazolyl)propionate (12c)

The ester, m. p. 167 °C, was obtained from the acid 12b according to the usual esterifica­
tion procedure (EtO H , HC1).

C20H 20N2O2 (320.38). Calcd. C 74.97; H 6.29. Found C 74.73; H 6.69 %.
The same product was obtained when the anhydrous acid (12b) was recrystallized from  

ethanol.

E thyl 2-(ethoxythiocarbonyl)propionate

D ry hydrogen chloride (23 g; 0.63 moles) was introduced, w ith  ice-cooling, into a m ixture 
of ethyl 2-cyanopropionate (F luka) (68.4 g; 0.59 m ole) and anhydrous ethanol (38 ml; 0.66 
m ole). The mixture was k ep t for 2 hrs in an ice-bath  and for 16 hrs at room tem perature to 
obtain  a thick crystalline paste  which was diluted w ith  anhydrous ether (150 ml), filtered, 
w ashed w ith  anhydrous ether (150 ml) and dried over P20 5 and KOH in vacuum  to yield 86 g 
(76 %) o f the im idate hydrochloride, m. p. 90 — 93 °C.

This product was added, w ith cooling, to anhydrous pyridine (160 ml). Dry hydrogen  
sulfide was introduced for 5 hrs into the suspension w ith  cooling. The m ixture was allowed to 
stand 20 hrs at room tem perature and treated w ith a m ixture of ice (400 g), cone, hydrochloric 
acid (200 ml) and ether (150 m l). The aqueous layer was extracted  w ith two portions of ether 
(100 m l, each). The com bined ethereal layers were washed w ith water (two portions, 25 ml 
each), dried (M gS04) and worked up by fractional d istillation  to obtain 71 g (91 %) of the title  
com pound, b. p. 76 — 77 °C/3 torr. 70 °C/2 torr; rijy 1.4617.

C8H 140 3S (190.3). Calcd. C 50.52; H 7.42; S 16.82. Found C 50.55; H 7.62; S 16.40 %.
IR  (KBr): 1750 c m ' 1.
NM R (CC14): ö 1.25, t. 1.4. t, +  4.15. qu. 4 .55, qu. two EtO ’s; 1.5.d, + 3 .7  ppm . qu, 

M e-C H < .

E thyl 2-(l,2,3-th iacliazol-5-yl)propionate (13a)

An ethereal d iazom ethane solution (120 m l), freshly prepared from iV-methyl-iV-nitroso- 
-p-toluenesulfonam ide (20 g; 94 mmoles), was added w ith  ice-cooling to an anhydrous m ethanol- 
ic solution  (80 ml) of e th y l 2-(ethoxythiocarbonyl)propionate (8.0 g; 42 mmoles). The m ixture  
was kept for 6 hrs in an ice-bath  and for 15 hrs at room tem perature and worked up by fractional 
distillation  in vacuum . After a fore-run of 2.2 g (28 %) o f unchanged ethyl 2-(ethoxythiocar- 
bonyl)propionate, b. p. 70 — 71 °C/2 torr, 3.7 g (47 %) o f the title  com pound, b. p. 101 — 104 °C/ 
1 torr was obtained.

A second distillation  furnished a pure product b. p. 88 °C/0.5 torr.
C7H 10N2O,S (186.2). Calcd. C 45.16; H 5.41. Found C 45.80; H 5.64% .
IR  (KBr)“: 1740 c m ' 1.

2-(l,2,3-T hiadiazolyl)propionic acid (13b)

The above ester (3 g; 16 mmoles) was treated at room temperature w ith a solution  
(20 m l) o f sodium hydroxide (30 mmoles) in m ethanol. After 30 min the solution was evaporat­
ed to dryness in vacuum  below  37 °C, the oily residue dissolved in water (15 ml) and the aqueous
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solution  extracted w ith  ether. The aqueous solution was acidified w ith  6N  HC1 (6 m l) and ex­
tracted w ith ethyl acetate  (40 m l, in  three portions). The ethyl acetate solution was evaporated  
to dryness in vacuum  below  37 °C to  y ield  an orange oil which, on scratching, furnished 2.3 g 
(93 %) of the crystals o f the title  com pound in alm ost pure form. Further purification was 
effected  by sublim ation at 1 torr and 120 °C (bath tem perature); m. p. 105— 106 °C.

C5H6N 20 2S (158.2). Calcd. C 37.98; H 3.82, N  17.72. Found C 38.12; H  4.23; N 17.32 %.
IR  (K Br): 1705 cm “ 1.
NM R (CDC13): <5 1.7, d, + 4 .3 ,  qu, M e-C H <; 8.5, hs, COOH; 8.65 ppm, s, 4-H .

*

The authors are indebted to Mrs. I. B a l o g h - B a t t a  and sta ff for the m icroanalyses, to 
Dr. P . K o l o n i t s  and sta ff  for the IR  and NM R, to Mrs. I. B a l o g h - B a t t a  for the UV, to  Mrs. 
J. H e g e d ű s -V a j d a  for the m ass spectra and to Chinoin Pharm aceutical Company for the 
biological screening and for financial support.
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ACTA CHIMICA
T O M  97 - В Ы П ,  1

РЕЗЮМЕ

Некоторые химические реакции в электродной щели и их роль 
в спектрохимическом анализе, XXV

Поведение окислов металлов в дуге с неподвижной атмосферой 
аргона. Роль реактивности окислов металлов и времени горения 

дуги в случае подсобных электродов RW II
3 . Л .  С А Б О  и  X . Д О Б О Л И Н Е - Ф Е Й Е Р Д И

Роль реакционной способности окислов металлов была обнаружена в измерениях, 
проведенных с углеродными порошковыми смесями двадцати различных окислов металлов. 
Для теплот образования окислов, отнесенных на один атом кислорода, меньших — 50 ккал, 
наблюдается скачок в скорости реакции. Это значение сравнимо с теплотой образования 
СО,, равной —48 ккал/моль. При данной сила тока степень протекания реакции зависит от 
количества чистого металла, образующегося в реакции, т. к. именно последний является 
передатчиком тепла во внутрь материала. Особенно хорошо можно сравнивать различные 
окисли одного металла переменной валентности.

Согласно данным измерений, снятых в зависимости от времени горения, реакция 
протекает — в зависимости от силы тока — в некоторые первые секунды, когда электрод 
достаточно разогревается. Таким образом, эффект усиления испарения за счет теплоты реак­
ции проявляется на первой стадии. Важнейшим фактором в установлении температурных 
условий, необходимых для протекания реакции, является отношение скоростей процессов 
нагрева и охлаждения.

Некоторые химические реакции в электродной щели и их роль 
в спектрохимическом анализе, XXVI

Поведение окислов металлов в дуге с неподвижной атмосферой 
аргона. Роль отношения окисла металла к угольному порошку 

в случае подсобных электродов RW II
3 .  Л .  С А Б О  и Э. Д О Б О Л И Н Е - Ф Е Й Е Р Д И

В углеродных порошковых смесях химически более активных окислов металлов под 
влиянием дуги образуются СО и СО, параллельных реакциях. Их количество является 
наибольшим при атомном отношении углерода и кислорода, связанного в окисле металла, 
равном 1 : 1. Тепло; выделяющееся в реакции, нагревает, а чистый металл, одновременно 
образующийся в каналях электрода, охлаждает исследуемый порошковый образец вслед-



ствие теплопередачи. В зависимости от количества окислов углерода, попадающих в 
плазму, значительно изменяется само состояние плазмы. Результат этих трех процессов 
определяет интенсивность спектральных линий.

Некоторые химические реакции в электродной щели и их роль 
в спектрохимическом анализе, XXVII

Поведение окислов металлов в дуге с атмосферой проточного 
аргона. Роль скорости потока газа в случае подхобных электродов

RW II
3 .  Л .  С А Б О  и X . Д О Б О Л И - Ф Е Й Е Р Д И

При исследовании смеси СиО +  С было найдено, что за счет протока аргона в га­
зовой атмосфере увеличивается количество СО.,, образующегося в дуге, и уменьшается 
количество СО. Проточный газ удаляет окислы углерода с мест взаимных превращений, 
поэтому уменьшается вероятность реакции СО» +  С-2 СО. Эта реакция, в основном 
протекает в плазмовой фазе. Основная часть окислов углерода образуется в каналах элек­
тродов-носителей в реакции компонентов порошковой смеси. Проточный газ слегка уве­
личивает возможности всех протекающих реакций и особенно при анодном возбуждении 
изменяет интенсивность спектральных линий.

Масс-спектрометрические исследования некоторых семихинонов
П . М А К  и Й . Т А М А Ш

Была исследована фрагментация 8 простых семихинонов под влиянием электронной 
бомбардировки с помощью масс-спектрометрии с высоком и низким разрешением. Было 
установлено, что наиболее часто процессы разложения приводят к переходу от семихино- 
идальной структуры к наиболее стабильной хиноидальной структуре.

В фрагментации отдельных соединений наблюдается значительный орто-эффект, а 
также была обнаружена миграция метальной группы.

Влияние ионной силы на стабильность комплексов типа внешней
сферы

Л .  И Л Ь Ч Е В А  и М . Б Е К

Стабильность комплексно типа внешней сферы для трис-(дипиридил)кобальта(1П) 
и трис(фенантролин)кобальта(Ш) с тиоцианатными и иодидными ионами была определена в 
зависимости от ионной силы. Фтористый калий оказался подходящим инертным электро­
литом. Константа стабильности изменяется в зависимости от ионной силы согласно кривой 
с минимумом. Это можно интерпретировать на основе изменения коэффициентов актив­
ности с ионной силой.

Применение параметрического метода к колеблющимися частицам 
третьего порядка, используя изотопные параметры

Силовые постоянные частиц Е для CH3F
С. Е . Х Е Л А М  и Г . А Р У Л Д А С

Параметрический метод был использован для расчета силовых постоянных фторис­
того метила (частицы Е третьего порядка). Три фундаментальные — две дзета и одна изотоп­
ная — частоты были использованы в качестве исходных данных. Было получено два набора 
силовых постоянных. Один из них, который точно воспроизводит другие изотопные час­
тоты, был выбран как истинный набор.



Гравиметрическое исследование адсорбции н-бутана на катализаторе
Ni-черни

А . ш а р к а н ь  и п . т е т е н и

Адсорбция н-бутана и смесей и-бутана с водородом была исследована гравиметри­
ческих на катализаторе Ni-черни в интервале температур 20—200°С. Помимо физической 
адсорбции;были обнаружены различные формы хемосорбции: хемосорбция н-бутана, при­
водящая к образованию дисоциативно адсорбированного н-бутана, к его фрагментам выше 
88°С, а также к форме с низкой реакционной способностью по отношению к водороду. 
Сравнение скорости гидрогенолиза со скоростью гидрирования хемосорбированного 
субстрата позволяет заключить, что последняя форма имеет эффект отравителя гидроге­
нолиза.

Расщепление гетероциклического кольца изофлавоноидов с помощью 
нуклеофильных реагентов, V

Реакция изофлавона с гидроксиламином и трансформация кольца в 
4-гидрокси-З-фенилкумарин

В. С А Б О , Й . Б О Р Д А  и Л .  Л О Ш О Н Ц И

Описывается реакция изофлавона с гидросиамином и трансформация кольца.
При взаимодействии изофлавона с гидроксиламином в интервале pH от 4 до 11, с 

возрастающей скорость образуется 4-фенил-5-(2’-гидроксифенил)-изоксанол (I). Т. о., 
нуклеофильный реагент атакует атом С2 и -/-пироновое кольцо изофлавона раскрывается. 
В этих условиях изофлавон не дает нормальной карбонильной реакции с гидроксиламином.

Соединение 1 весьма стабильно в кислой среде, а в щелочной среде изоксазольное 
кольцо раскрывается и образуется нитрил 2-(2’-гидроксибензоил)- фенилуксусной кисло­
ты (V). Это превращение подтверждает как структуру соединения I, так и направлени 
превращения изофлавона.

Соединение V, в зависимости от pH, находится в таутомерном равновесии кольцо- 
цель с 4-гидрокси-З-фениякумаринимином(VIII). Соединение V I11,за счет кислого кипяче­
ния, может быть превращено в 4-гидрокси-З-фенилкумарин (IX). С помощью этой ступени 
была осуществлена трансформация хромон -* 4-гидроксикумарин по пути изофлавон -► 
— I — V — V III— IX.

Оксазепины и тиазепины, IV

Синтез производных 2,3-дигидро-2-фенил-1,4-оксазепина
А . Л Е В А Н  и  Р . Б О Г Н А Р

Из флавонов по реакции Шмидта были получены 2,3-дигидро-2-фенил-1,4-бенз- 
оксазепин-5(4/7)-оиы (V-VII1),  которые при обработке их P2S5 дают соответствующие 
тионы (IX — XII). Из соединения V были приготовлены его N-ацилированные и N-алкили- 
рованные производные (X III -XIX ) .

Проблемы гидрирования 2-этилантрахинона
Б .  Л О Ш О Н Ц И , А . Л Е Н Д Ь Е Л -М Е С А Р О Ш , М . Н О В А К -К И Ш , И . М О Р Г О Ш  и И . П Е Т Р О

Экспериментально было обнаружено, что при восстановлении 2-этилантрохинона 
реакция остановливается после расхода водорода, равного 3 молям на моль субстрата. 
Продуктом реакции является 2-этил-5,6,7,8-тетрагидроантрахинон. Этильная группа



«возвычается» из плоскости ароматических колец и, таким образом, экранирует аромата 
ческое кольцо, содержащее алильную группу, препятствуя последнему в достаточном при­
ближении к поверхности катализатора, и тем самым гидрированию последнего.

Пропионовая кислота и ее производные, замещенные некоторыми 
гетероциклическими группами в положении 2

Й . Н И Т Р А И , Д Ь . Д О М А Н И , Д Ь .  Ш И М И Г , Й . Ф Е Т Т Е Р ,  У . Ц А У Э Р  и  К .  Л Е М П Е Р Т

Был синтезирован ряд этилпропионатов, замещенных в положении 2 неароматически- 
ми аспж-триазиновым (1а— lg, 2а -2с) ,  ароматическим ааш-триазиновым (8а—8h), аромати­
ческим имидазольным (10а, Юс, 10е, 12с) и ароматическим 1,2,3-тиадиазольным (13а) коль­
цами, ряд пропионамидов, замещенных в положении 2 ароматическими имидазольным 
кольцом (12а, 12d, 12f, 12h), а также ряд пропионовых кислот, замещенных в положении 
2 ароматическим имидазольным (10ь, lód, 10f, 12ь, 12е, 12g, 12i) и ароматическим 1,2,3- 
тиадиазольным (13Ъ) кольпами. Конденсация диэтил 2-метил-З- оксосукцината со всеми 
полученными бензамидразонами приводит к образованию двух изомерных производных 
агалг-триазинона (1с и 2а, If  и 2ь, а также lg и 2с); это первые наблюдаемые случаи, 
когда при конденсации а-оксоэфиров и амидразонов образуются два изомера асгш-триази- 
нона. Неароматические ашщ-триазиновые кольца соединений I d -  1g ароматизировали 
различными методами (с образованием промежуточных соединений 8а -  8h), а асгш-триа- 
зиновое кольцо соединений 2а -2 с  не удалось ароматизировать. Соединения If  и 12g. HCl 
обладают значительным противоопухольным эффектом.
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EINE VARIANTE DER EXTRAKTIONSFOTO­
METRISCHEN ZIRKONBESTIMMUNG MIT 

ARSENAZO III

У . K . A k i m o v , L . T . G v e l e s i a n i , A .  I .  B u s e v  und P . N e n n i n g

(Lom onossov-Universität Moskau un d K arl-M arx-U niversitä t L eipzig)

Eingegangen am 23 N ovem ber, 1976

Zirkon wird aus schwefelsaurer L ösung nach Zugabe von  KSCN und A ntipyrin  
m it Dichloräthan extrahiert. Nach der R eextraktion  wird das Zirkon als Arsenazo- 
kom plex spektrofotom etrisch bestim m t.

P y ra z o lo n d e riv a te  w erden  häu fig  zu r g rav im etrisch en , e x tra k tio n sfo to ­
m etrisch en  B estim m u n g  u n d  zur e x tra k tiv e n  A b tre n n u n g  einer V ielzahl E le ­
m en te  v e rw en d e t [1, 2 ], denn  sie b ild e n  ziem lich  s tab ile  acidokom plexe 
A nionen . U n te rsu c h t w u rd e  schon d ie K o m p lex b ild u n g  des Z irkons m it 
D ia n tip y rilm e th a n  u n d  seinen  H om ologen in  C hlorid-, Jo d id -, R hod an id - u n d  
N itra tsy s te m e n  sow ie d ie E x tra k tio n  d e r  sich  b ild en d en  K om plexe [3 — 9].

A k tue lle  B e d e u tu n g  h a t  die A u sa rb e itu n g  e in facher M ethoden  der 
E lem en tb es tim m u n g , d a ru n te r  des Z irkons, n a c h  ih re r  e x tra k tiv e n  A b tren n u n g  
v o n  an d eren  E lem en ten . U n te r  diesem  G e s ic h tsp u n k t w ird  die M öglichkeit 
e iner fo to m etrisch en  B estim m ung  des Z irk o n s u n te r  V erw endung  von  A rsenazo  
I I I  n ach  E x tra k tio n  des Z r als R h o d an id k o m p lex  m it P y razo lo n d e riv a ten  
u n te rsu c h t. A rsenazo I I I  w ird  ausgew äh lt, w eil es das em pfind lichste  Z irk o n ­
reagenz is t. D ie E x tra k t io n  der K om plexe des Z irk o n rh o d an id s  m it v ersch ie ­
d enen  P y ra z o lo n d e riv a ten  w ird  zwecks A u sw ah l o p tim a le r  E x tra k tio n sb e d in ­
gungen  d e ta illie rte r u n te rsu c h t.

E xperim enteller Teil

Reagenzien und  Geräte. A n tipy rin  d e r  R e in h e it D A B , D ia n tip y rilm e th an  
p . a ., D ia n tip y rilm e th y lm e th a n  p. a., D ia n tip y rilp ro p y lm e th a n  p . a., D ian ti-  
p y rilp h en y lm e th an  p . a. w erden  verw endet. Z um  H ers te llen  einer Z irkonlösung  
w ird  ZrOCl2 in  2 A i H Cl gelöst u n d  m it H C l a u f  11 au fgefü llt. T ite rb es tim m u n g  
g rav im etrisch  n ach  H y d ro x id fä llu n g  als Z rO C l2. G eh a lt d er L ösung 1 m g/m l Z r. 
Z ur U n te rsu ch u n g  d e r Z irk o n ex trak tio n  v e rw en d en  w ir eine L ösung, die das

1 Acta Chim. Acad. Sei. Hung. 97,1978
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Iso to p  Zr97 in  e iner K o n z e n tra tio n  v o n  1 mg/1 e n th ä lt. G em essen w ird  am  
S p ek tro fo to m e te r SF-4 A, am  U M F-1500 M, m it dem  Z äh ler P P -16 .

E xtraktion  des Z irkonrhodanidkom plexes. Als E in flu ß g rö ß en  a u f  d ie  
E x tra h ie rb a rk e it  des Z irkons w erd en  die A rt des L ö su ngsm itte ls  u n d  des 
R eagenzes sowie die K o n z e n tra tio n  a n  S äu re , an  R eagenz u n d  an  R h o d a n id - 
io n en  u n te rsu c h t. Z unächst w ird  1 m l Z irkonlösung , die das Iso to p  Z r97 e n t ­
h ä lt ,  in  einen K o lb en  gegeben, H 2S 0 4 u n d  K SC N  zugegeben u n d  m it W asse r 
a u f  10 m l au fgefü llt. Die L ösung  w ird  1 m in  m it 10 m l einer L ösung  eines 
P y razo lo n d e riv a tes  in  einem  e n tsp re c h e n d en  L ö su ngsm itte l (z. B . B u ta n o l, 
D ich lo rä th an ) g esch ü tte lt. N ach  d e r P h a se n tre n n u n g  w ird  von  je d e r  P h a se  
1 m l en tn o m m en  u n d  die ß -A k tiv itä t  gem essen. D ie so e rm itte lte n  V e r te i­
lungsko effiz ien ten  (E ) und  % E x tr a k t io n  (R) sind in  T abelle  I  d a rg e s te llt . 
Z u r E x tra k tio n  d er K om plexe des Z irko n rh o d an id s  m it P y ra z o lo n d e riv a ten  
is t  D ich lo rä th an  besonders geeignet, als K om p lex b ild n er sind  A n tip y rin  (A n t) , 
D ia n tip y rilm e th y lm e th a n  (DAMM) u n d  D ian tip y rilp ro p y lm e th an  (D A PM ) zu  
bevorzugen .

Tabelle I

E xtraktion der Zirkonrhodanidkomplexe mit Pyrazolonderivaten  
unter Verwendung von Butanol und Dichloräthan

Reagenz Extraktionsm ittel

C4H,OH C l-C H — CH , — CI

E R% E R %

Antipyrin 0,57 36,0 86,0 98,8
Diantipyrilm ethan 0,6 37,5 1,2 54,5

Diantipyrilm ethylm ethan 3,3 76,7 8,9 90,0

Diantipyrilpropylmethan U 52,6 1,5 60,0
Diantipyrilphenylm ethan 0,4 28,5 — —

D er E in f lu ß  der H 2S 0 4- u n d  d e r K SC N - sowie der R e a g e n z k o n z en tra tio n  
a u f  die E x tra k tio n  des Zr w ird  am  B eispiel der E x tra k tio n  des beso n d ers  
s tab ilen  Z irkon-D A P M -rhodan idkom plexes m it B u tan o l e rm itte lt . E s  ze ig t 
sich  (A bb. 1 — 3), daß  K o n z e n tra tio n e n  v o n  1,5 M  K SC N , 0,2 —0,3 N  H 2S 0 4 
u n d  ein 50 —75-facher R eag en zü b ersch u ß  op tim a l sind.

A us den  experim en te llen  E rg eb n issen  fo lg t: von den  P y ra z o lo n d e riv a ten  
is t A n tip y rin  besonders geeignet, v o n  den  organischen  L ö su n g sm itte ln  D ich lo r­
ä th a n  (R  =  98,8 %). D er e n ts te h e n d e  R h o d an idkom plex  des Z irkons m it 
A n tip y rin  is t w eniger b estän d ig  als d er Z irkon-A rsenazo-K om plex  u n d  k a n n

Acta Chim. Acad. Sei. Hung. 97, 1978
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Abb. 1. E influß der H 2S 0 4-K onzentration auf die Z irkonextraktion m it Butanol (1 M  K SCN, 
50-facher Überschuß Diantipyrilpropylm ethan)

Abb. 2. E influß der K SCN-K onzentration auf die Zirkonextraktion m it Butanol (0,3 N  H 2S 0 4, 
50-facher Überschuß D iantipyrilpropylm ethan)

Abb. 3. E influß des Diantipyrilpropylm ethanüberschusses auf die Zirkonextraktion m it B utanol
(0,3 N  H 2S 0 4, 1,5 M  KSCN)

1* Acta Chim. Acad. Sei. Hung. 97, 1978
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Abb. 4. Absorptionsspektrum  des Zirkonkom plexes m it Arsenazo III

le ic h t in  diesen ü b e rg e fü h rt w erd en . So is t  eine ex trak tio n sfo to m etrisch e  
Z irk o n b estim m u n g  m it  A rsenazo m öglich . D as S p ek tru m  des sich  b ildenden  
K om plexes h a t  e in  M axim um  be i Я =  665 n m , e =  8,0 • 104 ±  0,1 • 104). 
(A b b . 4). D as L a m b e r t — B eersche G esetz g ilt fü r  0 ,1 —0,5 ,ug/ml Zr.

Arbeitsvorschrift. E in  a liq u o te r T eil e iner L ösung  m it einem  Z irk ongeha lt 
v o n  v o n  5,0 — 20,0 jUg Z r w ird  in  e inen  S ch e id e tricb te r gegeben, 1 m l 1,5 M  
H 2S 0 4 u n d  5 m l 30 %ige K S C N -L ösung zu g ese tz t u n d  m it W asser a u f 10 m l 
v e rd ü n n t. 10 m l e in er 1,5 %igen A n tip y rin lö su n g  in  D ic h lo rä th a n  w erden  
zu g e fü g t u n d  es w ird  ca 1 m in g e sc h ü tte lt. N ach  der P h ase n tre n n u n g  w ird  die 
o rgan ische  P h ase  m it 10 m l W asser au sg e sc h ü tte lt. D ie w äßrige P h ase  w ird  in  
e in en  50-m l-M aßkolben  ü b e rfü h rt. J e tz t  w ird  die organische P h ase  m it 20 m l 
conc . HCl a u sg esch ü tte lt, diese w ird  m it d e r w äßrigen  P h ase  v ere in ig t. Z u r 
e rh a lte n e n  L ösung  w erden  4 m l 0,05 %ige A rsen azo -III-L ö su n g  gegeben u n d  
m it  conc. HCl au fg e fü llt. D ie E x tin k tio n  w ird  nach  20 — 30 m in  am  S p ek tro ­
fo to m e te r  SF-4 A  bei Ятах =  665 n m  in  e iner 1 -cm -K üvette  gegen ein L eer­
p ro b e  gemessen.

S ta tis tisch e  W erte  (a =  0,95; n  =  5): a rithm etisches M itte l x  =  19,0; 
m itt le re  q u a d ra tisc h e  A bw eichung vom  a rith m e tisch en  M itte l S =  0,35; V er­
tra u e n s in te rv a ll s =  0,43; V aria tio n sk o effiz ien t V =  1,86 %.

Die B estim m u n g  von  0,1 —0,5 /tg /m l Z r w ird  n ich t g e s tö rt von  A lk a li­
m e ta llen  u n d  v o n  S eltenen  E rd e n , v o n  an d e ren  E lem en ten  n ic h t b is zu den 
in  T abelle  I I  angegebenen  K o n z e n tra tio n e n . H f  s tö rt. — D ie e x tra k tio n s fo to ­
m etrisch e  V a ria n te  der Z irk o n b estim m u n g  m it A rsenazo I I I  is t  — wie die 
T ab e lle  zeigt — se lek tiv er als die in  d er L ite ra tu r  beschriebene d ire k tfo to ­
m etrische  B estim m u n g .
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T abelle II

Zirkonbestimmung in Anwesenheit von Fremdionen (eingesetzt: 20,0 pg Zr)

Fremdion
Verhältnis 

Zr : Fremdion
Fehler
ь% Fremdion

V erhältnis 
Zr : Frem dion

Fehler
b%

Cu l 35 0 ,0 As(V) l 3 - 1 1 , 0

M n(II) l 40 0 ,0 Cd l 1 0 0 ,0

Ti(IV) l 10 - 1 1 , 0 Pb l 1 - 1 1 , 0

Th l 10 0 ,0 Co l 2 0 0 0 ,0

Al l 35 +  5,0 Cr(VI) l 1 0 - 1 1 , 0

U(VI) l 1 0 ,0 Zn l 35 0 ,0

V(V) l 10 - 1 1 , 0 Ni l 35 0 ,0

F e(III) l 20 - 5 , 0
Mo(VI) l 10 +  2 ,0

D ie oben beschriebene M ethode w urde  e rp rob t a n  Z irk o n b estim m u n g en  
in  A lum inium - u n d  M agnesium legierungen . D azu w ird  eine  E inw aage v o n  
0,1 — 0,25 g L eg ierung  in  10 — 15 m l 6 M  HCl gelöst, in  e inen  50-m l-K olben  
ü b e r fü h r t ,  au fgefü llt und  wie b esch rieb en  verfahren . D ie E rgebn isse  ze ig t 
T ab e lle  I I I .

Tabelle III

Zirkonbestimmung in A l-M g-Legierungen ( Standards fü r  die Spektralanalyse)

Bezeichnung
der

Legierung

Zirkongehalt 
■n %

Zirkon gefun­
den in  %

R elativer 
Fehler in%

121 0,084 0,086 +  2,3

122 0,040 0,039 - 2 , 5

123 0,015 0,016 +  6,2

124 0,030 0,028 - 7 , 1
125 0,032 0,030 - 6 , 6

126 0,028 0,031 +  9,6

101 0,79 0,74 - 6 , 7

102 0,54 0,50 - 8 , 0
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The stu dy  of a CuO +  C pow der m ixture shows th a t the quantity of oxides o f  
carbon produced in  the arc increase w ith  increases in either the burning tim e or the  
current of the arc. The ratios o f  th e  heating and cooling rates o f the electrodes are dif­
ferent in the tw o  cases, however, and therefore the rates o f form ation of oxides o f car­
bon are also different. This can be w ell compared if  the electric work of the arc in  the  
tw o cases is p lotted  versus the p rodu ct o f  the tim e and current. As the reaction pro­
ceeds in tim e, an increasing q u a n tity  o f m etallic copper is form ed in the boring o f the 
carrier electrode, and this inhibits further reaction by sealing in  the lower layers o f  the 
m ixture. Accordingly, the proportion o f evaporation also decreases in  tim e. From  the  
change of the ratio o f the volum es o f  C 0 2 to CO formed it  em erged th a t those oxidation  
and reduction tendencies of electric origin which control electrode-surface reactions 
betw een the gas atmosphere and th e  m aterial of the electrode are not m anifested in  the  
reactions w ithin the material o f the electrode.

W e earlier s tu d ie d  the  re a c tio n s  occurring  in  a CuO +  C pow der m ix tu re  
as a  fu n c tio n  of th e  r a te  of flow  o f  th e  A r gas a tm osphere  [1]. I t  w as fo u n d  
th a t  th is  leads to  changes in  th e  r a t io  of th e  am ounts o f C 0 2 and  CO fo rm ed  
d u rin g  th e  b u rn in g  o f th e  arc. T h e  m o m e n ta ry  values rep resen tin g  th e  fo rm a ­
tio n  o f  oxides o f ca rb o n  are b e t te r  ap p ro x im ated  to  b y  th e  values m easu red  
in  a flow ing  a tm o sp h ere , for th e  flow ing  gas inh ib its  in te rco n v ersio n  o f th e  
tw o  oxides of ca rb o n . F or fu r th e r  s tu d y  of th e  reac tio n s an d  th e ir  effects, 
tw o  series of ex p erim en ts  were c a rr ie d  o u t w ith  R W  I I  ca rb o n  au x ilia ry  elec­
tro d e s , th e ir  borings filled  w ith  a CuO +  C m ix tu re . I n  one series th e  b u rn in g  
tim e  o f th e  arc w as varied , and  in  th e  o th e r th e  c u rren t. T h e  mole fra c tio n  of 
CuO in  th e  CuO +  C m ix tu re  w as 0.6 . In  th is  case b o th  oxides of carbon  w ere 
fo rm ed  in  w ell-m easurab le a m o u n ts . A n A.C. po larized  arc  in itia te d  a t  th e  
p o te n tia l  m ax im um  w as used. T h e  r a te  of flow  of A r w as 860 cm 3/m in . M eas­
u re m e n ts  were m ad e  o f the  changes in  th e  am ounts of CO an d  C 0 2 fo rm ed  as 
a re su lt  o f the  arc  [2], and in  th e  in te n s itie s  of th e  sp ec tra l lines of th e  copper. 
D e ta ils  of the  m e th o d  were re p o rte d  earlie r [3].
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R ole o f the burning tim e o f the arc

T he experim en ts w ere  carried  o u t w ith  a c u rren t o f 7 A  an d  th e  b u rn in g  
tim e  of th e  arc w as v a r ie d  betw een  2 an d  15 s. F igu re  1 show s th a t  th e  am o u n t 
o f  CO form ed as a r e s u lt  o f th e  arc increases in  accordance  w ith  ex pec ta tions 
in  tim e  on ex c ita tio n  o f  th e  sam ple as e ith e r  anode (cu rv e  a) or ca th o d e  
(cu rv e  c). The cu rve  re la tin g  to  ca thod ic  ex c ita tio n  inclines slowly upw ards. 
I t  ap p ears  th a t  on c a th o d ic  ex c ita tio n  in  th e  case of a c u rre n t o f 7 A th e  ca rrie r 
e lec tro d e  begins to  h e a t  u p  b e tte r  only  a ro u n d  15 s, and  c learly  rem ains colder
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F ig. 1. Change in  the q u a n tity  o f CO produced w ith  the burning tim e o f the arc; 7 A. a: anodic,
c: cathodic excitation

th ro u g h o u t th a n  th a t  co n n ec ted  as anode. A s discussed p rev iously , th e  cathod ic  
cu rv e  is always s i tu a te d  below  th e  anodic  one. A t th e  sam e tim e , th e  curve 
o b ta in e d  w ith  anod ic  ex c ita tio n  inclines w eak ly  dow nw ards, in d ica tin g  th a t  
th e  reac tio n  is a lread y  in h ib ite d  b y  so m eth ing  w hen th e  arc  b u rn s  for a longer 
tim e . T he differences fro m  lin e a rity  are n o t la rge , how ever, w hich  shows th a t  
th e  s ite  of fo rm atio n  o f CO is in  th e  v ic in ity  of th e  a lm o st co n stan t, high- 
te m p e ra tu re  site of th e  b u rn in g  spo t o f th e  arc.

F igure 2 i l lu s tra te s  th e  changes in  th e  vo lum e o f C 0 2 m easured. T he 
v a lu e s  re la ting  to  e x c ita tio n  o f th e  sam ple as ca th o d e  (c) give a w eak ly  upw ards 
in c lin in g  curve, s im ila rly  as for CO. A t th e  sam e tim e , th e  curve ob ta in ed  
w ith  anodic ex c ita tio n  (a) begins f la tly , s im ila rly  to  th e  ca th o d ic  one, b u t  i t  
su d d en ly  becom es s teep  an d  th e n  ex h ib its  a sa tu ra tio n  v a lu e . I t  appears th a t  
on  anodic  ex c ita tio n  w ith  a cu rren t o f 7 A , a b o u t 3 — 4 s is necessary  fo r th e  
la rg e r  am oun t of p o w d er m ix tu re  packed  in to  th e  ca rr ie r  electrode to  h e a t 
u p  su ffic ien tly  fo r th e  re a c tio n . W hen  th is  occurs, th e  b u lk  o f th e  C 0 2 is p ro ­
d u ced  in  a fa irly  b r ie f  p e rio d  (4 — 8 s). O n ca th o d ic  ex c ita tio n , th e  h ea ting -up  
o f  th e  electrode is d e lay ed  longer.

F igure 3 show s th e  sum  (27 %) of th e  am o u n ts  of m a te r ia l reac ted  in  th e  
tw o  reactions, as a  p e rc e n ta g e  of th e  th e o re tic a lly  possible m ax im um  reac tio n , 
c a lcu la ted  from  th e  q u a n t i ty  of m a te ria l m easu red  in  th e  b o rin g  of th e  carrie r 
e lec trode . The F ig u re  rev ea ls  th a t  th e  in c lin a tio n s  of th e  anod ic  C 0 2 and  CO
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Fig. 2. Change in  the quantity  o f C 02 produced w ith  the burning tim e o f the arc; 7 A. a: anodic,
c: cathodic excitation

cu rves to  sa tu ra tio n  can  n o t be  caused  b y  th e  com plete ex h a u s tio n  of th e  m a te ­
r ia l fro m  th e  boring  o f th e  e lec trode , fo r th e  value ca lcu la ted  in  th e  above 
m a n n e r  does n o t a t ta in  60 %, even  w h en  th e  arc b u rns fo r 15 s. The curves 
of F ig . 4 in d ica te  th a t  th e  sp illing  o u t o f  th e  substance  fro m  th e  boring  in  th e  
e lec tro d e  as a re su lt o f th e  arc  can  occur to  on ly  a very  s lig h t e x te n t, for th e re  
is fa ir ly  good agreem ent be tw een  th e  cu rves p lo tted  from  th e  m easured  va lu es  
o f th e  su bstance  m issing from  th e  b o rin g  in  th e  electrode a f te r  th e  b u rn in g  
o f th e  arc  (continuous line) an d  from  th e  values calcu la ted  fro m  th e  q u a n titie s  
o f ox ides of ca rbon  d e p a rtin g  (dashed  line). T he only p o ssib ility , therefo re , is 
t h a t  th e  m etallic  copper fo rm ed  in  th e  re a c tio n  occurring  to  a ce rta in  d e p th  
o f th e  b o ring  seals off th e  low er layers fro m  fu r th e r  reac tio n . T h is given d e p th  
c lea rly  depends am ong o th e rs  on  th e  c u rre n t of th e  arc. T h a t  p a r t  o f th e  ca rrie r

F ig. 3. Combined percentage evaluation  of the reactions producing the tw o oxides o f carbon; 
7 A. a: anodic, c: cathodic excitation
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F ig. 4. Change in the q u a n tity  o f material consum ed from the boring o f the electrode w ith  
th e  burning tim e of th e  arc; 7 A. a: anodic, e: cathodic excitation . Continuous line: m easured  

values; dashed line; calculated values

elec trode  includ ing  th e  boring  was b ro k en  u p  a fte r th e  b u rn in g  of th e  arc , 
a n d  i t  was found t h a t  po w d er m ix tu re  d id  in  fa c t still re m a in  u n d er th e  m eta llic  
co p p er globule fo rm ed , even w hen th e  a rc  h a d  b u rn ed  fo r 15 s.

F igure 5 d e p ic ts  th e  volum e ra tio s  C 0 2/C 0  fo rm ed  from  th e  above 
q u a n titie s  of CO, a n d  CO, as a fu n c tio n  o f th e  b u rn in g  tim e  of th e  arc. T h e  
in te rsec tin g  curves re f le c t th e  d ifferen t te m p e ra tu re  cond itions developing  
w h en  the  sam ple is e x c ite d  u n d er th e  tw o  ty p es of p o la r ity , and  depend ing  
on  th e  po larity  o f th e  ca rr ie r  electrode. T h e  change here  can  hard ly  be in  th e  
ox id izing  ab ility  o f th e  system , b u t only  in  th e  ra te  of in crease  of te m p e ra tu re  
o f  th e  electrodes. T h is  is ind ica ted  b y  th e  fa c t th a t  th e  m ax im u m  in  th e  cu rv e  
o b ta in ed  w ith  c a th o d ic  excita tio n  can  develop only la te r  in  tim e, since th e  
te m p e ra tu re  of th e  c a th o d e  rises m ore slow ly. The R W  I I  carbon  ca th o d e  is 
a lw ays colder th a n  th e  anode of th e  sam e m a te ria l [4]. T h e  decrease a fte r  th e  
m ax im a , how ever, show s th a t  th e  CO is fo rm ed  in  th e  v ic in ity  of th e  b u rn in g  
sp o t of the  arc in  th e  u p p e r layer of th e  electrode, w hile th e  C 0 2 is p ro d u ced

Fig. 5. Change in  th e  v o lu m e  ra tio  C 02/C 0  w ith  th e  bu rn in g  tim e  o f  th e  arc ; 7 A. a: aDodic,
c: cathod ic  ex c ita tio n
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in  th e  inside o f th e  boring , in  th e  b u lk ie r, b u t  less in can d escen t m ix tu re . T h is 
low er lay e r is sealed off by  th e  m eta llic  copper form ed in  th e  reac tio n , an d  
th e re fo re  th e  C 0 2/C 0  ra tio s  decrease a f te r  a longer tim e . T he oxides of ca rb o n  
th u s  h av e  se p a ra te  zones of fo rm atio n , th e  boundaries of w hich n a tu ra lly  
overlap .

T he change in  tim e  in  th e  in te n s ity  (Ic u ь  Cu 282.4 nm ) of th e  p rev io u sly  
used  a to m  line of copper is show n in  F ig . 6. T he change in  th is  va lu e  w as 
earlier ta k e n  to  be p ro p o rtio n a l to  th e  change in  th e  ev ap o ra tio n  o f th e  sam ple. 
T h e  tw o  curves o b ta in ed  w ith  th e  d iffe ren t e lectrode p o la rities of necessity

F ig. 6. Change in  the intensity o f the Cu 282.4 nm  atom  line w ith  the burning tim e o f the arc; 
7 A. a: anodic, c: cathodic excitation

b o th  rise, b u t  n o t p ro p o rtio n a lly  w ith  tim e . T he fo rm atio n  of m eta llic  copper 
an d  th e  cooling effect o f th is  in  th e  u p p e r  layers of th e  m ix tu re  in itia lly  p ro ­
ceed in  tim e  as discussed earlier [5] co m p ared  to  th e  charge w hich is s till 
r ich e r in  carb o n  pow der.

T he d a ta  o f th e  spectra l c h a ra c te r  curves (zlYcu и, i, Cu 237.0/282.4, 
va lues m u ltip lied  b y  100) connected  w ith  th e  average te m p e ra tu re  of th e  p lasm a 
scarcely  v a ry  in  tim e  (F ig. 7). B ecause o f th e  m ore ex tensive  reac tio n  occurring  
in  th e  anode, here  too  th e  change is g re a te r  in  th e  gas a tm osphere . Since a 
la rg e r a m o u n t o f oxides of carbon  is fo rm ed  an d  m ore copper ev ap o ra tes , th e  
anodic cu rve  ex h ib its  a low er average  p lasm a te m p e ra tu re  th a n  th e  c a th o d ­
ic one.

F ig . 7. Change in the spectral character (A Y);u 2 37.0 /282.4) with the burning time of the arc; 7 A.
a: anodic, c: cathodic excitation
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F o r th e  fu r th e r  s tu d y  of th e  r a te  o f  tra n s fe r  of th e  h e a t necessary  for th e  
re a c tio n  and of th e  resu lting  te m p e ra tu re  an d  reac tio n  cond itions, experi­
m e n ts  were also ca rr ied  ou t in  w h ich  th e  arc  w as le ft to  b u rn  for only  4 s, 
a n d  th e  electrodes w ere  th en  allow ed to  cool com plete ly . D urin g  th is  tim e  th e  
cell to o  w as f lu sh ed  w ith  pure A r, a n d  th e  oxides of ca rb o n  fo rm ed  d u rin g  th e  
4 s w ere m easured . N ex t, w ith o u t d ism o u n tin g  th e  cell, th e  arc w as again  
b u rn e d  for 4 s a t  th e  cooled e lectrodes, an d  th e  oxides of ca rb o n  form ed in  th e  
second period w ere sim ilarly  m easu red . T h is p rocedure  w as rep ea ted  a fu r th e r  
th re e  tim es. T h u s, a ll five  m easu rem en t stages w ere o b ta in ed  w ith  a g iven  
e lec trode  charge, b u t  alw ays w ith  cooled  electrodes. T he fiv e  ex p erim en ta l 
p o in ts  ob ta ined  from  these  were used  to  p lo t cu rves. F ro m  F ig . 8, w hich dep ic ts
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s

F ig. 8. Change in the qu antity  of CO produced w ith  the in term ittent burning tim e of the arc;
7 A. a: anodic, e: cathodic excitation

th e  change in  tim e  o f th e  am o u n t o f CO p ro d u ced  in te rm itte n tly  in  th is  w ay , 
i t  tu rn s  ou t th a t  w ith  in te rm itte n t b u rn in g  of th e  arc a m ore su b s ta n tia l 
re a c tio n  can he reck o n ed  w ith  on ly  in  th e  f ir s t  4 s s tage. In  th e  f irs t cooling 
perio d  th e  en tire  e lec tro d e  and  th e  m e ta llic  copper form ed in  th e  u p p e r la y e r  
o f  th e  charge p ack ed  in to  th e  e lec trode  cool dow n to  such an  e x te n t th a t  on ly  
a v e ry  slight re a c tio n  is possible in  th e  second b u rn in g  period. T his is re p e a te d  
in  th e  su bsequen t m easu rem en t s tages. F ig u re  9 shows th e  analogous re su lts  
fo r th e  C 0 2 p ro d u ced . T hus, th e  co p p er w hich  form s in  th e  reac tio n  and  th e n  
cools dow n seals o ff th e  low er lay ers  o f  th e  m ix tu re . A fu r th e r  b u rn in g  of th e  
a rc  fo r 4 s a fte r th e  cooling dow n is n o t  su ffic ien t for these  low er layers to  be 
re h e a te d  sa tis fac to rily . A ccordingly, th e  m eta llic  copper fo rm ed  in  th e  boring  
o f  th e  carrier e lec tro d e  also has such  sealing-in  an d  cooling effects on con-

Fig. 9. Change in the qu antity  of C02 produced w ith  the in term ittent burning tim e of the arc; 
7 A. a: anodic, e: cathodic excitation
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tin u o u s ex c ita tio n , since th e  p rocesses observed  on con tin u o u s ex c ita tio n  h av e  
been sep a ra te d  in  tim e  and  a c c e n tu a te d  in  th e  ex p erim en ts  p resen ted  here. 
T he fa c t th a t  th e  curves re la tin g  to  CO also h av e  a m ax im um  in  th e  f ir s t  
period  in d ica te s  t h a t  th e  reac tio n  zone o f fo rm a tio n  o f CO in  th e  v ic in ity  o f 
th e  b u rn in g  sp o t o f th e  arc s im ila rly  m oves slow ly dow nw ards in  th e  pack ed  
charge as tim e  passes. This is to  be  ex p ec ted , fo r th e  m a te ria l in  th e  u p p e r 
lay e r is consum ed  b y  reaction  a t  th e  b eg inn ing  o f  ex c ita tio n .

T he role o f th e  chem ical re a c tio n s  is ev id en t from  th e  sp ec tra l line in te n ­
s ity  curves (Icu ь  Cu 282.4 nm) in  F ig . 10, w hich  w ere likew ise o b ta in ed  b y  such  
in te rm itte n t  b u rn in g  of the  arc . T h e  la rg e r q u a n ti ty  of reac tio n  h ea t lib e ra ted

Fig. 10. Change in  the in tensity  of the Cu 282.4 nm  atom ic line w ith  the in term itten t burning 
tim e of the arc; 7 A . a: anodic, c: cathodic excitation

in  th e  m ore ex ten siv e  reaction  in  th e  case of anodic  ex c ita tio n  increases th e  
ev ap o ra tio n  o f th e  sam ple to  a g re a te r  e x te n t, an d  also th e  in ten sities  of th e  
sp ec tra l lines, a n d  th e  m ax im um  o f th is  curve occurs ea rlie r th a n  th a t  o f th e  
ca thod ic  cu rve . B ecause of th e  co lder e lectrodes on ca th o d ic  ex c ita tio n , th e  
reac tio n  a u to m a tic a lly  takes p lace  to  a low er e x te n t, an d  th e  sealing lay e r 
form ed from  th e  m eta llic  copper ca n  fo rm  in  th e  req u ired  th ickness only  m ore 
slow ly an d  la te r . T h e  in ten s ity  cu rv e  o b ta in ed  w ith  th e  in te rm itte n t  ca th o d ic  
ex c ita tio n  th e re fo re  exh ib its a low er, b u t  m ore d raw n  o u t m ax im um  th a n  in  
th e  anodic case.

O n th e  in te rm itte n t  b u rn in g  o f th e  arc, th e  change in  th e  ra tio  of th e  
p a r t  d a ta  n a tu ra l ly  shows up  in  th e  d ev e lo p m en t of th e  sp ec tra l c h a rac te r  
(ZlYcu и ,  I ,  Cu 237.0/282.4, va lues m u ltip lied  b y  100) (F ig. 11). These curves

Fig. 11. C hange in  th e  sp ec tra l c h a ra c te r  (d Y c u  2 3 7 .0 /2 8 2 .4) w ith  th e  in te rm it te n t  b u rn in g  tim e
o f th e  arc; 7 A . a: anod ic , c: ca th o d ic  ex c ita tio n
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a re  ch arac terized  b y  th e ir  ten d en cy  to  rise, w hich show s ever sm aller changes 
in  th e  com position  o f  th e  p lasm a as tim e  passes. I n  th e  la te r  s tages th e  m e ta l 
v a p o u r  undergoes ex c ita tio n  in  an  A r a tm o sp h ere  poo rer in  oxides o f ca rb o n , 
a n d  th e re  is less e v a p o ra te d  copper to o . T hus, th e  average  te m p e ra tu re  o f th e  
p la sm a  is in c reasing ly  higher. T h e  slow ly th ick en in g  m eta llic  copper sealing 
la y e r  likewise e x e rts  an  ever la rg e r cooling  effect, an d  th e  e v a p o ra tio n  o f th e  
co p p er also d im in ishes in  th e  la te r  s tag es . O n in te rm itte n t  b u rn in g  o f th e  arc , 
th e re fo re , only in  th e  f irs t stage do w e o b ta in  th e  low  va lu e  o f A Y cu  n  i =  ca . 
— 50 w hich develops in  th e  case of c o n tin u o u s  b u rn in g ; because of th e  c o n s ta n t 
re a c tio n  and th e  h ig h e r ev ap o ra tio n , th is  v a lue  rem ains th ro u g h o u t on con­
tin u o u s  bu rn in g  o f  th e  arc.

A t any  e v e n t, th e  above re su lts  show  th a t  th e  arc b u rn in g  tim e  of 10 s 
w as a fo r tu n a te  se lec tion  for th e  ex am in a tio n s . A t th e  m o d era te  c u rre n t app lied  
th e  g rea te r p a r t  o f  th e  exam ined reac tio n s  an d  th u s  th e ir  effects too  a p p ea r in  
th is  period. I t  is w o rth  com paring th is  w ith  th e  fac t th a t  in  th e  case of 7 A  
th e  average c u rre n t o f th e  arc ju m p s  ca. 0.5 A a fte r  7 — 8 s, w hen  th e  effect 
o f  th e  reac tio n  a lre a d y  ceases. T his p e rio d  o f tim e  corresponds well to  th e  en d  
o f  th e  steep ly  ris in g  section of th e  C 0 2 curve observed  on anodic ex c ita tio n . 
T h e  sam e was experienced  in  o th e r  ex am in a tio n s w ith  h igher cu rren ts , b u t  
ea rlie r. T hus, in  th e  case of an  av erag e  c u rren t o f 18 A, fo r exam ple , a low er 
c u r re n t o f ca. 16 A  w as observed o n ly  in  th e  f irs t 2 —3 s because o f  th e  fa s te r  
h e a tin g  and  re a c tio n , and  th is  th e n  ju m p e d  to  a v a lu e  of 18 A. T h e  reac tio n  
a n d  its  effect th e re fo re  appear a t  th e  b eg inn ing  of b u rn in g  of th e  arc. I t  follow s 
fro m  th is  th a t ,  on q u a n tita tiv e  sp e c tra l analysis o f su b stan ces o f th is  ty p e , 
i f  i t  appears p ro f ita b le  and  is n o t o therw ise  d isad v an tag eo u s, in  o rd er to  avo id  
th e  possible d is tu rb in g  effects of th e  chem ical reac tions i t  is w o rth  u sing  a p re ­
a rc in g  tim e an d  c a rry in g  ou t m easu rem en ts  only  in  th e  la te r  stages.
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Role o f  the current

W e have a lre a d y  dealt w ith  th e  ro le of th e  c u rre n t in  a s ta tio n a ry  A r 
a tm o sp h ere  [6]. F o r  fu r th e r  s tu d y  o f th e  question , m easu rem en ts  w ere also  
ca rr ied  ou t in  a flow ing  A r a tm o sp h e re , in  p a r t  for th e  sake of com parison  
w ith  th e  resu lts  o b ta in e d  w ith  R W  0 carb o n  au x ilia ry  electrodes, w hich  w ill 
b e  rep o rted  la te r . C om pared to  th e  ex p erim en ts  in  a s ta tio n a ry  a tm o sp h e re , 
th e re  were tw o fu r th e r  differences. I n  th e  p resen t p a p e r we deal only  w ith  
th e  behav iou r o f th e  CuO +  C pow der m ix tu re ; in  o rd er th a t  th e  C 0 2 fo rm ed  
shou ld  also be w ell m easurab le , th e  m ole frac tio n  of CuO in  th e  m ix tu re  p ack ed  
in to  th e  borings in  th e  R W  I I  ca rrie r e lectrodes w as 0.6. H ow ever, th e  arc  w as 
s im ila rly  b u rn ed  fo r 10 s.
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F igures 12 an d  13 show  th e  changes in  th e  am o u n ts  of CO an d  C O „ 
respective ly , fo rm ed  b y  th e  arc , as fu n c tio n s of th e  average  cu rren t o f th e  arc . 
H ere too  in  b o th  cases th e  g rea te r re a c tio n  w as observed  w ith  th e  sam ple  
connected  as anode (curve a), ra th e r  th a n  w ith  ca th o d ic  ex c ita tio n  (cu rve  c), 
because o f th e  s tro n g er h ea tin g -u p  o f th e  anode. A t h ig h er cu rren ts  th e  cu rves 
show ing th e  CO p ro d u c tio n  ex h ib it s a tu ra tio n  m ore w eak ly ; in  th e  case o f th e

Fig. 12. Change in  the quantity  o f CO produced w ith  the current 10 s; a: anodic, c: i-ati о i
excitation

Fig. 13. Change in  the quantity o f C 02 produced w ith  the current 10 s; a: anodic, c: cathodic
excitation
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C 0 2 curves th e  s a tu ra tio n  is m ore m a rk e d . T he g rea t s im ila rity  to  th e  cu rve  
o b ta in ed  b y  th e  change of th e  b u rn in g  tim e  o f th e  arc, p re sen ted  in  F ig . 2, 
is p a r tic u la rly  s tr ik in g  for th e  cu rve  o b ta in e d  b y  anodic ex c ita tio n  o f th e  sam ple  
a n d  dep ic ting  th e  change of th e  q u a n t i ty  o f  C 0 2. T he electric  w o rk  o f th e  arc  
is g iven b y  th e  p ro d u c t of th e  a rc  v o lta g e , th e  c u rren t a n d  th e  b u rn in g  
tim e . A ssum ing id en tica l arc  v o lta g e  a n d  tu rn in g  to  tim e  X cu rre n t p lo ts , 
th e  curves of th e  c u rre n t dependence  an d  th e  b u rn in g  tim e  dependence 
c a n  also be co m p ared  d irec tly  [7]. T h e  re su lt  o f th e  com parison  is ev idence 
o f  w h a t a la rge  ro le  is p lay ed  b y  th e  ra t io  o f  th e  h ea tin g  an d  cooling ra te s  o f 
th e  electrodes in  th e  chem ical side-processes o f th e  arc. T he co n tin u o u s line 
a n d  th e  dashed  line  in  F ig . 14 show  th e  changes in  th e  vo lum e o f C 0 2 o b ta in ed
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F ig. 14. Change in  the qu antity  o f C 02 obtained  w ith  the same electric work. Continuous line: 
burning tim e dependence; dashed line: current strength dependence; o: anodic, c: cathodic

excitation

b y  v a ry in g  th e  b u rn in g  tim e  of th e  a rc  a n d  th e  c u rren t resp ec tiv e ly , b u t  w ith  
th e  sam e electric w ork . I t  can  be c lea rly  seen from  th e  F ig u re  t h a t  in itia lly  
on  chang ing  of th e  b u rn in g  tim e  th e  cu rv e  o b ta in ed  b y  anodic  ex c ita tio n  of 
th e  sam ple for a sh o rte r  tim e  (2 — 5 s) b u t  w ith  a la rg e r c u rren t (7 A) rises m ore 
ra p id ly  th a n  th a t  o b ta in ed  on th e  ch an g e  o f th e  cu rren t w ith  ex c ita tio n  of 
th e  sam e w ork an d  p o la rity , b u t  w ith  a low er c u rren t an d  m ore  p ro tra c te d  
in  tim e . T hus, in  th e  case of th e  m ore  co n c e n tra ted  tra n sfe r  o f th e  elec tric  
en e rg y  fed in to  th e  a rc  gap, th e  e lec tro d e  h e a ts  up  m ore rap id ly  an d  th e  m a te ­
r ia l p acked  in to  th e  boring  in  th e  e lec tro d e  also undergoes m ore  reac tio n . 
H ow ever, th e  h ig h er va lues acco rd ing ly  e x h ib it an  inverse p ro p o rtio n , since 
on  b u rn in g  of th e  7 A  arc for 15 s, fo r  ex am p le , th e re  is m ore tim e  for cooling
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of th e  e lectrode th a n  d u rin g  th e  b u rn in g  of th e  10 A  arc fo r th e  sh o rte r tim e  
of 10 s, even  th o u g h  th e  e lec tric  w ork  is a lm ost th e  sam e. N a tu ra lly , th e  tw o 
curves in te rse c t each o th e r  a t  th e  com m on value o f 7 A an d  10 s. I n  th e  colder 
ca thode th is  effect beg ins to  a p p e a r on ly  a t  h igher e lec tric  w ork  values, because 
th e  tw o curves coincide co m p le te ly  up  to  a v a lue  o f th e  p ro d u c t I x t  o f ca. 70.

T he s itu a tio n  is th e  sam e in  th e  case of th e  CO p ro d u c tio n  to o , and  th e re ­
fore i t  is u nnecessary  to  p re se n t th is  F igure. S im ilarly  n o t show n is th e  c u rren t 
dependence of th e  sum  ( £  %) o f th e  percen tage  reac tio n s  ca lcu la ted  from  th e  
tw o ty p es  o f o x id a tio n  re a c tio n  o f ca rbon  and  re fe rred  to  th e  m ax im um  pos­
sible reac tio n  of th e  q u a n t i ty  o f m ix tu re  packed  in to  th e  b o rin g  o f th e  carrie r 
electrode.

F ig u re  15 dep ic ts th e  change of th e  vo lum e ra tio  C 0 2/C 0 , ca lcu la ted  
from  th e  m easured  q u a n titie s  of C 0 2 and  CO, as a fu n c tio n  of th e  c u rre n t 
s tren g th . T he f irs t  h a lf  o f th e se  curves likewise resem bles th e  com plete  curves 
o b ta ined  b y  change o f th e  b u rn in g  tim e  of th e  arc  (see F ig . 5), b u t  n a tu ra lly ,

Fig. 15. Change in  the volum e ratio C02/C 0  w ith the current 10 s; a: anodic, c: cathodic ex­
citation

because of th e  tw o d iffe ren t scales, here  th ere  is com pression  in  th e  h o rizo n ta l 
d irec tion . D ue to  th e  use o f a gas flow , th e  C 0 2/CO ra tio s  a lread y  ap p ro x im ate  
to  th e  values co rresp o n d in g  to  th e  in s tan tan eo u s  a c tu a l o x id a tio n  cond itions, 
for th e  flow ing gas p re v e n ts  th e  la te r  in te rco n v ersio n  of th e  tw o  oxides of 
carbon  to  a considerab le  e x te n t. T hus, i t  can  be accep ted  as rea lis tic  th a t  th e  
in d iv id u a l ra tio  v a lues decrease w ith  increase of th e  c u rre n t above 7 A. I t  m ay  
th ere fo re  be s ta te d  th a t ,  in  th e  reactions w ith in  th e  m a te ria l o f th e  e lectrode, 
th e re  is no , or scarcely  a n y  m an ifesta tio n  of th o se  o x id a tio n  an d  red u c tio n  
tendencies [8] w hich  show  u p  in  th e  e lectrode-su rface reac tio n s , depend  on th e  
p o la rities of th e  e lec trodes, an d  are n o t th e rm a l, b u t  exclusively  electric  in
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orig in . W ith  increase  o f  th e  c u rre n t th ese  tendencies increase  p ro p o rtio n a lly , 
a n d  because of th e m  th e  re a c tio n  a t  th e  anode shou ld  sh ift in  th e  d irection  
o f  th e  ox idation  o f th e  m a te ria l o f th e  e lectrode, in  th e  p re se n t case th e  for­
m a tio n  of C 0 2. A t th e  sam e tim e , a t  th e  ca th o d e  a change shou ld  occur in  th e  
d irec tio n  of red u c tio n , or in  th e  d irec tio n  of th e  decrease o f o x id a tio n , w hich 
in  o u r case w ould sh if t th e  C 0 2/C 0  ra tio  in  fav o u r o f th e  fo rm a tio n  of CO. 
I t  c an  be seen from  th e  cu rves th a t  th e re  are no such changes here . T h e  C 0 2/C 0  
r a t io  m ain ly  varies fo r  th e rm a l reasons, in d ep en d en tly  o f w h e th e r th e  electric 
w o rk  of the  arc is v a r ie d  w ith  th e  c u rre n t or w ith  th e  b u rn in g  tim e , w hich  does 
n o t  influence th e  o x id a tio n  cond itions. T h is is also p ro o f th a t  th e  e lectrode­
su rface  reactions ta k e  p lace  in  a d iffe ren t w ay  from  th o se  w ith in  th e  m ateria l 
o f  th e  electrode.

F igure 16 illu s tra te s  th e  in te n s ity  curves of th e  copper ( Ic u b  282.4 nm  
a to m  line), o b ta in ed  b y  chan g in g  th e  c u rre n t and  F ig . 17 th e  fo rm atio n  of 
th e  spectra l c h a ra c te r  (zJYcu и, ь  Cu 237.0/282.4, va lu es  m u ltip lied  b y  100), 
w ith o u t any  fu r th e r  e x p lan a tio n . T hese curves will be req u ired  in  one of our 
la te r  pub lica tions, fo r a com parison  w ith  th e  re su lts  o f ex p erim en ts  carried  
o u t  w ith  R W  0 ca rb o n  ca rrie r  e lectrodes of a g rap h itic  n a tu re .
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F ig . 16. Change in the in ten sity  o f the Cu 282.4 nm  atom  line w ith  the current 10 s; a: a \o 1
c: cathodic excitation

Fig. 17. Change in the spectral character (A Y Cu2 3 7 .0 /2 8 8 .4) w ith  the current 10 s; a: anodic,
c: cathodic excitation
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Experim ents carried out previously in  a stationary Ar atmosphere w ith  the  
change of the ratio o f m etal oxide and carbon powder were repeated in  a flow ing Ar 
atmosphere. In  agreem ent w ith the earlier results, m axim um  reaction was obtained  
when the molar ratio  o f m etal oxide and carbon pow der lay  betw een the values o f 1 : 1 
and 2 : 1 ,  optim um  for the formation o f CO and C 02. The tw o reactions therefore pro­
ceed in parallel. From  the change in  the in tensities o f the spectral lines, the general fin d ­
ing was made th a t  in  the absence o f chem ical reactions the cathodic excitation gives 
a more intense spectrum . On the other hand, i f  a chem ical reaction accompanied b y  
heat evolution can occur in the zone o f evaporation , then the anodic excitation is the  
more intense.

I n  an  earlier p a r t  o f th is  series [1] an  acco u n t w as g iven  of th e  role o f 
th e  ra tio  of m eta l o x id e  an d  carbon  pow der in  th e  reac tio n s, an d  th e ir  effects 
on th e  spectra  w hen  a s ta tio n a ry  A r a tm o sp h ere  w as used. W hen  a flow ing  
a tm osphere  was em p lo y ed , how ever, i t  tu rn e d  o u t t h a t  fo r s tu d y  o f th e  reactions 
an d  th e ir  effects i t  is ad v an tag eo u s i f  th e  gaseous reac tio n  p ro d u c ts  form ed 
are rem oved  from  th e  en v iro n m en t o f  th e  a rc  w ith  a flow ing  a tm osphere  [2]. 
T he possib ility  of in te rco n v ersio n  o f th e  re a c tio n  p ro d u c ts  in  side reactions 
th e n  decreases, an d  th e  am ounts of ox ides o f ca rb o n  m easu red  b e tte r  re flec t 
th e  m o m en tarily  dev e lo p ed  reaction  co n d itio n s. T h e  m easu rem en ts  m ade w ith  
a s ta tio n a ry  a tm o sp h e re  w ere th ere fo re  re p e a te d , b u t  now  in  A r flow ing a t  
a ra te  o f 860 cm 3/m in . T h e  oxides o f ca rb o n  fo rm ed  as a re su lt o f th e  arc an d  
th e  sim u ltaneously  a ris in g  spectra l line  in ten s itie s  w ere m easu red  w ith  CuO +  C 
and  A120 3 +  C m ix tu re s  o f various com positions pack ed  in to  th e  borings in  
R W  I I  “ v en tila tin g ”  c a rr ie r  electrodes [3]. T h e  ca rb o n  pow der in  th e  m ix tu res 
w as a C zechoslovak p ro d u c t of ty p e  SU  —601. In  th e  ex am in a tio n s an  A. C. 
po larized  arc ig n ited  a t  a p o ten tia l m ax im u m  a n d  b u rn in g  for 10 s w ith  
a c u rre n t of 7 A w as u sed . T he d e ta iled  ex p e rim en ta l p rocedure  w as described 
earlier [3].

Acta Chim. Acad. Sei. Hung. 97, 1978



126 SZABÓ, DOBOLYI-FEJ ÉRD'Y: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, X X IX

R esults an d  discussion

E x p erim en ts  w ere f irs t  m ade w ith  carb o n  pow der a n d  th e  v e ry  reac tiv e  
CuO m ixed  in  v a rious p ro p o rtio n s. I n  accordance  w ith  p rev ious experience [1], 
th e  h o rizo n ta l axis is n u m b ered  in  tw o  d irec tions: O n th e  le ft-h an d  side o f  th e  
F ig u re s  th e  n u m b er o f  m oles of CuO in  th e  m ix tu re  pack ed  in to  th e  boring  
in c reases  from  le ft to  r ig h t up  to  a m ole ra tio  of 1 : 1, w hile on th e  r ig h t-h a n d  
side  o f th e  F igures th e  n u m b er of m oles o f  carbon  pow der increases from  rig h t 
to  le f t . T he reason fo r th is  is th a t  th e  p ro d u c tio n  of ca rbon  m onoxide is re g u la t­
ed  b y  th e  c o n s titu e n t p resen t in  low er am o u n t in  th e  m ix tu re : th e  a m o u n t 
o f  CO produced  th eo re tica lly  increases lin ea rly  w ith  th e  q u a n ti ty  o f th is  com ­
p o n e n t up  to  a m ole ra tio  of 1 : 1. T h is is show n b y  th e  con tinuous line re la tin g  
to  CO in  Fig. 1. T h e  isosceles trian g le  sh ap e  was o b ta in ed  b y  ca lcu la tin g  from

m CuO ----- »- | —----- m C mol*104

Fig. 1. M axim um  possible reaction calculated for the CuO +  C m ixtures taken

th e  am o u n t of su b stan ce  p acked  in to  th e  borings in  th e  ca rrie r e lec trodes how  
m u c h  CO w ould be fo rm ed  if  th e  CuO or th e  C w ere to  re a c t co m p le te ly  as a 
re s u lt  o f the  arc an d  if  CO w ere th e  on ly  p ro d u c t o f th e  reac tio n . T he dashed  
lin e  re la tin g  to  C 0 2 sim ilarly  show s th e  values ca lcu la ted  on th e  assu m p tio n  
t h a t  only C 0 2 w ould  be form ed in  th e  arc. The peak  of th e  d is to rte d  trian g le  
sh a p e d  plo t is n a tu ra lly  a t  a C : CuO m ole ra tio  of 1 : 2 in  accordance  w ith  th e  
com position  of C 0 2.

Figures 2 an d  3 show  th e  q u a n titie s  of CO an d  C 0 2 m easu red  ex p eri­
m e n ta lly  as fu n c tio n s of th e  co m position  of th e  m ix tu re . I f  these  cu rves are 
co m p ared  w ith  th o se  o b ta in ed  in  a s ta tio n a ry  A r a tm o sp h ere  (F igs 2 and  3 
in  [1]), a slight difference can be observed . One is th a t  th e  flow ing  gas causes 
th e  position  of th e  m ax im um  in  th e  curves a ob ta in ed  w ith  anodic  ex c ita tio n  
to  sh ift sligh tly  to  th e  le ft. This change m igh t be considered  an  ex p erim en ta l 
e r ro r  if  th e  sh ift to  th e  left of th e  m ax im um  in th e  curves c o b ta in e d  w ith
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F ig . 2. Measured quantities o f  CO as a function o f the com position of the CuO 1- C m ixture;
a: anodic, c: cathodic excitation

ca th o d ic  ex c ita tio n  w ere n o t so p ronounced  th a t  i t  s tro n g ly  suggests th a t  i t  is 
so in  th e  anodic case too . H ere  too , how ever, th e  positions of th e  m ax im a lie 
b e tw een  th e  m ole ra tio  m ix tu re  com positions of 1 : 1 an d  1 : 2 w hich  are o p ti­
m u m  fo r th e  fo rm a tio n  of CO and  C 0 2. T his co rresponds to  th e  ad d itio n  of th e  
cu rves of F ig . 1 to  each  ö fter. T he u p p er b re a k -p o in ts  o f th e  re su lting  curve 
are ro u n d ed  off, how ever, for th e  tw o reac tio n s are  n o t in d ep en d en t of one 
a n o th e r :  th e  carb o n  is a re a c ta n t com m on to  b o th . T h e  tw o  reac tio n s therefo re  
p ro ceed  in  p ara lle l, a t  d iffe ren t sites to  a c e r ta in  e x te n t [4], b u t  th e y  never­
th e less  com pete  for u tiliz a tio n  of th e  m a te ria l necessary  fo r th e  reac tion .

T he change in  th e  ra tio  C 0 2/C 0  form ed from  th e  m easu red  volum es of 
C 0 2 a n d  CO can  he seen in  F ig . 4 as a fu n c tio n  o f th e  com position  of th e  pow der 
m ix tu re . W ith  increasing  o x id an t co n ten ts o f th e  m ix tu re , i.e. w ith  increasing

Fig. 3. M easured quantities o f  C 02 as a function of the com position of the CuO +  C m ixture;
o: anodic, c: cathodic excitation
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F ig. 4 . Change of the volum e ratio C 02/C 0  w ith  the com position of the CuO +  C mixture:
a: anodic, c: cathodic excitation

a m o u n ts  of CuO, th e  curves o b ta in ed  w ith  e x c ita tio n w ith  b o th  ty p e s  o f p o la r ­
i ty  rise  m arked ly , in d ica tin g  th e  sh if t of th e  o x id a tio n -red u c tio n  co n d itions 
in  th e  d irection  of o x id a tio n . H ere , how ever, th e  cu rv e  re la tin g  to  ca th o d ic  
e x c ita tio n  is s itu a ted  h igher in  com parison  to  th e  ano d ic  one in  a m a n n e r 
c h a ra c te ris tic  of th e  re la tiv e ly  low  c u rre n t an d  th e  flow ing  A r a tm o sp h ere . 
I n  accordance w ith  th e  fin d in g s connected  w ith  th e  ro le of th e  flow  ra te  [2], 
as a  re su lt of th e  flow ing  gas th e  C 0 2/C 0  ra tio s  increase  co m p ared  to  those  
o b se rv ed  in  a s ta tio n a ry  a tm o sp h ere , in  favour of th e  fo rm a tio n  o f C 0 2.

T h e  ca lcu la ted  an d  sum m ed C 0 2 an d  CO resu lts  (27 %) as p e rcen tag es  of 
th e  m ax im um  th eo re tica lly  possib le reac tio n , based  on th e  am o u n ts  o f pow der 
m ix tu re  packed  in to  th e  b o ring  in  th e  elec trode , are show n in  F ig . 5. T he effect 
o f  th e  flow ing of th e  gas a tm o sp h ere  n a tu ra lly  appears in  th e se  too . T h e  course 
o f  th e  curve ob ta in ed  w ith  ca rrie r electrodes co nnec ted  as ca th o d e  is v e ry  
s im ila r to  th a t  re la tin g  to  th e  s ta tio n a ry  a tm osphere . H ow ever, th e  curve 
o b ta in e d  w ith  anodic ex c ita tio n , w hich  p roduces m ore oxides o f ca rb o n , shows 
m ore  clear-cu t cond itions th a n  found  w ith  a s ta tio n a ry  a tm o sp h ere . H ere  too  
th e  basic  course of th e  com bined  reac tio n s , e v a lu a ted  percen tagew ise , is an  
a sy m p to tica lly  falling  one, b u t  in  th e  anodic case th is  is associa ted  w ith  a 
m ax im u m  due to  th e  increased  reac tio n . T he falling  c h a ra c te r  o f th e  curves 
cou ld  he well exp la ined  b y  th e  fa c t [1] th a t  w ith  th e  decrease of th e  p ro p o rtio n  
o f  ca rb o n  pow der, i.e. w ith  increasing  CuO co n ten t, th e  e lec trode  te m p e ra tu re  
develop ing  during  th e  b u rn in g  o f  th e  arc is increasin g ly  low er. T h e  curve

Acta Chim. Acad. Sei. Hung. 97, 1978



SZABÓ, DOBOLYI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXIX 129

Fig. 5. Combined percentage evaluation o f the two reactions. CuO 4- C m ixtures; a: anodic,
c: cathodic excitation '  ' 5B

4 ________
o b ta in ed  w ith  ca th o d ic  ex c ita tio n , w hich  has a sim p ler course, is v e ry  rem in is­
cen t o f th e  in te n s ity  vs. ro ta tio n  r a te  curves o b ta in ed  w ith  ro ta te d  m eta llic  
alum in ium  electrodes [5]. T here th e  b u rn in g  o f th e  arc  a t  ever colder sites an d  
th e  decreasing e x te n t of ev ap o ra tio n  and  re a c tio n  re su lted  from  th e  increasing  
ra te  o f ro ta tio n  o f th e  cy lindrica l a lum in ium  e lec trode , w hile here  th e y  are 
caused  b y  th e  ch an g e  in  th e  com position  o f th e  m ix tu re  an d  hence b y  th e  
m eta llic  copper fo rm ed  in  ever g re a te r  am o u n t. I t  h as  been seen th a t  th e re  is 
a v e ry  close connec tion  betw een  th e  ev ap o ra tio n  an d  ex c ita tio n  in  th e  arc and  
th e  exo therm ic  chem ical reac tio n  [6], and  th u s  th e  decisive role of th e  h ea tin g  
an d  cooling cond itions is p roved  h e re  too.

T he change in  in te n s ity  of th e  282.4 n m  a to m  line of Cu (Icu i), w ith  
w hich th e  change in  th e  ev ap o ra tio n  of th e  sam ple  is u su a lly  charac terized , 
is likew ise sim ilar to  t h a t  o b ta in e d  w ith  a  s ta tio n a ry  a tm osphere  (F ig. 6), 
ex cep t th a t  th e  ab so lu te  values of th e  ex p erim en ta l p o in ts  com prising  th e  curve 
are  la rger. W ith  th e  increasing  CuO co n ten t o f th e  sam ple an d  th e  accom pany­
ing  increasing  re a c tio n , here  to o  in itia lly  th e re  is an  increase in  th e  q u a n tity  
o f m e ta l ev ap o ra ted  an d  excited , b u t  la te r  th e  e ffec t in  th e  opposite  d irec tion  
o f th e  physical p ro p e rtie s  of th e  p o w d er charge , w hich  differ m ore an d  m ore 
from  th o se  of ca rb o n , fa r  exceeds th e  effect o f th is  increase. T he in tensities 
increase com pared  to  th o se  observed  in  th e  s ta t io n a ry  a tm osphere  m ain ly  a t 
th e  beginning of th e  cu rve . T his show s th a t  th e  effect o f th e  gas flow  in  cooling 
th e  electrode does n o t  p la y  a su b s ta n tia l ro le here . I t  appears m ore essen tia l 
th a n  th is  th a t  th e  gases form ed are  rem oved  from  th e  en v iro n m en t of th e  elec­
tro d e  and  th e  p lasm a . T here  m ay  th u s  be a s lig h t increase  in  th e  reac tio n  and  
also in  its  effect en h an c in g  th e  ev ap o ra tio n . A t th e  sam e tim e , th e re  m ay  be 
a  s ign ifican t increase in  th e  p ro p o rtio n  of e x c ita tio n  of th e  m e ta l v ap o u r too , 
because of th e  changes in  th e  com position  of th e  p lasm a . T he curves connecting  
th e  experim en ta l p o in ts  w ith  d ash ed  lines in  th e  F ig u re  reveal th e  g rea te r 
f lu c tu a tio n  of th e  in te n s ity  d a ta .
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F ig . 6. Change in  in tensity  o f  the Cu 282.4 nm  atom  line w ith  the com position o f the m ixture;
a: anodic, c: cathodic excitation

T he v a ria tio n s  in  th e  e v a p o ra tio n  an d  hence th e  average p la sm a  te m p e ­
r a tu re  are  also in d ica ted  b y  th e  sp e c tra l c h a ra c te r  curves (ZlYcu ц, i) (Fig- 7), 
c o n s tru c te d  from  th e  ra tio s  o f th e  in ten sitie s  (m u ltip lied  b y  100) o f  th e  Cu 
237.0  nm  ion line an d  th e  p rev ious a to m  line. T he m in im a of th ese  cu rves are 
s im ila rly  sh ifted  to  th e  f irs t  h a lf  o f th e  curves, i.e. to  w here th e  ev ap o ra tio n  
a n d  th e  p lasm a cooling effect of th e  m e ta l v ap o u r are  th e  h ighest.

F o r com parison, m easu rem en ts  w ere also m ade w ith  pow der m ix tu res  
o f  A120 3 +  C in  v a rious p ro p o rtio n s , w ith  th e  sam e ex c ita tio n  p a ra m e te rs  as 
p rev io u sly . As earlier [2], th ese  m ix tu re s  w ere p rep ared  b y  d iv id in g  th e  fo r­
m u la  w eight o f A120 3 b y  th ree , th e  n u m b er of oxygen  atom s in  i t ,  a n d  m ixing 
th e  A120 3 w ith  th e  ca rb o n  pow der on th is  basis. In  effect, th ere fo re , th e  n um ber

F ig . 7. Change of the spectral character (A Y Cn 2 3 7 .0 /2 8 2 .4 ) w ith  the com position of the m ixture;
a: anodic, c: cathodic excitation
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o f m oles o f A120 3 ta k e n  in  th e  boring  in  th e  ca rrie r e lec trode  w as ca lcu la ted  
as oxygen eq u iv a len ts . T he “ m  1/3 A 1,03”  on th e  h o riz o n ta l axis of th e  su b ­
sequen t F igures m eans these  oxygen eq u iva len ts. N a tu ra lly , v e ry  sm all a- 
m oun ts of oxides o f carbon  were o b ta in ed  in  th e  gas-p roducing  reactions. T he 
q u a n tity  of C 0 2 m easured  varies w ith  th e  am o u n t o f m e ta l oxide accord ing  
to  a m ild  m in im um  curve  (F ig. 8), w hile th e  curves fo r CO ex h ib it a m ild  
m ax im um  (F ig . 9). T h e  shapes of th ese  la t te r  curves b y  an d  large correspond 
to  those  of th e  sim ilar curves o b ta in ed  w ith  a s ta tio n a ry  A r atm osphere , b u t  
th e  flow ing of th e  gas leads to  a decrease of a b o u t 50 % in  th e  m easured  am o u n ts  
o f  CO. A t th e  sam e tim e , th e  am o u n ts  of C 0 2 increase to  w ell-m easurab le

0.5
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О  
О

о
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F ig. 8 . Measured quantities of C02 as a function of the com position o f the A120 3 +  C m ixture;
a: anodic, c: cathodic excitation
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F ig. 9. Measured quantities o f  CO as a function of the com position o f the A120 3 +  C m ixture;
a: anodic, c: cathodic excitation

q u an titie s . These changes agree in  ten d en cy  w ith  tho se  d iscussed earlier in  
con n ec tio n  w ith  CuO +  C pow der m ix tu res . H ere th e  second reac tio n  zone [4], 
th e  b u lk  of th e  e lectrode filling , in  w hich a la rger q u a n ti ty  of th e  C 0 2 w ould  
be form ed, does n o t develop in  th e  low er p a rts  of th e  bo ring  in  th e  carrie r 
e lec trode , and  th u s  th e  A120 3 decom poses only  in  th e  b u rn in g  spo t o f th e  arc 
an d  its  im m ed ia te  v ic in ity . T he oxygen th e n  released m ay  re a c t w ith  th e  ev ap ­
o ra ted  carbon  in  th e  co lder p lasm a zones, giving C 0 2 an d  CO in  paralle l. T he 
flow  o f th e  gas has scarcely  an y  effect on th e  te m p e ra tu re  o f th e  bu rn in g  spo t 
o f th e  arc. I t  is p roved , therefo re , th a t  in  th e  case o f th e  CuO +  C m ix tu res 
to o  th e  increase in  th e  C 0 2/C 0  ra tio  as a consequence o f th e  flow ing of th e  gas 
is  caused  b y  p lasm a processes, an d  m ore concre te ly  b y  th e  reac tio n  C 0 2 +  C =
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=  2 CO. H ow ever, th e  oppo site  shapes o f th e  CO and  C 0 2 curves m ean  th e  
d ecrease  of the  te m p e ra tu re  o f th e  b u rn in g  spo t w ith  th e  com position  of th e  
m ix tu re , h u t  a t th e  sam e tim e  an  ever la rg e r am o u n t of re ac tiv e  oxygen  form ed 
b y  decom position .

W h en  th e  m easu red  oxides o f ca rb o n  are  p lo tte d  to g e th e r  as percen tages 
o f th e  m axim um  possib le  reac tio n  ca lcu la ted  from  th e  a m o u n t o f m ix tu re  
p a c k e d  in to  th e  boring  o f  th e  e lectrode (27 %), a sy m p to tica lly -fa llin g  curves are 
o b ta in e d  here too (F ig . 10). These d id  n o t give ad d itio n a l in fo rm a tio n , b u t  th e y  
d id  su p p o rt our earlier concep tions w ith  new  d a ta .
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F ig. 10. Percentage evaluation  of the two reactions. A120 3 +  C m ixtures; a: anodic, c: cathodic
excitation

T he change in  in te n s ity  of th e  A1 305.0 nm  atom  line ( IAi j) as a fu n c tio n  
o f th e  com position of th e  pow der m ix tu re  is p resen ted  in  F ig . 11. I n  th e  absence 
o f  chem ical reac tions, or because o f th e ir  insign ificance, h ere  to o  th e  curve 
o b ta in e d  w ith  ca th o d ic  ex c ita tio n  d isp lays h igher sp ec tra l line  in ten sitie s  th a n  
in  th e  anodic case, s im ila rly  as w as fo u n d  in  th e  s tu d y  o f p u re  m eta ls  in  an  
in a c tiv e  atm osphere [7, 8]. I n  general, th ere fo re , i t  m ay  be said  th a t  i f  an  exo­
th e rm ic  reaction  ta k e s  p lace  in  th e  zone of ev ap o ra tio n  or its  v ic in ity , no m a tte r  
w h e th e r  th is  be an  e lec trode-su rface  reac tio n  [9] or a re a c tio n  w ith in  th e  su b ­
s ta n c e  of th e  e lectrode, as a consequence th e  ev ap o ra tio n  w ill increase. As th is  
e ffec t is th e  larger on anod ic  ex c ita tio n  in  th e  case o f p u re  m eta ls  or pow der 
m ix tu re s  packed in to  th e  b o ring  in  an  R W  I I  ca rrie r e lectrode, th e  anodic 
e x c ita tio n  gives a sp e c tru m  o f h ig h er in te n s ity  th a n  in  th e  ca th o d ic  case. 
I f  th e re  is no such re a c tio n , ex c ita tio n  o f th e  sam ple as ca th o d e  is th e  m ore 
in te n se  [10].

Acta Chim. Acad. Sei. Hung. 97, 1978



SZABÓ, DOBOI.YI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, X X IX  133

m 1 /3 Al203—»-| ——  m C moUIO1-

Fig. 11. Change in  in ten sity  o f the A1 305.0 m n atom  line w ith  the com position o f the m ixture;
a: anodic, c: cathodic excitation

A  s tu d y  w as also m ade of how  th e  change in  th e  ev ap o ra tio n  an d  exci­
ta t io n  cond itions affects th e  in te n s ity  o f a sp ec tra l line of d iffe ren t e x c ita tio n  
energy , b u t  sim ilarly  of a tom  origin. T h e  change in  in te n s ity  of th e  A1 308.2 n m  
a to m  line  as a fu n c tio n  of the  com p o sitio n  o f th e  A 1,03 +  C pow der m ix tu re  
is show n in  Fig. 12. T he excita tion  p o te n tia l  o f th is  line is only  4.02 eV, w hereas 
th a t  o f th e  p rev iously  used  A1 305.0 n m  line is 7.65 eV. T he courses of th e  tw o 
curves a re  b y  an d  la rg e  th e  same, b u t  th e  m ag n itu d es  of th e  m easu red  v a lu es  
differ. T h u s , w ith  b o th  curves it  is possib le  to  follow th e  ten d en cy  to  change 
of th e  e v a p o ra tio n  o f  th e  sam ple, a lth o u g h  th e  ra tio  of th e  in ten sitie s  o f th e  
tw o lines varies to  a ce rta in  ex ten t w ith  th e  com position  of th e  m ix tu re . I t  is 
im p o r ta n t  to  s ta te  th is , as in ce rta in  su b se q u e n t experim ents th e  in te n s ity  of 
th e  sp e c tru m  o f th e  a lum inium  w as so sm all th a t  only th e  m ore in ten se  A1 
308.2 n m  line could  be m easured.

C om pared  to  th o se  obtained in  th e  ex p erim en ts  w ith  a s ta tio n a ry  a tm o s­
phere  [1], th e  m ax im a  in  the  curves p re se n te d  in  b o th  la t te r  F igures occur 
earlie r, to w ard s low er m e ta l oxide c o n te n ts . A  ro le m ay be p layed  here  b y  th e  
fac t t h a t  th e  flow ing  gas also rem oves th e  m e ta l v ap o u r from  th e  cell, a n d  
hence i t  can  n o t accu m u la te  there .

T h e  sp ec tra l ch a ra c te r  curves fo rm ed  w ith  th e  given A1 281.6 n m  io n  
line re fe rred  to  th e  A1 305.0 nm  and  A1 308.2 n m  atom  lines are show n in  F igs 
13 an d  14, resp ec tiv e ly  (values m u ltip lie d  b y  100). W hile th e  values re fe rred  
to  th e  A1 305.0 nm  line give the ex p ec ted  cu rves con ta in ing  a m in im um , th o se
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F ig. 12. Change in in ten sity  o f the A1 308.2 nm  atom  line w ith  the com position of the m ixture!
a: anodic, c: cathodic excitation

re fe rred  to  th e  A1 308.2 n m  line give v ir tu a lly  s tra ig h t lines; th e  la t te r  a t  m o st 
s lig h tly  rise and  do n o t show fa ith fu lly  th e  ex p ec ted  change in  th e  p la sm a  
cond itio n s. H ere to o , therefo re , i t  p ro v e d  n ecessary  to  deal carefu lly  w ith  th e  
ch an g e  in  the  sp e c tra l ch a rac te r, fo r a lth o u g h  th is  is co rre la ted  w ith  th e  average  
te m p e ra tu re  of th e  p lasm a , i t  is o ften  n o t p ro p o rtio n a l to  it.

Fig. 13. Change of the spectral character (d  УА| 381_67 306Л)) w ith  the com position of the m ixture;
a: anodic, c: cathodic excitation
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Fig. 14. Change of the spectral character (А У д 1 28иб/308 2) w ith the com position of the m ixture;
a: anodic, c: cathodic excitation

Sim ilarly  as for th e  s ta tio n a ry  A r a tm osphere , th e  tren d s  in  th e  f lu c ­
tu a tio n s  o f th e  sp ec tra l-analysis  d a ta  a n d  th e  gas-analysis d a ta  ch a rac te ris tic  
o f th e  chem ical reac tio n s in  th e  case o f CuO +  C_ m ix tu res w ere com pared  w hen  
a flow ing  A r a tm osphere  w as used. As done prev iously  [1], th e  para lle l gas 
analysis resu lts  re la tin g  to  th e  in d iv id u a l exp erim en ta l p o in ts  w ere a rran g ed  
in  increasing  sequence an d  th e  sp ec tra l line in tensities m easured  in  th e  sam e 
ex p erim en ts  w ere w ritte n  beside th em . W h en  th e  q u a n titie s  of CO an d  C 0 2 
evo lved  w ere m easured  on anodic an d  ca th o d ic  ex c ita tio n  of th e  sam ple, w ith  
7 d iffe ren t pow der com positions, 28 d a ta  series pa irs w ere o b ta in ed . A n in sp ec­
tio n  w as n e x t m ade of th e  n u m b er of cases in  w hich th e  sp ec tra l line in ten sitie s  
u n am b ig u o u sly  increase to g e th e r w ith  th e  gas-analysis va lues. A greem ent 
w as d en o ted  b y  th e  sym bol “  +  th e  sym bol “ 0”  w as g iven if  th e  ten d en cy  
betw een  th e  tw o ty p es  o f f lu c tu a tio n  could  n o t be d iscerned; an d  th e  sym bol 
“  — ”  w as g iven w hen  th e  sp ec tra l line in ten s itie s  varied  in  ex ac tly  th e  opposite  
m an n e r in  com parison  to  th e  gas-analysis re su lts . T he resu lts  are lis ted  in  
T ab le  1. As reg a rd s th e  28 d a ta  series ex am ined , in  15 cases here  th e  changes

Table I

Comparison o f  the fluctuation  trends o f  the gas-analysis and spectral data 

+ :  agreem ent; 0: no discernible tendency; —: opposite changes

Mole fraction  o f CuO

Excitation 1.0 0.75 0.60 0.50 0.13 0.07 0.03

CO COa CO CO, CO CO, CO CO, CO CO, CO CO, CO CO,

Anodic + + + - + + 0 0 + 0 + 0 + +

Cathodic - + 0 + 0 + + - 0 0 0 + + 0

w ere in  th e  sam e d irec tion , in  10 cases th e re  w as no c lear-cu t connection , an d  
in  on ly  3 cases w ere th e  changes in  opposite  d irections. O n average, th ere fo re ,
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th e  co rre la tion  o f th e  chem ical reac tio n s  a n d  th e  sp ec tra l line in ten sities  can 
h e  observed  in  a f lo w in g  gas a tm o sp h ere  too .
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The roles o f  th e  reactivities o f m eta l oxides in m ixtures w ith  carbon pow der  
displayed both  in  their reactions and in  the effects o f the reactions on the results o f 
spectral analysis. In  th e  case of the m ore reactive m etal oxides the difference betw een  
the heat of oxidation  o f the carbon and the heat o f decom position of the m etal oxide is  
liberated as a result o f  the burning of the arc, and heats up th e  m ixture further. Because  
o f th is, the reaction  itse lf is enhanced and the spectral line intensities also increase. 
From  the results o f  th e  exam inations conclusions could he drawn w ith regard to  the  
reactions occurring, to  their sequence and to  their location.

W e have  a lre a d y  d e a lt w ith  th e  ro les o f th e  re a c tiv itie s  of m eta l oxides 
in  th e ir  m ix tu res  w ith  ca rb o n  pow der, in  th e  reac tio n  p ro d u c in g  CO in  th e  arc  
in  a s ta tio n a ry  A r a tm o sp h e re  [1]. T h is ro le  w as also d isp lay ed  in  th e  exam ined  
reac tio n s in  a flow ing  A r atm osphere, w h en  m ix tu res  o f CuO or Ala0 3 in  v a rio u s 
p ro p o rtio n s w ith  c a rb o n  pow der w ere co m p ared  in  b e h a v io u r [2]. F ro m  th e  
re su lts  o f re a c tiv ity  exam in a tio n s in  a s ta tio n a ry  A r a tm o sp h ere  i t  em erged  
th a t  th e  fo rm atio n  o f C 0 2 plays a decisive ro le in  th e  reac tio n s, a lthough  th e re  
on ly  th e  q u an titie s  o f  CO form ed as a re s u lt  o f th e  arc w ere  m easured  as a fu n c ­
tio n  o f th e  ra c tiv itie s  o f  th e  m etal ox ides. I n  a s tu d y  o f  th e  behaviours o f 20 
d iffe ren t m e ta l oxides, i t  w as found t h a t  m ore  CO is fo rm ed  as a consequence 
o f th e  arc  if  th e  h e a t o f  fo rm ation  o f th e  m e ta l oxide re fe rred  to  one a to m  o f 
b o u n d  oxygen  (c h a rac te ris tic  of its  s ta b il i ty  an d  hence o f  i ts  reac tiv ity ) is less 
th a n  ca. —50 kca l/m o le , i.e. if  th e  m e ta l oxides a re  less stab le  com pounds 
th a n  C 0 2. T he h e a t o f  fo rm a tio n  of C 0 2 re fe rred  to  one a to m  of bound oxygen , 
— 48 kcal/m ole, agrees fa irly  well w ith  th e  above v a lu e , an d  th u s  carb o n  is 
able to  e x tra c t oxygen  from  less s tab le  m e ta l oxides. T h e  m easured  CO q u a n ­
titie s  also began  to  in c rea se  more ra p id ly  a ro u n d  th is  v a lu e . H ow ever, th e  CO 
values d id  n o t give a  sing le definite c u rv e  as a fu n c tio n  o f  th e  hea ts  of fo rm a ­
tio n  of th e  m e ta l ox ides. T he CO volum es m easu red  w ith  m ix tu re s  of th e  v a rio u s  
m e ta l oxides w ith  c a rb o n  exhib ited  a n  ap p rec iab le  s c a tte r , an d  th e  above con-
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e lusion  could  be d raw n  only  on th e  basis  o f  th e  course of th e  cu rve  con n ec tin g  
th e  average  values. T h e  cause o f th e  la rg e  flu c tu a tio n  of th e  v a lu es  was co n sid ­
e red  to  be  th a t  w ith  th e  in d iv id u a l m e ta l oxide and  carb o n  pow der m ix tu re s  
th e  b u rn in g  of th e  arc  led  to  th e  m a te r ia l p ack ed  in to  th e  b o rin g  in  th e  ca rr ie r  
e lec tro d e  being e jec ted  to  d ifferen t e x te n ts . M ateria l fa lling  to  th e  b o tto m  o f 
th e  gas cell d id  n o t ta k e  p a r t  in  th e  re a c tio n , while th a t  w h ich  w as sp ray ed  
in to  th e  p lasm a resu lted  in  m ore CO b e in g  produced  th a n  ex p ec ted  in  th e  
p la sm a  reac tio n . A ccord ingly , here  ex p erim en ts  were m ade on ly  w ith  th o se  
m e ta l oxides w hich go t sp ilt to  m erely  a v e ry  slight e x te n t from  th e  b o rin g  
as a consequence o f th e  arc. A flow ing  A r a tm osphere  (860 cm 3/m in ) w as u sed , 
fo r  experience h ad  show n th a t  th e  m o m e n ta rily  prevailing  re a c tio n  co n d itio n s 
cou ld  be b e tte r  ap p ro x im a ted  to  w ith  th is  [3]. W e also w ished  to  m easu re  
n o t  on ly  th e  a m o u n t of CO form ed, b u t  t h a t  of C 0 2 too , a n d  th e  changes in  
in te n s i ty  of th e  sp ec tra l lines could  be fo llow ed w hen oxides o f  a given m e ta l, 
b u t  o f d ifferen t com positions, an d  th e re fo re  d ifferen t re a c tiv itie s , w ere com ­
p a re d . T he b es t m odel for th is  ap p ea red  to  be th e  th ree  ox ides of lead  [1]. 
T h e  h e a t o f oxide fo rm atio n  re ferred  to  one a to m  of b o und  oxy g en  w ere ta k e n  
as th e  basis of com parison  of th e  d iffe re n t m eta l oxides w ith  one a n o th e r. 
T hese  values w ere o b ta in ed  b y  d iv id ing  th e  h ea ts  of m olecular ox ide fo rm a tio n  
b y  th e  num bers of b o u n d  oxygen a to m s in  th e  respective com pounds. A n A. C. 
p o la rized  arc ig n ited  a t  th e  p o te n tia l m ax im u m , and  b u rn in g  for 10 s w ith  
a n  av erag e  cu rren t o f 7 A, w as used, w ith  th e  w ell-heating , R W  I I  am o rp h o u s 
ca rb o n  electrodes p roduced  b y  R in g sd o rff W erke G m bH  as a u x ilia ry  e lec trodes. 
T h e  de ta iled  w orking  p rocedure w as described  earlier [4].

138 SZABÓ, DOBOLYI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXX

R esults an d  discussion

W ith  all m e ta l oxides th e  ex am in a tio n s  w ere carried  o u t w ith  tw o d iffer­
e n t m ole frac tions of m eta l oxide ca lc u la ted  from  th e  oxygen  eq u iv a len ts . 
I n  one th e  mole frac tio n  w as 0.15, i.e. a m ix tu re  ensuring m ore  reducing  co n ­
d itio n s  because o f th e  g rea te r ca rb o n  p o w d er excess; in  th e  o th e r  i t  w as 0.6 ,
i.e. a m ild ly  oxidizing system . In  acco rd an ce  w ith  p rev ious p rac tices, th e  
ca rb o n  pow der used  in  th e  m ix tu res w as o f  ty p e  SU —601 p ro d u ced  b y  E le k tro -  
k a rb o n  T opo lcany  (C zechoslovakia). W e f i r s t  d ea lt w ith  m ix tu re s  of ca rb o n  
p o w d er w ith  th e  th re e  lead  oxides, P b O , P b 30 4 and  P b 0 2, w h ich  also g ive 
good resu lts  in  a s ta tio n a ry  A r a tm o sp h ere  [1]. R eferred  to  one a to m  of b o u n d  
oxygen , th e  reac tiv itie s  of these  in c rease  in  th e  above sequence: —52.5, 
— 43.7 an d  —33.1 keal/oxygen  eq u iv a le n t (A H  in  the  F igures).

F ig u re  1 shows th e  change o f th e  am o u n ts  of CO p ro d u ced  in  th e  a rc  
as fu n c tio n s of th ese  h ea ts  of oxide fo rm a tio n , A H . T he  F ig u re  co n ta in s  4 
cu rv es: m ix tu res  w ith  lead  oxide oxygen  equ ivalen ts n  =  0.15 and  n  =  0 .6
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Fig. 1. Change of the qu antity  o f CO produced as a function of the reactiv ity  o f the lead oxide, 
w ith  m etal oxide m ixtures o f tw o mole fractions; a: a n o d i c , c a t h o d i c  excitation

an d  -with th e  ca rr ie r  e lectrodes connected  as anode (a) an d  ca th o d e  (c). All 4 
curves rise lin ea rly  w ith  decreasing s ta b ility  of th e  lead  oxides, i.e. w ith  th e ir  
increasing  re a c tiv ity . I t  is w o rth  no tin g  th a t  th e  tw o curves ob ta ined  w ith  
th e  tw o m ix ing  p ro p o rtio n s , b u t  in  b o th  cases w ith  ca th o d ic  ex c ita tio n  of th e  
sam ples, coincide w ith in  th e  lim its of ex p erim en ta l error. I n  th e  ca th o d e  ca rr ie r  
e lectrode, w hich  rem ain s cold in  th e  arc  w ith  its  re la tiv e ly  low  average c u rre n t 
of 7 A, on ly  th e  te m p e ra tu re  of th e  im m ed ia te  en v iro n m en t of th e  b u rn in g  
sp o t o f th e  arc  is h igh  enough for th e  re a c tio n  p roducing  CO to  proceed. T he 
size of th is  zone p ro b a b ly  increases a l i t t le  i f  th e  m ix tu re  w ith  a m eta l oxide 
eq u iv a len t o f 0.15, i.e. rich e r in  carbon  pow der, is used. T h is is w hy th e  cu rve  
m easu red  w ith  th is  m ix tu re  m ay  give ju s t  as h igh values as those  o b ta in ed  
w ith  ca th o d ic  ex c ita tio n  in  th e  case of an  oxygen  eq u iv a len t o f 0.6. T he g rea te r 
a m o u n t of th e  p o o rly  th e rm a lly  co n duc ting  carb o n  pow der resu lts  in  a h igher 
b u rn in g  sp o t te m p e ra tu re , an d  th e  h e a t is localized to  a s ligh tly  la rger area .

As has a lre a d y  been  seen several tim es, on ex c ita tio n  of th e  sam ple as 
anode a la rg e r h u lk  o f th e  carrie r e lec trode  and  th e  m a te ria l filled  in  i t  is 
h ea ted  u p . H ence , th e  CO p ro d u c tio n  to o  is h igher th a n  th a t  o b ta in ed  w ith  
ca th o d ic  ex c ita tio n . T here  is also an  increase  in  th e  low er, second reac tio n  
zone [5], in  w hich  a large p a r t  of th e  C 0 2 is fo rm ed. T he zones of fo rm atio n  o f 
th e  tw o oxides o f ca rb o n  p ro b ab ly  overlap , as th e  decrease of te m p e ra tu re  
dow nw ards in  th e  ca rrie r e lectrode is co n tinuous. All th is  m u st lead  to  an  
in fluence  on th e  CO p ro d u c tio n  too. O n anodic  ex am in a tio n  of th e  sam ple , 
a su b s ta n tia l d ifference shows up  in  th e  CO p ro d u c tio n , in  fav o u r of th e  m ix ­
tu re  w ith  an  oxygen  eq u iv a len t of 0.6 (i.e. r ich e r in  m e ta l oxide), w hich p ro ­
vides th e  m ore ox id izing  conditions, com pared  to  th a t  w ith  an  eq u iv a len t 
o f 0.15. T h is s tro n g ly  suggests th a t  p a r t  of th e  p rev iously  discussed [2, 3] 
reac tio n  invo lv in g  th e  C 0 2 form ed, C 0 2 +  C =  2 CO, tak es  place in  th e  boring  
in  th e  ca rrie r e lec trode . E arlie r, i t  could be confirm ed  on ly  th a t  th is  reac tio n , 
o r p a r t  o f i t ,  occurs a t  th e  colder sites o f th e  p lasm a. H ow ever, if  m ore C 0 2 
is form ed on anod ic  ex c ita tio n , its  red u c tio n  to  CO b y  th e  carbon  pow der 
also increases.
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F igu re  2 illu s tra te s  th e  am o u n ts  o f C 0 2 p roduced  in  th e  arc  as fu n c tio n s 
o f  th e  /1Н  values re la tin g  to  th e  th re e  le ad  oxides. T h e  co m p ara tiv e ly  low er- 
te m p e ra tu re  zone of fo rm a tio n  of C 0 2 is m ore read ily  in flu en ced  b y  th e  cond i­
tio n s . M ore su b s ta n tia l d ifferences w ere fo u n d  here in  th e  fo u r cases exam ined . 
T h e  curves o b ta in ed  w ith  th e  pow der m ix tu re s  w ith  a m e ta l oxide eq u iv a len t 
o f  0.15 rise  m uch  m ore f la tly  th a n  th o se  ob ta ined  w ith  th e  m ix tu res  rich e r 
in  m e ta l oxide, and  are  a lm o st lin ea r , s im ilarly  to  th e  CO curves. B ecause 
o f  th e  m ore oxidizing cond itions en su red  b y  th e  la rg e r m e ta l oxide c o n te n t, 
th e  cu rves ob ta in ed  w ith  m ix tu re s  w ith  an  oxygen eq u iv a len t o f 0.6 are  situ -
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F ig . 2. Change of the quantity  of C 02 produced as a function of the reactiv ity  o f the lead oxide, 
w ith  m etal oxide m ixtures o f  tw o m ole fractions; a: anodic, c: cathodic excitation

a te d  h igher and  curve up w ard s s teep ly . I t  seem s th a t  th e  g rea te r  ca rbon  pow der 
excess considerab ly  represses th e  re a c tio n  b y  ensuring  m ore reducing  cond i­
tio n s . I f  th e  question  is exam ined  fro m  an o th e r aspect, th e  steep  u p w ard s 
in c lin a tio n  of th e  curves is reg a rd ed  as p rov ing  th a t  th e  g rea te r  a m o u n t of 
h e a t  o f reac tio n  lib e ra ted  in  th e  m ore ex tensive  reac tio n  is m ore effective in  
h e a tin g  u p  th e  carrie r e lectrode an d  th e  m a te ria l filled  in  i t ,  w hereby  th e  la t te r  
is s tim u la te d  to  fu r th e r  reac tio n . T h is change th erefo re  affects m ore s tro n g ly  
a la rg e r m ass of th e  sam ple, th e  second reac tio n  zone s itu a te d  m ore deep ly  
in  th e  boring  in  th e  e lectrode, w here  th e  b u lk  of th e  C 0 2 is form ed. T h is is 
w h y  th e  curves illu s tra tin g  th e  C 0 2 p ro d u c tio n  are  s teep er here.
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I t  is also w o rth  n o tin g  th a t  b o th  F ig u re s  show  th a t  th e  curves o b ta in ed  
w ith  anodic  and  c a th o d ic  excita tion  o f  th e  sam ple  are  p a ra lle l to  one a n o th e r 
for th e  m ix tu res w ith  th e  tw o d iffe ren t o x y g en  eq u iv a len ts . T h is is again  an  
in d ica tio n  th a t  th e  h e a tin g  and cooling  co n d itions, d epend ing  exclusively  on 
th e  p o la r ity  of th e  elec trodes, are decisive in  th ese  reac tio n s. A  role can n o t be 
p lay ed  here  b y  th o se  ox idation  a n d  re d u c tio n  tendencies depend ing  on th e  
p o la r ity  o f th e  e lec trodes and  the  c u rre n t, w h ich  reg u la te  th e  electrode-su rface  
reac tions. The o th e r  contro lling  fa c to r  is th e  re a c tiv ity  o f th e  system .

A ll th e  above is supported  b y  th e  C 0 2/C 0  vo lum e ra tio s  form ed from  
th ese  am o u n ts  of C 0 2 an d  CO. The tw o  cu rv e  p a irs  in  F ig . 3 in d ica te  th a t  th e  
o x id a tio n  cond itions o f  th e  system  v a r y  s tro n g ly  an d  u n am b ig u o u sly  w ith  th e  
re a c tiv ity  in  m ix tu re s  w ith  a m etal ox ide  o x ygen  eq u iv a len t o f 0.6. As reg a rd s 
th e  m ix tu res  w ith  a n  oxygen eq u iv a len t o f 0.15, th e  role o f th e  reac tiv itie s  o f 
th e  m e ta l oxides in  th e  reaction  show s u p  b e tte r  in  th e  p a r t  d a ta  p resen ted  
in  F igs 1 and  2.

T he effect o f th e  h ea t of reac tio n  lib e ra te d  is also to  be  seen in  th e  in te n ­
sities of th e  sp ec tra . F ig u re  4 shows th e  ch an g e  in  in te n s ity  o f th e  P b  324.0 n m  
a to m  line as a fu n c tio n  of A II for th e  m ix tu re s  o f th e  tw o com positions. As done 
earlie r, th e  change in  in ten s ity  of th e  a to m  line o f th e  m ain  com ponen t of th e  
sam ple w as ta k e n  as p roportional to  th e  change in  th e  ev ap o ra tio n  of th e  
sam ple. In  th e  case o f  th e  m ix tu res w ith  a m e ta l oxide m ole frac tio n  of 0.15 
th e  in te n s ity  cu rves ( I P b j) draw n fro m  th e  th re e  ex p e rim en ta l po in ts  co rre ­
spond ing  to  th e  th re e  lead  oxides a re  in it ia lly  h o rizo n ta l, an d  th e n  begin  to  
rise sligh tly . W ith  m ix tu re s  w ith  a m ole f ra c tio n  of 0.6, th e  in te n s ity  cu rves 
o b ta in ed  in itia lly  fa ll, and  then  rise. T hese  a re  v e ry  ch a rac te ris tic  for, because

Fig. 3. Change of th e  C 0 2/C 0  volume ratios as a function  of the reactiv ity  of the lead oxide, 
w ith  m etal oxide m ixtures of two m ole fractions; a: anodic, c: cathodic excitation
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0

a- 10.0

0
PbO Pb30t Pb02

F ig . 4. Change o f the in ten sity  o f the Pb 324.0 nm  atom ic line as a function  of the rea ctiv ity  
o f the lead oxide, w ith  m etal oxide m ixtures o f  tw o mole fractions; a: anodic, c: cathodic ex ­

citation

o f th e  d ifferen t eq u iv a len t w eights o f  th e  lead  oxides re fe rred  to  one a to m  of 
b o u n d  oxygen, th e  am o u n ts  of th e  m ix tu re s  th a t  can  be packed  in to  th e  b o ring  
in  th e  carrie r e lec tro d e  decrease in  th e  increasing  sequence of th e ir  re a c tiv ity  
series; indeed , in  ad d itio n  th e ir  p e rcen tag e  lead  co n ten ts  also do so. O verall, 
th e re fo re , th e re  is a decrease in  th e  a m o u n t of lead  used  in  th e  ex p erim en ts . 
T hese  d a ta  are p re sen ted  in  T ab le  I .  F ro m  th e  h igher h e a t of reac tio n  w ith  
in c reasin g  re a c tiv ity , therefo re , th e  p ro p o rtio n  of ev ap o ra tio n  of th e  sam ple  
also  increases.

Table I

Data on lead oxide mixtures taken

Sampl taken

Mixture n  =  0.15 n  =  0.6

Mixture Pb Pb Mixture Pb Pb
g % g g % g

PbO +  c 0.0435 68.3 0.0297 0.0692 89.7 0.0620
P b3o 4 +  c 0.0406 61.8 0.0251 0.0692 86.7 0.0600
P b 0 2 +  c 0.0390 51.9 0.0202 0.0674 81.2 0.0547

S u b seq u en tly , m easu rem en ts w ere m ad e  w ith  m ix tu res  of ca rbon  pow der 
w ith  a to ta l  o f e ig h t m e ta l oxides. A n a t te m p t  w as m ade to  com pare th e  re su lts  
o f  th e se  as fu n c tio n s o f th e  h eats  o f ox ide fo rm atio n  ZlH re fe rred  to  one a to m  
o f  b o u n d  oxygen. I n  order of increasin g  re a c tiv ity , th e  eigh t m e ta l oxides
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exam ined  w ere th e  follow ing: A120 3, Cr20 3, SnO ,, SnO , P bO , P b 30 4, CuO an d  
P b 0 2. One reason  for th e  selection  of th ese  w as t h a t  th e y  should  inc lude  
u n reac tiv e , m o d e ra te ly  reac tiv e  an d  v e ry  re ac tiv e  oxides. A n o th e r aspec t o f 
th e  selection , as m en tioned  earlier, w as th a t  th ese  oxides w ere those w hich  
got sp ilt to  on ly  a v e ry  sligh t e x te n t from  th e  b o rin g  of th e  carrie r e lectrode 
as a re su lt o f th e  arc  in  sim ilar experim en ts in  a s ta tio n a ry  A r a tm osphere  [1]. 
F igure  5 show s th e  volum es of CO an d  C 0 2 m easu red  w ith  a m ix tu re  w ith  
a m e ta l oxide oxygen eq u iv a len t of 0.15, an d  th e  C 0 2/C 0  vo lum etric  ra tio s  
form ed from  th e  tw o, as functions of A H . F igu re  6 dep ic ts  th e  correspond ing  
d a ta  fo r a m e ta l oxide oxygen eq u iv a len t of 0.6. T h e  role of th e  reac tiv itie s  
of th e  m e ta l oxides in  th e  reactions can  be well observed  in  b o th  F ig u res . 
S im ilarly  to  th e  CO curves o b ta in ed  w ith  a s ta tio n a ry  A r a tm osphere , th e  
curves i l lu s tra tin g  th e  q u a n titie s  of CO and  C 0 2 p ro d u ced  begin  to  rise m ore 
m arked ly  a t  a h e a t of fo rm atio n  o f ab o u t —50 kcal/m ole . T h is change is a lw ays 
la rg e r for C 0 2 th a n  for CO, and  is p a rtic u la rly  large  w ith  m ix tu res  w ith  a m ole 
frac tio n  o f 0.6. I t  m u st be tru e , therefo re , th a t  th e  re a c tiv ity  has a g rea te r  
effect p rim a rily  on th e  C 0 2 p ro d u c tio n , in  ag reem en t w ith  w h a t w as observed  
on com parison  of th e  behav iou rs of th e  th ree  oxides o f lead . I f  th is  is com pared  
w ith  th e  fa c t th a t  th e  change in  slope of th e  cu rves occurs in  th e  v ic in ity  o f 
th e  h e a t o f fo rm a tio n  of C 0 2 referred  to  one a to m  o f b o u n d  oxygen ( — 48 
kcal/m ole), i t  m ay  be s ta te s  th a t  for th e  m ore re ac tiv e  m e ta l oxides th e  deci­
sive reac tio n  is 2 MO +  C =  2 M +  C 0 2. T his is co nnec ted  to  th e  C O -producing

F ig. 5. Change of the gas analysis results as a function  of the reactiv ity  o f the m etal oxide. 
n =  0.15; a: anodic, c: cathodic excitation
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F ig . 6. Change of the gas analysis results as a function  of the reactiv ity  o f the m eta l oxide. 
n =  0.6; a: anodic, c: cathodic excitation

re a c tio n , p ro b ab ly  in  th a t  p a r t  o f th e  C 0 2 evolved decom poses a t  th e  h igher- 
te m p e ra tu re  sites, even in  th e  b o rin g  in  th e  electrode, accord ing  to  th e  reac tio n  
C 0 2 +  C =  2 CO. A t these  h ig h e r-te m p e ra tu re  sites in  th e  u p p e r  lay e rs  of 
th e  ca rrie r e lectrode, how ever, CO is fo rm ed  d irec tly  too , in  acco rdance  w ith  
th e  reac tio n  MO +  C =  M +  CO [5]. I n  th e  case of th e  m ore lab ile  m e ta l 
o x ides, th e ir  sim ple th e rm a l decom p o sitio n  m ay  also be reck o n ed  w ith . The 
o x y g en  atom s fo rm ed  in  th e  re a c tio n  MO =  M +  О m ay  s im ila rly  re a c t w ith  
th e  carbon . F in a lly , our earlier m easu rem en ts  [3] in d ica ted  t h a t  p a r t  o f th e  
C 0 2 form ed m ay  re a c t in  th e  co lder zones of th e  p lasm a w ith  th e  carb o n  
v a p o u r  a rriv ing  th e re  b y  su b lim a tio n , accord ing  to  th e  re a c tio n  C 0 2 +  C =  
=  2 CO. T his la t te r  reac tio n  could be  rep ressed  to  a large e x te n t b y  th e  flow ing 
o f  th e  gas a tm osphere . O verall, th is  series o f reactions gives q u a n titie s  o f CO 
a n d  C 0 2 m easu rab le  b y  gas analysis  m e th o d s. A s ign ifican t a m o u n t o f h ea t 
o f  reac tio n  is lib e ra ted  in  th e  re a c tio n  i f  th e  decom position  h e a t req u ired  b y  
th e  m e ta l oxide is less th a n  th e  h e a t evo lved  on th e  o x id a tio n  o f ca rbon . The 
d ifference  of th e  tw o appears as excess energy  in  th e  arc. T he d ifference of 
th e  h e a t  of reac tio n  released causes fu r th e r  h ea tin g  and  reac tio n  m ain ly  in  th e  
zone o f fo rm atio n  of C 0 2, and  th is  in flu en ces th e  ev ap o ra tio n  o f th e  sam ple 
to o . A s a re su lt o f an  arc of a g iven  c u rre n t, th e  ev ap o ra tio n  is a lw ays m ore 
e x ten s iv e  from  h o tte r  electrodes [6]. N a tu ra lly , th e  sp ec tra l line  in ten sitie s

Acta Chim. Acad. Sei. Hung. 97, 1978



SZABÓ, DOBOLYI-FEJÉRDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XX X  145

also increase  in  para lle l w ith  th e  e v a p o ra tio n . A t th e  sam e tim e , th e  oxides 
of c a rb o n  form ed d u rin g  th e  reac tio n  m a y  change th e  com position  of th e  
p la sm a  [2], w hich m ay  a ffec t th e  e x c ita tio n  processes. W e sha ll deal w ith  
th is  l a t te r  question  la te r .
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B erlin-A dlershof G D R )

R eceived October 11, 1976

The states interm ediate betw een the non-polar and the polar valence structure 
of a m eropolym ethine are sim ulated on the basis o f the MO theory by superposing a 
reaction field of increasing polarity over the m olecule. The sym m etrical state through  
which the molecule passes has all the typical features o f the ideal polym ethine state, 
such as a minimum N  -» transition energy corresponding to  the valence bond theo­
retical findings of F ö r s t e r , a m axim um  transition probability, a m axim um  я -electron  
density alternation and a m inim um  alternation of я -bond orders both in  the ground 
state  and, to a lesser degree, in  the first excited singlet state. On ligh t absorption in  the 
N  -* V1 transition the я -electron densities are extrem ely reversed in  the ideal poly­
m ethine state w hilst the changes in the я -bond orders are m inim al.

Introduction

A ccording to  F orster’s d eriv a tio n  o f 1939 [2] b ased  on th e  valence 
b o n d  (VB) th eo ry , th e  tra n s it io n  energy of th e  longest w ave len g th  ab so rp tio n

la 1c

lb

n  =  0 ,1 ,  2 . . .

X , X ' =  atom s of e lem en ts of groups IV , V or V I o f th e  periodic tab le

* Communication No. 17 on problems of solvatochrom ism ; Comm. No. 16, cf. [1]
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b a n d  o f so lvatochrom ic dyes ( 1 ) ,  X  ^  X ', is a t  a m in im um  w hen  th e  tw o  
po lyen ic  valence s tru c tu re s  la an d  l c  c o n tr ib u te  to  th e  sam e e x te n t to  th e  
m esom eric  s ta te  lb. F o r decades th is  fin d in g  h a d  been  re g a rd ed  as one of th e  
m a in  su p p o rts  of th e  resonance  th e o ry  w ith o u t a n y  specific differences h av in g  
b een  recognized b e tw een  th e  resonance  of chain -like  c o n ju g a te d  com pounds 
an d  cyclically  c o n ju g a ted  a ro m atics . I t  w as as la te  as 1966 w h en  we show ed 
[3, 4] th a t  th e  m esom eric s ta te  (lb) of h igh ly  sym m etrica l p o ly m e th in e  cyanines 
(X  =  X ' =  N R 21/2@) has u n iq u e  fea tu res  w hich  b ea r no com parison  to  tho se  
o f th e  a rom atic  s ta te . T h is h as  led  to  th e  concep t of an  id ea l po ly m eth in e  
s ta te  [3]. T yp ica l fea tu re s  o f th is  s ta te  are  h igh  resonance  (delocalization) 
energ ies com parab le  to  th o se  found  in  a rom atics, id en tica l rr-bond orders, 
a n d  stro n g ly  a lte rn a tin g  я -e lec tron  densities along th e  p o ly m eth in e  chain  
in  th e  g round s ta te . E x c ita tio n  b y  lig h t causes a m ax im um  a lte ra tio n  of th e  
я -e lec tron  d ensity  d is tr ib u tio n  a t  th e  in d iv id u a l a tom ic cen tres  an d  a m in im um  
ch an g e  in  th e  g eom etry  o f th e  m olecules in  resp ec t to  th e  я -bond  orders. 
C onnected  herew ith  is th e  v e ry  deep colour of substances in  th e  n ea rly  ideal 
p o ly m eth in e  s ta te  as co m p ared  w ith  co n ju g a ted  a rom atics or polyenes of 
co m p arab le  m olecular size, t h a t  is m ax im um  tra n s itio n  p ro b ab ilitie s  co rrespond­
in g  to  m ax im um  o sc illa to r s tre n g th s  along w ith  re la tiv e ly  long  w ave len g th  
l ig h t  abso rp tio n  [3, 4, 5].

A t f irs t these  u n iq u e  p ro p ertie s  w ere derived  em pirica lly  fo r sym m etrica l 
p o ly m eth in es  (1), X  =  X ', b ased  on th e  HM O form alism  b y  sy stem atica lly  
v a ry in g  th e  Coulom b in te g ra l va lues of th e  te rm in a l chain  a to m s, w ith  all th e  
o th e r  p a ram e te rs  rem ain in g  co n stan t. T his w ill y ield  th e  afore-m entioned  
ex trem es if  th e  C oulom b in te g ra l v a lue  is ap p ro x im a te ly  t h a t  o f a n itro g en  
a to m . In  th e  m ean tim e  F a b ia n  an d  H a r t m a n n  have show n [6, 7, 8] th a t  th e  
id ea l p o lym eth ine  s ta te  is a n ecessary  consequence of th e  HM O th eo ry , ju s t  
lik e  H iickel derived  th e  id ea  fo r th e  aro m atic  s ta te  som e 40 y ea rs  ago.

W hereas in  th e  p a s t m odels s im u la ting  th e  ideal p o ly m eth in e  s ta te  have  
a lw ays been app lied  to  sy m m etrica l m olecules (1; X  =  X ') ,  th e  form alism  
o f a so lvatochrom ic p e r tu rb a tio n  of a m olecule by  a reac tio n  fie ld  as developed 
w ith in  th e  fram ew ork  of a m ic ro s tru c tu ra l m odel of so lvatoch rom ism  [9] 
en ab les  one to  s tu d y  b y  MO m ethods th e  p ro p ertie s  of a m o lecu lar system  
w hose electronic s tru c tu re  changes from  th e  asy m m etrica l an d  nonpo lar, 
po ly en ic  s ta te  (la, X  X ') to w a id s  th e  likew ise a sy m m etrica l b u t  po lar,
po ly en ic  s ta te  (lc, X  X ') , passing  in  th e  course of i t  th ro u g h  s ta te  lb,
w hich  is sym m etrica l an d  po ly m eth in ic  in  te rm s of its  я -e lec tron  d is trib u tio n .
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P roperties o f  th e  m odel

W h en  deriv ing  th e  m ic ro s tru c tu ra l m odel o f so lvatochrom ism , th e  elec­
tr ic  p o te n tia l  d is trib u tio n  a t  th e  su rface o f  th e  m olecule is c a lcu la ted  from  th e  
“ re a l”  charge d is trib u tio n  a t  th e  atom ic  c en tre s  of a m olecule [9]. In  th e  p a r t ic ­
u la r  case o f th e  p en tam e th in em ero cy an in e  1, n — 2, X  =  N R 2, X ' =  0, 
u n d e r  s tu d y  th e  YESCF-LCAO-M O w a v e  func tions [9, 10] h av e  b een  used . 
In  a so lv en t con tinuum  th e  solu te m olecu le  creates a so lven t re a c tio n  fie ld  
<p w hich  is com m ensura te  in  size w ith  th e  ca lcu la ted  p o te n tia l a t  th e  su rface 
o f th e  m olecule. The ac tio n  of th e  so lv e n t fie ld  on th e  m olecule is inc luded  
as th e  p e r tu rb a tio n  te rm  H ' in  th e  H a m ilto n ia n  of a MO ca lcu la tio n  using  
P P P  w ave functions:

H  = Home +  H i  w h e re  H ' = X • <pLM

T h e only  p a ram e te r  a rb itra r ily  a d ju s te d  in  th e  m odel is th e  ab so lu te  
size o f  th e  p e r tu rb a tio n  te rm  H ' w hich fo r  th e  te s t  ca lcu la tions o f th e  m icro- 
s t ru c tu ra l  m odel o f so lvatochrom ism  [9] w as selected to  y ie ld  a la rg e ly  sy m ­
m e trica l yr-electron d is trib u tio n  in  th e  p e n ta m e th in e  m erocyanine a t  m ax im u m  
p e r tu rb a tio n  (A = 1), th a t  is, a p o ly m e th in ic  s tru c tu re  lb is realized .

I t  is, however, not easy to estim ate an e x a c tly  sym m etrical structure. Taking the penta­
m eth ine m erocyanine molecule 1, n =  2, X  =  N R 2, X ' =  0, as an exam ple and looking only  
a t the integral values o f the hetero atom s, we fin d  th a t both atom s have identical core integral 
values, as shown in Fig. 1, at A =  0.9 in the reaction  field  of the ground state  N  and at A =  0.47 
in  the reaction field  of the first excited singlet s ta te  Vx. This does not apply to  the m ethine  
carbon atom s, whose integral values, owing to th e  dipolar nature the m olecule are changed in  
a reverse m anner [9], meaning th a t the я -electron distribution at the m ethine atom s w ill be­
com e increasingly asym m etrical as the solvent reaction  field increases. The effect, however 
is sm all com pared w ith the relatively large changes a t the hetero atom s. I t  can be roughly esti­
m ated th a t the ideal sym m etrization o f the m olecules in  the ground state N  will occur at about 
A =  1, and in  the first excited singlet state Vt a t  about A =  0.5.

To s tu d y  all th e  in te rü ie d ia te  s ta te s  betw een  th e  valence  s tru c tu re s  
l a  — l c ,  exp la ined  a t  th e  beginning , one w ou ld  have to  increase th e  s tre n g th  
o f  th e  so lv en t in te rac tio n  above th e  sy m m e tric a l s ta te  lb .  As can  be e s tim a te d  
b y  e x tra p o la tio n  of th e  h e te ro  a tom  in te g ra l  values for th e  reac tio n  f ie ld  in  
th e  g ro u n d  s ta te  N  w ith  reference to  F ig . 1, th e  po lar s ta te  l c  w hich is a n a l­
ogous to  l a  w ould h y p o th e tic a lly  he re a c h e d  a t  a value of X of 1.8. T h e  p a ra -  
m e tr iz a tio n  of th is  s ta te  corresponds, h o w ev er, in  princip le w ith  th a t  in  th e  
re a c tio n  fie ld  of th e  f irs t excited  singlet s ta te  V x a t a /-v a lu e  o f 0.9 (cf. F ig . 1). 
T h a t  m ean s, using th e  calcu la tions in  th e  reac tio n  field  o f th e  f irs t  ex c ited  
sing le t s ta te  betw een  X =  0 and  X =  1, i t  is possible to  com ple te ly  s im u­
la te  th e  tra n s itio n  from  th e  no n p o lar s tru c tu re  l a  to  th e  p o la r s tru c tu re  lc ,  
th e  sy m m etrica l po lym eth ine  s ta te  l b  b e in g  reached  a t  X ~  0.5.
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Fig. 1. Differences betw een  the two terminal hetero atom  core integral values AH o f the p en ta -  
m ethine merocyanine 2 (re =  2, X  =  N R 2, X ' =  0) as a function of the solvent polarity param ­
eter A; solid lines: reaction  field  in the ground state  N ;  dotted lines: reaction field  in  the f ir s t  
1 excited singlet sta te  Vl

The reason fo r  th is  behav iou r is obv iously  th a t  th e  dipole m o m en t o f  
th e  p en tam eth in e  m erocyan ine  m olecule increases from  5.8 debye to  11.8 
debye, th a t  is b y  a  fa c to r  of 2, w hen th e  m olecule in  th e  solvent-free s ta te  
(A =  0, s tru c tu re  l a )  is excited  by  lig h t [9]. T h e reb y  an  electronic s t ru c tu re  
close to  th e  m esom eric  s ta te  lb  is realized  in  th e  V 1 s ta te  a lready  in  n o n p o la r  
so lven ts. In te ra c tio n  b e tw een  th is  sem ipo la r s tru c tu re  an d  th e  reac tio n  f ie ld  
in  th e  excited s ta te  w ill th e n  yield th e  h ig h ly  p o la r s tru c tu re  l c  m ore ra p id ly  
th a n  i t  is possible in  th e  reaction  field  o f th e  g ro u n d  s ta te . In  accordance h e re ­
w ith , th e  p e r tu rb a tio n  p a ram e te r H '  o f th e  H a m ilto n ia n  shows a re sp o n se  
w hich  in  th e  ex c ited  s ta te  is a t all a tom ic  cen tres  g rea te r  b y  a fac to r o f a b o u t 
2 th a n  in  th e  g ro u n d  s ta te  [9].

W ith  th e  e x c e p tio n  of in v estiga ting  th e  so lv en t dependence of th e  f lu o re s ­
cence b an d , i t  h as  n o t  been  possible so fa r  to  p ro v id e  evidence of th e  p ro p e rtie s  
p red ic ted  for so lv a to ch ro m ic  dyes in  th e  re a c tio n  fie ld  o f th e  excited  s ta te .  
I t  is also to  be em p h asized  th a t  th e  in fo rm a tio n  gained  from  th e  m odel c a rr ie s  
— in  add ition  to  th e  g rea tly  sim plified a p p ro x im a tio n s  used for d e te rm in in g  
th e  reaction  fie ld  [9] — all th e  ind e te rm in ac ies  w hich  are  well know n to  o ccu r 
w hen  th e  P P P  fo rm alism  is used to  describe  th e  fea tu res  of th e  V x s ta te .  
T h e  solvent d ep en d en ce  of th e  chem ical sh ifts  in  th e  N M R  sp ec tra  of n e g a tiv e ly  
so lvatochrom ic d y es  [11, 12] is a f ir s t  in d ica tio n , how ever, confirm ing  th e  
so lven t-induced  ch an g es  in  th e  electron ic s tru c tu re  in  th e  d irection  m e n tio n e d . 
B y  v ir tu e  of th e ir  special m olecular s tru c tu re , these  dyes have a r e la t iv e ly  
s tro n g  po lar s t ru c tu re  betw een  lb  and  l c ,  w h ich  ex ists w ith o u t so lven t i n t e r ­
ac tio n  a lready  in  th e  g round s ta te , an d  co n tin u es to  change to w ard s l c  as 
th e  po la rity  o f th e  so lv en t increases.
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R esu lts

T he b eh av io u r of th e  energy  o f th e  g round  s ta te  N  and  o f th e  f i r s t  
ex c ited  sing let s ta te  V v  as well as th e  b eh av io u r o f th e  N  -»■ V 1 tra n s it io n  
en erg y  an d  oscilla tor s tre n g th  in  th e  reac tio n  fie ld  of th e  f irs t  excited  sing le t 
s ta te  of th e  p e n ta m e th in e  m erocyan ine  1, n =  2, X  =  N R 2, X ' =  0, h a v e  
a lread y  beeen  described  in  [9] (cf. F igs 9 an d  10 in  [9]). W hereas th e  energ ies 
o f th e  N  an d  V x s ta te s  in  th e  reac tio n  fie ld  of th e  ground  s ta te  fa ll off re la tiv e ly  
co n tin u o u sly  w ith  rising  so lven t p o la rity , th e re  are b ro ad  m ax im a a t Я v a lu es  
b e tw een  0.3 an d  0.6 in  th e  so lven t fie ld  of th e  f irs t exc ited  singlet s ta te , w ith  
th e  m ax im u m  in  th e  g ro u n d  s ta te , in  p a r tic u la r , being  v e ry  p ronounced . T h is  
acco u n ts  fo r th e  p ronounced  m in im um  a t  а Я value a ro u n d  0.55 w hen ca lcu ­
la tin g  th e  tra n s itio n  energy  w ith in  th e  fie ld  of th e  exc ited  s ta te  w hich is re ­
sponsib le  fo r fluorescence em ission. T h is confirm s F o r s t e r ’s q u a lita tiv e  co n ­
s id e ra tio n  based  on th e  У  В th e o ry  [2] accord ing  to  w hich  th e  tra n s itio n  energy  
o f a chain-like, m esom eric system  (1) has a m in im um  in  th e  sy m m etrica l 
s ta te  ( lb ) . P a ra lle l to  th is  m in im um  th e  oscillator s tre n g th  in  th e  so lv en t 
re a c tio n  fie ld  of th e  exc ited  s ta te  show s [9] a clear m ax im u m  a t  Я =  0.6. 
H ence  th e  MO calcu la tio n s d e m o n s tra te  convincingly  t h a t  th e  deepest co lour, 
t h a t  is a m ax im um  tra n s it io n  p ro b a b ility  in  co n ju n c tio n  w ith  a m in im um  
tra n s it io n  energy is to  he fo u n d  in  a m olecule w hose я -e lec tron  d is tr ib u tio n  is 
a p p ro x im a te ly  sym m etrica l, such  as in  lb .

B y  c o n tra s t to  th e  sim ple YB considera tions, th e  LCAO-MO m odel used  
b y  u s  enables m oreover m ore fa r-reach in g  conclusions to  be d raw n  concern ing  
th e  changes occurring  in  th e  e lectron ic  s tru c tu re . T he b eh av io u r of th e  я -elec­
tro n  densities in  th e  so lven t reac tio n  fie ld  of th e  f irs t  exc ited  sing let s ta te  is 
il lu s tra te d  in  F ig . 2. L ike in  th e  reac tio n  fie ld  of th e  g ro u n d  s ta te  [9], th e  
m olecules in  th e  g round  s ta te  ex h ib it a p ronounced  я -e lec tron  den sity  a lte rn a ­
tio n  along th e  p o ly m eth in e  chain , w h ich  is reversed  in  th e  excited  s ta te  
( in d ica ted  in  F ig . 2 b y  d o tte d  arrow s b e tw een  th e  g round  an d  excited  s ta te ) . 
H ere , to o , th e  so lven t in te ra c tio n  effect is g rea te r in  th e  g ro u n d  s ta te  th a n  in  
th e  ex c ited  s ta te  of th e  m olecule, w ith  a clear m in im um  o f th e  я -electron  d en ­
sities in  th e  g round  s ta te  a t  th e  m eth ine  a tom s 1, 3 an d  5, an d  a clear m ax im u m  
a t  th e  m eth in e  a to m s 2 an d  4 in  th e  Я-range betw een  0.4 an d  0.7, th a t  is n ea r 
th e  sy m m etrica l s tru c tu re  lb .

P a r tic u la r ly  s trik ing  is th e  b eh av io u r of th e  я -bond orders in  th e  fie ld  o f 
th e  f i r s t  exc ited  sing let s ta te  show n in F ig . 3. T he я -bond orders in  th e  g ro u n d  
s ta te  co rrespond ing  to  s tru c tu re  l a  a lte rn a te  v e ry  stro n g ly  in  th e  so lven t-free  
s ta te  (Я =  0). As th e  p o la r ity  of th e  so lven t increases th e  a lte rn a tio n  
d isap p ears . A t Я values b e tw een  0.5 an d  0.6 th e  h igh ly  sy m m etrica l s tru c tu re  
l b  is realized . I f  th e  so lven t in te ra c tio n  is increased  still fu r th e r , i.e. a t  Я 
v a lu es  of a b o u t 1.0, th is  s tru c tu re  changes in to  s tru c tu re  l c  as th e  bond  a lte r-
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F ig. 2. Dependence o f the л -electron densities qr o f  the pentam ethine m erocyanine 1 (n  =  2, 
X  =  N R 2, X ' =  0) on the so lvent polarity param eter A in the reaction field  of the first excited  
sing let state Vt. The m eth ine atom s are indexed beginning at the oxygen  end. Left: m olecule 

in the ground sta te  JV; right: m olecule in  the first excited singlet state Vy

Fig. 3. Dependence o f the л -bond orders pr o f the pentam ethine m erocyanine 1 (n =  2, X  =  
=  N R 2, X ' =  0) on the so lvent polarity param eter A in the reaction field  of the first excited  
singlet state Vv The m eth ine atom s are indexed beginning at the oxygen  end. Left: m olecule 

in  the ground sta te  IV; right: m olecule in  the first excited singlet state F1
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A

■át
n a tio n  is reversed . H e re  again th e re  is a con sid erab ly  low er degree of so lv e n t 
dependence in  th e  ex c ited  sta te  V v

T h e so lvent dependence of th e  я -e lec tron  densities an d  я -bond o rders 
can  be  illu s tra te d  ev en  b e tte r  b y  lo o k in g  a t  th e  differences in  th e  v a lu es  o f 
a d ja c e n t cen tres r, s, a n d  b y  d e te rm in in g  th e  a r ith m e tic  averages of th e  ab so ­
lu te  va lu es  of th is  d ifferences. For e s tim a tin g  th e  degree of a lte rn a tio n  o f th e  
я -bond orders p  i t  ho ld s:

n  =  index  accord ing  
to  fo rm ula  1.

T o  ca lcu la te  th e  я -electron d e n s ity  a lte rn a tio n  in  a sim ilar w ay  is p ro b lem ­
a tic  in so fa r  as th e  я -electron d en sities a t  th e  te rm in a l h e te ro  atom s o f th e  
p o ly m eth in e  chain  a re  su b stan tia lly  h ig h er th a n  a t  th e  m eth ine  atom s. C on­
seq u en tly , th e y  e n te r  th e  calcu lations w ith  a g re a te r  w eight. F o r th is  reaso n  
th e  averages of th e  ab so lu te  values o f  th e  differences betw een  th e  я -e lec tro n  
densities o f a d ja c e n t cen tres  r, s w ere  ca lcu la ted  fo r all a tom s, as well as fo r 
th e  m e th in e  a tom s alone. The re su lts  are , how ever, in  princip le id en tica l. 
I t  ho lds th a t

_ 1 2п+з fo r ap  atom s accord ing
qrs = ; о 2  \qr - b \  „ , , ,2n +  3 1 to  fo rm ula 1

and
1  2/1 +  1

qr s = ----------  2  \qr — qs \ for th e  m eth ine  a to m s.
2n + 1 1

F ig u re  4 shows th e  resu lts in  th e  so lv en t reac tio n  fie ld  of th e  f irs t ex c ited  
sing let s ta te . The я -e lec tro n  density  a l te rn a tio n  in  th e  ground  s ta te  has m a x i­
m um  a t  A =  0.6 a n d  th e  я -bond o rd e r a lte rn a tio n  in  th e  g round s ta te  show s 
a p ronounced  m in im u m  a t  1 =  0.55. B u t even  in  th e  excited  s ta te  we s till 
d iscern  m ino r ex trem es around  A =  0 .5 , w h ich  are h a rd ly  visible in  F igs 2 
an d  3. As a re su lt, one achieves in  a d d itio n  to  th e  id ea l bond  len g th  eq u a liza ­
tio n , as i t  is know n fro m  th e  YB th e o ry , a m ax im u m  я -electron d ensity  a l te r ­
n a tio n  in  th e  g round  s ta te , and also, to  a lesser degree, in  th e  f irs t exc ited  
sing let s ta te , th is  b e in g  unique fe a tu re s  of th e  ideal p o lym eth ine  s ta te  lb.

M axim um  ch arg e  tran sfe r and  m in im u m  changes on lig h t abso rp tio n  in  
geom etry  w ith  re sp ec t to  the  я -bond orders* h av e  been derived  as fu r th e r

APr,s
2ra +  3

2/1+ 3

2
1

Pr Ps I

* The qualification “with respect to the я-bond orders” is necessary since the bond 
angles are likely to undergo a maximum change [13]. This follows from the fact which Kulpe 
e t  a l . [14] established experimentally, i.e. that hybridization (and hence, the bond angle) de­
pends on the я-electron density at the methine atoms which undergo a maximum change on 
light absorption, as shown by the present calculations.
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F ig . 4. A lternation o f the я -electron densities Aqr (left) and я -bond orders A p r (right) o f the  
pentam eth iüe m erocyanine 1 (re =  2, X  =  N R 2, X ' =  0) versus so lvent param eter A in the  

reaction field  of the first excited  singlet state

fu n d a m e n ta l fea tu re s  o f  th e  ideal p o ly m e th in e  s ta te  [4, 7]. T h ey  are  defined  
as follow s:

2n +  3

2  I Л Ч In —Vi =  ^  14r ( N )  I -  19r ( V l )  I
1

2n  +  3

2  I IN -V u to ta i)  =  ^  I P r ,s ( N ) I -  I P r ,s ( V t )  I 1

T o  ca lcu la te  bo n d  co n trac tio n , only  th o se  b o n d  orders w ere ta k e n  in to  acco u n t 
w h ich  decrease on  lig h t ab so rp tio n  a n d , analogously , for expansion  o n ly  th o se  
w h ich  enlarge on lig h t absorp tion .

In  the case o f studies on sym m etrical polym ethines in  previous papers [4, 13] the intra  
m olecular charge transfer could be com pared w ith  the behaviour of standing w aves whose  
m axim a and m inim a vary  w ithout causing an y  change in  the C2V -sym m etry of the я -electron  
distribution along the longitudinal axis o f the m olecule. This definition of an intram olecular  
charge transfer w hich is localized at the ind iv idu al atom ic centres differs fundam entally  from  
th e  earlier approach w hich goes back to N a g a k u r a  [15,16], according to which shifting of the  
charge from a residual part R of the m olecule tow ards a substituent S and vice versa is  the on ly  
condition  essential to a charge transfer. The present considerations of the m odel enable us to  
com pare the two approaches. On the one hand, the dipole m om ent increases in  both  the ground  
sta te  and on ligh t absorption w ith growing so lv en t interaction of the m olecules 1 , X  =  N R 2, 
X ' =  0, that is, during the transform ation o f l a  v ia  lb  to lc ,  charge is being transferred from  
th e  nitrogen atom  to  the oxygen atom , in  th e  sense of N a g a k u r a . B u t the я -electron densities, 
on  the other hand, also change in different w ays at all atom ic centres both  w ith  rising so lvent 
interaction  and on ligh t absorption in  the sense of the above definition, m eaning th a t in  th e  
m olecules under consideration the two m echanism s of intramolecular charge transfer overlap  
each  other.

T he b e h a v io u r o f th e  in tra m o le c u la r  charge tra n sfe r  an d  th e  changes in  
g eo m etry  on lig h t ab so rp tio n  in  th e  sense of th e  p o lym eth ine  con cep t is illus-
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t r a te d  in  F ig . 5 fo r b o th  th e  so lven t re a c tio n  fie ld  in  th e  g round  s ta te  an d  in  
th e  f irs t  ex c ited  sing le t s ta te . T he charge  tra n s fe r  on l ig h t abso rp tion  h as  a 
p eak  a t  A =  0.7 in  th e  reac tio n  fie ld  o f th e  g round  s ta te  an d  a t A =  0.35 in  
th e  reac tio n  f ie ld  o f th e  excited  s ta te . T h e  to ta l  change in  geom etry  on lig h t 
ab so rp tio n  show s a m in im um  a t  A =  0.9 an d  a t  A =  0.5 in  th e  reac tio n  fie ld  
o f th e  g ro u n d  s ta te  an d  th e  excited  s ta te , re spec tive ly . T h is holds b o th  fo r 
th e  to ta l  ch an g e  in  geom etry  and  fo r th e  expansion  an d  co n trac tio n  o f th e  
bonds. A n in te re s tin g  fea tu re  is th a t  th e  bon d s cease c o n tra c tin g  in  th e  idea l 
p o ly m eth in e  s ta te , viz . a t  A — 1.0 fo r th e  fie ld  N  an d  a t  A =  0.5 for th e  fie ld  V v  
All in  all, u n iq u e  p roperties resu lt again  n ea r th e  sy m m etrica l, ideal p o ly ­
m eth in e  s ta te , even  th o u g h  th e  m ax im um  o f th e  in tram o lecu la r  charge tra n s fe r  
has sh ifted  to  so m ew hat low er values o f A.

Fig. 5. Intram olecular change transfer at all atom ic centres (left) and change of я -bond orders 
(right) on ligh t absorption in  the pentam ethine m erocyanine 1 (n =  2, X  =  N R 2, X ' =  0) 
versus solvent param eter A. Solid lines: in the reaction field  of the ground state  N ; dotted lines: 

in  the reaction field  of the first excited  singlet state

T he ch arg e  tra n s fe r  as defined  b y  N a g a k u r a  [15, 16], on th e  o ther h an d , 
shows an  a lto g e th e r  d ifferen t b eh av io u r regard less o f w h e th e r one considers 
th e  am ino  g roup  as su b s titu e n t S o f a p o ly en a l R , or th e  ca rb o n y l group as 
su b s titu e n t S o f a d ieneam ine R . F ig u re  6 illu s tra te s , fo r b o th  exam ples, th e  
charge tra n s fe r  fro m  su b s titu e n t S to  res id u e  R  as a fu n c tio n  o f so lven t p o la r­
i ty  for b o th  th e  re a c tio n  fie ld  in  th e  g ro u n d  s ta te  an d  in  th e  excited  s ta te . 
T he re su lt as opposed  to  th e  b ehav iou r of th e  тг-e lec tron  densities dep icted  in  
F ig . 4 is a s te a d y  increase  in  charge tra n s fe r  w ith  rising  so lv en t p o la rity . T h is 
is in  ag reem en t w ith  th e  increase in  th e  d ipole  m o m en ts  w here no ex trem es 
w ere observed  [9]. C onsequently , N a g a k u r a ’s ap p ro ach  o f charge tra n sfe r  
fails to  cover essen tia l fea tu res of th e  changes occurring  in  th e  m olecular 
s tru c tu re  o f a m olecule. T he electron sh ift a long  th e  m olecule’s lo ng itud ina l
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F ig . 6. Intram olecular charge transfer in  the sense o f N a g a k u r a  [ 1 5 ,1 6 ]  as a function  o f  the sol­
v e n t  param eter A w hen the m olecule is separated into different parts R  and S. The different 
com binations are indicated in  the top of the figure. Solid lines: in the reaction field  of the ground 

state  IV; dotted  lines: in  the reaction field  of the first excited  singlet state  F,

ax is  is n o t th e  on ly  p o in t o f in te re s t  w h en  assessing th e  e lectron ic  s tru c tu re  
o f  a so lvatoch rom ic  m olecule; r a th e r  i t  is th e  changes in d u ced  a t  all a tom ic  
c en tre s  in  th e  e lectron ic  s tru c tu re  b y  in te rac tio n s  w ith  th e  so lven t re a c tio n  
f ie ld  or on lig h t ab so rp tio n  w hich  a re  o f relevance from  th e  p o in t o f v iew  of 
a m ore  po lyenic  or m ore p o ly m eth in ic  behav iour.

» K  C onclusions

T he co n cep t of th e  ex istence o f an  ideal p o lym eth ine  s ta te  can  be h y p o ­
th e tic a lly  su p p o rte d  w ith  th e  aid  o f th e  form alism  of th e  m ic ro s tru c tu ra l m odel 
o f  so lvatoch rom ism  developed  b y  N olte  an d  D ä h n e  [9]. C hain-like, u n s a tu ­
ra te d  m olecules (1) w hich a re  in te rm e d ia te  betw een  th e  po lyenic  valence  
s tru c tu re s  l a  an d  l c  pass th ro u g h  a h ig h ly  sym m etrica l s ta te  lb ,  w hich  ex h ib ­
i ts  all th e  p ro p ertie s  ch a rac te ris tic  o f th e  ideal p o lym eth ine  s ta te . These are  [4]:
— m in im um  tra n s itio n  energy  a n d  m ax im u m  tra n s itio n  p ro b ab ility ,
— m ax im u m  я -electron  d en sity  a lte rn a tio n  in  th e  g ro u n d  s ta te  an d  — to  

a lesser degree — in  th e  f ir s t  ex c ited  singlet s ta te ,
— m ax im u m  eq u a liza tion  o f th e  я -b o n d  orders in  th e  g ro u n d  s ta te  an d  — to  

a lesser e x te n t — in  th e  f irs t  ex c ited  singlet s ta te ,
— m ax im um  in tram o lecu la r ch arg e  tra n s fe r  a t all a to m ic  cen tres  d u rin g  th e  

N  V ± tra n s itio n ,
— m in im um  changes in  g e o m e try  w ith  respect to  th e  я -bond  orders d u rin g  

th e  N  -*■ V x tran s itio n .
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The solvation kinetics o f [Cr(NCS)4(benzylam m e)2] -  in  acetone-w ater m ixtures 
has been studied. Benzylam ine m olecules are not substituted , only NCS~ ions are ex ­
changed for so lvent m olecules. R eaction (1) is hindered by increasing acetone content, 
showing the im portance of solvent m olecules in  reaction m echanism . R eaction (1) is  
hindered also b y  hydrogen ions. R ate  constants o f  reaction (1) do not depend on the  
nature of the amine in ethanol-w ater m ixture, bu t in  acetone-w ater m ixtures rate  
constants obtained for the benzylam ine derivative differe essentially from  the rate 
constants o f  pyridine and aniline derivatives reported earlier.

T h e R einecke sa lt like com pounds con ta in ing  th e  com plex an io n  
[Cr(NCS)4A 2] - , w here A  s tan d s  fo r am m onia  or an  am ine, are  sparing ly  soluble 
in  w a te r , b u t  read ily  soluble in  w a te r-o rg an ic  so lven t m ix tu res . In  these  so lu ­
tio n s  th e  com plex is n o t s tab le  an d  undergoes so lva tion  reactions, in v o lv in g  
th e  exchange o f N C S-  and  A fo r so lven t m olecules.

T he k in e tics  o f such so lv a tio n  reac tio n s  has been  s tu d ied  f i r s t  b y  
Adamson [1] in  th e  case of th e  R einecke sa lt its e lf  (i.e . w ith  A =  N H 3) in  
e th an o l—w a te r an d  m eth an o l—w a te r m ix tu re s . T h is a u th o r  has observed  th e  
p ra c tic a lly  s im ultaneous exchange o f tw o  N C S-  ions fo r so lven t m olecules 
an d  has rep o rted  th e  k inetics of th is  re a c tio n  n o t to  be in fluenced  im p o r ta n tly  
b y  th e  so lven t com position .

T homas an d  H olba [2] h av e  re p o rte d  also th e  su b s titu tio n  of tw o N C S -  
ions in  th e  case o f th e  analogous e th y len ed iam in e  com plex (A2 =  en), a lth o u g h  
th ese  a u th o rs  have  found  a sm aller ra te  c o n s ta n t for th e  su b s titu tio n  o f th e  
second lig an d , th a n  fo r th e  su b s titu tio n  o f th e  f irs t  one.

I n  o u r p rev ious papers [3 — 11] severa l R einecke sa lt like com plexes 
h av e  been  stu d ied  in  e th a n o l-w a te r  m ix tu re s , w ith  A =  aniline, p -p h e n e ti-  
d ine, p -to lu id in e , p -e th y lan ilin e , p -an is id in e , m -xylid ine an d  benzy lam ine. O u r 
re su lts  show ed th e  b eh av io u r of th e  com plex to  depend  u p o n  th e  nucleophilic  
c h a ra c te r  o f th e  am ine. I f  th e  nucleophilic  c h a ra c te r  is s tro n g , as in  th e  case 
o f th e  com plexes s tu d ie d  b y  Adamson, Thomas an d  Holba an d  if  A =  b e n z y l­
am ine, on ly  N C S -  ions are  su b s titu te d  [10]. I f  th e  nucleophilic  ch a ra c te r  is
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w eak , also th e  am ine  m olecules leave  th e  com plex  ion. O n th e  basis o f o u r 
e x p e rim e n ta l d a ta  [3 — 9] th e  s im u ltan eo u s exchange of tw o  N CS-  ions an d
th e  fo llow ing possib le reac tions can  be  p resu m ed :

[[C r(N C S)4A2]~ +  2 R  =  [Cr(NCS)2R 2A 2]+ +  2NCS~ (1)

[Cr(NCS)2R 2A2] + +  2 R  =  [C r(R )4A 2]3 + +  2NCS~ (2)

[Cr(NCS)4A2] "  +  2R  =  [Cr(NCS)4R 2] - +  2A (3)

[Cr(NCS)2R ,] -  +  2 R  =  [Cr(NCS)2R 2A2] + +  2NCS~ (4)

[Cr(NCS)2R 2A2] + +  2R  =  [Cr(R),.]3 + +  2N C S^ (5)

w h ere  R  s tan d s  fo r a m olecule of so lven t.
R eac tions (1) a n d  (4) seem to  follow  th e  S ^ l  m echanism , an d  th e ir  k in e tic  

p a ra m e te rs  are p ra c tic a lly  th e  sam e fo r all com plexes m en tioned  above. I t  is 
n o t  in flu en ced  n e ith e r  b y  th e  com position  o f th e  so lvent, n o r b y  th e  p resence 
o f m in era l acids i f  [H  + ] >  10 ~ 3.

R eac tio n s (2) a n d  (5) occur on ly  in  n e u tra l  so lu tions, th e y  are  com ple te ly  
h in d e red  b y  m in era l acids.

R eac tio n  (3) invo lves th e  su b s ti tu t io n  o f one or tw o am ine m olecules 
fo r alcohol m olecules, accordingly  to  a second o rder reac tio n . I t  is acce lera ted  
b y  th e  presence o f m in era l acids to o  an d  i ts  k in e tic  p a ram e te rs  depend  u p o n  
th e  nucleophilic  c h a ra c te r  of th e  am ine.

R eac tions (3), (4) an d  (5) have  n o t b een  observed  if  A =  benzy lam ine  [10].
I f  A  =  p y rid in e , th e  com plex is sp a rse ly  soluble even in  e th an o l. T h is 

is w h y  i t  has been  s tu d ie d  in  a c e to n e -w a te r  m ix tu res  [11]. A sim ilar s tu d y  has 
b een  m ade w ith  th e  aniline d e riv a tiv e  also in  acetone—w a te r m ix tu re s  [12]. 
T h ese  stud ies rev ea led  som e special fe a tu re s  o f so lvation  in  these so lven t m ix ­
tu re s . T he general b eh av io u r of th e  com plex  resem bles th e  b eh av io u r o f com ­
p lexes w ith  A =  a ro m a tic  am ine, b u t  th e re  are  some im p o r ta n t differences.

1. R a te  c o n s ta n ts  o f reac tio n  (1) an d  (4) are  p ra c tic a lly  th e  sam e in  
e th a n o l—w ate r m ix tu re s , irrespec tive  to  th e  so lven t com position  an d  to  th e  
n a tu re  of th e  am ine . I n  acetone—w a te r  m ix tu re s  th e  s itu a tio n  is co m ple te ly  
d iffe ren t. R a te  c o n s ta n ts  of reac tio n  (1) an d  (4) are d ifferen t, th e y  are  h igh ly  
in flu en ced  b y  th e  n a tu re  of th e  am ine , b y  th e  so lvent com position  an d  b y  th e  
a c id ity  o f th e  so lu tio n . The ra te  c o n s ta n ts  decrease w ith  increasing  ace tone  
c o n te n t and  w ith  increasing  m inera l acid  co n ten t.

T his is re la te d  perh ap s to  th e  a p ro tic  ch a rac te r of acetone an d  i t  is in  
ag reem en t w ith  Adamson’s p re su m p tio n  [1], th a t  th e  m echanism  of reac tio n
(1) is n o t SnR  b u t  S n2 FS , invo lv ing  th e  p a rtic ip a tio n  o f so lven t m olecules 
th ro u g h  th e ir  h y d ro g en  bridges.

2. R eac tio n  (3) seems to  be o f m echan ism  Sn2 as in  a lco h o l-w a te r m ix ­
tu re s .
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R esults a n d  discussion

In  th e  p re se n t p ap e r th e  so lv a tio n  o f [Cr(NCS)4(benzylam ine)2~] h a s  
been  s tu d ied  in  a c e to n —w ater m ix tu re s , co n ta in in g  38.89, 44.44, 50 an d  100 
vol % acetone (for th e  la s t  one no specia l m easures h av e  been  ta k e n  to  e n su re  
an h y d ro u s  con d itio n s). T he co n cen tra tio n  o f th e  u n ch an g ed  com plex io n  a n d  
of th e  N C S“ ions l ib e ra te d  have b een  d e te rm in ed  as fu n c tio n  of tim e.

As in  e th an o l—w a te r  m ix tures to o , no ev idence o f  th e  benzylam ine s u b ­
s ti tu tio n  has been  o b ta in ed .

T he d e te rm in a tio n  of the  c o n c e n tra tio n  of th e  in itia l com plex ion  (c)
c0

allow s to  derive r a te  co n stan ts  for re a c tio n  (1). A g rap h ica l p lo t of lg -— v e rsu s
c

tim e  gives a good l in e a r i ty  (Fig. 1), i.e. th e  so lv a tio n  process (1) is a p p a re n tly  
a f ir s t  o rder re a c tio n . T h e  ra te  c o n s ta n ts  o b ta in ed  are  p resen ted  in  T ab le  I .

T he g rap h ica l p lo t  of log k /T  v e rsu s  1 /T  show ed a sa tis fac to ry  l in e a r ity  
an d  th e  ac tiv a tio n  e n th a lp y  and a c tiv a tio n  e n tro p y  va lues, given in  T ab le  I I ,  
could be ca lcu la ted .

As seen, th e  a c tiv a tio n  e n th a lp y  is n o t v e ry  m u ch  in fluenced  b y  th e  
so lven t com position , excepting  th e  p u re  ace tone  so lu tions, w here zJH* is 
sm aller, ex ac tly  as w ith  th e  pyrid ine d e r iv a tiv e  in  a c e to n e -w a te r  m ix tu res [11]

I n  our p rev ious s tu d ies  the  co m p ariso n  o f co n c e n tra tio n  d a ta  concern ing  
th e  u n ch an g ed  co m p lex  ion  and th e  free  N C S-  ions allow ed us to  o b ta in  p ieces

Fig. 1. D eterm ination o f th e  rate  constant: 1 — 50 °C, 100 % ac; 2 — 50 °C, 38.9 % ac. 10-1  m 
HC104; 3 - 5 0  °C, 50 % ac; 4  -  59 °C, 38.9 % ас, 10" 1 m  HC104; 5 - 5 6  °C, 38.9 % ac; 6 -

59 °C, 44.4 % ac
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Table I

F irst order rate constants o f  reaction (1 )  in neutral solutions
h x io 6, s - 1

t° C
Acetone con ten t, vol %

38.9 44.4 50.0 100

50 5.28 4.80 4.65 0.96

53 7.83 7.22 6.85 1.31

56 10.3 9.86 9.44 1.85

59 16.1 15.0 14.4 -

Table II

A ctivation  param eters o f reaction (1 )  in neutral solutions

Acetone content 
vol %

38.9 44.4 50.0 100

AH*, kcal/mole 25 .3 ±  1.6 2 6 .0 + 1 .6 26 .0+ 1 .5 22.6 +  0.7

/IS*, e. u. - 4 .7 ± 5 .1 — 2 .5 ±  4.9 - 2 .6  ± 4 .7 - 1 6 .2 + 1 .4

o f in fo rm atio n  re la tiv e ly  to  reaction  (2). I n  th e  p resen t p ap er th e  m easu rem en ts  
m a d e  on th e  free N C S ” ions show ed a f in i te  zero tim e  co n cen tra tio n , as in  th e  
case o f th e  com plexes s tu d ied  earlier, b u t  even th e  co rrec ted  values are  v e ry  
sc a tte re d  and  no q u a n tita tiv e  conclusions could  be d raw n. A t an y  ra te , th ese  
d a ta  show  reac tio n  (2) to  occur in  n e u tra l  so lu tions, b u t  to  be h in d e red  w ith  
in c reasin g  acetone co n te n t.

In  order to  s tu d y  th e  in fluence  o f  m inera l acids, som e ru n s  h av e  b een  
p erfo rm ed  in  th e  p resence of perch loric  ac id  in  solutions c o n ta in in g  38.9 vol % 
ace to n e . R a te  c o n s ta n ts  derived are p re se n te d  in  T able I I I .

Table III

Influence o f  perchloric acid concentration on the f ir s t  order rate constants 
o f  reaction (1 )  in solutions containing 38.9 vol % acetone 

fcjX lO 6, s - 1

t° C
[HC104], mole/1

0 10-» i«-* 10-1

50 5.28 3.39 2.81 2.57
53 7.83 - 3.83 3.66

56 10.3 - 5.83 5.31

59 16.1 - 8.61 7.76
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I t  is a p p a re n t  th a t  reac tio n  (1) is sensib ly  h in d e red  b y  hydrogen  ions 
as w ith  all R einecke sa lt like com plexes b o th  in  e th an o l—w a te r  and  in  a c e to n e - 
w a te r  m ix tu res . B u t i t  is w o rth  m en tion ing , th a t  r a te  c o n s ta n ts  decrease w ith  
increasing  perch lo ric  acid  co n cen tra tio n  u p  to  10 1 mole/1 (i.e. in  all th e  range  
in v estig a ted ), e x a c tly  as w ith  th e  p y rid in e  an d  an iline  d e riv a tiv es  in  a c e to n e -  
w a te r  m ix tu res  [11 — 12]. O n th e  o th e r h a n d , in  e th a n o l-w a te r  m ix tu res  
[HC104] =  10 ~ 3 mole/1 is a lready  su ffic ien t to  h in d e r “ basic  solvolysis”  an d  
to  m ake ra te  c o n s ta n ts  in d ep en d en t o f h y d ro g en  ion  co n cen tra tio n .

I t  is in te re s tin g  to  com pare th e  ra te  c o n s ta n ts  o f reac tio n  (1) a t  50 °C 
w ith  th e  sim ilar c o n s ta n ts  ob ta ined  w ith  th e  p y rid in e  an d  an iline d e riv a tiv es  
a t  th e  sam e te m p e ra tu re . In  Tables IV  an d  У  th ese  ra te  c o n s ta n ts  are  given for 
th e  th ree  d e riv a tiv e s  in  d ifferen t so lven t m ix tu re s  an d  a t  d iffe ren t acid ities. 
V alues p resen ted  fo r th e  aniline d e riv a tiv e  h av e  b een  o b ta in ed  by  m eans of 
in te rp o la tio n  b y  usin g  ra te  co n stan ts  re p o rte d  earlie r [12].

I t  is a p p a re n t th a t  ra te  co n stan ts  d ep en d  v e ry  m uch  on th e  n a tu re  of 
th e  co -o rd inated  am ine . I n  e thano l—w a te r m ix tu re s  th ese  r a te  co n stan ts  h av e  
a lm o st th e  sam e v a lu e  fo r a large n u m b e r o f am ines, b u t  in  acetone—w a te r 
m ix tu re s  th e y  are even  n o t of th e  sam e o rd e r o f m ag n itu d e . O n th e  o th e r h an d

Table TV

Rate constant o f reaction (1 )  at 50 °C in neutral solution 
fcjXlO«, s - 1

Influence of the so lvent com position

Amine
Acetone content, vol %

Reference
25 50 75 100

Pyridine — 0.94 0.44 0.31 [П ]
Benzylamine 5.28* 4.65 - 0.96 this paper

Aniline 48.9 45.1 29.0** 7.54 [12]

acetone content *38.9, **90 vo l %

Table V

Rate constant o f reaction ( l )  at 50 °C  
fejXlO6, s-1

Influence of perchloric acid concentration

Amine
Acetone content 

vo!%
[HC104], mole/1

0 i o - * 10- 1 i o - 1 Reference

Pyridine 50 0.94 0.52 0.41 0.39 [ i i ]
Benzylanűne 38.9 5.28 3.39 2.81 2.57 this paper

Aniline 25 48.9 13.2 10.8 9.75 [1 2 ]
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th e se  r a te  co n stan ts  decrease sy s te m a tic a lly  and  in  an  im p o r ta n t  e x te n t  w ith  
in c reas in g  acetone co n ten t. In  th is  re sp ec t one can  observe a ra th e r  d iffe ren t 
b e h a v io u r  in  e th an o l—w a te r  m ix tu re s , w here  th e  ra te  co n s ta n ts  o f re a c tio n  (1) 
p ra c tic a lly  are  n o t in flu en ced  b y  th e  so lv en t com position  [10].

T hese p henom ena show  c lea rly  th e  so lven t m olecules an d  th e ir  h y d ro g en  
b o n d s  to  p la y  an  im p o r ta n t p a r t  in  th e  m echanism  of reac tio n  (1).

As th e  in fluence  of th e  a c id ity  is concerned , th e  d a ta  p re sen ted  in T a b le  У  
il lu s tra te  th e  above s ta te m e n t t h a t  th e  ra te  co n stan ts  are  d im in ished  b y  
in c reas in g  ac id ity  up  to  [H C104] =  1 0 _1 mole/1.

O n th e  o th e r h a n d  one can  see th e  r a te  co n stan ts  to  depend  on th e  n a tu re  
o f  th e  am ine in  th e  sam e e x te n t  as in  n e u tra l  so lutions.

A c tiv a tio n  p a ram e te rs  derived  from  th e  ra te  co n stan ts  g iven  in  T ab le  I I I  
a re  p resen ted  in  T ab le  V I.

Table VI

Influence o f perchloric acid concentration on the activation param eters 
o f  reaction (1 )  38.9 vol % acetone

[HC104], mole/1 0 10-2 10-1

zlH*, kcal/m ole 23.5± 1.6 26.5 + 0.9 25.8+0.3
/IS*, e. u. -4 .7  + 5.1 -2.3+2.8 -4 .5+0.8

As seen, no system atic  v a r ia tio n  of th e  ac tiv a tio n  e n th a lp y  can  be ob ­
served . In  th is  respect th e re  is a fu n d a m e n ta l difference b e tw een  th e  b e h av io u r 
o f  th e  p y rid in e  d e riv a tiv e  an d  th e  benzy lam ine  one in  a c e to n e -w a te r  m ix tu re s . 
I n  th e  case o f th e  p y rid ine  d e r iv a tiv e  th e  increase of th e  h y d ro g en  ion  concen ­
t r a t io n  p rom otes reac tio n  (3), req u irin g  a higher ac tiv a tio n  e n th a lp y  an d  so 
zdH* increases sy stem atica lly . W ith  th e  benzy lam ine  d e riv a tiv e  re a c tio n  (3) 
does n o t occur and  /dH* rem ain s p ra c tic a lly  th e  sam e.

T he e x p lan a tio n  o f th e  r a th e r  s tran g e  beh av io u r o f R einecke sa lt lik e  
com plexes in  a c e to n e -w a te r  m ix tu re s , as com pared  to  th e ir  b e h av io u r in  
e th a n o l-w a te r  ones can  be g iven  in  te rm s of A dam son’s h y p o th esis  concern ing  
th e  m echan ism  of th e  so lv a tio n  re a c tio n  (1). A damson  [1] p resum es in  th e  
case of th e  R einecke sa lt th e  fo rm a tio n  o f hyd rogen  bridges b e tw een  th e  R O H  
ty p e  so lv en t m olecule an d  th e  co -o rd in a ted  N H 3 an d  a h y d ro g en  b rid g e-lik e  
in te ra c tio n  of th e  sam e so lv en t m olecule and  th e  co -o rd in a ted  NCS:

NCS

xn ;

H\ o -  

/ H'y

R

\ H
H
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D ue to  th e  lab iliz ing  effect o f  th is  “ hydrogen  b rid g e ” , th e  NCS~ ion 
leav es  th e  com plex a n d  its  p lace w ill he occupied b y  th e  so lven t m olecule. 
S ince acetone c a n n o t form  h y d ro g en  bridges, decreasing  o f th e  ra te  co n stan ts  
w ith  increasing ace to n e  co n ten t is u n d e rs tan d ab le . As th e  in fluence  of th e  am ine 
m olecule is concerned , resu lts p re se n te d  in T ah. IV  an d  У  also su p p o rt Adam­
son’s presum ptions, viz . th e  im p o rta n c e  of th e  h y d ro g en  bridge fo rm atio n  
b e tw een  th e  co -o rd in a ted  am ine a n d  th e  so lvent m olecule. T he o rder of 
in c reasin g  ra te  c o n s ta n ts  (pyrid ine—benzy lam ine—aniline) is th a t  of increasing  
ten d e n c y  to  hyd rogen  bridge fo rm a tio n . I t  is w orth  m en tio n in g  in  th is  connec­
tio n  th e  behav iour o f  R einecke sa lt like  com plexes in  e th a n o l—w ate r m ix tu res , 
w h e re  ra te  co n stan ts  o f reac tio n  (1) are  v e ry  little  in flu en ced  b y  th e  n a tu re  
o f  th e  co-ord inated  am ines. This is in  d isagreem ent w ith  Adamson’s hypo thesis . 
O ne can  presum e, t h a t  in  the  p resence  o f only R  —O H  ty p e  so lven t m olecules, 
th e  en te rin g  m olecule is H -bridged  m ain ly  to  o ther so lv en t m olecules and  n o t 
to  th e  co-ord inated  am ine , b u t in  acetone—w ate r m ix tu re s  th e  Adamson 
m echan ism  becom es p rep o n d e ra n t. T h e  influence of p erch lo ric  acid seems also 
to  be  u n d e rs tan d ab le , since p ro to n a tio n  of th e  so lven t m olecules d im inishes 
th e ir  ten d en cy  to  g ive H -bridges a n d  th is  is w hy ra te  c o n s ta n ts  d im in ish  too . 
T h is  effect is m ore im p o r ta n t in a c e to n e -w a te r  m ix tu res  a n d  p rac tica lly  does 
n o t  a p p ea r in  e th an o l—w a te r  m ix tu re s , due to  th e  v e ry  la rg e  n u m b er of R O H  
ty p e  m olecules able to  fo rm  H -bridges.

E xperim en ta l

NH 4[Cr(NCS)4(benzylam ine)2] • H20  has been prepared as described earlier [10].
K inetic m easurem ents. Samples o f the com plex salt have been dissolved in calculated  

qu an tities of preheated acetone and diluted w ith  preheated water to  a certain volum e, to ob­
ta in  solutions w ith initial concentration of the com plex of about 5 X 1 0 -3  mole/1. The solutions 
were k ep t in  an ultratherm ostat. The sam ples taken  at various tim es were cooled down quickly  
w ith  ice and the concentration of the free N C S -  ions and that o f the unchanged com plex ions 
were determined.

Determination of NCS- . The free N C S-  ion  concentration was determ ined photocolori- 
m etrically. An aqueous solution  of iron(III) perchlorat (0.1 mole/1) w as added in excess to the  
sam ples (1 — 2 ml solution to 0 . 5 —2 ml a liquot parts diluted w ith  dest. water to 50 ml) and 
the absorbance was m easured, using a blue filter. The corresponding concentration values 
were obtained by means o f a calibration curve.

Determination of the unchanged com plex ion. For this purpose a precipitation reaction  
was used w ith  8-quinolinol (oxine) hydrochloride (1 mole oxine/1 in  3 N  HC1). This salt gives 
a sparingly soluble product w ith  the com plex io n  studied (oxine. H[Cr(NCS)4(benzylam m e)2]). 
The precipitate was filtered through Gooch filter  1 G4 and washed w ith  distilled water. Than  
the precipitate was dissolved in m ethanol and the extinction of the obtained reddish v io let  
so lution  was measured photocolorim etrically b y  m eans of a green filter. A calibration curve 
was used.

K inetic parameters were calculated b y  m eans of the m ethod of lea st squares and errors 
were derived on the basis o f  the standard deviation  of the experim ental points, by  using i0 95 
values.
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ON THE «-DIOXIMINE COMPLEXES 
OF TRANSITION METALS, LV

C O BALT(III)-N YO XIM IN E CHELATES W ITH OXO ACIDS OF S U L F U R

Cs. V Á R H E L Y I ,  A . B e NKŐ, M. S o MAY and A. KOCH  

(  Faculty o f Chemistry, Babe^-Bolyai U niversity, C luj-Napoca, R om ania)

R eceived  March 15, 1977

N ew  com plex anions o f the type [Co(Niox.H)2X Y ]3 - (N iox .H 2 =  1,2-cyclo­
hexane dione dioxime, X  =  Y ,X  Y  =  S 0 |~  and S20 § _ ) were obtained b y  means 
of air oxidation  of Co2+-nyoxim e-X (Y )-m ixtures or by ligand exchange reactions from  
the corresponding halogenoaquo non-electrolytes. Anation reactions of [Co(N iox.H )2 
(H 20 ) X ] _ w ith  aromatic and heterocyclic amines lead to the form ation of [Co 
(N iox.H )2(am ine)X ]~ . 27 sa lts were isolated and characterized. Som e structural 
problems were investigated b y  U V  and IR  spectral m easurem ents. Other oxo anions 
of sulfur, e.g. S 0 |~  and Sz0 | _ (a =  2 — 5), are not suitable for these reactions due to 
sterical hindrances or for lack o f sulfur donor atoms.

The alycyclic  dioxim es, lik e  th e  a lip h a tic  and  a ro m atic  ones, give a lo t of 
d ioxim ine chela tes of c o b a lt( I I I )  o f  vario u s ty p es, these  la te r  be ing  m onobasic 
acids (H [C o(diox .H )2X Y ]), n o n -e lec tro ly tes  ([C o(diox.H )2(am ine)X ]) or bases 
([C o(d iox .H )2(am ine)2] + (“ d io x .H ”  =  th e  d ep ro to n a ted  dioxim e m olecule).

A series o f 1 ,2 -cyclopen tane  dione dioxim e (pentoxim e) an d  1,2-cyclo­
h ex an e  dione dioxim e (nyoxim e) d e riv a tiv es  w ere described  and  charac terized  
in  ou r prev ious papers [1 —4 ].

T he a q u a tio n  k inetics o f som e halogeno- and  pseudohalogeno  d e riv a tiv es  
o f th e  ty p e  [C o(diox.H )2(H 20 ) X ]  a n d  [C o(diox.H )2X 2] “ w as also stu d ied .

T he v e ry  s tab le  C o(diox.H )2 rin g  system  in  th e  [C o(diox.H )2X 2] " and  
[C o(diox.H )2(am ine)X ] com plexes enables a g rea t n u m b er o f su b s titu tio n  
reac tio n s w ith  am ines, p h o sp h in es  an d  n ega tive ly  charged  lig an d s w ith o u t 
chang ing  th e ir  tra n s  geom etric co n fig u ra tio n .

F rom  th e  p o in t of view  o f th e  ligand  exchange reac tions — w ith  excep­
tio n  o f S O j" — th e  oxo an ions o f su lfu r (S20 3~, SO^ , S20 3 an d  SxOjV 
(x  =  2 — 6) w ere less in v es tig a ted .

T he S 0 3_-ion  en ters easily  in  th e  in n er co -o rd ination  sphere  o f som e 
m eta ls  of th e  V I I I - th  group.

M ononuclear c o b a lt(III)  com plexes w ith  m ono- an d  b id e n ta te  su lfito - 
lig ands, as w ell as b inuclear com plexes w ith  S 0 3-bridges w ere described  in  
th e  lite ra tu re  (e.g. [C o(N H ,)s(S O ,)] + [M ], [Co(pn)2(SO ,)2] '  [11], N a 3[C oN H 3)2 
(S 0 3)2(N 0 2)2] i l l ] ,  [Co(Cn L (S 0 3)3(H 20 )]3 -  [13], [Co2(S03)(O H )2(N H 3)6] 2+ [10].
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Som e su lfito -com plexes o f c o b a lt( I I I )  an d  rh o d iu m (II I )  w ith  d im ethy l- 
g lyox im e, m o nom ethy lg lyox im e an d  benzyld ioxim e w ere o b ta in ed  b y  Syrzova  
et al. [1 4 -1 7 ] .

Som e th io su lfa to -co m p lex es of co b a lt: [C o(N H 3)5(S20 3) ] + [18],
[Co(CN)5(S20 3)]4~ [19] w ere  also m entioned .

T he su b s titu tio n  re a c tio n s  o f [C o(N iox.H )2X Y ] com plexes w ith  oxo 
a n io n s  of sulfur w ere n o t  in v es tig a ted .

Table I

New complex salts o f  the [Co(Niox. H )2(So3)2]3 and  
[Co(N iox.H ))2(S20 3)2]3~ ions

N o . F o rm u la
M ol. w t. 

ealed.
Y ield
(%) A spect

A nalysis

Calcd. F o u n d

l . [Co(NH3)6], 914.7 80 yellow Co 12.88 12 60
microcryst. s 7.06 7.30

[Co(Niox. H )2(S 0 3)2].14  H 20 H 2o 27.56 27.10

2. [Co(NH 3)5(H 20 )] . 915.7 75 brown-yellow Co 12.80 12.55
[Co(Niox. H)2(S 0 3)2].14 H 20 thin plates s 7.02 7.12

H 2o 27.54 27.20

3. cis- [Co(en)2(N H 3)2] . 858.5 60 yellow Co 13.73 13.75
[Co(Niox. H)2(S 0 3)2].8 H20 plates N H 3 3.96 3.80

H 20 16.79 16.40

4. [Co(en)3], 884.6 75 yellow , short Co 13.32 13.36
[Co(Niox. H )2(S 0 3)2].8 H 20 needles H 20 16.29 16.00

5. [Cr(en)3], 823.4 50 long, yellow Co + Cr
[Co(Niox. H )2( S 0 3)2].5 H 20 prisms 13.47 13.10

N 17.01 16.80
H20 10.94 11.20
Co + Cr

6. [Cr(urea)6]. 1003.8 70 yellow-green 11.05 11.20
[Co(Niox. H )2(S 0 3)2].5 H 20 hexagonal s 12.80 12.40

cryst. H 20 8.79 8.70

7. [Co(NH3)6], 906.8 60 yellow Co 13.00 13.18
[Co(Niox. H )2(S2O3)2].10 H 20 dendrites s 14.14 14.00

H 20 19.86 19.17

8. [Co(NH3)6(H 20 ) ] . 889.8 50 brown-yellow Co 13.25 13.45
[Co(Niox. H )2(S20 3)2].9 H 20 rhomb, plates s 14.41 14.60

H 2o 18.22 18.67

10. [Co(en)3], 858.5 60 dark yellow Co 13.73 13.69
[Co(Niox. H )2(S20 3)2].3 H 20 prisms s 14.94 14.75

H 20 6.29 6.15

10. [Cr(en)3]. 851.5 55 dark yellow Co + Cr
[Co(Niox. H )2(S20 3)2].3 H 20 spears 13.02 12.86

s 15.06 15.20
H 2o 6.34 6.10

11. [Cr(urea)6], 1085.9 60 brown prisms Co + Cr
10.21 10.00

[Co(Niox. II),(S,O .,), |.6 11,0 s 11.81 11.60
H 20 9.95 10.18
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In  th e  p resen t p a p e r  th e  lig an d  exchange reactions o f  som e [C o(N iox.H )2 
(H 20 )X ]  ty p e  com plexes (X  =  Cl B r , I ,  N 0 2, NCS, NCSe) w ith  th e  a lka line  
a n d  am m onium  sa lts  o f th e  oxo ac ids o f su lfu r were s tu d ie d  from  p re p a ra tiv e  
p o in t  o f view.

B o th  in  sulfito- an d  th io su lfa to  com plexes th e  c e n tra l a to m  is d irec tly  
b o n d ed  to  an  S donor a to m  [11 — 13, 19]. O n th e  o th e r h a n d  S 0 4" an d  S2C>6" 
ions h av e  been observed  n o t to  e n te r  in  th e  co b a lt(III)  n y o x im in e  nucleus. T h is 
m ean s, th a t  th e  p resence of a su lfu r d o n o r a tom  is ab so lu te ly  necessary .

A lthough  in  SxOj;~ (x =  3, 4 , 5, 6) th e re  are su lfu r d o n o r a tom , th ese  
ions do n o t en ter in  th e  co -o rd ination  sphere  of th e  c o b a lt( I I I )  com plexes. T h is 
is d u e  p ro b ab ly  to  a s te rica l h in d ran ce .

T h e  classical a ir  ox idation  ap p lied  to  th e  Co2+-nyox im e-N a2S 0 3 
(N a2S20 3) m ix tu res y ie lds [C o(N iox.H )2(S 0 3)2]3 and  [C o(N iox.H )2(S20 3)2]3“ , 
re sp ec tiv e ly

2Co2+ +  4N iox .H 2 +  1 /2 0 , +  4 S 0 J -  =  2[C o(N iox.H )2(S 0 3)2]3-  +  H 20  +  2 H  + 

2C o2+ +  4N iox .H 2 +  l / 2 0 2 +  4S20 * -  =  2[C o(N iox.H )2(S20 3)2]3~ + H 20  +  2 H  +

T hese  com plexes h av e  been iso la te d  as alkaline, am m o n iu m  an d  lu teo
sa lts .

T h e  su b s titu tio n  reac tio n s of [C o(N iox .H )2(H 20 )X ]  (X  =  Cl, B r, I ,  NCO, 
NCS a n d  NCSe) w ith  sto ich iom etric  am o u n ts  of (N H 4)2S 0 3 an d  (N H 4)2S20 3 
lead  to  th e  fo rm atio n  o f h igh ly  so lu b le  N H 4[C o(N iox.H )2(H 20 ) ( S 0 3)] an d  
N H 4[C o(N iox.H )2(H 20 )(S 20 3)], re sp ec tiv e ly .T h e  co -o rd in a ted  w a te r  m olecule 
in  th e se  com pounds can  be  easily re p la c e d  b y  arom atic  or he te rocyc lic  am ines.

T h e  arom atic  p r im a ry  am ines w ith  p K  =  9 — 13 a re  su itab le  fo r th is  
p u rp o se  (aniline, a lky l-, a lkoxy-an ilines, chloro-, brom o-, iodo-an ilines). T he 
v e ry  w eak  bases, e.g. n itroan ilines, su lfany lic- and  a n th ra n y lic  acids (p K  =  
=  14 — 16) do n o t co -o rd inate  to  c o b a lt. T he pyrid ine  b ases (pK  <  9) fo rm  
also  com pounds of th is  ty p e . The co n d en sed  heterocyclic b ases (chinoleine, 
ch in a ld in e , acridine, as w ell as a -p ico line , give neg a tiv e  re su lts  p ro b a b ly  
b ecau se  of sterical h in d ran ce .

T h e  an a tio n  reac tio n  of [C o(N iox .H )2(S 0 3)(H 20 ) ]~  w ith  sto ich iom etric  
a m o u n ts  of N a2S20 3 gives [C o(N iox.H )2(S 0 3)(S20 3)]3_ w h ich  can  be c h a ra c ­
te r iz e d  also b y  m eans o f double  d ecom position  reactions w ith  lu teo  salts.

T h e  su b s titu tio n  o f w a te r in  th e  [Co(N iox.H )2(S 0 3)(H 20 ) ] "  w ith  Cl , 
B r “ , I “ , N C S ',  N C Se", N C O -  and  N j- y ie ld s th e  co rrespond ing  [C o(N iox.H )2 
( S 0 3) X ] 2 , w hich can be  iso la ted  as com plex  salts. T he analogous reac tions 
w ith  [C o(N iox.H )2(S20 3)(H 20 ) ] ” lead  to  th e  fo rm atio n  o f ex trem ly  h ig h ly  
so lub le  p ro d u c ts  in  th e  com m on p o la r so lv en ts  used (H 20 ,  m e th an o l, e th an o l, 
ace to n e , d im ethy lfo rm am ide). Som e com plexes of th e  ty p e  am ine .H  
[C o(N iox .H )2(S20 3)(am ine)] w ere also iso la ted .
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Table II

New sulfito-(thiosulfato)-com plex salts o f  the type am in e.H [C o(N iox.H )2X(am ine)]
(X  =  SO I- or S , 0 | - )

No. Form ula
Mol wt. Yield

Aspect
Analysis

ealed. (%) Calcd. Found

l . pyridine.H[Co(Niox. H )2 — 597.5 70 Co 9.86 9.87
(S 0 3) (pyridine)].H 20 plates H 2o

N
3.01

14.07
2.80

13.75

2. /?-picoline.H [Co(N iox.H )2 — Co 9.42 9.40
(S 0 3) (/?-picoline)].H20 625.5 80 yellow hexa- s 5.12 5.30

gonal plates H 20 2.88 3.10

3. y-picoline.H [Co(Niox.H )2— yellow square Co 9.16 9.13
ISO,] (v-picoline]1.2 H ,0 643.5 60 plates s 4.98 5.20

H 2o 5.59 5.20

4. m-toluidine.H [C o(N iox.H )2 — long yellow Co 8.12 8.36
(S 0 3) (m -toluidine)].5 H 20 725.9 50 prisms N 11.57 11.30

H 20 12.40 11.95

5. p-toluidine.H [Co(N iox.H )2 — brown prisms Co 8.12 8.20
(S 0 3) (p-toluidine)].5 H 20 725.9 60 -N 11.57 11.44

H 20 12.40 12.10

6. aniline.H [Co(Niox.H)2 — Co 9.16 9.08
(S 0 3) (aniline)].2 H 20 643.5 50 brown prisms H 20 5.59 5.30

N 13.06 12.78

7. NH4[Co(Niox.H)2(p-Cl- Co 9.77 10.02
aniline) (S 0 3)].2 H 20 N 13.94 13.75

602.9 60 brown irregular H20 5.97 5.60
cryst.

8. NH4 [Co(Niox.H)2(p-J- brown irregular Co 8.71 8.34
aniline) (S 0 3)].H 20 676.4 70 cryst. H„0 2.66 2.30

N 12.42 12.16

9. NH4 [Co(Niox.H)2(S 0 3) — brown prisms Co 10.42 10.60
(thiourea)].H20 565.5 50 H 20 3.18 3.60

10. NH4 [Co(Niox.H)2( S 0 3) — brown plates Co 10.61 10.60
(allylthiourea)] 555.5 60 N 17.65 17.48

11. m-xylidine.H [Co(N iox.H )2 — Co 7.82 7.79
(S 0 3) (m -xylidine)].5 H 20 753.7 70 yellow, thin S 4.25 4.55

square plates H2o 11.95 11.20

12. Thiourea.H [Co(Niox.H)2 — yellow prisms Co 9.39 9.63
(S 0 3) (thiourea)].3 H 20 627.6 50 (from acetone) H20 8.61 8.15

13. NH4[Co(Niox.H)2(S20 3) - short brown Co 9.46 9.91
(pyridine)].4 H 20 622.5 30 needles H ,0 11.57 11.45

(from acetone) N 13.50 13.35

14. pyridine.H [Co(N iox.H )2 — brown prisms Co 8.61 8.75
(S20 3) (pyridine)].4 H 20 684.6 35 H ,0 10.52 10.30

N 12.75 12.46

15. NH4[Co(Niox.H)2(S20 3) — short brown Co 10.44 10.75
(y-picoline)] 564.5 30 prisms N 14.89 14.76
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W e observed  th a t  th e  rev e rse  reac tio n , i.e.

[C o(N iox.H )2(H 20 )X ]  +  SO*“  -  [Co(N iox.H )2(S 0 3)X ]2 - +  H 20

(or w ith  S20 * - ,  respectively ) does n o t occur, only

[C o(N iox.H )2(H 20 ) ( S 0 3) ] -  ( [C o(N iox.H )2(H 20 )(S 20 3)] - )

b e ing  form ed.
This phenom enon  show s th e  SO*- an d  S20 * “ to  h av e  a g rea te r  “ trans”  

effect th a n  th e  halogen o r p seu dohalogen  ions, in  th e  m ixed d ioxim ine- 
co b a lt(III)-c h e la te s .

The e lec tron ic  spectra  o f  som e su lfito - and  th io su lfa to -b is-nyox im ino- 
c o b a lt( I I I )  d e riv a tiv es  have b een  recorded  in  aqueous solu tions.

In  th e  electron ic  sp ec tra  o f  th e  com plexes s tud ied  in  th e  v isib le  reg ion  
no ab so rp tio n  m ax im a or in flex io n  po in ts  are observed. T herefore  one can 
p resu m e th e  lig an d  field tra n s i t io n  b an d s  to  be overlapped  b y  th e  f irs t  
ch a rg e -tran sfe r b an d . This b a n d  begins in  th e  visible region an d  has i ts  m ax i­
m u m  a t  28 — 33 k K . G enerally  3 b an d s  ap p ea r in  UY region, b o th  in  th e  case 
o f th e  S 0 3- an d  S20 3-d eriv a tiv es , e x a c tly  as w ith  th e  analogous d im eth y l- 
g lyox im ine com plexes. As co m p ared  to  th e  [Co(DH)2(S 0 3)(am ine)] com plexes, 
th e  ab so rp tio n  b an d s  of th e  [C o(N iox .H )2(S 0 3)(am in e)]“ -d e riv a tiv es  seem  to  
be a t  low er w ave num ber. T he w av e  n u m b er of the  th ird  b a n d  is a lw ays h ig h er 
th a n  in  th e  case of th e  d im eth y lg ly o x im e  derivatives, b u t  w ith  n y o x im e  
i t  is som etim es low er th a n  50 k K . T he m ean  values of th e  w ave n u m b ers  are  
p re sen ted  for th e  3 abso rp tio n  b a n d s  in  T ab le  I I I .

Fig. 1. E lectronic spectra of some com plexes o f  the type NH 4[Co(N iox.H )2(S 0 3) (am ine)]: 
“ 1” N H 4[C o(N iox.H )2 (S 0 3) (a lly lth iourea)]; “ 2”  N H 4[Co(Niox.H)2(S 0 3) (p -J-an iline]);

“ 3” p-tolu id ine.II [C o(i\iox .H )2(S 0 3) (p-toluidine)]
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F ig. 2. Electronic spectra o f som e complexes o f the typ e  [Co(N iox.H )2X Y ]: “4” y-picoline. 
H [C o(N iox.H )2(S 0 3) (y -p ico lin e)]; “ 5” Na3[C o(N iox.H )2(S20 3)2]; “ 6” N H 4[Co(Niox.H)2(S20 3) 

(pyridine)]; “ 7” aniline.H [C o(N iox.H )2(S 0 3) (aniline)]

T he effect o f s u b s ti tu t io n  of SOj b y  S20 3“ can be seen in  th e  case of 
th e  p y rid ine  d e riv a tiv e . I t  is ap p aren t th a t  th e  ab so rp tio n  bands are sh ifted  
to w a rd s  the  low er w av e  n u m b er values, e x a c tly  as w ith  th e  corresponding  
d im ethy lg lyox im e d e riv a tiv e s .

T he IR  sp e c tra  o f th e  [C o(N iox.H )2(S 0 3)2]3- , [C o(N iox.H )2(S 0 3)-
(am in e )]- , [C o(N iox.H )2(S20 3)2]3“ and [C o(N iox.H )2(S20 3)(am in e)]“ deriva tives 
show  th e  presence o f s tro n g  in tram o lecu la r О —H . . . 0  hydrogen  bridges 
(v0 H: 2350 — 2400 c m “ 1 (w eak), 00 _H 1700 — 1800 c m “ 1 (w eak)), s im ilarly  
to  th e  analogous d im eth y lg ly o x im e  d e riv a tiv e s . T hese hyd ro g en  bridges s ta ­
b ilize  th e  cop lanar C o(N iox .H )2 ring  sy stem , i.e. th e  “ trans”  con figu ra tion  o f 
th e  com plexes of th is  ty p e .

Table III

M ean values o f  the wave number o f  U V  absorption bands of  
[Co(diox.H)2X Y ] type complexes

Diox. H

X  = SOj , Y =  amine X  =  Y =  amine

wave number kK

a b C a Ь c

DH 50 41.4 33.8 49.1 39.9 32.7*

Niox.H 50 40.7 33.2 - - -

Diph.H 48.6 37.7 31.0 49.3 38.6 31.5**

(D H 2 =  d im ethylglyoxim e, Diph.H 2 =  a-benzyldioxim e, *, ** unpublished
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T h e PC==N v ib ra tio n s  o f  th e  c o -o rd in a ted  oxim e g roups h a v e  been  fo u n d  
a t  1580 — 1585 cm 1 (v ery  stro n g ). T h is b a n d  is s itu a ted  a t  1620 — 1640 c m -1 
in  th e  case of th e  free, non  co -o rd in a ted  oxim e.

T h e  su lfito -ligand , lik e  o th e r  X Y 3 groups, w ith  a p y ra m id a le  s tru c tu re  
a n d  a C3v sy m m etry , has fo u r IR  a n d  R am an  active v ib ra tio n  frequencies:
jq ( S - O ) :  9 6 0 -1 0 1 0 , r2(S 0 2): 6 2 0 - 6 3 0 ,  v3( S - 0 ) :  9 3 3 - 9 6 0 ,  p4(S 0 2) 4 6 9 - 4 9 5
c m -1  [ 2 0 - 2 2 ] .

T he th io su lfa to  group  h as  also a C3v sy m m etry  w ith  six  I R  an d  R am an  
ac tiv e  v ib ra tio n  frequencies: r 1(S —S): 447, r2(S —0 ) :  1004, p3(S 0 2): 670, 
r4(S —0 ) :  1106, r5(S 0 2): 538 an d  v6: 339 cm  1 [ 2 3 -2 5 ] .

B y  co-ord ination  to  m e ta l ions th ro u g h  th e  su lfur a to m , th e  S — 0  valence 
frequenc ies are sh ifted  to  h ig h e r w av e  n u m b e r values in  b o th  cases [24 — 25]. 
T h e  sh ift in  th e  opposite  d irec tio n  is ch a rac te ris tic  for a Me —O — S —O-co-or- 
d in a tio n .

T h e  IR  abso rp tion  b an d s  o f  th e  su lfito - and  th io su lfa to  com plexes in v e s ti­
g a te d  show  th a t  th e  Co —S 0 3 an d  Co —S20 3-bonds are rea lized  th ro u g h  th e  
su lfu r a tom .

T h e  pn _ h v ib ra tio n s  w ere fo u n d  a t  3230 an d  3080 — 3150 c m -1 in d ica tin g  
th e  s tro n g  covalen t c h a ra c te r  o f th e  Co — N (am ine) bond  in  th e  [C o(N iox.H )2- 
( S 0 3)(am ine)]~  ty p e  com plexes.

T h e  IR  spectra l d a ta  o f som e su lfito - and  th io su lfa to  d e riv a tiv es  are 
g iven  in  T ab le  IV .

Experim ental

Preparation of Na3[C o(N iox.H )2( S 0 3) 2] .9 H zO . 5.0 g (20 m m ole) o f  cobalt(II)-acetate  
and 5.6 g (40 mmole) of nyoxim e in 150 ml diluted alcoholic solution (1 : 1) were oxidized b y  
air bubbling for 3 — 4 hours, then 40 m m ole of N a2S 0 37 H 20  were added and after 30 — 40 m in  
the d isu lfito-salt precipitated from the filtered dark yellow  solution w ith  an excess o f acetone 
(250 —300 m l). Small, yellow  needles. Y ield: 80% .

A nalysis: Found Co 7.72, S 9.03, H 20  21.40.
For N a3 [Co(CsH9N20 2)2( S 0 3)2] .9 H 20  (m ol. w t. calcd. 732.4).
Calcd. Co 8.04, S 8.75, H 20  22.13.
Na3[Co(Niox.H)2(S20 3) 2]-solution  was obtained b y  an analogous w ay.
The luteo-salti f  [Co(N iox.H )2( S 0 3) 2] 3- and [Co(N iox.H )2(S20 3) 2] 3_ were obtained by a 

double decom position reaction from  5 —5 m m ole N a3[Co(Niox.H)2(S 0 3)2] and N a3[Co(N iox.H )2 
(S20 3)2] in  50 m l solution by precipitation w ith  4 —4 g  [Co(NH3)6]Cl3, [Co(en)3]Cl3,
[Cr(en)3]Cl3, etc. in 100 ml aqueous solutions.

Synthesis o f [C o(N iox.H )2(H ,0 )C l] . H20

23.7 g CoCl2 .6 H 20  (100 m m ole) and 28.2 g nyoxim e (200 m m ole) in  500 m l diluted  
m ethanol (1 : 1) were oxidized b y  air bubbling for 6 — 8 hours. The separated brown crystalline 
product (trigonal prisms) was washed w ith  water. Y ield: 85 %.

A nalysis: Found Co 14.13, H 20  8.26.
For Co(C6H9N20 2)2(H 20)C1.H20  (m ol. w t. calcd. 412.9).
Calcd. Co 14.12, H 20  8.36.
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Table IV

I n f r a r e d  a b s o r p t i o n  b a n d s  o f  s o m e  s u l f i t o  a n d  t h i o s u l f a t e  d e r iv a t iv e s

Characteristic
frequency

1. 2. 3. 4. 5.

wave number, cm- 1

»'O -H — — 3 2 5 0 -3550s — 3 3 0 0 -3500m
_ _ 2980s 2980s 2970sC—H
— — 2890s 3090m

VN—H
- - 3230m

o* 0 1 X о - - 1730— 1770w 1700- 1800w 1720- 1800 w

ŐNH2 - - 1640m
1 6 5 0 -1670s 1 6 5 0 -1670s

vC=N(nyoxim) - - 1585s 1580s 1580s

áCH2 - - 1460m 1450m 1460s

VN—OH(nyoxim) - - 1240s 1240s 1240s
1085s

v S - 0 9 2 0 - 1020s 1105s 1 0 8 5 -1110s 1170m 1 0 8 5 -1120s
v N — 0  . . (nyoxim) 1130s

О1СЛ

870-880s 995- 1005s 970-980s 950-970s 960s
У О — H(nyoxim)
УЫН2 - - - - 830m

630 — 635m 625-635s
630-660s 635 — 670s 630— 650m

585— 600m 560 — 580m
540s 470m

5 1 5 - 540s 470m
560s 440m

v Co—N - - 520— 530m 520s 5 1 0 - 520s
440m

— 4 5 0 -470s — _

470m

1. CdS03, 2. B aS20 3, 3. Na3[Co(N iox.H )2(S 0 3)2] .9 H ,0 ,  4. 
5. N H 4[Co(Niox.H)2(p-Cl-aniline) (S 0 3)] .2 H 20

(N H 4)3[Co(Niox.H)2-(S20 3)2],

NH4[C o(N iox.H )2( S 0 3) ( H 20 ) ]  and NH ,[C»(lV iox.H ).,(S20 3) (H ,0 )]-so lu tio n s

20.5 g [C o(N iox.H )2(H 20)Cl] ,H 20  (50 m m ole) in 200 m l water were treated w ith  50 
m m ole of (N H 4)2S 0 3 .H 20  ((N H 4)2S20 3) in  sm all portions. The crystalline non-electrolyte was 
dissolved slowly, the dark brown solution was filtered and used for substitution reactions.

Am ine.H[Co(Niox»H)2(S 0 3) (am ine)] and am ine.H [C o(N iox.H )2(S 20 3) (am ine)]

10 mmole of sulfito-aquo . . or thiosulfato-aquo-com plexes in  2 0 —25 ml aqueous solu­
tion were treated w ith  a m ixture of 20 m m ole amine hydrochloride and amine in 5 —10 ml 
ethanol. The sulfito-am ine- and thiosulfato-am ine derivatives were crystallized on standing  
for 2 — 48 hours. The obtained products were filtered, washed w ith  ice-cooled water and dried 
on air.
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In any cases N H 4[Co(Niox.H)2(S 0 3) (am ine)]-salts were obtained in  the presence of 
N H 4 .Cl.

Spectral investigations. The IR  spectra of the com plexes were recorded in  K B r pellets  
on a U R  20 (Carl Zeiss, Jena) spectrophotom eter betw een 400 and 4000 cm -1 .

Analyses. Cobalt was determined com plexom etrically, sulfur as B a S 0 4, nitrogen b y  the  
m icro-Dum as m ethod. In  the case o f chrom ium  derivatives the sum  of the oxides (Co30 4 +  
+  Cr2Oa) was determ ined after an hour of heating at 900 °C.
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The sputtering, and secondary atomic and cluster ion em ission of binary Fe- 
based alloys w ith  sim ple phase diagrams were studied b y  m eans of a secondary ion mass 
spectrometer (SIM S). Series o f Fe —N i and F e —Cr alloys in  the concentration range 
0 — 100 % were bom barded w ith  4 KeV Kr+ ions. B y  the m odification o f the ion source 
of the SIMS and b y  electron-m icroprobe analysis o f the sputtered m aterial, sim ultane­
ous study of sputtering and secondary ion em ission was possible.

The first part o f th is stu dy  deals w ith the com position dependence of the sputter­
ing of alloys. The sputtering rate proportions of the constituents o f  the alloys, necessary 
for evaluation of ion  em ission studies, were determ ined. The relative sputtering coef­
ficients of the alloying com ponents are near to un ity; the alloying com ponent w ith lower 
sputtering rate sputters faster in  the alloy, but the decrease of the sputtering rate o f  
the other com ponent could also be observed.

In troduction

Secondary  io n iza tio n  m ass-sp ec tro m etry  (SIM S) is a new  m ethod  in  
so lid -sta te  analysis, w h ich  m a y  be  em ployed to  a d v a n ta g e  in  cases w hen th e  
d e p th  and  surface d is tr ib u tio n s  o f low -concen tration  (c <  1 %) com ponents 
are  to  be de te rm ined  [1 —4 e tc .] . T he secondary  ion  c u rre n t p ro d u ced  b y  ionic 
b o m b ard m en t is d ire c tly  p ro p o rtio n a l to  th e  co n cen tra tio n ; i.e. w ith  ap p ro ­
p ria te  ca lib ra tion , an d  in  th e  know ledge of th e  secondary  ion  y ield  (S +) of th e  
su b stan ce  u n d er ex am in a tio n , th e  co n cen tra tion  m ay  be d e te rm in ed  from  th e  
ion  cu rren t [5]. E x p e rim e n ta l experience has rev ea led  th a t  S + depends n o t 
on ly  on m any  p a ra m e te rs  o f th e  a p p a ra tu s  (n a tu re  an d  energy  of th e  p rim ary  
ion , vacuum  cond itions), b u t  also on th e  n a tu re  o f th e  e lem en t exam ined , and  
i t  m ay  depend  too  on th e  m a tr ix  and  th e  co n cen tra tio n  [6 —9 e tc .] . A know l­
edge of th e  value o f th e  seco n d ary  ion yield in  th e  system  in  q u estio n  is im p o r­
t a n t ,  therefore , w ith  re g a rd  to  th e  an a ly tica l w ork, w hile in  genera l th e  s tu d y  
o f th e  sp u tte rin g  an d  seco n d a ry  ion  em ission of alloys is also of th eo re tica l 
im portance , for i t  m a y  give fu r th e r  in fo rm ation  on th e  m echan ism  of in te r ­
ac tio n  of h igh-energy  ions a n d  solids.
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M ost SIM S stu d ies  in  th is  re sp e c t re la te  only  to  th e  ran g e  o f d ilu te  alloys; 
th e re  are only sporad ic  ex p e rim en ta l d a ta  on m ore co n c e n tra ted  alloys, and  
th e  few  experim en ta l d a ta  av a ilab le  are  d ifficu lt to  reconcile w ith  th e  theories 
describ in g  th e  seco n d ary  ion  em ission  of pu re  m eta ls  [6 — 11]. In te re s t  has 
re c e n tly  increased  in  th e  sp u tte r in g  o f  alloys and  m u ltico m p o n en t system s in  
g en era l [12 — 14]. As reg a rd s th e  fu r th e r  c larification  o f th e  d e ta ils  o f th e  em is­
sion  process, jo in t in v es tig a tio n s  o f  th e  tw o part-p rocesses o f seco n d ary  ion 
em ission , i.e. sp u tte r in g  an d  seco n d a ry  ion iza tion , h av e  n o t  been  m ad e  in  th e  
o v e ra ll com position  ran g e  (c =  0 — 100 %).

A ccordingly , in  th e  p re se n t ex p erim en ts  a s tu d y  w as m ade in  th e  con­
c e n tra tio n  range 0 — 100 % on th e  sp u tte r in g  an d  a tom ic  an d  c lu ste r ion  em is­
sions of b in ary  iron  alloys (iron-n ickel and iron-chrom ium ) w hich  form  solid 
so lu tio n s of re la tiv e ly  sim ple p h ase  d iag ram s [22], an d  w hich  a t  th e  sam e tim e 
a re  o f p rac tica l im p o rtan ce . A n  ex p e rim en ta l se t-up  w as used  w hich , in  add i­
tio n  to  m ass-spectrom etric  an a ly s is  o f th e  secondary  ions, p e rm itte d  d e te r­
m in a tio n  of th e  com position  of th e  to ta l  sp u tte red  m a te ria l (ionic an d  neu tra l) 
in  th e  sam e ex p erim en t. J o in t  e v a lu a tio n  of th e  ex p e rim en ta l re su lts  m ay  
c o n tr ib u te  to  a b e tte r  u n d e rs ta n d in g  of th e  secondary  io n  em ission process; 
a t  th e  sam e tim e , in d iv id u a l s tu d y  o f  th e  single p a r t  processes m ay  also yield 
u sefu l new in fo rm a tio n  as reg a rd s  th e  phenom ena accom pany ing  th e  sp u tte rin g  
o f  alloys. In  th e  p re se n t p u b lica tio n  we re p o rt our re su lts  re la tin g  to  th e  sp u t­
te r in g  of these  alloys, w hile th o se  on  th e  atom ic [15] an d  c lu ste r ion  [16] em is­
sio n  w ill be pub lished  sep ara te ly .

E xperim ental

The Fe —N i and F e —Cr alloys to be investigated were prepared b y  the co-m elting of  
the high-purity (99.9 %) m etals. The com positions of the members o f the alloy sequences were 
0, 20, 40, 60, 80 and 100 wt. % ( ± 0 .5  %). The surfaces of the sam ples, w ith  average grain sizes 
o f  100 — 200 fixn, were pretreated by m echanical polishing w ith  diam ond paste.

Exam inations were made w ith  a hom e-constructed secondary ionization  m ass spectro­
m eter, which was described in  detail earlier [17, 18]. The prim ary K r+ ions w ith  an energy 
o f 4 KeV were focused on a 0.1 cm 2 surface area of the sam ple w ith  an incidence angle of 45°. 
T he primary ion current density was varied  in  the range ip — 1 — 20 fiA /cm 2. The pressure of 
the background gas in the v icin ity  o f th e  sam ple was 2X  10-6  torr; its  com position was checked 
in  the course of the m easurem ents w ith  a quadrupole mass spectrom eter connected to the ion 
source for this purpose. The positive secondary ions were analyzed w ith  a m agnetic mass 
spectrom eter; an electron m ultiplier w as em ployed as a detector after an energy filter.

For determ ination of the com position  of the sputtered m aterial, a collector plate pre­
pared from high-purity alum inium  w as placed on the first electrode of the ion optics o f the 
SIM S (Fig. 1). Part o f the sputtered m aterial passed into the m ass spectrom eter through a slit 
in  the middle o f the plate; the rest could be captured on the plate, in  the form  of a thin layer 
on the substrate. A fter ion bom bardm ent for various periods, an A E I electron microprobe was 
used to determine the com position o f th is m aterial in the area indicated in F ig. 1 (a t a number 
o f points in the im m ediate v icin ity  o f th e  slit), w ith an accuracy of ±  1 %. This set-up perm itted  
determ ination of quantities characteristic o f the sputtering and the ion  em ission in  one and 
th e  same experim ent. The bom barding ion  dose employed in  each experim ent varied in the 
range D  =  1 —4 X l 0 18 ion /cm 2.
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F ig. 1. Outline of collector plate for capture o f sputtered m aterial. The dashed line encloses 
the area of deposition of the sputtered m aterial, and the shading shows the site of the electron

[microprobe measurements

R esults an d  discussion

T he sp u tte r in g  coefficients (SM) of th e  in d iv id u a l com ponen ts (w hich 
m eans th e  n u m b ers  of ionic and  n e u tra l  secondary  p a rtic le s  form ed on  th e  
ac tio n  of th e  b o m b ard in g  p rim ary  ions, an d  w hich are p ro p o rtio n a l to  th e  ra te  
o f  sp u tte r in g  u n d e r given b o m b a rd m e n t conditions) can  be  dete rm in ed  from  
th e  e lec tron -m icrop robe m easu rem en t d a ta  [18, 19]:

S M =  k . a M ^ -  ( 1 )

I F and  I M are  th e  m easured  X -ra y  in ten sitie s  of th e  m e ta l exam ined , in  th e  
case of th e  th in  lay e r and  a su ffic ien tly  th ick  s ta n d a rd , respective ly , к  is a 
c o n s ta n t ch a ra c te ris tic  of th e  m icroprobe; aM is th e  se n s itiv ity  of d e tec tio n  
o f th e  m e ta l M [20]. T he num erica l v a lu e  of к  was no t e s tab lish ed , for th e  s p u t­
te r in g  ra te s  o f th e  in d iv id u a l e lem ents can  also be co m p ared  v ia  th e  q u a n t i ty  
SJj, w hich  can  be ca lcu la ted  d irec tly  from  th e  ex p erim en ta l resu lts:

S& =  aMM ^ -  (2)

In s te a d  of th e  sp u tte r in g  coefficient, th e re fo re , in our p u b lica tio n s is g iven  
in  u n its  of 10 19 c m 2/ion. T ab le  I  co n ta in s  th e  e x p e rim en ta lly  d e te rm in ed  
d a ta  m easu red  fo r F e , N i and  Cr in  th e  p u re  s ta te  and  as com ponen ts o f th e  
alloys. I t  shou ld  be n o ted  th a t  th e  accu racy  o f m easu rem en t of these  ( ± 2 0  %) 
is re s tr ic te d  b y  th e  accu racy  of th e  ion-dose m easu rem en t; th e  re la tiv e  s p u t­
te rin g  coeffic ien ts (E q . 3) could be d e te rm in ed  w ith  a considerab ly  sm aller 
e rro r ( ± 5  %).

I t  m ay  be  s ta te d  th a t ,  as reg a rd s  th e ir  sp u tte rin g  ra te s  d e te rm in ed  in  
th e  p u re  s ta te , th e  sequence of th e  m e ta ls  in  question  agrees w ith  th e  re su lts
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Table I

S* values characteristic o f  the sputtering rates o f  the Fe, the N i, the Cr and 
the alloys, as functions o f  composition

Composition 
of sample

(% F«)

S* ( i o - 1* cm8/ion)

F e - N i F e - C r

Ni Fe alloy Cr Fe alloy

0 2 .6 — 2 .6 1 .7 — 1 .7

20 3 .0 3 .9 3 .2 1 .4 1 .4 1 .4

4 0 2 .1 2 .4 2 .2 1 .7 1 .7 1 .7

60 2 .4 2 .6 2 .6 2 .5 2 .0 2 .2

8 0 2 .9 2 .8 2 .8 2 .3 2 .0 2 .0

1 00 - 2 .5 2 .5 - 2 .5 2 .5

o b ta in e d  by  La e g r id  a n d  W e h n e r  [21] b y  b o m b a rd m e n t w ith  45 keV k ry p to n  
io n s: SNi >  SFe =- SCr. I t  can  fu rth e r be seen th a t  th e  sp u tte r in g  coefficients 
o f  th e  ind iv idual e lem en ts  depend  on th e  com position  of th e  alloys in v estig a ted , 
a n d  differ from  th e  sp u tte r in g  ra te s  of th e  p u re  m etals.

The ex p erim en ts  rev ea led  th a t  th e  com position  o f th e  sp u tte red  th in  
la y e rs  exhib it sy s te m a tic  differences from  th o se  of th e  alloys exam ined  (F ig. 2, 
T ab le  II) . In  th e  case o f  F e  —Ni sam ples a t  h igh  Ni co n cen tra tio n s  th e  sp u t­
te re d  m ateria l c o n ta in s  ab o u t 4 —5 % m ore  F e  th a n  th e  b o m b ard ed  alloy ; 
fo r  F e  —Cr sam ples w ith  h igh  Fe co n ten t th e  Cr co n cen tra tio n  o f th e  th in  la y e r  
is h igher to  a s im ila r e x te n t . This phenom enon  is connected  w ith  th e  d iffe ren t 
sp u tte r in g  ra tes  of th e  com ponen ts of th e  alloy .

I f  the  ion  s p u tte r in g  is regarded  as a congruen t p rocess, sim ilarly  to  
equ ilib rium  v a p o riz a tio n , th e n  in  p rinc ip le , in  th e  ev en t o f b o m b ard m en t fo r 
a suffic ien tly  long  p e rio d , th e  com position  o f th e  sp u tte re d  th in  layer m u st

F ig. 2. Compositions o f sputtered Fe —N i and F e —Cr thin layers as functions of the com po­
sitions of the bom barded samples
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Table II

Composition o f  the sputtered m aterial in  the case o f  bombardment o f  F e  — N i and  
F e — Cr alloys w ith  4 K eV  K r+ ions (D  =  1 — 4 X 1 0 1S ion/cm 2)

Composition 
o f  sample 

(%  Fe)

Composition of sputtered  m aterial
(%  Fe)

F e - N i F e - C r

0 0 0

20 24 21

40 44 40

60 62 55

80 80 77

100 100 100

agree w ith  th e  co m position  o f  th e  sam ple. F o r a m ore  d e ta iled  s tu d y  o f th e  
cause of th e  difference, w e d e te rm in ed  th e  re la tiv e  sp u tte r in g  coefficients of 
th e  co n stitu en t e lem ents o f th e  alloy ; these can  also be  ca lcu la ted  from  th e  S* 
d a ta  in  accordance w ith  E q s  (1) an d  (2):

(3)

T he co n cen tra tio n  d ependences of th e  re la tiv e  sp u tte r in g  coefficients 
(S 'el) m easured  fo r F e /N i a n d  C r/F e in  th e  alloys are  p re se n te d  in  Fig. 3, to g e th e r 
w ith  th e  Srel d a ta  ca lc u la ted  fro m  th e  sp u tte rin g  ra te s  o f  th e  pu re  m etals.

0 20 Í 0  60 80 100%
Fe

Fig. 3. R elative sputtering coefficients (Srej) o f the com ponents o f  the Fe — N i and F e —Cr 
alloys as functions of com position. The left-hand axis gives the values obtained (Sre|) on sputter­

in g  o f the pure substances
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(S d a ta  refer to  th e  p u re  s ta te , an d  S ' d a ta  to  th e  alloys.) I t  m a y  be  s ta te d  
t h a t  S 'el for th e  F e —Cr alloys is a b o u t 30 — 40 % la rg e r th a n  th e  ra tio  o f th e  
s p u tte r in g  coefficients fo r th e  p u re  m eta ls , and  fo r b o th  th e  F e  — N i an d  th e  
F e  — Cr alloys has a v a lu e  o f ~  1. To a f irs t  ap p ro x im atio n , th is  fa c t  co rresponds 
to  th e  congruence of th e  sp u tte r in g , accord ing  to  w hich

Sm,i — SMj2 (4)
w h ere , in  general

Sm ^  (5)

I n  ad d itio n , how ever, a fu r th e r  increase  ( ~ 1 5  — 20 %) in  th e  re la tiv e  sp u tte rin g  
co effic ien t for th e  F e a n d  th e  Cr can  also he observed in  c e r ta in  co n cen tra tio n  
in te rv a ls , and  th is  excess increase  re su lts  in  th e  com position  o f th e  sp u tte red  
m a te r ia l  differing from  th a t  o f th e  b o m b ard ed  sam ple.

T he difference b e tw een  S 'el an d  S rel in  th e  alloyed s ta te  m a y  be caused 
b y  b o th  th e  increase an d  th e  decrease o f th e  sp u tte rin g  coeffic ien ts o f th e  in d i­
v id u a l elem ents. A ccord ing ly , b y  com parison  of the  sp u tte r in g  coefficients of 
th e  in d iv id u a l m eta ls , m easu red  in  th e  pu re  s ta te  an d  in  th e  alloy , d irec t d a ta  
m a y  b e  ob tained  on th is  p h en o m en o n  o f p re fe rred  (or possib ly  re ta rd e d )  sp u t­
te r in g . In d irec tly , b y  s tu d y in g  th e  lay e r developing on th e  su rface  o f b o m b ard ­
ed b in a ry  system s, th is  la y e r  h av in g  a com position  d iffe ren t from  th a t  of th e  
b u lk  o f th e  sam ple, a n u m b e r of au th o rs  h av e  recen tly  d e m o n s tra te d  th a t ,  
in  th e  b in ary  system s in v e s tig a te d , th e  sp u tte rin g  ra te  of th e  co m p o n en t w ith  
th e  sm aller sp u tte rin g  coeffic ien t increases com pared  to  t h a t  m easured  in  
th e  p u re  s ta te  (P o ate  et al. [13]: Si in  th e  P t  —Si system ; F a b e r  et al. [14]: 
A g in  Ag —Au). In  o u r ex p e rim en ts  th e  S* d a ta  were d e te rm in ed  b y  m easure­
m e n t o f the  am o u n t of sp u tte re d  m a te ria l, an d  th u s  sp u tte r in g  w ith  a d ifferent 
r a te  in  th e  alloy, and  th e  com position  dependence of th is , cou ld  also be dem on­
s t r a te d  by  sp u tte rin g  coeffic ien t m easu rem en t. T he ra tio s  a re  m ore s trik ing  
if  th e  preferred  sp u tte r in g  fac to r  is in tro d u ced :

P s =  —  =  —  (6)c c* ' '

T a b le  I I I  contains th e  P s v alues o f th e  F e , th e  N i and  th e  Cr in  b o th  th e  
F e  —N i and  th e  F e  —Cr alloys. I t  m ay  be s ta te d  th a t  th e  F e  in  th e  F e —N i, 
a n d  th e  Cr in  th e  F e  —Cr, a re  s tro n g ly  increased  a t  low an d  h ig h  F e  co n cen tra ­
tio n s , respectively , th e  sp u tte r in g  ra te  being  even 1.5 tim e s  la rger. A t th e  
sam e tim e, in  th e  F e  —Cr a lloy  th e  decrease o f th e  sp u tte r in g  ra te  of th e  F e  
occu rs too. This p h en o m en o n  m ay  be in te rp re te d  in  th a t  a  cross effect arises 
b e tw een  th e  com ponen ts o f th e  alloy , th is  being  p a r tic u la r ly  m ark ed  in  th e  
F e  —Cr system . A t h ig h  c o n cen tra tio n , th e  Cr (the  sp u tte r in g  coefficient o f
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Table III

Ratio o f sputtering coefficient o f  F e, N i, Cr and the alloys to sputtering 
coefficient o f  pure metals (Ps)

Alloy
composition 

(%  Fe)

Ps

F e - N i F e - C r

Ni Fe alloy Cr Fe alloy

0 1.0 _ 1.0 1.0 _ 1.0
20 1 .2 1 .5 1 .3 0 .8 0 .6 0 .8

4 0 0 .8 1.0 0 .9 1.0 0 .7 0 .8

6 0 1.0 1 .1 1.0 1 .4 0 .8 1.0
8 0 1 .1 1 .1 1 .1 1 .4 0 .8 0 .9

1 0 0 — 1.0 1.0 - 1.0 1.0

w hich  is sm aller th a n  th a t  of th e  F e  in  th e  p u re  s ta te ) decreases th e  sp u tte r in g  
o f th e  F e ; a t  h igh F e  co n ten ts , on th e  o th e r h an d , th e  sp u tte r in g  ra te  o f th e  
Cr increases (because th e  surface bon d in g  energy  is low ered  b y  th e  ac tio n  o f  
th e  neighbouring  F e  atom s). A sim ilar phenom enon  can  also be observed  fo r 
th e  F e  —N i alloys, a lth o u g h  th e  effect is n o t so p ronounced  because o f th e  
sm aller difference in  S.

I n  th e  know ledge o f th e  alloy  sp u tte rin g  coefficients o f th e  co m ponen ts, 
we d e te rm in ed  th e  to ta l  sp u tte r in g  coefficients o f th e  alloy  on  th e  basis o f 
th e  follow ing expression:

S'* -  Si* ■ Cl +  Si* • c2 (7)

In  a d d itio n , s im ilarly  b y  lin ea r co m b in a tio n , th e  S* d a ta  on th e  pu re  com po­
n en ts  w ere used  to  ca lcu la te  th e  v a lu e  w hich  w ould  be observed  if  th e  com po­
sition  d id  n o t affect th e  sp u tte r in g  of th e  in d iv id u a l com ponen ts. T he q u o tie n t 
(Ps) o f th e  values ca lcu la ted  in  th ese  tw o w ays is ch a rac te ris tic  o f th e  d ifference 
from  id e a lity  o f th e  sp u tte rin g  ra te  of th e  alloy  (F ig. 4). I n  general, in  F e  —N i 
alloys an  increase, and  in  F e  —Cr alloys a decrease can be observed. O n th e  
basis o f som e lite ra tu re  d a ta , i t  w ould  he expected  th a t  th e  sp u tte r in g  ra te  o f  
a hom ogeneous alloy  is closer to  th e  S of th e  com ponen t w hich  can  be sp u tte re d  
m ore easily , w hile in  th e  case of tw o-phase  system s th e  com bined  ra te  is co n ­
tro lled  b y  th e  sm aller S [12, 14, 23, 24]. T h e  p resen t ex p erim en ts  show  th a t  
th e  F e  — N i alloys s p u tte r  m ore rap id ly , an d  th e  F e  —Cr alloys m ore slow ly 
th a n  th e  average; th a t  is, in  th e  case of hom ogeneous alloys th e  sp u tte r in g  
coeffic ien t m ay  e ith e r increase or decrease, depend ing  on th e  sub stan ces a n d  
th e  co n cen tra tio n s.

In  th e  w hole co n cen tra tio n  range, th e  alloys exam ined  are  of solid so lu ­
tio n  ty p e . T h e ir m elting  p o in t m in im um  occurs a t  68 w t. % N i, an d  a t  22 w t. %
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Cr [22]. F rom  a co m p ariso n  of th e  sp u tte r in g  coeffic ien ts o f th e  com ponen ts 
o f th e  alloy and  of th e  alloy  itse lf  w ith  th e  ph ase  d iag ram s o f th e  alloys, i t  m ay  
be  s ta te d  th a t  th e  m ore  ex tensive  v a r ia tio n  w ith  c o n cen tra tio n  observed  fo r 
th e  F e  — Cr sam ples is ju s tif ie d , i f  i t  is ta k e n  in to  consid era tio n  th a t  th e  m e lting  
p o in t varies w ith  co m position  to  a g re a te r  e x te n t from  p u re  F e  to  p u re  Cr, 
th a n  from  pure  F e  to  p u re  N i. A t th e  c o n c e n tra tio n  re la tin g  to  th e  m elting  
p o in t m inim um , w here  th e  surface bon d in g  energy  o f th e  a to m s is p resu m ab ly

100 % Cr or Ni Fe

F ig. 4. Quotient (P s) o f  the actual sputtering value for the Fe —N i or F e —Cr alloys and the 
value calculated from  the data for the pure m etals, as a function of the com position of the alloy

also a t  a m in im um , th e  increase of th e  sp u tte r in g  coefficients w ould be ex p ec t­
ed. A lthough  o u r ex p erim en ts  in d ica te  th a t  th e  course o f th e  S* values 
u n d o u b ted ly  changes in  th is  range, an d  th e  m ax im u m  to o  is s tro n g ly  suggested , 
fu r th e r  ex p erim en ta l d a ta  in  th is  co n c e n tra tio n  ran g e  w ould  be necessary  fo r 
a deeper c la rifica tion  o f th e  co rrelation .

To sum m arize, i t  m ay  be s ta te d  th a t ,  besides th e  d irec t d em o n stra tio n  
o f p referred  sp u tte r in g , our ex p erim en ta l re su lts  in d ica te  th a t  th e  changes 
in  th e  sp u tte rin g  ra te s  o f th e  com ponen ts can  n o t be neg lec ted  in  th e  s tu d y  of 
th e  secondary  io n  em ission  phenom ena o f m u ltico m p o n en t system : th e y  m u st 
be  ta k e n  in to  acco u n t in  th e  d e te rm in a tio n  of th e  degree of io n iza tion  of 
a to m ic  and  c lu s te r ions, in  th e  co rrec tion  o f th e  secondary  ion  cu rren ts  o f th e  
in d iv id u a l co m p o n en ts , and  a t  tim es in  SIM S analysis too.

*

The authors express their thanks to Dr. B . Djuric and D. Cerovic (Boris Kidric In ­
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Of the different ionic species in the secondary ion spectra of highly concentrated  
F e —N i and F e —Cr alloys, the singly-charged m onoatom ic ions of the m etals were 
studied in the present work. The experim ents showed th a t the relative secondary ion  
yield displays a marked concentration dependence. B y  the sim ultaneous m easurem ent 
of sputtering and ion  em ission, the relative degree of ionization  could be calculated , 
which assum es an extrem e value in the range of the m elting point m inim um  of the alloy. 
The experim ental data could be fitted  to the LTE and A SI m odels o f secondary ion iza­
tion  only w ith  lim ited accuracy. This m eans th a t a better description of the concentra­
tion  dependence of the ion emission is possible only via  better approxim ations.

In troduc tion

I t  is know n th a t  in  th e  case of SIM S an a ly sis  th e  secondary  ion  c u rre n t 
( I +) o f som e e lem en t w ith  co n cen tra tio n  c in  a m u ltico m p o n en t system  can  
be given by  th e  fo llow ing expression [1, 2 ]:

1+ =  V - S+ • с -  I p (1)

w here r) is th e  tran sm iss io n  of th e  m ass sp ec tro m e te r , I p is th e  p rim a ry  ion  
cu rren t, an d  th e  seco n d ary  ion  yield  (S +) is c h a ra c te ris tic  o f th e  m easure  o f 
ion em ission b y  th e  in d iv id u a l elem ents. I n  th e  know ledge of th e  sp u tte r in g  
coefficien t (S), g iv ing th e  e x te n t o f sp littin g -o ff o f  a to m s from  solids, th e  degree 
of io n iza tion  ( a +) o f th e  e lem ent in  questio n  c a n  be  de te rm in ed  (if a + 1):

a+  =  S+/S (2)

This q u a n tity  is d ire c tly  charac teris tic  o f th e  io n iza tio n  of th e  atom s leav in g  
d u ring  b o m b ard m en t [2, 3], and  can  be ca lcu la ted  to  a c e r ta in  ap p ro x im a tio n  
on th e  basis o f th e  secondary  ion iza tion  m odels [4 — 10].

P u b lica tio n s  to  d a te  dealing  w ith  th e  seco n d ary  ion  em ission o f alloys 
h av e  n o t d ev o ted  su ffic ien t a tte n tio n  to  th e  p o ss ib ility  th a t  th e  sp u tte r in g
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co effic ien t m ay  depend  on th e  com position  of th e  alloy , an d  th e re fo re  th e  
seco n d ary  ion  c u rre n t has been  reg a rd ed  as d irec tly  p ro p o rtio n a l to  th e  degree 
o f  io n iza tio n  [3, 11 — 15]. T he m ost re c e n t in v estig a tio n s, how ever, d e m o n s tra t­
ed  t h a t  th e  sp u tte rin g  coeffic ien t m ay  depend  on th e  com position  o f th e  
sam p le  to o  [16 — 18]. In  our w ork , th e re fo re , we have  s tu d ied  th e  io n iza tio n  
o f  th e  com ponen ts of th e  alloy  b y  ta k in g  in to  accoun t th e  com position  d ep e n d ­
ence of th e  sp u tte r in g  coeffic ien t d e te rm in ed  in  th e  sam e ex p e rim en ta l 
series.

E xperim en ta l

The SIMS apparatus, the characteristics o f the substances exam ined (F e — N i and F e — Cr; 
c =  0, 20, 40, 60, 80 and 100 %), and the m eans of jo int determ ination o f the sputtering  
coefficien t and the m ass spectrum  were described elsewhere [19, 21]. In the course o f the ex ­
perim ents the polished sam ples were bom barded for 2 hr at a current density o f ip =  20 //А/cm 2, 
in  order to clean the surface. N ex t the secondary ion  m ass spectrum of the sam ple was recorded 
for ip values increasing and decreasing in the range ip =  2 - 1 5  /tA /cm 2, a t several different 
current densities, in the m ass num ber interval m /e =  12 — 140. Before recording o f the spec­
trum , the sample was bombarded at the given ip for 20 — 30 m in, during which tim e the spectral 
peaks reached constant values. This m eant the stationary adsorption and desorption state  of 
the surface of the sample [22]. The isotope abundance and the m ass-dependent sensitiv ity  of 
th e  detector of the m ass spectrom eter were taken into  consideration in  the determ ination of 
th e  secondary ion current o f an elem ent. Together w ith the recording of the secondary ion 
spectra, the sputtering coefficients of the com ponents o f the alloy were also determ ined [19].

R esu lts an d  discussion

1. C oncentration  dependence of secondary ion iza tion

W e reco rd ed  num erous peaks o f v a rious origins in th e  SIM S sp ec tru m ; 
o f  th ese , in  th e  p re sen t p ap e r th e  peaks o f th e  m onoatom ic sing ly -charged  ions 
o f th e  alloy  com ponen ts (F e +, N i+, C r+) w ill be d ea lt w ith , w hile th e  re su lts  
co n n ec ted  w ith  th e  c lu ste r ions w ill be rep o rted  in  a su b seq u en t p a p e r  [23]. 
I n  o rd er to avoid  th e  effects o f possib le  exp erim en ta l an d  a p p a ra tu s  e rro rs, 
w e de te rm in ed  th e  io n -cu rren t va lues re fe rred  to  iron , as a com m on c o n s titu e n t 
e lem en t in  all alloys:

Iíe, = ~ =  Srel(c)-*r+e l ( c ) - ^  (3)
* F e  c F e

w here  M is N i or Cr. I t  follows from  th is  re la tio n  th a t  th e  1^, • cFe vs. cM curve  
is th e  ca lib ra tio n  curve  of th e  SIM S analysis  [12]; i t  w ill be lin ea r if  n e ith e r  
th e  sp u tte r in g  coefficien t no r th e  degree o f ion iza tion  depend  on th e  com posi­
tio n . O ur ex p erim en ta l re su lts  are  p re sen ted  in  Fig. 1, w here th e  n u m b ers  
on  th e  curves are th e  values of th e  p r im a ry  io n -cu rren t d en sity  a t  w h ich  th e  
sp e c tra  w ere recorded . T he re la tiv e  secondary  ion  y ields S ^ J S p e an d  S jr/S pe
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Fig. 1. Secondary ion em ission of Fe — N i (a) and F e — Cr (b) alloys as a function of com position, 
expressed in  ( Irel • cFe). Param eter ip =  2, 5, 10, 15 //.л/c m “. Values denoted by x were ca lcu lat­

ed from the inverse function

as fu n c tio n s of th e  com position  are  g iven  in  T ab le  1 fo r th e  p rim a ry  ion- 
c u rre n t densities i =  2 and  15 juA/cm2 (th e  accu racy  of th e  m easu rem en ts  
is ± 2 0  %). I t  can  be  seen th a t  th e  slopes o f th e  cu rves v a ry  stro n g ly  in  th e  
v ic in ity  of th e  a lloy  com position  re la tin g  to  th e  m e ltin g  p o in t m in im um  (68 % 
N i an d  22 % Cr). T h is  phenom enon is m ore  m ark ed  in  th e  F e —N i alloys a n d  
in  general a t  h igher p r im a ry  io n -cu rren t densities. T he slopes of th e  cu rves, 
i.e. th e  re la tiv e  seco n d ary  ion  yields (S ^ |) , are  ro u g h ly  th e  sam e before an d  a fte r

Table I

Relative secondary ion yields Sxj/S pe and  Scr/S|Fe fo r  the Fe —Ni and 
F e —Cr alloys an d  the pure metals

cFe %

S,+e1
F e -N i 

ip  [ ju A /c m z]
F e -C r 

ip [ u A /c m 2]

2 15 2 15

20 0.36 0.26 3.7 18.7

40 0.45 0.46 3.5 16.1

60 0.44 0.31 5.6 14.5

80 0.40 0.36 6.8 17.6

From pure m etals 0.14 0.22 2.8 5.0
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Table II

Relative secondary ion yields o f  N i and  Cr, referred to F e, from  
pure metals and alloys

Sfel

Ref.N i/Fe Cr/Fe

from pure 
m etal

from
alloy

from  pure 
m etal

from
alloy

0 .3 _ 5 .0 — [2 0 ]

0 .7 1 0 .7 1 7 .1 4 3 .5 [1 3 ]

0 .2 1 0 .2 1 - - [ П ]

- 0 .7 9 — 2 .5 5 [1 2 ]

th is  range. F o r com parison , T ab le  I I  c o n ta in s  re la tiv e  seco n d ary  ion  y ie ld  
d a ta  pub lished  in  th e  lite ra tu re  w ith  re g a rd  to  m easurem ents on p u re  m e ta l 
a n d  d ilu te  alloys.

In  th e  know ledge of th e  sp u tte r in g  coeffic ien t de te rm in ed  in  th e  sam e 
e x p e rim en t [19, 2 1 ], we ca lcu la ted  th e  re la tiv e  degrees of io n iza tio n  o f th e  N i 
a n d  th e  Cr re fe rred  to  th e  Fe, as a fu n c tio n  o f  th e  com position  o f th e  a lloy  
(a+ ,(c)). The re su lts  o b ta in ed  are g iven  in  F ig . 2. T he re la tiv e  degree o f io n iza ­
t io n  w as sim ila rly  ca lcu la ted  from  th e  io n  c u rre n t m easured  on b o m b a rd m e n t 
o f  th e  pure m e ta ls , an d  th is  is g iven fo r th e  tw o  d ifferen t i p va lu es  in d ic a te d  
besid e  th e  r ig h t-h a n d  axis. I t  can  be  seen th a t  th e  sequence of th e  e lem ents w ith

F ig . 2. R elative degree of ionization of constituent elem ents o f Fe —N i (a) and F e —Cr (b) 
alloys as a function  of concentration at various prim ary ion-current densities ( ip =  2, 5, 10, 
15 //А /cm 2), afel calculated from the ion  currents o f  the pure m etals is ind icated  beside th e  

right-hand axis, in  the cases o f ip =  2 and 15 jitA/cm2
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reg a rd  to  th e  e x te n t o f th e ir  secondary  io n iza tio n  is

* C r  >  * F e  >  *N 1

w hich is th e  sam e b o th  in  th e  alloys a n d  in  th e  p u re  s ta te . T he s tro n g  m a tr ix  
dependence o f th e  secondary  ion iza tion  w as observed: th e  m easured  in  th e  
case o f th e  alloys w as ab o u t 1.5 —3.5 tim es la rg e r th a n  th e  re la tiv e  va lu es  of 
th e  p u re  m eta ls . A sim ilar phenom enon w as described  earlie r b y  several au th o rs  
for d ilu te  alloys [13, 24]. R ecen tly  th e  com position  dependence of th e  second­
a ry  ion  c u rre n t w as observed in  case o f som e co n cen tra ted  alloys [3, 15, 
37, 38].

B y  com parison  of our resu lts  on th e  io n iza tion  w ith  Fig. 3 of our ea rlie r 
p u b lica tio n  [19] an d  w ith  th e  phase  d iag ram s of th e  alloys [25], i t  m ay  be 
s ta te d  th a t  in  th e  hom ogeneous alloys exam ined  th e  secondary  ion iza tio n  is in  
a m ore d irec t connec tion  w ith  th e  s tru c tu re  of th e  alloy  th a n  th e  ion  sp u tte rin g . 
T he observed  c o n cen tra tio n  dependence o f  th e  io n -sp u tte rin g  (congruence, 
p re fe rred  sp u tte rin g ), how ever, ind ica tes  th a t  neg lect of th e  sp u tte rin g  coef­
fic ien t in  th e  ex p erim en ta l d e te rm in a tio n  o f th e  degree o f ion iza tion  [11 — 15], 
or its  c a lcu la tio n  w ith  a linear co m b in a tio n  from  th e  d a ta  de te rm ined  on th e  
p u re  elem ents [4], can  be accepted  on ly  as f irs t app ro x im atio n s.

F ro m  a com parison  of th e  curves re la tin g  to  th e  io n -cu rren t densities 2 
an d  15 [xА/c m 2 i t  m ay  be s ta ted  th a t  th e  in fluence  o f th e  alloy com position  on 
th e  io n iza tio n  o f th e  m eta ls  exam ined  is th e  g rea te r, th e  h igher th e  d en sity  of 
th e  b o m b ard in g  ion  c u rren t. In  th e  case o f a h igher bo m b ard in g  ion  c u rre n t 
th e  sam ple surface is less covered w ith  th e  adso rb ing  b ack g ro u n d  gases [22],
i.e. th e  p u re r  th e  surface from  w hich th e  secondary  ions o rig inate , th e  m ore 
s tro n g ly  th e  effect o f th e  s tru c tu re  of th e  alloy  is m an ifested . F u r th e r , a t  a 
h igher surface coverage a+j becom es a lm o st id en tica l in  th e  en tire  co n cen tra tio n  
range. As reg a rd s d e te rm in a tio n  o f th e  com position  o f th e  alloys to o , th is  
o b se rv a tio n  su p p o rts  th e  secondary  io n iza tio n  m ass-spectrom etric  p rac tice  
accord ing  to  w hich  a reac tive  gas a tm o sp h ere  is c rea ted  in  th e  en v iro n m en t of 
th e  sam ple to  be s tu d ied , in  th e  in te re s t o f a tta in in g  a h igher sen s itiv ity , 
a m ore hom ogeneous ion etching, e tc . [26, 27].

2. Study o f secondary ionization m odels for concentrated alloys

N um erous m odels have  been c o n stru c ted  for th e  descrip tion  of th e  m ech a­
n ism  of secondary  ion  em ission [1, 2, 5], b u t  m ost o f th em  can  n o t be em ployed  
because o f th e  com plex  m ath em atica l descrip tio n  fo r a b ro ad  scale of e lem ents, 
or because o f th e  lack  of th e  necessary  q u an tu m -m ech an ica l, electric , e tc . 
d a ta . A t p re sen t, on ly  th e  local th e rm a l p lasm a  equ ilib rium  (L TE) [28] an d
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th e  a d iab a tic  su rface  ion iza tion  (A SI) [6] m odels seem  to  be u sab le  in  SIM S 
p ra c tic e . Besides th e ir  ap p lica tio n  to  p u re  elem en ts, a n u m b er of a u th o rs  h av e  
a t te m p te d  to  use th e se  m odels to  d escribe  th e  ion iza tio n  o f secondary  pa rtic le s  
e m itte d  from  d ilu te  an d  c o n cen tra ted  alloys [5, 7, 14, 15, 37]. Since an  a p p ro ­
p r ia te  a p p ro x im a tio n  h as  n o t p rev io u sly  been  rep o rted  for co n c e n tra ted  alloys, 
w e h av e  a tte m p te d  to  f i t  th e  above tw o  m odels to  ou r ex p erim en ta l d a ta .

T he LT E  m odel assum es t h a t  p la sm a  in  th e rm a l equ ilib rium  develops 
in  th e  close en v iro n m en t of th e  im p a c t o f th e  p rim a ry  ions, an d  th a t  in  th is  
th e  ra tio  of th e  ions to  n eu tra ls , a n d  th u s  th e  degree o f secondary  io n iza tio n , 
is described  b y  th e  S ah a-E g g ert e q u a tio n  ( A n d e r s e n  an d  H i n t h o r n e )

[7, 28]:

x + =  2 Q +  (2Л m  kT )3'2 e —(el—eI')/AT . J _  (4 )
Q° h 3 n e

w h ere  Q + and  Q° a re  th e  s ta tis tic a l p ro b ab ilitie s  o f th e  ionic an d  n e u tra l s ta te s , 
T  is th e  te m p e ra tu re  of th e  p lasm a in  th e  o rig inal co rre la tion , n e is th e  assum ed  
d e n s ity  of free e lec trons in  th e  p la sm a , I '  is th e  e x te n t of th e  ion iza tio n  energy  
decrease occurring  in  th e  p lasm a, h  is P la n c k ’s co n s tan t, an d  e is th e  electron ic  
charge .

In  our case, i f  th e  S ah a-E g g ert eq u a tio n  is w ritte n  fo r th e  tw o co m p o n en t 
e lem ents of an  alloy , th e  follow ing exp ression  is ob ta in ed  fo r th e  re la tiv e  degree 
o f  io n iza tio n  of th e  com ponen ts (assum ing  th a t  I '  is th e  sam e fo r b o th  elem ents):

« r e l :
Í Q M Q ° }

о о sT Q + )

0  —(е1м~ elFe)/^T

Fe
(5)

n e does n o t fig u re  in  th e  eq u a tio n  fo r in  a g iven  alloy, a t  a given p rim a ry  ion- 
c u rre n t density , i t  is ch a rac te ris tic  o f th e  w hole of th e  p lasm a, an d  can  th e re ­
fo re  be reg ard ed  as th e  sam e fo r th e  tw o  m eta ls . O nly  one p a ra m e te r  to  be 
f i t te d , T , rem ains in  th e  expression. I n  th e  know ledge of th e  io n iza tion  p o te n ­
tia ls  [29] an d  th e  p ro b ab ility  w e ig h tin g  func tions for 5000 К  [30], E q . (5) 
m a y  he w ritte n  in  th e  following fo rm :

In —0.430 +  9.17Х Ю 4 - —  • —
T  к T

(6)

w hich  is su itab le  fo r stu d y in g  th e  p o ss ib ility  of f i t t in g  th e  m odel to  th e  ex p e ri­
m e n ta l d a ta . In  F ig . 3,

In
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Fig. 3. F itting of the LTE model to th e  experim ental data measured at 2 and 15 /tA /cm 2

is p lo t te d  as a fu n c tio n  of th e  io n iz a tio n  energy  of th e  e lem ents a t  th e  c u rre n t 
densities  ip =  2 an d  15 /лА /ст 2. T h e  d a ta  de te rm in ed  a t  th e  v a rious com posi­
tio n s  w ere recorded a t  th e  sam e s ite ; in  th e  F igure , these  are  lo ca ted  in  th e  
ran g e  in d ica ted  b y  th e  full line a t  2 /лА /ст 2, an d  b y  th e  d o tte d  line a t  15 
juA/cm 2. In  th e  case o f F e , th e  fu n c tio n  va lu e  arising  from  th e  re la tiv e  va lu e  
o f th e  degree of ion iza tio n  is th e  sam e fo r every  alloy an d  c u rre n t den sity .

T h e  F igure show s th e  s tra ig h t lines f i t te d  b y  th e  le a s t squares m e th o d , 
an d  th e  “ te m p e ra tu re ”  d a ta  d e te rm in e d  from  these. T he re la tiv e  degree o f  
io n iza tio n  d a ta  ca lcu la ted  w ith  th e s e  T  va lu es  agree w ith  th e  m easured  x fel 
d a ta  w ith in  a s ta n d a rd  dev ia tion  o f  ± 2 5  %.

T h e  average T  values o b ta in e d  lie close to  th e  re su lts  o f R ü d e n a u e r  

et al. [14], de te rm ined  on steel s ta n d a rd s . I t  m ay  be observed  th a t  T  increases 
w ith  increasing  su rface coverage. T h e  c o n cen tra tio n  dependence  o f p a ra m e te r  
T  w as also dete rm in ed  w ith  exp ression  (6). P a r tic u la r ly  fo r th e  F e  — N i alloys, 
T  e x h ib its  a s trong  change b e tw een  4000 an d  10,000 K . T hese te m p e ra tu re s  
are  n o t  rea listic  physica lly , and th e  co n sid erab le  change w ith  alloy  com position  
can  n o t be  ju s tif ied  e ith er. In  th e  ra n g e  o f co n cen tra ted  alloys to o , th ere fo re , 
our re su lts  sup p o rt th e  fa c t e s tab lish ed  b y  several o th e r  a u th o rs  [1, 36] fo r 
p u re  m e ta ls  and  d ilu te  alloys, th a t  T  c a n  on ly  be regarded  as a p a ra m e te r  n o t 
possessing physical m ean ing  if  th e  L T E  th e o ry  assum ing equ ilib rium  is app lied  
to  th e  fu n d a m e n ta lly  non -eq u ilib riu m  io n -sp u tte rin g  process [3].

O n th e  o ther h a n d , how ever, th e  n u m b e r of free e lec trons (ne), th e  on ly  
q u a n t i ty  w hich  m ay  depend  on th e  co m p o sitio n  of th e  alloy  an d  on th e  s ta te  
o f th e  su rface , falls o u t in  th e  fo rm a tio n  o f  x fel. I n  th e  p lasm a m odel, therefo re , 
th e re  is no q u a n tity  w hich  physica lly  to o  can  be conceived as a fu n c tio n  of c. 
A  s im ila r d ifficu lty  arises w ith  th e  o th e r  th e rm a l ion iza tion  m odels o f second­
a ry  io n  em ission [9, 10], if  one w iehes to  ap p ly  th e se  to  c o n cen tra ted  alloys.
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O n th e  basis o f a q u an tu m -m ech an ica l descrip tion , th e  A SI m odel gives 
th e  follow ing expression  fo r th e  degree o f  io n iza tio n  of an  e lem en t [6]:

<x+ =
В 2 h v  1

e l  —еФ 2 л  a (e l —еФ)

w h ere  В is th e  b o n d in g  energy of th e  su rface  a tom s, v is th e  velocity  of th e  
s p u tte re d  partic les, a n d  Ф is th e  w ork  fu n c tio n , a an d  n  are  p a ram e te rs  to  
b e  f i t te d ,  and th e  o th e r  designations are  th e  sam e as in  E q . [4]. B y  in tro d u c in g  
som e ap p ro x im atio n s, a n u m b er of a u th o rs  h av e  a tte m p te d  to  ex ten d  th e  v a li­
d i ty  o f th e  eq u a tio n  to  th e  range o f d ilu te  alloys to o  (Schroeer [5, 31], 
R üdenatjar et al. [4], Gries et al. [32]). B ecause o f th e  la ck  of th e  necessary  
ta b u la te d  d a ta  fo r co n c e n tra ted  alloys, i t  is obvious to  accep t th e  follow ing 
assu m p tio n s from  th e se .

1. The b o n d in g  energy  of th e  su rface  atom s can  be ca lcu la ted  from  th e  
su b lim a tio n  h e a t b y  lin e a r  com bination  [4].

2. On th e  basis  o f  th e  energy d is tr ib u tio n  of th e  secondary  ions, i t  m ay  
be assum ed th a t  n  =  l  [32]; th is  a p p ro x im a tio n  is su p p o rte d  b y  th e  f i t t in g  
w ith  th e  ex p erim en ta l d a ta  o b ta ined  fo r th e  p u re  m eta ls  [4].

3. I t  m ay  b e  assum ed  fu r th e r  t h a t  th e  average velocities of a tom s an d  
ions sp u tte red  fro m  th e  sam e alloy are  id en tica l.

4. a was b ro u g h t in to  co rre la tion  w ith  th e  la ttic e  c o n s ta n t b y  R ü d en a u er  
et al. [4], an d  w ith  th e  course o f th e  em itted  p a rtic le s  in  th e  surface zone 
b y  G r i e s  et al. [32]. I n  b o th  app roaches, a m u st be th e  sam e for th e  tw o com ­
p o n e n ts  of a g iven  sam ple.

O n th e  ab o v e  basis , in  our case th e  re la tiv e  degree of io n iza tio n  is ex ­
p ressed  by  th e  fo llow ing  rela tion :

« r+e l =  ( B r e l ) 2
1 р е - Ф | 3

1 м - Ф ,
( 8 )

T h e  degree of io n iz a tio n  is th erefo re  a fu n c tio n  of th e  w ork  function , an d  th e  
dependence of th is  on  th e  alloy com position  an d  th e  surface coverage can  be  
accep ted  as p h y s ic a lly  realistic , a lth o u g h  th e re  a re  no  ex p erim en ta l d a ta  
re la tin g  to  th e  co n c e n tra ted  alloys exam ined . V ia th e  above expression, th e  
co n cen tra tio n  dependence  of Ф w as d e te rm in ed  from  th e  m easured  d a ta  fo r 

w ith  th e  a id  o f  th e  sub lim ation  h e a ts  re la tin g  to  293 К  [33] (Fig. 4). I t  can  
b e  seen th a t  Ф d ep en d s  only sligh tly  on  c, b u t  th e  in fluence  of ip is su b s ta n tia lly  
la rg e r. To a f ir s t  ap p ro x im atio n , th is  re su lt is in  ag reem en t w ith  th e  ex p ec ted  
p ro p ertie s  of th e  w o rk  function . I t  c an  be seen, how ever, th a t  th e  ca lcu la ted  
v a lu es  of Ф, p a r tic u la r ly  for th e  F e  — N i alloys, are  irrea lis tica lly  la rge , b e ing  
a b o u t 4 — 5 eV h ig h e r  th a n  th e  w ork  fu n c tio n  for c lean  surfaces of p u re  m e ta ls
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F ig. 4. Com position dependence of еФ values calculated on the basis of the A SI m odel from  ion  
emission data m easured at 2 and 15 /xA/cm2

[34]. I n  th e  case of th e  A SI m odel to o , th e re fo re , i t  m ay  he s ta te d  t h a t  e ith e r 
an  a p p ro p ria te  co n cen tra tio n -d ep en d en t q u a n ti ty  is m issing fro m  E q . (8), 
or re fin e m e n t of th e  given ap p ro x im atio n s  is necessary . T he n u m erica l values 
o f  a+ , ca lcu la ted  w ith  th e  average v a lu e  o f Ф fo r each of th e  alloys agree w ith  
th e  ex p e rim en ta l d a ta  w ith in  ± 3 0  %, w hich , as a m easure o f th e  f i t ,  can  be 
sa id  to  be  sa tis fac to ry  in  th is  case too . S im ilar resu lts  are  to  be  ex p ec ted  for 
q u an tu m -m e c h a n ica l m odels co n stru c ted  on th e  basis of sim ilar p rinc ip les [35].

To sum m arize , i t  m ay  be s ta te d  t h a t  in  th e ir  p resen t form s n e ith e r  th e  
L T E  n o r th e  A SI m odel gives a sa tis fa c to ry  descrip tion  of th e  seco n d ary  ion  
em ission o f co n cen tra ted  alloys. I n  th e  fo rm er T , and  in  th e  l a t te r  Ф is n o t 
su ffic ien t for a su itab le  f i t  of th e  ex p e rim en ta lly  determ ined  va lues. A fac to r  
is  m issing  w hich  w ould  describe th e  d ependence  of th e  re la tiv e  io n iza tio n  on 
th e  alloy  com position , tak in g  in to  acco u n t, fo r exam ple, th e  ex trem e  va lu e  
o f <z+! observed  in  th e  v ic in ity  of th e  com position  re la tin g  to  th e  m e ltin g  m in i­
m u m , or th e  change in  th e  e x te n t o f th e  ion  em ission in  th e  case o f a phase  
tra n s fo rm a tio n  [3], i.e. w hich in  genera l w ould  create  a connection  b e tw een  
th e  ch a rac te ris tic s  of th e  phase d iag ram s a n d  th e  co n cen tra tio n  effects o f th e  
seco n d ary  ion iza tio n  [3, 15]. A sim ilar conclusion  was recen tly  reach ed  b y  
R o d r ig u e z -M u r c ia  and  B e sk e  [15] in  a s tu d y  of c o n cen tra ted  Cu —N i 
alloys.

I t  m ay  he s ta te d  th a t  b o th  th e  L T E  an d  th e  A SI m odels m u s t be m o d i­
f ie d  fo r a descrip tion  of th e  secondary  io n  em ission of co n c e n tra ted  alloys. 
I t  w ould  be necessary  in  th e  form er to  in tro d u c e  a fu r th e r  c -d ep en d en t v a riab le , 
an d  in  th e  la t te r  to  in tro d u ce  su itab le  fo rm s o f th e  surface b o n d in g  energy  
an d  th e  w o rk  fu n c tio n , as possible fac to rs , a n d  to  determ ine  th e  ex p e rim en ta l 
d a ta  re la tin g  to  these.
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Intense peaks o f cluster ions consisting of identical (Е е7 , N if  and Crf) and differ­
ent (F eN i+ and FeCr+ ) atom s were observed in  the secondary ion  spectra of concentrat­
ed F e — N i and F e — Cr alloys bombarded w ith  K r+ ions. The form ation of the cluster 
ions exhibits a strong concentration-dependence, and the current in tensity  o f the cluster 
ions increases on increase of the primary ion-current density. The probable mechanisms 
of formation of the cluster ions were postu lated  by determ ination o f the relative degree 
of ionization of the cluster ions.

Introduction

A tte n tio n  has re c e n tly  increased w ith  reg ard  to  seco n d ary  c lu ster ions 
fo rm ed  d u rin g  th e  b o m b a rd m e n t of so lids; th e  p ro p ertie s  an d  conditions of 
fo rm a tio n  of these ions are  connected  w ith  m an y  th e o re tic a lly  im p o rta n t 
questions (s tab ility  an d  io n iza tion , of m o lecu la r pa rtic le s  e tc .) [1 —4]. In  a d d i­
tio n , th e  c lu ste r ions s im ila rly  p lay  a n o t  in sig n ifican t ro le  in  secondary  ion- 
em ission m ass-spec trom etric  practice (sp e c tra l p eak  in te rfe ren ces [5], “ ch arac­
te ris tic  sp ec tra”  [6], v a c u u m  conditions [7], etc.). P u b lica tio n s  dealing w ith  
c lu s te r ions to  d a te  h av e  d e a lt  p rim arily  w ith  th e  energy  [3, 8], angle [9] and  
size [1, 4, 10] d is tr ib u tio n s  of clusters e m itte d  from  p u re  e lem ents. D a ta  on 
th e  connection  betw een  th e  cluster ions an d  th e  s tru c tu re  of th e  bom barded  
sam ple [4] are  scarcely  to  be found, h o w ever, and  th e  case is th e  sam e for 
c lu ste r ion  em ission from  alloys [11, 12]. In  th e  p re sen t w ork , therefo re , we 
have  s tu d ied  th e  connec tion  of the  em ission of c lu ste r seco n d ary  ions form ed 
from  Fe —N i and  Fe —Cr alloys and th e  com position  of th e  alloy . Such studies 
w ill also co n trib u te  to  th e  u n d e rs tan d in g  of th e  m echan ism  of em ission of 
c lu ste r ions.

Experimental

Series of Fe —N i and F e  — Cr alloys (c =  0, 20, 40, 60, 80 and 100 %) were bombarded 
with 4 keV K r+ ions in a secondary ionization m ass spectrom eter as described earlier [13, 14]. 
The mass resolution of the SIM S was m /Am  ^  100, and thus the stu dy  o f diatom ic ions did 
not cause any difficulty. The secondary ion spectrum  of every individual sam ple was recorded
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a t various primary ion-current densities ( ip =  2 — 15 /íA /cm 2). The m ass-dependent sensitiv ity  
o f  th e  detector of the m ass spectrom eter and the isotope abundances were not taken into con­
sideration  in the evaluation o f  the ion-current intensities .These are independent o f the con­
centration  of the sam ple, and in our present studies, therefore, where the concentration de­
pendence of the em ission o f the individual ionic species was investigated , this neglect did n o t  
lead to  an error. Sim ultaneously w ith the SIM S study, the alloy sputtering coefficients o f th e  
ind ividual elements were also determ ined [13].

Results and discussion

Besides those  o f th e  m onoatom ic  ions [15], in ten se  p eak s  of th e  c lu s te r  
ions appeared  too  in  th e  secondary  ion  spectra ; these  w ere id en tified  as th e  
Feg", Ni^1" and C r^ (hom ogeneous c lu ste r) and  th e  F e N i+ an d  F e C r+ (h e te r­
ogenous cluster) ions. I n  th e  in te re s t of being able to  com pare  th e  ex ten ts  o f  
em ission  of the  in d iv id u a l ionic species, we determ ined  th e  ra t io  of th e  c u rre n t 
in te n s itie s  of th e  c lu s te r  ions (I^j) an d  th e  m onoatom ic ions (Ijvv):

I r +e . =  ( 1 )

I n  th e  case of th e  heterogeneous ions, reference w as m ad e  to  F e . F o rm a tio n  
o f th e  quo tien t in  eqn . (1) reduced  th e  in fluence  of possible m easu rem en t e rro rs , 
w h ile  a t  the  sam e tim e  th e  expression  show s th e  superfluousness of tak in g  in to  
ac c o u n t th e  iso tope . F ig u re  1 p re sen ts  th e  co n cen tra tio n  dependence o f th e  
re la tiv e  ion cu rren t in te n s i ty  of th e  F e ^  an d  Nig- ions e m itte d  from  th e  F e  — N i 
a llo y s, a t  various b o m b ard in g  ion c u rre n t densities. F ig u re  2 gives an  analogous 
p ic tu re  for F e^  an d  C r^  from  F e  —Cr alloys, w hile F igu re  3 dep ic ts  th e  re la tiv e

F ig . 1. Relative ion currents o f F e j and N iJ ions referred to F e+ and N i+ , as functions o f  th e  
concentration of the F e —N i alloy, at various primary ion-current densities ( ip =  5, 10, 

15 juA/cm2) (dashed line: Fe^; continuous line: N i£)
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Fig. 2. R elative ion currents o f  F e i  and Cr2 ions as functions o f the concentration of the alloy, 
at various prim ary ion-current densities ( i„ =  5, 10, 15 /tA /cm 2) (dashed line: Fej": continuous

line: Cr j )

Fig. 3. R elative ion currents o f F eN i+ and FeCr+ ions referred to F e+ , at various primary 
ion-current densities (dashed line: F eN i+ ; continuous line: FeCr+ )
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Table I

Relative ion currents o f  diatomic cluster ions referred to monoatomic ions , 
as functions o f  the alloy composition  (ip =  10 pA /cm 2)

Alloy cFe
%

b e l

Fe+/Fe+ NÍ+/NÍ+ FeNi+/Fe+

0 0 0.13 0

20 0.03 0.097 0.14

40 0.12 0.21 0.27
F e - N i

60 0.09 0.16 0.09

80 0.15 0.14 0.04

100 0.10 0 0

F e^/Fe+ Cr+/Cr+ FeCr+/Fe+

0 0 0.0075 0
20 0.016 0.012 0.27

F e — Cr 40 0.020 0.0090 0.13

60 0.031 0.0080 0.13

80 0.070 0.0068 0.13

100 0.099 0 0

io n  c u rre n t in tensities o f th e  heterogeneous ions. T ab le  I  lis ts  th e  re la tiv e  ion- 
c u r re n t  in tensities of th e  in d iv id u a l d ia tom ic  c lu ste r ion  species, m easured  
a t  i p =  10 pA /cm 2, as a fu n c tio n  o f th e  alloy  com position  (th e  accu racy  o f th e  
m easu rem en ts  was ± 3 0 % ) .  F o r com parison , T ab le  I I  co n ta in s  th e  re la tiv e  
io n  c u rre n t in tensities re p o rte d  in  th e  l i te ra tu re  for th e  sam e io n s.

T h e  am oun t of th e  c lu ste r ions is genera lly  10 — 30 % of th a t  o f  th e  mono- 
a to m ic  ions, w ith  th e  ex cep tion  of th e  am o u n t of C r^ ions, w hich  is a b o u t one

Table II

Relative icn currents c f  diatcm ic cluster ions from  Fe. N i, Cr and  F e —Cr samples
(literature data)

Cluster
ion

Bombarded
sample Ifel Ref.

Fejt pure Fe 0.24 [16]

N if pure N i 0.33 [17, 18]

Cr+ pure Cr 0.2 [19]

F ef 0.015

Cr2+
Fe — Cr alloy containing

47 % Cr
0.126 [11]

FeCr4 0.045
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o rd e r o f m agn itude  sm alle r. T he a m o u n t o f th e  heterogeneous c lu ste r ions in  th e  
case o f FeC r + is h igher, how ever, a t ta in in g  even  70 %. In te n se  c lu ster-ion  em is­
sion  such  as th a t  observed  fo r several m e ta ls  b y  Wittmaack an d  Staudenmaier

[2] (I+ j > 1 )  was n o t experienced  in  ou r system s. In  a d d itio n , a con sid er­
ab le  com position  d ep en d en ce  too  can  b e  observed for a ll ionic species. T he 
re la tiv e  ion-curren ts o f  ions consisting  o f  th e  sam e a to m s increase w ith  th e  
alloy  co n cen tra tio n  o f th e  e lem ent in  q u es tio n , w hereas th o se  of ions consisting  
o f d iffe ren t atom s are th e  h ighest a t  m ed ium  co n cen tra tio n s. T he effect of 
th e  c u rre n t in ten sity  o f th e  b o m b ard in g  ions is s im ilarly  m ark  eel: th e  re la tiv e  
seco n d ary  ion cu rren t increases w ith  in c reasin g  ip.

I n  th e  case of hom ogeneous b in a ry  alloys, c lu ste r ion  fo rm atio n  can  be 
reg a rd ed  as a second-order process. T h is  m eans th a t  th e  am o u n t o f c lu ste r 
ion  M j- em itted  is p ro p o rtio n a l to  th e  sq u are  of th e  alloy  co n cen tra tio n  (c) 
of th e  elem ent M. T he ion  cu rren t s im ila rly  depends on th e  sp u tte rin g  coeffi­
c ien t (Scl(c)) and  degree o f  ion iza tion  (a^j(c)) o f th e  d ia tom ic  system  M2:

Scl(e) • a+(c) . c* - I p (2)

w here I^[ is th e  d e tec ted  c u rre n t of th e  ions, and  r] is th e  sen s itiv ity  o f th e  
SIM S. T h e  re la tive  ion  c u r re n t can  th e re fo re  be w ritte n  in  th e  follow ing w ay :

T+ Sei *ciXrpi — • c
Sm а м

(3)

w here  SM and  are th e  sp u tte r in g  coeffic ien t and degree o f ion iza tion  o f th e  
m onoatom ic  ion. The ex p erim en ta lly  o b serv ed  ip dependence of I+ , in d ica tes  
th a t  th e  coverage of th e  surface of th e  sam ple  influences th e  em ission o f th e  
c lu s te r  secondary  ions, as also follows from  th e  d a ta  o f B enninghoven 
[16 — 19] m easured on p u re  F e , N i and  Cr m eta ls , and  from  th e  secondary  ion  
em ission stud ies by  Maul an d  Wittmaack [6] on silicon.

O n th e  basis of eqn . (3), to  a f ir s t  ap p ro x im a tio n  th e  curves o f F igs 1 
an d  2 should  be linear as a fu n c tio n  o f c o n cen tra tio n . I t  is obvious from  th e  
shapes o f th e  curves, how ever, th a t  th e  q u a n t i ty  of c lu ste r ions e m itted  from  
th e  alloys F e —Ni an d  F e  —Cr is also a ffec ted  b y  th e  s tru c tu re  of th e  alloy , 
an d  fu r th e r , according to  E q . (s), via  th e  co n cen tra tio n  dependence o f th e  
sp u tte r in g  coefficient an d  th e  degree o f ion iza tion .

A  n u m b er of concep tions have b een  pub lished  in  th e  l i te ra tu re  w ith  
re g a rd  to  th e  m echanism  o f fo rm atio n  o f  c lu s te r secondary  ions in  th e  course 
of ion ic  b o m b ard m en t:

1. T he cluster ion  sp lits  off th e  solid  d irec tly , p reserv in g  ce rta in  in fo r­
m a tio n  a b o u t th e  s tru c tu re  o f  th e  sam ple  [4, 20]. O n leav ing  th e  surface, th e  
c lu s te r p a rtic le  m ay u n d e rg o  ion iza tion . F o r  th e  d ia tom ic  case th is  m a y  be
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w rit te n  as
m eta l M2 -*■

2. U nder su itab le  cond itions, th e  sp u tte re d  atom s m ay  com bine to  fo rm  
c lu s te r  ions (low energy , em ission angle an d  tim e  differences). These c lu s te r  
p a rtic le s  m ay  ionize b ecau se  of th e ir  h igh  in te rn a l energy  [3, 8, 10]:

m e ta l -*■ M +  M M2 -*•

3. A sp u tte red  a to m  an d  a secondary  io n  com bine u n d e r cond itions c o r­
resp o n d in g  to  th e  p rev io u s ones:

m e ta l -*■ M +  M + -*■ M^"

4. Because o f th e  low  p ro b ab ility  o f fo rm atio n  of such  large p a rtic le s  
[1, 10], one m ay  exclude  th e  dissociation  in to  sm aller c lu ste r ions of ex c ited  
b ig  aggregates w hich  h a v e  b ro k en  off th e  solid in  one:

m e ta l -+■ Mn -*■ Mj" +  Mn_ 2

F o r each m echan ism  th e  co n cen tra tio n  dependence o f th e  re la tiv e  io n  
c u rre n t of th e  c lu ste r ions can  be w ritte n  b y  m od ifica tio n  of E q . (3). O n th e  
an a lo g y  of chem ical reac tio n s , i t  is necessary  to  in tro d u ce  a q u a n tity  analogous 
to  th e  custom ary  collision  cross-section, w hich  expresses th e  p ro b a b ility  o f 
association  of sp u tte re d  n e u tra l and  n e u tra l  (w°) an d  o f n e u tra l an d  ion ic  
p a rtic le s  (w +); th e se  q u a n tit ie s  re la te  to  pa rtic le s  in  th e  free s ta te , a n d  a re  
th e re fo re  co n cen tra tio n  in d ep en d en t. I t  m a y  be assum ed fu r th e r  th a t  th e  d e p a r­
tu re  o f th e  c lu ste r p a r tic le  in  th e  f irs t m echan ism  can  be given by  th e  sam e 
sp u tte r in g  coefficien t as fo r th e  atom s:

SC1 =  • w  (4)

w here  w is th e  p ro b a b ility  of jo in t em ission o f tw o atom ic  partic les. I n  th is  
case, how ever, w m ay  d ep en d  on th e  com position  of th e  sam ple. In  such a w ay , 
fo r each m echanism  I+ j is a function  of th e  sp u tte r in g  coeffic ien t of th e  a to m s, 
an d  of th e  alloy c o n c e n tra tio n  of the  e lem ent in  question . Since th e  sp u tte r in g  
coefficients of th e  c o n s titu e n t elem ents o f th e  alloy have  been  dete rm in ed  [13], 
th e  re la tiv e  degree o f io n iza tio n  of th e  c lu s te r ions referred  to  th e  m onoatom ic  
ions can be o b ta in ed  from  th e  ex p erim en ta lly  found  re la tiv e  ion c u rre n ts :

T +
-Uel

Sm ' c
( 5)
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In  th e  know ledge of th e  ex p e rim en ta lly  found d a ta ,  to  charac terize  th e  
ion iza tion  of th e  c luster ions i t  is p rac tica l to  d e te rm in e  a q u a n ti ty  p ro p o rtio n a l

K a + i  = ( 6)

w here К  co n ta in s th e  p ro p o rtio n a lity  fac to r к  defined  p rev io u sly  [13]. I t  m ust 
be n o ted  th a t ,  because of th e  a rb itra r ily  selected u n its  o f S ^ , th e  re la tiv e  
degree of ion iza tion  can also be o b ta in ed  from  E q . (6) in  a rb itra ry  u n its . T hus, 
K a+j is to  be regarded  as a ra tio , w ith  w hich th e  io n iza tio n s of th e  in d iv id u a l 
ionic species can  he com pared  w ith  one an o th e r an d  can  be  exam ined  in  th e  
c, i p dependence, b u t  th e  ab so lu te  v a lue  of Koc+, does n o t  m ean  th e  e x te n t of 
ion iza tion  d irec tly .

K a+ | can  be given as follows for th e  processes described  above:

Cluster formation 
mechanism

1.

2.

3. a. homogeneous cluster 

b. heterogeneous cluster

T ab le  I I I  gives th e  q u a n titie s  K a r+el p ro p o rtio n a l to  th e  re la tiv e  degrees 
o f ion iza tio n  of th e  in d iv id u a l c lu ste r ion  species re fe rred  to  th e  m onoatom ic 
ions, as func tions of th e  alloy  com position , a t tw o d iffe ren t b o m b ard in g  ion- 
c u rre n t densities. F igures 4 an d  5 p resen t th e  co n cen tra tio n s  dependence of 
th e  re la tiv e  degree of io n iza tio n  of th e  ions e m itted  from  th e  F e —N i and  
F e —Cr sam ples, a t  ip =  10 g A /cm 2.

S im ilarly  to  th e  re la tiv e  ion  c u rren t, th e  e x te n t of io n iza tio n  of th e  c lu ste r 
ions re ferred  to  th e  m onoatom ic ions increases w ith  th e  p rim a ry  io n -cu rren t 
den sity . T he c lu ste r p artic les e m itte d  from  th e  F e  —Cr alloys are p a rticu la rly  
sensitive  in  th is  respect (e.g. th e  ion iza tion  of th e  F e C r+ ion  in  th e  case of 
ip — 15 jtiA/cm2 is ab o u t 50 — 100 tim es th e  v alue  d e te rm in ed  a t  2 /tA /cm 2).

The ion iza tion  of F e2 e m itte d  from  F e  —N i sam ples is h igher th a n  in  th e  
case of F e  —Cr sam ples, b u t  in  genera l is som ew hat low er th a n  in  th e  case of 
th e  b o m b ard m en t of pu re  iron . T h e  ion iza tion  of N i2 an d  Cr2 e m itted  from  th e  
alloys is su b s ta n tia lly  h igher th a n  fo r th e  pu re  m etals.

The io n iza tion  of th e  c lu s te r partic les depends s tro n g ly  on th e  com position  
of th e  alloy. F ro m  a com parison  of th e  curves of F igs. 4 a n d  5 i t  m ay  be s ta te d

«cl 1 
<*M
«cl
«М
U)+
«М

«Fe
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Table III

Relative degrees o f  ionization  o f  diatom ic cluster ions referred to monoatomic ions, 
as functions o f  the alloy com position, at various prim a ry  current densities 

( in  arbitrary un its)

Alloy cFe
%

Ka + ,

5 10
ip [M /cm 2] 

5 10 5 10

Fe2+ Nit FeNi+

0 0 0 0.032 0.050 0 0

20 0.038 0.038 0.031 0.040 0.042 0.058

40 0.094 0.13 0.15 0.17 0.14 0.21
F e - N i

60 0.038 0.058 0.12 0.17 0.063 0.095

80 0.049 0.067 0.16 0.24 0.052 0.069

100 0.028 0.040 0 0 0 0

Fe2+ Cr4- FeCr+

0 0 0 0.0016 0.0044 0 0

20 0 036 0.057 0.0031 0 . 0 1 1 0.045 0.24

40 0.015 0.029 0.0027 0.0088 0.025 0.13
F e -C r

60 0.015 0.026 0.0035 0.0080 0.042 0.13

80 0.025 0.044 0.0083 0.0148 0.11 0.28

100 0.028 0.040 0 0 0 0

F ig. 4. Ionization o f Fe,f', N i i  and F eN i+ ions as functions of the com position o f the F e —N i 
alloy . Data denoted b y  x  are values calculated b y  interpolation. (Karel in  arbitrary units;

ip =  10 jitA/cm2)
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Fig. 5. Ion ization  of F e j ,  Cr»" and FeCr+ ions as functions of the com position of the F e —Cr 
alloy. D a ta  denoted b y  x  are values calculated b y  interpolation. (Kafel in  arbitrary un its;

ip =  10 jitA/cm2)

th a t  th e  com position  an d  s tru c tu re  of th e  a llo y  have  a g re a te r  in fluence on th e  
e x te n t o f io n iza tion  of th e  cluster p a r tic le s  e m itted  th a n  th e  n a tu re  o f th e  
c lu ste r p a rtic le  itself. I t  follows from  th is , how ever, th a t  c larification  o f th e  
electron ic  s tru c tu re s  o f th e  po lyatom ic agg rega tes is alone n o t su ffic ien t to  
ex p la in  th e  m echanism  o f fo rm ation  o f th e  c lu ste r ions, in  c o n tra s t w ith  th e  
view  o f J o y e s  et al. [10].

T h e  co n cen tra tio n  dependence o f th e  re la tiv e  degree o f ion iza tion  o f  th e  
c lu ste r p a rtic le s  p e rm its  th e  fu rth e r  conclusion  th a t  th e  earlie r-ou tlined  
m echan ism  3, accord ing  to  which on ly  th e  io n iza tion  o f th e  heterogeneous 
pa rtic le s  can  ex h ib it a c-dependence, d id ^p o t c o n tr ib u te  to  th e  ion fo rm a tio n  
in  our case. This is su p p o rted  in  general to o  b y  th e  fa c t t h a t  th e  ionic p ro p o r­
tio n  o f th e  sp u tte re d  p a rtic le s  is sm all, a n d  th u s  th e  p ro b a b ility  of th e  co r­
resp o n d in g  aggregation  is also m inute.

T h e  fa c t th a t  th e  ion iza tion  of th e  c lu s te r  partic les  depends on th e  su rface  
coverage an d  on th e  s tru c tu re  of the  sam ple  p e rm its  th e  conclusion th a t  m ech a ­
nism  1, i.e. th e  d irec t em ission of d im eric  ions, is th e  m ost p robab le . In  a d d i­
tio n , how ever, process 2 is also conceivable, i f  i t  is ta k e n  in to  accoun t th a t  th e  
ion sp u tte r in g  gives rise  to  a large q u a n t i t i ty  of exc ited  n e u tra l atom s to o , 
w hich associa te  an d  lead  to  ion ization  o f  th e  c lu ste r partic les . O n th e  o th e r  
h an d , u n d e r  given b o m b ard m en t co n d itio n s th e  e x te n t o f ex c ita tio n  o f th e  
atom s is la rge ly  co n tro lled  b y  th e  p ro p e rtie s  of th e  solid.
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T o sum m arize, i t  m ay  be s ta te d  t h a t  th e  fo rm atio n  o f c lu ste r ions is 
is one  o f th e  im p o r ta n t  processes o f se c o n d a ry  ion  em ission; from  stud ies m ad e  
as a  fu n c tio n  o f th e  alloy  co n cen tra tio n  i t  m a y  be assum ed  th a t  th is  p rocess 
m a y  occur in  acco rdance  w ith  b o th  m ech an ism  1 and m echan ism  2. F u r th e r  
m o re  deta iled  ex am in a tio n s are n ecessary , how ever, for th e  e lucidation  o f  a 
p o ssib le  closer connec tion  w ith  th e  ph ase  d iag ram s of th e  alloys.
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Conductometric and ultraviolet visible spectroscopic studies on solutions of 
tellurium  in chlorosulphuric acid indicate th a t the red colour of the solution produced  
in  neat H S 0 3C1 is due to T e |+ cation. I t  has also been shown that the red species T e |+ 
can be oxidized to the yellow  species T e |+ by oxidizing agents like K 2S20 8 and T e 0 2. 
In  excess o f the oxidizing agents however T e 0 2 is formed.

Introduction

T h e fo rm atio n  of po lya tom ic  ca tio n s [1 —4] S ^1-, Sj|+> S4+? Se4+i S e8 + 
T e4 + an d  Te] + hav ing  th e  elem ents in  low  o x id a tio n  s ta te s  has been  re p o rte d  
in  H 2S 0 4, H 2S20 7 and  H S 0 3F . R ecen tly  ch lo rosu lphuric  acid w hich is a s tro n g  
ion izing  so lv en t [5 — 7] an d  is in te rm e d ia te  in  s tre n g th  betw een  su lp h u ric  an d  
f lu o ro su lp h u ric  acids, fo rm atio n  of po ly a to m ic  ca tions only  of selen ium  has 
been  re p o rte d  [8 ] from  these lab o ra to rie s . I t  w as therefo re  th o u g h t o f in te re s t  
to  s tu d y  th e  o x id a tio n  of te llu riu m  in ch lo rosu lphuric  acid y ield ing  p o ly a to m ic  
ca tio n ic  species as a stab le  e n tity .

Experimental

A ll the m aterials used including the solvent chlorosulphuric acid (Riedel) were com ­
m ercially pure sam ples excepting tellurium  dioxide which was synthesized according to the  
established m ethods [9].

The design of the conductivity cell, m eaning and significance of the notations у  and 
со have been discussed elsewhere [5 — 7].

A  systronics type 302-S. R. No 306 condu ctiv ity  bridge therm ostatted at 25 +  0.1 °C 
was used for the conductance m easurem ents and u ltraviolet v isible spectra of the solutions 
were recorded on a Beckm an Model D U  2 spectrophotom eter.

Results and discussion

C ondu cto m etric  E vidences: T e llu rium  dissolves in  ch lo rosu lphuric  acid  
p ro d u c in g  re d  colour conducting  so lu tions. T he co nductance  of th e  so lu tions 
s ta y e d  c o n s ta n t for ab o u t tw elve ho u rs , how ever, th e  red  colour g ra d u a lly
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ch an g ed  to  an  orange-yellow  an d  f in a lly  a  colourless so lu tion  w as o b ta in ed . 
O n th e  ad d itio n  o f  th e  oxidizing ag en ts  like  te llu riu m  dioxide an d  po tassium  
p e rsu lp h a te  th e  red  co lour of th e  so lu tions w as im m ed ia te ly  changed  to  yellow . 
H ow ever, w ith  a la rg e  excess o f th ese  ox id iz ing  agen ts colourless so lu tions 
w ere o b ta ined . T hese observations th e re fo re  in d ica te  th a t  th e  coloured so lu ­
tio n s  o f  te llu riu m  in  ch lo rosu lphuric  acid  co rresp o n d  to  positive o x id a tio n  s ta te s  
o f te llu riu m  and  th e  yellow  species a re  in  a h ig h er o x ida tion  s ta te  th a n  th e  
re d  one.

T h e  value o f v i.e. th e  n u m b er o f  m oles o f S 0 3C1-  ions (responsib le  fo r 
c o n d u c tin g  a lm o st a ll th e  c u rren t in  th e  so lu tion ) produced  b y  each a to m  of 
te llu r iu m  is 0.60, o b ta in e d  from  th e  co m p ariso n  o f th e  specific conductance- 
c o n c e n tra tio n  curves o f th e  so lu te  w ith  th a t  o f a reference e lec tro ly te  KC1 
(F ig . 1). T he observed  va lu e  of v is co n sis ten t w ith  th e  fo rm atio n  o f th e  p o ly ­
a to m ic  cationic species T e4+ co n ta in in g  th e  e lem en t in  low  o x id a tio n  s ta te , 
acco rd in g  to  th e  fo llow ing reaction  g iven below

4Te +  4 H S 0 3C1 -  Te*+ +  S 0 2 +  2HC1 +  H 2S 0 4 +  2 S 0 3C r  (1)

I t  h a s  also been in d ic a te d  from  th e  co n d u c to m e tric  stud ies th a t  in  H S 0 3C1 
th e  red  species T e4 + ca n  be oxidized to  th e  yellow  Te4+ b y  th e  above m en tio n ed  
ox id iz ing  agents. T h is  m ay  be seen from  th e  con d u cto m etric  t i t r a t io n  of th e  
re d  species w ith  th e  oxidizing agen ts T e 0 2 a n d  K 2S20 8 show n in  F igs 2 an d  3, 
re sp ec tiv e ly . I t  is e v id e n t from  th e  figures t h a t  a c lear b reak  occurs a t  th e  ra tio s

Fig. 1. Specific conductance-concentration curves o f  solutes in  H S 0 3C1 at 25 °C О Potassium
chloride; X tellurium  m etal
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Fig. 2. Conductometric titrations of the solutions of tellurium  w ith T e 0 2 at 25 °C. 
о  Concentration o f  Те 0.1630 w; X concentration o f Те 0.1471 w

T e/K 2S,Og — 4.0 an d  T e 0 2/Te =  0.16. T e llu rium  d ioxide oxidizes T e4 + to  
T e4+ an d  is itse lf  red u ced  to  T e4+ as show n below

6Te* + +  4T e(IV ) -  7Te^+ (2)

T he reac tio n  occurring  in  H S 0 3C1 m ay  be  given as below

6Te* + +  4 T e 0 2 +  2 4 H S 0 3C1 -  7Те^+ +  8 H 2S 0 4 +  8HC1 +  1 6 S 0 3C r  (3)

T he eq u a tio n  for overall re ac tio n  for th e  fo rm a tio n  o f T e4 + from  Те in  a 
ch lo rosu lphuric  acid so lu tio n  con ta in ing  T e 0 2 m ay  be o b ta in ed  b y  com bining 
equa tions (1) and  (3) as

24Te +  4 T e 0 2 +  4 8 H S 0 3C1 -  7Te*+ +  6 SO„ +  14H „S 04 +  20HC1 +  2 8 S 0 3C1-
(4)

Fig. 3. Conductometric titrations o f the solutions o f  tellurium  w ith  K 2S20 8. о  Concentration 
of K2S20 8 0.0378 w ; ©  concentration of K2S20 8 0.01687 w
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A t equ ivalence  p o in t o f th e  fo rm a tio n  o f th e  yellow  species T e4 + th e  p red ic ted  
ra t io  T e 0 2/Te =  0.17 is in  ex ce llen t ag reem en t w ith  th e  ex p e rim en ta lly  
o b se rv ed  value of T e 0 2/T e =  0.16 a n d  th erefo re  confirm s th e  m ode o f reac tio n  
re p re se n te d  by  e q u a tio n  (4).

P o tassium  p e rsu lp h a te  is k n o w n  to  be a s trong  oxidizing ag en t.
A n a tte m p t w as th e re fo re  m ad e  to  check th e  o x id a tio n  o f  T e4+ to  T e4 + 

b y  th is  oxidizing a g en t an d  th e  re a c tio n  occurring  in  H S 0 3C1 m a y  be  given as

Te* + +  K 2S20 8 +  4 H S 0 3C1 -  T e*+ +  2H 2S 0 4 +  2K +  +  4 S 0 3C1- (5)

T h e  overall reac tion  fo r th e  fo rm a tio n  of th e  yellow  species T e4 + in  a chloro- 
su lp h u ric  acid so lu tio n  co n ta in in g  K 2S2Og m ay  be given b y  ad d in g  equ a tio n s
(1) a n d  (5) as given below

4Te +  K 2S20 8 +  8 H S 0 3C1 -  Te£ + +  S 0 2 +

+  2HC1 +  3H 2S 0 4 +  2K +  +  6SO3C I- (6)

T h e  observed ra tio  T e /K 2S20 8 =  4.0 a t  th e  equivalence p o in t o f th e  fo rm a tio n  
o f  T e4 + is in  excellen t ag reem en t w ith  th e  expected  va lu e  acco rd ing  to  e q u a ­
t io n  (6) therefore co n firm in g  i t  to  be  th e  m ode of th e  reac tio n .

Spectrophotometric evidences: T he abso rp tio n  sp ec tru m  o f th e  red  sp e ­
cies o b ta ined  b y  d isso lv ing  te llu riu m  in  cold ch lo rosu lphuric  ac id  has b een  
show n  in F igure 4 (C urve A). T h is species has an  in ten se  b a n d  cen te red  a t  
550 n m  and a v e ry  w eak  a b so rp tio n  h av in g  th e  m ax im um  a t  430 nm . A  sim ilar 
sp ec tru m  [4] of th e  red  species fo rm ed  b y  dissolving te llu riu m  in  fluo rosu l- 
p h u ric  acid has been  earlie r assigned to  th e  ex istence of T e4+ ca tio n .

The abso rp tion  sp ec tru m  o f th e  orange-yellow  so lu tion  in  ch lo rosu lphuric  
ac id  ob ta ined  b y  ox id iz ing  th e  red  so lu tion  w ith  sm all a m o u n t o f  K 2S20 8 such  
t h a t  T e /K 2S20 8 =  7.0 has been  show n in  F igure  4 (C urve B ). T h is  so lu tion  h a s  
a n  in ten se  b an d  h a v in g  m ax im u m  a t  550 nm  and  tw o w eak  m ax im a  c e n tre d  
a t  380 and 430 n m . T h e  a b so rp tio n  sp ec tru m  of th e  yellow  species Te4 + in  
H SO gF has been re p o rte d  [4] to  co n ta in  an  in ten se  b a n d  a t  250 n m  an d  tw o  
w eak  bands a t a ro u n d  360 an d  420 nm . T he in ten se  b a n d  a t  250 nm  c h a ra c ­
te r is tic  of Te4 + cou ld  n o t be observed  in  H S 0 3C1 due to  th e  so lv en t c u t o ff 
a t  280 nm . The ap p ea ran ce  of th e  in ten se  b a n d  a t  550 n m  c h a ra c te ris tic  o f 
th e  T e4 + suggests t h a t  th e  so lu tio n  con ta ins a m ix tu re  o f b o th  th e  ca tio n ic  
species i.e. Te4 + a n d  T e4 + . H ow ever, w hen th e  red  so lu tion  w as ox idized w ith  
a la rg e r co n cen tra tio n  of K 2S20 8 such  th a t  T e /K 2S20 8 — 1.0 o n ly  a w eak  b a n d  a t  
350 nm  ch a rac te ris tic  o f th e  T e4+ could  be observed  in d ic a tin g  th e  ex istence  
o f  yellow  species on ly . T he colourless solu tions o b ta in ed  b y  th e  excess o f th e  
ox id izing  agents co rrespond  to  th e  h igher o x id a tio n  s ta te  T e(IY ) p re su m ab ly
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Fig. 4. Absorption spectra of the solutions of tellurium  in H S 0 3C1 at 25 °C. A. red species; 
B. orange-yellow species; C. yellow  species

T e 0 2. In  th e  case o f selenium  also it  has been rep o rted  [8] th a t  in  large excess 
o f th e  oxidizing ag en t selenium  is con v erted  to  S e 0 2 w hich  accoun ts for th e  
colourless so lu tion .
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THE CATALYTIC OXIDATION OF SORBOSE
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The heterogeneous cata lytic  oxidation  of sorbose has been investigated , using  
a specially prepared Pd/C catalyst. It has been found th a t a y ield of about 50 % can be 
achieved in  a 20 % (w /w ) solution at 60 — 70 °C in 4 —6 hours, and the se lectiv ity  for 
sorbose is 80 %. Therefore, the process appears to be suitable for industrial realization.

In  m an u fac tu rin g  V itam in  C, one of th e  in te rm ed ia te  step s  is th e  o x id a ­
tio n  o f sorbose to  2 -ketogulonic  acid (K G A ), w hich can  be effected  w ith  chem ­
ica ls , ca ta ly tica lly , or b y  m icrobiological ro u te  [1].

In  in d u str ia l processes, genera lly  th e  d iacetone d e riv a tiv e  is oxidized 
in s te a d  o f sorbose, as in  th is  w ay  side reac tio n s are e lim in a ted  an d  th e  process 
is m ore  econom ical in sp ite  o f th e  tw o ad d itio n a l reac tio n  steps.

T h ere  are several d escrip tions an d  p a te n ts  for th e  d irec t c a ta ly tic  o x id a ­
tio n  o f sorbose [2 — 7], how ever, these  h av e  no in d u stria l im p o rtan ce , because 
th e  en d  p ro d u c t is o b ta in ed  in  th e  form  of a d ilu te  so lu tion  (4 —6 % (w/w)) 
a f te r  a long reac tio n  tim e  (180 hours) an d  in  a poor y ield  (25 — 50 %).

D u rin g  an  in v estig a tio n  of th e  c a ta ly tic  ox ida tio n  of d iacetone-sorbose [8] 
w e h av e  developed a p a llad iu m  c a ta ly s t, w hich  is su itab le  fo r o x id a tio n  u n d er 
in d u s tr ia l  conditions. T he use o f th is  c a ta ly s t has now been in v es tig a ted  in  th e  
o x id a tio n  o f sorbose, too.

T h e  q u a n ti ty  of th e  p ro d u c ts  fo rm ed  w as in v es tig a ted  as a fu n c tio n  
o f  re a c tio n  conditions w ith  th e  aim  o f de te rm in in g  th e  o p tim a l p a ram e te rs .

O x id a tio n  was carried  o u t in  w a te r, in  th e  presence of P d -on -charcoal 
c a ta ly s t ,  w ith  a ir, in  th e  a p p a ra tu s  show n in  Fig. 1. T he com position  of th e  
re a c tio n  m ix tu re  was d e te rm in ed  b y  th e  conductiom etric  an d  po larog raph ic  
m e th o d s  developed by  us earlie r [9].

E ffects o f tem p era tu re

T h e  com position  of th e  re a c tio n  m ix tu re  w as th e  follow ing:

Sorbose 5 g
N a H C 0 3 3.5 g
Pd/C  (10 %) 1 g
W ate r 50 ml
A ir flow  ra te 3 1/m
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ci r

Fig. 1. Apparatus for the oxidaton of sorbose

T h e  reaction  te m p e ra tu re  w as v a ried  b e tw een  20 an d  90 °C. T he resu lts  a re  
show n  in Table I  a n d  in  Fig. 2.

F rom  th e  d a ta  i t  can  be seen th a t  u n d e r th e  g iven  reac tio n  co n d itions 
th e  op tim al te m p e ra tu re  is 60 — 70 °C, a t  w hich  a K G A  p ro d u c tio n  o f a b o u t 
50 % can  be a t ta in e d  in  4 — 6 hours, w hile 80 — 82 % of th e  sorbose is c o n v e rted  
in to  th e  desired p ro d u c t. T he resu lts  o f a reac tio n  carried  o u t u n d er th ese  nea r- 
o p tim a l conditions a re  sum m arized  in  F ig . 3.

React ion t ime (hour)

Fig. 2. O xidation o f  sorbose into ketogulonic acid (K G A ) at various tem peratures
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Table I

The effect o f temperature on the composition o f  the reaction mixture

Tem perature,
°C

Time,
hr.

Sorbose con­
sum ption,

%

KGA
yield,

%

Oxalic acid +  
threonic acid,

%

Selectivity 
for sorbose 
KGA reaction,

%

l _ __ __

2

3
— — —

20
4

5

6

1

2

3

5

10

5

8

15

3

5 

7

4

6 

10 3
30

4

5

6

1

17

10

10

8

4

2 80
2 26 20 6 77

40
3 38 30 8 79
4 44 35 8 80
5 50 40 9 80
6 — — — -

1 27 23 4 85
2 41 33 8 81

50
3 50 41 9 82
4 53 44 9 83
5 54 45 9 83
6 56 46 10 82

1 28 25 5 82
2 45 37 8 82

60
3 55 45 10 82
4 60 50 10 83
5 63 51 12 81
6

"
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Table I (continued)

Tem perature,
°C

Tim e,
hr.

Sorbose con­
sum ption,

%

KGA
yield,

%

Oxalic acid +  
threonic acid,

%

S electiv ity  
fo r  sorbose -► 
KGA reaction,

%

l 3 7 3 0 7 8 1

2 4 9 4 1 8 8 4

7 0
3 5 4 4 4 9 81

4 5 9 4 8 11 8 1

5 6 3 5 0 12 7 9

6 6 7 5 1 16 7 6

1 4 2 3 0 12 7 2

2 6 0 2 8 3 2 5 7

3 6 6 2 5 4 1 3 8
8 0

4 7 2 2 3 4 9 3 2

5 - - - -

6 - - - -

1 4 7 2 8 19 6 0

2 7 2 2 5 4 6 3 5

9 0
3 7 6 2 3 5 3 3 0

4 7 8 2 0 5 8 2 6

5 - - - -

6 —

Effect o f concentration

T he c o n c e n tra tio n  of th e  so lu tio n  in  w hich th e  o x id a tio n  can  be carried  
o u t, is im p o r ta n t  from  th e  techno log ica l p o in t of view . T herefo re , keep ing  
th e  sorbose : N a H C 0 3 : c a ta ly s t ra tio  c o n s ta n t, th e  effect o f th e  increase in  
sorbose co n c e n tra tio n  in v estig a ted  a t  70 °C.

T he re su lts  a re  sum m arized  in  T a b le  I I  and  Fig. 4.
I t  can  be  seen from  these  d a ta  t h a t  increase of th e  sorbose co n cen tra tio n  

u p  to  20 % does n o t  su b s ta n tia lly  a ffec t e ith e r  th e  reac tio n  ra te  or th e  a t ta in ­
ab le  y ield . T h is  co n cen tra tio n  ra n g e  (10 — 20 %) is a lread y  accep tab le  fo r a 
possible in d u s tr ia l process.
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React ion t i m e  (hour)

Fig. 3. O xidation o f  sorbose at 70 °C

Fig. 4. O xidation of sorbose so lution s of various concentrations

Effect o f the quantity and the nature of additives 
on the oxidation

T h e  ca ta ly tic  o x id a tio n  of sorbose in to  ketogulonic  acid  can  be ca rried  
o u t o n ly  in  m ild ly  a lkaline m edium . In  th e  l ite ra tu re  so d iu m ace ta te , p o tassiu m  
o x a la te , sod ium  hydrogen  carb o n a te , so d iu m  carb o n a te  and  various sod ium  
p h o sp h a te s  are m en tio n ed  as add itives. W e used  p o tassium  o x a la te , N a H C 0 3 
an d  N a 2C 0 3. P o tassiu m  o x a la te  was t r ie d  because i t  m ay  suppress th e  for-
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Table П

Oxidation o f  sorbose solutions o f  different concentrations

Sorbose KGA Oxalic acid
Selectivity 

for sorbose-*-
g/100 ml hr. consump­

tion, %
yield,

%
+  threonic 

acid, % KGA reaction,
%

l 41 3 5 7 85

2 4 8 4 2 6 8 7

3 55 4 9 6 8 9

4 6 0 5 0 1 0 8 3

5 6 3 51 12 81

6 6 5 5 3 12 81

1 37 3 0 7 81

2 4 9 4 1 8 8 4

10
3 54 4 4 9 8 1

4 5 9 4 8 11 8 1

5 6 3 5 0 12 7 9

6 67 5 1 16 7 6

1 37 3 8 2 9 5

2 4 7 4 3 5 91

15
3 52 4 6 6 8 8

4 56 4 7 9 8 4

5 57 4 8 9 8 4

6 59 4 8 11 8 2

1 41 3 8 3 9 2

2 4 9 4 2 6 8 6

20
3 5 3 4 5 8 8 5

4 57 4 6 11 8 1

5

6

57 4 6 11 81

1 3 9 2 2 1 7 6 2

2 4 6 2 3 2 4 5 0

25
3 52 2 5 2 7 4 8

4 5 7 2 6 31 4 6

5 5 7 2 6 - 4 6

6

"
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m a tio n  of oxalic acid and  p rov ide  fo r a p H  of 7 — 8. As c o n tra ry  to  d a ta  in  
th e  lite ra tu re , p rac tica lly  no o x id a tio n  occurred  in  th e  p resence  o f p o tassiu m  
o x a la te , w h e th e r used alone or in  co m b in a tio n  w ith  N a H C 0 3.

I t  has been found  th a t  th e  q u a n t i ty  o f N a H C 0 3 shou ld  n o t be red u ced  
below  1.5 m o lar eq u iv a len t, because  w hen  th e  pH  of th e  reac tio n  m ix tu re  
decreases a fte r  a ce rta in  tim e  below  7, th e  ox idation  s tops. I f  th e  p H  o f th e  
in itia l m ix tu re  is increased , th is  increases th e  danger o f u n d esired  a d d itio n a l 
o x id a tio n . O ur deta iled  resu lts  are sum m arized  in  T able  I I I .

Table III

Composition o f  the reaction mixture after 4 hrs o f  oxidation at 70 °C in  the presence
o f  different additives

Additive
pH  at Sorbose KGA Oxalic acid -j- Selectivity for

N ature
Quantity- 

molar equ.

the beginning 
of oxidation

consump­
tion , %

yield,
%

threonic acid 
yield, %

sorbose KGA 
reaction, %

К  oxalate 1.5 ~  7 _ — — _

К  oxalate +  

+  N aH C 03 1 + 1 ~ 7

N aH C 03 1.0 ~  8 45 40 5 89

N aH C 03 1.5 ~ 8 59 48 11 81

N aH C 03 2.25 ~  8 54 40 14 74

N a2C 03 1.5 ~ 1 0 70 42 28 60

Effect of the quantity and Pd content of the catalyst 
on the oxidation

A fu rth e r  increase of th e  q u a n ti ty  of ca ta ly s t (sorbose: Pd/C  <  5) d id  
n o t increase  th e  reac tio n  ra te . O n chang ing  th e  pallad ium  c o n te n t o f th e  c a ta ­
ly s t , i t  w as found  th a t  th e  reac tio n  ra te  w as scarcely reduced  an d  th e  life tim e 
o f th e  c a ta ly s t  becam e sh o rte r w h en  a c a ta ly s t of low er P d  co n ten t (e.g. 
5 % (w/w)) w as used . A n increase of th e  p a llad iu m  co n ten t d id  n e ith e r  increase 
th e  re a c tio n  ra te , n o r im prove th e  y ie ld , an d  th e  lifetim e of th e  c a ta ly s t w as 
n o t su b s ta n tia lly  longer. T hus, th e  use c a ta ly s ts  w ith  a p a llad iu m  co n ten t of 
a b o u t 10 % (w/w) seems to  be op tim al.
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D ata on adsorption and 11 I) exchange in CH4 and C2H 6 were compared w ith  
hydrogenolysis on Co, N i, R h , Pd, Ir and Pt blacks. I t  was found for all catalysts that 
w ex >  w h and E ex - E h. The a ctiv ity  sequence for hydrogenolysis is R h - R u - I r - 
>  N i >  Co >  Pd =*• P t, w hich considerably differs from  th a t for exchange. A parallel­
ism  betw een the activ ity  in  hydrogenolysis, chem isorption and the m ultiple to single 
exchange ratio has been found w ith  ethane.

These considerations reveal the im portance o f the strong interaction of hydro­
carbons w ith the m etal in  the process of hydrogenolysis. H owever, the form ation of 
C =  M or C(M)2 structures in the rate-determ ining step of hydrogenolysis, put forward 
earlier should be rejected on the basis o f the comparison of respective activation  energies.

The analysis of all data (exchange, chem isorption and hydrogenolysis) suggests 
that the rupture of the С—C bond in chemisorbed ethane is the rate-determ ining step. 
This was supported also b y  energy calculations.

In troduc tion

Several p ap ers  h av e  b een  pub lished  recen tly  on th e  m echanism  of h y ­
drogenolysis o f h y d ro carb o n s. T h e ir au th o rs  have  ap p ro ach ed  th e  p roblem  
m ain ly  from  a k in e tic  v iew po in t. Sin felt’s w ork is o f basic  im p o rtan ce  [1 — 3] 
because he developed fu r th e r  th e  k inetics proposed b y  Cim ino , B oudart and  
Taylor [4]. A new  version  o f th e  k inetics of e th an e  hydrogenolysis has been 
p u t  forw ard  by  B oudart [5].

Sim ilarly  to  o th e r  c a ta ly tic  reactions, i t  seem s th a t  th e  ap p ro ach  and  
in te rp re ta tio n  of th e  m echan ism  from  a m erely k in e tic  v iew po in t is n o t su ffi­
c ien t for f in a l an d  unam b ig u o u s conclusion. This s ta te m e n t is su p p o rted  by  
th e  w ide critic ism  of th e  w orks m en tio n ed  [6 — 9]. I t  has been  show n earlier 
[10, 11] th a t  th e  c h a ra c te r  o f th e  k in e tic  eq u a tio n  in  its e lf  c a n n o t be regarded  
as evidence for th e  m echan ism  o f a heterogeneous c a ta ly tic  reac tio n . L a te r , 
a sim ilar conclusion has been d ra w n  also by  B oudart [5].

The above fac ts  s tim u la te d  us to  ca rry  o u t w ide, co m p ara tiv e  stud ies 
on th e  adso rp tio n  o f m e th an e  an d  e thane , on th e ir  h y d rogen  d eu te riu m  
exchange and  on e th an e  hydrogeno lysis . These stud ies h av e  been carried  ou t
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o v e r nickel [12], p la tin u m  and  co b a lt [13, 14], pa llad iu m  [15], ru th en iu m , 
rh o d iu m  and irid ium  [16] ca ta ly s ts . P u re  u n su p p o rte d  m eta l b lacks w ere used 
as th e  ca ta ly sts , in  c o n tra s t  to  th e  w orks of S in f e l t , in  o rder to  avo id  even tua l 
s u p p o r t  effects.

D a ta  o b ta ined  as a  re su lt of th ese  stud ies p e rm it to  d raw  generalized 
conclusions on th e  co rre la tio n s  b e tw een  ad so rp tio n , exchange an d  hydro- 
geno lysis. This allow s us to  m ake ce rta in  s ta te m e n ts  w ith  re sp ec t to  th e  m echa­
n ism  o f hydrogenolysis. I t  has to  he rem ark ed , how ever, th a t  th ese  conclusions 
a re  v a lid  only for th e  low  te m p e ra tu re  range of hydrogeno lysis (below  573 K ), 
a n d  fu rth e r , th a t  b o th  exchange an d  hydrogenolysis w ere s tu d ie d  in  consid­
e ra b le  excess h y d ro g en  o f  i.e. in  th e  range of n eg a tiv e  h y d ro g en  exponen ts.

1. C om parison  betw een exchange and  hydrogenolysis

T he in itia l s te p  o f b o th  h y d ro g e n -d e u te riu m  exchange an d  hydroge­
n o ly s is  of e thane is h y d ro c a rb o n  ad so rp tio n , th ere fo re , i t  is reaso n ab le  to  com ­
p a re  these m etals w ith  re sp ec t to  th e ir  a c tiv ity  show n in  exchange an d  h y d ro ­
geno lysis. E v ery  m e ta l s tu d ied  (excep t for cobalt) show s such  a tem p era tu re  
r a n g e  w here h y d ro g en —d eu te riu m  exchange tak es  p ia c é in  e th a n e  b u t  no h y d ro ­
geno lysis occurs. T h is is illu s tra te d  b y  th e  com parison  of th e  so-called “ th re sh ­
o ld  tem p era tu res”  t h a t  is a t  th e  sam e tim e  su itab le  fo r com parison  of the  
c a ta ly t ic  ac tiv ities o f th e  re spec tive  m eta ls  in  these  processes (T able I).

Table I

D ata on hydrogen-deuterium  exchange in  CH4 and  C2H 6 and hydrogenolysis o f  C2H6

Catalyät

Reaction

\  wh J
С Н , +  d 2 C .H , + d 2 C2H e + H 2 -  2CH4

<l (°C) wex <((*C) ™ez <l (°C) M’A

Co 310 4.34ХЮ11 — _ 269 8.73X 1012 —

N i 164 2.07 X1013 64 3.01x10“ 210 2.55x10“ 1.38X10°
R u 103 5.25X 1015 39 5.66ХЮ16 126 5.25Х Ю 17 6.03ХЮ1
R h 94 2.39x10“ 17 5.64x 1016 107 1.68 X lO 17 5.39X10*

P d 151 1.93ХЮ14 67 2.88X 1016 297 1 .27X 10“ 5.86 X 103

Ir 97 1.97 X 1 0 17 103 7.52ХЮ16 186 1 .2 0 x 1 0 “ 8 .21x10*

P t 95 1.54x10“ 37 4.99x10“ 321 1.85 X 1011 3.74ХЮ 4

Ц: temperature for 0.5 % h - 1 m -2  conversion; wex, wh: rate o f exchange and hydro­

genolysis in mol s -1  in"“2 units, at 165 and 250 °C, respectively; tx: ratio of ethane ex ­

change and hydrogenolysis at =  1015 mol s -1 ^ n ~2
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I t  can  be seen from  th e  d a ta  in  T ab le  I  th a t  th e  r a te  of e th a n e  hydro - 
genolysis reaches a va lu e  co m p arab le  w ith  th a t  o f exchange on ly  a t  m u ch  h igher 
te m p e ra tu re s ; in  o th e r w ords, th e  r a te  of exchange a t  th e  sam e te m p e ra tu re  
is m u ch  h igher th a n  th a t  o f hydrogeno lysis. No d irec t co rre la tio n  can  be  fo u n d  
be tw een  exchange an d  hydrogeno lysis; th is  can he seen if  th e  a c tiv ity  orders 
in  th e  tw o reactions are  com pared  ( th e  activ ities are ch a rac te rized  here  b y  th e  
rec ip ro cal th resh o ld  te m p e ra tu re s ):

E x ch an g e : R h  >  P t  >  R u  >  N i >  P d  =- Ir.
H ydrogeno lysis: R h  >  R u  >  I r  >  N i >  Co >  P d  =- P t .
T he corresponding  a c tiv a tio n  energies also show  t h a t  hydrogeno lysis is 

a m ore  h indered  process th a n  exchange (Table I I ) .  T h e  a c tiv a tio n  energies 
fo r hydrogenolysis are , as a ru le , tw o  (for P d  and  P t  th ree )  tim es h ig h er th a n  
th o se  of H —D exchange in  e th an e . -

In te re s tin g  observ a tio n s can  be  m ade concerning th e  a c tiv a tio n  energies 
o f  m e th a n e  exchange. T hese values are h igher th a n  th e  co rrespond ing  ones for 
e th a n e  b u t  do n o t reach  tho se  o f e th a n e  hydrogenolysis, an d  n e ith e r  do th e  
ev en  h igher ac tiv a tio n  energies fo r m u ltip le  exchange o f  m e th an e , w ith  th e  
ex cep tio n  of cobalt.

Table П

A ctivation energies (fej mol ’) o f  the reactions quoted in  Table I

Catalyst E7x E$x Ex

Co 92 113 8 8 — 113

Ni 121 138 125 8 8 167

Ru 71 102 97 59 119

Rh 72 103 94 71 156

Pd 111 180 112 73 222

Ir 96 113 111 82 163

Pt 79 105 105 79 222

E j,:  activation energy of CH3D form ation; E(ii: activation energy calculated from  
CII2D j, CHD3 and CD4 form ation; Eac, E?x '- activation  energy of m ethane and ethane e x ­
change, calculated from the consum ption of “ ligh t” hydrocarbons; E fl: activation energy of 
ethane hydrogenolysis

T he differences in  a c tiv a tio n  energy  can  be read ily  in te rp re te d , consid ­
e ring  th e  energy  req u irem en t for th e  ru p tu re  of various bo n d s, ap p ly ing  th e  
m e th o d  of R a l a n d i n  [17].

T h e  en erg y  re q u ire m e n t for th e  ru p tu re  of th e  C-C  b o n d  over a m e ta l 
su rface  is

Qcc, M  —  Qcc — 2Qcm (1)
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w h ere  Qcc denotes th e  en e rg y  of th e  С—C b o n d , equal to  364 k J  m o l-1  [18]; 
QCM is th e  en e rg y  o f  th e  ca rb o n -m eta l b o n d  w hich  is betw een  83 and  

96 k J  m o l-1  fo r th e  m etals s tu d ied , acco rd ing  to  spectroscopic 
m easu rem en ts  [19].

C onsequen tly , the  en e rg y  req u irem en t for th e  ru p tu re  o f th e  C—C bond varies  
b e tw een  170 and  200 k J  m o l-1 , depending on th e  n a tu re  o f th e  m etal.

T he slowest s tep  o f  th e  exchange re a c tio n  in  a s a tu ra te d  hydrocarbon  is, 
in  a ll p robab ility , th e  С—H  b o n d  ru p tu re , because  th e  a d so rp tio n  of hydrogen  
(a n d  also deuterium ) as w ell as th e  H 2—D 2 exchange are w ell-know n, very  rap id  
processes w ith  m uch h ig h e r ra te s  th a n  H —D  exchange in  h y d ro ca rb o n s [20, 21]. 
T h e  energy req u irem en t o f  С—H  bond ru p tu re  is:

Q c h , M =  Q ch — Q cm  -  Q hm  ( 2 )

C onsidering th a t  th e  av e ra g e  value  of Q CH is 413 k J  m o l-1  [18], an d  th a t  
Q hm 1S betw een 266 a n d  280 k J  m o l-1 , depend ing  on th e  n a tu re  of th e  m e ta l
[19], th u s  QCH M shou ld  be  betw een  37 an d  64 k J  m o l-1 , i.e. m uch  below the
en erg y  requ irem en t fo r  th e  ru p tu re  of th e  С—C bond on m e ta l surfaces. T his 
ex p la in s  the  v e ry  co n sid e rab le  difference b e tw een  th e  energies of ac tiv a tio n  
o f e th an e  exchange a n d  hydrogenolysis.

W e explain  th e  d iffe rence  betw een  th e  exchange o f m e th an e  and  e th an e  
b y  th e  possib ility  o f  a 1 ,2 -in te rac tio n  in  th e  case of th e  la t te r  hyd ro carb o n , 
w h ich  is m ore fa v o u ra b le  from  a geom etrical an d  even m ore  from  an  energetic  
p o in t of view th a n  th e  1 ,1 -in te rac tio n , be ing  th e  only  p o ssib ility  w ith  m e th an e . 
T h is  is dem o n stra ted  b y  th e  in d iv idua l b o n d  energies [22]:

Q c h , - h  =  ^ 3 5  k J  Q c2h , - h  =  4 1 3  k J

Q c h2- h  — 435 k J  Q c,h , - h  — 1^3 k J

T he m ore fa v o u ra b le  ch a rac te r o f th e  1 .2 -in te rac tio n  is dem o n stra ted  
also  by  the  fac t th a t  d e u te riu m  u p ta k e  b y  e th an e  over n ickel and  p la tin u m  
below  473 К  takes p lace  in  sym m etrica l positions an d  o n ly  a t  higher te m p e r­
a tu re s  do appear also asy m m etrica lly  d e u te ra te d  species [14].

T able I I  show s t h a t  th e  fo rm ation  o f m u ltip ly  d e u te ra te d  m ethane is 
m u ch  m ore h indered  th a n  th a t  of th e  sing ly  exchanged  C H 3D. K em ball  
in te rp re te d  [23] th e  h ig h e r  ac tiv a tio n  energy  in  te rm s o f d iffe ren t m echanism s 
fo r th e  tw o processes, i.e . b y  th e  higher energy  req u irem en t for th e  fo rm atio n  
o f species (I) and ( I I )  necessary  for m u ltip le  exchange:

/ C\
M M

and

(I)

\  /
C
II
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I t  shou ld  be no ted , how ever, th a t  th e  ac tu a l difference betw een  E d an d  E d 
over v a rio u s c a ta ly s ts  shows large v a r ia tio n s .

To in te rp re t th e se  fac ts , it  can  b e  considered  th a t  th e  fo rm atio n  o f s tru c ­
tu re  I  requ ires p ro b ab ly  a higher en e rg y  of ac tiv a tio n  th a n  th a t  o f s tru c tu re  I I .  
T h is is su p p o rted  b y  th e  p red o m in an tly  lin ea r ad so rp tio n  of CO [24]; a t  th e  
sam e tim e  bridged species rep resen t th e  s tronger, h a rd ly  rem ovab le  a d so rp ­
tio n . T h e  h igher ac tiv a tio n  energy fo llow s from  th e  s tra in ed  c h a ra c te r  o f th e  
b rid g ed  s tru c tu re  ( th e  v alue  of th e  M —С —M angles is betw een  123 an d  132° 
on (100) p lanes an d  betw een  76 a n d  80° on (111) p lanes, depend ing  on th e  
a to m ic  d iam ete r o f th e  m etal). N o u n am b ig u o u s co rre la tio n  can  be fo u n d  
b e tw een  th e  geom etry , chem ical n a tu re ,  electron ic p ro p erties  of th e  m e ta l 
an d  th e  corresponding  E d — E d v a lu es .

T h is is p ro b ab ly  due to  th e  f a c t  th a t  th e  “ w e ig h t”  of s tru c tu re s  I  
and  I I  is d ifferen t fo r various m eta ls  in  p ro duc ing  m u ltip ly  d e u te ra te d  h y d ro ­
carb o n s. T h e ir role is de term ined  m a in ly  b y  th e  p ro p o rtio n  of low M iller in d ex  
p lanes in  p o lycrysta lline  m etals. E x p e r im e n ta l d a ta  show  [24] th a t  th e  fo r­
m a tio n  o f bridged  s tru c tu re s  is m o re  p ro b ab le  on (100) p lanes since th e ir  
s tra in  w ould be v e ry  h igh  on (111) p la n e s . T he re la tiv e  am o u n t of s tru c tu re  I 
a n d  I I  is also in flu en ced  by  th e  v a r io u s  co n ten ts  o f edges and  corners (i.e. 
th e  re la tiv e  am o u n t o f low  co o rd in a tio n  n u m b er a tom s) in  d ifferen t sam ples. 
T h is is su p p o rted  b y  th e  fac t th a t  th e  s tru c tu re  of th e  adsorbed  lay e r depends 
on th e  stepw ise c h a ra c te r  of p la tin u m  single c ry s ta ls  [25]. W e conclude t h a t  
th e  ra t io  o f singly an d  m u ltip ly  d e u te ra te d  species m u st depend  considerab ly  
on th e  p re p a ra tio n  an d  p re tre a tm e n t o f  in d iv id u a l c a ta ly s t sam ples.

S tru c tu re s  I and  I I  m ust p lay  a ro le  also in  e th an e  hydrogenolysis since 
th e  ru p tu re  of th e  С—C bond of d isso c ia tiv e ly  chem isorbed e th an e  re su lts  
n ecessarily  in  th e  fo rm atio n  of species:

H „C -C H 2 CH„ CH2
I I  - 4 1  or / \  (III>

M M  M M M

T his is ev idenced b y  th e  fo rm ation  o f  m u ltip ly  d e u te ra te d  m e th an e  from  
e th an e  in  th e  presence of d eu te rium  u n d e r  such  cond itions w here no H -D  
exchange  ta k e s  place in  m ethane  [12]. A ccord ing ly , over those  c a ta ly s ts  th a t  
a re  m ore  ac tiv e  in  hydrogenolysis, m o re  ex tensive  m u ltip le  exchange can  be 
ex p ec ted  th a n  in  th e  case of less active m e ta ls . In  o rder to  check th is  suggestion , 
th e  ra te s  o f w d dj and  w ds_ d have b een  ca lcu la ted  on th e  basis of th e  in it ia l  
p ro d u c t d is tr ib u tio n  o f th e  H -D  ex ch an g e  of e th an e . T his ca lcu la tion  w as 
based  on th e  assum ption  th a t  the  fo rm a tio n  o f e th an e  con ta in ing  one or tw o
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D a to m s can be a t t r ib u te d  to  “ w eak’4 in te ra c tio n s :

a n d

CH2- C H ,  D
/  \  + 2  I — CH2D - C H 2D

М М М

CH2- C H 3 D
1 + 1 -  CH„D —CH3

M M

(IV)

(V)

O n  th e  o th e r h an d , th e  precursors o f m u ltip ly  d e u te ra te d  hy d ro carb o n s are  
h y d ro ca rb o n  rad ica ls  w ith  m u ltip le  ca rb o n —m eta l bonds. D a ta  h av e  been  
ca lc u la ted  a t id en tica l to ta l  reac tio n  ra te s  (1015 m ol m  2 s_1). T he values o f 
th e  ra tio  w da_dt/w cm, f ° r  v a r i°us m eta ls  are  as follows

R h R u Ir N i Pd Pt

3.86 3.13 2.29 1.18 0.75 0.55

T h is  o rd er is fu lly  id e n tic a l w ith  th a t  o b serv ed  for th e  hydrogeno lysis a c tiv ity . 
T h is  is in  ag reem ent w ith  K e m ba ll’s f in d in g  [23], w ho d em o n stra ted  a sim ilar 
para lle lism  betw een  m u ltip le  exchange o f m e th an e  an d  th e  ra te  of b u ta n e  
hydrogenolysis.

2. Adsorption of methane and ethane and hydrogenolysis

V ery m arked  differences have  been  fo u n d  betw een  th e  ad so rp tio n  an d  
especia lly  th e  ch em iso rp tio n  p ro p ertie s  o f v a rious m eta ls  w ith  resp ec t to  
m e th a n e  and e th a n e  adso rbates. N o p a ra lle lism  could be observed  b e tw een  
th e  ad so rp tiv ity  a n d  hydrogenolysis a c tiv ity . F o r exam ple, p la tin u m  does 
a d so rb  m uch h ig h er am o u n ts  th a n  n ickel, y e t ,  i t  is less ac tive  in  hydrogeno lysis 
(T ab les I and I I  [14]).

T he s itu a tio n  is d ifferen t w hen  th e  irreversib le  ad so rp tio n  of m e th a n e  
a n d  e th an e  is c o m p ared  w ith  th e  h y d rogeno lysis  a c tiv ity  of th e  co rrespond ing  
m e ta l. T ypical d a ta  a re  show n in  T ab le  I I I .  O n th e  basis o f th is , th e  follow ing 
o rd e r can  be e stab lish ed  w ith  re sp ec t to  th e  ra tio  of irreversib le  ad so rp tio n  
(chem isorp tion) o f e th a n e  w ith in  its  to ta l  ad so rp tion :

R h  >  R u  >  I r  >  Co >  N i >  P d  >  P t

This co rresponds to  th e  o rd er o f hydrogenolysis a c tiv ity , again  w ith  
th e  excep tion  o f co b a lt. I t  should be p o in te d  o u t also th a t  th e  th resh o ld  te m p e r­
a tu re  of ch em iso rp tion  is below 195 К  fo r th e  m eta ls  m ost ac tiv e  in  h y d ro -
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genolysis; co b a lt and  nickel w ith  m ed ium  activ ities have  th re sh o ld  te m p e r­
a tu re s  be tw een  213 and  273 K , w hereas th e  corresponding v a lu es  fo r th e  le a s t 
ac tiv e  P d  and  P t  are  b e tw een  273 an d  373 К  (P t is ex cep tio n a l: no m e th a n e  
ch em iso rp tion  could be observed  even  a t  573 K).

Table III

Data on Irreversible A dsorption  o f ( I f  and C2He

Catalyst
,0' [ 9 i r r / 9 l ife)

CH4 сгн„ CH4 C,H,

Co - 3 0 - 6 0 0.75 0.69 290

Ni -  6 - 4 0 0.22 0.31 190

Ru -c - 7 8 A 1 -a 00 0.81 0.91 120

Rh -= - 7 8 A 1 C
O 0.81 0.93 100

Pd 60 27 0.09 0.11 227.

Ir <  - 7 8 A 1 C
O 0.78 0.85 130

P t > 3 0 0 90 - 0.90 360

t't': threshold temperature (°C) for irreversible adsorption; ratio o f irreversibly ad-
— 4t

sorbed am ount to to ta l adsorption at 120°C; t °C: starting temperature of the rapid increase  
o f irreversible adsorption

T h e com parison  of th e  th re sh o ld  te m p e ra tu re  of hyd rogeno lysis  an d  th e  
s ta r t in g  te m p e ra tu re  of ra p id ly  increasin g  chem isorption  (T ab les I  an d  I I I )  
i l lu s tra te  also th e  para lle lism  b e tw een  ch em iso rp tiv ity  an d  hydrogeno lysis  
a c tiv ity . This paralle lism  show s th a t  a ten d e n c y  to  strong  in te ra c tio n s  be tw een  
m e ta ls  and  h y d rocarbons is re la te d  to  p roperties w hich are  fav o u rab le  for 
hydrogeno lysis . T h is is su p p o rted  also b y  th e  shift of th e  H —D exchange of 
h y d ro ca rb o n s  to w ard s m u ltip le  exchange (requiring  m u ltip le , i.e. s tro n g e r 
in te ra c tio n s)  over m eta ls  m ore ac tiv e  in  hydrogenolysis.

3. Evaluation of exchange and hydrogenolysis data from  
m echanistic aspects

T h e above evidence to g e th e r  w ith  th a t  repo rted  earlier c an  be sum m ed 
u p  w ith  respect to  th e  hydrogeno lysis  m echan ism  as follows.

T he sign ifican t differences b e tw een  th e  ra tes  and  o th e r k in e tic  p a ra m ­
e te rs  fo r exchange an d  hydrogeno lysis  (w ith  th e  exception  o f co b a lt) suggest 
t h a t  th e  ra te -d e te rm in in g  s tep  is d iffe ren t in  these reactions.

S everal fac ts  p erm it to  conclude  th a t  th e  ra te -d e te rm in in g  step  fo r 
h y d ro g en —d eu teriu m  exchange in  m e th a n e  and  e thane is th e  d issocia tive
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ad so rp tio n  of th e  h y d ro c a rb o n  w ith  th e  ru p tu re  o f one C—H  bond, a t  leas t fo r  
th e  m a jo rity  of m e ta l c a ta ly s ts . T he iso to p e  effect fo u n d  fo r th e  exchange o f  
p e rd e u te ra te d  h y d ro c a rb o n  should be m en tio n ed  here  [14]. F u rth e r  ev idence 
is p rov ided  b y  th e  la c k  o f  iso tope effects in  th e  h y d ro g en —d eu terium  and  h y d ro ­
g e n - tr i t iu m  exchange o f  e th an e  [21]. T he ra te -d e te rm in in g  ch arac te r of ad so rp ­
tio n  is su p p o rted  also  b y  th e  id en tica l a c tiv a tio n  energies of m eth an e  an d  
e th an e  ad so rp tio n  an d  th e ir  H —D exchange over p la tin u m . A no ther fa c t 
su p p o rtin g  th is  conclusion  is th a t  th e  a d so rp tiv ity  o f m e th an e  is low er on all 
m eta ls  th a n  th a t  o f e th a n e  [14 — 16], s im ila rly  to  th e  h ig h er ba rrie r and low er 
ra te  o f m eth an e  ex ch an g e  as com pared  w ith  th a t  o f e th an e .

Since, on th e  o th e r  han d , hydrogeno lysis has m uch  lower ra te s  and  
a h igher a c tiv a tio n  energy  th a n  H -D  exchange, i t  can  be concluded th a t  
h y d ro ca rb o n  a d so rp tio n  is not ra te -d e te rm in in g  in  hydrogenolysis. N eith er is  
ra te -d e te rm in in g  th e  deso rp tio n  of reac tio n  p ro d u c ts , a t  le a s t w hen th e  p a r tia l  
p ressu re  of h y d ro g en  exceeds th a t  o f e th an e . T he deso rp tio n  of hyd ro carb o n  
rad ica ls  is p ro m o te d  b y  th e  increase o f h y d ro g en  p a r t ia l  p ressure. T herefo re, 
i f  desorp tion  w ere  ra te -d e te rm in in g , p o sitiv e  h y d ro g en  orders should  be 
o b ta in ed . I n  fa c t, n e g a tiv e  hydrogen  ex p o n en ts  are  found  in  th e  range  o f  
h igher hydrogen  p ressu res  [12, 13, 15, 16]. T h is excludes desorp tion  from  th e  
possible ra te -d e te rm in in g  steps. C obalt is again  an  excep tion  in  th is  re sp ec t, 
show ing a p ositive  h y d ro g en  order. A n o th e r evidence ag a in st ra te -d e te rm in in g  
deso rp tion  is th e  m a rk e d  difference b e tw een  th e  ra te s  o f hydrogenolysis o f  
d iffe ren t h y d ro ca rb o n s  even under such co n d itions w hen  th e  reaction  is s tro n g ly  
sh ifted  tow ards m e th a n e  fo rm ation .

Special ex p e rim en ts  have d em o n stra ted  [12, 13] th a t  th e  ra te  of e th a n e -► 
m e th an e  conversion  is in d ep en d en t o f w h e th e r th e  process is carried  o u t in  
th e  presence of h y d ro g en  or deu te rium . T h u s, associa tive  p roduc t deso rp tio n  
w ith  hydrogen  (or deu te riu m ) u p ta k e  m a y  n o t be ra te -d e term in in g , w hich  
a t  th e  sam e tim e  p ro v es th a t  hydrogen  d eso rp tio n  does n o t p a rtic ip a te  in  th e  
ra te -d e te rm in in g  s te p , e ither. The sam e follows from  th e  fac t th a t  th e  r a te  o f  
hydrogen  a d so rp tio n  — as show n b y  th e  iso tope  effect studies cited  — is 
m uch  higher even  th a n  th a t  of iso tope exchange w hich , in  tu rn , tak es  p la c e  
m ore rap id ly  th a n  hydrogenolysis. T h e  m u ch  h ig h er r a te  of H 2- D 0 exchange 
re la tiv e  to  th a t  o f  iso tope  exchange in  h y d ro ca rb o n s  is ano ther a rg u m e n t 
ag a in st th e  ra te -d e te rm in in g  role of h y d ro g en  d eso rp tio n  [20]. All these p e rm it 
us to  conclude th a t  th e  ra te -d e te rm in in g  process in  hydrogenolysis is th e  su rface 
reac tion . T he m u ch  low er en tropy  o f a c tiv a tio n  in  th e  case of exchange as 
com pared  w ith  hydrogeno lysis  also p o in ts  to  th is  a ssu m p tio n  (Table IV).

T he q u es tio n  is now  w hat th e  ra te -d e te rm in in g  e lem entary  step  m ay  
be  in  th e  su rface  re a c tio n . The fo rm a tio n  of m u ltip ly  d e u te ra ted  m e th a n e  
from  e th an e  in  th e  presence of d eu te riu m  [13] evidences the  ex istence o f  
m u ltip le  ca rb o n —m e ta l bonds in  hydrogeno lysis . T h is is supp o rted  also b y  the:
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Table IV

A ctivation Entropies o f the exchange and hydrogenolysis o f  C2H6

Catalyst
— <dS(J mol-1 K - 1)

Exchange Hydrogenolysis

Co _ 239

Ni 261 127

Ru 248 148

Rh 220 100

Pd 225 47

Ir 193 83

Pt 194 63

p ara lle lism  betw een  th e  tendency  o f  e th a n e  to  undergo  m u ltip le  exchange and  
hydrogeno lysis as d iscussed in S ection  1 as well as b y  th e  co rre la tion  be tw een  
th e  ch em iso rp tiv ity  of m etals and th e ir  a c tiv ity  in  hydrogenolysis (Section  2). 
I t  can  be concluded , therefore, t h a t  th e  fo rm atio n  of a surface species w ith  
m u ltip le  m e ta l—carb o n  bonds from  a n  ad so rb ed  h y d ro ca rb o n  rad ica l is im p o r­
t a n t  in  th e  surface reac tio n . This p ro cess  m ay  tak e  p lace e ith e r v ia  th e  ru p tu re  
of th e  c a rb o n -c a rb o n  bond  (R eaction  I I I )  or b y  d issocia tion  of fu r th e r  h y d ro ­
gen atom (s) from  th e  surface rad ical:*

H X -C K U  H C - C H 2
I I -*• / \  I (V I)М М  М М М

an d  th e  c a rb o n -c a rb o n  bond of th e  m u ltip ly  b o nded  e th an e  b reak s v e ry  
rap id ly :

HC -  CH, -  HC and CH.,
/ \  I ' / l \  / \  (VH)

М М М  М М М  M M

I f  R eac tio n  (VI) w ere ra te -d e te rm in in g , th e  values of E d( an d  E h oug h t to  be 
v e ry  close to  each o th e r, or a t leas t sh o u ld  show a close corre la tion . As fa r  
as a p p a re n t ac tiv a tio n  energies p e rm it to  draw  reliab le  conclusions, i t  can  be 
s ta te d  th a t  th e  d a ta  show n in Table I I  d isp ro v e  th e  ra te -d e te rm in in g  c h a ra c te r  
o f R eac tio n  (V I), w ith  th e  exception o f  co b a lt. This follow s also from  th e  m ore 
d e ta iled  com parison  o f d a ta  o b ta ined  fo r  exchange an d  hydrogenolysis.

T ab le  I  d em o n stra te s  th a t  P d  a n d  P t ,  v e ry  ac tiv e  in  exchange, are  th e  
le a s t ac tiv e  ca ta ly s ts  in  hydrogenolysis. T h e  h ighest d ifference betw een  th e

* M ultiply bonded surface complexes m a y  have either structure (I) or (II).
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a c tiv a tio n  energies o f  exchange an d  hydrogeno lysis  o f e th an e  m anifests  itse lf  
in  th e  case of th ese  tw o  m eta ls . T his ren d ers  i t  im probab le  t h a t  th e  ca ta ly tic  
a c t iv i ty  in  hydrogeno lysis , sim ilarly  to  exchange, w ould be de te rm in ed  b y  
th e  re a c tiv ity  o f th e  m e ta l in  b reak in g  C -H  bonds. The d ifference E dj—E di is 
o n ly  26 k J  in  th e  case of p la tin u m , w hich  is very  close to  th e  v a lu e  
m easu red  for R u  an d  R h , being m u ch  m ore active in  hydrogenolysis. 
T h e  E d - E di d ifference is id en tica l in  th e  case of n ickel an d  irid iu m , l a t te r  
b e in g  m uch m ore a c tiv e  in  hydrogenolysis.

O n th is  basis, th e  p rev ious suggestion  [23] th a t  th e  hydrogeno lysis  
a c t iv i ty  is d e te rm in ed  exclusively  b y  th e  a b ility  of th e  c a ta ly s t  to  produce  
s tru c tu re s  w ith  m u ltip le  m eta l—carb o n  b o nds should  be re jec ted . T he p a ra l­
le lism  betw een  th e  ratio  of ra te s  of m u ltip le  an d  single exchange and  th e  ra te  
o f hydrogeno lysis h a s  no decisive ro le in  th is  respect, because th is  has been  
d e te rm in ed  b y  re la tin g  tw o  reac tio n  ra te s  a t  a g iven te m p e ra tu re  d isreg ard in g  
th e  energies of a c tiv a tio n .

O f course, th e  occurrence of R eac tio n  (V I) can n o t be excluded  since th is  
p rocess is a p re c o n d itio n  of th e  fo rm a tio n  of m u ltip ly  d e u te ra te d  species, 
w h ich  is ex p erim en ta lly  p roven . I t  should  ra th e r  be suggested  th a t  th e  surface 
species produced  in  R e a c tio n  (VI) reac ts  w ith  adsorbed  h y d ro g en  and  e ith e r  
d eso rb s  in  its  o rig inal form  or b reaks dow n:

CH -  CH2 H ----------* C„H6
/ \  I +  I \  (V III )

М М М  M \
2 H 2C

/ \
M M

In  can  be concluded  th a t  th e  c a ta ly tic  a c tiv ity  of various m e ta ls  in  h y d ro ­
geno lysis depends on th e ir  a c tiv ity  in  b reak in g  b o th  C -H  an d  С—C bonds. 
T h e  e x te n t o f a c tiv ity  is, how ever, in flu en ced  also b y  th e  ten d en cy  o f fo rm a tio n  
o f  m u ltip le  ca rb o n —m eta l bonds, as d e m o n s tra te d  b y  th e  para lle lism  betw een  
th e  ra tio  of w di_ d /w dj dj and hydrogeno lysis  a c tiv ity , an d  su p p o rted  b y  th e  
para lle lism  b e tw een  hydrogenolysis an d  chem isorp tion  ten d en cy .

In  sum m ary , R eactions ( I I I ) ,  (V I) an d  (V III) can  be com bined  as fo l­
low s, to  ch arac terize  th e  p a th w a y  o f conversion  of adso rbed  e th an e  to  g ive 
m e th an e :

H X - C H ,
I I

HC -  CH2
/ \  I

M M M M M

CH, CH2
/ \ or II

M M M

/Н С -С Н П  H
II I + 1

[ m m ] m

(IX)
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T h e  above considerations c a n n o t be app lied  to  coba lt, over w hich  
exchange is n o t fa s te r  th a n  hydrogeno lysis , E h being  equal to  E d<.

I t  is possible t h a t  th e  reactions o v e r co b a lt are  in fluenced  b y  too  s tro n g  
p ro d u c t ad so rp tio n . T h is  is also su p p o rte d  b y  th e  fac t [14] th a t  e th an e  chem i­
so rbed  a t  473 К  can  b e  recovered fro m  co b a lt in  th e  form  of m e th a n e  only . 
T he s itu a tio n  is e n tire ly  different w ith  p la tin u m  and  nickel, w here  e th a n e  
chem isorbed  u n d e r su ch  conditions c a n  be p a r t ly  desorbed b y  t r e a tm e n t 
w ith  hydrogen .

4. Energy b a rr ie r  calcu la tions

In  o rder to  check  th is concept fo r th e  m echanism  of hyd rogeno lysis , 
B a l a n d in ’s m ethod  [17] was used to  ca lcu la te  th e  energy re q u irem en t for 
th e  fo rm a tio n  of su rface  complexes fro m  th e  bond  energy values, an d  th e  
re su lts  w ere co m p ared  w ith  the a c tiv a tio n  energies fo r exchange an d  h y d ro ­
genolysis.

T h e  f irs t  s tep  o f  m ethane ex ch an g e  is process:

CH4 +  2M -  C H 3M +  HM

F ollow ing  B a l a n d in  [17] and E l e y  [26], th e  energy  req u irem en t o f th e  above 
process can  be g iven as

^ U ex — Q c h , - h  ~  Q cm ~  Q hm  (3 )

T he ca lcu la tio n  o f zJUex has been c a rr ie d  o u t on th e  basis of QCM an d  Q HM 
values de te rm in ed  ea rlie r for sim ilar c a ta ly s ts  [27]. B ond energy va lu es  used  
for th e  ca lcu la tions as w ell as the re su ltin g  zJUex values are given in  T ab le  V. 
F ro m  th e  la t te r ,  u sing  B a l a n d i n ’s a p p ro x im a tio n :

E % 0.75 AXJ (4)

th e  energy  o f a c tiv a tio n  can be e s tim a te d . T h u s, on th e  basis o f A U ex va lu es  
we ca lcu la ted  th e  ap p ro x im ate  a c tiv a tio n  energy  o f single m eth an e  exchange 
(E<:aic), asgum in g th a t  adsorp tion  is th e  ra te -d e te rm in in g  step  of exchange. 
C om parison  o f  th e  v a lu es  thus o b ta in e d  w ith  tho se  collected in  T ab le  I I ,  
show s th a t  th e  ag reem en t is w ith in  10 — 20 % fo r th e  m a jo rity  of th e  c a ta ly s ts  
an d  n ickel is th e  o n ly  m eta l where th e  d ifference is u n accep tab ly  h igh . (H ere  
i t  has to  be  rem ark ed  t h a t  th e  ca lcu la ted  v a lu e  is close to  th e  a c tiv a tio n  energy  
of m e th a n e  ad so rp tio n , w hich is 72 k J  m o l-1  [14].) In  any  case, th e  ca lcu la tio n s 
su p p o rt th e  s ta te m e n t fo r  m ost c a ta ly s ts  th a t  th e  ra te -d e te rm in in g  step  o f th e  
exchange is a d so rp tio n  w ith  the d issoc ia tio n  o f one С—H  bond.
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S im ilar ca lcu la tio n s can be ca rried  o u t fo r e th an e  exchange, too , b u t  a 
m u ch  h igher u n c e r ta in ty  can be ex p ec ted  since no experim en ta l d a ta  are  
av a ilab le  w ith  re sp e c t to  single exchange in  e th a n e ; th e  ac tiv a tio n  energies 
re fe r to  th e  o vera ll exchange ra te , th u s  th e  com parison  is n o t possible.

C alcu lations concern ing  e th an e  h y d rogeno lysis  are of p a r tic u la r  in te re s t. 
O n th e  above basis , th e  overall energy  effect is w ritte n  for th e  fo llow ing re a c ­
tio n :

C H 3- C H 3 -  2C H 2M2 +  2HM

W h en  th e  expression  fo r th e  energy  b a rr ie r  is w ritte n , a p a r t from  th e  energy  
v a lu es  of th e  b o n d s broken  and  fo rm ed , th e  ad d itio n a l fac t shou ld  also be  
considered  th a t  th e  surface com plex fo rm s a m u ltip le  bond  w ith  th e  su rface , 
as d ep ic ted  b y  s tru c tu re  I  or I I .  T h e  d ifference betw een  th e  fo rm a tio n  o f  
sing ly  and  m u ltip ly  d e u te ra te d  m e th a n e  d em o n s tra te s  th a t  th e  la t te r  invo lves 
a h igher a c tiv a tio n  energy. The d ifference b e tw een  th e  ac tiv a tio n  energies can  
be used  to  define  th e  energy re q u ire m e n t o f th e  crea tio n  of m u ltip le  su rface  
bond s:

dQ =  =  A ( E d i_ E di) (5)
4

D a ta  on th is  c o rrec tio n  te rm  are su m m arized  in  T ab le  Y. I ts  v a lue  is d iffe ren t 
fo r  various c a ta ly s ts . Since th e  m e th o d  o f p re p a ra tio n  of th e  c a ta ly s t  m a y  
sig n ifican tly  in flu en ce  th e  ra tio  o f sing ly  an d  m u ltip ly  exchanged  p ro d u c ts , 
i t  can  be concluded  th a t  th e  E d — E di va lu es  d ep en d  strong ly  also on th e  p re p ­
a ra tio n  and  p re tre a tm e n t of th e  c a ta ly s t.

C onsidering th e  above fac ts, th e  follow ing expression can be w ritte n  fo r 
th e  energy b a rr ie r  o f th e  surface com plex  p a rtic ip a tin g  in  hyd rogeno lysis  
accord ing  to  E q . (IX ):

= Q cjH .-h +  QcjH .-h +  Q c -c  +  2zlQ — 2Q HM — 4Q CM (6)

Table V

Energy effects (kJ mol l)  o f  the form ation  o f  surface complexes

Catalyst (?HMe CcMe A U „ AQ- A U h rCalc
b h

Co 217 100 120 90 28 162 122

Ni 253 79 105 79 23 164 123

Ru 242 92 103 77 41 170 128

Rh 242 78 111 83 41 226 170

Pd 233 87 117 88 92 310 233

Ir 256 87 94 71 23 126 95

P t 234 82 121 91 35 214 161
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C onsidering th e  b o n d  energy va lu es  g iven  in  Section 1:

U h =  940 +  2 A Q -  -  2Q HM -  4Q CM (7)

ZlUh values ca lcu la ted  on th e  b a s is  o f E q . (7) an d  E£alc values (ca lcu la ted  
from  e q u a tio n  (41)) a re  listed  in  T a b le  V. O n com parison  o f these  values w ith  
tho se  in  T ab le  I I ,  an  agreem ent w ith in  20 — 35 % can  be found  betw een  ca l­
c u la te d  an d  ex p erim en ta l d a ta . S ince th e  v alues of Q HM an d  QCM h av e  b een  
d e te rm in ed  for c a ta ly s ts  p repared  b y  an  analogous m e th o d  b u t  in  a d iffe ren t 
b a tc h , an d  since expression (4) is o f  a n  ap p ro x im ate  c h a ra c te r  and  its  v a lid ity  
is d iffe ren t for vario u s reactions or c a ta ly s ts , th e  ag reem en t can  he reg a rd ed  
as su ffic ien tly  good fo r s ta tin g  th a t  i t  su p p o rts  th e  co rrec tness of th e  p ro p o sed  
m echan ism .

T h e  closeness o f experim en ta l a n d  ca lcu la ted  values, o f course, c a n n o t be 
reg a rd ed  as an  exclusive proof fo r th e  given m echanism . T his is in d ica ted  
also b y  th e  exam ple o f cobalt, w h e re  th e  difference is a b o u t 35 %. H y d ro - 
genolysis over co b a lt involves p ro b a b ly  a m echanism  d iffe ren t from  th a t  d is­
cussed  above, and y e t  th e  difference m en tio n ed  is a b o u t th e  sam e as in  th e  
case o f ru th e n iu m , w here the  ra te -d e te rm in in g  c h a rac te r  o f step  ( I I I )  seem s 
to  be  m ore  p robab le .

D a ta  in  T ab le  Y  an d  E q . (6) in d ic a te  th a t  zlQ= v alues co n tr ib u te  consid ­
e rab ly  to  th e  energy  ba rrie r: th e  v a lu e s  of 2ZlQ are a b o u t 20 — 50 % o f  th e  
to ta l  Zl U h values. T h is m ay  exp la in  w h y  vario u s au th o rs  h av e  found  h y d ro - 
genolysis to  be v e ry  “ s tru c tu re -se n s itiv e ”  [5, 28]. T he m eth o d  of p re p a ra tio n  
m ay  change th e  a c tiv ity  of m eta l pow d ers  used here  b y  several o rders o f 
m a g n itu d e  [29]. W e h av e  po in ted  o u t  th e  fa c t th a t  th e  va lu es  o f E dj—E di are  
s tro n g ly  affected  b y  th e  re la tive  a m o u n ts  of various in d ex  p lanes, edges, 
co rners in  d ifferen t sam ples. This, in  tu r n ,  influences th e  ra tio  of lin ear an d  
b rid g ed  species, w hich is u ltim a te ly  re f le c te d  in  th e  ZlQ= co rrec tion  te rm s a n d  
in  th e  dependence o f ZlUh on th e  m e th o d  of p rep ara tio n .
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A  series o f stable tetra-, tri-, and di-co-ordinated com plexes o f som e pyridine  
derivatives w ith  copper(I) perchlorate have been prepared and characterized. The per­
chlorate groups are ionic in all the tetrakis, tris and some bis com plexes. As ind icated  
from  the IR  results, the form ally di-co-ordinated com plexes attain a higher co-ordination  
num ber than two through different w ays depending upon the nature of the su bstitu en t  
group. I t  m ay be due to the form ation of л -com plexes, m etal clusters or electron de­
fic ien t bonds when the substituent is an electron releasing group. For m eta-, and para- 
carbom ethoxy or carboethoxy derivatives (i.e. electron attracting groups), the higher  
co-ordination number is attained through th e  co-ordinated perchlorates. In case o f ortho­
carbonyl substituted pyridines, the copper(I) ion  attains the tetrahedral geom etry  
through the coordination via the nitrogen atom  and carbonyl group in the bis com ­
plexes. In the com plexes studied, the apparent co-ordination num ber of copper(I) de­
pends upon the steric requirem ents and the base strength of the ligand.

Introduction

U n til recen tly  th e  coo rd in a tio n  n u m b e r in  copper(I) com plexes w as 
genera lly  assum ed to  he tw o (linear) or m ore  often  four ( te tra h e d ra l)  in  th e  
presence  o f  so ft donor a tom s [1]. A lth o u g h  th e  n u m b er of s tru c tu ra l d e te rm i­
n a tio n s o f copper(I) com plexes is s till sm all, a de fin ite  exam ple of lin ea r  co -o rd i­
n a tio n  is know n  for [CuCl2]~  anion [2], w hile  exam ples of te tra h e d ra l co -o rd i­
n a tio n  are  know n  fo r th e  m onom er L 2C uX  (L  =  P P h 3, X  =  a b id e n ta  an ion  
such as N O ,f or BH^~ [3]), fo r th e  d im er [ (P P h 3)2C uN 3]2 [4], an d  fo r th e  m o n o ­
m er te trak is(p y rid in e )co p p e r(I)  p e rch lo ra te  [5, 6 ]. R ecen tly  tr i-co -o rd in a ted  
copper(I) w ere found  in  th e  anion [Cu(CN)2]~  [7], [C u(etu)3]2S 0 4 (e tu  =  
=  e th y len e  th iou rea) [8 ], an d  tris(2 -p ico line)copper(I) p erch lo ra te  [9] b y  
m eans of X -ra y  single c ry s ta l analysis.

To p ro v id e  m ore in fo rm atio n  on th e  s tru c tu ra l typ es an d  th e  co -o rd ina­
tio n  n u m b ers  p referred  b y  copper(I) w ith  th e  heterocyclic  n itro g en  bases, 
th e  follow ing in v es tig a tio n  w as u n d e rta k e n . A p re lim en ary  re p o rt has a p p ea red  
[10]. H ow ever, during  th e  course o f th is  w ork , som e of th e  com plexes m en ­
tioned  h ere  h a v e  been re p o rte d  b y  L e w in  et al. [6 ]. T he ligands ta k e n  in  th is  
la te r  s tu d y , w ere p y rid ine  an d  alky l p y rid in es . In  our s tu d y  tw o ty p e s  of su b ­
s ti tu te d  p y rid in es  h av e  been  used, n am e ly ; e lec tron  a ttra c tin g  su b s titu e n ts
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e.g. ortho-, méta- an d  p a ra -c a rb o n y l d e riv a tiv e s , an d  elec tron  releasing  su b ­
s t i tu e n ts  e.g. m ono, di- an d  tri-a lk y l p y rid in es . T hese ligands have been chosen  
in  o rd er to  s tu d y  n o t  o n ly  th e  effect of th e  p o sitio n  of th e  su b s titu e n t in  p y r i­
d ine ring  on th e  o v era ll coord ination  n u m b e r o f co p p er(I) , b u t also th e  effect 
o f th e  n a tu re  of th e  su b s titu e n t.

Experimental

All ligands were GLC purified, and the other chem icals were analytical gradel and com ­
m ercially available.

M agnetic m easurem ents were made by the Faraday m ethod at room tem perature. 
Conductivity m easurem ents were carried out a t 25 °C on 10 "3 F  solutions in chloroform and  
acetone under dry n itrogen w ith  a Radiometer condu ctiv ity  bridge m odel CDM 2e. E lectronic  
spectra were recorded on a U nicam  spectrophotom eter SP  800. R eflectance spectra of the solids 
were measured over 2 2 0 — 1000 nm range on a V SU -1 (Zeiss, Jena) instrum ent w ith  MgO as 
a standard and diluent. IR  spectra in the regions 4000 — 400 cm -1  and 500—200 cm -1  were 
m easured on a U R -20 (Z eiss, Jena) and a P erk in—Elm er 325 spectrophotom eter, respectively.

Analysis

M icroanalysis o f С, H  and N were carried out on the Perkin — Elmer 240 elem ental ana­
lyzer. Copper was determ ined gravimetrically as CuSCN after degradation and oxidation  of 
the com plexes w ith boiling m ixtures of concentrated H 2S 0 4 and 30 % H 20 2.

Preparation of the complexes

The com plexes were generally prepared and recrystallized according to the procedure 
described previously [11] b y  m ixing CuS04 solution  w ith  the ligand in question then ascorbic 
acid and sodium perchlorate solution are added. W hen more than one com plex were obtained  
b y  the same ligand, an excess of the ligand and a little  lower am ounts were added for com plexes 
w ith  the highest and low est ligand contents, respectively. Care m ust be taken for the in ter­
m ediate complexes.

Results and discussion

T he iso la ted  com plexes, th e ir  e lem en ta l analysis, and som e o f th e ir  
p h ysica l p ro p ertie s  to g e th e r  w ith  th e  p K a’s of som e ligands [12, 13] are  g iven  
in  T ab le  I.

T he use o f asco rb ic  acid as a red u c in g  ag en t fo r th e  synthesis o f co p p er(I)  
com plexes has e n ab led  us to  iso late a v a r ie ty  of th e  com plexes in  w h ich  cop- 
p e r(I)  could be te t r a - ,  tr i-  and d i-co -o rd in a ted  as seen from  T able I.

The s ta b ili ty  o f  th e  iso lated  com plexes ag a in s t a ir  ox idation  dep en d s on 
b o th  th e  n a tu re  o f  th e  su b stitu en t g roup  an d  th e  n u m b er of ligands p e r co p p er 
a to m  in th e  com plex  m olecule. T hus th o se  derived  from  ligands w ith  e lec tro n  
a ttra c t in g  s u b s titu e n ts  in  pyrid ine are  genera lly  m ore stab le  th a n  tho se  d eriv ed  
from  ligands w ith  elec tron  releasing groups. O n th e  o th e r h an d , fo r a series 
o f  1 : 4, 1 : 3 a n d  1 : 2 com plexes o f th e  sam e lig an d , th e  s ta b ility  decreases 
in  th e  sam e o rd er.
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Table I

Analytical data and some physical properties of the complexes

Complex Color M-*La pK*

Cu

Analysis%

C

Found
Calcd.

H N

(E tIN )* CuC104 red 375 8.25 49.99 4.94 7.25
(767.4)'' orange 8.28 50.07 4.73 7.30

(M eIN)4CuC10, red 475 3.29 8.82 46.98 3.89 7.55
(711.4) orange 8.93 47.27 3.97 7.87

(P y)4CuC104 canarian 420 5.30 13.08 49.92 4.14 11.62
(479.4) yellow 13.30 50.10 4.20 11.73

(4-pic)4CuC104 light 6.10 11.54 52.10 5.10 10.17
(535.4) brown 11.86 53.82 5.27 10.46

(E tIN )3CuC104 yellow 420 10.22 47.23 4.62 6.88
(616.3) crystals 10.30 46.76 4.41 6.81

(M eIN)3CuC10, yellow 420 11.45 42.90 3.58 7.11
(574.2) crystals 11.85 43.90 3.68 7.31

(MeN)3CuC104 canarian 420 11.62 43.23 3.72 7.23
(574.2) yellow 11.85 43.90 3.68 7.31

(3-A c-py),C u(10, canarian 420 11.76 47.36 3.95 7.80
(526) yellow 12.07 47.92 4.00 8.00

(E tP )2CuC104 red brown 490 13.45 41.13 4.10 6.12
(465.2) crystal 13.65 41.30 3.90 6.02

(MeP)2CuC104 red brown 490 14.63 38.72 3.12 6.52
(437.2) crystals 14.53 38.54 3.23 6.40

(2-Ac-py)2CuC104 deep red 500 15.27 41.86 3.34 7.10
(405) brown 15.67 41.51 3.45 6.90

(2,5-lut).jCuC10, very light 7.55 13.01 51.66 5.47 8.56
(484.4) brown 13.13 52.06 5.62 8.67

(E tIN )2CuC104 white 13.36 40.83 4.04 5.92
(465.2) 13.65 41.30 3.90 6.02

(M eIN)2CuC104 white 14.25 38.33 3.22 6.20
(437.2) 14.53 38.54 3.23 6.40

(E tN )2CuC104 white 13.47 41.91 3.82 5.87
(465.2) 13.65 41.30 3.90 6.02

(4-pic)2CuC104 white 17.92 43.05 4.19 8.20
(349.2) 18.19 41.26 4.04 8.02

(2,4-lut)2CuC104 white 6.80 16.58 44.56 4.87 7.56
(377.3) 16.84 44.56 4.80 7.42

(2,5-lut)2CuC104 white 16.53 44.76 4.89 7.34
(377.3) 16.84 44.56 4.80 7.42

(2,6-lut)2CuC10, white 6.72 16.53 44.16 4.88 7.39
(377.3) 16.84 44.56 4.80 7.42

<s-coll)2CuC104 white 7.63 15.87 46.97 5.58 6.80
(405.3) 15.68 47.42 5.47 6.91

* E tIN  =  ethyl isonicotinate, M eIN =  m ethyl isonicotinate, P y  =  pyridine, 4-pic =  
picoline, lu t =  lutidine, coll — collidine, Кt \  =  ethyl n icotinate, M(' \  =  m ethyl nico- 

tinate, E tP  =  ethyl picolinate, M eP =  m ethyl p icolinate, A c-py =  acetyl pyridine; “ /  is 
given in nm , from  the reflectance spectra of the solids, b the values given are the formula 
weights

(i) M agnetic properties and conductivity

Since som e copper(I) com plexes h av e  been  rep o rted  [5, 6 ], as p a ra m a g ­
n e tic  com pounds w ith  re la tiv e ly  high m ag n e tic  m om en ts, th e  m olar m agnetic  
suscep tib ilities of th e  iso la ted  com plexes a t  room  te m p e ra tu re  are lis ted  in
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T ab le  I I ,  to g e th e r w ith  th e ir  co n d u c tiv itie s . F o r all com plexes th e  co rrec ted  
m ag n e tic  suscep tib ilities are ca lcu la ted  b ased  on th e  su m m atio n  o f th e  in d iv id ­
u a l m agnetic  suscep tib ilities  o f th e  e lem ents [14]. As seen from  th e  T a b le , 
a ll th e  iso la ted  com plexes h ad  co rrec ted  m o lar suscep tib ilities  in  th e  ra n g e  
± 4 0X 10®  c.g.s. T h is co rresponds to  a m ag n etic  m om en t o f ± 0 .3  BM. W ith in  
th e  ex p erim en ta l e rro r, such  a low  su scep tib ility  is in d ica tiv e  o f d iam ag n e tism  
as expec ted  from  th e  d 10 co n fig u ra tio n . T h e  resu lts  given here  for com plexes 
o f p y rid in e , 4-picoline and  2 ,4 -lu tid ine  are  com parab le  w ith  th e  re p o rte d  
d a ta  [2]. F o r th e  1 : 2 com plexes o f 2 ,6 -lu tid in e  and  sym -collid ine th e  m o la r 
su scep tib ilities  fo r o u r sam ples are  m uch  h igher th a n  th o se  re p o rte d  (see 
T ab le  I). T he sm all m agnetic  m o m en ts  observed  for som e com plexes could  be  
d u e  to  th e  fo rm atio n  o f som e c o p p e r(II)  species from  air ox idation .

A ll th e  com plexes b eh av e  as 1 : 1 e lec tro ly tes in  acetone  [15] an d  n i t ro ­
benzene [16]. A ccord ingly , in  so lu tions, th e se  te tra k is , tr is  an d  bis com plexes

Table II
Magnetic properties and conductivitiesa of the complexes

Cation ш  ■ 1 0 s *m"' d ■10'
Conductivity Д -1 cm2 mole-1

A NB

(E tIN )4Cu+ - 2 8 9 +  39 137.5 28.0

(E tIN )3Cu+ - 2 1 5 +  37 142.0 31.0

(E tIN )2Cu+ - 1 4 5 +  23 132.0 29.5

(MeIN)4Cu+ - 2 7 6 +  16 141.0 28.0

(M eIN)3Cu+ - 1 8 9 +  30 137.0 29.0

(M eIN)2Cu+ - 1 6 8 0.0 118.0 27.5

(E tN )2Cu+ - 1 4 0 +  28 126.0 28.0

(MeN)3Cu+ - 2 4 0 - 2 1 131.0 29.0

(3-Ac-py)3Cu+ - 2 3 4 - 3 9 136.0 29.0

(E tP )2Cu+ - 1 8 9 - 2 1 129.0 31.0

(MeP)2Cu+ - 1 8 6 - 2 9 138.0 32.0

(2-Ac-py)2Cu+ - 1 7 8 - 3 4 140.0 30.0

(P y)4Cu+ - 2 0 5  ( — 216)c +  36 (+ 2 5 ) 130.0 29.0

(4-pic)4Cu+ - 2 4 5  ( - 2 6 9 ) +  38 (+ 1 4 ) 136.0 28.0

(2,5-lut)3Cu+ - 2 1 9  ( - 2 5 8 ) +  38 ( + 1 ) 134.0 27.5

(4-pic)2Cu+ — 169 - 2 7 128.0 28.5

(2,4-lut)2Cu+ -  153 ( - 1 7 9 ) +  25 ( - 9 ) 135.0 26.5

(2,5-lut)2Cu+ - 1 4 8 +  30 142.0 29.0

(2,6-lut)2Cu+ - 1 8 7  ( - 1 1 9 ) +  1 ( +  69) 138.0 30.0

(s-coll)2Cu+ - 2 4 9  ( - 1 5 9 ) - 3 8  ( +  52) 141.0 32.0

a The conductivities given are based on the formula w eights, b In c.g.s. units/m ole. 
c values between parenthesis are given from ref. [6], d corrected m agnetic molar susceptib ilities 
in  c.g.s. units. A =  acetone, N B  =  nitrobenzene
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m a y  be fo rm u la ted  as (L 4C u )+C104, (ЬдСи)+СЮ4 an d  (L 2C u )+C104, respec­
tiv e ly . Copper(I) ion , th e re fo re , a t ta in s  te tra h e d ra l an d  tr ig o n a l geom etries in  
th e  f ir s t  tw o fo rm ulas, respective ly . F o r th e  bis com plexes, copper(I) ion is 
te tra h e d ra lly  co -o rd in a ted  w hen th e  ligand  is a -carb o n y l su b s ti tu te d  pyrid ine  
(see la te r)  and  a tta in s  lin ea r geom etry  for th e  o th e r ligands.

(ii) M  — L  charge transfer spectra

In  acetone an d  chloroform  th e  spectra  of th e  colored  com plexes are 
q u ite  sim ilar to  tho se  of th e  p a re n t ligands in  th e  UV an d  v isib le  regions giving 
rise to  an  ab so rp tio n  b a n d  a round  270 — 280 n m  due to  th e  n  — n* tran sitio n s 
o f th e  ligands.

In  th e  re flec tan ce  sp ec tra  of th e  solid sam ples, copper(I) com plexes 
d eriv ed  from  m eth y l an d  e th y l n ico tin a te , iso n ico tin a te  an d  p ico linate  and  
th e  corresponding  ace ty l d e riv a tiv es  (see T able I  an d  F ig u re  1) i.e. ligands w ith  
e lec tron  a ttra c tin g  su b s titu e n ts , show  an in tense  ab so rp tio n  in  th e  visible 
region. These in tense  ab so rp tio n  is due to  M L charge  tra n s fe r  transitions 
from  d 10-orb ita ls on copper(I) to  an  em pty  jr*-orb ita ls on th e  ligands [17]. 
T h e  Amax of th e  M ->- L  ab so rp tio n  sh ifts to  longer w ave le n g th  as th e  num ber 
o f ligands per copper a to m  is increased  in  th e  com plex m olecule for th e  series 
o f  th e  sam e ligand . T h is beh av io u r is reasonab le , since increasing  th e  num ber 
o f ligands per copper ion  leads to  increasing  th e  pow er o f th e  reducing  p a r t  in  
th e  com plex m olecule w hich  in tu rn  sh ifts th e  Amaxto  longer w ave leng th  [18].

W i l l i a m s  [18] an d  K r u m h o l z  [19] po in ted  o u t th a t  th e  co n juga tion  and  
ch e la tio n  of d i-im ine to  F e (II)  and  Cu(I) are  th e  fac to rs  causing  th e  M—kL

Fig. 1. a — Electronic spectrum  of (M eIN )3CuC104 (10 4 M) in  chloroform  solution, b — re­
flectance spectrum of solid (M eIN )3CuC104; c — reflectance spectrum  o f solid (M eIN)4CuC104

Acta Chim. Acad. Sei. Hung. 97, 1978



2 4 0 GOHER: TETRA-, TRI- AND DI-CO-ORDINATED COMPLEXES

ch a rg e  tran sfe r tra n s itio n . T h a t  th e* th e  a-carbony l s u b s ti tu te d  p y rid in e  form  
c h e la te  com pounds w ith  co p p er(I)  ion , m ay explain  w h y  th e  1 : 2 com plexes 
o f  th e se  ligands show  M -*■ L  b a n d s  a t  h igher w ave len g th s  th a n  th e  1 : 4 
c o p p e r(I)  com plexes of th e  o th e r  c a rb o n y l pyrid ine  lig an d s e.g. M eN an d  M elN . 
T h ese  la t te r  ligands do n o t fo rm  che la tes  w ith  th e  co p p er(I) ion.

(iii) In frared  absorption spectra

T he IR  sp ec tra  of all th e  iso la ted  com plexes show ed th a t  th e  fu n d a ­
m e n ta l v ib ra tio n  m odes o f th e  ligands are  sh ifted  to  h ig h er frequencies upon 
co m p lex a tio n  as ex p ec ted  fo r n itro g e n  bonded  ligands [20, 21]. O nly  for the  
a -ca rb o n y l su b s titu te d  p y rid in e  lig an d s , th e  IR  sp ec tra  in d ica te  a co -ord ination  
v ia  th e  carbonyl group in  a d d itio n  to  th e  heterocyclic  n itro g en  [22]. Since de­
ta ile d  analyses of th e  lig an d  sp ec tra  h av e  been exam ined  for re la te d  com pounds 
[23 — 25], these sp ec tra l p ro p e rtie s  are  n o t concerned here. T ab le  I I I ,  therefore , 
c o n ta in s  only th e  v ib ra tio n  frequencies re la ted  to  th e  p e rch lo ra te  groups in  
th e  iso la ted  com plexes. F ig u re  2 show s th e  IR  sp ec tra  o f 1 : 2 an d  1 : 4 cop- 
p e r(I)  perch lo ra te  com plexes o f M elN , in  th e  region 1200 — 600 cm 1. In  T ab le  
IV  th e  fa r IR  sp ec tra l d a ta  fo r som e com plexes are  collected .

Í (cm-1)

Fig. 2. IR  spectra, a -  o f (M eIN )4CuC104; b -  o f (M eIN )2CuC104
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Table III

Vibrational frequencies (cm 1) of the perchlorate groups in complexes

Complex
C104

Vs v4

(E tIN )4CuC104 932 w 1 1 2 0 -1 0 9 0  vs 627 s
(MeIN)4CuC104 935 sh 1 1 1 0 -1 0 9 0  vs 627 s
(P y)4CuC104 925 vw 1 1 1 5 -1 0 9 0  vs 627 s
(4-pic)4CuC104 932 w 1 1 1 0 -  1095 vs 627 s
(E tIN )3CuC104 - 1115 vs 627 m
(MeIN)3CuC104 930 w 1110 —1085 vs 627 s
(MeN)3CuC104 935 w 1115— 1090 vs 627 s
(3-Ac-py)3CuC104 930 w 1110— 1090 vs 625 s
(2,5-lut)3CuC104 932 w 1110— 1090 vs 625 s
(E tP )2CuC104 930 w 1115 vs 627 s
(MeP)2CuC104 930 w 1 1 1 0 -1 0 9 5  vs 627 s
(E tIN )2CuC104 935 wm 1115 vs 635 s

1080 vs 628 s

1058 m 620 m
(M eIN)2CuC104 930 wm 1120 vs 635 s

1090 vs 625 s

1050 m 618 m

(E tN )2CuC104 930 m 1105 s 638 s

1080 s 625 m

1050 s 625 m

( 2-Ac-py)2CuC104 930 w 1 1 1 0 -1 0 9 5  vs 625 vs
(4-pic)2CuC104 932 w 1 1 1 0 -1 0 9 5  vs 627 vs

(2,4-lut)2CuC104 932 w 1 1 1 0 -1 0 8 0  vs 627 vs

(2,5-lut)2CuC104 932 w 1110s 627 s

(2,6-lut)2CuC104 - 1115 —1080 vs 627 vs

(sym -coll)2CuC104 — 1 1 1 0 -1 0 9 0  vs 627 vs

w: weak, m: medium, s: strong, v : very,

T h e  perch lo ra te  g roup  can  ac t as an  ion, m o n o d en ta te  and  b id e n ta te  
lig ands, w ith  successive low ering  in  sy m m etry . A ccording to  w hich  th e  n u m b er 
of IR  ac tiv e  v ib ra tio n s are  increased  from  tw o to  six to  n ine  m odes, respec­
tiv e ly  [26, 27]. As seen from  T ab le  I I I ,  excep t th e  1 : 2 com plexes of E tN , 
E tIN  an d  M eIN , th e  p e rc h lo ra te  g roups a c t as an  ion in  all o th e r  com plexes 
show ing th e  an tisy m m etrica l s tre tc h in g  v3 m ode a ro u n d  1100 cmV1, a n ti-  
sy m m etrica l bending  v4 m ode a t  627 c m -1 and  th e  IR  in a c tiv e  v4 v ib ra tio n
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m o d e  a t  930 c m -1. I n  th e  solid s ta te , th ere fo re , th ese  com plexes have  th e  sam e 
fo rm u la tio n s  given ab o v e  fo r th em  in so lu tion . One o f th e  1 : 4 com plexes; 
th e  te trak is(p y rid in e )co p p er(I)  p erch lo ra te , has been  s tu d ie d  b y  X -ray  a n a l­
y s is , w hich showed th e  com plex  to  consist of th e  te tra h e d ra l ca tio n  (P y )4Cu +
[5]. T h e  trigonal s tru c tu re  o f th e  tris(2-picoline) copper(I) com plex h as  been 
co n firm ed  by X -ray  an a ly sis  [9].

F o r th e  fo rm ally  d i-co -o rd inated  com plexes of M eIN , E tIN  an d  E tN , 
th e  v ib ra tio n  m odes v3 an d  r4 sp lit in to  th re e  com ponen ts fo r each as seen 
fro m  F ig . 2. Such sp lit t in g  is consisten t on ly  w ith  b id e n ta te  p erch lo ra te  groups. 
C opper(I) ion in  these  com plexes is, th ere fo re , p roposed  to  be  fo u r co -o rd inated  
a n d  adop ting  a p p ro x im a te ly  te tra h e d ra l geom etry . T h is fo rm u la tio n  differs 
f ro m  th a t  proposed fo r th ese  com plexes in  so lu tion , an d  from  th e  1 : 2 com ­
p lex es of the  o ther lig an d s.

F a r  IR  spec tro sco p y  has been used  to  s tu d y  s u b s titu te d  p y rid ine  com ­
p lex es of copper(II) h a lid es . T he ab so rp tio n  frequencies for th e  copper—n itrogen  
a n d  copper-halogen  b o n d  s tre tch in g  m odes have been  rep o rted  [28]. F o r 
co p p e r—nitrogen, th e  s tre tc h in g  frequency  w as observed  in  th e  range 230 — 
270 c m '1, for co p p er— chloride it  was 230 — 330 cm -1 an d  for co p p er-b ro m id e  
th e  range was 190 — 260 cm  4

As seen from  T a b le  IV  and  in  accordance  w ith  L e w i n  et al. [ 6 ] ,  th e  
com plexes (Py)4CuC104 an d  (4-pic)4CuC104 p rep ared  b y  us are  tra n sp a re n t in  
th e  region of 200 — 375 cm  4  In  o rder to  be certa in  th a t  th e  tra n sp a re n c y  is 
n o t  due to  th e  ca tio n  [ (P y 4Cu)] +, we p rep a red  a com plex o f  th e  form ula (P y)C uI 
a n d  m easured its  fa r  I R  spectrum . T his com pound too  is tra n sp a re n t in  th e  
reg io n  of 200 — 375 cm  ]. T he te tra k is  com plexes of M eIN  an d  E tIN  show ed 
o n ly  one band  asso c ia ted  w ith  th e  s tre tch in g  copper—n itro g en  v ib ra tio n s. T he 
assignm en t of th is  b a n d  as th e  copper—n itro g en  s tre tch in g  w as given is accord­
an ce  w ith  th e  ca lc u la ted  and  observed values w hich h av e  been  rep o rted  [29] 
fo r  th e  isoelectronic z in c (II)  com plex of m e th y l iso n ico tin a te  M eIN.

For the  d i-co -o rd in a ted  com plexes of m eth y l an d  e th y l-iso n ico tin a te  and  
e th y l  n ico tin a t, tw o  v e ry  strong  bands are observed in  th e ir  far IR  spectra  
a s  seen from  F ig . 3. T hese  bands are tw ice as s trong  as th e  b and  associa ted  
w ith  co p p er-n itro g en  s tre tc h in g  v ib ra tio n s  in  th e  sp ec tra  o f these com plexes. 
S ince  these tw o b a n d s  are  n o t observed in  th e  sp ec tra  o f all th e  halo , cyano 
a n d  th io cy an a to  com plexes of variab le  sto ich io m etry  derived  from  th e  sam e 
lig an d s [30], one cou ld  n o t assign th e m  as th e  n itro g en —copper s tre tch in g  
v ib ra tio n s . These tw o  b an d s  are, th ere fo re , assigned as th e  co p per-oxygen  
s tre tc h in g  frequencies. S ince for th e  fo rm ula ;

\  / ° \  / °
/ СИ\  / C1\

L O O
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■ü (cm'1)

Fig. 3. Far IR  spectra, a — of (MeI!N)2CuC104; 6 — of (M eIN)4CuC104

tw o I R  ac tiv e  co p p e r-o x y g en  frequencies are ex p ec ted , th e  ap p earan ce  o f 
th ese  tw o  b an d s in  ad d itio n  to  a t  least one b an d  assoc ia ted  w ith  copper—n itro g en  
s tre tch in g  v ib ra tio n s  suggested  th a t  copper(I) ion  has an  ap p ro x im a te  
te tra h e d ra l geo m etry  in  th e se  com plexes. This re su lt confirm s our p rev ious 
conclusion w hich  a tta in e d  from  th e  sp littin g  o f v3 an d  v4 m odes of th e  p e r­
c h lo ra te  groups. I t  is c lear from  T ab le  IV  th a t  th e  positio n  o f th e  copper—oxygen

Table TV

F ar IR  spectral data o f  some complexes

Complex v Cu—N v Cu—0

(E tIN )4CuC104 206 m

(MeIN)4CuC104 203 m

(P y)4CuC104 transparent

(4-pie)4CuC104 transparent

(2,5-hit)3CuC104 312 m  (306)

(MeN)3CuC104 225 s

(M eIN)2CuC104 230 m 264 vs, 251 vs
(E tIN )2CuCI04 210 m 262 vs, 246 s
(E tN )2CuC104 280 s, 240 m 348 s, 335 vs
(2,4-lut)2CuCI04 315 w (315), 266 s (266)

(2,5-lut)2CuC104 343 s, 312 s

(2,6-lut)2CuC104 343 m (345), 259 (259)

(s-coll)2CuC104 327 s (325), 300 s (298)

The values betw een parenthesis are given from R ef. 6; m  =  m edium , w =  weak, s =  
=  strong, v  =  very
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frequenc ies is d ep en d en t up o n  th e  s u b s ti tu e n t  group an d  m ore up o n  its  
p o s itio n  in  th e  p y rid in e  ring.

O ur re su lts  fo r some of th e  fo rm a lly  d i-co -o rd inated  com plexes are  in  
ex ce llen t ag reem en t w ith  those  re p o rte d  b y  Lew in  e t á l. [6]. T he ap p earan ce  
o f  tw o  bands in  th e  copper—n itro g en  reg ion  leads to  th e  conclusion  th a t  these  
com plexes d e fin ite ly  do no t h av e  local sy m m e try  conta in ing  N —C u -N  a rran g e ­
m e n t. Such d ev ia tio n  from  N —Cu—N  a rra n g e m en t m ay be due  to  a ten d en cy  
to  increase th e  co -o rd ination  n u m b e r o f co p p er(I) ion.

(iv ) T h e  e ffec t o f  th e  s te r ic  r e q u ir e m e n ts  a n d  b a se  s tre n g th  o f  th e  p y r i d i n e  l ig a n d s  

o n  th e s te r e o c h e m is tr y  o f  th e  c o p p e r  ( I )  c o m p le x e s

T he co -o rd ina tion  n u m b er of th e  syn thesized  copper(I) com plexes of th e  
p y rid in e  d e riv a tiv es  can  be re la te d  to  th e  s te ric  recjuirem ents an d  base  s tre n g th  
o f  th e  ligands. T h u s  com plexation  of co p p er(I)  w ith  p y rid in e  or 4 -su b s titu te d  
p y rid in e  leads to  th e  fo rm atio n  o f com plexes w ith  the  m ax im u m  co -o rd ina tion  
n u m b e r  of four. T he p a ra -s u b s ti tu e n t  g roup  on py rid ine  rin g  do n o t ex e rt 
a n y  effect on th e  co -o rd ination  n u m b e r o f copper(I) th o u g h  th e  p K a changes 
fro m  3.26 for M eIN  to  5.30 for p y rid in e  to  6.10 for 4-picoline.

T he m e ta -su b s titu te d  p y rid in es , on  th e  o ther h an d , gave com plexes 
w ith  co -o rd ination  num ber th ree  fo r M eN an d  form ally  co -o rd in a tio n  n u m b er 
tw o  fo r E tN . Since 3-picoline form s a com plex  w ith  co -o rd in a tio n  n u m b er of 
fo u r  [31], so th e  v a ria tio n  in  co -o rd in a tio n  num ber of co p p er(I) w ith  such 
lig an d s  is due to  th e  steric req u irem en ts .

2 ,6 -L u tid ine  and  sym -collid ine y ie ld  d i-co -o rd inated  co p p er(I) com plexes 
w h ich  is u n d o u b te d ly  due to  th e  ste ric  h in d ran ce  of th e  tw o  orf/io-m ethyl 
g ro u p s . T he copper(I) pe rch lo ra te  com plex  of 2 ,5-lu tid ine is tr i-co -o rd in a ted , 
as  expec ted  from  b o th  th e  s teric  effect an d  p K a. H ow ever, 2 ,4 -lu tid in e  w hich 
h a s  essen tia lly  th e  sam e s teric  effect as 2 ,5 -lu tid ine  gave a d i-co -o rd ina ted  
co p p er(I)  p e rch lo ra te  com plex, m a y  be  due  to  its s ligh tly  g re a te r  b asic ity  
(H p K a =  0.25).
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The absorption spectra of 24 m erocyanines have been investigated  b y  the use 
of Free Electron M olecular Orbital Model em ploying two procedures: (i) b y  the m ethod  
developed b y  K u h n  [J. Chem. P hys., 17, 1198 (1949)] w ith  appropriate m odifications 
w ith  respect to  the b o x  length  and the number of pi-electrons and (ii) b y  the use of first 
order perturbation theory developed by us. B oth  m ethods give results th a t are in ex­
cellent agreem ent w ith  experim ent. The latter m ethod is shown to have an additional 
advantage over the former in not m aking explicit use o f any em pirical parameters.

R ecen tly  we h a v e  becom e increasing ly  in te re s ted  in  th e  ap p licab ility  of 
th e  sim ple one d im ensiona l free e lec tron  gas m odel to  th e  sp ec tra l inv estig a tio n  
of organic d yestu ffs . T h is m odel describes th e  p i-e lec tron  w ave fu n c tio n  of 
co n ju g a ted  system  in  te rm s  of stan d in g  sine an d  cosine fu n c tions. I n  our earlier 
co m m unica tions [1 —4 ], we h av e  rep o rted  th a t  th is  c rude  y e t  sim ple an d  ele­
g an t q u a n tu m  m ech an ica l schem e gives good resu lts  w ith  re sp ec t to  th e  p re ­
d ic tion  of th e  in ten se  long  w ave len g th  tran s itio n s  in  o rganic  dyestu ffs w ith  a 
jud ic io u s choice o f c e r ta in  p a ram e te rs  invo lved  in  th e  F E  equations.

I n  th e  p re sen t p a p e r , we re p o rt a few  m ore ca lcu la tions on th e  ab so rp tio n  
sp ec tra  o f som e m ero cy an in e  dyes, an d  suggest som e im p ro v em en ts  a b o u t th e  
choice o f th e  box  le n g th  for th is  p a r tic u la r  class of dyes. W e also re p o rt here 
th e  in v es tig a tio n  o f th e  ab so rp tio n  sp ec tra  of m erocyanines b y  th e  use of f ir s t  
o rd er p e r tu rb a tio n  th e o ry  em ploying  th e  free e lectron  w ave functions. T he 
resu lts  are  in te re s tin g  fo r th e  q u a n tita tiv e  p red ic tion  of sp ec tra , as th e y  do n o t 
involve an y  a d ju s ta b le  p a ram e te rs .

R esults and  discussion

(1) M ethod involving length and Vo

(i) A ltho u g h  i t  h a s  been  cu s to m ary  to  use th e  v a lu e  of 1.39 A as th e  
average bo n d  le n g th  in  th e  free e lec tron  ca lcu lations, we p re fe r to  ta k e  th e  
C —C =  C len g th  as 2.82 A  (1.34 +  1.48), as in  case of b u ta d ie n e , since we 
consider th a t  in  th e  g ro u n d  s ta te , th e  m erocyanines resem ble th e  polyenes in  
th e ir  e lectron ic  s tru c tu re . A verage bo n d  len g th  of 1.39 A  (benzene) w ould  be 
m ore a p p ro p ria te  in  case o f sy m m etrica l dyes, w here th e  tw o  ex trem e  s tru c tu re s
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are  d egenera te . B y ta k in g  th e  m erocyanines to  be system s o f u n eq u a l bond 
le n g th s , an  elastic o -bond  fram ew ork  is im p lic it in  our ca lcu la tion . T he pi-elec­
tro n s  alw ays ten d  to  defo rm  th e  o rig inally  equal c -bonds in  o rder to  produce 
a lte rn a tin g ly  longer a n d  sh o rte r  ones. This tre n d  is co u n te rac ted , how ever, 
b y  th e  need of stra in  en erg y  an d  th e  increase in  th e  in te ra c tio n  energy betw een  
p i-e lec tro n s. B u t since th e  change in  th e  g round  s ta te  energy  on accoun t of 
th e se  p a ram ete rs  are a lm o s t sam e as th a t  in  case of th e  excited  s ta te  [5], 
th e se  te rm s cancel each  o th e r an d  p resu m ab ly  w ill h av e  no m ate ria l effect 
on  th e  tran s itio n  energy .

K u h n  et al. [6 ] h a v e  fo u n d  o u t th e  w ave func tions an d  energy  levels of 
th e  po lyenes on th e  basis  o f sim ple sine cu rve  p o ten tia l m odel and  found th a t  
th e y  com pare qu ite  w ell w ith  tho se  g iven b y  m ore re fin ed  m ethods, viz., 
in  w h ich  the  p i-e lec trons are  tre a te d  as electrons in  a (a) one-dim ensional 
w av e-sh ap e  p o ten tia l a n d  (b) tw o dim ensional p o ten tia l tro u g h  m odels w ith  
n u c le a r  charge and sh ie ld ing  effects. T he resu lts  o f all th re e  tre a tm e n ts  are 
in  good agreem ent, an d  b y  considering  th e  elec tron  d en sity  d is trib u tio n  along 
th e  ch a in , each t re a tm e n t leads to  th e  sam e conclusion, t h a t  each single bond  
a n d  each  double b o n d  in  a long chain  polyene m u st h av e , respective ly , th e  
sam e  len g th  as th e  single bo n d  and  th e  double bond  in  b u tad ien e . T he values 
o f  th e  absorp tion  m a x im a  given b y  th e  th ree  m odels a re  in  good ag reem en t 
w ith  th e  experim en ta l va lues.

I t  is well know n th a t  th e  equ ilib rium  positions of th e  nuclei in  o p tica lly  
e x c ite d  molecules d iffer from  those  in  th e  g round  s ta te . T hus, for a m ore 
a c c u ra te  descrip tion  o f  th e  sp ec tra , i t  is desirable th a t  th e  change in  th e  to ta l  
le n g th  is to  be in c o rp o ra te d  in  th e  ca lcu la tions. L a b h a k t  [7] has rep o rted  th e  
th e o re tic a l values of th e  changes in  th e  bond  len g th  (A L  =  L e — L g) on op tica l 
e x c ita tio n  and has show n th a t  for sing let tran s itio n s , th e re  is a convergence 
in  th e  ZlL values. T he v a lu e s  rep o rted  are m uch too  sm all (~ 0 .0 8  A) for n >  10 
(as in  case of di-, te t r a -  an d  h ex a-m eth in e  m erocyan ines considered here) 
to  h a v e  any  ap p reciab le  in fluence  on th e  ca lcu lations. W e have, therefo re , 
n o t  considered such changes in  th e  m olecular d im ensions in  our ca lcu lations.

(ii) As in  p rev ious ca lcu la tions, th e  free e lectron  p a th  is assum ed to  t e r ­
m in a te  one bond le n g th  bey o n d  th e  end atom s [8 | th e  ex tension  being in  
k eep in g  w ith  th e  c o n ju g a te d  system , i.e., c o n tr ib u tin g  an  ad d itio n a l 2.82 A 
to  th e  geom etrical len g th . T he to ta l  len g th  L  can  th u s  be w ritte n  in  a con­
v e n ie n t m nem onic fo rm  as:

L  =  2.82 • n,

w h ere  2n =  no. o f p i-e lec trons.
(iii) In  case o f dyes derived  from  quinoline-2 , th e  ch rom ophoric  chain  

is  ta k e n  to  be th e  in te rm e d ia te  o f th e  follow ing tw o  [3]:
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<P=cr

nN ('H -4 'H = (l

ОНз

T he abso rp tio n  sp ec tra  o f m erocyan ines m ay be considered  sim ilar to  
th o se  o f polyenes, in  th e  sense t h a t  th e  low est energy e lec tron ic  tra n s it io n  of 
th e se  dyes occur a t  a sh o rte r w av e  len g th  th a n  th e  co rrespond ing  isoenergetic  
w ave len g th  derived  from  th e  p a re n t  cyan ines and  oxonols. In  case o f  polyenes 
th is  h as  been  explained in  th e  e lec tro n  gas m odel b y  in tro d u c in g  a periodic 
p o te n tia l  w hich  p a rtly  localises th e  p i-electrons in to  th e  p o te n tia l th ro u g h s  
a t  th e  doub le  bonds. A sa tis fac to ry  ag reem en t betw een  observed  an d  ca lcu la ted  
e lec tron ic  tra n s itio n  energies o f po lyenes has been o b ta in ed  [9, 10].

I t  is a p p a re n t from  th e  re su lts  in  T ab le  1 th a t  th ere  is an  exce llen t ag ree­
m e n t b e tw een  th e  ca lcu la ted  a n d  ex p e rim en ta l values o f th e  e lec tron ic  tra n s i­
t io n  energies o f m erocyanine dyes, in  fa c t m uch b e tte r  th a n  one w ould  expect 
from  such  a sim ple model.

T h e  resu lts  repo rted  in  T ab le  I  h av e  been  derived from  th e  a p p ro x im a te  
so lu tio n  o f  th e  one-dim ensional S ch rö d in g er equa tion  for a sy stem  o f v a ry in g  
p o te n tia l  b y  an  ap p ro p ria te  a d ju s tm e n t o f th e  p a ram ete rs  L  an d  V 0. Som e of 
th e  re c e n t p ap ers  have rep o rted  im p ro v ed  w ave functions u sing  an  ite ra tiv e  
p ro ced u re  [10 — 13] for th e  ca lcu la tio n s o f th e  spectra l p ro p ertie s  o f po lyenes 
a n d  cy an in e  ty p e  aggregates a n d  som e asym m etrica l system s like  corrino ids 
an d  pseudo  isocyanine aggregates. T he gain  in  th e  accu racy  in  th e  ca lcu la ted  
a b so rp tio n  frequencies is fa r su p ersed ed  b y  th e  m a th em a tica l co m p lex ity .

(2) M ethod o f  perturbation

T h e period ic  p o ten tia l ( V p) in tro d u c e d  b y  K u h n  [14], w hich  has th e  
fo llow ing form , m ay  be ta k e n  as th e  p e r tu rb in g  com ponen t on a chosen  zero 
o rd e r sy stem  an d  th e  changes in  th e  en erg y  levels due to  th is  p e r tu rb a tio n  
m a y  be ca lcu la ted  b y  using f irs t  o rd er p e r tu rb a tio n  theo ry .

V p =  V 0 cos
2 п л х

L  V
( 1 )

W e consider th e  energy levels d e riv ed  from  th e  isoenergetic w ave le n g th  o f th e  
m erocyan ine  as those co rrespond ing  to  th e  u n p e rtu rb ed  sy stem . S ince th e re  
are  2 n n u m b e r of pi-electrons, th e  g ro u n d  s ta te  energy level is described  b y  
th e  n th q u a n tu m  s ta te  and  th e  change in  en due to  p e r tu rb a tio n  is g iven  by , 

L L
л л  2 V  Г

Aen =  <PnVp<pn dx =  I si
2 n n x  2 n n x  _ 

s in -----------co s-------- — a x  : ( 2)
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Table I

Б
, ------ N — СНз 0 = C -

=CH— C H = C H — C H = ( '
A

SI.
no.

N atu re  o f  В N a tu re  o f A Vo
k K

A(Calc)
nm

A(Obe)
nm

|ЛСа1с-ЛОЬв|
nm

l . Quinoline-2 3-Phenyl isooxazolone 2.57 521 626 5

2. -do- 2-Phenyl-5-oxazolone 1.98 642 640 2

3. -do- l-Phenyl-3-m ethyl pyrazolone 2.65 617 618 1

4. -do- Diphenyl thiobarbituric acid 2.37 628 625 2

5. -do- 4-H ydroxy coumarin 3.28 596 592 4

6. -do- 2-Benzyl thiothiazolone 1.64 655 650 5

7. Quinoline-4 3-Phenyl isooxazolone 0.57 709 685 24

8. -do- l-Phenyl-3-m ethyl pyrazolone 0.33 711 692 19

9. -do- 2-Benzyl thiothiazolone 0.17 719 685 34

10. Benzoxazole-2 l-Phenyl-3-m ethyl pyrazolone 1.09 555 547 8

11. -do- 4-H ydroxy coumarin 0.96 594 550 44

12. -do- 2-Benzyl thiothiazolone - - 590 -

13. Thiazoline-2 l-Phenyl-3-m ethyl pyrazolone 2.36 530 522 8

14. -do- Diphenyl thiobarbituric acid. 1.62 550 529 21

15. -do- 4-Hydroxy coumarin 1.55 551 525 26

16. -do- 5,6-Benzchroman-2,4-dione 1.50 552 535 27

17. -do- 3-Phenyl thiohydantoin 1.26 559 505 54

18. -do- 7,8-Benzchroman-2,4-dione 1.03 566 537 29

19. -do- 3-Phenyl rhodanine 0.92 569 552 17

20. -do- 4,7-Dihydroxy coumarin 3.78 544 525 19

21. Cyclopentadienylene- 

triphenyl phospho- 

rane-2* Indane-l,3-dione 4.83 538 565 27

22. -do- Diphenyl thiobarbituric acid 4.83 538 570 32

23. -do- 3-Phenyl rhodanine 3.94 561 550 11

24. -do- l-Phenyl-3-m ethyl pyrazolone 5.74 517 550 33

* Values refer to  trim ethine merocyanines, already reported in  Ref. [2]

Sim ilarly , th e  c h an g e  in  the  energy levels in  th e  f irs t  excited  s ta te ,

L л
A e n + i  =  I =  0 (3)

0
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T herefo re , th e  n e t en erg y  ch an g e  fro m  th e  isoenergetic  tra n s itio n  energy  (A E t) 
due to  th e  p e r tu rb in g  p o ten tia l w ill be,

(Zle„ +1) -  (Aen) =  Ь -  (4a)

th a t  is,

A E  -  АЕ,- =  Í A  (4b)

T h e  re su lts  o b ta in ed  b y  th is  m e th o d  are  given in  T ab le  I I .

Table II

D ye no.* У,
(k .K ) A< n m

ACalc. n m  
E q . 4(b)

AObs
n m

1 A O be-A Calc 1 
n m

l . - 0 .1 8 622.5 626 626 0
2. 640 640 640 0
3. 0.26 625 620 618 2
4. 0.36 625 626 625 1
5. 0.92 620 602 592 10
6 . 1.20 665 643 650 7

7. - 0 .8 2 672.5 691 685 6
8 . - 0 .1 0 685 687 692 5
9. 1.60 715 684 685 1

10. 2.18 570 537 547 10
11. - 0 .9 4 555 570 550 20
12. 0.82 600 586 590 4

13. 1.90 540 514 522 8

14. 1.46 542.5 522 529 7
15. - 0 .1 4 537 539 525 14

16. - 0 .3 6 542.5 539 535 4
17. 3.58 577.5 523 505

COr-H

18. - 0 .5 4 542 550 537 13
19. 3.08 582.5 535 552 17
20. 1.4 547.5 527 525 2
21. 0.60 578.5 568 565 3
22. 0.84 578.5 565 560 5
23. 1.58 608.5 581 550 31
24. 1.50 568.5 545 550 5

* The dye num bers refer to the SI. no. given in Table I V 0 values have been calculated  
by using the experim ental values o f the lower hom ologue, i . e .  dim ethin merocyanines for dyes  
1 — 20 and m onom ethine m erocyanines in  case o f  dyes 21 — 24
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T h e p e r tu rb a tio n  m eth o d  a p p a re n tly  is q u ite  s tra ig h tfo rw ard  an d  sim ple. 
T h e  p red ic ted  w ave le n g th s  are in  m u ch  b e tte r  ag reem ent w ith  ex p erim en t, 
w ith o u t  one h av in g  to  use an y  em pirica l p a ra m e te rs  exp lic itly . N evertheless 
th e  m eth o d  still suffers from  th e  d isa d v a n ta g e  o f an  a rb itra ry  choice o f th e  
zero -o rd e r system .

T he p e r tu rb a tio n  affects only th e  h ig h e s t occupied МО (tpn) b y  an  am o u n t

e q u iv a le n t to Zo
2

le av in g  all o ther en e rg y  levels unaffec ted . T h is does n o t,

h o w ever, c reate  a n y  an o m a ly  in  th e  en erg y  level spacings, th a t  is, <p% is s till 
g re a te r  th a n  99® _ r

I t  is also possib le to  avoid  th e  exp lic it use  o f L  and  V 0 b y  K u h n ’s m eth o d  
fo r  th is  m ethod  in  te rm s  of th e  isoenergetic  tra n s itio n  energy becom es,

1

I
(TV = 2 n =  no. o f pi-electrons)

(5)

T his procedure  y ie ld s a value of V 0, w h ich  is d ifferen t from  th a t  o b ta in ed

b y  th e  p e r tu rb a tio n  m e th o d  b y  a fa c to r  o f  2 1 ------- 1 th a t  is ap p ro x im a te ly

b y  a fac to r of 2 fo r la rg e  values of TV, so t h a t  b o th  m ethods shou ld  y ie ld  resu lts  
v e ry  close to  each o th e r , w hen  used  fo r th e  pu rpose  of p red ic tio n  (T able  I I I ) .

Table Ш

Comparison o f  the absorption m axim a calculated by Eqs 4 (b ) and 5

Dye no. Eq. 4(b) Eq. 5

l 626 626

2 640 640

3 620 620

4 628 626

5 603 602

6 644 643

7 691 691

8 687 687

9 683 684

*

The absorption data  have been taken from  the P h .  D. theses o f Dr. P .  B. T r i p a t h y , 
Dr. P .  C. R a t h  and Dr. D . C. P a t i  (U tkal U n iversity).

The authors are grateful to the U n iversity  Grants Commission, N ew  Delhi, India for 
the award of a research grant to LNP.
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РЕЗЮМЕ

Определение циркония путем экстракционной фотометрии
с арсеназо III

В . К . А К И М О В , Л .  Т . Г В Е Л Е С И А Н И , А . И . Б У С Е В  и  П . Н Е Н Н И Н Г

Цирконий был экстрагирован дихлорэтаном из сернокислого раствора после добав­
ки KSCN и антипирина. После обратной экстракции цирконий определяется фоторметри- 
чески в виде его комплекса с арсеназо III.

Некоторые химические реакции в электродной щели и их роль 
в спектрохимическом анализе, XXVIII

Поведение окислов металлов в дуге с атмосферой проточного 
аргона. Роль времени горения дуги и силы тока в случае 

подсобных электродов RW II
3 .  Л .  С А Б О  и  X . Д О Б О Л И - Ф Е Й Е Р Д И

Исследуя порошковые смеси СиО +  С, было найдено, что выход окислов углерода в 
дуге возрастает с увеличением времени горения и с повышением силы тока. В двух различ­
ных случаях отношение скоростей нагревания и охлаждения электродов различны, а по­
этому и различаются скорости образования окислов углерода. Это особенно наглядно, если 
изображать для двух различных случаев электрическую работа дуги в зависимости от 
произведения время на силу тока. С протеканием реакции в канале электрода-носителя 
накапливается металлическая медь, которая препятствует дальнейшей реакции, т. к. 
ухудшается доступ к нижним слоям порошковой смеси. Поэтому со временем уменьшается 
и доля испарения. Исхода из изменения объемного отношения образующихся С02 и СО, 
можно заключить, что те окислительные и восстановительные тенденции электрического 
происхождения, которые направляюут реакции между газовой атмосферой и материалом 
электрода на поверхности электрода, не справедливы для реакций внутри материала элек­
трода.

Некоторые химические реакции в электродной щели и их роль 
в спектрохимическом анализе, XXIX

Поведение окислов металлов в дуге с атмосферой проточного 
аргона. Роль отношения окись металла/порошок углерода в случае 

подсобных электродов RW 11
3 .  Л .  С А Б О  и  X . Д О Б О Л И -Ф Е Й Е Р Д И

Были повторены исследования с изменяемым отношением окись металла/порошок 
углерода с той разницей, что вместо атмосферы с неподвижным аргоном использовали ат­
мосферу с проточным аргоном. В согласии с ранними результатами, максимальная скорость 
реакции была получена, когда отношение окись металла/порошок углерода находится в 
интервале молярных отношений 1 :1 и 2 :1, являющихся оптималпными для образования



СО и С02. Т. е., две реакции протекают параллельно. Исходя из изменения интенсивности 
спектральных линий, было обобщено то заключение, что в отсутствии химических реакций 
катодное возбуждение дает более интенсивный спектр. А если в зоне испарения потекает 
химическая реакция с выделением тепла, то анодное возбуждение более интенсивно.

Некоторые химические реакции в электродной щели и их роль 
в спектрохимическом анализе, XXX

Поведение окислов металлов в дуге с атмосферой проточного аргона.
Влияние реакционной способности окислов металлов в случае 

подсобных электродов RW 11
3 .  Л .  С А Б О  и  X . Д О Б О Л И -Ф Е Й Е Р Д И

Влияние реакционной способности окислов металлов проявляется как в реакциях 
в угольных порошковых смесях, так и на результатах спектрального анализа этих реакций. 
Под влиянием горения дуги, в случае более реактивных окислов металлов, освобождается 
разность между теплотой окисления углерода и теплотой разложения окисла металла, что 
приводит к повышенному разогреву смеси. Вследствие этого реакция ускоряется и усили­
вается интенсивность спектральных линий. Исходя из результатов исследований, можно 
делать заключения относительно протекающих реакций, их последовательности и мест 
протекания.

Модельная реализация идеального полиметинового состояния 
с помощью изменений, индуцированных растворителями 
в электронной структуре сольватохромных красителей

С. Д Е Н Е  и  К .-Д . Н О Л Ь Т Е

Были симулированы неполярные и полярные валентные структуры мерополиметина 
на основе теории МО, полагая суперпонирование реакционного поля увеличивающейся по­
лярности на молекулу. Симметричное состояние, через которое проходит молекула, об­
ладает всеми типичными характеристиками идеального полиметинового состояния, такими 
как минимум перехода энергии N -*• V1( соответствующий VB теоретическим заключениям 
Т. Фёрстера, максимум вероятности перехода, максимум чередования я-электронной плот­
ности, чередование минимума порядка л-связи как в основном состоянии, так и в меньшей 
степени, в первом возбужденном синглетном состоянии. При светопоглащении, я-электрон- 
ные плотности в переходах N ->- V, экспремально обратны в идеальном полиметиновом со­
стоянии, в то время как изменения в порядке л-связи минимальны.

Кинетика и механизм реакций замещения комплексов, V

Сольватация [Сг(МС8)4(бензиламина)2]-  в смесях ацетона с водой
Й . Ж А К О , Ч . В А Р Х Е И , Д .  О П Р Е С К У  и  И . Г О Н Е С К У

Была исследована кинетика сольватации [Сг(ШС(4(бензиламина)2]_ в смесях 
ацетона с водой. Молекулы бензиламина не замещены, только ионы NCS-  обменены на 
молекулы растворителя. Реакция (1) затрудняется с увеличением содержания ацетона 
указывая на важную роль молекул растворителя в механизме реакции. Реакция (1) за­
трудняется также ионами водорода. Константа скорости реакции (1) не зависит от природы 
амина в смеси этанола с водой, но в смесях ацетона с водой константы скорости, получен­
ные для производного бензиламина, значительно отличаются от констант скоростей произ­
водных пиридина и анилина, сообщенных ранее.



О комплексах а-диоксимина с переходными металлами, V

Хелаты кобальт(Ш)-ниоксимина с оксокислстами серы
Ч . В А Р Х Е И , А . Б Е Н К Ё ,  М. Ш О М А И  и  А . К О Х

Новые комплексные анионы типа [Co(niox.H)2XV]~3 (где niox.H2 =  1,2-цикло- 
гексан-дион - диоксим, X =  У, X У =  S 03 и S20 3) были получены путем окисления на 
воздухе смесей Со+2-ниоксим-Х У, либо с помощью реакций лигандного обмена из соот­
ветствующих галогеноакво-неэлектролитов. Переход от акваформы [Co(niox.H)2-(H20)X ]_ 
в аминоформу с помощью ароматических и гетероциклических аминов приводит 27 солей, 
к образованию [Co(niox. Н)2(амин)Х]~. Была изолирована и охарактеризована серия из 
Некоторые структурные проблемы были исследованы с помощью УФ и ИК спектральных 
измерений. Другие оксо-анионы серы, такие как S 0 4-2 и S„06 (п =  2 —5), не пригодны 
для этих реакций вследствие стерических затруднений или отсутствия донорных атомов 
серы.

Исследование сплавов железо-никель и железо-хром с помощью
МСВИ, I

Исследования в связи с ионным распылением
м. Р И Д Е Л Ь ,  т. Н Е Н А Д О В И Ч  и  Б .  П Е Р О В И Ч

Ионное распыление двухкомпонентных железных сплавов с простой фазовой 
диаграммой, а также их атомная и комплексная ионная эмиссия были исследованы масс- 
спектроскопией со вторичной ионизацией (МСВИ). Сплавы Fe—Ni и Fe— Сг с интервалом 
концентраций 0—100% подвергались бомбардировке ионами Кг+ с энергией 4 Кэв. Моди­
фицированием источника ионов в МСВИ и анализом с помощью электронного микрозонда 
открывается возможность симультанного исследования ионного распыления и вторичной 
ионной эмиссии.

В первом сообщении обсуждалась зависимость распыления сплавов Fe—Ni и Fe—Cr 
от состава. Были определены отношения скоростей распыления, необходимые для оценки 
исследований вторичной ионной эмиссии, а также их зависимость от состава. Относитель­
ный коэффициент распыления компонентов сплава равен приблизительно единице; в 
чистом состоянии вещество с меньшим коэффициентом распыления более интенсивно ра­
спыляется в сплаве, и в тоже самое время наблюдалось уменьшение скорости распыления 
другого компонента.

Исследование спланов железо-никель и железо-хром с помощью
МСВИ, II

Исследование эмиссии вторичных одноатомных и однозарядных 
ионов в зависимости от состава

м. Р И Д Е Л Ь ,  Т . Н Е Н А Д О В И Ч  и  Б .  П Е Р О В И Ч

Среди многочисленных ионов, появляющихся в спектре вторичных ионов высоко­
концентрированных сплавов железо-никель и железо-хром, были исследованы лишь 
одноатомные и однозарядные ионы металлов. Согласно исследованиям, относительный 
выход вторичных ионов сильно зависит от концентрации. С помощью симультанного изме­
рения распыления и ионной эмиссии была определена относительная степень ионизации, 
которая принимает предельное значение при составе, относящемся к минимальной точке 
плавления сплавов. Согласование моделей LTE и ASI, описывающих вторичную иониза­
цию, с экспериментальными данными было возможно лишь с ограниченной точностью. Это, 
в свою очередь, указывает не то, что гучшее описание концентрационной зависимости ион­
ной эмиссии возможно лишь при лучших приближениях.



Исследование сплавов железо-никель и железо-хром с помощью
МСВИ, III

Зависимость эмиссии двухатомных комплексных ионов от состава
сплава

м. Р И Д Е Л Ь , т. Н Е Н А Д О В И Ч  и В . П Е Р О В И Ч

В спектре вторичных ионов концентрированных сплавов Fe—Ni и Fe—Cr, подвер­
гнутых бомбардировке ионами Кг+, наблюдались интенсивные пики ионов, состоящих из 
одинаковых (Fe,+, Ni2+, Сг2+) и различных атомов (FeNi+, FeCr+). Образование комплекс­
ных ионов сильно зависит от концентрации, а сила тока сложных ионов увеличивается при 
увеличении плотности тока первичных ионов. На основе определения относительной сте­
пени ионизации комплексных ионов, был построен механизм образования комплексных 
ионов.

Полиатомные катионы теллурия с низким валентным состоянием

с. А . А . З А И Д И , 3 .  А . С И Д Д И К И  и Н . А . А Н С А Р И

Кондуктометрические измерения и спектроскопические исследования в ультра­
фиолетовой в видимой областях растворов теллурия в хлористом сульфуриле указывают 
на то, что красный цвет раствора, приготовленного в чистом HSOaCl, вызван катионом 
Те4+2. Было также показано, что красные ионы Те4+2 могут быть окислены с помощью таких 
окисляющих реагентов, как K2S20 8 и Т е0 2, до желтых ионовТе4+4.В присутствии избытка 
окисляющего реагента образуется Т е02.

Исследование каталитического окисления сорбозы

А . Л Е Н Д Ь Е Л -М Е С А Р О Ш , Б .  Л О Ш О Н Ц И , Й . П Е Т Р О  и  Й . Р У С Н А К

Гетерогенное каталитическое окисление сорбозы до 2-кетогулоновой кислоты было 
исследовано с катализатором палладий на носителе активированный уголь. Было найдено, 
что в 20% вес.%-ом растворе при 60— 70°С за 4 —6 часов был достигнут приблизительно 
50%-ый выход и селективность для сорбозы равна 80%. Таким образом, этот метод может 
быть использован и для промышленных целей.

Механизм гидрогенолиза этана на металлических катализаторах

П . Т Е Т Е Н И , Л .  Г У Ц И  и А . Ш А Р К А Н Ь

Данные адсорбции и обмена Н — D в СН4 и С2Не сравнивались с данными гидрогено­
лиза на Со, Ni, Rh, Pd, Ir и на платиновой черни.

Было найдено, что для всех изученных катализаторов и’ех >  Wh, и Еех <  Eh. После­
довательность по активности металнови: Rh, Ru, Ir, Ni, Co, Pd Pt, что значительно отлича­
ется от ряда наблюденной при обмене последовательности. Был найден параллелизм между 
активностью в гидрогенолизе, хемосорбцией и соотношением многократного к однократ­
ному обмену в этане.

Эти соображения подтверждают важность сильных взаимодействий углеводородов 
с металлами в процессе гидрогенолиза. Однако, положение, предложенное Кембаллом от ом 
что;образование структур С =  Me или С(Ме)2 является ступенью, определяющей скорость 
гидрогенолиза, не подтверждается при сравнения величин энергий активации исследован­
ных реакций.

Анализируя все данные (обмен, хемосорбция, гидрогенолиз), было заключено, что 
разрыв связи С—С хемосорбированного этана является ступенью, определяющей скорость 
процесса. Это было также подтверждено энергетическими расчетами. ,



Тетра-, три- и дикоординированные комплексы некоторых 
производных пиридина с перхлоратом меди[1]

М . А . С. Г О Х Е Р

Были приготовлены и охарактеризованы серии стабильных тетра-, три- и дикоорди- 
нированных комплексов некоторых производных пиридина с перхлоратом меди(1). Пер- 
хлоратные группы являются ионными во всех тетракис-, трис- и бискомплексах. Согласно 
спектрам ик, формально дикоординированные комплексы обладают координационным 
числом большим, чем два. Это происходит, в зависимости от природы заместителя, разли­
чными путями: либо в результате образования л-комплексов, либо через образование 
металлических кластеров или электроннообедненных связей, когда заместитель представ­
ляет собой электронодонорную группу. Для мета- и пара-карбометокси- или карбоэток- 
си-производных (т. е. электроноакцепторных групп) более высокое координационное 
число достигается через координированные перхлораты. В случае ортокарбонильных 
пиридинов ион меди (I) принимает тетраэдрическую геометрию за счет координирования 
через атом азота и карбонильную группу в бискомплексе. Кажущееся координационное 
число меди(1) в изученных комплексах зависит от стерических условий и основности 
лиганда.

Расчеты абсорбционных спектров мероцианина методом FEMO

Н . М И Ш Р А , Л .  Н . П А Т Н А И К  и  М . К . Р О У Т

Абсорбционные спектры 24 мероцианинов были исследованы с помощью Модели 
Свободно-Электронных Молекулярных Орбиталей (FEMO), применяя две процедуры: 1) с 
помощью метода, разработанного Куном [J. Chem. Phys., 17, 1198 (1949)] и с соответству­
ющими модификациями — с учетом длины поробки и числа тг-электронов и 2) используя 
теорию возмущения первого порядка, разработанную авторами. Оба метода дают результа­
ты, находящиеся в превосходном согласии с экспериментом. Последний метод, помимо 
этого, имеет также и то преимущество по сравнению с первым, что избегает эксплицитное 
использование эмпирических параметров.





258

R E C E N T  D EV ELO M EN T

IN TH E CHEM ISRTY  
OF N A T U R A L

C A R B O N  C O M PO U N D S IX.

Edited by Cs. Szántay

T his vo lum e co n ta in s  th re e  im p o r ta n t p ap e rs  re la tin g  to  
n a tu ra l ca rb o n  com pounds. — T he Ja p a n e se  K e n ji M ori’s 
s tu d y  e n tit le d  S y n th e tic  C hem istry  o f In se c t P herom ones a n d  
Ju v en ile  H orm ones includes a  large n u m b er o f  sy n th e tic  
schem es a n d  eq u a tio n s  u tiliz in g  all th e  ach iev em en ts  o f  m o­
d ern  o rgan ic  chem istry . — In  th e  review : C om position  o f  th e  
B u lg a rian  R ose  F low er C oncrete; th e  S tru c tu re  a n d  th e  B io ­
genesis o f  its  C om ponen ts, B . S to ian o v a -Iv an o v a  reaches new  
conclusions o n  th e  b io sy n th esis  o f n a tu ra l p la n t  w axes. — 
C halcone epoxides, d eem ed  to  be im p o rta n t in te rm e d ia te s  in  
th e  b io syn theses o f flavono ids, a re  rep o rted  on  b y  G y. L itk e i 
(H ungary ). In v e s tig a tio n s  on th e  A lg ar-F ly n n -O y am ad a  
reac tio n  a re  se p a ra te ly  d iscussed  a n d  a  new  m echan ism  is p u t  
fo rw ard  fo r in te rp re ta tio n .

In English  —  Approx. 200 pages —  Cloth 

ISB N  963 05 1632 2

AKADÉMIAI KIADÓ
Publishing House of the Hungarian Academy of Sciences, Budapest



Pataki, László-Zapp, Erika:

B A SIC  A NA LY TICA L  
CH EM ISTRY

гвг

This book co n sis ts  o f  fou r com prehensive  ch ap te rs . T h e  f irs t 

deals w ith  th e  th e o re tic a l p rinc ip les o f  an a ly tica l ch em istry , 

and, b ey o n d  th is , i t  p rov ides solid  fu n d am en ta ls  to  ch em istry  

in  its  e n tire ty . I n  th e  second c h a p te r  q u a lita tiv e  an a ly s is  is 

tre a te d  on  th e  b as is  o f  g roup  reac tio n s ; in s tead  o f  h u n d red s  

of reactions, d e ta ile d  descrip tions o f  8 — 10 reac tio n  ty p e s  are  

given th e re b y  p ro v id in g  a  re liab le  su rv e y  o f  q u a lita tiv e  chem ­

ical analysis. D iffe re n t q u a n tita tiv e  m eth o d s a re  d iscussed  

in C hap ter 3. T h e  fo u r th  c h a p te r  sum m arizes physico -chem i­

cal m easuring  tech n iq u es  o f  a n a ly tic a l chem istry .

In English  —  Approx. 400 pages —  93 figures — 89 tables —
Cloth

ISBN 963 05 1543 4

AKADÉMIAI KIADÓ
Publishing House of the Hungarian Academy of Sciences, Budapest



265

Maser, Miklós:
MICROSTRUCTURES 0 1  CERAMICS.

Stricture and Properties of Grinding Tools

This monograph gives a summary of the results of fun­

damental theoretical and technological researches into 

ceramics. The term ceramics is used a wide and up-to- 

date sense glasses, binding materials etc. The results 

achieved by the author are demonstrated by means of 

the most appropiate model material, viz. grinding tools.

In English —  Approx. 390 pages  —  580 figures  —  Cloth 

ISBN 962 05 1576 8

AKADÉMIAI KIADÓ
Publishing House of the Hungarian Academy of Sciences, Budapest





Les Acta Chimica paraissent en franijais, allem and, anglais et russe et publient des m é- 
moires du dom aine des sciences chim iques.

Les Acta Chimica sont publiés sous forme de fascicules. Q uatre fascicules seront réunis 
en un volum e (4 volum es par an).

On est prié d’envoyer les m anuscrits destines á la redaction l’adresse suivante:

A cta Chimica
H -1521 Budapest, Hongrie

Toute correspondance doit étre envoyée ä cette mérne adresse.
La redaction ne rend pas de m anuscript.
Le prix de l ’abonnem ent est de $ 36,00 par volum e.
Abonnem ent — en H ongrie 1’Akadém iai K iadó l’E ntreprise pour le Commerce 

Extérieur «K ultúra» (1389 H -B udapest 62, P .O .B . 149 Com pte-courant No. 218 10990) ou ä 
l ’étranger chez tous les représentants ou dépositaires.

Die Acta Chimica veröffentlichen Abhandlungen aus dem  Bereich der chem ischen  
W issenschaften in  deutscher, englischer, französischer und russischer Sprache.

D ie Acta Chimica erscheinen in H eften  wechselnden U m fanges. Vier H efte bilden einen 
Band. Jährlich erscheinen 4 Bände.

D ie zur V eröffentlichung bestim m ten M anuskripte sind an folgende Adresse zu senden:

A cta Chimica 
H -1521 Budapest, Ungarn

An die gleiche A nschrift ist auch jede für die R edaktion bestim m te Korrespondenz 
zu richten.

Manuskripte werden nicht zurückerstattet.
Abonnem entpreis pro Band: $ 36,00.
Bestellbar für das In land bei Akadém iai K iadó (1363 B ud apest, Postfach 24, B ank­

konto Nr. 215 11488), für das Ausland A ußenhandels-U nternehm en » K ultúra « (1389 Buda­
pest 62, P.O .B. 149. B ankkonto Nr. 218 10990) oder bei seinen A uslandsvertretungen und 
Kom m issionären.

«Acta Chimica» издает статьи по химии на русском, французском, английском и 
немецком языках.

«Acta Chimica» выходит отдельными выпусками разного объема, 4 выпуска 
составляют один том и за год выходит 4 тома.

Предназначенные для публикации рукописи следует направлять по адресу:

Acta Chimica 
H-1521 Budapest, В Н Р

Всякую корреспонденцию в редакцию направляйте по этому же адресу.
Редакция рукописей не возвращает.
Подписная цена — $ 36,00 за том.
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 поЗ внешней торговле «Kultúra» (Н-1389 Budapest 62, 
P.O.B. 149. Текущий кчет 218 10990) или через ее заграничные представительства и 
уполномоченных.



Reviews of the Hungarian Academy of Sciences are obtainable 
at the following addresses:

A U S T R A L IA
C .B .D . L IB R A R Y  A N D  S U B S C R IP T IO N  S E R V IC E , 
B ox  4886 , G .P .O ., S y d n e y  N . S . W .  2 0 0 1  
C O S M O S  B O O K S H O P , 135 A c k la n d  S tree t, S t .  
K ild a  ( M e lb o u rn e ) ,  V ic to r ia  3 1 8 2  

A U S T R IA
G L O B U S , H ö chstäd tp la tz  3, 1 2 0 0  W ie n  X X  

B E L G IU M
O F F IC E  IN T E R N A T IO N A L  D E  L IB R A IR IE , 30 
A v en u e  M arn ix , 1050 B r u x e lle s
L IB R A IR IE  D U  M O N D E  E N T IE R , 162 R u e  d u
M id i, 1 0 0 0  B ru xe lle s

B U L G A R IA
H E M U S , B ulvár R uszki 6, S o f ia  

C A N A D A
P A N N Ó N IA  B O O K S, P .O . B ox  1017, P o sta l S ta ­
t io n  “ B ” , T o ro n to , O n ta r io  M 5 T  2 T 8  

C H IN A
C N P IC O R , Periodical D e p a r tm e n t, P .O . B ox 50, 
P e k in g

C Z E C H O S L O V A K IA
M A D ’A R S K Á  K U L T Ú R A , N á ro d n í tf id a  22, 
1 1 5  6 6  P ra h a
P N S  D O V O Z  T IS K U , V in o h ra d sk á  46, P ra h a  2  
P N S  D O V O Z  TEA CH , B r a tis la v a  2  

D E N M A R K
E J N A R  M U N K S G A A R D , N o rre g a d e  6, 1 1 6 5
C o p e n h a g e n

F IN L A N D
A K A T E E M IN E N  K IR JA K A U P P A , P .O . B ox 128,
S F -0 0 1 0 1  H e ls in k i 10

F R A N C E
E U R O P E R IO D IQ U E S  S. A ., 31 A venue de V er­
sa illes , 7 8 1 7 0  L a  C elle S t . - C lo u d
L IB R A IR IE  L A V O IS IE R , 11 ru e  L avoisier, 7 5 0 0 8  
P a r is
O F F IC E  IN T E R N A T IO N A L  D E  D O C U M E N T A ­
T IO N  E T  L IB R A IR IE , 38 ru e  G ay -L ussac , 7 5 2 4 0  
P a r is  C e d e x  05
G E R M A N  D E M O C R A T IC  R E P U B L IC  
H A U S  D E R  U N G A R IS C H E N  K U L T U R , K arl-  
L iebknech t-S trasse  9, D D R -1 0 2  B e r l in  
D E U T S C H E  POST, Z E IT U N G S V E R T R IE B S A M T , 
S tra s se  der P ariser K o m m ü n e  3— 4, D D R -1 0 4  B e rlin

G E R M A N  F ED ER A L R E P U B L IC
K U N S T  U N D  W ISSEN  E R IC H  B IE B E R , P o stfach
46 , 7 0 0 0  S tu t tg a r t 1

G R E A T  B R ITA IN
B L A C K W E L L ’S P E R IO D IC A L S  D IV IS IO N , H y th e  
B rid g e  S treet, O x fo r d  0 X 1  2 E T
B U M P U S , H A L D A N E  A N D  M A X W E L L  L T D ., 
C o w p er W orks, O ln ey , B u c k s  M K 4 6  4 B N  
C O L L E T ’S H O L D IN G S  L T D ., D en in g to n  E sta te , 
W e llin g b o ro u g h , N o r th a n ts  N N 8  2 Q T  
W M . D A W S O N  A N D  S O N S  L T D ., C an n o n  H o u se , 
F o lk e s to n e , K en t C T  19  5 E E
H . К .  L E W IS  A N D  С О ., 146 G o w e r S tree t, L o n d o n
W C  I E  6 B S

G R E E C E
K O S T A R A K IS  B R O T H E R S , In te rn a tio n a l B o o k ­
sellers , 2  H ip p o k ra to u s  S tree t, A th e n s -1 4 3

H O L L A N D
M E U L E N H O F F -B R U N A  B .V ., B eu lingstraa t 2, 
A m s te r d a m
M A R T IN U S  N IJH O F F  B .V ., L ange V o o rh o u t 
9 — 11, D e n  H a a g

S W E T S  S U B S C R IP T IO N  S E R V IC E , 347b H eere-
weg, L is s e

IN D IA
A L L IE D  P U B L IS H IN G  P R IV A T E  L T D ., 13/14 
A sa f A li R o ad , N e w  D e lh i 11 0 0 0 1  
150 B-6 M o u n t R o ad , M a d r a s  6 0 0 0 0 2  
IN T E R N A T IO N A L  B O O K  H O U S E  P V T . L T D ., 
M ad am e C am a  R o ad , B o m b a y  4 0 0 0 3 9  
T H E  S T A T E  T R A D IN G  C O R P O R A T IO N  O F  
IN D IA  L T D ., B ooks Im p o r t D iv is io n , C h an d ra lo k , 
36 J a n p a th , N e w  D e lh i 11 0 0 0 1  

ITA L Y
E U G E N IO  C A R L U C C I, P .O . B ox  252, 7 0 1 0 0  B a r i  
IN T E R S C IE N T IA , V ia M azzé  28 , 1 0 1 4 9  T o rin o  
L IB R E R IA  C O M M IS S IO N A R IA  S A N S O N I, V ia 
L a m arm o ra  45, 5 0121  F ire n ze
S A N T O  V A N A S IA , V ia M . M acch i 58, 2 0 1 2 4  
M ila n o
D . E . A ., V ia L im a 28, 0 0 1 9 8  R o m a  

JA P A N
K IN O K U N IY A  B O O K -S T O R E  C O . L T D ., 17-7 
S h in juku -ku  3 chom e, S h in ju k u -k u , T o k y o  160-91  
M A R U Z E N  C O M P A N Y  L T D ., B ook  D ep artm en t, 
P .O . B ox 5056 T okyo  In te rn a tio n a l, T o k y o  100-31  
N A U K A  L T D ., IM P O R T  D E P A R T M E N T , 2-30-19 
M inam i Ik eb u k u ro , T o sh im a-k u , T o k y o  171  

K O R E A
C H U L P A N M U L , P h e n ja n  

N O R W A Y
T A N U M -C A M M E R M E Y E R , K a rl Jo h an sg a tan
41—43 , 1 0 0 0  O slo

P O L A N D
W ^ G IE R S K I IN S T Y T U T  K U L T U R Y , M arszal-
kow ska 80, W a rsza w a
C K P  I  W  ul. T o w arow a 28 0 0 -9 5 8  W a rsa w

R O U M A N IA
D . E. P ., B u c u re§ ti
R O M L IB R I, S tr. B iserica A m zei 7, B u c u r e ft i  

S O V IE T  U N IO N
S O JU Z P E T C H A T J —  IM P O R T , M o s c o w  
an d  th e  p o s t offices in  each  to w n  
M E Z H D U N A R O D N A Y A  K N IG A , M o s c o w  G -200  

S P A IN
D IA Z  D E  SA N T O S , L agasca  95 , M a d r id  3  

S W E D E N
A L M Q V IS T  A N D  W IK S E L L , G am la  B rogatan  26, 
101 2 0  S to c k h o lm
G U M P E R T S  U N IV E R S IT E T S B O K H A N D E L  A B,
Box 346, 40 1  2 5  G ö teb o rg  1

S W IT Z E R L A N D
K A R G E R  L IB R I A G , P e te rsg rab e n  41, 4 011  B a se l  
U SA
E B S C O  S U B S C R IP T IO N  S E R V IC E S , P .O . Box 
1943, B irm in g h a m , A la b a m a  3 5 2 0 1  
F . W . F A X O N  C O M P A N Y , IN C ., 15 S outhw est 
P ark , W e stw o o d , M a s s , 0 2 0 9 0
T H E  M O O R E -C O T T R E L L  S U B S C R IP T IO N  
A G E N C IE S , N o r th  C o h o c to n , N .  Y . 14868  
R E A D -M O R E  P U B L IC A T IO N S , IN C ., 140 C eda r 
S tree t, N e w  Y o r k , N .  Y . 1 0 0 0 6  
S T E C H E R T -M A C M IL L A N , IN C ., 7250 W estfield 
A venue, P e n n sa u k e n  N .  J .  08110  

V IE T N A M
X U N H A S A B A , 32, H a i B a T ru n g , H a n o i  

Y U G O SL A V IA
JU G O S L A V E N S K A  K N J IG A , T erazije  27. B e o g ra d  
F O R U M , V ojvode M iäiöa 1, 2 1 0 0 0  N o v i  S a d

27. VII . 1978 HU ISSN 0001-5407 Index: 26.007



ACTA
CHIMICA

A C A D E M I A E  S C I E N T I A R U M  
H U N G A R I C A E

ADIUVANTIBUS

M. T. 1Щ СК, R . B O G N Á R , V. B R U C K N E R , 
G Y . H A R D Y , K . LEM  P E R T , F. M Á R T A , 

К . P O L IN S Z K Y , E . P U N G O R ,
G. SC H A Y , Z. G. SZ A B Ó , P . T É T É N Y I

REDIGUNT

R. L E N G Y E L  e t  G Y . D E Á K

TOMUS 97 FASCICULUS 3

A K A D É M IA I K IA D Ó , B U D A P E S T  

1978

A C T A  С Н Ш . A C A D . S C I .  H U N I) . ACASA2  9 7  (3 ) 2 5 5 - 3 6 7  (1 9 7 8 )



ACTA CHIMICA
A MAGYAR T U D O M Á N Y O S  A K A D É M I A  
KÉMI AI  T U D O MÁ N Y O K  OSZTÁLYÁNAK  

I D E G E N  N Y E L V Ű  K Ö Z L E M É N Y E I

F Ő S Z E R K E S Z T Ő

LENGYEL BÉLA
S Z E R K E S Z T Ő

D E Á K  G YULA

T E C H N I K A I  S Z E R K E S Z T Ő

H A R A SZ T H Y -P A P P  M ELIN D A

S Z E R K E S Z T Ő  B I Z O T T S Á G

BECK T. M IH Á L Y , B O G N Á R  REZSŐ , B R U C K N E R  GYŐZŐ, 
H A R D Y  G Y U L A , L E M PE R T  K Á R O L Y , MÁRTA F E R E N C , 
P O L IN SZ K Y  K Á R O L Y , P U N G O R  E R N Ő , SCHAY GÉZA, 

SZABÓ ZO LTÁN, T É T É N Y I PÁL

Acta Chimica is a journal for the pu b lication  o f papers on all aspects o f chem istry  in 
E nglish , German, French and  R ussian.

Acta Chimica is published in  4 vo lum es per year. Each volum e consists o f 4 issues of 
varying size.

Manuscripts should  be sent to

A cta  Chim ica
H -1521 B udapest, H ungary

Correspondence w ith  the editors should he sent to the sam e address. M anuscripts are 
n o t returned to the authors.

Subscription: $ 36.00 per volum e.
Hungarian subscribers should order from  A kadém iai K iadó, 1363 B udapest, P .O . B ox  

24. Account No. 215 11488.
Orders from other countries are to  be sen t to  “ K ultura” Foreign Trading Com pany  

(H -1389 Budapest 62, P .O . B o x  149. A ccou nt N o . 218 10990) or its representatives abroad.



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 97 (3), pp. 255 — 264 (1978)

RADIOLYSIS OF AQUEOUS IRON(III)-EDTA
SYSTEMS

M. W e b e r , G. F ö l d i á k  and E . K o c s is

(Training Reactor, Technical University, Budapest) 
Received Septem ber 30, 1976*

To investigate  the possibility o f partial substitu tion of stainless steel, the m ajor  
construction m aterial o f nuclear power plants, by  the less expensive perlitic steel, the  
radiolysis o f the F e '^ -e d ta  system  has been studied, in aqueous solutions. I t  has been  
found that an equilibrium  is established betw een the radiolyses of F e,! , -e d ta  and  
Fe*1 -edta. The influence of formic acid and m ethanol as secondary additives, as well 
as that o f the edta com plexes of alloying chromium and nickel has also been studied . 
The basic radiolytic process was found to be the radiolysis o f water, the products o f 
which in teract w ith  dissolved substances. There is a com petition between the radiolysis 
products o f water and the solutes.

Introduction

H e a t exchange system s of pow er p la n ts  are  m ade alm ost exclusively  of 
s ta in less  steel. T hese co n stru c tio n  m ateria ls , how ever, — due to  th e  h igh  p rice  
of ce rta in  alloy ing  c o m p o n en ts , such as tita n iu m , ch rom ium , nickel — increase 
c a p ita l in v e s tm e n t costs co n siderab ly . T herefo re, i t  w ould be of g rea t econom ic 
im p o rtan ce  if  s ta in less could  be su b s titu te d  b y  perlitic  steel in  some p a r ts  of 
th e  pow er p la n t eq u ip m en t. T here is som e in d ica tio n  th a t  th is  is possible [1] 
b y  c rea tin g  a good q u a lity  m ag n e tite  lay e r over th e  surfaces exposed to  c o r­
rosion  w ith  aqueous F e 111 —e d ta  solu tions or by  keeping  th e  m etals fo rm ed  
up o n  corrosion in  so lu tio n  by  com plexation .

In  a d d itio n  to  fossile fuels, n uc lear pow er p lan ts  gain  m ore an d  m ore 
im p o rtan ce  in  energy  p ro d u c tio n . No unam bigous d a ta  are  availab le  so fa r  as 
to  w h e th e r th e  above co m p lex a tio n  process can  be used  in  nu c lear pow er p la n ts , 
in  w hich  th e  p ro p o rtio n  of sta in less steel s tru c tu re s  is r a th e r  high, th e re fo re , 
th e  econom ic im p o rtan ce  o f th e  problem  is g rea te r  as co m p ared  w ith  tra d itio n a l 
pow er p lan ts . In  o rd er to  e lucidate  th is  techn ica l-econom ical problem , i t  is 
necessary  to  know  th e  b eh av io u r of e d ta  com plexes u n d e r th e  effect o f ion iz ing  
ra d ia tio n  [2].

A  sh o rt l i te ra tu re  su rv ey  as well as th e  in itia l s tage  o f our ex p erim en ts  
will be rep o rted  in  th is  paper.

* In final form Decem ber 16, 1977.
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256 WÉBER f t  al.: RADIOLYSIS OF AQUEOUS IRO N (III|-ED TA  SYSTEMS

1. L ite ra tu re  survey

S earch  of the  l i te ra tu re  has no t rev ea led  papers dealing  w ith  th e  ra d ia tio n  
c h e m is try  of th e  iro n i n -e th y len ed iam in e-te traaee tic -ac id  com plex (F e ln — 
e d ta )  u n d e r  th e  effect o f  m ixed  n e u tro n -у rad ia tio n .

T h e  b a tch  ty p e  ex p e rim en ts  aim ed a t  in v estig a tin g  th e  decom position  
o f F e 11'- e d ta  under th e  e ffec t of X -ray s are  b ea re s t to  ou r s tu d y  a lth o u g h  a 
few  re p o r ts  have ap p ea red  on y-radiolysis w ith  137Cs [3]. T hese  s tu d ies  h av e  
b een  ca rried  ou t a t  room  te m p e ra tu re  an d  a tm ospheric  p ressu re . Som e o f th e  
e x p e rim e n ts  were p erfo rm ed  in  so lu tions s a tu ra te d  w ith  air, o th e rs  in  d e a e ra ted  
so lu tio n s , sa tu ra te d  w ith  argon.

F ig u re  1 shows t h a t  a lin ea r co rre la tio n  ex ists betw een  th e  dose and  th e  
e x te n t  o f decom position  o f  th e  com plex a t  p H  =  1, in  th e  given dose ran g e  
w h ich  is, how ever, v e ry  sm all com pared  w ith  those  en co u n te red  in  ra d ia tio n  
c h e m is try  and reac to r te c h n iq u e . T he re la tiv e ly  low G -values in d ica te  th a t  th e  
decom p o sitio n  is n o t a ch a in  reaction .

Dose И0'8 eV g"1)

F ig. 1. Dose dependence of the radiolysis of a 3 mM F e^ '-ed ta  solution containing 0.5 M  
H2S 04 in system s saturated w ith  air (0) and argon ( □ )  (Ref. [3])

T h e correlation  be tw een  th e  dose an d  G -values has also been  s tud ied  
w ith  degassed n e u tra l [Cr en3]Cl3.3 .5  H 00  so lu tions con ta in in g  th e  com plex  a t 
d iffe re n t in itia l co n cen tra tio n s  (Fig. 2): th e  cu rves show th a t  ra d ia tio n  chem ical 
y ie ld s  decrease w ith  in creasin g  dose as w ell as w ith  increasing  in itia l co n c e n tra ­
tio n s  o f tr is (e th y len ed iam in e)ch ro m iu m (III)  [4]. T hus, u n d e r th e  cond itions 
m e t in  nuclear reac to rs , th e  decom position  is re la tive ly  sm all.

A queous so lu tions of F e '" - e d t a  h av e  been s tud ied  to  som e e x te n t, using 
y -ra d ia tio n  ra th e r  th a n  X -ray s  (F ig . 3). T he G -value increases up  to  a b o u t

A cta  Chim. Acad. Sei. Hung. 97, 1978
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1 2 
Dose (1018eV g ')

Fig. 2. G(Cr2+ )values as a function of the dose in solutions o f [Cr en3]Cl3.3.5 H 20  of different 
concentrations; 1 : 5 X K > - 3 M ; 2: 10"2 M ; 3: 5 x l 0 “ 2 JVf (R ef. [4])

Fig. 3. The variation of G (-Fe1I,-e d ta ) as a function of the in itial concentration of air contain­
ing aqueous solution (R ef. [3])

1 0 -3  M  in  so lu tions s a tu ra te d  w ith  air, b u t above th is  va lu e , th e  in itia l con­
c e n tra tio n  has no influence  on th e  e x te n t o f decom position  [3]. T he G (-F eUI— 
ed ta ) o f decom position  m ay  reach  3.50 ±  0.30 as a lim itin g  v alue  in  so lu tions 
s a tu ra te d  w ith  a ir; on th e  o th e r  h a n d , the  analogous v a lu e  in  d eaera ted  b u t  
a rg o n -sa tu ra ted  so lu tions is 5.85 ±  0.20 m olecule p e r 100 eV. T he difference 
m ay , p resu m ab ly , be a t tr ib u te d  to  th e  rap id  re o x id a tio n  o f a t  leas t a p a r t  o f th e  
p ro d u c t F e n - e d ta  com plex in to  th e  in itia l com plex  co n ta in in g  tr iv a le n t iro n  
in  th e  presence of w a te r rad io lysis  p roduc ts an d  oxygen . I t  has been show n 
th a t  th e  m a jo rity  of p ro d u c ts  a re  chem ically  s tab le .

In  th e  absence of ra d ia tio n  e d ta  com plexes decom pose a t  ab o u t 250 °C. 
N o d irec t d a ta  h av e  been p u b lished  so far w ith  re sp ec t to  th e  te m p e ra tu re  
dependence of ra d ia tio n  chem ical decom position . H ow ever, since th e  process is

1* Acta Chim. Acad. Sei. Hung. 97, 1978



258 WÉBER et a t -  RADIOLYSIS OF AQUEOUS IRON(III)-EDTA SYSTEMS

c o n n e c te d  w ith  p rim ary  deco m p o sitio n  reac tio n s o f w a te r, som e assum ptions 
c a n  b e  m ade on th e ir  basis . A n in c rease  in  te m p e ra tu re  genera lly  (a th o u g h  not 
a lw ay s) decreases th e  G -values o f w a te r  a n d  aqueous so lu tions [5].

T h e  effect of p H  h as also been  s tu d ie d . A ccording to  th e  d a ta  o b ta ined , 
m in im a  are  observed in  th e  v alues o f b o th  G (H  +  e ^ )  an d  G (O H ')  in  n e u tra l 
so lu tio n s  (G =  2.7 an d  2 .2 , re sp e c tiv e ly ); th e  co rrespond ing  v a lu es  a t  p H  =  1 
a re  3.7 and  3.8, while a t  p H  =  13, G =  3.2 an d  3.2 h av e  been  fo u n d  [3].

I t  is im p o rtan t from  th e  v iew p o in t o f n uc lear re a c to r  te c h n iq u e  th a t  
a d d e d  F e 2+ ions in fluence  th e  rad io lysis o f  aqueous F e 1 —e d ta  so lu tions since 
th e y  in te ra c t in a co m p e titiv e  m an n e r w ith  O H ' rad ica ls  fo rm ed  in  w ate r 
ra d io ly s is  (Fig. 4).

Fig. 4. K inetic curve of the reaction of O H ' radicals w ith F e2+ and F e11'-ed ta  (R ef. [4])

Som e d a ta  in d ica te  t h a t  th e  rad io lysis  of com plexes can  be suppressed  by 
m e a n s  o f ap p ro p ria te  a d d itiv e s  (m e th an o l or form ic ac id  w hich  re a c t com pet­
it iv e ly ) , in  o ther w ords, th e  F e 11'- e d ta  can  b e ‘p ro te c te d ’ b y  ad d ed  chem icals 
(T ab le  I).

Table I

Radiolysis of aqueous solutions of [Cr en3]Cl3 .3.5 H20 (oxygen-free, concentration:
10~2 M) in the presence of secondary additives at concentrations of 1.6 M 

(Dose: 5.2 X Ю17 eV g ' 1 =  8.3 krd (From  Ref. [4])

Secondary additive None NaNOa HCOONa Na2C03 CH3OH

G(-[Cr en3]CI3) 3.89 1.84 1.6 1.46 1.27

P resum ab ly , th e  e d ta  com plexes o f th e  alloying m eta ls  o f steel (m ainly  
Cr a n d  Ni) decom pose in  a m an n e r sim ilar to  th a t  of th e  analogous Fe-com - 
p lex es  (Table II). P ro b a b ly , th e  ions o f a lloy ing  m etals can  be considered  — to  a 
f i r s t ,  crude ap p ro x im atio n  — as co m p e titiv e  fac to rs sim ila rly  to  th e  case of 
F e 2+ ions (Fig. 4) [3].
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Table II

G-values o f  decomposition o f  metal complexonates

Complex
O xygen

p H R ef.
absent present

F e111-  edta 5 .8 5  +  0 .2 0 3 .5 0  +  0 .3 0 1 [3 ]

Co111-  edta 4 .7 5  +  0 .2 5 2 . 6 5 ±  0 .3 0 1 [6 ]

N i"edta 1 .2  +  0 .1 2 .1  +  0 .2 7 [7 ]

[Cr en3]Cl3.3.5 H 20 3 .9 9 7 [ 4 ]

2. E xp erim en ta l

Chemicals of p. a. and pss. grades supplied by R E A N A L  as well as bidistilled water 
have been used in the experim ents.

Irradiations have been carried out in  the “ K -120000” 60Co -/-irradiation source of th e  
In stitu te  o f Isotopes of the H ungarian A cadem y of Sciences w ith a nom inal ac tiv ity  o f З х  1015 
Bq (80 000 Ci) [8]. The dose rate applied w as, as a rule, 3 .5 X 1 0 16 eV g _1 s -1  (2 Mrd h _1). The 
doses have been m onitored b y  chlorobenzene dosim etry using oscillom etric titration  [9]. The 
tem perature during irradiation was 30—35 °C.

A ll experiments were carried out in  com m ercial borosilicate am pules (volum e 10 cm 3, 
diam eter 12.5 mm, wall th ickness 1 mm) [10]. These have been heated to  300 — 400 °C prior 
to use in air, in order to oxidize or decompose any possible organic im purities.

Am poules containing the test solutions were, in  general, irradiated in  an open state; 
in experim ents for studying the effect of nitrogen and oxygen, the am poules were closed w ith  
rubber caps and the gas was bubbled through tw o injection needles led through the rubber cap.

The radiation chem ical decom position o f the sam ples was followed on a Beckm an DB-GT  
spectrophotom eter at the w avelength corresponding to the absorption m axim um  of F eln -ed ta  
(258 nm).

3. Results an d  discussion

T he p rim ary  p u rp o se  of th e  ex p erim en ts  was to  s tu d y  th e  effect o f 
v a rio u s fac to rs on th e  rad ia tio n  chem ical decom position .

3.1. Effects o f  Feu l —edta concentration, dose and dose rate

T h e effect of co n cen tra tio n  h a s  b een  s tu d ied  a t  a dose o f 3.1 X lO 19 eV g _1 
(0.5 M rd). As show n b y  F ig . 5, th e  G -va lue  of th e  decom position  o f F e ”  —e d ta  
is c o n s ta n t above 2X  10 ~ 3 M  and eq u a ls  ~  2.7 m olecules p e r 100 eV.

C onsidering th e  co n cen tra tio n s u sed  in  caloric energetics fo r th e  clean ing  
of boilers (i.e. for p ro d u c in g  an a p p ro p r ia te  m ag n e tite  lay e r on th e ir  h e a t 
tra n sfe rr in g  surfaces) as well as th e  ab o v e  s ta te m e n ts  [1], th e  stud ies on th e  
in fluence  of dose and  dose ra te  have b een  carried  ou t w ith  a F e IH- e d ta  so lu tion  
o f 3 .5 X lO -3 M  c o n cen tra tio n . I r ra d ia tio n s  w ere perfo rm ed  in  a ir as well as 
w ith  so lu tions flu sh ed  w ith  oxygen an d  n itrogen  p rio r to  irrad ia tio n . T he
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d u ra tio n  of ir ra d ia tio n  w as b e tw een  3 m in  an d  10 h rs , co rrespond ing  to  doses 
o f  (0.1 — 20 M rd) 0 .6  —1 2 5 X 1 0 19 eV g -1  considering  th e  c o n s ta n t dose ra te  of 
3 .5 X lO le eV g -1 s -1  (2 M rd h _1). T he ra d ia tio n  chem ical decom position  and  
th e  co n cen tra tio n  d ep en d en ce  for th e  co m p lex  a re  show n in  F igs 6 and  7.

[Fe1-edlal ПО'3 M)

F i g .  5. Variation of G (-F el l l -e d ta )  as a function o f the initial concentration of air saturated
aqueous solution

F i g .  6 .  Dose dependence o f G (-Fe'11 edta) in  system s containing air ( □ ) ,  nitrogen (x ) and
oxygen (o)

On com paring  o u r d a ta  for th e  rad io lysis  o f a ir -s a tu ra te d  so lu tions w ith  
th o se  ob ta ined  b y  B hattacharyya an d  K un du  (w ho app lied  X -ray s  w ith  
doses betw een 3.7 —7 .5 X 1 0 18 eV g -1 , i.e. 6 —12 X lO 4 rd ) som e differences 
c a n  be observed. T h e  above au th o rs  h av e  found  G =  3.5 as opposed to  our 
G  =  2.8, w hich can  be a t tr ib u te d  to  th e  d iffe ren t ex p erim en ta l cond itions 
a lth o u g h  our m easu rem en ts  in d ica te  th a t  th e  G -value  is in d ep en d en t o f th e  
dose ra te  up to  1016 eV g -1s _1 (0.6 M rd h _1).
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F i g .  7. Concentration of Fe*!1—edta as a function of the dose in system s containing air ( □ ) ,
nitrogen (x ) and oxygen (o)

I t  is conspicuous th a t  th e  co n cen tra tio n  vs. dose cu rves h av e  local 
m in im a an d  m ax im a w ith  all th re e  gases (Fig. 7).

No sign ifican t differences can  be observed be tw een  th e  rad io lyses of 
so lu tions s a tu ra te d  w ith  air, oxy g en  an d  n itrogen  a t  low er doses; th is  p re ­
su m ab ly  ind ica tes th a t  th e  overa ll process in  th is  dose ran g e  is l im ite d  to  th e  
in te ra c tio n  o f w a te r  and  F e  —e d ta  an d  th e  effect o f  oxygen  is neglig ib le 
(F ig . 6).

In  th e  range of m ore in ten s iv e  reox idation , th e  b eh av io u r o f  th e  system  
can  be b e tte r  ch arac terized  b y  th e  concen tra tions vs. dose cu rves (F ig . 7). 
A ccord ing  to  th is , reo x id a tio n  o f  F e " - e d t a  is p ro m o ted  b y  h igher oxygen 
co n c e n tra tio n s . As opposed to  th is , above doses o f 5 —6 x l 0 20 eV g -1  (8 — 10 
M rd), no d ifferences can be observed  (w ith in  the  lim its  o f ex p e rim en ta l error) 
fo r d iffe ren t gases above th e  so lu tio n .

A lthough  no fin a l conclusions can  be d raw n on th e  basis o f th e  ex p eri­
m en ts  carried  o u t so far, th e  follow ing w orking h y p o th es is  can  be p u t  fo rw ard :

— in  th e  rad io lysis o f aq u eo u s F e ln -e d ta  so lu tio n s, th e  la t te r  reac ts  
w ith  th e  rad io lysis  p ro d u c ts  o f w a te r  (e.g. H) an d  is re d u ced  to  F e 11—e d ta . 
I f  th e  G -value w ere in d ep en d en t o f  th e  dose, th e n  a dose o f 6 x l 0 19 eV g -1 
( ~  1 M rd) w ould decom pose 1 g o f  F e '" - e d t a  in  1 litre  o f so lu tion ;

— from  th e  beginning  o f ir ra d ia tio n , also such  reac tio n s ta k e  p lace 
w hich  increase th e  co n cen tra tio n  o f  F e 11'—ed ta  by ox id iz ing  F e " - e d ta  acco rd ­
ing  to  a n ea rly  exponen tia l fu n c tio n . T he ex istence o f th e  la t te r  processes is 
su p p o rted  n o t only  by  th e  fac t t h a t  th e  co n cen tra tio n  o f F e '" —e d ta  in  aqueous 
so lu tions ir ra d ia te d  by  doses h ig h e r th a n  th e  ab ove-m en tioned  6 X l 0 19 eV g -1 
( ~  1 M rd) is s ign ifican t (10~ 3 M ), b u t  also by  th e  o b se rv a tio n  th a t  th is  con­
c e n tra tio n  is p rac tica lly  n o t a ffec ted  b y  fu rth e r ir ra d ia tio n , i.e. som e k in d  of 
equ ilib riu m  is m a in ta in ed  b e tw een  th e  tw o processes;
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— in p rincip le , th e  rad io lysis  of p u re  (d ry ) F e IU- e d ta  shou ld  also he 
ta k e n  in to  consid era tio n  b u t  th is  p roved  to  he neglig ib ly  sm all: in  order to  
o b se rv e  decom position  w ith  c e r ta in ty , doses o f 2.5 X lO 21 eV g _1 (40 Mrd) had  
to  b e  applied ; th u s  G (-F e HI-e d ta )  w as low er th a n  0.01.

3 .2 . Effect o f  secondary additives

H a r t  has show n t h a t  in  th e  presence o f form ic acid , a frac tio n  of F e 2 + 
io n s  is oxidized u n d e r th e  cond itions of irra d ia tio n  in to  F e3+ [11]. I f  th is  effect 
o ccu rs  also in aqueous so lu tio n s of F e IU- e d ta ,  fo rm ic acid  o u g h t to  decrease 
th e  va lu e  of G (-F eln - e d ta ) .  O n ad d itio n  o f 0 .0 0 2 —0.1 M  fo rm ic  acid to  a 
1 g  l " 1 (0.002 M ) so lu tio n  o f F e 111—ed ta , th e  curves d ep ic ted  in  Fig. 8 are 
o b ta in e d . I t  can  be seen  th a t  w hereas th e  decom position  o f  F e HI-e d ta  d efi­
n i te ly  decreases w ith  in c rea s in g  secondary  ad d itiv e  co n cen tra tio n s  a t  absorbed 
doses o f 3.1 X lO 19 eV g -1  (0.5 M rd), s ligh tly  increasing  G -values are  observed 
a t  6.2 X lO 20 eV g -1 (10 M rd). T he la t te r  phenom enon  can , p resum ab ly , be 
a t t r ib u te d  to  th e  m ore  ra p id  rad io lysis o f form ic acid.

F i g .  8 .  Variation o f G l-F e'!'—edta) in the presence of secondary additives

Additive
Dose

3.1 XlO18 eV g " 1 = 0.5Mrd 6.2 x lO 20 eV g-» =  10 Mrd

Formic acid О □

Methanol X A

T he effect of m e th a n o l is also show n in  F ig . 8: w hereas a t  doses of 3.1 X 1019 
eV g _1 (0.5 M rd) th e  m ono to n ica lly  increasing  “ p ro te c tin g ”  effect o f th e  
seco n d a ry  ad d itiv e  is a p p a re n t, th e  effect is n o t u n am b ig u o u s a t  6.2 X lO 20 
eV g -1  (10 M rd) since th e  m ax im um  b a re ly  exceeds th e  ex p erim en ta l error.
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W ith o u t draw ing  fa r-fe tched  conclusions from  these  p re lim in ary  e x p e ri­
m en ts , i t  can  be e stab lish ed  th a t  th e  ra d io ly s is  o f F e IU- e d ta  can  be decreased  
b y  a p p ro p ria te  a d d itiv e s  in  aqueous so lu tio n s, w hich — if  su itab le  sy s tem s 
w ill be developed  — m a y  im prove th e  econom ics o f th e  com plexonate  m e th o d .

3.3. Effec t  o f  steel alloying elements

I f  steel in te rac ts  w ith  aqueous so lu tio n s of e d ta , n o t only iron  b u t  also  
th e  a llo y in g  m etals w ill form  e d ta —m e ta l com plexes. Since th e  only  m e ta ls  
p re se n t in  considerab le am o u n ts  in  s ta in le ss  steel are  chrom ium  and  n ickel, th e  
aq u eo u s so lu tions lis ted  in  T able I I I  w ere  also ir ra d ia te d  in th e  presence o f  a ir. 
T he d a ta  in d ica te  th a t  th e  presence o f  a llo y in g  m eta ls  decreases th e  G (-F eu  — 
e d ta )-v a lu e  since p a r t  o f th e  rad io lysis p ro d u c ts  of w a te r reduces th e  Cr3+ an d  
N i2+ e d ta  com plexes in s te a d  to  F e3+ io n s . As a re su lt, com petition  is o bserved  
be tw een  th e  d ifferen t m e ta l ions.

F in a lly , in  ad d itio n  to  chrom ium  an d  nickel ions, th e  effects o f fo rm ic  
an d  m e th a n o l have also  been  in v e s tig a te d  in  th e  rad io lysis o f F e IU—e d ta . 
P re lim in a ry  experim en ts show  th a t  in  such  system s secondary  ad d itiv es  also  
in flu en ce  th e  rad io lysis o f the  iro n m -e d ta  com plex .

Table III

D ata on the radiolysis o f  Fei il-edta solutions containing ions o f steel alloying metals

R atio  o f m etal ions Absorbed dose F e111-  edta concen­
tra tio n  in the irrad ia t­
ed sam ple (10“ 3 M)

Ac
Fe**1 — edta 

(1 0 -3 M )

G( —Fe111-  edta) 
(molecule per 100 eV)

Fe3 + Cr3 + Ni2 + (1019 eV g-1 ) (Mrd)

1 0 0 _ — 3 .1 0 .5 2 .1 1 .7 2 .7 0

8 0 2 0 - 3 .1 0 .5 1 .8 1 .0 1 .5 6

9 0 - 10 3 .1 0 .5 1 .7 1 .4 2 .2 9

7 0 2 0 10 3 .1 0 .5 1 .3 1 .1 1 .7 8

1 0 0 - - 6 2 10 1 .1 2 .7 0 .2 1

8 0 2 0 - 6 2 10 1 .0 1 .8 0 .1 5

9 0 - 10 6 2 10 0 .8 2 .3 0 .1 8

7 0 2 0 10 6 2 10 0 .6 1 .8 0 .1 5

*

The authors are indebted to Mrs. G. K e d i k  (R ad iation  Chemistry D ata Center, N otre  
Dam e, Ind ., U SA ) for her kind help in com piling th e  literature as well as to Dr. J. M i n k  and  
Mr. V. S t e n g e r  (Institute o f Isotopes of the H ungarian Academ y of Sciences, Budapest) for 
their help in  the experim ental work.

Acta Chim. Acad. Sei. Hung. 97, 197 8



264 WÉBER et al.: RADIOLYSIS OF AQUEOUS 1R0N(III)-EDTA SYSTEMS

R E F E R E N C E S

[1] M a r g u l o v a , T. H .: Prim enenie kom pleksonov v  teploenergetike. Izd. Energiya. M oscow
1973

[2] Milayev, A. I., Tevlin, S. A.: At. Energ., 33, 673 (1972)
[3] B h a t t a c h a r y y a , S. N ., K u n d u , K. P.: Int. J . R adiat. Phys. Chem.. 3, 1 (1971)
[4] Neokladnova, L. N., Silivanchik, I. P., Pansevich, V. V.: Khim. Yys. Energ., 6, 558

(1972)
[5] S p i n k s , J. W. T ., W o o d s , R. J.: An Introduction  to Radiation Chemistry. W iley, N ew

York —L ondon— Syd ney  1964
[6] M a t s u u r a , N ., S h i n o h a r a , N. ,  N i s h i k a w a , M.: Bull. Chem. Soc. Japan, 41, 1284 (1968)
[7] B h a t t a c h a r y y a , S. N ., K u n d u , K. P.: R ad iat. R es., 51, (1973)
[8] Hirling, J., Stenger, V.: Energia és atom technika (in Hungarian), 22, 446 (1969)
[9] H o r v á t h , Zs ., B á n y a i , É . ,  F ö l d i á k , G.: R adiochim . Acta. 13, 150 (1970)

[10] W e b e r . M.: Thesis, B udapest 1976
[11] H a r t , E. I., W a l s c h , P. D .: Radiation R es., 1, 342 (1954)

M arian n a  WÉBER 
G áb o r F ö l d iá k  
E le m é r K o csis

H-1521 B u d ap es t.

Acta Chim. Acad. Sei. Hung. 97, 1978



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 97 (3), pp. 265 — 281 (1978)

STATISTICAL APPROACH OF THE ELECTRODIC 
FUNCTION OF ION-SELECTIVE MEMBRANE 

ELECTRODES

C. L lT E A N U ,  E . H o p ÍR T E A N  and I. C. P o p e s c u

(D epartm ent o f  Analytical Chem istry , U niversity o f Cluj-Napoca.
C luj-N apoca, R om ania)

Received January 10, 1977

The statistical treatm ent of the electrode function allows to estim ate the follow ­
ing  fundam ental parameters: the lim it value (pc)i o f the linear dom ain, the detection  
lim it (pc)d, the determination lim it (pc)p and the background concentration (pc)(,. The 
statistica l estim ation of the detection lim it and th e  determ ination lim it, by  using the 
statistica l theory of signal detection, allows the u se  of the electrode function  in  the non­
linear dom ain, too.

Introduction

B eing  a com ponen t p a r t  o f  a n  a n a ly tic a l sy stem , an  ion-se lec tive  m em ­
bran e-e lec tro d e  (ISM E) functions as an  in fo rm a tio n  system , as seen in  F ig . 1.

Fig. 1. Schem e of an informational system : a) separate variables; b) unified variables

C onsidering  th e  tran sfe r fu n c tio n , n am ely  th e  co rre la tio n  be tw een  th e  
c o n c e n tra tio n  o f a species u, and  th e  co rresp o n d in g  signal y k

У  к =  / Ю  (!)

th e  to ta l  s ig n a l У, in  th e  case o f a se lec tiv ity  for a ce rta in  species i will assum e 
th e  form :

у  = Y 0 +  / ( « , )  (2)

in  w hich Y 0, th e  background noise, co rresponds to  re la tion :

У a =  y Ut +  Уи, +  • • • +  =  / ( « i )  +  / ( « 2 )  +  • • • +  / ( U p - 1) -  2  yj  ( 3 )
7=1

Acta Chim. Acad. Sei, Hung. 97, 1978



2 6 6 LITEANU et al.: STATISTICAL APPROACH

F u r th e r  expression (2), i.e. th e  ca lib ra tio n  fu n c tio n  o f an  an a ly tica l sy stem  w ill 
be:

У =  Jo  +  /(<=) (4)

w h ere  у  is th e  a n a ly tic a l signal, y 0 th e  b a c k g ro u n d  noise an d  c th e  C oncentration- 
T ak ing  in to  ac c o u n t th e  fac t t h a t  th e  an a ly tic a l signal is a ran d o m  

v a ria b le , th e  s ta tis t ic a l  m ethodology  is th e  on ly  e ffic ien t app roach  to  e v a lu a te  
th e  ca lib ra tio n  fu n c tio n  of an IS M E :

E  =  f ( P c) =  £ o  +  bpc (5)

T he follow ing ch arac te ris tic s  o f th e  fu n c tio n  of an  ISM E will be s ta t is ­
t ic a lly  tre a te d : th e  lim it  value (pc)l o f  th e  lin ea r  d om ain , th e  d e tec tio n  lim it 
(pc)d, th e  d e te rm in a tio n  lim it (pc)D, th e  b ack g ro u n d  co n cen tra tio n  (cp)b an d  
th e  s ta b ility  of th e  electrode fu n c tion .

Estim ating the limit value (p c), o f  the linear dom ain [1]

Considering t h a t  th e  p a ram e te rs  o f th e  e lec trode  fu n c tio n  (5) h av e  been  
ca lcu la ted  by  th e  le a s t squares m e th o d , i t  m ay  be a d m itte d  th a t  th e  d iffe r­
ences

I E c a lc .  E e x p .  I =  I E e x p .  "к b (pc)exp] [ (^)

h a v e  a norm al d is tr ib u tio n . A ccordingly , as seen in  F ig . 2, th e  d ev ia tio n  from  
l in e a r i ty  will co rresp o n d  to  th a t  (pc), v a lu e  fo r w hich th e  v alue  ó, =  | E  — [ E 0 
+  b(pc),] [ assum es a ch a ra c te r  of ex trem e  v a lu e  w hich can  be e lim inated  b ased  
on  a c e r ta in  s ta tis t ic a l  criterion  and  considering  a ce rta in  p ro b ab ility  P .

As can be seen in  Fig. 2, th e  <5, v a lu e  co rresponds to  th e  h a lf-w id th  o f th e  
confidence  b an d  lim ite d  b y  th e  tw o h y p e rb o la  arcs [2] in  th e  p o in t on th e  
ca lib ra tio n  s tra ig h t lin e  w ith  th e  \E „  (pc),] coo rd in a tes . C onsidering now  th e  
expression  of th e  tw o  hyperbo la  arcs:

E  =  E t i  * (Р ,п -2)
У S P D  V s cc +  re [(pc), — p c ]2

Y  n (n  — 2) Y S cc
( 7 )

th e re  resu lts:

d , = * (P ,n -2)
Y S P P  Y S cc +  n [ (p c ) ,  pc]2

Г ^ Г ( п - 2 )  У Ж 7 (8)
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Fig. 2. Scheme of the statistica l procedure for estim ating the extrem e value (pc)/ of the linear
dom ain [1]

I n  expression (7): pc 2  ( p c)/i - i
S P D  =  Syy bScy ;

i=i

n 2
2  E ‘W=i 1

Scy =  (/JC), Ei -
1=1

^  ( p c ) ,  E t
L i=i i=i

n ;

Sec =  2  (P C)' -  
1 = 1

2 ( p c)‘

A ccord ing  to  E q . (8) th e  e s tim a tio n  o f  th e  (p c) l va lu e  req u ires  th e  estim atio n  
o f th e  dl value. F o r th is  purpose, i t  is possible to  use all th e  c rite r ia  p e rm ittin g  
th e  accep tance  of h y p o th es is  H l : dt =» <5. The t c rite rio n  (S tu d e n t)  will be used  
below . T herefore, th e  f ir s t  to  be c a lc u la ted  are  th e  d v a lu es  o b ta in ed  from  
re la tio n  (6) in  w hich th e  p a ram ete rs  o f  th e  ca lib ra tio n  e q u a tio n  w ere ca lcu la ted  
from  n value p a irs  (E , pc)  belong ing  to  th e  lin ear dom ain .

F o r  th is  p u rpose , th e  g raph ica l re p re se n ta tio n  o f th e  (E , pc)  values p e r­
m its  to  estim ate  th e  n  n u m b er of (E , pc)  values h av in g  a lin e a r  co rre la tion  an d  
w hich are  th en  used to  ca lcu la te  th e  p a ra m e te rs  of th e  c a lib ra tio n  eq u a tio n  (5). 
B y  m eans of re la tio n  (6) one proceeds th e n  to  ca lcu la te  th e  n d va lues as well 
as th e  m ean  of ö va lu es  (<5) and  s ta n d a rd  d ev ia tio n  (sä). F u r th e r  on, one verifies 
i f  th e  n  +  1 ex p e rim en ta l value belongs to  th e  lin ea r  d o m ain , too . F o r th is , 
th e  v a lu e  dn+1 =  \En+1 — [E 0 +  +1]| is c a lcu la ted  a n d  i t  is sub jec ted
to  th e  hypo thesis H x : än+1 >  <5, b y  m ean s of th e  t (S tu d e n t)  te s t:
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t ^п+l ^

тг —I— 1
4P; (n+l)-2l ( 9)

I f  hypo thesis H x is n o t a c c e p ted , th e  p a ram e te rs  o f th e  ca lib ra tion  
e q u a tio n  (5) will be ca lcu la ted  now  fro m  th e  series of re +  1 v a lu es  (E, pc)  and 
th e  ab o v e  described p ro ced u re  is ap p lied  to  th e  follow ing ex p erim en ta l v a lue  
u n t i l  th e  hypo thesis f f \  will be accep ted .

I f  m  is th e  n u m b e r  of va lues (E , pc)  w hich belong to  th e  lin ea r  dom ain , 
th e  expression o f 0; w ill be:

Ó/ =Ó
m  - 1-  S; X 1) ( 10)

w h ere  d and s0 are ca lcu la ted  from  th e  m  values. The (p c) t v a lu e  w ill be e s tim a t­
ed  b ased  on expression  (8).

Considering th e  d a ta  lis ted  in  T ab le  I  and  also F ig . 3 , th e  lin ear dom ain  
h a s  been  estim ated  to  ex ten d  up  to  a p p ro x im a te ly  (pc)7 =  3.30. F rom  th e  7 
v a lu e  pairs (E, pc)  th e re  resu lts :

E  =  -  72.2 +  55.7 p c  (11)

Fig. 3. E lectrode function obtained b y  using the data from Table I
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Table I

Data fo r  the analytical electrode function (M V -8 5  potentiom eter)  obtained with 
a nitrate-selective membrane electrode [3]

No.
C

(rnol/1) pc
E

(mV) n =  7 n =  8
1 E  — и  1 
/ £ - 1 7 2 /

lo g / £  -  u /  
log / Е -  172/

1 2
3 1 4 5 6 7 8

i 10_1 1.00 -1 7 0.48 0.60
2 5.Ox 10-2 1.30 2 2.18 1.72
3 2.5x 10-2 1.60 15 1.89 1.96
4 10~2 2.00 40 0.89 0.80
5 5.0 x  10-3 2.30 54 1.86 1.88
6 2.5ХЮ-3 2.60 75 2.43 2.44
7 10~3 3.00 94 0.84 0.80
8 5.OX 10-4 3.30 111 0.61 0.48
9 2.5X10 4 3.60 124 4.16 48 1.681

10

■4<1Оr-H 4.00 140 32 1.505
11 5.0ХЮ“ 6 4.30 151 21 1.322
12 2.5x 10-5 4.60 155 17 1.230
13 10~6 5.00 162 10 1.000
14 5.0X 10-6 5.30 164 8 0.903
15 Ю - e 6.00 167
16 5.0ХЮ“ 7 6.30 166.8
17 2.5x 10_ " 6.60 167.2
18 10“ 7 7.00 167.0

Obs. Results 1 — 14 are the m ean of two measurements ( + 1  mV precision), approxim ated  
to upper value. R esu lts 15 —18 are the mean of 5 measurem ents

The 7Ó values ca lc u la ted  b y  m ean s of expression (6) a re  listed  in  co lum n 
5 and  for th em  d — 1.50 an d  s0 =  0.62. Since d7+1 =  0.61 <  <5 =  1.50 i t  
m akes no sense to  consider i t  as an  ex trem e value , re sp e c tiv e ly , to  app ly  i t  th e  
t te s t  according to  expression  (9). T herefore, th e  p o in t o f  co -o rd inates (111, 3.30) 
m u st he included  in  th e  calculus o f th e  p a ram ete rs  of th e  c a lib ra tio n  eq u a tio n . 
T hus one ob ta in s:

E  =  — 72.0 +  55.6 pc  (12)

T he 6 values o b ta in ed  on th e  basis  o f th is  equation  are  lis te d  in  colum n 6, an d  
Ő =  1.34 and  s0 =  0.72. Since <38+1 =  4.16 ( £ ехр <C E calc) in  agreem ent w ith  

expression (9) one o b ta in s : t =  (4.16 —1.34)/0.72 [ 9/8 =  3.78 >  2.37 =  f(0 93.,). 
In  conclusion, th e  9 th  v a lu e  p a ir  (124, 3.60) c a n n o t be  inc luded  in  th e  c a l­
cu la tion  of th e  p a ra m e te rs  o f th e  ca lib ra tio n  e q u a ti on.
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C onsidering i(0.95-8- i )  =  2.37 th e re  resu lts  from  expression  (10), Ó, =  
=  1 .34 +  |  9/8 X 0 .7 2 x 2 .3 7  =  3.15 an d  from  th e  8 value  p a irs  (E , pc) one 
o b ta in s :  ^  =  2.138; S yy =  14.3315; S cy =  257.7; S cc =  4 .64; S P D  =  18.9. 
S in ce  i(o.95-8- 2) =  2.45, exp ression  (8) w ill h av e  th e  form :

3.15 =  0.714 j/4 .64  +  8 [(pc), -  2 .138]2 (13)

w h en ce  (pc)b =  3.50, re sp ec tiv e ly , C; =  3 .1 6 x lO -4 M  an d  in  ag reem en t w ith  
e q u a tio n  (12), E t =  122.6. T he resu lts  are  also given in  F ig . 4.

F ig. 4. Scheme of the statistica l procedure for estim ating the lim it value (pc)i o f the linear
dom ain (data from Table I) [1]

E stim a tin g  th e  detection  lim it (pc)d [4]

To estim ate  th is  fu n d a m e n ta l p a ra m e te r, th e  d e tec tio n  lim it was consid­
e red  to  be th a t  pc  v a lu e  fo r w hich th e  E — pc  co rrelation  d ev ia te s  from  lin ea rity  
[5] (Fig. 5a) or th e  v a lu e  correspond ing  to  th e  in te rsec tio n  of th e  prolonged 
lin e a r  dom ain w ith  th e  b a c k g ro u n d  line [6] (F ig. 5b). I t  has also been  suggested 
[7, 8] to  consider as d e tec tio n  lim it th a t  p c  va lu e  for w hich J -Ebackground — ■®det. ~
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=  18 mV (Fig. 5c) w h ich  co rresp o n d s, fo r a m o n o v a len t ion, to  th e  ra tio  
c d e t./c background =  2. E v id e n tly , all th e se  procedures for e s tim a tin g  th e  d e tec tio n  
lim it h av e  no th ing  to  do w ith  the  s ta t is t ic a l  th eo ry  o f s ig n a l detec tion .

C onsidering th e  f a c t  th a t  the  a n a ly tic a l signal is a ra n d o m  variab le , i t  is 
n a tu ra l  to  tr e a t  the  p ro b le m  of d e te c tio n  b y  m eans o f th e  IS M E  p o te n tia l on 
th e  basis  o f th e  s ta tis tic a l th eo ry  of s ig n a l de tection , a th e o ry  in  w hich th e  sig­
n a l to  b ackground  noise ra tio  p lays th e  cen tra l p a r t.

S ince one of th e  tw o  equiprob 'ab le  a lte rn a tiv e  is e lim in a ted  in  th e  d e te c ­
tio n  process, in  ag reem en t w ith  B r il l o u in s ’s form ula [9 ] a n  am o u n t o f in fo r­
m a tio n  I d =  log2 P 0/ P  =  log2 2/1 =  1 b i t  w ill be o b ta in ed .

B ased  on such considera tions, i.e. ta k in g  in to  acco u n t a ce rta in  o v e rlap ­
p in g  degree of th e  f lu c tu a tio n  field o f th e  background  noise to  th e  signal f lu c tu a ­
tio n s , a co rrec t e s tim a tio n  o f th e  d e te c tio n  lim it in  th e  IS M E  case, as in  fa c t  in
th e  case o f an y  a n a ly tic a l system , m u s t  re ly  on a m echan ism  such as t h a t
p resen ted  in  Fig. 6.

1 2

/ S a m p l e  to  \ / R e s u l t s  o f \  /
I i nves t i ga t e  J m e a s u r e -  ]

Dec i s i ons  I\  m e n t s  )  \

Space of Sp ac e  of Space  of
hypot h e s e s r e s u l t s deci s ions

Fig. 6. M echanism  of the ana ly tica l detection process [11]

F ig u re  7 shows th e  s ta tis tic a l re la t io n  betw een  th e  IS M E  signal an d  th e  
b ack g ro u n d  noise based  o n  a tw o-step  m odel [4, 10, 11] w here  for E  >  (E fc)d 
values one accepts th e  hypo thesis , n a m e ly  th a t  th e  co m p o n en t is d e tec ted  
(p resen t), hypothesis to  w hi£h  a fa lse  d e tec tio n  p ro b a b ility  P 10 and  a tru e  
d e tec tio n  p ro b ab ility  P n , are  a ssoc ia ted .
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F ig . 7. Two-step statistica l m odel for defining and estim ating the detection lim it [10]

Considering th e  expression  for th e  false d e tec tion  p ro b a b ility  P 10:

b y  no rm aliza tion , fo r th e  (E k)d d e tec tio n  level th e re  re su lts :

(Ek)d = E„ + (zk)d aEb (15)

in  w hich  (zk)d => Ф (zk)d =  0.5 -  P 10.
Considering th e  expression for th e  co rrec t d e tec tio n  p robab ility  P n :

Л 1 =  Г P(Ed)dEd (16)

th e re fo re , for th e  p o te n tia l  corresponding  to  th e  d e tec tio n  lim it we o b ta in :

Ed =  (E k)d +  zd aEd (17)

in  w hich  zd => Ф(гй) =  P n  — 0.5.
From  expressions (15) and  (17) i t  follows:

Ed — E b + (zk)d oEb +  zdaEd ■ (18)

B y  considering th e  oE ~  aEd ap p ro x im a tio n , for th e  de tec tio n  signal fro m  
eq u a tio n  (18) one o b ta in s:

E d — E b + [(zA)d +  zd] aEd — E b + k doEi (19)

b ased  on which fro m  th e  calib ration  fu n c tio n  (5) one o b ta in s  th e  (pc)d v a lu e  o f  
th e  detection  lim it.
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C onsidering equa tions (15) an d  (17), th e  follow ing re la tio n  can  be  w ritte n : 

(p-c)d =  f [ ( P 10)d, (P n )d] (20)

w hich , b y  analogy w ith  th e  d e tec tio n  ch a rac te ris tic s  o f a d e te c to r  [12] can  be 
te rm e d  de tec tio n  ch a rac te ris tic  o f  an  ISM E  [4].

In  view  o f e s tim a tin g  th e  d e tec tio n  lim it, as re su lted  from  e q u a tio n  (18), 
i t  is n ecessary  on th e  one h a n d , to  consider th e  tw o p ro b a b ilitie s  P n  and  P 10 
based  on w hich one o b ta in s  th e  L ap lace  fu n c tio n  va lu es  Ф(гк) a n d  0 (z d), and  
by  w hich  we can get th e  zk an d  zd va lu es  b y  ta b u la tio n  [13]. O n th e  o th e r 
h an d , i t  is necessary  to  know  b o th  th e  m ean  v alue  E b an d  th e  s ta n d a rd  dev ia ­
tio n  aEb o f th e  background  as well as th e  s ta n d a rd  d ev ia tio n  o f th e  detec tio n  
signal, aEd.

T ak in g  in to  accoun t th e  fa c t t h a t  E b ^  E t, to  e s tim a te  th e  E b, aEb an d  
aEd v a lu es , i t  is necessary  to  know  th e  form  of d a ta  from  T ab le  I ,  fo r va lues 
pc  =»■ (pc)i =  3.50, we ge t:

E  =  172 -  2274 e- 107^  (21)
respec tive ly :

log I E  -  172 I =  3.35677 -  0.4664 p c . (22)

Since fo r c <  1 0 ~ eM  th e  E  v a lu es  rem ain  p ra c tic a lly  c o n s ta n t, based  
on th e  20 v a lu e  pairs (E , pc)  (T able  I I )  one o b ta in s  E b =  167.0 mV and  
sEt =  0.827.

Table II

Signal values (M V -8 5  potentiometer)  used fo r the background estim ation  [4]

c
(mol/1) pc E

(mV)
E

(mV)

1(Г* 6.00 167 166 166 168 168 167.0

5.0X  10-7 6.30 166 167 166 167 167 166.8
2.5X  10-7 6.60 167 168 166 167 168 167.2

10-7 7.00 168 166 167 166 168 167.0

C onsidering th e  tru e  d e tec tio n  p ro b a b ility  P n  =  0.975, Ф(га) =  0.975 — 
— 0.5 =  0.475; zd =  1.96, as w ell as th e  false de tec tio n  p ro b a b ility  P 10 =  
=  0 .025; Ф(?к)а =  0.5 — 0.025 =  0 .475; (zk)d =  1.96 an d  a d m ittin g  th e  
ap p ro x im a tio n  aEb aEd, re sp ec tiv e ly  sEb sEd =  0.827, in  ag reem en t w ith  
expression  (19), th e re  re su lts : E d =  167.8 — 3 .9 2 x 0 .8 2 7  =  163.76 mV. In  
conclusion, based  on th e  ca lib ra tio n  eq u a tio n  (21) th e  e stim a ted  v a lu e  of th e
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d e te c tio n  lim it w ill be : (pc)'d =  5.23, resp ec tiv e ly  c'd =  5 .8 9 X 1 0 -6 M . H ence, 
i t  re su lts  th a t  th e  d e te c tio n  lim it defin ed  an d  e s tim a te d  b y  th e  s ta tis tic a l 
th e o ry  of signal d e te c tio n  corresponds to  a c o n c e n tra tio n  o f c,/c^ =  3.16 X 
X lO ~ 4/5 .8 9 X lO ~ 6 54 tim es low er th a n  th a t  co rresp o n d in g  to  th e  lim it
v a lu e  of th e  lin ear d o m a in . T he re su lt is given in  F ig . 9.

E stim ating the determination limit (p c )D

Since in  th e  d e te rm in a tio n  process m ore in d efin iten ess  is rem oved  th a n  
in  th e  de tec tion  p rocess, th e  am o u n t o f in fo rm a tio n  o b ta in e d  is alw ays I D >  1 
b i t .  I n  conclusion, th e  f lu c tu a tio n  fie ld  of th e  d e te rm in a tio n  signal is again  
c o rre la ted  to  th e  f lu c tu a tio n  fie ld  of th e  de tec tio n  signal b y  a tw o-step  s ta tis ­
t ic a l  m odel.

T ak ing  in to  a c c o u n t th e  co rre la tio n  o f d e tec tio n  to  th e  b ack g ro u n d  noise, 
acco rd in g  to  th e  tw o -s te p  s ta tis tic a l m odel (F ig . 7), th e  d e te rm in a tio n  lim it 
c a n  also be defined  a n d  e s tim a te d  in  th e  ISM E  case b y  u sin g  a fou r-step  s ta tis ­
t ic a l  m odel [14] (F ig . 8), w here  for E  => {Ek)D va lues one accep ts  th e  h y p o th e ­
sis, n am ely  th a t  th e  s igna l belongs to  th e  f lu c tu a tio n  f ie ld  o f th e  d e te rm in a tio n  
h y p o th es is  to  w hich  a  fa lse  d e tec tio n  p ro b a b ility  P 10 a n d  a tru e  p ro b a b ility

^k 'o  E0 E
F ig. 8. Four-step statistica l m odel for defining and estim ating the determ ination lim it [14]

H ence, co n sid e rin g  a co rrec t d e te rm in a tio n  p ro b a b ility  ( Р ц ) Е an d  a 
fa lse  d e te rm in a tio n  p ro b a b ili ty  ( P 10)d , in  re la tio n  to  th e  d e te rm in a tio n  level 
( E k)D, proceeding in  a s im ila r m an n er to  th e  d e tec tio n  case, one o b ta in s:

-®d =  E d + (zk)D aEd +  zDaEn (23)

a n  expression from  w hich , if  one considers th e  aEi aEß a p p ro x im a tio n , i t  
re su lts :

=  E d +  [(2fc)0 +  z d \ o E d = E d + k DaEo (24)

F ro m  expressions (18) an d  (24) i t  follows:

E d =  E b + kdcfEi +  к а аЕв (25)
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so th a t  considering  th e  aEb aEd <JEo ap p ro x im a tio n s  one o b ta in s:

E d — E b +  (kd +  k D)aE (26)

In  ag reem en t w ith  equation  (25), b y  analogy  w ith  th e  detec tio n  c h a ra c te r­
istics [12], th e  exp ressio n  below ca n  b e  w ritte n  fo r th e  d e te rm in a tio n  c h a ra c ­
te ris tic s  in  th e  IS M E  case:

( & ) d =f[(Pio)ä,  (Pu)ä, (P io)d , (P ii)d] (27)

C onsidering (P w )d ~  0.025, (zfc)D =  1.96 an d  ( Р ц ) 0  =  0.975, zD =  1.96 
an d  since s Ei =  1.033 a n d  E'd =  163.76, a d m ittin g  sEd ~  sEo, in  ag reem en t 
w ith  eq u a tio n  (24), E'D =  159.72 so t h a t ,  b ased  on re la tio n  (21) (pc)'D =  4 .86, 
c'D =  1 .38X  1 0 ~ 5M . I n  conclusion, th e  d e te rm in a tio n  lim it corresponds to  a 
co n cen tra tio n  o f сг/ёд  =  3 .1 6 Х 1 0 ~ 4/1 .3 8 х Ю -5  ^  23 tim es  low er th a n  th a t  
co rrespond ing  to  th e  l im it  value o f th e  lin ea r  do m ain . T h e  re su lt is show n in  
F ig . 9.

Estim ating the background concentration value ( p c ) 6

T his is th e  co n c e n tra tio n  v alue  fo r  w h ich  signal E  =  E b, and  since, as 
w as show n, E'b =  167.0 mV ag reem en t w ith  exp ression  (21) one o b ta in s  
(pc)'b =  5.70 an d  c'b — 2 x 1 0 ~ 6M . T h e  re su lt  is p re se n te d  in  F ig . 9.
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Stability  of the  e lec trode  function  [15]

T h e  fu n c tio n a l in s ta b ility  o f a n y  a n a ly tic a l system  m a y  lead  to  serious 
an a ly s is  errors. H ence, th e  necessity  to  v e rify  th e  s tab ility  in  tim e  o f th e  p a ra m ­
e te rs  o f th e  tra n s fe r  fu n c tio n  у  =  /( c ) ,  respectively , o f th e  ca lib ra tio n  
e q u a tio n . I n  th e  case o f th e  ISM E  e lec tro d e  function , i.e. o f e q u a tio n  (5), th e  
s ta b i l i ty  in tim e will be tre a te d  b y  th e  m e th o d  of serial co rre la tio n  [16].

To do th is , considering  th e  v a lu e  series: y 15 y 2, . . ., y n o b ta in e d  a t  vario u s 
t im e  in te rv a ls , th e  seria l co rre la tio n  coeffic ien t R h will be c a lcu la ted :

R„

n I n \2 I
2  у iji+h -  W n
i=1__________ \ i = i 1

n i n
2  f t  -
i = i i = i

(28)

in  w hich  h is th e  gap  be tw een  th e  у,- v a lu es  (h =  1, 2, . . ., n — 1).
F o r a su ffic ien tly  large n u m b e r o f  E t values n o rm ally  d is tr ib u te d  an d  

v a r ia b le , R x has a n o rm al d is tr ib u tio n  [17] w ith  p a ram e te rs :

M ( R l ) ^
-  1 

n 1

an d

n 2

(n -  l ) 2

(29)

(30)

In  view  of e s tim a tin g  th e  s ta b il i ty  o f th e  an a ly tica l sy s tem , th e  R ^ txp> 
v a lu es  are com pared  to  th e  ta b u la te d  R  values:

a) If: jR„.975 <  R 1(exp) -= R 0.025’ th e  system  is stab le
b) If: R 0.975 >  ^Kexp) >  R 0.995 or i f  R n.02= <  R i(exp) <  R o 005’ th e  system  

is o f doub tfu l s ta b ility
c) If: ^i(exp) <  ^0.995 or if  R l(exp) >  ^0.005’ th e  system  is u n s tab le .
B ased on th e  d a ta  ob ta in ed  w ith  a liqu id  n itra te  se lective electrode [15],

fo r th e  series of i =  13 E  va lues, co rrespond ing  to  b, one o b ta in s  R 1(exp) =  
=  —0.225 so th a t ,  since R 0.975 =  —0.417 <  R\(exp) <  0.341 =  R 0!),5, th e  c o n ­
clusions reached  is th a t  th e  system  is s tab le  from  th e  s ta n d p o in t of th e  slope 
o f  th e  electrode fu n c tio n . This is o b serv ed  in Fig. 10 c wdiich show s th a t  th e  
oscilla tions of b va lu es  are less f re q u e n t and  m ore red u ced  in  am p litu d e .
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n

Fig. 10. Tim e stab ility  of the electrode function [15]

Conclusions

The s ta tis tic a l t re a tm e n t o f th e  e lec trode  fu n c tio n , a p a r t  from  es tim a tin g  
the  m ost p ro b ab le  values of th e  p a ram e te rs  o f th e  ca lib ra tio n  eq u a tio n  (5) 
b y  th e  le a s t-sq u a re s  m e th o d , is a p t n o t on ly  to  la rg e ly  ex ten d  th e  ISM E u tili­
za tio n  possib ilities b u t  also to  p e rm it th e  e s tim a tio n  o f new  functional p a ra m ­
eters. T hus, th e  lim it va lu e  o f th e  lin ea r  d o m ain , (pc) t, th e  detec tio n  lim it 
(pc)d, th e  d e te rm in a tio n  lim it (pc)D, th e  b a ck g ro u n d  c o n cen tra tio n  (pc)b, th e  
s ta b ility  of th e  e lec trode  fu n c tio n , rep re sen t th e  fu n d a m e n ta l ch a rac te ris tic s  
o f th e  electrode fu n c tio n . T he s ta tis tic a l e s tim a tio n  o f th e  d e tec tio n  and  th e  
d e te rm in a tio n  lim it, allows th e  ex tension  o f th e  ISM E u tiliz a tio n  dom ain  an d  
enables an a n a ly tic a l use o f th e  non -linear do m ain  o f th e  ISM E  electrode fu n c ­
tio n  as well. T he s ta b ili ty  of th e  electrode fu n c tio n  w as tre a te d  s ta tis tic a lly  b y  
th e  m ethod  o f serial co rre la tion .
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C. L i t e a n u ,

E . H o p í r t e a n  

I .  C. P o p E S C U

D e p a rtm e n t o f  A n a ly tica l C hem istry , U n iv e rs ity  o f 
C lu j-N apoca
3400 C lu j-N apoca, R om ania.

A com m ent oil “ S tatistical ap p ro ach  of th e  electrodic fu n c tio n ”
b y  L i t e a n u

G. E . V e r e s s

I n  th e ir  p a p e r L i t e a n u  et al. [1] h a v e  s tud ied  one of th e  m ost im p o r ta n t  
p ro b lem s o f th e  d a ta  processing, i.e. th e  d e te rm in a tio n  o f th e  lim it v a lu e  o f th e  
l in e a r  dom ain  fo r e lec trode  fu n c tions. T h e  pu rpose  of th is  n o te  is to  call a t te n ­
t io n  to  th e ir  d isp u tab le  app roach .

U sing th e  a u th o r ’s n o ta tio n s , th e y  in tro d u ce  th e  ca lib ra tio n  fu n c tio n  o f a n  
e lec tro d e  fu n c tio n

E  — E 0 +  b(pc)

a n d  th e  dev ia tio n s o f th e  m easu red  p o in ts  |E ,-, (pc),}  from  th e  ca lib ra tio n  
fu n c tio n

<5,- =  I Ei -  [ E 0 +  b(pc)i] I i =  1, . . ., N .

I t  is assu m ed  th a t  th e  p o in ts  i =  1, . . ., n  belong to  th e  lin ea r  do m ain  
a n d  b ased  on th ese  p o in ts  we can  ca lc u la te  th e  p a ram e te rs  of th e  c a lib ra tio n  
fu n c tio n  b y  m eans o f th e  le a s t sq u a re s  m eth o d . H av in g  these  p a ra m e te rs , th e  
d ev ia tio n s  ől5 . . ., bn can  be c a lc u la ted , and  th e ir  average  an d  s ta n d a rd  
d e v ia tio n , too .

T he au th o rs  d isp u tab le  s ta te m e n t is th e  follow ing: th e  (re +  l ) t h  p o in t 
be longs to  th e  lin ea r d om ain , i f  th e  h y p o th esis  H x : <5n+1 >  d is re jec ted  b y  
m ean s o f th e  t (S tu d e n t)- te s t, w here  th e  s ta tis tic s  t is th e  follow ing:
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t = ^n+1 — ^

n  -j- 1

T he a u th o r’s ap p ro ach  seems to  be ineffic ien t. N am e ly , on th e  one h an d , 
th e ir  approach  is b a se d  only  on th e  v a lu e  dn+1, t h a t  is , o n ly  one on m easured  
p o in t, so i t  is v e ry  s lig h t from  th e  p o in t  o f v iew  o f s ta tis t ic s , an d  on th e  o th e r 
h a n d , th e ir  ap p ro ach  is n o t based  on  th e  fac t th a t  th e re  is a re la tio n sh ip  am ong 
th e  m easured  p o in ts , so i t  should b e  based  on th e  (n o n -linear, m onotonous) 
tr e n d  of th e  m easu red  po in ts.

T he ap p lica tio n  o f  th e  i- te s t seem s to  be in a d e q u a te , because neg lecting  
th e  p rob lem  of a b so lu te  value, th e  a u th o r ’s t- te s t can  b e  reg a rd ed  as a special 
case o f  a tw o-sam ple  i- te s t, w here one sam ple has o n ly  one elem ent. E v e n  if  
th e  a u th o r ’s i- te s t is a d m itte d , one p o in t will be  a p p ro x im a te ly  ou tly ing  only  if  
th e  in eq u a lity

^n+i ^ 2 - Í L

Ъ d

h o lds, b u t  th is  o ccu red  only  by  v e ry  s tro n g  n o n lin ea rity .
T he purpose o f  th is  paper is n o t  to  solve th e  ab o v e  prob lem , b u t only  

d irec t th e  a tte n tio n  on  th a t  th e  d e te rm in a tio n  o f th e  lim it  v a lu e  of th e  lin ear 
d o m a in  w hich shou ld  b e  based  on th e  tre n d  of th e  d ev ia tio n s  <5„+1, . . ., <5„+fc, 
w here  к >- 1, so th e  s ta tis tic a l p rin c ip les  an d  ap p ro ach es used  for th e  tim e  
series analysis sh o u ld  be  applied  fo r so lv ing  th is  p ro b lem  (see e.g. [2]).
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A N SW ER , to the com m ent on the paper “ Statistical processing o f the electrodic
function” b y  G. E. V e r e s s

C. L i t e a n u , E. H o p í r t e a n , J. C. P o p e s c u

I t  is the  case o n ly  o f th e  p ro ced u re  fo r th e  c a lcu la tio n  o f th e  lim it value 
o f th e  linear dom ain , p rocedure w h ich  is m en tio n ed  a t  th e  b ib liog raphy  [1] 
[C. L i t e a n u , I. C. P o p e s c u , E . H o p í r t e a n , A nal. C hem ., 48, 2010 (1976)], 
p a p e r  w hich is a n n ex ed  and  w hich describes in  d e ta il th e  p rocedure.
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a) Before to  fo rm u la te  th e  h y p o th esis  H l : dn+1 d, one exam in a tes  
th e  fig u re  E  =  f (p c ) ;  fig u re  reveals  th a t  th e  linear dom ain  is e x ten d ed  up  to  
a b o u t  p c  =  a. T his v a lu e  is n o t  u sed  y e t to  calcu la te  th e  p a ra m e te rs  o f th e  
c a lib ra tio n  eq u a tio n .

Therefore, th e  d e p a rtu re  from  th e  value  dn+i, is b ased  o n  th e  ex am in a ­
tio n  o f  th e  figure E  =  f (p c ) ,  n am ely  th e  p o in t n  -j- 1, is su p p o sed  to  be rem o v ­
ab le , considering its  g rap h y ca l position .

F o r  exam ple, le t us consider o n ly  th e  f ir s t  5 pa irs o f p o in ts  E ,p c  (colum ns 
4 a n d  3). U sing th e  le a s t sq u are  m e th o d  one ob ta in s: £  =  —70.77 -f- 54.62 pc, 
re sp ec tiv e ly : d4 =  0.85, d2 =  1.76, d3 =  1.62, d4 =  1.53, d5 =  0.86, respec­
t iv e ly , d6 =  3.76 are o b ta in ed . F u r th e r  on from  th e  f ir s t  f iv e  d values resu lts  
d =  1.32 and s6 =  0.436 so th a t  fo r d6 =  3.76:

t =  —----------.. =  5.11 >  2.78 =  t,nqvo is o b ta in ed .
0.436 1/6/5 ( 5,4>

So th a t  in  th is  case p o in t 6 (E  =  75 mV, pc  =  2.60) does n o t belong 
to  th e  s ta tis tic  p o p u la tio n  o f th e  f i r s t  fiv e  po in ts , th a t  is, i t  s h o u l d  b e ­
l o n g  t o  t h e  n o n - l i n e a r  r e g i o n .

b) S ta rtin g  from  th e  f irs t  five  p o in ts , le t us exam ine now  th e  s itu a tio n  
o f  p o in t 7 (E  =  94 mV, p c  =  3.00) fo r w hich according to  th e  eq u a tio n  ca lcu ­
la te d  for these five  p o in ts : E  == 70.77 -f- 54.62 pc  and  d7 =  0.91.

W e ob ta in :

t
1.32 0.91

0.436 У6/5
— 0.86 <C 2.7 8 — i(o.95:4)

C onsequen tly  th e  p o in t 7 belongs from  th e  s ta tis tic  p o in t o f v iew  to  th e  f irs t  
f iv e  p o in t groups, co n seq u en tly  i t  b e l o n g s  t o  t h e  l i n e a r  r e g i o n .  
T h e n  p o in t n — 1, t h a t  is 7 —1 =  6, also belongs to  th e  lin ea r  region.

In  conclusion, i t  is necessary  to  ex am in a te  th e  fig u re  E  =  f (p c ) ,  before 
to  fo rm u la te  th e  h y p o th es is  Н г: d,!+1 >  Ö.

Therefore, considering  th e  f lu c tu a tio n s  field  of th e  d v a lues from  th e  
lin e a r  dom ain , th e re  is th e  p o ss ib ility  th a t  th e  expression h a v in g  th e  form  (9) 
(У . V . N alim ov, “ P rim enen ie  m a tem atich esk o i s ta tis t ik i  p ri analize vesch- 
e s tv a ” , Gos. izd. f iz -m a t. lit, M oskov, 1960, p . 172), n am ely ,

/ = d,

n 1
( P ,  n —2)

to  be  valid  for d v a lues from  th e  beg in ing  of th e  linear d o m ain , too . I t  is ev i­
d e n t  th a t  hypo thesis H x: dn-fj. Z> d, th a t  is an  expression  o f th e  ty p e  (9),
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to  be verified  successively  on ly  for b values w hich re su lt from  E —p c  values 
from  th e  lin ea r  reg ression  dom ain , E  =  f(p c ) ,  w hich  connects w ith  th e  n o n ­
lin ea r reg ression  range  E  — f(pc) .

C onsidering th is  s itu a tio n , as well as th e  fa c t t h a t  from  expressions (9) 
a n d  (10) i t  re su lts  t h a t  alw ays <5, <  <5n+1, one considers th a t  th e  p rocedure  
p resen ted , w h ich  is based  on th e  i- te s t is ju s tif ied .

C oncerning th e  in e q u a lity n a m e ly  <5„+1 — b >  2sj,

th e  value dn+1, w ould  be “ elim inable a p p ro x im a te ly ” , if  őn+1 <5 -f- 2sg.
Since i t  is th e  case o f a sam pling  (selection) one o p e ra te s  w ith  n o t w ith
Og, th e  value <5n+1, w ould  be elim inable ap p ro x im a te ly , based  on th e  t d is tr i­
b u tio n , th e re fo re  o n ly  if  <5n+1 >  <5 +  t [p = o.95-, (n+i) —i] • Só­

i t  w as co nsidered  P  =  0.95 because fo r г =  2, P  =  0.9545 [z =  s ta n ­
d a rd  no rm al d e v ia te : Ф(г) — f ( P) ] .
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The e. m. f. o f  the P t/H 2(gas)/H C l-alcohol/H g2Cl2/H g  electrode system  w as in ­
vestigated  in the temperature range 20 — 40 °C. The normal potential o f the a lcoholic  
calom el electrode was determined in  m ethanol, ethanol, 1-propanol and 1-butanol. 
A  study was m ade of the concentration dependence of the m ean ion activ ity  co effic ien t  
a t concentrations above the range o f  v a lid ity  o f the D e b y e  — H ü c k e l  theory. I t  w as 
found that the deviations from this th eo ry  can be interpreted b y  the assum ption o f  th e  
strong interaction of the ions and th e  so lvent. The interaction betw een the ions and th e  
solvent increases w ith  the increase o f th e  m olecular w eight o f the solvent. This pheno m - 
enon also provides an explanation for th e  finding that the solubility o f gaseous hyd ro­
gen  chloride in  the alcohols increases considerably w ith  the increase of the m olecular  
w eight of the alcohol.

I n  connection  w ith  in v es tig a tio n s  of alcohols an d  a lco h o l-co n ta in in g  
liq u id  m ix tu res , w e h a v e  studied  th e  io n -so lv e n t in te ra c tio n  in  a h ig h e r  
ran g e  o f  ion  c o n cen tra tio n s  th a n  u su a l, i.e. con sid erab ly  beyong  th e  lim its  o f  
v a lid i ty  o f th e  D e b y e - H ückel  th e o ry . A n u m b er of a u th o rs  [1 — 5] h a v e  
d e a lt w ith  th e  q u e s tio n , app ro ach in g  th e  prob lem s from  th e  aspec t o f  th e  
ion  a c tiv ity , b u t  th e  d a ta  to  be fo u n d  in  th e  l i te ra tu re  m a in ly  re la te  Only to  
m e th a n o l and  e th a n o l, an d  genera lly , to  o n ly  one te m p e ra tu re  in  each case. 
A ccord ing ly , we h a v e  carried  o u t s tu d ie s  in  system s o f hyd ro g en  ch lo rid e  
w ith  m e th an o l, e th a n o l, 1-propanol a n d  n -b u ta n o l in  th e  te m p e ra tu re  ra n g e  
2 0 - 4 0  °C.

E x p erim en ta l

The alcohols used for the m easurem ents were of analytical purity, and were carefully  
freed from  water. The alcohol-hydrogen ch loride  m ixtures were prepared in  the apparatus 
show n in  F ig . 1, by introducing dry hydrogen chloride into  the alcohol. The concentration of  
the m ixture was determ ined afterwards b y  t itra tio n  w ith  0.1 or 0.01 N  NaO H . Before being  
passed in to  the alcohol, the gaseous HC1 was f lu sh e d  out o f a concentrated aqueous hydrochloric  
acid solution  by a stream  o f nitrogen, purified b y  passage through sulfuric acid and then over  
silica  gel, and finally , freed from water.

The alcohol-hydrogen chloride m ixture prepared in  this w ay was placed in  th e  cell 
illustrated in  Fig. 2, and w as examined b y  m easuring the potentia l difference betw een  a 
P t/H 2(g) and a calomel electrode. The partial pressure of hydrogen w as 1 atm . In every m easure­
m ent th e  calomel electrode was filled w ith  th e  e lectrolyte to be exam ined. A Radelkis ty p e  
OP-205 Precision pH -m eter was used for th e  m easurem ents.
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g a seo u s

Fig. 1. Preparation of anhydrous alcohol-hydrogen chloride m ixture; (1) aqueous HC1, (2) 80 % 
H2S 0 4, (3) silica gel, (4) anhydrous alcohol-hydrogen chloride

1 2

The measuring cell w as placed in an u ltratherm ostat and the introduction  of H 2 w as  
begun. After the establishm ent of thermal equilibrium  the e. m. f. was measured; then, a 
sam ple was taken from  the alcohol-hydrogen chloride solution and its HC1 concentration w as  
determ ined by titration  w ith  0.1 or 0.01 N  N aO H  solution. I t  was necessary for the analysis 
to  be performed at the end  as the prolonged bubbling of H 2 to the hydrogen electrode sligh tly , 
b u t perceptibly, carried o ff  HC1 from the solution .

R esu lts

T he e.m .f. o f th e  cell was d e te rm in ed  a t  20, 25, 30 an d  40 °C in  m ix tu re s  
o f  hyd rogen  ch lo rid e  w ith  m e thano l, e th a n o l, 1 -propano l an d  1 -b u tan o l. 
T h e  co n cen tra tio n  o f  hyd rogen  ch loride in  th e  exam ined  m ix tu re s  v a ried  from  
0 to  1 M .  The e x p e rim e n ta l resu lts a re  l is te d  in  Tables I  —IV.

D iscussion

T he diffusion p o te n tia l arising  b e tw e e n  th e  ca lo m e l-sa tu ra ted  alcoholic 
h y d ro g en  chloride so lu tio n  and  th e  ca lom el-free  so lu tion  w as d isregarded  in  
th e  ev a lu a tio n  o f  th e  experim en ta l re su lts  [6]. W e feel th a t  th is  neg lect does 
n o t  affect th e  essence o f our conclusions.
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Table I

E .m . f .  o f the Pt/H^g^' ,  aim^-methanol HCl (c)-calom el cell

c
(mol/dm*)

E.m .f. mV)

20 °C 25 °C 30 °c 40 °C

0.934 1 2 1 .0 119.5 116.0 110.5
0.690 134.5 130.5 127.5 12.05
0.467 148.0 144.0 142.0 140.5
0.233 167.5 163.5 161.0 154.5
0.140 181.5 178.5 175.0 169.5
0.093 194.5 191.5 188.5 183.0
0.069 210.5 207.5 204.0 199.0
0.047 212.5 209.0 206.5 200.5
0.023 252.5 250.0 247.0 242.0
0.019 252.0 250.0 248.0 243.0
0.014 266.0 259.0 255.5 252.0
0.009 289.5 284.5 287.0 284.5
0.008 283.0 282.0 281.0 278.5
0.007 300.0 298.0 296.0 292.0
0.004 319.5 317.0 313.5 310.5
0.002 346.0 345.5 345.0 343.5
0.0008 401.0 399.5 398.5 397.0

T h e e. m. f. o f th e  m easuring cell is:

e. m. f. : E ca, -  E Hj (1)

w here, in  th e  case of th e  use of gaseous H 2 a t  a pressure o f 1 a tm :

Е н ,  — “ Т Г  In  [H +] у  (2)
z r

and

E cai =  E°ca]- ^ l n [ C l - ] y  ( 3 )
z f

w here th e  E  values a re  th e  electrode p o te n tia ls , E °cai is th e  n o rm al p o te n tia l  
o f th e  calom el e lec trode , у  is th e  m ean  io n  a c tiv i ty  coefficient, [ H +] an d  [C l- ] 
are  th e  co n cen tra tio n s o f th e  ions, an d  R T  an d  z F  are  th e  w ell-know n q u a n titie s  
of th e  N e rn s t Law .

A ssum ing  th a t ,  in  th e  c o n c e n tra tio n  ra n g e  in  question  an d  in  th e  g iven  
m ed ium , hydrogen  chloride is p re se n t co m p le te ly  in  th e  d issociated  s ta te ,
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Table II

E.m .f. of the Pt/H2(gas t atm)-ethanol HCl (c)-calomel cell

c E.m .f. (mV)
(mol/dms)

20 °C 25 °C 30 °c 40 °C

0.704 111.0 108.5 106.5 1 0 1 .0

0.524 113.0 111.0 106.5 101.5

0.382 117.5 115.5 113.0 108.0
0.234 139.5 137.0 134.5 128.5
0.215 131.0 128.5 126.0 121.5

0.196 144.0 142.0 139.0 133.0

0.115 174.0 171.5 169.0 165.0

0.082 150.0 148.0 145.5 142.0

0.080 156.5 155.0 153.0 148.0

0.070 183.0 179.5 177.0 170.0

0.052 180.5 179.0 175.0 170.0

0.027 169.5 193.5 189.0 183.0

0.025 194.0 192.0 190.5 185.5

0.014 2 1 2 .0 2 1 1 .0 208.5 204.0

0 .0 1 2 215.5 213.0 210.5 204.5

0.007 249.0 247.5 244.5 239.5

0.005 250.0 247.5 246.5 241.5

0.003 264.0 262.5 261.5 257.5

0 .0 0 2 292.0 289.5 286.5 282.0

0.0009 328.0 325.0 322.0 316.0

th e  hydrogen  ch lo ride  co n cen tra tio n  (c) o f th e  so lu tion  w ill be th e  sam e as th e  
c o n cen tra tio n  o f th e  chloride or h y d ro g en  ions.

U sing  th is :

c -  [ H +] =  [C l- ]

e. m . f. =  E ° al — 2 in Cy  
z F

(4)

I n  th e  range of v a lid i ty  of th e  D e b y e  — H ü c k e l  th eo ry , th e  a c tiv ity  coeffic ien t 
c a n  be ca lcu la ted  in  th e  know ledge o f th e  ionic s tre n g th  and  th e  d ie lec tric  
c o n s ta n t of th e  so lv e n t. T hus, in  th e  case of an  e lec tro ly te  consisting  o f u n i­
v a le n t ions, i f  th e  ionic s tre n g th  is d efin ed  by  th e  co rre la tion

I =  c
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Table III

E. m.f. of the Pt/H2̂glíSi , atmypropanol HCl (c)-calomel cell

c
(m ol/dm 3)

E.m.f. (mV)

20 °C 25 °C 30 °c UО©
1.144 66.5 64.0 62.5 58.0
1.025 58.5 57.5 56.5 52.5
0.650 66.5 64.5 63.0 61.0
0.549 71.0 69.5 68.0 66.0
0.377 78.0 77.0 76.0 72.0
0.226 94.5 93.0 91.5 89.0
0.137 108.5 107.0 105.0 101.0
0.076 118.0 117.0 116.0 113.0
0.053 103.0 128.5 126.5 122.5
0.030 153.5 152.0 150.0 143.5
0.017 167.5 164.0 162.0 157.0
0.009 192.5 192.0 192.0 189.5
0.008 185.5 184.0 182.5 179.0
0.005 220.0 218.0 216.0 211.0
0.004 220.0 219.0 218.5 215.5
0.002 244.0 243.0 243.0 242.5
0 . 0 0 1 252.0 250.5 249.0 245.5
0.0004 315.0 313.0 311.0 306.5

th e  d efin itio n  I  =  2c is less f re q u e n t in  th e  li te ra tu re  [3]), th e  th e o ry  leads 
to  th e  re la tio n

log VD =  -  A f  c" (5)

w h e r e  y D i s  t h e  m e a n  i o n  a c t i v i t y  c o e f f i c i e n t  t h a t  c a n  b e  c a l c u l a t e d  f r o m  t h e  

D e b y e  — H ü c k e l  t h e o r y :

1 1.8246 x  106
~  ( e T )3/2

w here  e is th e  d ie lec tric  c o n s tan t o f th e  so lven t an d  T  is th e  ab so lu te  te m ­
p e ra tu re .

T he ac tu a l a c tiv ity  coefficient m ay  be resolved in to  th e  p ro d u c t o f  tw o  
fac to rs . L et

У =  r Dr* (6)
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Table IV

E. m.f. of the PtjĤ gaSi t atm)l-1-bulanol HCl (c) calomel cell
c E.m.f. (mV)

(moJ/dm3) 20 °C 25 °C 30 °c 40 °C

0.640 87.0 85.0 83.5 77.0

0.380 84.0 83.0 84.5 84.5

0.260 88.5 87.0 86.0 82.5

0.200 98.0 97.0 94.0 92.0

0.160 104.0 103.0 102.5 98.5

0.130 117.0 115.0 115.0 111.0

0.096 129.0 127.5 125.5 121.0

0.070 153.5 151.0 149.5 143.0

0.060 145.0 143.0 139.5 134.5

0.040 152.0 150.5 148.0 146.5

0.022 158.0 157.0 156.5 151.5

0.021 175.5 174.5 173.0 169.0

0.017 188.0 185.5 183.5 179.5

0.013 161.5 160.0 158.0 153.0

0.009 192.0 191.0 189.0 184.0

0.008 197.0 195.5 192.5 188.0

0.006 200.0 200.5 199.5 197.0

0.004 220.0 217.0 214.5 215.5

0.002 245.5 245.5 243.0 235.0

0.0008 267.5 272.0 270.0 263.5

0.0005 294.5 299.0 310.0
1

303.0

w here  y* shows th e  d ev ia tio n  from  th e  th e o re tic a l value. U tiliz ing  th is  an d  
ta k in g  logarithm s to  th e  base 10:

e . m . f. =  .Ecai
2 R T
“ z F

2.303 log c - f  logy* A  1 c (7)

I t  can  be seen from  th is  re la tion  th a t  i f  th e  e. m . f. is p lo tte d  as a fu n c tio n  
o f _  (fog c — A . I c ), a curve is o b ta in ed  w h ich , in  th e  range of d ilu te  so lu tions 
fo r w hich  th e  D e b y e  — H ü c k e l  th eo ry  h o ld s , ap p ro x im ates  to  a s tra ig h t line 
o f slope 4.606 R T /zF  in te rcep tin g  th e  o rd in a te  a t th e  p o in t E °. .

O ur resu lts w ere  p lo tte d  in  acco rd an ce  w ith  th is  (F igs 3 — 6) and  th e  
n o rm a l p o ten tia l o f  th e  calom el e lectrode w as de te rm in ed  by  ex trap o la tio n  to  
th e  e. m . f. v a lue  re la tin g  to  th e  abscissa v a lu e  —(log c — A . c ) =  0. T he 
e v a lu a tio n  is fa c il i ta te d  b y  th e  fa c t th a t  th e  slope of th e  s tra ig h t line used 
fo r ex trap o la tio n  is k n o w n  to  be 4.606 R T /zF . T he resu lts  are given in  T ab le  5.
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Table V

E q3] as a function  o f  temperature in  various alcohol-hydrogen chloride systems

Solvent
.Ecal (mV)

20 °C 25 °C 30 ° c О О Л

Methanol 25 13 9 0
Ethanol - 3 9 - 4 9 - 5 5 — 64

1-Propanol - 8 9 -  103 - 1 0 7 - 1 1 3
1-Butanol - 9 9 -  108 - 1 1 6 - 1 2 2

Fig. 3. E xperim ental results in m ethanol solution at 25 °C

Fig. 4. E xperim ental results in ethanol solution at 25 °C
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Fig. 5. E xperim ental results in 1-propanol solution at 25 °C

Fig. 6. E xperim ental results in 1-butanol solution at 25 °C

I t  can be seen t h a t  th e  no rm al p o te n tia l of th e  calom el e lectrode depends 
a p p rec iab ly  on th e  n a tu re  of th e  so lv en t, and  varies to  o n ly  a sligh t ex ten t 
as a function  of th e  te m p e ra tu re  (F ig. 7).

In  the  know ledge o f th e  n o rm al p o te n tia l, we ca lcu la ted  som e th e rm o ­
d y n a m ic  ch a rac te ris tic s  of th e  re a c tio n  1/2 H 2(gaS) +  1/2 H g2Cl2(Soiid)
— H(iiquid) +  HCl(dissoivedp T hese d a ta  are lis ted  in  T ab le  V I.

I t  can be seen fro m  th e  d a ta  o f th e  T able th a t  w ith  th e  increase  of th e  
m o lecu la r w eight o f th e  so lven t th e  ab so lu te  value of d S °  increases s lig h tly ?

Acta Chim. Acad. Sei. H ung. 97, 1978



RATKOVICS, BARATI-DÉSI: STUDY OF ION-SOLVENT INTERACTIONS 291

Fig. 7. Norm al potential of the calom el electrode as a function  of the temperature; X in m eth a­
nol, Д  in ethanol, о  in 1-propanol, •  in 1-butanol

Table VI

Standard thermodynamic characteristics o f  the reaction 1/2 H2(gasj +  1/2 Hg2Cl2(solid) “*■ 
- í̂d(liquid) r ^^-(dissolved) 25 °C

Solvent
A G ° A S ° A H °

(J/mol) (cal/mol) (J/mol K) (cal/mol K) (J/mol) (cal/mol)

Methanol -1 2 5 4 .4 - 2 9 9 .8 - 1 3 4 .2 - 3 2 .1 -4 1 2 4 6 .0 - 9 8 6 5 .6
Ethanol 4728.2 1130.0 - 1 5 2 .3 - 3 6 .4 -  40649.9 - 9 7 1 7 .2

1-Propanol 9939.8 2375.4 - 1 6 2 .6 - 3 8 .9 -3 8 5 1 6 .0 -9 2 1 6 .8
1-Butanol 10432.0 2490.7 -  162.8 - 3 8 .9 -3 8 0 8 2 .0 -9 1 0 1 .5

and in  ev e ry  case — TzlS0 m akes a p ositive  c o n tr ib u tio n  to  th e  s ta n d a rd -fre e  
en th a lp y  o f th e  reac tio n . T he va lu e  of ZlH° is n eg a tiv e  in  every  so lv en t, an d  
its  ab so lu te  value; decreases to  a s ligh t e x te n t w ith  th e  increase of th e  m olec­
u la r w eig h t o f th e  so lven t.

S ince b o th  changes re su lt in  th e  increase o f th e  s ta n d a rd  free e n th a lp y , 
th e  v a lu e  o f  AG°  rises v e ry  ra p id ly  w ith  th e  in crease  in  th e  m olecular w eig h t 
of th e  so lv en t. T he equ ilib rium  c o n s ta n t of th e  reac tio n  in  question  is v e ry  
sm all in  th e  h igher alcohol hom ologues.

T h e  q u a n ti ty  y* in  E q . (6) deserves special a tte n tio n , because i t  invo lves 
those  effects n o t ta k e n  in to  co n sid e ra tio n  b y  th e  D e b y e  — H ü c k e l  th e o ry .
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F ig u re  8 p re se n ts  th e  values o f log  y* m easu red  a t  25° as a fu n c tio n  of th e  
c o n c e n tra tio n  in  v a rio u s  system s. I t  c an  be seen th a t  a t  a fixed  c o n c e n tra tio n  
log  у  is th e  larger, th e  h igher th e  m o lecu la r w eigh t o f th e  so lven t.

F igu re  9 show s th e  resu lts m easu red  in  1-propanol as a fu n c tio n  o f th e  
te m p e ra tu re . As th e  te m p e ra tu re  rises, log  y* decreases. I ts  va lu e  is p o sitive  
ev e ry w h ere  in  th e  exam ined  cases. As concerns dev ia tions from  th e  ideal 
b eh av io u r, th ere fo re , in  th e  reference sy s tem  w ith  th e  in fin ite ly  d ilu te  so lu tion  
re g a rd e d  as ideal (a sy m m etric  reference sy stem ), th e  ions form  a o f  so lu tion  
p o s itiv e  d ev ia tion  w ith  th e  alcohol.

F ig. 8. log y* as a fun ction  of the hydrogen chloride concentration at 25 °C; X in  m ethanol, 
Д  in  ethanol, О in 1-propanol, •  1-butanol

F ig. 9. log y*  as a function  of the hydrogen chloride concentration in 1-propanol; X  at 20 °C,
Д  at 25 °C, О at 30 °C, •  at 40 °C
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Table VII

log y* as a fun ction  o f concentration and tem perature in methanol solution

c
(mol/dms)

log y '

20 °C 25 °C 30 °c 40 °C

0.934 1.16 1.09 1.03 0.94
0.690 0.89 0.86 0.85 0.74
0.467 0.65 0.60 0.57 0.47
0.233 0.37 0.33 0.31 0.28
0.140 0.25 0.21 0.20 0.19
0.093 0.18 0.14 0.13 0.12
0.069 0.23 0.20 0.20 0.185
0.047 0.13 0.11 0.11 0.11
0.023 0.04 0.03 0.03 0.02
0.019 0.15 0.13 0.13 0.14
0.014 0.02 0.02 0.03 0.02
0.009 0.08 0.06 0.09 0.09
0.008 0.03 0.03 0.03 0.02
0.004 0.01 0.00 0.03 0.04
0.0008 0.00 0.02 0.00 0.03

The log y* vs. c data are listed ill Tables V II —X . The activ ity  coefficient 
y* takes into account the effects attributable to  the m utual influence o f ions 
arising from interactions other than those o f the ionic charges (these are not 
taken into consideration by the D ebye — H ückel theory). It , therefore, ap­
peared reasonable to  interpret the concentration dependence of y* not in term s 
of the asym m etric a c tiv ity  convention used in electrochem istry, but by the  
sym m etric activ ity  convention  used much more w idely in the therm odynam ic  
treatm ent of m ixtures. In  this latter reference system  the activ ity  coefficient 
of the pure com ponent is un ity , and a positive value o f log y* means a negative  
deviation  from id ea lity , for

where yc is the a c tiv ity  coefficient written in accordance w ith the sym m etric  
convention, while y°°° is the same in the in fin ite ly  d ilute solution. Use o f the  
sym m etric activ ity  convention  has the advantage th at empirical or sem i- 
empirical relations describing the dependence o f In y° on the concentration  
(mole fraction) are available in large numbers. An exam ple is the relation  
In y° — B(1 — x ) 2, w hich can be derived for regular m ixtures, but which can  
also be em ployed as a semiem pirical relation for non-regular m ixtures too.
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Table VIII

log y* as a function  o f  concentration and temperature in ethanol solution

c
(mol/dm*)

log y*

2 0  °C 25  °C 30 °c 4 0  °C

0 .7 0 4 1 .4 0 1 .2 9 1 .2 3 l . i i

0 .5 2 4 1 .0 7 0 .9 8 0 .9 5 0 .8 4

0 .3 8 2 0 .9 4 0 .8 6 0 .8 2 0 .7 2

0 .2 1 5 0 .6 0 0 .5 4 0 .5 1 0 .4 3

0 .1 9 6 0 .3 9 0 .3 4 0 .3 0 0 .2 7

0 .1 1 5 0 .1 3 0 .0 7 0 .0 6 0 .0 2

0 .0 8 2 0 .3 2 0 .2 6 0 .2 5 0 .2 1

0 .0 8 0 0 .2 6 0 .2 0 0 .1 8 0 .1 5

0 .0 7 0 0 .0 3 0 .0 1 0 .0 1 0 .0 2

0 .0 5 2 0 .0 8 0 .0 2 0 .0 2 0 .0 2

0 .0 2 7 0 .0 2 0 .0 1 0 .0 2 0 .0 4

0 .0 2 5 0 .0 6 0 .0 3 0 .0 1 0 .0 2

0 .0 1 4 0 .0 5 0 .0 1 0 .0 1 0 .0 2

0 .0 1 2 0 .0 6 0 .0 3 0 .0 3 0 .0 5

0 .0 0 5 0 .0 1 0 .0 0 0 .0 1 0 .0 0

0 .0 0 3 0 .0 5 0 .0 3 0 .0 3 0 .0 4

0 .0 0 2 0 .0 2 0 .0 1 0 .0 4 0 .0 6

0 .0 0 0 9 0 .0 6 0 .0 5 0 .0 0 0 .0 1

T he constant in the equation  gives inform ation on the m agnitude o f the inter- 
m olecular interactions, as it  determ ines th e  apparent va lue o f the exchange 
energy ( Д110) (defined in the theory o f regular m ixtures) characteristic of the 
m ixture:

В  =  In
A U °
R T

since, in the sense of the foregoing, In y* =  In y° — In y °”

ln y *  =  B(1 -  x ) 2 -  В

I t  can be seen that, to a first approxim ation, In y* and In y° are both  linear 
functions of (1 — x )2, where x  is the m ole fraction  of the ions. Our results 
in th is  plot are presented in  Fig. 10.

It can be seen in  the Figure that the deviation from ideality  increases 
considerably with the increase of the m olecular weight of the solvent. According 
to  th e  sym m etric activ ity  convention, the m ixture displays a negative deviation
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Table IX

lo g y*  as a function of concentration and temperature in 1-propanol solution

c
(mol/dm3)

log 7 *

20 °C 25 °C 30 °c 40 °C

1 .1 4 4 2 .7 9 2 .7 4 2 .5 5 2 .4 7

1 .0 2 5 2 .7 1 2 .6 3 2 .5 2 2 .3 6

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

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

0 .3 7 7 1 .2 6 1 .2 7 1 .1 9 1 .1 0

0 .2 2 6 0 .8 8 0 .8 6 0 .8 3 0 .7 7

0 .1 3 7 0 .5 5 0 .5 6 0 .5 3 0 .4 8

0 .0 7 6 0 .3 5 0 .3 6 0 .3 3 0 .3 1

0 .0 5 3 0 .2 1 0 .2 2 0 .2 3 0 .2 2

0 .0 3 0 0 .0 5 0 .0 5 0 .0 5 0 .0 6

0 .0 1 7 0 .0 6 0 .0 5 0 .0 5 0 .0 6

0 .0 0 9 0 .0 8 0 .0 8 0 .1 0 0 .0 4

0 .0 0 8 0 .0 6 0 .0 5 0 .1 0 0 .0 6

0 .0 0 1 0 .0 3 0 .0 3 0 .0 2 0 .1 0

Fig. 10. log y*  as a function of the square of the alcohol mole fraction at 25 °C; X in m ethanol, 
Д  in ethanol, О in 1-propanol, •  in 1-butanol

from ideality . The interaction betw een the ions and the so lvent m olecules is 
increasingly stronger w ith the increase of the m olecular w eight o f the alcohol. 
The value o f B , characteristic o f the strength of the interaction, is n egative, 
and therefore, the exchange energy typical o f the m ixture is exotherm ic. This
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phenom enon  is in  a g reem en t w ith our experience  th a t  th e  so lub ility  of gaseous 
h y d ro g en  chloride in  th e  alcohol hom ologues increases sign ifican tly  w ith  increase 
o f  t h e  m olecular w e ig h t o f th e  solvent.

T he В values c a lc u la te d  from  th e  e x p e rim e n ta l d a ta  are  g iven in  T ab le  X I .

Table X

logy* ns a fu n ction  o f concentration and temperature in 1-butanol solution

c
(mol/dm3)

log

20 °C 25 °C 30 ° c 40 °C

0.640 * 2.58 2.50 2.38 2.20

0.620 2.71 2.69 2.56 2.33

0.380 1.89 1.83 1.70 1.49
0.260 1.68 1.52 1.41 1.29
0.200 1.20 1.09 0.99 0.89

0.170 1.23 1.21 1.11 1.00
0.130 0.89 0.87 0.78 0.69
0.096 0.63 0.61 0.56 0.46

0.070 0.32 0.31 0.25 0.21
0.060 0.45 0.43 0.39 0.35

0.040 0.26 0.25 0.19 0.17
0.022 0.21 0.20 0.14 0.12
0.017 0.10 0.08 0.14 0.13
0.008 0.00 0.01 0.00 0.00
0.006 0.10 0.09 0.07 0.06
0.004 0.03 0.00 0.04 0.04

0.002 0.00 0.01 0.00 0.05
0.0005 0.01 0.01 0.01 0.06

Table XI

Values o f  constant В in hydrogen chloride alcohol systems

R
Alcohol

20 °C 25 °C 30 ° c 40 °C

Methanol -2 1 .4 2 -  19.35 -  18.54 -  16.81
Ethanol -2 4 .4 1 - 2 2 .3 4 - 2 1 .1 9 -1 9 .3 5
1-Propanol -2 8 .4 4 - 2 7 .7 5 - 2 6 .6 0 -2 4 .5 3
1-Butanol -4 2 .0 0 - 4 0 .0 7 -3 7 .3 1 -3 3 .6 2
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It has been  shown experim entally that oscillation phenomena at platinum  elec­
trodes during the galvanostatic electro-oxidation  of certain organic substances can be 
produced also as oscillations of the rest potential o f the electrode immersed into a solution  
containing the organic substance and a redox system . The oscillations of the rest 
potential were dem onstrated on system s containing Ce4+ or Fe3+ , and m ethanol, form ­
aldehyde, formic acid, ethylene g lyco l, glycolaldehyde, g lyoxal or isopropanol. I t  has 
been shown that, in  the potential range corresponding to the cathodic lim iting diffusion  
current of the oxidant, the conditions provided otherwise by the galvanostat are essen­
tia lly  fulfilled. I f  the galvanostatic poten tia l oscillations fall into this region, the oscilla­
tion  of the rest potentia l will also take place. The galvanostatic  potential oscillations were 
compared w ith  the rest potential oscillations in the case o f ethylene glycol.

Periodic phenom ena in electrochem ical processes were first observed  
150 years ago [1]. Since then, the sphere o f know n phenom ena has been consid­
erably extended. The monograph o f W o j t o w i c z  [1] gives a survey on electro­
chem ical oscillation phenom ena and on attem pts at their interpretation.

E ssentia lly , these phenomena can  be classed into three main groups if  
the behaviour and changes of th e  tw o  fundam ental electrochem ical param ­
eters, current (or current density) and potentia l are taken into consider­
ation .

a) G alvanostatic potential oscillations.
b) P otentiostatic  current oscillations.
c) Periodic changes of the rest potentia l in  the case of open circuits.
In  the first tw o cases, it is rather im portant from the point o f v iew  of

the interpretation and discussion o f th e  periodic phenom ena that the proper­
ties o f  the external circuit may also determ ine the behaviour of the w hole  
system . Therefore, in  m any cases periodic phenom ena cannot be unequivocally  
assigned to  processes occurring at th e  electrodes investigated . Num erous data

Acta Chim. Acad. Sei. Hung. 97, 1978



300 HORÁNYI et al.: POTENTIAL OSCILLATIONS AT PLATINUM ELECTRODES

are  re p o r te d  in th e  l i te ra tu re  on periodic p o te n tia l  changes d u ring  th e  galvano- 
s ta tic  e lec tro -o x id atio n  o f various organic su b stan ces  (m ethano l, fo rm ald eh y d e , 
fo rm ic  ac id , isop ro p an o l). O n th e  o th e r h a n d , p o te n tio s ta tic  c u rre n t oscilla­
tio n s  a re  o ften  n o t even  know n for m ost o f th e  system s in v estig a ted .

In c id e n ta lly , th e  question  arises w h e th e r in th e  case of g a lv an o sta tic  
p o te n tia l  o scilla tions th e  phenom ena observed  are  ch a rac te ris tic  of th e  periodic 
p rocesses a t th e  e lec tro d e  or o f th e  w hole e lec tric  system  including  th e  ex te rn a l 
c irc u it an d  the  m ain  an d  au x ilia ry  elec trodes.

T h is  question  cou ld  be u n equ ivoca lly  answ ered  if  th e  oscillations observed  
in  g a lv a n o s ta tic  in v es tig a tio n s  w ere p ro d u ced  w ith o u t th e  ex te rn a l c ircu it used 
in  th e  g a lv an o sta tic  p rocess.T h is seem s possib le, a t least in princip le , in  consid­
e ra t io n  o f th e  th ird  ty p e  of oscillation  discussed above.

O scilla tions o f th e  re s t p o te n tia l h a v e  been  observed m ain ly  in  th e  
d isso lu tio n  of v a rious m eta ls . O scillation  o f th e  re s t p o ten tia l occurs in  th is  
case as a re su lt of period ic  changes in th e  r a te  o f th e  s im u ltaneous anode and  
c a th o d e  processes.

I f  i t  is assum ed th a t ,  in th e  course o f g a lv an o s ta tic  e lec tro -ox idation  of 
o rg an ic  substances a t  p la tin u m  electrodes, th e  ro le o f th e  ex te rn a l c ircu it in  th e  
p e rio d ic  p henom ena  is lim ited  to  p ro v id in g  fo r th e  c o n s tan t flow  of e lec trons, 
th e  e x te rn a l c ircu it c an , in  princip le, be rep laced  b y  a redox system  in th e  liqu id  
p h a se , capab le  of accep tin g  e lectrons a t a c o n s ta n t ra te  d irec tly  from  th e  p la ti­
n u m  electrode. In  th is  case, th e  anode process, e lec tro -ox idation , could be cou- 
p le te d  w ith  a ca th o d e  process (reduc tion  o f th e  red o x  system ) w ith o u t th e  use of 
a n  e x te rn a l  c ircu it.

I f  th e  anodpe rocess show s a period ic  b eh av io u r, th is m u st be revealed  
in  th e  periodic changes o f th e  rest p o te n tia l o f th e  p la tin u m  elec trode  im m ersed  
in to  th e  solu tion  of th e  tw o reac tin g  co m p o n en ts .

T h e  redox  sy s tem  can  perfo rm  a ta s k  e q u iv a le n t to  th a t  o f th e  g a lv an o ­
s ta t  on ly  if  its red u c tio n  ra te  does no t change w ith  th e  e lec trode  p o te n tia l in 
a r a th e r  wide p o te n tia l in te rv a l. I t  is well know n th a t  th is  co n d ition  can be 
re a d ily  realized  in  th e  p o ten tia l range  co rresp o n d in g  to  th e  ca th o d ic  lim itin g  
d iffu sion  cu rren t o f th e  redox  system . As concerns p rac tica l rea liza tio n , a t te n ­
tio n  m u s t be paid  to  th e  fac t th a t  th e  p o te n tia l in te rv a l in  w hich e lec tro -o x id a ­
tio n  an d  p o ten tia l oscilla tions occur, shou ld  fa ll w ith in  th e  p o ten tia l ran g e  co r­
resp o n d in g  to  th e  ca th o d ic  lim iting  c u rre n t o f th e  redox  system . T h is p reco n d i­
tio n  lim its  to  a c e r ta in  e x te n t th e  n u m b e r o f usab le  redox  sy stem s; b u t  i t  
w as th o u g h t th a t ,  in  th e  absence o f o th e r  in te rfe rin g  fac to rs, th e  system  
Ce4+/C e:i+ m ay, in  all cases, m eet th e  req u irem en ts .

T he p resen t co m m u n ica tio n  re p o rts  on in v estig a tio n s u n d e rta k e n  on th e  
b as is  o f th e  above considera tions w ith  th e  aim  of producing  p o te n tia l oscilla­
tio n s  a t  a p la tin u m  electrode im m ersed  in to  th e  so lu tion  of v a rio u s o rgan ic  
su b stan ces , and  Ce4 + o r  F e3+ ions.
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E xperim en ta l

The behaviour of methanol, form aldehyde, formic acid, ethylene glycol, glyoxal, glycol- 
aldehyde and isopropanol was studied. 1 M  HC104 and 1 M  H 2S 0 4 were used as supporting  
electrolytes. Periodic phenomena were investigated  on both bright and platinized P t electrod­
es. The geom etrical surface of the electrodes used was 10 cm 2. The roughness factor of the p la t­
inized electrodes varied between 500 and 1000. All the electrode potentials given in this paper 
were m easured against a hydrogen electrode im m ersed into  the supporting electrolyte.

Three-electrode cells were used in the experim ents. The auxiliary electrode was a p la t­
inized platinum  electrode, which was used only in polarization m easurem ents but had no role 
at all in the investigation  of the oscillations of the rest potential. The com partm ents for the 
reference and auxiliary electrodes were separated from the cell o f the main electrode by realed 
ground stopcocks. The solution was stirred partly by a flow  of argon, partly w ith a m agnetic  
stirrer. The flow  of argon sim ultaneously provided for an inert gas atm osphere.

A Model PS-20 (Meinsberg) potentiostat was used for the potentiostatic  investigations, 
while the galvanostatic  measurements were carried out w ith a galvanostat designed in this 
laboratory. The electrode potentials were m easured and recorded w ith a Model EMG-1363 
digital voltm eter, a Model Radelkis O P-207 recording pH -m eter and a Model Zeiss G1B1 
recorder.

R esu lts

F ig u res  1 — 8 show th e  p o te n tia l o scilla tions observed  in  various system s. 
I t  is a p p a re n t from  th e  figures th a t ,  as ex p ec ted , oscillations of th e  re s t p o te n ­
tia l  can  he p ro d u ced  w ith  the aid  o f su itab le  red o x  system s.

_  9 0 0  
>  
e
Ш

8 00

7 0 0

Fig. 1. Poten tia l oscillations in the m ethanol Ce4+ system  at a bright platinum  electrode.
«methanol =  2 m ol/dm 3; Cce‘+ =  2 . 5 x l 0 -3  m ol/dm 3

12 24  36
t (sec!

W hen F e 3+ ions are used, th e  possib ilities for th e  p ro d u c tio n  of oscilla­
tion  p h en o m en a  are  considerab ly  m ore  lim ited  th a n  in  th e  case of Ce4 + . T h is 
ev id en tly  follow s from  th e  fact th a t  th e  s ta n d a rd  red o x  p o te n tia l of th e  F e 3+/ 
F e 2+ system  (0.771 V) is su b stan tia lly  low er th a n  th a t  o f th e  Ce4+/Ce3 + sy stem  
(1.61 V). A ccord ing ly , th e  p o ten tia l sec tion  correspond ing  to  th e  ca th o d ic  
lim itin g  d iffusion  c u rre n t does n o t coincide for all su b stan ces w ith  th e  p o te n tia l 
in te rv a l co rrespond ing  to  po ten tia l oscilla tion . T he fa c t th a t  in  ce rta in  cases 
p o ten tia l o sc illa tions can be realized  in  th e  presence o f b o th  F e3+ an d  Ce4 +
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Fig. 2. Potential oscillations i n the form aldehyde-C e4+ system  at a bright platinum  electrode, 
«formaldehidé =  2 m ol/dm 3; cCe<+ =  1 .2 x 1 0 " *  m ol/dm 3

Fig. 3. Potential oscillations in the formic acid-C e4+ system  at a bright platinum  electrode, 
«formic acid =  1 m ol/dm 3; eCe* + — l X lO -4 m ol/dm 3

ions obviously  te s tif ie s  th a t  th e  p h en o m en a  observed are  in d e p e n d e n t of th e  
n a tu re  of th e  ions. T h u s , th e  role of th e  ions is ac tu a lly  re s tr ic te d  to  th e  accep ­
ta n c e  of th e  e lec tro n s released d u rin g  e lec tro -ox idation .

R eg re ttab ly , c e r ta in  in te rfe rin g  side effects m u st be faced  also in  th e  
case of Ce4+ ions o f  otherw ise a d v an tag eo u s  p roperties. I t  is kn o w n  from  th e  
l i te ra tu re  [2] t h a t  Ce4 + ions re a c t in  aqueous m edium  also in  hom ogeneous 
p h ase  w ith  d iffe ren t alcohols, a ldehydes, e tc . (C ertain  cerim etric  d e te rm in a ­
tio n s  are based  on  th is  fact.)

H ow ever, th e  ra te  of these hom ogeneous reactions is so low  u n d e r th e  
cond itions used  t h a t  th e y  do n o t cause s u b s ta n tia l  changes in  th e  Ce4+ co n ­
c e n tra tio n  even a f te r  prolonged periods o f tim e  a lth o u g h  th is  c o n c e n tra tio n  
is som etim es n o t v e ry  high. N a tu ra lly , th e  co n cen tra tio n  o f Ce4+ is n o t co n ­
s ta n t  even in  th e  absence of th is  s ide-reac tio n , as i t  m u st decrease also on 
acco u n t of th e  re d u c tio n  process a t  th e  p la tin u m  electrode. (E v id en tly , th e  
sam e is va lid  fo r F e 3+ ions.)
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F ig . 4. Potential oscillations in the glycolaldehyde-C e4+ system  at a platinized platinum  
electrode. Cgiycolaldehyde =  0-5 m ol/dm 3; cCe‘+ =  2.5 X 1 0 ~2 m ol/dm 3

F ig . 5. Potential oscillations in  the isopropanol-C e4+ system  at a bright platinum  electrode.
Isopropanol =  ° -5 m ol/dm 3; cCe<+ =  1 .5 X 1 0 -*  m ol/dm 3

In  th is case, the concentration o f  the oxidant decreases exponentially  
w ith  tim e, because in th e  range of th e  diffusion lim iting current the quantity

d q )
of oxidant arriving in u n it tim e at th e  electrode surface

df
in the following way:

can be expressed

dt d F
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w here ij is the density  o f  the lim iting diffusion current, referred to the geo­
m etrical surface, A  is th e  geom etrical surface area o f the electrode, kD is the  
apparent rate constant o f  diffusion process referred to  unit geom etrical surface 
o f  the electrode, c is the concentration o f the oxidant in the solution, n is the 
stoichiom etric num ber o f electrons in the equation describing the reduction  
(ox  +  ne =  red), and F  is the Faraday constant. 

q
Since — =  c, w here v is the volum e o f the solution phase, the relationship

v

dc kD
dt v

si valid , from which follow s the relationship

c =  cne - A * S - t

w here c„ is the in itia l concentration o f the oxidant in the solution at tim e  
t =  0. Thus, the density  o f the lim iting diffusion current changes w ith tim e ac­
cording to the relationship

n F к - A - ^ - t
D ' -о'

T he trivial statem ent follow s unequivocally that, under given diffusion condi-
A

tion s, the smaller the — ratio, the slower the concentration o f the oxidant
v

changes with tim e. H ow ever, it is im portant that the above relationships are 
va lid  for both bright and platinized electrodes, because only the geometrical 
surface plays a role in  the diffusion process. N aturally , there w ill be a great 
difference in current densities referred to  the “ true” surface I f  the roughness 
factor of the bright electrode is denoted by vs and of the platinized electrode 
b y  vk, and it is assum ed th at the m agnitude of the “ true” surface has been deter­
m ined in both cases b y  the same m ethod (e.g. from the charging curves), then  
th e  current densities referred to the “ true” surface in the case of identical 
values will be

vs
h
Vk

On the other hand, it follows from the above relationships that in the  
case of the platinized electrode, the oxidant m ust be applied at a concentration

b y  -----times higher than  in the case o f the bright electrode, if  identical true
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Fig. 6. Potential oscillations in the ethylene g lyco l-F e3+ system  at a platinized platinum  
electrode. Supporting electrolyte 1 m ol/dm 3 IIC104; 
cethylene glycol =  0.5 m ol/dm 3; Cpe3+ =  0.05 m ol/dm 3

Fig. 7. Potential oscillations in  the glyoxal—F e3+ system  at a platinized platinum  electrode. 
Supporting electrolyte 1 m ol/dm 3 HC104;

Cgiyoxai =  0.2 m ol/dm 3; cFes+ =  1 .2 x l 0 ~ 2 m ol/dm 3

current densities are to  be provided (presum ing that kD is identical in both  
cases).

Thus, it  follows from the aforesaid that, depending on the experim ental 
conditions, the oscillation phenom ena observed can be assigned to  approxi­
m ately  steady states only in a certain tim e interval. This interval m ay som e­
tim es be as long as 30 min or even 1 h, and within th is interval potentia l 
oscillations can be conveniently observed. At the system s investigated  only
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F ig . 8. Potential oscillations in  the ethylene glycol-Ce4+ system  at a bright platinum  electrode, 
«ethylene glycol =  1 mol/dm3; cCe*+ =  З х Ю " ' m ol/dm 3

in  th e  case of g lyoxal w as th e  d ifficu lty  en co u n te red  th a t  ow ing to  th e  hom o­
geneous ox idation  re a c tio n  w ith  Ce4+, no oscilla tions p e rm a n e n t over a longer 
p e rio d  could be observed . H ow ever, in th is  case oscilla tions could  be produced  
w ith  F e 3 + ions, as show n  in  F ig . 7. The co n su m p tio n  o f Ce4+, i.e. th e  decrease 
in  i ts  co n cen tra tio n  cou ld  be v isually  follow ed th ro u g h  th e  deco loura tion  of 
th e  so lu tion  and  th e  ch an g e  in  in ten s ity  o f th e  yellow  co lour of th e  so lu tion . 
I t  shou ld  be m en tio n ed  th a t  in  our p re lim in a ry  in v es tig a tio n s  experim en ts 
w ere  carried  ou t also w ith  ions. T he use o f th e  Cr20 7 ~/Cr3 + system  h ad
to  be  given up  for th e  rea so n  th a t  th e  ra te  o f hom ogeneous o x id a tio n  w as too  
h igh . N ot m ore th a n  one or a t  th e  m ost tw o  p o te n tia l oscillations could be 
o b serv ed  up to  th e  co n su m p tio n  of th e  ch ro m a te  ions, in d ica ted  also b y  th e  
co lou r change of th e  so lu tio n . No redox  sy stem  seem s to  ex is t for w hich th e  
hom ogeneous o x id a tio n  reac tio n s can be co m ple te ly  d isregarded .

W hen i t  has b een  estab lished  th a t  osc illa tion  p h en o m en a  can be realized  
also  in  th e  case o f open  c ircu its  in  th e  system s discussed above, a closer inspec­
tio n  o f th e  re la tio n sh ip  be tw een  th e  oscilla tions o f th e  re s t p o ten tia l and  th e  
g a lv an o sta tic  p o te n tia l  oscillations seem ed to  be a p p ro p ria te . R esu lts of these 
in v estig a tio n s w ill be  show n on th e  exam ple o f th e  e lec tro -ox idation  of e thy lene  
g lycol a t  a p la tin ized  p la tin u m  electrode.

F igures 9, 10, 11 a n d  12 show  g a lv an o sta tic  an d  Ce4+-induced  p o ten tia l 
oscilla tions for v a rio u s  e th y len e  glycol co n cen tra tio n s , c u rre n t densities and  
Ce4+ co n cen tra tions, re sp ec tiv e ly . C urren ts be long ing  th e  ga lv an o sta tic  cases 
(I) m ay  be co rre la ted  w ith  th e  lim iting  ra te  o f red u c tio n  of Ce4+ ions. In fo rm a­
tio n  on th e  m ag n itu d e  o f  th e  lim iting  d iffusion  c u rre n t ( I j)  could he ob ta ined  
fro m  th e  p o te n tio s ta tic  p o la riza tio n  curves reco rd ed  for th e  system  con ta in ing  
Ce4+ ions and  e th y len e  glycol. Curves of th is  k in d  are show n in  Fig. 13. F ro m  
th e  long lim iting  c u r re n t section  belonging to  th e  ca th o d ic  p a r t  of th e  p o la r­
iza tio n  curve, th e  lim itin g  cu rren t can  be u n am b ig u o u sly  determ ined . (In  fac t, 

i t  is suffic ien t fo r th is  p u rp o se  to  de te rm ine  th e  c u rre n t a t  a single p o ten tia l
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Fig. 9a. G alvanostatic potential oscillations at a platinized platinum  electrode. I  =  15 m A  
9b. R est potential oscillations with Ce4+ . I l =  13 m A, cethyiene glycol =  0.2 m ol/dm 3

Fig. 10a. G alvanostatic potentia l oscillations at a platinized platinum  electrode. I  =  11 m A  
10b. Oscillations of the rest potential w ith Ce4+. 

h  =  10.5 mA, cethylene glycol =  0.4 mol/dm3

inside th e  potential range corresponding to the lim iting current section.) 
W hen F e 3+ ions and other organic substances are used, sim ilar polarization  
curves are obtained, as can be noted from  Fig. 14. The sim ilarity o f oscillations 
produced by the galvanostatic and th e  redox system s at similar I  and f) 
values can be clearly seen. B y  the increase or decrease of ethylene glycol con ­
centration , changes o f similar character are produced in the periodic phenom ­
ena in both cases. The same is re levan t to  changes in  th e  galvanostatic  
current and the lim iting diffusion current.

I t  has been known since long in conjunction  with galvanostatic potential 
oscilla tions that under given experim ental conditions oscillations do not begin
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Fig. 11a. G alvanostatic potentia l oscillations at a platinized platinum  electrode. I =  11 m A  
l i b .  Oscillations of the rest potential w ith  Ce4+

I \  ~  10.5 mA, êthylene glycol “  mol/dm

r

F ig. 12a. G alvanostatic potentia l oscillations at a platinized platinum  electrode, I =  16.5 m A  
12b. Oscillations of the rest potential w ith  Ce4+

1 г — 17 mA, cethylene glycol =  1-^ m ol/dm
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Fig. 13. P otentiostatic  polarization curves o f a platinized platinum electrode in the ethylen e  
glycol-C e4+ system . сер,у|епе glycol =  0.3 m ol/dm 3; c^e'+ =  0.3 m ol/dm 3: cCe<+ =  1 X • 10 ~ 2 (1); 

1 8X IO"2 (2); 2 .5X  IO"2 (3) mol/dm3

Fig. 14. P oten tiostatic  polarization curve o f a platinized platinum electrode in the g ly o x a l-F e3+ 
system . Cgiyoxal =  0.1 m ol/dm 3; Cpc5+ =  5 X 10 ~ 3 m ol/dm 3

below a ce rta in  c u rre n t value an d  c a n n o t be observed above a ce rta in  c u rre n t. 
T he sam e is tru e  in  th e  case of osc illa tions p roduced  b y  red o x  system s w ith  
resp ec t to  th e  m ag n itu d e  of th e  lim itin g  cu rren t, so th a t  also here a close p a ra l­
lelism  ex is ts  betw een  th e  tw o m ethods.

In  v iew  of th e  fa c t th a t  th e  m a g n itu d e  of th e  lim iting  d iffusion c u rre n t 
can  be changed  b y  v a ry in g  th e  s tir r in g  in ten s ity , a re la tiv e ly  co n v en ien t 
m ethod  is availab le  fo r th e  chang ing  o f periodic phenom ena. T his p ro ced u re  
is e ssen tia lly  eq u iv a len t to  th e  chan g in g  o f cu rren t in te n s ity  in  th e  galvano- 
s ta tic  m e th o d .

Conclusions

O u r in itia l a ssu m p tio n  th a t  g a lv a n o s ta tic  p o ten tia l oscillations can  be 
sim u la ted  b y  th e  oscilla tion  of th e  re s t  p o te n tia l of system s co n ta in in g  a red o x  
system  an d  an  organic su b stance , cou ld  be p roved  on th e  basis of th e  e x p e ri­
m en ta l m a te r ia l p resen ted  in  th is  p a p e r. T hese  observations ca s t d o u b t on th e  
assu m p tio n s accord ing  to  w hich, th e  e x te rn a l c ircu it p lays a decisive ro le in  
th e  p ro d u c tio n  of g a lv an o sta tic  p o te n tia l  oscillations, a t  le a s t in  th e  cases 
in v es tig a ted .
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The results perm it further to conclude th at the number of system s in 
w hich oscillations o f  th e  “ rest” potential can be produced, m ay be considerably  
increased. It is su ffic ien t for the production o f potential oscillation, if  only  
one o f the coupled cathode and anode processes reveals a periodic behaviour.

After the exclusion o f the possible role o f the external circuit, the question  
arises what processes a t th e  electrode surface are responsible for the periodic 
potentia l oscillations. In  m any of the cases investigated , oscillations occur in 
a potentia l interval in  w hich no oxide layer has y e t been formed on the p la ti­
num  surface, so th a t th e  phenomenon cannot be explained by oscillation m odels 
in vo lv in g  the assum ption of an oxide layer.

I t  seems rather m ore likely that the developm ent of oscillation phenomena 
should be attributed to  th e  behaviour of the chem isorbed layer of the organic 
substances. A ttem pts h ave been made to take th is factor into consideration in 
th e  interpretation o f potential oscillations occurring in the galvanostatic  
electro-oxidation o f isopropanol [3].

During oxidation  th e  organic substance can participate in the following  
processes:

(la) Chem isorption, involving dehydrogenation, the rupture of bonds, 
possib ly  the splitting o f  the molecule and considerable charge transfer. E ssen­
tia lly , this is an ox id ation  process, too .

(lb) O xidation o f  the products of chem isorption and rem oval of the  
oxidation  products from  the electrode surface.

(II) O xidation o f the organic m olecule yield ing some definite end- 
product, which proceeds on free sites not involved  in chem isorption (e.g. for­
m ation  of form aldehyde or formic acid from  m ethanol, o f glycolaldehyde or 
glyoxal from ethylene g lycol). Processes (la ) and (Ib) are well-known from the  
literature [4 — 8]. T he oxidation  of chem isorbed molecules takes place only  
above certain p oten tia l values, so th at at potentials more negative than these, 
the surface is v irtu a lly  com pletely covered w ith  chemisorbed molecules. This 
chem isorbed layer form s a barrier to reactions o f type (II) and behaves as a 
passive layer. A ccordingly, the oxidation o f the chemisorbed layer increases 
the reaction rates, because it increases the number of free sites. A change in  
coverage with chem isorbed molecules affects therefore the rate of processes 
proceeding by route (II) . In  steady-state  galvanostatic cases the current is 
distributed on the basis o f the aforesaid betw een three processes:

I  — Ia + I i  + 1%

where Ia, I x and I2 are the currents corresponding to chem isorption, to the o x i­
dation of chem isorbed molecules and to  th e  actual oxidation processes, respec­
tiv e ly . In the steady sta te , all three partial currents are constant. I f  potential
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oscillations can b e  observed, th e  ch arg e  in v o lv ed  in  charg ing  an d  d ischarg ing  
of th e  electrode m u s t  also be ta k e n  in to  acco u n t in  th e  charge ba lan ce . I f  th e  
capac itance  of th e  electrode is C, th e n  th e  above eq u a tio n  will have  th e  fo l­
low ing form :

I  =  h  {E, t) +  h  (E , t) +  I., ( £ ,  t) +  C
dt

w here i t  is in d ic a te d  th a t  I a, I x an d  J2 d ep en d  on th e  p o te n tia l (E)  an d  on tim e  
(f), th e ir  m a g n itu d e  an d  ra tio  ch an g in g  as a fu n c tio n  o f tim e . I  is n a tu ra lly  
co n stan t. To th e se  equations, th e  eq u a tio n  describ ing  th e  v a r ia tio n  of th e  
coverage b y  chem iso rbed  m olecules w ith  tim e  m u st be add ed :

сШ _  ( l a ____h
dt p  F n a F n l

w here F  is th e  F a ra d a y  co n stan t, n a an d  n x a re  th e  sto ich iom etric  n u m b ers  o f 
th e  elec tron  in  th e  eq u a tio n s describ ing  ch em iso rp tio n  an d  o x id a tio n  of th e  
chem isorbed  m o lecu le , and  p  is th e  a m o u n t of th e  chem isorbed  m olecules 
(m ol) a t  th e  su rface  in  th e  case of co m p le te  coverage. O n th e  basis o f v a rious 
m odels, I a, I x an d  J 2 can  be given as a fu n c tio n  o f 0  an d  E.  A c tu a lly , th e  
system  of d iffe ren tia l equations o b ta in e d  in  th is  w ay  shou ld  be analyzed  to  
de te rm ine  w h e th e r perio d ic  so lu tions do ex ist. T he selec tion  o f su itab le  m odels 
is th e  su b jec t o f f u r th e r  investiga tions.
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It has been shown that during the oxidation  of ethyleneglycol in acidic m edia 
on platinized platinum  electrodes, among other products, com pounds are formed which  
are reduced at appreciable rates at potentials slightly  more positive than the potential 
of the equilibrium  hydrogen electrode. To interpret the phenom ena observed, the electro­
hydrogenation and the catalytic hydrogenation of the oxidation  products o f ethylene  
glycol (HOCH2-C H O . O H C -C H O , HOCH2-C O O H , O H C -C O O H , H O O C -C O O H ) 
at the platinized platinum  electrode and on a platinum  powder catalyst in an acidic 
medium have been investigated . Appreciable reduction rates were found only in  the  
case of the oxo com pounds. It has been shown th a t hydrogenation reactions can be o b ­
served only if  defin ite experim ental procedures are used. For the rate o f electrohydro­
genation or hydrogenation the following order has been established: HOCH2—CHO -  
=- O H C -C H O  g> O H C -C O O H . As a result o f the electrohydrogenation or hydrogen­
ation of glycolaldehyde and glyoxal, m ainly ethane is formed, presumably via  acet­
aldehyde as an interm ediate.

Experim ental results unequivocally show  that glycolaldehyde or glyoxal, or 
both com pounds m ay be formed in substantial am ounts during the oxidation of ethylene  
glycol.

The electrochem ical behaviour of ethylene glycol and its oxidation prod­
ucts (H O C H ,-C H O , O H C -C H O , HOCH2-C O O H , O H C -C O O H , H O O C -  
COOH) at the p latinum  electrode has been discussed in  several papers [1 —18]. 
The papers cited deal primarily w ith problems of electro-oxidation and adsorp­
tion. In spite o f th is, w ith  the exception o f oxalic acid, little  inform ation is 
available on the actual route of oxidation o f these com pounds. Inform ation  
is even more lim ited on the electroreduction o f these com pounds; indeed, on 
the basis o f the literature the conclusion m ight be drawn th at they  are essen­
tia lly  not reduced at the platinum  electrode. Certain doubts arise in conjunc­
tion  w ith the justifica tion  of this latter assum ption, as earlier investigations  
[19 — 21] have shown th at simple aliphatic oxo com pounds (acetone, m ethyl 
ethyl ketone, acetaldehyde, propionaldehyde) can be reduced in acidic m edia  
at an appreciable rate at the platinum electrode, and the respective hydrocar-
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bons som etim es form  a considerab le  p a r t  o f th e  p roducts o b ta in ed . D o u b tless , 
th e  ex istence  o f these  reac tions has long  escaped a tte n tio n  because o f ag in g  
p h en o m en a  due to  th e  s tro n g  ch em iso rp tio n  of th e  s ta r tin g  m a te ria ls  an d  
b y -p ro d u c ts  possibly form ed in  sm all am o u n ts . P resu m ab ly , s im ilar p h en o m ­
en a  ex is t also in  th e  case o f oxo co m pounds derived  from  e th y len e  g lycol. 
S ta r t in g  from  th is  a ssu m p tio n , th e  possib le  red u c tio n  of th e  ox id ized  d e r iv a ­
tiv e s  o f e thy lene  glycol w ill be in v e s tig a te d  in  th is  paper.

T h e  e lucidation  of problem s re la te d  to  th e  redu c tio n  of th ese  co m p o u n d s, 
besides possib ly  ex ten d in g  ou r know ledge on th e ir  e lec trochem ical p ro p e rtie s , 
seem s to  be im p o r ta n t also because  d u rin g  ce rta in  o p era tio n s in  o x id a tio n  
s tu d ie s , e.g. du ring  ca thod ic  re g en e ra tio n , th e  electrode m ay  a t ta in  p o te n tia ls , 
a t  w h ich  possible red u c tio n  p ro d u c ts  m a y  d is to rt th e  re su lts  o f su b seq u en t 
o x id a tiv e  in v estig a tio n s.

Experim ental

1 M  HC104 and H 2S 0 4 were used as supporting electrolytes. P oten tiostatic  m easure­
m ents were carried out w ith a P S-20 (M einsberg) potentiostat. A three-electrode cell, well- 
know n from electrochemical literature, has been used. The reference electrode was a hydrogen  
electrode immersed into the supporting solution . All potential values reported are referred to 
the potential o f this electrode.

H ydrogenation experim ents were carried out w ith platinum  powder of about 10 m 2/g  
specific  surface. A hydrogenator fitted  w ith  a therm ostating jacket was used in  com bination  
w ith  a shaker of variable oscillation num ber. H ydrogenations were carried out at 25 °C.

Reduction of the oxidation products of ethylene glycol

As a lready  m en tioned  th e  ro u te  th ro u g h  w hich e lec tro -o x id a tio n  o f  e th y l­
ene glycol proceeds is essen tia lly  u n k n o w n . As a w ork ing  h y p o th es is , le t us 
s ta r t  from  th e  following sim ple re a c tio n  schem e:

,  CH O
j— I V

C H ,O H  . CHO C H O  \ C H O  6 COOH
—  I - j  1 — I —  co2

C H 2O H  C H 2O H  C O O H  / С О О Я  COOH
3 > I /  5
3 C H 2O H

I t  should  n o t be fo rg o tten  th a t  o th e r  reac tio n  ro u tes  a re  also p o ssib le . 
T h u s , fo r exam ple, b y  analogy  to  hom ogeneous o x id a tio n  reac tio n s , i t  m ay  be 
p resu m ed  th a t  form ic acid is also fo rm ed  as an  in te rm e d ia te  in  th e  e lec tro ­
o x id a tio n  of h y d ro x y  or oxo acids, from  w hich carbon  d ioxide is fo rm ed , sim i­
la r ly  as from  oxalic acid.
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T he e lec tro -o x id atio n  of e th y len e  g lycol proceeds on  th e  p la tin ized  p la t i ­
n u m  electrode a lread y  a t  m od era te ly  p o sitiv e  p o te n tia ls  a t  appreciab le  ra te s , 
as can  be seen from  th e  section  of th e  p o te n tio s ta tic  p o la r iz a tio n  curve  show n 
in  F ig . 1. I t  is know n from  earlier in v es tig a tio n s  [14] t h a t  in  th e  p o te n tia l

— I----------------- — I______________________ I_____________ I 

4 0 0  5 0 0  6 0 0  7 0 0  8 0 0
E (mV)

F ig .\l .  Polarization curve o f ethylene glycol (0 .2  m ol/dm 3) in 1 Ilf HC104 as supporting electro­
ly te

in te rv a l corresponding  to  th is  section o x a lic  acid is e ith e r  n o t oxidized or on ly  
a t  a v e ry  low ra te . T h u s , p resum ab ly , th e  com plete  o x id a tio n  o f e thy lene  g lycol, 
y ie ld in g  C 0 2, need n o t be  tak en  in to  co n sid era tio n . W hen  po lariz ing  th e  elec­
tro d e  over a longer tim e  a t  a given p o te n tia l ,  betw een  500 an d  700 mV, th e n  
ra p id ly  decreasing th e  p o te n tia l to  0 m V , th en  depend ing  on  th e  a m o u n t of 
ch arg e  h av in g  passed  th ro u g h  th e  sy s te m  during o x id a tio n , a considerab le  
ca th o d ic  cu rren t can  be  observed in  th e  p o ten tia l in te rv a l from  0 to  100 mV. 
C athod ic  po lariza tion  cu rv es observed  a fte r  anodic p o la riza tio n  of d iffe ren t 
e x te n ts  are  shown in F ig . 2. This p h en o m en o n  shows th a t  p ro d u c ts  are  fo rm ed  
d u rin g  ox ida tio n  w hich  undergo re d u c tio n  a t  po ten tia ls  m ore  neg a tiv e  th a n  
100 mV.

Fig. 2. Cathodic polarization curves after anod ic polarization for different periods. M agnitud  
of charge passed during anodic polarization: 0 (1); 85 (2); 145 (3); 320 (4); 560 (5)C
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I t  should be m en tio n ed  th a t  in  reco rd in g  th e  ca th o d ic  po la riza tio n  cu rves 
we alw ays s ta rted  from  0 mV and  proceeded  to w ard s m ore p o sitive  p o ten tia ls . 
I n  th e  opposite case a su b s ta n tia lly  low er c u rre n t w as o b ta in e d . In  th e  d e te r ­
m in a tio n  of c u rre n t v a lu es  belonging to  g iven  p o te n tia ls , we w aited  o n ly  
fo r 3 — 5 m in, because  th e  c u rre n t decreased  w ith  tim e . T hese  problem s w ill 
be discussed la te r  on. T h e  set of curves p re sen ted  u n eq u iv o ca lly  shows th a t ,  
w ith in  an  iden tical p ro ced u re  th e  m ag n itu d e  o f th e  ca th o d ic  c u rre n t a t a g iven  
p o te n tia l is a fu n c tio n  o f  th e  am oun t o f ch arg e  h av in g  passed  th ro u g h  th e  
sy s tem  during  anod ic  po la riza tio n .

Since no d a ta  a re  availab le  concern ing  th e  re d u c tio n  of the  assum ed  
in te rm ed ia te s  u n d e r th e  g iven exp erim en ta l cond itions, i t  seem ed necessary  to  
in v es tig a te  in  d e ta il th e  red u c tio n  of th e  com pounds in v o lv ed  in  th e  schem e 
fo r th e  ox idation  o f e th y le n e  glycol.
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Electroreduction of the assum ed interm ediates

O bservable c a th o d ic  processes h a v e  been  en co u n te red  in  th e  case o f  
g lycolaldehyde, g ly o x a l an d  glyoxylic acid , i.e. in  th e  case o f  oxo com pounds. 
E ssen tia lly , th is  is in  ag reem en t w ith  th e  s ta te m e n t t h a t  n e ith e r acids n o r  
alcohols are reduced  a t  th e  p la tin u m  elec trode  [22]. (T he reduc tion  of oxalic  
ac id , e.g., to  glycolic ac id  ta k e s  place a t th e  m ercu ry  or lead  electrode, a t p o te n ­
tia ls  considerably  m ore  neg a tiv e  th a n  th o se  in v es tig a ted  b y  us.) H ow ever, 
d e fin ite  exp erim en ta l m e th o d s  are needed  to  m ake th e  e lec tro reduc tion  o r 
e lec tro h y d ro g en a tio n  o f  these  com pounds ac tu a lly  observab le . I t  is k n o w n  
fro m  th e  lite ra tu re  [2, 3, 9] th a t  g lyco la ldehyde, g lyoxal a n d  glyoxylic ac id  
a re  strong ly  ch em iso rb ed  on th e  p la tin u m  surface via  dehydrogenation . T h e  
e x te n t  and ra te  o f ch em iso rp tio n  depend  on th e  e lec trode  p o ten tia l. A t p o te n ­
tia ls  m ore negative  th a n  100 — 150 mV, th e  process is slow  an d , accord ingly , 
a t  these  po ten tia ls  re la tiv e ly  low coverages b y  th e  o rgan ic  substances can  be  
observed  even a f te r  r a th e r  long tim es. A t p o te n tia l v a lu es  rang ing  from  200 
to  500 mV ch em iso rp tio n  is rap id , th e  m olecules a lread y  adsorbed  can be re ­
m oved  from  th e  e lec tro d e  surface only b y  ox id a tio n . A t p o te n tia ls  around 0 m V , 
th e  p roducts of c h em iso rp tio n  rem ain  also on th e  e lec tro d e  surface, i.e. th e y  
a re  re s is tan t to  h y d ro g e n a tio n  or red u c tio n . T his calls a t te n tio n  to  th e  fa c t  
t h a t  g rea t care is n eed ed  in  the  in v es tig a tio n  of th e  h y d ro g en a tio n  re a c tio n . 
T h e  chem isorbed la y e r  m ay  co n stitu te  a su b s ta n tia l b a rr ie r  fo r th e  h y d ro g en a­
tio n  reaction  to  be  in v e s tig a te d . This a ssu m p tio n  is th e  m ore  ju stified , b ecau se  
i t  is know n to  be th e  case  in  ox idation  reac tio n s  [23, 24]. C onsequently , ch em i­
so rp tio n  should be  m in im ized  if  th e  re d u c tio n  process is to  be in v es tig a ted .

A ccordingly, th e  te s t  substance  w as added  to  th e  sy stem  w ith  th e  e lec­
tro d e  ad justed  in  th e  su p p o rtin g  e lec tro ly te  to  0 mV or m ore  negative p o te n ­
tia ls . F igure 3 show s th e  phenom ena observed  in  th e  case o f g lycolaldehyde.
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Fig. 3. Investigation of the reduction o f glycolaldehyde as a function of the life-history of the 
electrode. For detailed explanation see te x t

P assing  argon  th ro u g h  th e  sy stem  a t  0 mV, a ca th o d ic  c u rre n t corresponding  
to  hyd rogen  diffusion can  be  observed  (section  1). G lyco la ldehyde w as added  
to  th e  system  a t th e  m o m en t in d ica ted  b y  an  arrow . T h e  c u rre n t increased  
b y  a lm ost an  o rder of m a g n itu d e  (section  2), w hich un eq u iv o ca lly  ind ica tes  
th a t  a red u c tio n  process is ta k in g  p lace a t  a considerab le  ra te .

To prove th a t  th e  chem isorbed  lay e r form ed b y  d eh y d ro g en a tio n  in h ib its  
th e  red u c tio n  process, th e  p o te n tia l o f th e  electrode w as changed  to  250 mV 
an d  k e p t fo r som e tim e  a t  th is  v a lu e  (section  3). In  th is  sec tion , chem isorp tion  
is accom panied  b y  an  anodic  c u rre n t decreasing in  tim e . A fte r th is  (section  4) 
a t  0 mV, cu rren t is b u t s lig h tly  h igher th a n  before th e  ad d itio n  of g lycolal­
dehyde.

M oreover, i t  is know n from  th e  l i te ra tu re  th a t  th e  o x id a tio n  of chem i­
so rbed  m olecules begins a lread y  a t  500 — 600 mV and , fo llow ing th is , th e  o x id a ­
tio n  of th e  organic su b stan ce  in  th e  so lu tion  proceed a t  th e  lib e ra ted  sites. 
A ccord ing ly , keeping  th e  e lec tro d e  a t  600 mV (section  5) an  anodic c u rren t 
o f su b s ta n tia l m ag n itu d e  can  be observed . The decreasing  coverage b y  chem i­
so rbed  m olecules is show n b y  sec tion  6 , in  w hich a p e rcep tib le  ca thod ic  c u rre n t 
is flow ing again  a t 0 mV, i.e. th e  red u c tio n  process ta k e s  p lace again.

The sam e is p roved  b y  sec tions 7 an d  8 . A t 700 mV a  g rea te r frac tio n  of 
th e  chem isorbed  lay e r can  be  rem oved  th a n  a t  600 mV. As a re su lt o f th is , 
a h ig h er ca thod ic  c u rren t c an  be  observed  a t  0 mV th a n  before.

T he red u c tio n  ra te  o f  g lyco la ldehyde m ay  co nsiderab ly  decrease w ith  
tim e  a t  a given p o ten tia l. T h is p h enom enon  depends on th e  co n cen tra tio n  of 
g lyco laldehyde, as show n b y  F ig . 4. A t low co n cen tra tio n s on ly  sligh t “ ag ing” 
is revealed . I t  can  be concluded  from  th is  th a t  th e  decrease in  ra te  is caused 
e ith e r  b y  th e  co n cen tra tio n  d ep e n d e n t slow chem iso rp tion  o f  g lycolaldehyde or 
b y  th e  chem isorp tion  o f som e im p u rity . I t  seem s very  im p o r ta n t  th a t  an  a p p ro x ­
im a te ly  s tead y  s ta te  can  be  a tta in e d  ra th e r  easily a t  low  co n cen tra tio n s, a t
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F ig. 4. Variation of the reduction  rate o f glycolaldehyde w ith  tim e at various glycolaldehyde 
concentrations. (1) 6 x l 0 ~ 2; (2) 3 x M - 2 ; (3) lX l O -2  m ol/dm 3

F ig. 5. Cathodic polarization curves in the presence of glycolaldehyde at 3 x l 0 -2  (1) and 
5 х Ю _3 (2) mol/dm3 concentrations, starting from 0 mV. Curve 3 was p lotted  starting from  

90 mV, at 5 x l 0 -3  m ol/dm 3 concentration

le a s t  a t  p o ten tia ls  o f 10 — 30 mV, p rov ided  th a t  th e  decrease in  co n cen tra tion  
o f  th e  solu tion  due to  th e  reac tio n  need n o t be ta k e n  in to  considera tion .

A t th e  sam e tim e , d ifficu lties are m e t in  th e  reco rd in g  of s tead y -s ta te  
p o la riz a tio n  curves, because  th e  ra te  o f aging (d eac tiv a tio n ) phenom ena 
in creases  too upon  ch an g in g  th e  p o te n tia l in  th e  p o sitive  d irec tion . S ta rtin g  
fro m  0 mV, in  th e  0 — 100 mV in te rv a l th e  p o la riza tio n  cu rves show n in Fig. 5 
a re  o b ta in ed  a t  tw o d iffe ren t co n cen tra tio n s (curves 1 an d  2). C urren t values 
b e long ing  to  th e  g iven  p o te n tia ls  w ere d e te rm ined  a f te r  5 m in  of w aiting . 
P ro ceed in g  in  th e  opposite  d irec tion , su b s ta n tia lly  low er values are ob ta ined ,
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as show n by  cu rve  3 , w hich  has b e e n  recorded  for th e  low er co n cen tra tio n , 
s ta r tin g  from  90 m V  a n d  proceeding  in  th e  neg a tiv e  d irec tio n .

In  th e  case o f  g lyoxa l, s im ilar p henom ena h a v e  b een  observed, b u t  th e  
r a te  o f reduction , u n d e r  otherw ise id e n tic a l co n d itions, is considerab ly  low er 
th a n  in  th e  case o f  g lyco laldehyde. T h is  is show n b y  th e  p o la riza tio n  curves 
in  F ig . 6 , recorded u n d e r  iden tical cond itions.

In  th e  case o f  g lyoxylic  acid, th e  ra te  of re d u c tio n  is v e ry  low, red u c tio n  
a t  an  appreciable r a te  could  be o b serv ed  only a t  re la tiv e ly  h igh  co n cen tra tions. 
C urve 3 in  Fig. 6 is th e  po lariza tio n  cu rv e  of g lyoxylic ac id  a t  a co n cen tra tio n  
5 tim es  higher th a n  th o se  of g lyco la ldehyde and  g lyoxa l. T h e  d eac tiv a tio n  of 
th e  electrode was m o re  m arked  th a n  in  th e  tw o p rev io u s cases.

Fig. 6. Cathodic polarization curves o f g lycolaldehyde (1) and g lyoxa l (2) at 3 X 1 0  2 m ol/dm 3 
concentration, and o f  glyoxylic acid (3) at 1.5X 10-1  m ol/dm 3 concentration

D uring th e  re d u c tio n  of g lyco laldehyde and  g ly o x a l, v igorous gas evolu­
tio n  is observed. M ass sp ec tro m etric  analyses (for w h ich  we w ish to  th a n k  
D r. K . U jszászy) h a v e  show n t h a t  th e  gaseous p ro d u c t form ed is e th an e , 
i.e. th e  oxogroup is con v erted  in to  a C H 3 group acco rd in g  to  ex p ec ta tions. 
I n  th e  case of g lyco la ldehyde, a few p e r  cen t o f m e th a n e  w as also p resen t besides 
e th a n e , its  am ount chan g in g  from  ex p e rim en t to  e x p e rim en t. W hen th e  vo lum e 
o f th e  gas evolved is p lo tte d  a g a in s t th e  am o u n t o f  ch a rg e  passing  th ro u g h  
th e  system , th e  s t r a ig h t  line show n in  F ig . 7 is o b ta in e d . T hese experim en ts 
w ere carried  ou t a t  30 mV. F o r com parison , h y d ro g e n  w as m ade to  evolve 
from  th e  b ack g ro u n d  solu tion  u n d e r  iden tica l co n d itio n s b u t  a t  —20 mV. 
T h e  ra tio  of th e  slopes o f th e  lines is  a p p ro x im a te ly  H 2 : g lyoxal : g lycolalde­
h y d e  =  1 : 4 : 3 ,  i.e. th e  reactions described  b y  th e  o v era ll equations

H O C H 2- C H O  +  6H +  +  6e -  C H 3- C H 3 +  2 H 20
an d

O H C -C H O  +  8H +  +  8e -  C H 3- C H 3 +  2 H 20  

m a y  be assum ed to  occu r a t th e  e lec trode .
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F ig. 7. Volum e of gas evo lved  as a function of the am ount of charge having passed the system . 
(1) H 2; (2) HOCH2-  CHO; (3) O H C -C H O

F u rth e r  in fo rm a tio n  re le v a n t to  th e  reac tio n  p ro d u c ts  is o b ta in e d  from  
th e  re su lts  of c a ta ly tic  h y d ro g en a tio n . In  th e  follow ing, th e se  investig a tio n s 
w ill be  described.

Investigation of catalytic hydrogenation

E arlie r ex p erim en ts  [26] h av e  show n th a t  an in v e s tig a tio n  o f d irect 
c a ta ly tic  h y d ro g en a tio n  m ay  be v e ry  helpfu l in  th e  s tu d y  o f processes during  
e lec tro h y d ro g en a tio n . U n d er sim ilar exp erim en ta l cond itio n s, hyd ro g en a tio n  
a n d  e lec tro h y d ro g en a tio n  are necessity  eq u iv a len t to  one a n o th e r , i.e. th e  
re a c tio n s  of the  o rgan ic  m olecule are  id en tica l in  b o th  cases so th a t  iden tical 
p ro d u c ts  should be o b ta in ed . T h u s, th e  h y d ro g en a tio n  of g lycolaldehyde, 
g ly o x a l and  glyoxylic acid  w as in v es tig a ted  on a p la tin u m  c a ta ly s t .  S im ilarly  
as in  e lec tro h y d ro g en a tio n , special care h ad  to  be observed  in  th e  realiza tion  
o f  h y d ro g en a tio n , because  a t  a re la tiv e ly  h igh co n cen tra tio n  o f th e  organic 
su b s ta n c e  th e  ra te  o f  th e  reac tio n  co nsiderab ly  decreases. T h is  hap p en s also 
i f  th e  ca ta ly s t, before sa tu ra tio n  w ith  hyd rogen , is in  c o n ta c t w ith  th e  solu tion  
c o n ta in in g  the  organic sub stan ce . I f  th e  shak ing  of th e  h y d ro g e n a to r  is s topped  
w h e n  th e  reaction  ra te  is s till su b s ta n tia l, an d  a fte r som e tim e  (10 — 20 min) 
sh a k in g  is s ta r te d  a g a in , a considerab ly  low er hyd rogen  u p ta k e  ra te  is observed 
or th e  reac tio n  m ay  even  stop  a lto g e th e r. T herefore, th e  com p o u n d  to  be 
h y d ro g e n a te d  was ad d ed  to  a system  p rev iously  s a tu ra te d  w ith  hydrogen , 
a n d  shak ing  was im m ed ia te ly  s ta r te d .

T h e  phenom ena observed  can  be unequ ivocally  in te rp re te d  on th e  basis 
o f f in d in g s  in  th e  in v es tig a tio n  o f e lec tro h y d ro g en a tio n . I f  th e  hydrogen  
su p p ly  is in ad eq u a te , th e  reac tio n  proceeds a t  th e  expense o f hyd rogen  a d ­
so rb ed  on th e  ca ta ly s t. As a re su lt o f th is , th e  p o ten tia l of th e  c a ta ly s t  becom es
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g rad u a lly  m ore positive . The ra te  o f ch em iso rp tion  increases w ith  increasing  
p o te n tia l and , as has been seen, th e  r a te  of h y d ro g en a tio n  decreases b ecau se  
o f increased  chem isorp tion . T herefo re , w hen  carry ing  o u t th e  reac tio n , care 
should  be ta k e n  to  ensure a n ea r equ ilib rium  s ta te  in  th e  w hole system  
(g as-liq u id  b o u n d a ry  phase) w ith  re sp ec t to  hydrogen , to  rea lize  a s ta te  sim ilar 
to  th a t  a tta in a b le  in  e lec tro h y d ro g en a tio n  a t p o ten tia ls  o n ly  som ew hat m ore 
positive  (10 — 20 mV) th a n  0 mV.

In  F igs 8 a an d  8b hydrogen  u p ta k e  ra te s  are  p lo tte d  ag a in s t tim e  for 
g lyoxal and  g lycolaldehyde. I t  can  be n o ted  from  cu rves 1 th a t  th e  ra te  of 
hyd rogen  u p ta k e  v e ry  rap id ly  decreases w ith  tim e. T he fa c t th a t  th is  phen o m ­
enon is n o t exclusively  due to  a decrease in  th e  a c tiv ity  o f th e  c a ta ly s t can  
be seen from  sections 2. A t th e  tim e  m ark ed  by  an  a rrow , fresh  q u a n titie s  of 
th e  organic sub stan ces were in tro d u ced  in to  th e  system . In  th e  case of g lyoxal, 
th is  am o u n t w as th e  sam e as th a t  in itia lly  added , w hile in  th e  case of glycol-
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Fig. 8a. R ate o f glyoxal hydrogenation as a function of tim e (for detailed  explanation see text)  
Fig. 8b. R ate of glycolaldehyde hydrogenation as a function o f tim e (for details see tex t)

aldehyde, one h a lf  o f th e  in itia l a m o u n t w as added. T he ra te  increase  un eq u iv o ­
cally  tes tifies  t h a t  th e  change of th e  h y d ro g en a tio n  ra te  in  tim e  observed in  
th e  f irs t ex p erim en t is due to  th e  change in  co n cen tra tio n  of th e  substance  
h y d ro g en a ted . W h en  th e  shak ing  of th e  h y d ro g en a to r w as in te r ru p te d  for 
a b rie f period  (15 m in), i.e. th e  r a te  o f hydrogen  su p p ly  w as considerab ly  
reduced , th e  r a te  o f hy d ro g en a tio n  becam e v irtu a lly  zero (sec tion  3 of Fig. 8b).

In  b o th  h y d ro g en a tio n s, th e  reac tio n  seems to  be  a p p ro x im a te ly  of th e  
f irs t  o rder along a fa irly  long in itia l section . W hen th e  ra te  o f h y d ro g en  u p ta k e  
is p lo tte d  ag a in st th e  vo lum e o f h y d ro g en  absorbed , th e  in itia l sections are 
lin ear up  to  ra th e r  h igh conversions, as can  be seen from  F igs 9a and  9b for 
g lycolaldehyde an d  glyoxal. Follow ing th e  linear section , b o th  curves ex h ib it 
a b reak .
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Fig. 9a. Rate of apparent hydrogen uptake as a function o f the am ount of hydrogen (m ol) 
apparently taken up b y  1 m ol o f glycolaldehyde (0.5 g P t)

Fig. 9b. Sam e as in Fig. 9a, in  the case o f g lyoxal (2.5 g P t)

F o r g lycolaldehyde th e  a p p a re n t  h y d ro g en  u p ta k e  re fe rred  to  1 m ol of 
th e  organic sub stan ce , is a b o u t 2 m ol w hereas fo r g ly o x a l i t  is ab o u t 3 m ol. 
I t  m u s t be em phasized  th a t  we can  sp eak  only  o f a p p a re n t h y d ro g en  u p ta k e , 
b ecau se  w hen gaseous p ro d u c ts  a re  fo rm ed , th e  a c tu a l h y d ro g en  u p ta k e  can  
b e  ca lcu la ted  only  is know ledge o f  th e  reac tio n s ta k in g  p lace . O n th e  o th e r 
h a n d , we have seen in  co n ju n c tio n  w ith  e lec tro h y d ro g en a tio n  th a t  th e  fo rm a­
tio n  o f gaseous p ro d u c ts  m u st be ta k e n  in to  considera tion .

Mass sp ec tro m etric  analysis  show ed also in  th is  case th e  fo rm ation  of 
e th a n e . (Sim ilarly  as in  e lec tro h y d ro g en a tio n , som etim es a few  per cen t of 
m e th a n e  was also fo rm ed , p a r tic u la r ly  in  th e  case o f g lyco la ldehyde.)
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C onsidering th e  a p p a re n t  h y d ro g en  u p ta k e , i t  can  be  assum ed  th a t  th e  
h y d ro g e n a tio n  reac tio n  p roceeds m a in ly  accord ing  to  th e  overall eq u a tio n s

H O C H 2- C H O  +  3H 2 -  C H 3- C H 3 +  2 H 20
and

O H C -C H O  +  4H 2 -  C H 3- C H 3 +  2 H ,0 .

M oreover, i t  follows t h a t  in  th e  cases  in v e s tig a te d  th e  tra n s p o r t  o r th e  
a c tiv a tio n  (d issociative ad so rp tio n ) o f h y d ro g e n  c an n o t be th e  ra te -d e te r ­
m in ing  s tep  in  h y d ro g en a tio n , because in  th is  case th e  r a te  w ould n o t d ep en d  
on th e  co n cen tra tio n  o f th e  organic su b s ta n c e .

To p ro v e  th a t  h y d ro g en  tra n sp o rt c a n n o t be th e  ra te -d e te rm in in g  s tep , 
th e  re d u c tio n  of F e3+ ions h as  also been  s tu d ied . F igure  10 shows th e  r a te  of 
h y d ro g en  u p ta k e  in  th e  co m p le te  re d u c tio n  of a given am o u n t of F e 3+ ions. 
In  th is  case th e  ra te  o f h y d ro g e n  u p ta k e  does n o t depend  on th e  co n cen tra tio n  
o f F e 3+ ions in  th e  so lu tio n , b u t  rem ains p ra c tic a lly  c o n s ta n t u n til  th e  u p ta k e  
o f th e  req u ired  am o u n t o f h y d ro g en ; in d eed , i t  r a th e r  increases th a n  decreases, 
an d  on ly  in  th e  sho rt sec tio n  before th e  te rm in a tio n  o f th e  reac tio n  can  a 
su d d en  d ro p  o f h y d ro g en a tio n  ra te  be o b se rv ed . O n th e  o th e r h a n d , in  th is  
case th e  r a te  of hyd rogen  u p ta k e  is co n sid e rab ly  h igher th a n  in  th e  case o f 
g lyco la ldehyde or glyoxal. (F o r  com parison , th e  curve found  fo r g lyco la ldehyde 
is also show n in  Fig. 10 b y  th e  broken lin e .)

Fig. 10. Comparison of hydrogenation rates observed in  the presence of F e3+ ions (1) and 
glycolaldehyde (2 ), under identical experim ental conditions

T he m ax im al h y d ro g en  u p ta k e  ra te  o f  100 — 150 m l/h  found  for o rgan ic  
su b stan ces is also con sid erab ly  low er th a n  th e  ra te  of 350 m l/h  m easu red  in  
th e  re d u c tio n  o f F e 3+ ions, so th a t  it  can  b e  s ta te d  w ith  c e r ta in ty  th a t  in  th e  
fo rm er cases n e ith e r  th e  a c tiv a tio n  of h y d ro g en , nor th e  tra n s p o r t  o f h y d ro g e n  
is th e  ra te -d e te rm in in g  step .
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T he ra te s  o f h y d ro g en a tio n  o f g lyoxy lic  acid  are  considerab ly  low er t h a n  
tho se  fo r th e  o th e r  tw o  com pounds, s im ila rly  to  th e ir  e lec tro h y d ro g en a tio n . 
1 m ol o f glyoxylic acid  tak es  up  a b o u t 1 m ol o f hyd rogen . Owing m ain ly  to  
its  low  ra te  an d  u n c e r ta in  rep ro d u c ib ility , th is  reac tio n  has n o t been  in v e s t i­
g a ted  in  detail.

Discussion

T he e x p e rim e n ta l resu lts  u n eq u iv o ca lly  show  th a t  th e  reducib le  p ro d u c t  
fo rm ed  du ring  th e  o x id a tio n  of e th y len e  g lycol can  only  be an  oxo co m p o u n d . 
O f th e  th re e  possib le  oxo com pounds, g lyco la ldehyde, g lyoxal and  g ly oxy lic  
acid , on ly  th e  f ir s t  tw o  show ap prec iab le  re d u c tio n  cu rren ts , so th a t  one o f  
th e se  or b o th  are  fo rm ed  in  a considerab le  am o u n ts  d u ring  th e  m ild o x id a tio n  
o f e th y len e  glycol ca rr ied  o u t a t  n o t to o  h ig h  p o ten tia ls . As concerns th e  r e d u c ­
tio n  o f g lyoxal an d  g lycolaldehyde, from  th e  ava ilab le  d a ta  i t  is ra th e r  d iff ic u lt 
4o d raw  conclusions on  th e  m echan ism  o f th e  process. T he fa c t th a t  e th a n e  is 
fo rm ed  from  g ly o x a l is ac tu a lly  n o t sup ris in g  in  view  of w h a t is know n a b o u t  
th e  re d u c tio n  o f sim ple oxo com pounds. I n  th e  case of g lycolaldehyde, th is  
f in d in g  is n o t easily  u n d ersto o d  since, beside  th e  conversion of th e  CHO g ro u p , 
th e  red u c tiv e  e lim in a tio n  of th e  O H  g roup  shou ld  also occur. U nder th e  c o n ­
d itio n s in v es tig a ted  b y  us, th e  red u c tio n  o f alcohols is n o t to  be e x p e c te d . 
H ow ever, th e  O H  g ro u p  of g lyco la ldehyde is loosened, as has been p ro v ed  b y  
th e  in v es tig a tio n s  o f  G i l e a d i  et al. [25]. I n  th e  red u c tio n  o f glycol a ld e h y d e  
a t  th e  m ercu ry  e lec tro d e  a t  h igh n eg a tiv e  p o te n tia ls , re su ltin g  p inacol, th e  
fo u n d  ace ta ld eh y d e  as in te rm ed ia te  p ro d u c t.

I f  we assum e t h a t  ace ta ldehyde  is th e  f ir s t  red u c tio n  p ro d u c t on th e  p la ­
tin u m  electrode, th e  fo rm atio n  of e th a n e  can  be considered  a lready  as in e v i­
ta b le . A ccord ingly , th e  ace ta ldehyde  in te rm e d ia te  can  be assum ed also in  th e  
re d u c tio n  o f g lyoxal. H ow ever, in  th is  case th e  fo rm atio n  of g lyco la ld eh y d e  
in  th e  f irs t  s tep  of red u c tio n  can n o t be excluded . T ak in g  all th is  in to  c o n s id e r­
a tio n , a possible ro u te  of th e  re d u c tio n  o f g lyoxal an d  g lyco la ldehyde to  
e th a n e  can  be g iven  b y  th e  follow ing schem e:

CHO
I
CH2OH

\ C H 3 CH3 

C H O / 7 '  CH O  CH3
I /

CHO

P ro o f o f th e  assum ed reac tio n  ro u te  requ ires fu r th e r  in v e s tig a tio n s . 
H ow ever, on th e  basis  of th e  e x p e rim e n ta l re su lts  re p o rte d  in  th is  p a p e r , 
i t  can  be s ta te d  w ith  c e rta in ty  th a t  th e  e lec tro h y d ro g en a tio n  and  h y d ro g e n a ­
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t io n  o f oxo con ta in ing  b ifu n c tio n a l com pounds w ith  tw o  ca rb o n  a tom s can  
be rea lized  a t  the  p la tin u m  elec trode . T he e lec tro red u c tio n  o f g lyoxal an d  
g lyco la ldehyde serves as a fu r th e r  exam ple  o f th e  fa c t t h a t  th e  conversion of 
th e  oxo g roup  in to  a C H 3 g roup  does n o t requ ire  th e  use o f e lec trodes a t  w hich 
th e  h y d ro g en  overvo ltage  is h igh.
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The H g/H gO  electrode, used o n ly  as a reference electrode, was m odified so th a t 
it  proved suitable in  a broad concentration interval for m easurem ent of the changes in  
hydroxide ion a c tiv ity  of concentrated alkaline solutions. The hydroxide ion a c tiv ity  
in  alkaline alum inate solutions was m easured w ith  the aid of tw o such electrodes con­
nected  as a galvanic cell. A method o f  determ ining the diffusion potential arising in  the  
system  was also elaborated. Calculations based on the data thus obtained supported the  
literature finding th a t the tetrahydroxoalum inate ion predom inates in  system s w ith  
reasonably low  alum inium  contents. T he form ation of dimeric or oligom eric species 
m ay be assumed in  system s with higher alkali and alum inium  contents, but w ith  this 
experim ental m ethod in itself q u antitative  data were not obtained.

Introduction

T he fo rm atio n  o f hydroxo  com plexes can  in  general be follow ed b y  m ea ­
suring  th e  p H  ch an g e  o f th e  sy stem . T h is m e th o d  c a n n o t be em ployed  in  
c o n c e n tra ted  a lka line  solutions because  o f th e  a lkali sen s itiv ity  o f th e  cu s to m ­
a ry  e lectrodes. T h is m ay  be th e  re a so n  of th e  m a n y  co n tra d ic to ry  d a ta  in  
th e  l i te ra tu re  [1 — 9], fo r exam ple, in  connection  w ith  th e  com positions an d  
s tru c tu re s  o f th e  com plexes p resen t in  a lu m in a te -co n ta in in g  alkaline so lu tions. 
I n  o rd e r to  solve th is  problem , w e h a v e  tran sfo rm ed  th e  m ercu ry—m ercuric  
oxide e lectrode, p rev io u sly  used exc lu siv e ly  as a reference electrode [9 — 14], 
so t h a t  i t  is also su ita b le  for the  a c c u ra te  m easu rem en t changes in  h y d ro x id e  
ion  a c tiv ity  in  c o n cen tra ted  (several m o lar) a lkaline solu tions.

The m ercury-m ercuric oxide indicator electrode

T he m ate ria l o f  th e  electrode w as p rep a red  from  a m ix tu re  o f m eta llic  
m ercu ry  o f an a ly tic a l p u rity , fu r th e r  p u rified  b y  d is tilla tio n , an d  yellow  
m ercuric  oxide of a n a ly tic a l p u rity . T h e  com ponen ts w ere g round  to  a h o m o ­
geneous p as te  in  sm all portions in  a  p o rce la in  m o rta r , an d  th e  re su ltin g  p a s te  
w as p ack ed  above a few  drops of m e ta llic  m ercu ry  in  th e  in d ica ted  p a r t  o f 
th e  p ipe-shaped  e lec trode  vessel to  b e  seen in  F ig . 1. V ia  th e  sm all p la tin u m  
w ire so ldered  in to  th e  glass, the  e lec tro d e-h o ld in g  p a r t  o f th e  p ipe is co n n ec ted  
to  th e  m ercu ry  c o n ta c t, and to  th e  m illiv o ltm e te r via  th e  w ire p ro jec tin g  
in to  i t .
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Fig. 1. The schem e of the electrode cell

A s tu d y  w as m ad e  on th e  effect o f  th e  m ercu ry—m ercuric  oxide ra tio  on 
th e  electrode fu n c tio n . A 2 : 1 w eigh t ra tio  o f th e  tw o  com ponen ts w as found  
to  be  op tim um . I f  th is  ra tio  is in creased , th e  response tim e  of th e  e lectrode is 
le n g th e n e d , b u t th e  va lu e  o f th e  e lec trode  p o te n tia l does n o t change. D ecrease 
o f  th e  ra tio , on th e  o th e r  h an d , re su lts  in  a to o  h a rd , friab le  p a s te , w hich is, 
th e re fo re , d ifficu lt to  hand le .

T he response tim e  o f th e  e lec trode  depends n o t only  on th e  com position  
o f  th e  paste , b u t  also on th e  h y d ro x id e  ion  co n cen tra tio n  of th e  so lu tion  in to  
w h ich  th e  e lectrode is im m ersed  before  m easu rem en t. I f  th e  h y d ro x id e  ion  
c o n c e n tra tio n  of th e  so lu tion  to  be m easu red  differs by  m ore th a n  1 m ol/dm* 
fro m  th a t  o f th e  so lu tion  w ith  w hich  th e  electrode w as p rev io u sly  in  co n ta c t, 
th e  ap p ro p ria te  p o te n tia l v a lu e  o f th e  new  so lu tion  is es tab lish ed  w ith in  
a b o u t 5 m in.

T he rep ro d u c ib ility  of th e  m easu rem en ts  is ± 0 .3  mV, an d  a N e rn s t 
e lec tro d e  fu n c tio n  w as found  in  th e  c o n c e n tra tio n  in te rv a l 10~2—10 M . 
T h e  slope of th e  e lec trode  p o te n tia l vs. p O H  curve  p roved  to  be 59 mV.

As reference e lec trode , a m ercu ry —m ercu ric  oxide e lectrode w as sim ilarly  
u sed . As Fig. 1 show s, th is  w as s itu a te d  in  th e  tap -co n ta in in g , p ip e tte -lik e  
vessel em ployed for th e  calom el reference  e lec trode  in  p o te n tio m e try . In  th is  
w ay , i t  was sim ple to  ensure a c o n s ta n t ionic s tre n g th  in  th e  en tire  system ; 
th is  w as generally  m a in ta in ed  a t  6 M .

I f  th e  com positions o f th e  so lu tio n  to  be m easured  an d  th e  so lu tio n  in  
th e  reference e lec trode  are  ex ac tly  th e  sam e, th e  e. m. f. o f th e  system  is 0 
o r a v a lue  differing  o n ly  v e ry  s lig h tly  from  0. T he difference is c o n s ta n t for 
a g iven  electrode p a ir, an d  hence, i t  c an  easily  be co rrec ted  for. (T he d ifference, 
w hich  is a t m ost 1 —2 mV, stem s from  th e  d iffe ren t geom etries o f th e  elec­
tro d es .)
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F i g .  2. E.m.f. data v s . the logarithm of the hydroxide ion concentration

To p re se n t th e  app licab ility  o f th e  cell for co n cen tra tio n  m easu rem en t, 
in  F ig . 2 th e  e. m . f. d a ta  on a series o f sod ium  h y d ro x id e  so lu tions a d ju s te d  
to  an  ionic s tre n g th  of 6 M  w ith  sod ium  n i t r a te  are  p lo tte d  as a fu n c tio n  o f 
th e  lo g a rith m  o f th e  hydroxide ion  c o n c e n tra tio n . T he reference e lec tro d e  
co n ta in ed  1 M  sod ium  hydroxide, n a tu ra lly , also w ith  an  ionic s tre n g th  o f  6 M.

T he a n a ly tic a l p lo t deviates from  lin e a r ity  a t  low  an d  h igh  h y d ro x id e  
io n  co n cen tra tio n s . T he cause of th is  is th e  diffusion p o te n tia l arising  b ecau se  
o f th e  d iffe ren t com positions of th e  so lu tio n  u n d e r s tu d y  an d  th e  so lu tio n  in  
the  reference elec trode .

Study of the diffusion potential

I n  sp ite  o f  th e  co n stan t ionic s tre n g th , a diffusion p o te n tia l arises in  th e  
galvan ic  cell sy s tem  because of th e  ap p rec iab le  difference betw een  th e  m ob ilities  
o f th e  n i tr a te  a n d  hydrox ide  ions. B arcza  et al. [15] d em o n stra ted  how  th e  
d iffusion  p o te n tia l  due to  hydrogen  io n —ca tio n  exchange can  be ta k e n  in to  
acco u n t on th e  basis o f co n d u c tiv ity  m easu rem en ts . T he diffusion p o te n tia l  
due to  h y d ro x id e  io n -an io n  exchange in  ou r case was co rrec ted  fo r in  an  
analogous m an n e r. In  th e  know ledge o f  th e  co n cen tra tio n s  an d  th e  e q u iv a le n t 
c o n d u c tiv itie s , th e  diffusion p o ten tia l c an  be expressed  as follows [15]:

59.15 log j  j , NaOH___ NaNO,
M • A•M, NaNO,

( 1 )
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A t c o n s ta n t ionic s tre n g th , th e  va lu es  o f  th e  a c tiv ity  an d  co n d u c tiv ity  coeffi­
c ien ts  are  c o n s ta n t, a n d  th u s th e  fo llow ing  sim plifica tion  m ay  be in tro d u c e d :

к = A  N a O H  —  ^ M , N a N O ,

'lM , N a N O ,

К  = A
M

( 2)

(3)

H en ce , th e  d iffusion  p o te n tia l can  be d esc rib ed  b y  th e  follow ing eq u a tio n :

E d =  E 0 +  59.15 log  (1 +  K [O H -])  (4)

T h e  m easured  e lec tro d e  p o ten tia l is co m p rised  of tw o p a r ts :

E m =  E p +  E d =  E 0 +  59.15 log [O H "] +  E d (5)

B y  su b s titu tin g  E q . (4) in  place o f E d in  re la tio n  (5), we o b ta in  th e  fo llow ing 
fo rm u la :

E m - E d =  59.15 log [он-]
1 +  JC[OH-]

( 6 )

T h e  values o f к  a n d  К  determ ined  in  acco rd an ce  w ith  th e  above in  sod ium  
h y d ro x id e  so lu tions a d ju s te d  to  ionic s tre n g th s  of 2, 4 an d  6 M  w ith  sod ium  
n i t r a te  are  lis ted  in  T ab le  I.

Table I

D ata  necessary for correction o f  the diffusion potential

1
N a N 0 3 N aO H к К

2 M 63.7 142.4 1.234 0.617

4 M 44.2 96.2 1.175 0.293

6 M 31.9 62.6 0.963 0.160

T he p lo t o f log  [O H - ] vs. th e  e le c tro d e  p o te n tia l co rrec ted  b y  th e  d iffu ­
sion p o ten tia ls  c a lc u la te d  w ith  th e  ab o v e  d a ta  is p resen ted  in  F ig . 3, to g e th e r  
w ith  th e  ex p e rim en ta l curve. I t  can  b e  seen  th a t  co rrection  for th e  d iffusion  
p o te n tia l  s tra ig h ten s  th e  curve. T he c o rre c ted  electrode p o ten tia ls  can  be u t i ­
lized  fo r d irec t e q u ilib riu m  ev a lua tion  p u rp o ses .
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Fig. 3. The measured (- x -) and  the corrected (-О -) e.m .f. data vs. the logarithm  of the hydroxide
ion concentration

M,NaOH

Fig. 4. The dependence of the e .m .f. data on the ionic strength

Study o f other factors influencing the m easurem ent

A s tu d y  was m a d e  o n  how th e  e. m . f. of th e  cell depends on th e  ionic 
s tre n g th . T he d a ta  m e a su re d  in  system s w ith  ionic s tre n g th s  of 2, 4 an d  6 M  
a re  p resen ted  in  Fig. 4.

T he calib ra tion  c u rv e  o f the  e lec tro d e  was reco rd ed  in  so lu tions th erm o - 
s ta te d  a t  25 and  a t 60 °C. I t  can  be seen in  Fig. 5 t h a t  e lev a tio n  of th e  tem p er-
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Fig. 5. The tem perature dependence of the e.m .f. data

a tu re  changes th e  e lec trode  p o te n tia l in accordance  w ith  th e  N e rn s t re la tio n ­
sh ip , b u t  th e  fu n c tio n in g  of th e  e lectrode is n o t re s tr ic te d  a t  all. T h is p e rm its  
eq u ilib riu m  stud ies to  be m ade above room  te m p e ra tu re .

T he oxygen se n s itiv ity  o f th e  cell w as also s tu d ied . I n  c o n tra s t w ith  
m ercu ry —m ercury  ha lide  electrodes, th e  p re sen t e lectrode is n o t  sensitive to  
a tm o sp h eric  oxygen. In  sp ite  o f th is , th e  so lu tions were m ixed  w ith  oxygen- 
free  n itrogen  during  th e  inv estig a tio n s.

A fte r e s tab lish m en t of th e  electrode p o te n tia l, its  v a lu e  rem ains u n ­
ch an g ed  during  several hou rs. H ence, th e  electrode is also su ita b le  for k in e tic  
in v estig a tio n s.

Study of hydroxo com plexes of a lum in ium

T he electrode sy stem  described  w as em ployed  p rim a rily  to  s tu d y  th e  
a lu m in a te  com plexes p re se n t in  c o n cen tra ted  a lkaline so lu tion . To avoid  e rro rs  
due  to  th e  inertness o f th e  a lum in ium  com plexes, every  so lu tio n  exam ined  
w as p rep ared  in d iv id u a lly  n o t by  d ilu tio n  from  s ta n d a rd  so lu tio n s.

A w eighed q u a n t i ty  o f h ig h -p u rity  (99.99 %) a lu m in iu m  w as d isso lved  
in  a so lu tion  of know n  co n cen tra tio n  o f an a ly tica l g rade  sod ium  h y d ro x id e . 
A fte r  com plete d isso lu tion  o f th e  m eta l, th e  a p p ro p ria te  ionic s tre n g th  a n d  
f in a l volum e were a d ju s te d , fo r eq u ilib ra tio n  th e  so lu tions p re p a re d  in  th is  
w ay  w ere k ep t in  a closed p lastic  vessel in  a 100 °C w a te r  b a th  fo r 60 m in .

The co n cen tra tio n s of a lum in ium  and sodium  h y d ro x id e  w ere v a ried  in  
w ide in te rv a ls , and  an  effort w as m ade to  a tta in  a h igh  a lu m in iu m -so d iu m  
h y d ro x id e  ra tio .
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O n th e  basis o f th e  c a lib ra tio n  curve, th e  free h y d ro x id e  ion  co n cen tra ­
tio n  w as dete rm in ed  from  th e  p o te n tia ls  m easured  in  th e  a lum in iu m -co n ta in in g  
so lu tions. In  th e  know ledge o f th e  to ta l  h y d rox ide  ion  an d  th e  in itia l a lu m i­
n ium  co n cen tra tio n , i t  w as p ossib le  to  ca lcu la te  th e  av erag e  n u m b er (n ) o f 
h y d ro x id e  ions b o u n d  to  one a lu m in iu m  ion. T he re su lts  o f th e  f irs t series 
o f m easu rem en ts are  listed  in  T a b le  I I .

Table II

Formation data on the alum inium  hydroxo complex

Composition
(mol/dm3) ■^measured

(mV)
Equi­

librium
[O H -]

bound by
Al(OH)s

Total
bound

(A1]T [NaOH]T
[OH]- [ O H ]

0 .1 0 .6 1 8 .3 0 .4 9 0 .1 1 0 .4 1 4 .1

0 .1 l . i 0 .8 1 .0 1 0 .0 9 0 .3 9 3 .9

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

0 .1 2 .1 - 1 5 . 5 2 .0 4 0 .0 6 0 .3 6 3 .6

0 .1 3 .1 - 2 4 . 0 3 .0 5 0 .0 5 0 .3 5 3 .5

0 .2 0 .7 1 7 .3 0 .5 1 0 .1 9 0 .7 9 3 .9 5

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

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

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

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

0 .5 0 .9 1 9 .9 0 .4 5 0 .4 5 1 .9 3 3 .9 0

0 .5 1 .0 1 1 .5 0 .5 7 0 .4 3 1 .9 5 3 .8 5

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

0 .5 2 .0 - 1 1 . 2 1 .7 3 0 .2 7 1 .7 7 3 .5 4

0 .5 2 .5 - 1 7 . 4 2 .2 7 0 .2 3 1 .7 3 3 .4 5

0 .5 3 .0 - 2 2 . 5 2 .8 8 0 .1 8 1 .6 8 3 .3 5

0 .5 3 .5 - 2 6 . 0 3 .4 0 0 .1 0 1 .6 0 3 .2 0

S urp rising ly , w ith  th e  in c rease  o f th e  sodium  h y d ro x id e  co n cen tra tio n , 
th e  n  va lues decreased , w hich c o n tra d ic ts  w ith  all consid era tio n s of coord ina­
tio n  chem istry . A nalysis of th e  ex p erim en ta l d a ta  rev ea led  th a t  i f  th e  m easured  
p o te n tia l values w ere increased  b y  a value p ro p o rtio n a l to  th e  alum inium  
co n cen tra tio n , th e n  in  all cases th e  ca lcu la ted  n va lues p ro v ed  to  be very  close 
to  th e  va lu e  of 4, w hich co rresponds to  [A1(0H)4]~ ion  w hich  p resum ab ly  
p red o m in a tes  in  th e  system . I t  w as concluded from  th is  th a t  th e  n  values 
d iffering  from  4 in  T ab le  I I  a re  cau sed  by  the  d iffusion p o te n tia l due to  a lu ­
m in iu m -co n ta in in g  ions.

To clear th is  assum ption , i.e. fo r th e  exp erim en ta l d e te rm in a tio n  of th e  
diffusion p o ten tia l due to  th e  te tra h y d ro x o a lu m in a te  ion , cells w ere em ployed
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n  w hich  th e  a lu m in iu m  c o n c e n tra tio n  v aried , b u t  th e  free h y d ro x id e  ion 
c o n c e n tra tio n  was c o n s ta n t  a t  1.0 M  in  every  so lu tion . T h e  re su lts  o f such 
series are presen ted  in  T ab le  I I I .

Table III

D iffu sion  potential caused by the [A l(O H )i ] ion

A nalytical
composition
(mol/dm3)

Equilibrium
com position

(m ol/dm 3)

Reference
electrolyte

[NaOH]
mol/dm3

■ '̂measured
(mV)

-^asyium.
(mV)

^measd.— -^asymm.

[A1]t [NaOH]T [NaAl(OH).] [NaOH] [Al(OH)D

0 .3 1 .3 0 .3 1.0 1.0 4 .5 2 .5 6 .6 6

0 .5 1 .5 0 .5 1.0 1.0 5 .7 2 .5 6 .4

1.0 2 .0 1.0 1.0 1.0 8 .0 2 .3 5 .5

1 .5 2 .5 1 .5 1.0 1.0 1 0 .0 2 .5 5 .0

2 .0 3 .0 2 .0 1.0 1.0 1 4 .2 2 .5 5 .8 5

average 

6 mV

T he d a ta  in d ic a te  t h a t  th e  v a lu e  o f th e  diffusion p o te n tia l due to  1 M  
a lu m in a te  ion is on av e rag e  o f 6 m V . In  th e  know ledge o f th is , th e  diffusion 
p o te n tia ls  caused b y  th e  a lu m in a te  ion  w ere co rrec ted  for, a n d  th e  n  values 
w ere  recalcu lated  (T ab le  IV ).

T he d a ta  of T a b le  IV  show  th a t  in  th e  system s ex am in ed  th e  n u m b er of 
h y d ro x id e  ions b o u n d  b y  one a lu m in iu m  atom  is 4. O n th e  basis  o f lite ra tu re  
d a ta ,  i t  m ay be assu m ed  th a t  w ith  th e  increase of th e  a lu m in iu m  co n ten t of 
th e  solu tion  and  w ith  th e  decrease o f th e  alkali c o n c e n tra tio n , d im eric and  
po ssib ly  oligomeric ion s [8 ] m ay  be form ed in  ad d itio n  to  th e  m onom eric 
a lu m in a te  ion. In  th e  fo llow ing series, therefo re , th e  a lu m in iu m  co n cen tra tio n  
w as increased fu r th e r . T h e  d a ta  th u s  o b ta in ed  show  th a t  co rrec tions for th e  
d iffusion  po ten tia l in  th e se  sy stem s, con ta in ing  h igher a lka li an d  a lum inium  
co n cen tra tio n s, do n o t  lead  to  a lin ea r  co rre la tion  be tw een  th e  p o ten tia l 
d ifference and th e  a lu m in iu m  co n cen tra tio n . This is a p p a re n t from  th e  d a ta  in  
T a b le  V and  from  F ig . 6 . T h is in d ica tes  th a t  th e  a lu m in iu m  c o n te n t changes 
th e  e. m. f. no t on ly  v ia  th e  c rea tio n  of a diffusion p o te n tia l, b u t  also b y  o ther, 
p resu m ab ly  co o rd in a tio n  chem ical m eans (the  fo rm atio n  of d im eric  or oligo­
m eric  a lum inate  ions, an d  possib ly  o th e r associations).

F rom  th e  an a ly s is  o f a la rg e  n u m b er of ex p e rim en ta l d a ta , we have 
concluded  th a t ,  m ere ly  from  m easu rem en t of th e  e. m . f., i t  is n o t possible 
to  decide w h a t fa c to rs  are  responsib le  for th e  p o te n tia l difference arising in
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Table TV

Corrected n values determined in  alkaline alum inate solutions (ion ic  strength 
adjusted to 6 .0  M  with N a N 0 3)

Solution
composition
(mol/dm8) -^measured

(mV)
Bdilf.
(mV)

E corr .
(mV)

Equi­
librium
[O H -]

(mol/dm*)

Bound
[O H -]

(mol/dm3)
n nuncorr.

[A lji [NaOH]T

0 .1 0 .6 1 8 .3 1 8 .9 0 .4 8 0 .1 2 4 .2 4 .0

0 .1 l . i 0 .8 1 .4 1 .0 0 0 .1 0 4 .0 3 .9

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

0 .1 2 .1 - 1 5 . 5 - 1 4 . 9 2 .0 0 0 .1 0 4 .0 3 .4

0 .1 3 .1 - 2 4 . 0 - 2 3 . 4 3 .0 0 0 .1 0 4 .0 3 .5

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

0 .2 1 .2 0 .0 1 .2 1 .0 0 0 .2 0 4 .0 3 .8 0

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

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

0 .2 3 .2 - 2 4 . 1 - 2 . 2 9 2 .9 6 0 .2 4 4 .2 3 .6

0 .5 0 .9 1 9 .9 2 2 .9 0 .4 0 0 .5 0 4 .0 3 .9

0 .5 1 .0 1 4 .5 1 7 .5 0 .5 0 0 .5 0 4 .0 3 .8 5

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

0 .5 2 .0 - 1 1 . 2 3 .0 - 8 . 2 1 .5 0 0 .5 0 4 .0 3 .5 4

0 .5 2 .5 - 1 7 . 4 - 1 4 . 7 2 .0 3 0 .5 0 4 .0 3 .4 5

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

0 .5 3 .5 - 2 6 . 0 - 2 3 . 0 3 .0 0 0 .5 0 4 .0 3 .2 0

0 .4 1 .0 1 1 .6 1 4 .1 0 .6 1 0 .3 9 3 .9 7 3 .7 9

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

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

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

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

0 .4 3 .5 - 2 7 . 2 - 2 4 . 7 3 .1 0 0 .4 0 4 .0 3 .0

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

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

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

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

0 .8 1 .5 4 .0 8 .8 0 .7 5 0 .7 5 3 .9 3 3 .7 3

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

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

1 .0 2 .0 - 6 . 9 5 - 0 . 9 5 1 .0 9 0 .9 1 3 .9 1 3 .5 9

1 .0 3 .0 - 2 1 . 5 6 .0 - 1 5 . 5 2 .0 1 .0 4 .0 0 3 .3 5
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Table TV (continued)

Solution
composition

(mol/dra3) t-meaeored
(mV)

Edifl.
(mV)

■^corr.
(mV)

Equi­
librium
[O H -]

(mol/dm3)

Bound
[O H -]

(mol/dms)
n nuncorr.

[A1]T [NaOH]T

1 .0 3 .5 — 2 6 .2 - 2 0 . 2 2 .5 1 .0 4 .0 0 3 .1 3

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

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

0 .6 3 .2 - 2 6 . 6 - 2 3 . 0 2 .5 6 0 .6 4 4 .0 5 3 .3 2

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

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

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

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

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

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

1 .0 3 .2 - 2 4 . 8 6 .0 -  1 8 .8 2 .1 4 1 .0 6 4 .0 6 3 .4 1

1 .0 4 .0 - 3 1 . 4 - 2 6 . 4 3 .0 1 .0 4 .0 3 .2 1

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

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

1 .2 3 .5 - 3 2 . 3 - 1 8 . 8 2 .1 2 1 .3 8 4 .1 5 3 .4 7

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

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

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

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

1 .8 3 .0 - 2 1 . 0 - 1 0 . 2 1 .4 2 1 .5 8 3 .8 8 3 .3 8

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

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

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

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

so lu tio n s of th e  sam e free alkali co n cen tra tio n . T here  is no d o u b t th a t  p a r t  of 
th e  p o ten tia l d ifference stem s fro m  th e  diffusion p o te n tia l caused  b y  th e  alu- 
m in a te  ions. In  ad d itio n , th e  e. m . f. va lues a re  changed  b y  all processes 
accom pan ied  b y  a change in  th e  h y d ro x id e  ion a c tiv ity , e.g. fo rm ation  o f 
d im eric  or oligom eric ions. T h u s, i t  is also conceivab le  th a t  th e  change in  th e  
e. m . f. due to  th e se  processes a n d  th e  effect of th e  d iffusion  p o te n tia l  caused  
b y  th e  a lu m in a te  io n  fea tu re  to g e th e r  in  all th e  ex p erim en ta l d a ta .
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Fig. 6. The corrected e.m .f. data for Al(O H )4 . Ionic strenght 6 M, free [O H - ] 1.0 M

Table V

Effect o f the alum inium  content on the e. m .f . measured in  alkaline alum inale
solutions

A nalytical composition 
(mol/dm3)

Calculated equilibrium 
composition 

(mol/dms)

Reference
electrolyte
(mol/dm3)

■^measured
(mV)

[NaOH]T [A1]t [O H -] [Ai(OH)7 ]
[NaOH]

3 .0 1 .0 2 .0 1 .0 2 .0 - 2 1 . 2

4 .0 1 .0 3 .0 1 .0 3 .0 - 2 6 . 8

5 .0 1 .0 4 .0 1 .0 4 .0 - 3 2 . 9

6 .0 1 .0 5 .0 1 .0 5 .0 - 4 2 . 6

2 .5 2 .0 0 .5 2 .0 0 .5 +  9 .2

3 .0 2 .0 1 .0 2 .0 1 .0 - 7 . 6

4 .0 2 .0 2 .0 2 .0 2 .0 - 2 0 . 9

5 .0 2 .0 3 .0 2 .0 3 .0 - 2 5 . 5

5 .0 3 .0 2 .0 3 .0 2 .0 - 2 4 . 8

6 .0 3 .0 3 .0 3 .0 3 .0 - 3 0 . 6

E x p e rim en ta l d a ta  su itab le  for q u a n tita tiv e  d e te rm in a tio n  of th e  e x te n t 
o f a lu m in a te  d im er or p o ly m er fo rm a tio n , and  for c a lcu la tio n  o f th e  equ ilib rium  
d a ta  describ ing  these , m a y  th u s  be  o b ta in ed  only i f  th e  tw o  above effects 
can  be sep ara ted .

A ccordingly , we p la n  in  th e  fu tu re  to  s tu d y  th e  h y d ro x o  com plexes of 
a lum in ium  v ia  c o n d u c to m e tric , v iscosity , density  and  so lu b ility  m easu rem en ts.
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CONVERSIONS OF TOSYL AND MESYL 
DERIVATIVES OF THE MORPHINE GROUP, XXI*

C-6 H ALO G EN D E R IV A T IV E S OF D IH Y D R O C O D E IN E  

G. S o m o g y i , S .  M a k l e i t  and R . B o g n á r

( I n s t i t u t e  o f  O r g a n ic  C h e m is t r y ,  K o s s u t h  L a j o s  U n i v e r s i t y ,  D e b r e c e n )

R eceived Decem ber 6 , 1976

6-O-M esyldihydrocodeine w as converted into 6 -chlorodihydrocodide; also the  
new  compounds 6 -fluoro- and 6 -brom odihydrocodide have been synthesized. T he re­
action  of 6 -O -m esyldihydrocodeine w ith  sodium  iodide did not give the 6 -iodo derivative, 
b u t the product w as deoxycodeine-C.

O f th e  possible C —6 h a lo g en  deriv a tiv es  of d ihydrocodeine , o n ly  th e  
chloro  d e riv a tiv e  has been  described  in  th e  l i te ra tu re ; th is  w as p re p a re d  b y  
th e  h y d ro g en a tio n  o f a -ch lo rocod ide  u n d e r contro lled  cond itions or b y  th e  
tr e a tm e n t  o f d ihydrocodeine  w ith  p h o sphorus p en tach lo rid e . T he co m p o u n d  
has s tru c tu re  3 (3-m ethoxy-4 ,5a-epoxy-6 /3 -ch lo ro -17-m ethy lm orph inan) [1].

O n th e  basis o f ou r earlie r re su lts  [2a — f], 6-O -m esyld ihydrocodeine (1) 
w as chosen  as th e  s ta r tin g  m a te r ia l in  th e  p rep a ra tio n  of halogen  d e riv a tiv e s  
of d ihyd rocode ine .

T h e  in v estig a tio n s a re  su m m a riz e d  in  Schem e 1 an d  T ab le  I .
A s show n in th e  Schem e an d  T ab le , th e  chloro d e riv a tiv e  (3) w as p re p a re d  

from  1 in  a new  re a c tio n  ro u te , a n d  th e  fluoro  (2) an d  b rom o (4) d e riv a tiv e s  
u n k n o w n  u p  to  now  h av e  also been  syn thesized . A ccording to  our ex p e rim en ts , 
th e  iodo  d e riv a tiv e  c a n n o t be  p re p a re d  in  th is  w ay : conversion  occured on ly  
u n d e r th e  cond itions specified  in  E x p e rim en ta l, w hen  deoxycodeine-C  (5) 
w as o b ta in ed . T he sam e com p o u n d  w as form ed, in  ad d itio n  to  th e  b rom o  
d e riv a tiv e  (4), a t  h igher te m p e ra tu re s , an d  th is  w as th e  on ly  p ro d u c t o f  th e  
re a c tio n  o f  1 an d  b rom ide an ion  w h en  th e  reac tio n  tim e  w as prolonged.

D eoxycodeine-C  (5) can  be sy n th esized  from  6-ch lo rod ihydrocod ide  w ith  
sodium  m eth o x id e  a t  140 °C in  24 h rs  [3], and  th is  is th e  on ly  know n chem ica l 
re a c tio n  o f  ch lo rod ihydrocod ide . T h e  resis tan ce  of ch lo rod ihydrocod ide  to  ta k e  
p a r t  in  reac tio n s has been  d iscussed  b y  S t o r k  [4] w ith  reference to  th e  v e ry  
slow re a c tio n s  of /З-halogen  e th e rs  in  S ^ l  ty p e  processes. A ccording to  o u r  
experience, th e  sam e ho lds fo r reac tio n s  of Sn2 ty p e , too : no conversion  w as 
observed  w ith  3 an d  az ide  an ion  in  d im eth y lfo rm am id e , even w hen  a p p ly in g  
v e ry  lo n g  reac tio n  tim es.

* P art X X : M a k l e i t , S., B e b é n y i , S., B o g n á r , R., E l e k , S.: A cta Chim. (B udapest) 
94, 161 (1977) and Magyar K ém . F olyóirat 83 , 327 (1977).

Acta Chim. Acad. Sei. Hung. 97, 1978



340 SOMOGYI et a t :  CONVERSIONS OF TOSYL AND MESYL DERIVATIVES, XXI

Table I

Com-
Solvent

Reac­
tion Temp.,

Anion
Yield, M. p..

[«Id

Analysis, %

pound time,
hr.

°C %
ealed. found

2 CH3CN 12 b.p. F - 8.72 1 5 4 - 6 - 1 0 8 °  CHCL, 
c  =  0.671

F 6.28 F 5.77 8 Hz

3 DMF 1 b.p. Cl" 75.9* 1 7 4 -5 * -  177° CHCLj, 
c  =  0.5*

Cl 11.1 C l 10.51 
10.48

8 Hz

4 DMF 43 100 B r“ 26.1 1 6 7 - 8 -  190.4° CHCL, 
c =  0.5

Br 21.7 Br 21.58 
21.51

8 Hz

4 DMF 4 b.p. B r - 12.1 Identical w ith the former

5 DMF V b.p. I - 29.2 1 0 3 -5 * * -  202.8° CHCI3, 
c  =  0.5**

N  4.96 N 5.07 
5.02

5 DMF 4 b.p. B r - 63.1 Identical w ith the former

5 DMF 7 b.p. B r - 48.5 Identical with the former

* Literature d a ta : y ield : 52% , m. p. 172.5 —174 °C, [a]D —177.8° [1].
** Literature d a ta : m . p. 104—105 °C, [a ]D —199.4° (E tO H , e =  1.745) [3].

*** In the PMR sp ectru m  the doublet a t 4.6 ppm  confirms the C-6  position of the halo­
gen atom s; J s,t =  8 H z su b stan tia tes the I r a n s  a x i a l  relation of the C-5 and C-6 protons, i . e .  
the i s o  steric position (C-6  e q u a t o r i a l )  of the halogen atom s; in com pound 5 the two olefinic 
protons are seen at 5.6 ppm .

D eoxycodeine-C  is p ro b ab ly  fo rm ed  from  1 w ith  sodium  iodide th ro u g h  
th e  in te rm ed ia te  io d o  d e riv a tiv e  (w hich c a n n o t be iso la ted ), a lthough  th e  
m esy lo x y  group a n d  th e  C —7 p ro to n  a re  in  Irans d iax ia l position  in  1; th is  
ro u te  is ind ica ted  b y  th e  fa c t th a t  in  th e  p re p a ra tio n  o f th e  brom o d e riv a tiv e  
th e  reac tio n  is sh ifted  to  give deoxycodeine-C  w hen longer reac tio n  tim es an d  
h ig h e r  te m p e ra tu res  a re  used, fu rth e rm o re , th e  brom o d e riv a tiv e  iso la ted  
c a n  b e  converted  in to  5 , w hereas 1 rem ain s u n ch an g ed  in  a sim ilar t re a tm e n t.

T hus as an e x ten s io n  of our ea rlie r re su lts  [5], i t  has been  found th a t  th e  
C —6 axial to sy lo x y  a n d  m esyloxy g roups are  su itab le  for accom plishing 
n uc leoph ilic  s u b s ti tu tio n  reactions also w ith  halogen  an ions, un like  th e  p ra c ti­
c a l ly  non-reactive  C — 6 equatorial ch lorine.

T he reactions ach iev ed  in  d ipo lar a p ro tic  so lven t are  o f Sn2 ty p e , in  view  
o f  th e  conditions o f th e  reaction  an d  th e  s tru c tu re  o f th e  p ro d u c ts .

Experimental

M. p.’s were determ ined in open capillaries; th ey  are uncorrected. The m. p. of 6-fluoro- 
dihydrocodide (2 ) was m easured on a K offler apparatus.

Hom ogeneity o f the substances was cheeked in each case by TLC, using Silica gel G 
(M erck) adsorbent, benzene-m ethanol 8 : 2 develop ing agent and Dragendorff reagent for de­
tection .
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The PMR spectra were recorded w ith  a Jeol 100 MHz instrum ent at room  tem perature 
in deuterochloroform solution using TMS internal standard.

The IR  spectra were recorded w ith  a U nicam  SP 200 G spectrophotom eter in  К  Br 
pellets.

6-O-M esyldihydrocodeine (1)

The substance was prepared as given in  Ref. [5a, b]. C19H2s0 5N S (379.47).

I
6-Fluorodihydrocodide (2)

6-O-M esyldihydrocodeine (1) (0.5 g; 0.00132 m ole) and tetrabutylam m onium  fluoride 
(3 .31  g; 0.018 mole) were dissolved in anhydrous acetonitrile (25 m l). After refluxing the so­
lu tio n  for 12 hrs, i t  was poured in to  water (70 m l) and extracted w ith  chloroform  (3 X 2 0  ml). 
T he com bined chloroform solution was w ashed w ith  water (2 x 1 5  ml) and dried over m agne­
sium  sulfate. After evaporation to dryness a syrupy substance was obtained; this was dissolved  
in  ether (15 ml). The solution was filtered from  a sm all am ount of brownish im purity, and the  
f iltra te  was evaporated to dryness. The yellow  crystals were recrystallized from  m ethanol to  
ob ta in  w hite crystals (35 mg; 8.72 %), m. p. 1 5 4 — 156 °C, [oí] q — 108° (chloroform , c =  0.671).

C18H220 2N F (303.37). Calcd. F  6.28. Found F  5.77 %.

6-ChIorodihydrocodidc (  3)

6-O-M esyldihydrocodeine (1) (1 g; 0 .00264 m ole) and lithium  chloride (1.15 g; 0.0264  
m ole) were dissolved in  anhydrous dim ethylform am ide (25 ml). After refluxing for 1 hr, the  
so lu tion  was poured in to  water (80 ml) and extracted  w ith benzene (3X  20 m l). The com bined  
benzene solution was washed w ith  water ( 2 x 1 5  m l), dried over m agnesium  sulfate, filtered  
and evaporated to dryness in  vacuum . The solid product was recrystallized from  ethanol to 
obta in  3 (0.64 g; 75.9 %), m. p. 174— 175 °C, [a ]o  — 177° (chloroform, c =  0.5).

C18H220 2NC1 (319.8). Calcd. Cl 11.1. Found Cl 10.48, 10.51 %.j

6-Bromodihydrocodide (4 )

(a) 6-O-M esyldihydrocodeine (1) (1 g; 0.00264 mole) and lith ium  brom ide (1 .06  g 
0.0106 mole) were dissolved in anhydrous dim ethylform am ide (30 m l). The solution  was heated  
at 100 °C for 43 hrs, then poured into  water (80 m l) and extracted w ith  benzene ( 3 x 2 0  m l). 
T he com bined benzene solution was w ashed w ith  water ( 2 x 1 5  m l), dried over m agnesium  
su lfate , filtered and evaporated to dryness in  vacuum . A sticky bro wn substance was obtained, 
w hich  was purified on a chrom atographic colum n (Silica gel H, benzene-m ethanol, 9 : 1). The 
com bined fractions were concentrated to obtain  a solid product; this was recrystallized  from  
ethanol. The pure product (0.25 g; 26.1 %) had m. p. 167 —168 °C, [a ]D — 190.4° (chloroform , 
c =  0.5).

C18H 220 2NBr (364.28). Calcd. Br 21.7. Found Br 21.58, 21.51 %.

(6) 6-O-M esyldihydrocodeine (1) (1 g; 0.00264 mole) and lith ium  bromide (2.02 g; 
0.021 m ole) were dissolved in anhydrous dim ethylform am ide (30 m l). After refluxing the so­
lu t io n  for 4 hrs, i t  was poured into water (80 m l) and extracted w ith  chloroform (3 X 20 m l). 
T he com bined chloroform solution was w a sh ed  w ith  water ( 2 x 1 5  m l), dried over m agnesium  
su lfate, filtered and evaporated to dryness in  vacuum . A sticky brown product was obtained, 
w hich crystallized on standing. The product w as recrystallized from ethanol (0.09 g; 12.1 %). 
T he product was identical w ith th a t prepared according to (a).
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Deoxycodeine-C (5 )

(a) 6-O-M esyldihydrocodeine (1) (3 g; 0.00792 mole) and sodium  iodide (12.18 g; 
0.0792 mole) were dissolved in  anhydrous dim ethylform am ide (100 m l). After refluxing for 
7 hrs, the solution was cooled and poured into  water (250 m l), extracted  w ith  chloroform  
(3 X 60 ml) and the com bined chloroform solution was washed w ith  w ater (2 X 50 m l), dried 
over m agnesium  sulfate, filtered and evaporated to dryness. A stick y  brown residue w as ob­
tained, which solidified on rubbing w ith  ether. The brown crystalline substance was dissolved  
in  w ater and made alkaline w ith  10 % am m onium  hydroxide (pH  9 —10). The solution  was 
extracted  w ith chloroform, washed w ith  w ater and dried over m agnesium  sulfate. After filter­
ing o f the drying agent, the filtrate was evaporated to dryness in vacuum . A  yellow  sticky m a­
terial was obtained which solidified on rubbing w ith ether (0.65 g; 29.2 %), m. p. 103— 105 °C, 
[a ]D —202.8° (chloroform, c =  0.5); the product contained no iodine.

C18H 20O2N  (282.35). Calcd. N  4.96. Found N  5.07, 5.02 %.
The substance gave no m elting point depression with deoxycodeine-C  prepared accord­

ing to  Ref. [3]; the physical constants, PM R and IR  spectra were identical.

(b) 6-O-M esyldihydrocodeine (1) (1 g; 0.00264 mole) and lith iu m  bromide (2.02 g; 
0.021 m ole) were dissolved in  anhydrous dim ethylform am ide (30 m l). A fter refluxing for 4 hrs, 
the solution  was processed as in  the case o f preparing 6-brom odihydrocodide (b). The m other 
liquor of the chloroform extraction was m ade alkaline (pH 9 — 10) w ith  10 % am m onium  h y ­
droxide and extracted w ith  chloroform; the com bined chloroform solution  was washed w ith  
water and dried over m agnesium  sulfate, then  evaporated to dryness in  vacuum . A yellow  
sticky  m aterial was obtained, which was crystallized from ethanol to g ive  0.47 g (63.1 %) of 5.

The product was identical w ith  th a t obtained according to R ef. [3].

(c) 6-O-M esyldihydrocodeine (1) (2 g; 0.00528 mole) and lith iu m  brom ide (5.0 g; 0.042  
m ole) were dissolved in anhydrous dim ethylform am ide (50 ml). A fter refluxing the solution  
for 7 hrs, it  was poured in to  water (140 m l) and extracted w ith chloroform  ( 3 x 3 0  ml). The  
com bined chloroform solution  was w ashed w ith  water (2 X 20 ml), dried over m agnesium  sulfate  
and evaporated to dryness in  vacuum  to leave a brown sticky m aterial. This was dissolved in  
water and filtered from a sm all am ount of im purity; the filtrate was m ade alkaline (pH  9 — 10) 
w ith  10 % ammonium hydroxide and extracted  w ith chloroform. The chloroform  solution was 
washed w ith  water, dried over m agnesium  sulfate and evaporated to  dryness in  vacuum ; the  
residue was crystallized from  ethylacetate. A  solid product was obtained, w hich was identical 
w ith the substance (deoxycodeine-C) prepared according to Ref. [3].

The mother liquor of the chloroform extraction step was m ade alkaline (pH  9 — 10) w ith  
10 % am m onium  hydroxide and extracted  w ith  chloroform. The com bined chloroform solution  
was w ashed w ith water and dried over m agnesium  sulfate, evaporated to  dryness in  vacuum  
and crystallized from ethyl acetate. The product was found to be identical w ith  deoxycodeine-C  
prepared according to Ref. [3]. T otal w eight o f  5: 0.722 g (48.5 %).

*

The authors’ thanks are due to D epartm ent I o f Hungarian A cadem y of Sciences and  
to the Alkaloid Works, T iszavasvári, H ungary, for supporting this research.
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The synthesis of phenyl 2-deoxy- and -3-deoxy-/?-D-gIucopyranoside (5) and (10) 
is reported. The synthesis were performed via  LiAlH„ reduction of the appropriate p -to l-  
uenesulfonyl derivatives (4) and (9). Investigations on the conceivable role o f epoxid- 
interm ediates have shown that no epoxides are involved  in  the reductions.

D u rin g  an  in v es tig a tio n  of th e  fo rm atio n  of th e  en zy m e -su b s tra te  com ­
p lex  in  th e  case o f sw eet alm ond em ulsine, pheny l 2-deoxy- and  3-deoxy-/3-D- 
-g lucopyranoside  o f high anom er p u r ity  w ere needed.

T here  are  m eth o d s for th e  syn thesis  of 2-deoxy- [1], [2], [3] and  3-deoxy- 
-D-glucose [1], [4], [5], b u t  w hen s ta r tin g  from  these  com pounds, i t  is d ifficu lt 
to  a t ta in  th e  desired  anom er p u rity , especially  in  th e  case of th e  2 -deoxy  
d e riv a tiv e , ow ing to  th e  lack  of a su itab le  “ p a r tic ip a tin g  g roup” a t p o sitio n  2. 
F u rth e rm o re , i t  is ted ious to  p rep are  2-deoxy- an d  3-deoxy-D -glucose, too .

T herefo re, th e  syn theses were perfo rm ed  by  an  o th e r  m ethod , s ta r tin g  
from  ph en y l /?-D -glucopyranoside d e riv a tiv es  w ith  h igh  anom er p u rity .

I t  is w ell-know n th a t  in  th e  case o f th e  L iA lH 4 red u c tio n  of to sy lo x y  
g roups a tta c h e d  to  a secondary  h y d ro x y l group О- S  bond  cleavage ta k e s  
p lace. In  som e cases [6], [7], [11], [20], how ever, th e  deoxy  function  could  
be o b ta in ed  b y  L iA lH 4 red u c tio n  of secondary  to sy lo x y  groups.

V is and  K arrer  [8] p rep ared  m e th y l 4 ,6-0-benzylidene-3-deoxy-/?-D -ribo- 
-hexopyranoside  b y  th e  L iA lH 4 red u c tio n  of m e th y l 4 ,6 -0 -benzy lidene-2 ,3 -d i- 
-0-j>-tolylsulfonyl-/J-D -glucopyranoside, A llerton an d  Overend  [9] o b ta ined  
m e th y l 2-deoxy-/3-L -ery thropentopyranoside by  t r e a tm e n t of m ethy l 2-O -p- 
-to ly lsulfonyl-/?-D -arabinopyranoside w ith  L iA lH 4. M ethy l 4 ,6 -0 -benzy lidene-2 - 
-deoxy- an d  -3-deoxy-/?-D -glucopyranoside could be syn thesized  in  y ie ld  o f 
30 % b y  L iA lH 4 tre a tm e n t of m e th y l 4 ,6 -0 -b en zy lidene-2 -0 -p -to ly lsu lfony l- 
an d  -3-0-y-to ly lsulfonyl-/S -D -glucopyranoside, as re p o rte d  by  U mezawa et 
al. [10].

C on tinu ing  th e  in v estiga tion  of th e  L iA lH 4 red u c tio n  of secondary  
to sy lo x y  d e riv a tiv es , a m ethod  has been  evolved fo r th e  synthesis o f p h en y l 
2-deoxy-/9-D -glucopyranoside and p h en y l 3-deoxy-/S-D-glucopyranoside in  b e t­
te r  y ields th a n  tho se  o b ta in ed  by  U mezawa et al. [10]. T he reaction  rou tes are  
su m m arized  in  Schem e 1.
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O f  Ho
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CH2OH
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F ig. 1
10

I n  th e  syn th esis  of ph en y l 2-deoxy-/3-D -glucopyranoside (5) th e  read ily  
av a ilab le  p h en y l 4 ,6-0-benzylidene-/?-D -glucopyranoside ( 1 ) [12] was used  as 
th e  s ta r tin g  m ate ria l; b en zoy la tion  o f 1 w ith  N -benzoylim idazole accord ing  to  
Ch it t e n d e n  [13] gave p re d o m in a n tly  th e  3-O -benzoy l-derivative (2) as i t  
w as show n b y  T L C ; re c ry s ta lliz a tio n  from  alcohol y ielded  p u re  2. T re a tm e n t 
o f 2 w ith  to sy l chloide in  d ry  p y rid in e  affo rded  pheny l 4 ,6 -0 -b en zy lid en e-3 -0 - 
-benzoyl-2 -0 -p -to ly lsu lfony l-|3 -D -g lucopyranoside (3). T he re a c tio n  w as m oni-
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to red  b y  TLC. C om pound 3 was tre a te d  w ith  L iA lH 4 in boiling an h y d ro u s  
T H F  fo r 20 h rs. to  o b ta in  pheny l 4 ,6-0-benzylidene-2-deoxy-/9-D -glucopyra- 
noside (4). T h e  s tru c tu re  of 4 was id en tif ied  b y  th e  m u ltip lic ity  of th e  N M R  
signal due  to  th e  anom eric  p ro to n  being  coupled w ith  th e  equato ria l an d  ax ia l 
p ro to n  on C2 an d  g iv ing  tw o doub le ts  a t  5.2 and  5.3 p p m  w ith  th e  coup ling  
co n stan ts  of J 12e — 2.4 H z an d  J 12a =  9.7 H z.

In  view  o f th e  s e n s itiv ity  o f 2-deoxy  d e riv a tiv e s  to  acids, th e  b enzy lidene  
group w as e lim in a ted  b y  c a ta ly tic  h y d ro g e n a tio n  to  o b ta in  phenyl-2 -deoxy- 
-/S-D-glucopyranoside (5).

l,2 ,4 ,6 -T e tra -0 -ace ty l-3 -0 -p -to ly lsu lfony l-/? -D -g lucopyranose  (6) w as th e  
s ta r tin g  m a te ria l in  th e  synthesis o f  phenyl-3-deoxy-/S-D -glucopyranoside. 
P h en y l 2 ,4 ,6 -tri-0 -acety l-3 -0 -p -to ly lsu lfony l-/3 -D -g lucopyranoside  (7) w as o b ­
ta in ed  from  6 accord ing  to  H e lfe r ic h  [14]. C om pound 7 was saponified  b y  
Ze m p l é n ’s m eth o d  [15], [16] and  th e  p ro d u c t a f te r  e v a p o ra tio n  w ith o u t 
iso lation  was t re a te d  w ith  benzaldehyde an d  ZnCl2 to  o b ta in  8 . C om pound 8 
w as th e n  tre a te d  w ith  L iA lH 4 in  th e  sam e m an n e r as above, to  y ie ld  9. T h e  
benzylidene g roup  w as e lim inated  w ith  tr if lu o ro a c e tic  ac id  to  o b ta in  p h e n y l
3-deoxy-/?-D -glucopyranoside (10). T he s tru c tu re  of 10 w as prooved b y  p e r ­
ioda te  o x id a tio n ; as expec ted , th ere  was no p e rio d a te  co n su m p tio n . The ph y sica l 
c o n s ta n ts  of 10 w ere in  good agreem ent w ith  th a t  describ ed  in  lite ra tu re  [23].

In v e s tig a tin g  th e  m echanism  o f th e  L iA lH 4 red u c tio n  of seco n d a ry  
to sy loxy  groups, V is an d  K a r r er  [8] suggested  th a t  th e  re a c tio n  proceeded  v ia  
an  epoxide in te rm e d ia te . L a te r  th e  p ro b lem  w as re in v e s tig a te d  by  Ov e r e n d  
et al. [7]; th e y  p roposed  th a t  L iA lH 4 d ire c t re d u c tio n  o f  secondary  to sy lo x y  
groups to  deoxy  fu n c tio n  tak es  place o n ly  w hen  th e re  a re  u n s u b s titu te d  o r 
a cy lsu b s titu ted  h y d ro x y l groups in  th e  v ic in ity  of th e  to sy lo x y  group. In  th e se  
cases an  a lk o x y a lu m in iu m  h y d rid e  d e riv a tiv e  can  be fo rm ed  followed b y  in t r a ­
m olecu lar h y d rid e  d isp lacem en t of th e  p -to ly lsu lfo n y lo x y  group [10] (F ig . 2).

In  o rder to  decide w h e th e r th e  re a c tio n  proceeds via  th e  epoxide in te r ­
m ed ia tes, th e  tw o  possib le epoxide d e riv a tiv e s , p h e n y l 2 ,3 -an h y d ro -4 ,6 -0 - 
-benzylidene-/?-D -m annopyranoside (11) an d  p h en y l 2 ,3 -an h y d ro -4 ,6 -0 -b en zy li- 
dene-/?-D -alIopyranoside (12) were p rep ared  [17] an d  tr e a te d  w ith  L iA lH 4 in  
th e  sam e m an n er as to sy l d e riv a tiv e s . T he reac tio n  m ix tu re s  and  pure  4 an d  
9 were in v es tig a ted  b y  gas c h ro m a to g ra p h y , a f te r  a c e ty la tio n , on a 10 % U C W  
982 colum n. T he R T  values are  su m m arized  in  T ab le  I .

I t  is seen th a t  from  11 only  one p ro d u c t w as fo rm e d  w hich w as n o t 
id en tica l w ith  4 on th e  basis o f th e  RT v a lu e s ; th u s , o f  th e  tw o possible deoxy  
deriv a tiv es  [18], i t  is p h en y l 4 ,6 -0 -benzylidene-3-deoxy-/?-D -arab inohexopyra- 
noside [13], [19]; how ever, in  th e  case o f 12 b o th  possib le  [18] deoxy d e riv a ­
tives, pheny l 4 ,6-0-benzy lidene-2 -deoxy-/?-D -ribohexopyranoside (14) an d  
ph en y l 4 ,6 -0 -benzy lidene-3 -deoxy-/J-D -ribohexopyranoside  (9), were form ed in  
ra tio  of 65 : 33; y e t  in  th e  L iA lH 4 re d u c tio n  o f 8 on ly  9 w as form ed.
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Table I

P henyl 2 ,3-anhvdro-4,6-0-benzylidene-/j-i>- 
-alloside (1 2 )

RT

14.41; 15.78

P henyl 2 ,3-anhydro-4,6-0-benzylidene-/?-D - 
-m annoside (1 1 ) 15.51

P heny l 4,6-0-benzylidene-2-deoxy-/?-D- 
-glucoside (4) 14.88

P henyl 4,6-0-benzylidene-3-deoxy-/?-D- 
-glucoside (9) 15.82

I t  is obvious from  th ese  resu lts  th a t  n o  epoxide in te rm e d ia te  p lay ed  a 
p a r t  in  th e  L iA lH 4 red u c tio n s o f  3 and 8 .

E xperim ental

M. p.’s were obtained on a K ofler apparatus and  are uncorrected. Optical rotations 
were measured w ith a Polam at A (Z eiss) automatic photoelectric polarim éter. NM R spectra 
were recorded on a Jeol MH-100 instrum ent in CDC13 and deuterated D M SO  solutions, w ith  
TMS internal standard. The reactions were monitored and  the purity o f th e  products assessed 
b y  TLC on Kieselgel G Merck. K ieselgel G was also used for short column chrom atography [21].

Phenyl 4 ,6-O -benzylidene-ß-D -glucopyranoside ( 1)

This was synthesized according to M c C l o s k e y  an d  C o l e m a n  [12].

Phenyl 3 -0 -benzoyl-4 ,6 -0-benzylidene-ß-D -g lucopyranoside  (2 )

Compound 1 (34.4 g; 0.1 m ole) w as benzoylated according to Ch it t e n d e n  [13] to ob­
tain pure 2 after crystallization from  ethanol-acetone (250  ml); the y ield  w a s 19.2 g (42.8 %), 
m. p. 2 0 3 - 2 0 6  °C; [a]!? - 5 6 .8 °  (c =  1; CHC13).

C2 6H 2 40 7 (448.47). Calcd. C 69.63; H 5.39. Found C 69.72; H 5.42 %.

P henyl 3 -0 -b en zo y l-4 ,6 -0 -b en zy lid en e-2 -0 -p -to lu en esu lfo n y l-ß -D - 
-glucopyranoside (3 )

Compound 2 (2.6 g; 0.012 m ole) w as dissolved in dry  pyridine (50 m l); 2.8 g (0.015 mole) 
of p-toluenesulfonyl chloride was added and the m ixture w as kept at 4 5 — 50 °C for two days, 
whereafter the reaction was com plete as shown by TLC. (so lven t : benzene—acetone 9 : 1). The 
reaction m ixture was poured into ice-w ater and extracted  three times w ith  CHC13 (120 ml). 
The extract was free from pyridine w ith  0.5 N  sulfuric acid  and then w ith  w ater  until neutral. 
After drying over N a 2S 0 4, the so lvent w as evaporated. T he residue was crysta llized  from etha­
nol (100 ml) to give 3 g (86.3 %) of 3; m . p. 179— 180 °C; [a]of — 34.5° (c =  1; CHC13). 

C3 3H 3 0 O9S (602.58). Calcd. C 65.77; H 5.02. F ound C 65.68; H 5.0 %.

P henyl 4 ,6-0-benzyIidene-2-deoxy-ß-D -glucopyranoside ( 4 )

LiAlH 4 (0.75 g; 19.8 m m oles) w as suspended in anhydrous tetrahydrofuran (10 ml) 
and the m ixture was stirred at 65 — 70 °C for 2 hrs. C om pound 3 (2 g; 3.3 m m oles) was added 
jn solid form and stirring was continued for 20 hrs. The excess of LiAlH 4 w a s destroyed by
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adding 7 ml of ethyl acetate. The m ixture was poured into 100 m l o f  ether, filtered, th e  filtrate  
w as washed w ith 10 % so lution  o f potassium  sodium tartrate and w ater. Compound 4  crystal­
lized  from  the ether, 0 . 6  g; (55.1 %), m. p. 174—176 °C; [<*]q — 4 7 .6 °  (c =  0.2; pyridine). R.T. 
14.88

NMR: 8 7.3 (m , 10 H , arom atic protons); 5.59 (s, 1H, b en zy lid en e  proton); 5.31 (dd , 1H, 
anom eric proton, Jj 2e 2.4 H z, J 4 2a 9.7 H z);4 .3 (d d , 1H, C-4 proton); 3.6 (m, skeleton protons); 
2.57 (ddd, 1H C-2e proton, J2e 3  6  H z, J2e 2a 12.87 Hz); 1.94 (ddd, 1H  C-2a proton, J2a 3 11.2 Hz, 
J 2a 2e 12.87 Hz).

C19H 2 0O5 (328.36), Calcd. C 69.49; H  6.13. Found C 69.58; H  6.21 %.

P h en y l 2-deoxy-ß-D -glucopyranoside (5 )

Compound 4 (0.4 g) w as dissolved w ith stirring in ethyl a ceta te  (25 ml) and it  w as hydro­
genated  in the presence of Pd/C (70 m g). The reaction was m onitored  by TLC w hich showed 
th a t the elimination of the benzylidene group was com plete in  5 hrs. The catalyst w as filtered  
o ff  and the filtrate evaporated to give crystalline 5 in  q u an tita tiv e  y ield (0.3 g); m. p . 1 4 3 -  
146 °C; [a ]o  -  75° (c =  0 .5 ; water).

C1 2 H 160 5 (240.25). Calcd. C 59.99; H  6.71. Found C 60.21; H  6 . 6 8  %.

Phenyl 2 ,4 ,6 -tri-0 -ace ty l-3 -0 -p -to lu en esu lfo n y l-ß -D -g lu co p y ran o sid e  (7 )

l,2,4 ,6-T etra-0-acetyl-3-0-p-toluenesulfonyl-/?-D -glucopyranose (6 ) (17.5 g; 0 .034  mole) 
[22] was converted according to Helferich [14] to obtain 13 g (67 .9  %) of 7; m. p. 1 6 0 — 161 °C; 
[a]-g - 5 0 .2 °  (c =  1; CHC13).

C25H 2 8Ou S (536.56). Calcd. C 55.97; II 5.22. Found C 55.86; H  5.10 %.

Phenyl 4 ,6 -0 -benzy lidene-3 -0 -p -to luenesu lfony l-ß -D -g lucopyranoside  (8 )

Compound 7 (10 g) was deacetylated  according to Zemplén [15] and the so lu tio n  was 
concentrated in vacuum . After tw o evaporations w ith benzene, th e  residual syrup (7.7 g) was 
shaken  w ith freshly distilled benzaldehyde (25 ml) and fresh ly fu sed  ZnCl2 (8.5 g) for  18 hrs 
a t room  temperature. W ater (100 m l) was added, the benzaldehyd e layer was separated in a 
separatory funnel, and petroleum  ether was added. The crysta llin e  material was filtered  off 
and recrystallized from  ethano l (450 m l) to obtain 7.2 g (82.3 %) o f  8 : m. p. 204—205 °C; 
[a]f? -87 .4° (c =  0.5; CHC13).

C2 6H 260 8S (498.56). Calcd. C 6  2.65; H 6.22. Found C 62.5; H  6.2 %.

Phenyl 4 ,6-0-benzylidene-3-«leoxy-ß-D -glucopyranoside (9)

LiAlH 4 (1.12 g; 32 m m oles) was suspended in dry tetrahydrofuran (20 ml) and the m ix­
ture was stirred and refluxed for 2 hrs. Compound 8  (4 g; 8  m m oles) was added, and  stirring 
and refluxing was continued for 20 hrs. The excess of LiAlH 4 was decom posed with e th y l acetate 
(15 m l) and the m ixture was poured in to  ether (200 ml). After f iltr a tio n  the filtrate w as washed 
w ith  15 % potassium sodium  tartrate solution and then w ith  w ater  fiv e  times. Crystallization  
ga v e  2 g (70 %) of 9, m. p. 212 — 215 °C; [a ]p  —76.3° (c =  1; pyrid ine), R. T. 15.82.

NMR: 8 7.3 (m , 10H , arom atic protons); 5.75 (s, 1H b en zy lid en e  proton); 4.98 (d , 1H, ano­
m eric proton, Jj 2 8  H z); 3.6 (m , 4H , skeleton protons); 2.3 (m , 1H  C-3 equatorial proton); 
1 .7  (m , 1H, C-3 axial proton).

C19H 2 „05 (328 .36). Calcd. C 69.49; H 6.13. Found C 69.62; H  6.2 %.

P h eny l 3-ileoxy-ß-n-glucopyranoside (1 0 )

Compound 9 (2 g) was suspended in chloroform (100 m l) and 10 ml of trifluoroacetic  
a c id  containing 1 % w ater was added. The reaction was m onitored  b y  TLC (solvent: benzene- 
aceton e  9 : 1) and w hen hydrolysis w as com plete, the m ixture w as evaporated to dryness. Traces 
o f  the trifluoroacetic acid were elim inated by evaporation w ith  toluene. The residue was 
crystallized  from 15 parts o f hot water to give 1.2 g (82.2 %) of 10; m. p. 188 °C (lit. [23] m. p. 
1 8 3 —185 °C); [oc] e> —85° (c =  0.4; water) (Lit. [23] [a ]o  —94° (c =  0.27; water).

C12H 160 5 240.25. Calcd. C 59.99; H 6.71. Found C 59.9; H  6.64 %.
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T rea tm en t o f phenyl 2 ,3 -anhydro-4 ,6 -0 -benzy lidene-ß -D -a llopyranoside  
[17] w ith  L iA lH 4

The title com pound (0.5 g; 0.0015 m ole) was treated w ith  L iAlH 4 in the same manner 
as 3. After the usual processing, gas chrom atographic exam ination 10 % UCW 982 colum n, 
tem p. pr. 180 °C— 220 °C, heating speed 5°/m in flam m e ionization detector showed the product 
to consist o f two com ponents. One of them  was phenyl 4,6-0-benzylidene-2-deoxy-/?-D-ribo- 
hexopyranoside, RT 14.41; the other product was 9, RT 15.78 see Table I.

T rea tm en t o f phenyl 2 ,3 -anhydro -4 ,6 -0 -benzy lidene-ß -D -m annopyranoside
[17] w ith  L iA lH 4

The epoxide (0.5 g; 0.0015 m ole) was treated w ith LiAlH 4 and the reaction m ixture pro­
cessed as described above. Gas chrom atographic exam ination in  the sam e manner as above  
showed that only one deoxy derivative was formed with RT 15.51, w hich was not identical 
w ith 4, RT 14.88. According to the literature [19], phenyl 4,6-0-benzylidene-3-deoxy-/?-D - 
-arabinohexopyranoside was formed.
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SYNTHESIS OF PHTHALIDEISOQUINOLINE 
ALKALOIDS BY MEANS OF REISSERT 

COMPOUNDS, I

A NEW  SY N T H E SIS OF H Y D R A ST IN E  

P. K e r e k e s , G . H o r v á t h , G y . G a á l  and R. B o g n á r

( D e p a r tm e n t  o f  O r g a n ic  C h e m is t r y ,  K o s s u th  L a j o s  U n i v e r s i t y ,  D e b r e c e n )

R eceived June 23, 1977

A new m ultistep  synthesis o f ( +  )-ß- and ( +  )-a-hydrastine has been achieved by 
the use of l-cyano-2-benzoyl-6,7-m ethylenedioxy-l,2-d ihydroisoquinoline and m ethyl 
opianate.

Several m e th o d s  are know n fo r th e  sy n th esis  o f ph thalid e iso q u in o lin e  
alkalo ids [1 — 12]. T hese  have also been  em ployed  in  syn thesiz ing  h y d ra s tin e  
in  various w ays [2 — 5, 10, 12].

The use of R e isse rt com pounds in  th e  to ta l  syn th eses  of isoquinoline 
alkalo ids and  re la te d  com pounds h as  been sum m arized  in  a review  p u b lish ed  
recen tly  [13], w hich , how ever, does n o t m en tion  th e  p re p a ra tio n  of p h th a lid e ­
isoqu ino line  a lka lo ids in  th is w ay.

In  our p re se n t w ork th e  ap p lica tio n  of R e isse rt com pounds has been  
ex ten d ed  to  th e  sy n th es is  of ph thalid e iso q u in o lin e  a lkalo ids; th e  o th e r reag en ts  
used are th e  m e th y l es te r of p h th a la ld eh y d ic  acid an d  its  su b s titu te d  d e r iv ­
a tives.

In  th is  p a p e r , th e  syn thesis o f (± )-/3- an d  ( ±  )-a -h y d rastin e  is d is­
cussed.

l-C y an o -2 -b enzoy l-6 ,7 -m ethy lened ioxy-l,2 -d ihydro isoqu ino line  (I) w as a l­
low ed to  reac t w ith  2 ,3-d im ethoxy-6-fo rm ylbenzo ic  acid m eth y l ester (m e th y l 
op iana te ) (II) in  d im eth y lfo rm am id e , in  th e  p resence o f sodium  hydride . T he 
d iester (III) o b ta in e d  in  th is w ay  w as su b jec ted  to  sapon ifica tio n  w ith  p o ta s ­
sium  h y d rox ide  in  aqueous e th an o l, an d  su b seq u en tly  lacton ized  by  boiling  
in  acid. T he p ro d u c t, l - [ l ,-(4, ,5 ,-d im e th o x y p h th a lid y l)]-6 ,7 -m eth y len ed io x y - 
isoquinoline (IV) w as h y d ro g en a ted  a t  3 a tm . p ressu re  to  o b ta in  a m ix tu re  o f 
(±)-/S- an d  ( +  )-a -n o rh y d ras tin e  (V an d  VI); th e  co m p o n en ts  w ere th e n  se p a ­
ra te d  b y  fra c tio n a l c ry sta lliza tio n . N -M eth y la tio n  o f th e  no r-com pounds 
y ie lded  ( +  )-/?-hydrastine (VII) an d  ( +  )-a -h y d ra s tin e  (V III).

T he s tru c tu re s  o f  th e  no r-erythro- (V) an d  n o r-three- (VI) com pounds w ere 
confirm ed , on one h a n d , b y  th e  s tru c tu re s  of th e  ß -  an d  a -h y d rastin e  p rep a red  
from  th em  b y  m e th y la tio n ; on th e  o th e r  h an d , th e  s tru c tu re s  w ere estab lished
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u n am b iguously  on th e  basis of th e  c h a ra c te r is tic  chem ical sh ifts o f th e  ortho 
doublets w ith  coup ling  co n stan t of J  =  8 H z, due  to  th e  6’,7 ’ a rom atic  p ro to n s  
of p h th a lid e iso q u in o lin e  alkaloids [7, 11, 15].

Syn thesis o f o th e r  n a tu ra l p h th a lid e iso q u in o lin e  alkalo ids and  re la te d  
com pounds w ith  d iffe re n t su b s titu tio n  p a tte rn s  are  in  progress.

E x p erim en ta l

M. p.’s are uncorrected. The infrared spectra were recorded w ith  a UNICAM  SP  200 G 
instrum ent in  K Br pellets; the PMR spectra were obtained w ith  a JE O L  Minimar 100 M Hz 
instrum ent in  deuterochloroform  solution. Chem ical sh ift values, referred to TMS in tern al 
standard, are given in  pp m  (<5) units.

l-(a-B enzoyloxy-2-m ethoxycarbonyl-3,4-dim cthoxy-benzyl)-6,7- 
-m ethylenedioxyisoquinoline (III)

Sodium  hydride (0 .26  g) was added to a so lu tion  of the Reissert com pound I (3 .04 g; 
10 m m oles) [14] in dry D M F  (40 ml) under a n itrogen atm osphere at — 20 °C, w ith  stirring. 
Stirring was continued for 15 m in, then m eth y l opianate (II) (2.46g; 11 m m oles) dissolved in 
dry DM F (7 m l) was added dropwise. The reaction  m ixture was stirred further for 3 hrs a t  
— 20 °C, then  poured in to  ice-water (200 m l); the raw product w as filtered and washed w ith  
water until neutral. The substance was dissolved in  chloroform (100 m l), and filtered from  a 
small am ount of insoluble, yellow-coloured residue. The chloroform solution was washed w ith  
water, dried over sodium  su lfa te  and evaporated , the residue was crystallized from ethanol 
(40 ml). The product was tw ice  recrystallized from  ethanol to obtain  2.4 g o f the product; pro­
cessing o f the alcoholic m other liquors gave another 0.46 g o f III. Yield: 2.86 g (57 %), m. p. 
1 6 9 -1 7 1  °C.

C2 8H 2 3N 0 8 (501.47). Calcd. C 67.06; H  4.62; N  2.79. Found C 67.23; H 4.66; N  2.81 %.
IR : jy-O  1725 cm -1 .

l - [ l ’-(4 ’,5 ’-D im ethoxyphthalidyl)]-6,7-m ethylenedioxyisoquinolm e (IV)

A m ixture of the d iester III (2.26 g; 4.5 m m oles), ethanol (54 ml), K OH  (0.77 g) and  
water (10.8 ml) was refluxed for 5 hrs. Then 10 % HC1 (22.5 ml) was added to the m ixture and  
refluxing was continued for 1 hr. Ethanol w as rem oved in vacuum , the residue was d iluted  
w ith water and basified w ith  dilute NH 4 O H. T he raw product (1.55 g) was crystallized from  
CH2Cl2-re-hexane to obtain 1.46 g (89 %) o f IV, m. p. 204 — 207 °C w ith  decom position.

C2 0 H 15NO 6  (365.33). Calcd. C 65.75; H  4.14; N  3.83. Found C 66.76; H  4.13; N  3.81 %.
IR : O 1765 cm -1 .

( i ) " P ‘ an<l (+)-tt-N orhydrastine (V and VI)

A solution of the phthalideisoquinoline (IV) (2.01 g; 5.5 m m oles) in a m ixture of aqueous 
ethanol (500 m l) and 70 % HC104  (1.38 ml) w as hydrogenated in the presence o f P t 0 2  (300 m g) 
under 3 atm  initial pressure for 4 hrs. The ca ta ly st was filtered o ff  and the solvent evaporated  
in  vacuum . The residue w as diluted with w ater (100 m l), m ade alkaline w ith dilute N H 4OH  
then extracted w ith  chloroform  (3X 50 ml). The chloroform  solution was washed w ith  water  
(2 X 50 m l), dried over M gS0 4 and evaporated to dryness. The residue was subjected to fraction­
al crystallization from ethanol. The com ponent less soluble in  ethanol is (i)-a -n o rh y d r a stin e  
(VI). Yield: 0.67 g (32 %): m . p. 2 0 2 -2 0 5  °C.

C2 0H 19NO 6  (369.36). Calcd. C 65.03; H  5.19; N  3.79. Found C 65.28; H 5.35; N  3.96 %.
IR : vc-( j  1761 cm -1 .
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PM R: 1.56 (1H , s, - N - H ) ,  2 .4 - 3 .2  (4H , m , C-3 and C-4 H ’s), 3.9 (3H , s, -  OCH3), 
4.1 (3 H , s, -  OCH3), 5.9 (2H , s, -  0 C H 20  -  ), 4.42 (1H , d, J  =  4 H z, C-l H ), 5.69 (1H , d, J  =  
=  4 H z, C -l’H ), 7.1 (1H , d, J  =  8  H z, C-6 ’H ), 7.21 (1H , d, J  =  8  H z, C-7’H ), 6.56 (1H , s, 
C- 8  H ), 6.71 (1H , s, C-5 H).

The alcoholic m other liquor was evaporated to  dryness and the residue was crystallized  
from  ethanol to  obtain ( ±)-/?-norhydrastine (V)* (0 .5 4  g; 27 %), m. p. 168— 173 °C.

C2 0 H 19NO 6  (369.36). Calcd. C 65.03; H  5.19; N  3.79. Found C 65.29; H  5.26; N  3.99 %.
IR : Pc- 0  1765 cm -1 .
PM R: 1.88 (1H , s, - N - H ) ,  2 .3 - 2 .8  (4H , m , C-3 and C-4 H’s), 3.84 (3H , s, -O C H 3), 

4,07 (3H , s, -O C H 3), 5.95 (2H , s, - 0 C H 2 0 - ) ,  4.61 (1H , d, J  =  4 H z, C -l H ), 5.62 (1H , d, 
J  =  4  H z, C -l’H ), 6.19 (1H , d, J  =  8  H z, C-7’H ), 7.0 (1H , d, J  =  8  H z, C-6 ’H ), 6.59 (1H , s, 
C-5 H ), 6.72 (1H , s, C- 8  H ).

(± )-ß -H y d ra stin e  (VII)

A  m ixture of the nor-com pound (V) (0.37 g; 1 m m ole), formic acid (0.6 m l) and 35 % 
form ald eh yde (0.8 ml) was refluxed on a w ater bath  for 4 hrs, then evaporated to dryness in  
vacuum . The residue was dissolved in dilute hydrochloric acid, clarified w ith  decolourizing  
carbon, filtered and m ade alkaline w ith  dilute N f i 4 OH. The crude product (0.35 g) was purified  
b y  chrom atographic separation on a preparative layer (eluent : chloroform : m ethanol, 9 : 1) 
th en  crystallized from m ethanol (6.5 m l), to  obtain  0.26 g ( 6 8  %), o f VII, m. p. 137 —139 °C  
(lit. [4] m. p. 1 3 8 - 1 3 9  °C).

C2 1H 2 1N 0 6 (383.39). Calcd. C 65.78; H 5.52; N  3.65. Found C 65.63; H  5.51; N  3.76 %.
IR : ^c-O 1760 cm -1 .
PM R: 2.53 (3H , s, -  NC H 3), 2 .0 - 3 .0  (4H , m , C-3 and C-4 H ’s), 3.87 (3H , s, -  OCH3), 

4.04 (3 H , s, -O C H 3), 5.88 (2H , s, -O C H 2 0 - ) ,  3.95 (1H , d, J  =  4 H z, C -l H ), 5.46 (1H , d, 
J  =  4 H z, C -l’H ), 6.52 (1H , d, J  =  8  H z, C-7’H ), 7.09 (1H , d, J  =  8  H z, C-6 ’H ), 6.39 (1H , s, 
C-8 H ), 6.57 (1 H , s, C-5H).

(± )-« -H y d r a st in e  (VIII)

The nor-com pound VI (0.37 g; 1 m m ole) w as m ethylated as described above. The raw  
product (0.3 g) was crystallized from  m ethanol (6 .5  ml) to  give 0.25 g (65 %) o f VIII, m. p. 
1 4 8 - 1 5 0  °C (L it. [4] m. p. 1 5 1 -  152 °C).

C2 1H 2 1N 0 6 (383.39). Calcd. C 65.78; H  5.52; N  3.65. Found C 65.59; H  5.39; N  3.65 %.
IR : f c - 0  1762 cm -1 .
PMR: 2.52 (3H , s, -  NCH 3), 2 .2 - 3 .1  (4H , m , C-3 and C-4H’s), 3.82 (3H , s, -  OCH3), 

3.96 (3H , s, -O C H 3), 5.76 (2H , ÄBq, - O C H 20 - ) ,  3.97 (1H , d, J  =  4 H z, C-1H), 5.52 (1H , 
d, J  =  4 H z, C -l’H ), 7.31 (1H , d, J  =  8  H z, C-7’H ), 7.06 (1H , d, J  =  8  H z, C-6 ’H ), 6.34 (1H , 
s, C-8 H ), 6 .64  (1H , s, C-5H).
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THE STER EO CH EM ISTR Y  OF N A T U R A L  
‘C IS -A N T H E R A X A N T H IN ’

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

Gy. T ó t h ,* J .  K a j t á r ,* *  P . M o l n á r * a n d  J .  S z a b o l c s *

(*University  Medical School, Pécs, and **Institute of  Organic Chemistry, Eötvös L. University,
Budapest)

R eceived March 20, 1978

‘C is -a n th e ra x a n th in ’, th e  m a in  p ig m en t of th e  po llen  sacs o f L iliu m  
candidum , w hich also  occurs in  L . regale, L . M axw ill, e tc ., h as  long  been know n 
as th e  f ir s t  n a tu ra l c a ro ten o id  epoxide w ith  a m ono-cis con fig u ra tio n  [1, 2]. 
The s te reo ch em istry  o f  ‘c is -a n th e ra x a n th in ’, how ever, h as  n o t  been  estab lished  
y e t. W e shall now  re p o r t  som e ev idence for a te n ta t iv e  co n fig u ra tio n a l assign­
m en t.

T he m ass sp e c tru m  confirm s th e  fo rm ula C40H 56O3 an d  ind ica tes th e  
presence of tw o h y d ro x y l g roups an d  one epoxy g roup  [m/e 584.4288 (100% ; 
M), 568 (7% ; M - 1 6 ) ,  566 (6 % ; M - 1 8 ) ,  221 (8 5 % ), e tc .]  [3]. A ll-irans-an- 
th e ra x a n th in  fo rm ed  b y  io d in e -ca ta ly zed  s te re o m u ta tio n  [4] o f ‘c is-an th e rax an - 
th in ’ (ex L iliu m  candidum )  has th e  sam e p h ysica l a n d  chem ical p ro p erties , 
inc lud ing  th e  CD sp e c tru m , as n a tu ra l  a n th e ra x a n th in  (I). T he com plete  
abso lu te  s te reo ch em is try  of th e  ch ira l cen tres o f ‘c is -a n th e ra x a n th in ’ can  
th e re fo re , he d escribed , as 3 S ,5 fi,6 S ,3 ’f? [5].

C onsidering th e  visib le lig h t ab so rp tio n  p ro p e rtie s  o f  ‘c is -a n th e ra x an ­
th in ’ [Amax(emax): 483 (97.500), 453 (111.400) an d  430 n m  (76.900) in  benzene; 
Amax sh ift =  5 n m , eCiS_ peai5 =  9.700] [4], th e  cis doub le  b o n d  m u st occupy 
a p erip h era l p o sitio n  9- or 9 ’. T heo re tica lly , th e  sp a tia l  fo rm s 9- an d  9’-cis 
m ay  be supposed to  be  stab le  isom ers [6] b u t  th e y  h a v e  n o t been  iso la ted  
se p a ra te ly  from  th e  ste reo isom eric  se t o f a n th e ra x a n th in  before . Q uite  recen tly , 
we h av e  succeeded in  iso la tin g  fo u r m ono-cis isom ers fo rm ed  b y  iodine- 
ca ta ly zed  s te re o m u ta tio n  o f n a tu ra l  a n th e ra x a n th in . O n a  calcium  ca rb o n a te  
colum n, developed w ith  benzene, th e  zones in th e  o rd e r o f decreasing  a d so rp ­
tio n  affin ities w ere as follow s: neo A, neo A*, neo В a n d  neo  B * .T h u s , th e re  are  
tw o m ono-cis isom ers o f a n th e ra x a n th in , neo A  a n d  neo  A* w ith  th e  sam e 
UY lig h t ab so rp tio n  p ro p e rtie s  (Q =  2.1, Amax sh if t =  7 n m  in  benzene) [7], 
and  tw o  o thers, neo  В  a n d  neo B* w ith  th e  sam e Amax sh if t (5 nm ), b u t a lm ost 
w ith o u t a cis peak  ( Q = l l ) .  E v id e n tly , neo В an d  neo B* re p re se n t th e  p e r ip h ­
eral m ono-cis fo rm s (9 or 9 ’), an d  th e  cis doub le  b o n d  occupies a m ore 
cen tra l position  (13 o r 13’) in  neo A an d  neo A*.
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a(3'R) b(3S, 5R, 6S) c

I X  = b, Y =  a

II X =  c. Y = a

III X  = b, Y = a (i)'-cts)

IV X = b, Y = a (9-cis)

The difference in  b eh av io u r b e tw een  th e  neo В an d  neo B* form s was 
sig n ifican t; acid t r e a tm e n t  o f neo B* gave a fu ran o id  oxide d e riv a tiv e  w ith  
Amax ch a rac te ris tic  o f  a ll- tra n s -m u ta to x a n th in  (П), w hereas neo В yielded 
c is -m u ta to x a n th in  (Amax sh if t =  5 nm ). T hese fin d in g s m ig h t be reso lved  b y  
reaso n in g  th a t  9 -c is -a n th e rax a n th in , in  w hich th e  5 ,6 -epoxy  g roup  and  th e  
cis 9 —10 double b o n d  are in  close v ic in ity , is con v erted  to  a ll- tran s-m u ta to x - 
a n th in  un d er acid  co n d itions (ow ing to  sim u ltaneous s te re o m u ta tio n  a n d  epoxy- 
fu ra n o id  rea rran g em en t) , w hile 9’-c is -a n th e rax a n th in  gives 9 ’-c is -m u ta to x an - 
th in .  So, it  can  be assum ed  th a t  neo В is th e  9,-cis (III) , an d  neo B* th e  9 -cis 
(IV ) sp a tia l form . N o sim ilar w ave le n g th  difference w as o bserved  d u ring  acid 
tr e a tm e n t  of neo A an d  neo A*.

C onsidering th a t  in  a m ixed  ch ro m a to g ram  ‘c is -a n th e ra x a n th in ’ (ex  L iliu m  
candidum ) p ro v ed  to  be id en tica l w ith  n e o -a n th e rax a n th in  B* (neo B*), we 
te n a ta t iv e ly  concluded  th a t  n a tu ra l  ‘c is -a n th e ra x an th in ’ h as  a 9-m ono-cis 
geom etrica l co n fig u ra tio n , i.e. n a tu ra l  cis a n th e ra x a n th in  is (3S ,5R ,6S ,3 ’ii)-9- 
-cis-5 ,6-epoxy-5,6-dihydro-/? ,/?-caroten-3 ,3’-diol.

The occurrence o f  9 -c is -a n th e rax a n th in  in  L iliu m  cand idum  is sim ilar 
to  t h a t  of 9 -c is-v io lax an th in  [8] in  Viola tricolor (b o th  in  la rg e  q u an titie s), 
w h ich  d em o n stra te s  th e  s ta b ili ty  o f th e  9 -cis ty p e  c o n fig u ra tio n  o f 5 ,6-epoxy­
ca ro ten o id s  in  n a tu re . M oreover, th e  absence of 9’-c is -a n th e ra x a n th in  in  L iliu m  
cand idum  show s t h a t  th e  p ro d u c tio n  o f ‘c is -a n th e ra x a n th in ’ is a stereospecific  
process.
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A. L . T e r n a y : Contem porary Organic C hem istry  

W. В . Saunders Co., P h ila d elp h ia -L o n d o n  —Toronto, 1976

Organic chem istry — for a long tim e regarded as the art o f the cooking-pot — has in  
the la s t  two decades m ade spectacular advances towards becom ing a science w ith an exact  
q u a lita tiv e  framework. Teaching organic chem istry must keep leve l w ith  this developm ent 
and actually  if  one com pares the accepted organic textbooks of the la te  fifties w ith those appear­
ing  now adays, the progress is obvious. T e r n a y ’s book is again an im portant step forward in 
th is direction.

The material o f the book is fundam entally  organized according functional groups, the  
experim ental facts and observations are consistently  and successfully explained, however, on a 
theoretica l basis. R eaction  m echanism s are system atically treated in  detail, the electronic  
structure of m olecules is  constantly kept in the mind of the reader and the frequent use of 
energy diagrams sign ifican tly  helps the understanding of kinetical phenom ena. E ven  FMO 
th eory  is  used where regarded as necessary.

Three further features of the book deserve appreciation: the system atic  discussion of the 
IR  and  NM R spectral features of organic m olecules (supported by m any clear reproductions 
of spectra), the collection  of im portant term s following each chapter in  which these have been  
trea ted , and finally , th e  problems incorporated right into the tex t thu s stim ulating the creative  
app lication  of acquired knowledge im m ediately  (the answers to these questions are com piled  
at th e  end of the book).

There are also a lo t o f problems listed  at the end of each chapter, the book does not 
co n ta in  the answer to  these, however. O bviously, these are partly m eant as a help for the teacher  
to  control his students.

As stated b y  th e  author right at the beginning, this book is originally m eant m ainly  
for stu dents w ith biological interests and th e  selection of material clearly reflects this effort. 
A ccordingly, several top ics usually regarded as belonging to b iochem istry are treated in  detail 
w hereas the industrial applications of organic chem istry are strongly neglected. These tw o  
characteristics will probably — and unfortunately  — prevent th is otherwise excellent book  
to  becom e a basic te x t  in  organic chem istry.

L . M a r k ó

Ion-Selective Electrodes, Second S ym p o siu m  
Held at M átrafüred, H u n g a ry , 18 21 Oct. 1976. p p .  263

E d. E . P u n g o r , Akadém iai K iadó, Budapest 1977

B oth  theories on  the function of ion-selective electrodes have developed and the fields  
of their application expanded considerably during the past years. For this reason sym posia  
and colloquia are organized more frequently both  on national and international levels. The 
Second Sym posium  held at Mátrafüred gave a good opportunity for researchers from H ungary  
and m a n y  European countries active on th is field  to discuss a large va r ie ty  of theoretical and 
experim ental problems.

The five  plenary lectures presented at the Symposium focused the attention to novel 
results on neutral carrier ion-selective m em brane electrodes and their transport properties

Acta Chim. Acad. Sei. Hung. 97, 1978



364 RECENSIONES

(W . S in o n , W. E. Morf a n d  A. P . T hom a), on ion-sensing m em branes based  on  PVC m atrices (G. J . 
Mo o d y  and  J .  D. R . T h o m a s), on  new  m ethods for a u to m a tic  ana ly sis  w ith  ion-selective elec­
tro d e s  (E . P ungor , K. T ó th , G. N agy  and  Zs. F e h é r ) and  on th e  ap p lic a tio n  of ion-selective 
e lectro d es to  enzym atic  a n a ly s is  (G. J ohansson  a n d  L. Ö g r en ).

The fifteen discussion lectures considered a variety  analytical problem s solved by the  
use o f ion-selective sensors (e.g. analysis of m ixtures o f gases, and rhenium  and gold) the ques­
tion  o f sensitivity and se lec tiv ity  o f new types o f electrodes, the application  of ion-selective  
electrodes in studying therm odynam ical and kinetic  problems.

The book contains also the major points discussed during the panel discussion. T he  
four selected topics were as follows:

1. Selectivity coefficients and detection lim its in  ion-buffered system s.
2. Response tim e o f  indicator electrodes and measuring system s.
3. W hat kind o f new  sensors are needed?
4. Application of sensors in  autom atic analysis.

The book can be h ig h ly  recommanded to analytical chem ists working both in research 
in stitu tes and universities, and in industrial laboratories.

E . KŐRÖS

“ Topics in  Current C hem istry”  Volume 69. Inorganic B iochem istry I I

Spinger-Verlag, Berlin, Heidelberg, New York 1977

The 69. volum e of “ Topics in  Current Chem istry” similar to V olum e 64 this series in­
cludes m onographies on som e topics o f inorganic biochem istry.

The first m onography w ritten by K. K u s t in  and G. C. McL e o d  entitled “Metal Ion s  
and L iving Organisms in Sea W ater” gives an account on the progress th a t has been made to 
understand the im pact o f som e heavy m etals (V, Cr, Fe, Cu, Pb, and H g) introduced in the  
m arine environment. Of the m etal ions discussed by the authors iron, copper, chromium and 
vanadium  are essential elem ents for m ost of the liv ing  organisms including mammals; lead  
and mercury, though n ot essentia l, are also accum ulated by som e m arine organisms, enter  
in to  the food chain and com e u ltim ately  also to hum an beings. A fter a brief introduction, the  
second chapter describes th e  pathw ays metal ions are transported to  the oceans and how they  
becom e available for the b iosystem s. An im portant step  is the interaction  between the various 
organism s and the environm ent, which is followed b y  the entry of m eta l ions into living sys­
tem s. The latter includes chelation, ion-exchange and assim ilation (regulated removal and 
transport). The final chapter discusses the im pact o f  m etal ions on selected organisms (algae, 
m ollusks, tunicates). The m onography is com pleted w ith  136 references.

The main significance o f the very inform ative article is th a t it  directs the attention  
o f th e  reader to a major problem  mankind is going to be faced: tox ic  m etal ions are passing 
upw ard in the food chain at increasingly higher concentrations and the effects on man ultim ate­
ly  m a y  be hazardous.

The second m onography is on “ Inorganic M etabolic Gas E xchange in Biochemistry”  
and w ritten by G. R e n g e r . The author shows that tw o gaseous com pounds play a central role  
in  th e  biosystem s: 0 2 and C 0 2. Carbon dioxide either as primary substrate in photosynthesis 
for the anabolism of organic com pounds or as term inal product o f their catabolic degradation  
is th e  cornerstone of the large variety of bioorganic chem istry in liv ing  system s. On the other 
hand the 0 2/H 20  system s provides the m olecular basis for the fundam ental processes in bio­
energetics. The topic discussed by the author is of extrem e im portance. F irstly  he deals briefly  
w ith  “The Overall Counterbalance Reaction of Autrophic and H eterotropic Organisms” , i.e.

autotroph
C 0 2 +  H 20  ' — CH20  — +  0 2 reaction

heterotroph

Then he describes “The R ole o f Ozone as Atm ospheric UV Shield” . In  the following chapter  
w hich is the backbone o f the monography “ M etabolic Processes in  Autotrophic Organisms 
In vo lv in g  Gaseous C om pounds” are discussed, i.e. the reduction of carbon dioxide, in one o f  
the tw o main regions of the chloroplast, in the strom a region, and the oxygen  evolution in the
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other, the thylakoid region. “ N on-oxygen E volving Autotrophic O rganism s” are also m ention ­
ed briefly. — In the n e x t chapter the process o f biological dinitrogen fixation  is considered and 
the m olecular m echanism  o f nitrogenase catalyzed d in itrogen-fixation , as far as it  is know n at 
present, is described. F in a lly , the author deals w ith  “ M etabolic Processes in H eterotrophic  
Organisms Involving G aseous Compounds” considering how biosystem s are protected to  the  
tox ic  attack by oxygen , the oxygen transport system s and the m etabolic chemical reactions 
o f oxygen . — 216 references close the monography.

The last m onography of this volum e w ritten by W. B ü r g e r m e ist e r  and R. W in k l e r - 
O sw a titsch  is entitled  “ Complex Form ation of M onovalent Cations w ith  Bio-functional L i­
gands” . In biological system s alkali ions play im portant role in  ozm oregulation, and in variety  
of trigger reactions (e.g. nerve conduction). In order to  understand the molecular basis o f these  
reactions which are coupled  to the selective perm eability  o f biological membranes for these  
ions, a thorough know ledge as regards their coordination chem istry especially w ith bioligands 
is required. — The authors provide an excellently com piled account on the results obtained  
in  this field  m ainly during the last ten  years. T hey start by considering the selectivity and sta ­
b ility  o f com plex form ation and outline the m ethods which are used to determine the com plex  
stab ility  constants. (The stab ility  constant data are listed through 21 pages). In the n ext  
chapter they  deal w ith  th e  kinetics and m echanism  of com plex form ation, and with the m ethods  
applied for the determ ination  of rate constants. (The rate constant data are compiled in  fiv e  
tab les.) The following chapter is on “ Carrier M ediated Ion Transport through Artificial and  
B iological M embranes” , bo th  the carrier m echanism  and the channel m echanism  are discussed. 
In the fifth  chapter the authors provide detailed inform ation about the chemical com position, 
structure and conform ation of ionophoric ligands and their com plexes. This includes depsi- 
peptides, depsides, peptides, nigericin and related open chain com pounds, synthetic m acro- 
cyclic  polyethers, sy n th etic  m acrobicyclic and — tricyclic ligands (cryptands), and syn thetic  
non-cyclic ligands. — T he last chapter is “ A pplications of Alkali Cation Selective L igands.” 
T he use of crown polyethers as lipophilizers, the analytical application (in ion-selective elec­
trodes) o f some ligands, and their use for studying ion transport and related cell membrane p h e­
nom ena are m entioned. In  the appendix the authors com piled recent publications on biom edical 
applications of valinom ycin . — 327 references are given.

Volum e 69. o f T opics in  Current Chemistry can be highly recom m anded to biochem ists, 
organic, inorganic and environm ental chem ists, biologists and also to undergraduates m ajoring  
either in  chem istry and biochem istry.

E . K ő r ö s

R ich a rd  L . K e i t e r : Sem inaranleitungen zum  Lehrbuch 
M odellvorstellungen in  der Chemie

Übersetzt und bearbeitet von  H ans-D ieter S c h e n k e . W alter de Gruyter, 
B erlin—N ew  York, 1977. 234 Seiten

Das Buch sch ließ t sich eng an das von H a m m o nd , Ost e r v o u n g , Craw ford  und G ra y  
verfaßte Lehrbuch “ M odellvorstellungen in der Chemie” (Verlag W alter de Gruyter, Berlin  
1976) an. D ie Z ielsetzung ist, Professoren und L ehrassistenten W eisungen und m ethodologische  
H ilfe zur Leitung von  Sem inaren zu geben, die sich an die einleitenden Chemie Vorlesungen  
anschließen.

In der E inführung gibt der Verfasser vor allem  allgem eine m ethodologische und päd­
agogische Ratschläge über den Chemieunterricht. D arauf folgt eine kurze und klare Zusam m en­
fassung der gebräuchlichen physikalischen und chem ischen E inheiten . In  der Einführung sind  
auch Ratschläge zu Durchführung eines Seminars angegeben, dessen Thema der P latz der 
Chemie unter den N aturw issenschaften  sowie die B estim m ung ihres Gegenstandes ist. N ach  
der allgem einen E in leitun g  behandelt der Verfasser in 14 Abschnitten den Stoff des genannten  
Lehrbuches in Sem inarform . Die Abschnitte behandeln folgende Themenkreise:

1. Atom e und M oleküle. 2. Gase und die Avogadrosche H ypothese. 3. Periodizität und  
chem ische E igenschaft. 4. D ie B estandteile des Stoffes. 5. Die Elektronenstruktur der Atom e. 
6 . B indungen in M olekülen. 7. M olekülgeometrie und M olekülorbitale. 8 . F lüssigkeiten und  
feste Stoffe. 9. L ösungen. 10. Chemisches G leichgew icht. 11. Chemische Reaktionen. 12. Pro­
tonsäuren und B asen. 13. Geschwindigkeit und M echanismus von  chem ischen R eaktionen. 
14. Struktur und R eaktion  der Verbindungen von  K ohlenstoff und Silicium.
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D ie Struktur dieser A bschnitte gliedert sich einheitlich und sehr übersichtlich in  drei 
T eile. D er erste Teil befaßt sich jew eils m it den prinzipiellen und praktischen Leitungsfragen  
des Sem inars über den gegebenen Stoff. D em  S to ff des Lehrbuches und der Reihenfolge der 
E rörterung entsprechend wird auf die im  vorangehenden bereits erkannten, grundlegend w ich­
tig en  G esetze und Zusam m enhänge hingew iesen, d ie zum  Verständnis der aufgeworfenen Fra­
gen notw endig sind. Dadurch wird erm öglicht, daß der Stoff der Vorlesungen im  Sem inar kurz 
w iederholt und zusam m engefaßt wird. Zugleich erweitert der Verfasser den vorgetragenen  
Stoff, indem  er auf E inzelheiten eingeht, die in  der Vorlesung nicht behandelt werden konnten, 
jed o ch  zum  Verständnis des gegebenen Them enkreises beitragen. Es werden auch vershiedene  
A ufgaben und ihre Lösungen behandelt. Der Verfasser lenkt die Aufm erksam keit des Lehr­
personals auf die Problem e, deren Verständnis — nach seiner langjährigen Erfahrung — den  
H örern besonders schwerfällt, und gibt R atsch läge, w ie diese Schw ierigkeiten überbrückt wer­
den  können. Er zählt die Fragen auf, welche die H örer am  häufigsten stellen, und gibt die A n t­
w ort dazu an. Er betont, daß das der Sem inarstoff den Ansprüchen und dem  N iveau des D urch­
schnittshörers angepaßt werden soll. E s ist falsch, sich m it den durch die hervorragendsten  
H örern gestellten  Fragen zu befassen, weil dann das Sem inar nicht zu dem  gestellten  Ziel führt, 
daß säm tliche Hörer sich das nötige W issen aneignen. Mit solchen überdurchschnittlichen  
F ragen  soll m an sich in  besonderen K onsu ltationen befassen.

Der zweite Teil der A bschnitte gibt L iteraturhinw eise für die jen igen  die irgendeinen  
Teil des gegebenen Them as näher kennenlernen m öchten . Der dritte Teil enthält schließlich  
die verständlich  angegebenen, richtigen Lösungen der im  Lehrbuch gestellten  Fragen und  
R echenaufgaben .

Abschließend enthält das B uch im  Interesse eines besseren Verständnisses des Lehr­
sto ffes K ontrollfragen und nach der A usw ahlm ethode die darauf zu gebenden richtigen A n t­
w orten .

Obwohl die “ Sem inaranleitungen” sich eng an das angeführte Lehrbuch anschließen, 
kan n  das Buch, wegen seines m odernen Stoffes und seiner guten K onzeption , m it N utzen  von  
all denen gelesen werden, die ähnliche Sem inare leiten . Infolge der klaren und übersichtlichen  
B ehandlung des Stoffes und des reichen Beispielm aterials kann das B uch  auch all den Hörern  
em pfohlen  werden, die ein gründliches Verständnis der einleitenden Chem ievorlesungen w ün­
schen.

A. G e r g e l y

N . D . E rio T is , W . R . C h e r r y ,  S. S a i k ,  R . L. Y a t e s  F . B e r n a r d i : 

Structural Theory o f  Organic Chemistry , 250 p p .

Springer-Verlag, Berlin — H eidelberg — New York, 1977

The aim of this book is to give a unified, qualitative theory of organic chem istry based  
on quantum  mechanics. M olecules are constructed of small and transferable fragm ents which  
in tera ct in  a relatively sim ple manner. These interactions determine m olecular properties such  
as geom etry, conformation, reactiv ity , etc. After an outline of the theory in Part I, non-bonded, 
gem inal and conjugative interactions betw een m olecular fragments are discussed in  Parts II , 
II I  and IV, respectively. Part V deals w ith  bond ion icity  effects. Am ple evidence, theoretical 
and experim ental as well, is given to confirm  the sim plified treatm ent. Accordingly, 420 ref­
erences are cited, affording a useful survey of the literature.

U nfortunately, we feel, the book could not achieve its purpose. F irst, in  order to  pre­
sen t a qualitative theory which is well understandable to the chem ist a t the bench, a clear-cut 
theoretical foundation should be given. Part I does not yield such a theory. The equations, 
given  here, seem to be arbitrary, though the reader m ay have some idea th a t they have their 
origin in quantum  chem istry. Further, there are too m any effects to be taken into account 
w h en  experim ental trends are explained. For exam ple, in the discussions in Sections 7 and 8 , 
n-p i, sigm a-pi and pi-pi interactions com pete to determ ine molecular properties. I t  is n o t clear 
in  w h at manner their relative im portance can be established. Further, at the bottom  o f page 
54 , th e  following is written: “ H owever, due to the sm all hydrogen coefficients in these MO’s , . . . ” 
From  where should the reader know whether the coefficients are really small ? A m iscon­
ception : on page 63, acyclic N 2 0 4 is called a “ sigm a aromatic system ” . I t  is known th a t ar­
o m a tic ity  has a m eaning in cyclic pi-system s on ly . A serious drawback is the not a lw ays  
clear presentation; there are some parts o f the book which need really hard work to under­
stand .

Acta Chim. Acad. Sei. Hung. 97, 1978
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D espite the above objections, the authors have considerable m erits in having developed  
useful qualitative models o f m olecular structure. There is a w ide variety  of interesting ideas 
and propositions for the specialist working on theoretical organic chem istry or quantum  chem ­
istry . H owever, the book cannot be recom m ended to non-specialists or to graduate students.

G . N á r a y - S z a b ó

Acta Chim. Acad. Sei. Hung. 97, 1978
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РЕЗЮМЕ

Радиолиз водных систем железа(Ш )-ЭДТУ

М. В Е Б Е Р ,  Г . Ф Е Л Ь Д И А К  и  Е . К О Ч И Ш

В интересах того, чтобы в стальных конструкциях атомных хтанций нержавеющую 
сталь заменить на более дешовую перлитную сталь, были проведены лабораторные ис­
следования у-радиолиза водных растворов с добавкой железо(Ш)-ЭДТУ. Было устан­
овлено, что между раднолизом железа (Ш )-ЗДТУ и железа(Н)-ЭДТУ устана­
вливается развновесие. Было исследовано влияние муравыиной кислоты и 
метанола, как побочных добавок, а также комплексов хрома и никеля стальных сплавов с 
ЭДТУ. Для системы железо(Ш)-ЭДТУ полагалось, что между отдельными растворенными 
веществами и продуктами их радиолиза имеет место конкуренция.

Статистическое приближение электродной функции мембраных 
электродов с ионной селективностью

С. Л И Т Е А Н У , Е . Х О П И Р Т Е А Н  и И . С. П О П Е С К У

Статистическая обработка электродной функции позволяет определение следующих 
фундаментальных параметров: предельную величину области линейности (pc)i, предел 
детектирования(_рс)й, предел определимости (pc)D и концентрацию фона (рс)&. Статисти­
ческое определение предела детектирования и предела определимости, используя ста­
тистическую теорию детектирования сигнала, позволяет использование электродной функ­
ции и в налинейной области.

Исследования взаимодействия ион-растворитель в системах 
спитр — соляная кислота
Ф . Р А Т К О В И Ч  и И -Н Е  Б А Р А Т И

Электродвижущая сила в системе электродов Pt/H2 газ/HCl cnHpT/Hg2Cl2/Hg была 
исследована в температурном интервале 20— 40°С. Был определен нормальный потенциал 
спиртового каломельного электрода в метаноле, этаноле, 1-пропаноле и 1-бутаноле. Была 
исследована концентрационная зависимость средних коэффициентов ионной активности 
при концентрациях, превышающих область справедливости теории Дебая=Хюкеля, ибыло 
установлено, что отклонения от вышеупомянутой теории могут быть объяснены сильными 
взаимодействиями между ионами и с растворителем. Взаимодействие ионов с растворите­
лем увеличивается с увеличением молекулярного веса последнего. Это объясняет также 
и то явление, что растворимость хлористого водорода в спирте значительно увеличивае­
тся с увеличением молекулярного веса спирта.



Исследование периодических колебаний потенциала на платиновом 
электроде, погруженном в раствор органических веществ с редокс

системами

Возбуждение явлений, подобных осциллированиям 
гальваностатических потенциалов, наблюдаемым в ходе 

электроокисления, в случае разомкнутой электрической цепи
Д Ь .  Х О Р А Н И , Д Ь . И Н З Е Л Ь Т  и  3 - Н Е  С Е Т Е Й

Экспериментально было подтверждено, что те осциллирующие явления, наблюдае­
мые на платиновом электроде в ходе гальваностатического электрокисления отдельных 
органических веществ, могут быть обнаружены и для равновесного потенциала электрода, 
погруженного в раствор, содержащий органическое вещество и редокс систему. Осциллиро- 
вание равновесного потенциала было обнаружено в системах, содержащих Се4+, Fe3+ и 
метанол, формальдегид, муравьиную кислоту, этиленгликоль, гликольальдегид, глиок- 
саль, изопропанол. Было показано, что для интервала потенциала, соответствующего ка­
тодному диффузионному предельному току окисляющего агента, в сущности, справедливы 
те условия, которые итак обеспечивает гальваностат. Если осциллирование гальваностати­
ческого потенциала попадает в эту область, то происходит осциллирование и равновесного 
потенциала. В случае этиленгликоля сравнивали осциллирование гальваностатического 
потенциала с осциллированием равновесного потенциала.

Электрохимическое поведение этиленгликоля и его окисленных 
производных на платиновом электроде, I

Электровостановление бифункциональных оксосоединений с двумя
углеродными атомами

Д Ь .  Х О Р А Н И , Д Ь . И Н З Е Л Ь Т  и  Е . С Е Т Е Й

Было показано, что в ходе окисления этиленгликоля на электроде платиновой черни 
в кислой среде образуются такие продукты, которые восстанавливаются со значительной 
скоростью при потенциалах ненамного более положительных, чем равновесный потенциал 
водородного электрода. Для объяснения наблюдаемого явления было изучено электро­
гидрирование и каталитическое гидрирование окисленных производных этиленгликоля 
(НОСН2 СНО, ОНС СНО, НОСН2-СООН, ОНС-СООН, НООС-СООН) на электроде 
платинированной платины и катализаторе из платиновой черни, соответственно, в кислых 
средах. Заметные скорости восстановления наблюдались лишь в случае оксосоединений. 
Было показано, что реакции гидрирования наблюдаются лишь в случае соблюдения опре­
деленной экспериментальной методики. Для скоростей гидрирования и электрогидриро­
вания был найден следующий ряд: НОСН2 СНО >  ОНС—СНО ;> ОНС—СООН.
В результате гидрирования и электрогидрирования гликольальдегида и глиоксаля, в 
основном, образуется этан, вероятно через образование ацетальдегида как промежуточного 
продукта.

Экспериментальные данные однозначно указывают на то, что в ходе окисления 
этиленгликоля в значительных количествах образуются гликольальдегид или глиоксаль, 
или оба соединения.

(



Применение электрода ртуть-окись ртути для измерения активности 
гидроксильного иона в концентрированных щелочных растворах

3 .  Г . С А Б О , М . П А Л Ф А Л В И -Р О Ж А Х Е Д И  и М . О Р Б А Н

Электрод Hg/HgO, использованный до сих пор как стандартный электрод, оказался 
пригодным для определения изменений активности гидроксильного иона в концентри­
рованных растворах щелочи натрия. Этот электрод был использован для измерения ак­
тивности лидроксильных ионов в каустических растворах алюмината. Метод, основан­
ный на измерениях проводимости, был разработан для определения диффузионного потен­
циала системы.

Расчеты на основе данных, полученных таким путем, подтверждают то заключение в 
литературе, что в системах с низкой концентрацией алюминия превалирует ион тетрагид- 
роксоалюмината. В системах с более высокой концентрацией алюминия можно полагать 
образование димерных или олигомерных частиц; однако, данный метод, сам по себе, не 
дает количественных данных, подтверждающих это предположение.

Исследование тозиловых и мезиловых производных в морфиновом
ряду, XXI

C-6-галогенпроизводные дигидрокодеина

Г. Ш О М О Д И , Ш . М А К Л Е Й Т  и Р . Б О Г Н А Р

Исходя из 6-0-мезилдигидрокодеина были получены 6-хлордигидрокодид, а также 
до сих пор еще не полученные 6-фтор- и 6-бром дигидрокодиды. Реакция 6-0-мезилдигидро- 
кодеина с иодидом натрия не приводит к образованию ожидаемого 6-иодпроизводного, а об­
разуется дезоксикодеин-С.

Синтез фенил 2-деокси- и З-деокси-р-О-глюкопиранозидов

л. киш

Описывается синтез фенил 2-деокси- и 3-деокси-/3-Г)-глюкопиранозидов (5 и 10). 
Синтез был осуществлен через восстановление соответствующего п-толуолсульфонилового 
производного (4 и 9) с помощью LiAlH4 исследовано, происходит ли образование эпоксид­
ного промежуточного продукта в реакции. Оказалось, что в реакции не образуется какой- 
либо эпоксид.

Синтез алкалоидов со скелетом фталилизосинолина с помощью 
соединений Рейсерта, I

Новый синтез гидрастина

П . К Е Р Е К Е Ш , Г . Х О Р В А Т , Д Ь .  Г А А Л  и  Р . Б О Г Н А Р

Выл осуществлен через несколько ступеней новый синтез ( ± )-/?-- и (±)-а-гидрасти- 
нов с использованием 1-циано-2-бензоил-6,7-метилендиокси-1,2-дигидроизохинолина и 
метилового эфира опиановой кислоты.
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SC H IFF BASE CO M PLEXES OF D IO X O U R A N IU M (Y I), V
D IO X O U R A N IU M (V I) CH LO RIDE CO M PL E X E S W ITH  DIBASIC T R ID E N T A T E

SC H IF F  B A SE S

R . G. VlJAY and J .  P . TANDON 
(Chemical Laboratories, University of Rajasthan, Jaipur, India)

R eceived January 27, 1977

The U 0 2C12(SB H 2)2 com plexes h ave been prepared by m ixing dioxouranium (VI) 
chloride in 1:2 m ole ratio w ith the d ibasic tr identate  Schiff bases (SB H 2) obtained by  
th e  condensation o f salicylaldehyde, 2-hydroxy-l-nap hth ald eh yde, o-hydroxyacetophe- 
none, 2,4-pentanedione or l-p h en y l-l,3 -b u tan ed ion e  w ith  hydroxylalkylam ines (such  
as 2-hydroxyethylam ine, 2 -hydroxy-l-propylam ine and 3-hydroxy-I-propylam ine) 
or 2-hydroxyaniline. The resulting com plexes have been characterized b y  elem ental 
analysis, conductance m easurem ents and infrared spectra.

Introduction

I n  an  earlier p u b lica tio n  [1] fro m  th ese  lab o ra to rie s , reac tio n s o f  d ioxo- 
u ran iu m (Y I) chloride w ith  m onobasic b id e n ta te  S ch iff bases have been  re p o rte d  
an d  in  th e se  th e  Sch iff bases are c o -o rd in a te d  to  th e  cen tra l u ran iu m  a to m . 
Such re a c tio n s  w ith  d ibasic  tr id e n ta te  S ch iff bases do n o t seem  to  h av e  been  
s tu d ied  so fa r. The resu lts  of these  in v e s tig a tio n s  are discussed in  th e  p re se n t 
paper.

T h e  Sch iff bases u sed  in  these  re a c tio n s  can  be s tru c tu ra lly  rep re sen ted  
as follows (I to  IV):

OH

OH

=NX OH

CH3

R i
\
//

HC

C— OH

\
p = N X m OH/

H3C

III jy

(W here in, (I) X 1 =  CH2CH2, CH2CHCH3, CH2CH2CH2 and o-C6H4 
(II) and (III), X 11 =  CH2CH2, CH2CHCH3 and CH2CH2CH2 
(IV) w hen R t =  CH3, X 111 =  CH2CH2, CH2CHCH3, CH2CH2CH2 and o-C6H4 

Rj =  C6H5, X IU =  CH2CH2, CH2CHCH3 and CH2CH2CH2.)
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E xperim en ta l

Materials

A bsolute ethanol, dim ethylform am ide and nitrobenzene were dehydrated b y  chem ical 
m eth ods as reported earlier [2, 3]. D ioxouranium (Y I) chloride was used w ithout further purifi­
cation .

Preparation o f Schiff bases

The Schiff bases, 2-hydroxy-l-naphthylidene-2-hydroxyethylam ine, 2-hyd roxy-l-nap h- 
thylidene-2-hydroxy-l-propylam ine, 2-hydroxy-l-naphthylidene-3-hydroxy-l-propylam ine, 1- 
phenyl-l,3-butaned ione-2-hydroxyethylim ine, l-phenyl-l,3 -b utaned ion e-2-hyd roxy-l-propyl- 
im ine and l-phenyl-l,3 -b utanedion e-3-hyd roxy-l-propylim in e were prepared b y  m ixing  
equim olar amounts o f a ldehyde or /J-diketone and desired hydroxyam ine in ethanol. These were 
purified  by recrystallization in  the sam e solvent. The analysis and physical characteristics are 
recorded in Table I.

The synthesis and physical characteristics o f  the Schiff bases, salicylidene-2-hydroxy- 
ethylam ine (C8H n N 0 2), sa licylidene-2-hydroxy-l-propylam ine (C10H 13NO2), salicylidene-
3-hydroxy-l-propylam ine (C10H 13N 0 2),* salicylidene(2-hydroxyaniline)(C 13H n N 0 2), o-hydroxy- 
acetophenone-2-hydroxyethylinine (C10H 13N O 2)*, o-hydroxyacetophenone-2-hydroxy-l-propy- 
lim ine (Cn H 15N 0 2), o-hydroxyacetophenone-3-hydroxy-l-propylim ine (Cn H 16N 0 2)*, 2,4- 
pentanedione-2-hydroxyethylim ine (C,H13N 0 2), 2,4-pentanedione-2-hydroxy-l-propylim ine

Table I

Properties and analyses of dibasic tridentate Schiff bases

M.P.
(•C)

Analysis %

Schiff base (SBH,) Characteristics c
Found
(Calc.)

H
Found
(Calc.)

N
Found
(Calc.)

2-H ydroxy-l-naphthylidene
2-hydroxyethylam ine
(Ci3H 13N 0 2)

yellow needles 1 5 2 - 5 72.94
(72.55)

6.38
(6.09)

6.76
(6.51)

2-H ydroxy-1 -naphthylidene-
2-hydroxy-l-propylam ine
(CUH 1SN 0 2)

yellow solid 1 5 0 - 5 1 73.61
(73.38)

6.77
(6.59)

6.08
(6.11)

2- H ydroxy-l-naphthylidene-
3- hydroxy-l-propylam ine
(C14H 1SN 0 2)*

yellow solid 120 73.12
(73.38)

6.71
(6.59)

6.15
(6.11)

1- Phenyl-l,3-butanedione
2- hydroxy-ethylam ine  
(CI2H 15N 0 2)

pale yellow  
solid

88 70.39
(70.27)

7.41
(7.37)

6.79
(6.83)

1- Phenyl-l,3-butanedione-
2- hydroxy-l-propylim ine  
(C1SH „ N 0 2)

pale yellow  
solid

1 1 0 - 1 2 71.32
(71.20)

7.72
(7.81)

6.48
(6.39)

1-Phenyl- 1,3-butanedione-
3-hydroxy-l-propylim ine
(C13H 17N 0 2)

pale yellow  
solid

78 71.33
(71.20)

7.84
(7.81)

6.33
(6.39)

* has been used to  distinguish between the com pounds of the same m olecular formula
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(CeH l5N 0 2), 2 ,4-pentanedione-3-hydroxy-l-5propylim ine (CsH 15N 0 2)* and 2,4-pentanedione- 
2-hydroxyanil (Cn H 13N 0 2) have been reported  in an earlier paper [3].

Preparation of dioxouranium (V I) complexes

To a solution o f  dioxouranium(VI) chloride in ethanol was added the ligand solution  in  
the sam e solvent in  1 : 2 mole ratio under con stan t stirring. An orange red solution w as o b ­
tained and in m ost o f  th e  cases an orange red  precipitate separated out, which was filtered , 
washed w ith  ethanol and air dried. The deta ils  o f these reactions and som e im portant properties 
of the resulting com plexes are reported in  T ab le  II.

Table II

R e a c t io n s  o f  d io x o u r a n iu m  ( V I )  ch lo rid e  w i t h  S c h i f f  b a s e s  i n  1 : 2  m o le  r a t io  a n d  p r o p e r t i e s  o f  th e
r e s u l t i n g  c o m p le x e s

U0.C1,
(8)

Schiff base 
(SBH,)(g) Product and characteristics u

Found
(Calc.)

Analysis % 

N
Found
(Calc.)

Cl
Found
(Calc.)

Mola
ducta

(ohm-1
cm” 1

Nitro­
benzene

con- 
nce in 
mole-  ')

DMF

1 2 3 4 5 6 7 8

2.01 CaHjjNOj U 0 2Cl2(C9Hn N 0 2)2 35.53 4.40 10.63 1.59 37.9
1.95 yellow  solid (35.44) (4.17) (10.56)

1.50 C i 0H i 3JNO2 UO 2Cl2(C,0H13N 0 2)2 33.87 4.19 10.02 2.61 36.3
1.58 yellow  solid (34.04) (4.00) (10.14)

3.22 C10H 13]NO2* UO2Cl2(C10H13NO2)2* 34.27 3.96 10.03 3.23 42.4
3.39 orange solid (34.04) (4.00) (10.14)

1.13 C i3H n J N 0 2 UO 2Cl2(C13HnN 0 2)2 31.60 3.39 9.63 — 41.4
1.41 red solid (31.02) (3.65) (9.24)

1.66 C13H 13JNU2 UO 2Cl2(C,3H13N 0 2)2 31.13 3.45 9.43 1.53 37.1
2.09 yellow ish red solid (30.86) (3.63) (9.19)

1.80 ^ 1 4 ^ 1 5 ^  ̂ 2 UO2Cl2(C14H1BN 0 2)2 30.31 3.19 9.03 2.50 41.3
2.42 yellow ish  red solid (29.78) (3.50) (8.87)

1.57 C14H ieN 0 2* U 0 2C12(CI4H1BN 0 2)2* 29.53 3.63 8.60 1.83 45.8
2.11 yellow ish  red solid (29.78) (3.50) (8.87)

1.41 c 10h 13n o 2* UO2Cl2(C10H13N 0 2)2* 34.17 3.99 10.65 — 39.8
1.48 yellow  solid (34.04) (4.00) (10.14)

1.70 Cn H 16N 0 2 U  0 2CI2(C, jH 16N 0 2)2 33.51 3.61 9.99 — 35.4
1.93 yellow  solid (32.72) (3.85) (9.75)

1.61 c u h 15n o 2* U 0 2Cl2(Cn H16N 0 2)2* 32.73 3.99 9.40 — 42.2
1.83 yellow  solid (32.72) (3.85) (9.75)

2.17 c, h 13n o 2 U 0 2C12(C7H 13N 0 2)2 37.39 4.62 11.06 2.71 71.3
1.82 reddish orange semi- (37.93) (4.46) (11.30)

solid
1.48 c8h 16n o 2 U 0 2C12(CsH j 6n o 2)2 36.64 4.14 10.63 3.44 74.9

1.37 reddish orange-semi- (36.30) (4.27) (10.81)
solid

1.40 c8h 15n o 2* U 0 2Cl2(CgH15N 0 2)2* 36.40 4.49 10.46 2.82 72.5
1.29 reddish orange-semi-solid (36.30) (4.27) (10.81)

1.80 U 0 2C12(Cu H 13N 0 2)2 32.69 3.92 9.40 1.94 37.6
2.02 brownish red solid (32.90) (3.87) (9.80)

1.00 ^ 1 2 ^ 1 5 ^ ^ 2 U 0 2C12(C]2H1BN 0 2)2 31.85 3.63 9.73 3.32 74.8
1.20 orange solid (31.69) (3.73) (9.44)

1.33 ^*13-417^^2 U 0 2C12(C13H17N 0 2)2 30.41 3.67 8.99 2.44 74.8
1.71 orange solid (30.55) (3.59) (9.10)

1.24 c13h 17n o 2* U 0 2C12(C13H17N 0 2)2* 30.73 3.45 9.17 2.75 73.6
1.60 orange solid (30.55) (3.59) (9.10)

* has been used to  distinguish betw een the compounds o f the same molecular 
formula.

1* Acta Chim. Acad. Sei. Hung. 97, 1978
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A nalytical methods and physical measurem ents

Uranium was determ ined as uranium o x in a te  [4] nitrogen b y  K jeldahl’s m ethod, 
and chlorine gravim etrically as silver chloride.

Molar conductance m easurem ents o f th e  resulting com plexes were performed in di- 
m ethylform am ide and nitrobenzene at 30 ±  1 °C using a Tesla RLC bridge w ith  the cell having  
a cell constant o f 0.74 c m -1 . Therm ogravim etric analysis was carried out on a Stanton (Mass 
flo w  type) Autom atic R ecording Therm ogravim etric Balance.

Infrared spectra o f  th e  Schiff bases and their dioxouranium (VI) com plexes were recorded 
in  nujol mulls using a Perkin-Elm er 337 grating infrared spectrophotom eter w ith  K Br optics. 
T he IR  spectra of a few  S ch iff bases and their com plexes were also recorded in  the range of 
6 5 0 —200 cm -1 in nujol m ulls using a B eckm an I R —12 infrared spectrophotom eter.

Results and discussion

R eactions o f  d ioxouran ium (V I) ch lo ride  w ith  d ibasic tr id e n ta te  S ch iff 
b ases (SB H 2) (i.e. sa licy lid en eh y d ro x y am in es, 2 -h y d ro x y -l-n a p h th y lid e n e- 
hyd ro x y am in es, o -h y d ro x y ace to p h en o n e-h y d ro x y im in es, 2 ,4 -pen taned ione- 
hyd roxy im ines an d  l-p h e n y l-l,3 -b u ta n e d io n eh y d ro x y im in e s)  in  1 : 2 m ole 
ra t io  can be re p re se n te d  by  the fo llow ing  general eq u a tio n :

U 0 2C12 +  2S B H , -  U 0 2C12(SB H 2)2

All the  re su ltin g  com plexes a re  s tab le  in  lig h t an d  air, and  m ost o f  
th e m  have been  o b ta in e d  in solid s ta te  ex cep t th e  deriv a tiv es  o f th e  S ch iff 
bases o f 2 ,4 -p en tan ed io n eh y d ro x y a lk y lim in es, w hich are viscous sem i-solids. 
T h e  resu lting  com plexes are soluble in  D M F an d  py rid ine , b u t  inso luble  in  
benzene and  ch lo ro fo rm .

The Schiff b ases used in these re a c tio n s  are p o te n tia lly  d ibasic t r id e n ta te  
in  n a tu re , b u t  in  th e  p resen t in v es tig a tio n s  these  b ehave as n e u tra l b id e n ta te  
ligands as re p o rte d  ea rlie r [3]. The p o ss ib ility  o f co -o rd ination  th ro u g h  th e  O H  
group  of th e  am ine  residue of th e  lig an d  m o ie ty  is ru led  o u t b y  th e  fa c t t h a t  
no reaction  has b een  found to  ta k e  p lace betw een  th e  d ioxo u ran iu m (V I) 
chloride and  th e  S ch iff  bases, b en zy lid en eh y d ro x y la lk y lam in es. T he reaso n  
o f  th e  in a c tiv ity  o f  these  Schiff bases is th e  absence of th e  O H  group  in  th e  
ortho position  to  th e  azom ethine g ro u p  as re p o rte d  b y  K ovacic [5] also in  th e  
case of b iv a len t ca tio n s.

The b e h a v io u r  of the  alcoholic h y d ro x y  group  depends on th e  c e n tra l 
m e ta l ion as w ell as th e  n a tu re  of th e  lig an d . The c ry s ta l s tru c tu re  [6 ] o f b is- 
(sa licy lid en e-2 -h y d ro x y e th y lam in e)co p p er(II) shows th a t  th e  S chiff b ases 
b ehave as b id e n ta te  ligands; th e  c o -o rd in a tio n  ta k e s  place th ro u g h  th e  p heno lic  
oxygen and  th e  n itro g en  of th e  azo m e th in e  group . The d o n a tin g  ten d e n c y  o f  
th e  alcoholic o x y g en  is co m p ara tiv e ly  w eak  com pared  to  th e  phenolic o x y g en
[6 ] and  th is  is th e  reason  th a t  th e  alcoholic O H  group does n o t co -o rd ina te  th e  
m e ta l ion in  S ch iff base com plexes.
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Conductance measurements

M olar co n d u c tan ce  values o f  th e se  com plexes in  D M F fa ll in  th e  range  
of 35 — 75 o h m -1 cm 2 m o le“ 1 in d ic a tin g  th e ir  p a r tia l d issociation  in  th is  m ed ium  
as re p o r te d  earlier [7], H ow ever, th e  values of m o lar conduc tance  in  n i t ro ­
benzene have been fo u n d  to  be below  6 o h m -1 cm 2 m o le -1  in d ica tin g  th a t  th e  
com plexes behave as n o n -e lec tro ly tes [8 ].

Thermogravimetric analysis

T h e th e rm o g rav im etric  analysis o f  d ioxouran ium  (V I) chloride bis(salicyl- 
id en e -2 -h y d ro x y -l-p ro p y lam in e) show s (F ig . 1) th a t  th e  com plex is q u ite  stab le  
up  to  160 °C. I t  loses th e  tw o S ch iff base  m olecules up  to  475 °C an d  fin a lly  is

0 200 400  600
T e m p e r a t u r e  , °C

Fig. 1. T herm olysis curve: U 0 2C12(H 0C6H4CH: N C H 2CHOHCH3)2 W t. o f the com plex =  81 m g, 
W t. of the residue = 3 5  m g, Calcd. W t. for U 30 8 =  33 mg

Infrared spectra

T he I R  sp ec tra  o f th e  Schiff bases a n d  th e ir  d ioxouran ium  (VI) com plexes 
have been  recorded  an d  th e  im p o rta n t fe a tu re s  are as follows.

(i) I n  th e  IR  sp ec tra  of the S ch iff bases, w eak an d  b ro ad  a b so rp tio n  
bonds are  observed  in  th e  region of 3400 — 3200 c m -1 , w hich  are a t  low er w ave 
num bers th a n  th e  s tre tc h in g  frequencies o f  free N -H  or О- H  group . T h is can  
be a t t r ib u te d  to  the  p resence of bo th  ty p e s  o f hydrogen  bond ing , in term olec- 
u la r (O -H  . . .  0 )  as well as in tram o lecu la r  (O -H  . . .  N) in  these  com pounds 
[9, 10]. H ow ever, in  th e  resu lting  co m plexes, th is  v ib ra tio n  is sh ifted  b y  50
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to  250 c m -1  to w a rd  h ig h e r  values; th is  m a y  be a t tr ib u te d  to  th e  abso rp tio n  
b a n d  o f co o rd ina ted  О —H  or N —H  v ib ra tio n .

(ii) Some o f th e se  com plexes also show  a b so rp tio n  b an d  a t  3550 c m -1 
a n d  th is  m ay  be due to  th e  free О- H  g roup  o f th e  am ine residue o f th e  ligand  
m o ie ty .

(iii) The >  C =  N -s tre tch in g  freq u en cy  ap p ears  in  th e  reg ion  o f 1625 — 
1600 c m -1  in  th e  S ch iff bases, and  th is  is sh ifted  slig h tly  to  th e  h igher w ave, 
n u m b e rs  in  the  re su ltin g  d ioxouran ium  (V I) com plexes. A sim ilar Schift has 
also  been  observed in  th e  d io x ouran ium  (V I) com plexes b y  V id a li et. al. [11].

(iv) The d io x o u ran iu m  (VI) ions e x h ib it [12] th re e  v ib ra tio n a l frequencies: 
sy m m etric  (jq) a n d  asy m m etric  (v3) s tre tc h in g  a n d  b end ing  (v2) frequencies. 
I n  th e  linear d io x o u ran iu m (V I) ion , o n ly  th e  asy m m etric  s tre tc h in g  is easily  
o bserved  in  th e  n o rm a l in fra red  sp ec tru m , w hile th e  bend ing  frequency  (v2) 
ap p e a rs  in  th e  low er reg ion . The a sy m m etric  (v3) s tre tc h in g  freq u en cy  has been 
o b serv ed  in  th e  reg io n  o f  915 — 900 c m -1  in  th e  re su ltin g  com plexes.

In  a few d e riv a tiv e s , a w eak or m ed iu m  in te n s ity  b a n d  appears in  th e  
reg io n  of 875 — 835 c m -1  and  th is  m a y  be assigned  to  th e  asy m m etric  s tre tc h ­
in g  frequency  o f th e  d iox o u ran iu m (V I) group . F u r th e r , a n o th e r b an d  in  th e  
f a r  IR  region (i. e. 265 — 250 c m -1 ) has been  a t t r ib u te d  to  th e  bend ing  v ib ra ­
tio n  (v2) of th e  d iox o u ran iu m (V I) ion .

(v) The fa r  I R  sp ec tra  of a few  d ioxouran ium (V I) chloride com plexes 
o f  Schiff bases h av e  b een  recorded  to  su b s ta n tia te  th e  b ond ing  of u ran iu m  to  
th e  chlorine a to m . A  new  b an d  ap p ears  a t  ^  225 c m -1  an d  th is  m ay  be due to  
th e  vU-Cl.

*
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The diffusion o f  cis- and tr<ms-2-butene, m ethanol and ammonia was studied  b y  
infrared spectroscopic and gravim etric m ethods. The adsorption saturation controlled  
b y  diffusion was found to obey B a r k e r ’s relation for m ass transport in isotropic m ono­
crystals. The rela tive  values of th e  diffusion coefficients can be correlated w ith  th e  
size o f the diffusing molecules, the in teractions betw een m olecules and the zeolite pores 
and w ith  the free pore size.

Z eolites as c a ta ly s ts  and a d so rb e n ts  have fo u n d  increasing  ap p lic a tio n  
in  th e  la s t  1 — 2 decad es. Unlike in  o th e r  m a te ria ls  w ith  large surface a re a s , 
th e  pore system  o f th e se  crystalline a lum inosilica tes is p erfec tly  reg u la r as a 
consequence of th e ir  c ry s ta l s tru c tu re : cav ities of w ell-defined  shape are in te r ­
connected  b y  a sy s te m  o f e lem en tary  channels.

T h is pore sy s tem  is n o t accessible in  n a tu ra l zeo lites because i t  is f illed  
w ith  exchangeable  c a tio n s  and w a te r , th e  p a rtia l o r com plete rem o v al o f  
w hich is necessary  to  m ake the p o re  sy s tem  p erm eab le  for sm aller (w ith  a 
c ritica l d iam ete r o f 3 — 10 Á) m olecules. T he free cross section  of e le m e n ta ry  
pores in  d eh y d ra te d  zeolites depends on  th e  d iam e te r  o f  th e  exchangeab le  
cations in  th e  zeolite , i t  being the la rg e s t  in  th e  case o f H +-zeolites.

Since th e  d ifference betw een th e  d ia m e te rs  o f th e  pores and  the  m olecules 
en te rin g  is v e ry  sm all, m ass tra n sp o r t  in  these  pores is a p a rticu la r  k in d  o f  
d iffusion: i t  takes p lace  in  crystal a n d  th e  m o tio n  o f d iffusing m a te ria l is 
m ain ly  in fluenced  b y  th e  physical a n d  chem ical in te ra c tio n s  w ith  th e  w all o f  
th e  channel.

S uch  in te rac tio n s  should  be ta k e n  in to  acco u n t in  each  p rac tica l case, 
since o f in te re s t are o n ly  those  system s in  w hich  th e re  is ad so rp tio n  (ca ta ly tic ) 
in te ra c tio n  betw een  th e  diffusing m olecu les an d  th e  w all o f  zeolite pores. T h e  
m olecules com ing to  th e  crystallite  p o re  are  th u s  ad so rb ed  according to  th e  
ad so rp tio n  equ ilib rium  corresponding to  th e  given e x te rn a l co n cen tra tio n . 
Since th e  pores are o f  m olecu lar size, th e  m olecules enclosed w ith in  th em  are  
located  in  a chainlike a rran g em en t. T h e  p o res  are filled  g rad u a lly  b y  th e  m i­
g ra tio n  o f th ese  m olecules. Therefore, th e  d iffusion process can  be tra c e d  b y  
observ ing  th e  sa tu ra tio n  o f  th e  zeolite c ry s ta l ,  w hich w ill be te rm ed  for sim ­
p lic ity  as so rp tion .

S tr ic tly  th e  process canno t be co n sid e red  as a d so rp tio n  since th e  f lu id  
phase m olecules are n o t b o u n d  d irectly  t o  th e  in te rn a l surface of em p ty  pores.
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In s te a d , th e  m olecules h av in g  bound  a t  th e  pore  en trance  p e n e tra te  deeper 
in to  th e  em p ty  pores. T h u s  th e  process is m o re  sim ilar to  ab so rp tio n , its  d riv ing  
fo rce  being  th e  c o n c e n tra tio n  difference in s id e  th e  zeolite c ry sta l.

L e t us suppose a n  iso trop ic , hom ogeneous zeolite m o n o cry s ta l in  w hich 
th e  d iffusion  e q u a tio n  is va lid  for an y  s p a tia l  d irection :

—  =  -D(div g ra d ) C (1)
0 Í

w here  C is th e  c o n c e n tra tio n  of th e  a d so rb a te  (its  am oun t in  u n i t  c ry s ta l vo l­
u m e) a t  a ce rta in  p o in t o f  th e  cry sta l; D  is th e  phenom enological diffusion coef­
f ic ie n t. I f  so rp tion  ta k e s  place a t  a c o n s ta n t  e x te rn a l p ressure o f th e  adsorp tive  
on  a zeolite co n sisting  o f  spherical c ry s ta llite s  o f rad ius r0, in  w hich  D  is in ­
d e p e n d e n t of C, th e  so lu tio n  of E q . (1) w as g iven  b y  B a r k e r  [1] using  the  fo l­
low ing  b o u n d a ry  co n d itio n s:
F o r  an y  c ry sta llite

C — in  th e  e x te rn a l surface la y e r  o f th e  c ry sta llite , i f  i >  0;
C = C0 in  th e  c ry s ta llite , if  t =  0.

I f  th e  so rp tion  eq u ilib riu m  has been re a c h e d  th e  am ount sorbed in  th e  w hole v o l­
u m e of th e  zeolite  c ry s ta l  is Q„, th e  c o n c e n tra tio n  being u n ifo rm ly  C „. A t 
tim e  t a f te r  th e  s t a r t  o f  m easurem ent th e  so rb ed  am oun t is Qt a n d  co n cen tra tio n  
C in  th e  c ry sta l d iffers  from  po in t to  p o in t;  Q0 is th e  sorbed a m o u n t a t  th e  s ta r t  
o f  th e  m easu rem en t.

W ith  these  q u a n tit ie s  one fo rm  o f th e  series so lu tion  o f E q . (1) can  be 
g iv en  according to  [1] as:

Qt — Qo __ j
Qaz Qo

6 -  l
exPn 1 n 2

D n2n 2t
(2)

Since in  E q . (2) only  th e  re la tiv e  d ifferences of th e  Q va lu es  occur, th e y  
can  be rep laced  b y  th e  overall so rbed  a m o u n ts  on sam ples o f severa l sp h erica l 
zeo lite  c rysta ls  (w ith  ra d ii r0), w hich  c a n  even  be bound to g e th e r.

A t large v a lu e s  o f the  q u a n tity  Dt/rj; all h igher te rm s  o f th e  sum  o f e x ­
p o n en tia ls  are neg lig ib le  com pared to  th e  f i r s t  one [1]:

In Q.
Q

Qt 6 D n2t

Qo Л2 rl
(3)

P lo ttin g  th e  le f t-h a n d  side of th is  e q u a tio n  against t, an d  using  th e  k n o w n  
v a lu e  of r0, D e a n  be  determ ined  fro m  th e  slope of th e  lin ea r  fu n c tio n . A n o th e r  
fo rm  o f th e  series so lu tion  of E q . (1) is as follows [2]:

Q t - Q o  =  6(Dt)V2 3D t 12(D t)'l2 -  ,erfc nr0

<?» -  Qo r ^ 2 r2 r0 Á  (D t)1'2
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w hich , w ith  decreasing  ]ADt/rjf, becom es:

Qi ~  Qo 

Q ~ - Q o
=  6

Dt
nr%,

1/2 3 D t

r2ro
(5)

w hich  fu r th e r  sim plifies to  [1]:

Qt Qo _  ^ ( -P*
Qco — Qo \ n r l

T he slope o f th e  le ft-h an d  side ag a in ts  ]/"*, in  th e  know ledge o f r0, gives 
th e  v a lu e  o f  D .

T h e d iffusion  m easu rem en ts w ere carried  o u t w ith  am m onia for d iffe ren t 
c lin o p tilo lite  deriv a tiv es  and  w ith  n -b u ten es an d  m eth an o l fo r H -c lin o p tilo lite . 
T he know ledge o f th e  diffusion p rocess for these m a te ria ls  is im p o r ta n t m a in ly  
from  th e  p o in t o f view  of ca ta ly tic  in v estig a tio n s. In  connection  w ith  th e  iso ­
m eriza tio n  o f  n -bu tenes [13] and  th e  d eh y d ra tio n  of m ethano l [14] i t  is n o t 
c lear to  w h a t d e p th  of th e  c linop tilo lite  c ry s ta llite  pore system  th e  observed  
c a ta ly tic  tra n s fo rm a tio n  ex tends. In  th e  in v es tig a tio n  of ac tiv e  cen te rs  of 
zeolite c a ta ly s ts  th e  observation  o f am m onia  ad so rp tio n  gives im p o r ta n t  in ­
fo rm a tio n  [11]. 'Jbe  adsorp tive  s a tu ra tio n  w ith  am m onia  is also a d iffusion  
co n tro lled  process.

In  a d d itio n , th e  above com pounds possess tho se  ch a rac te ris tic  p ro p e rtie s  
w hich  b as ica lly  in fluence th e  d iffusion  process in  zeolite  pores. O ur in v e s tig a ­
tio n s  p e rm itte d  an  o rien ta tio n  concern ing  th e  effect o f m olecu lar size, th e  
role o f  in te ra c tio n  betw een  th e  d iffusing  m olecule an d  th e  zeolite la ttic e , an d  
th e  free size o f  zeolite pores. D iffusion has been exam ined  b y  tw o m eth o d s. 
In  th e  f i r s t  th e  w eight increase o f th e  sam ple w as follow ed (upon N H 3 so rp ­
tio n ), in  th e  second th e  co n cen tra tio n  o f s tru c tu ra l h y d ro x y l g roups p re se n t 
in  th e  H -fo rm , in te ra c tin g  w ith  th e  so rb ing  m olecules, w as follow ed I R  spec­
tro sco p ica lly  (d u rin g  th e  sorp tion  o f m e th an o l and  n -b u ten e). As a consequence 
o f th ese  te ch n iq u e s , in  th e  case o f am m onia  p h y siso rp tio n  an d  ch em iso rp tio n  
w ere m easu red  s im u ltaneously , while in  th e  cases o f m e th an o l an d  th e  n -b u ten e  
isom ers on ly  ch em iso rp tion  was m easu red . In  th e  la t te r  case, th e  decrease o f 
th e  O H  g ro u p  c o n cen tra tio n  was reco rd ed , w hich can  be ascribed  only  to  ch em ­
ical in te ra c tio n s .

Since th e  in te rn a l surface a rea  o f c linop tilo lite  is a t  least 10 tim es  la rg e r 
th a n  th e  e x te rn a l one, th e  co n tr ib u tio n  o f  th e  la t te r  has been neg lected .

E xperim en ta l

Clinoptilolites used

In the experim ents we used clinoptilolite-containing rocks o f Hungarian origin and of  
American origin, as well (Horseshoe Dam , Maricopa Co., Arizona, USA). The former (N K )  
contained 60 — 70 % clinoptilolite, while the la tter  practically 100 %. The H ungarian rock
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conta ined  also quartz, tr id im ite, felspar and volcanic glass. The rocks were powdered and 
fractionated  before the experim ents. Their different forms were prepared b y  ion  exchange  
refluxing w ith 2 JVÍ solutions tw o tim es, each for three hours. The H-form was prepared by  
deam m oniation of the N H 4-form  pumping for 1 hr a t 400 °C.

Adsorptives

The three n-butene isom ers used were F luka purum  products; m ethanol (R eanal) and 
am m onia (J. T. Baker) were o f  analytical grade, the la tter  w ith  5 % inert contam ination.

Gravimetric m easurem ents

The gravimetric m easurem ents were carried out on M ettler TA1 typ e  thermobalance. 
T he sam ple space could be evacuated and flushed w ith  gas. Its tem perature could he varied  
from  25 to 600 °C, the h igh est attainable vacuum  being 10 Torr. The sensitiv ity  was 0.01 mg 
for 50 — 60 mg samples. The change of the sam ple m ass against tim e during sorption is shown 
in  F ig . 1. (The initial in flection  on the curve is due to the non-instantaneous introduction of 
adsorptive into the adsorbent space.)

F ig. 1. Mass o f sorbed am m onia as a function o f tim e for Hungarian natural clinoptilolite; 
PNH3 =  760 Torr, T  =  25 °C; pretreatm ent at 10 ~ 6  Torr and 400 °C for 1 hr

Infrared spectroscopic m easurem ents

The infrared spectroscopic m easurem ents were carried out w ith a Beckm an IR  12 
double-beam  grating spectrophotom eter, producing absorbance vs. wave num ber curves. The 
sam ple cell, supplied w ith  a gas inlet, could be evacuated and heated.

The samples investigated  were pellets 25 m m  in diam eter pressed from  clinoptilolite  
pow der to a thickness o f  1 0  m g/cm . 2

For the qu antitative  evaluation o f spectra, the peak areas from the absorbance vs. w ave  
num ber curves were m easured w ith a planim eter. The area under a band ( F ) belonging to a 
given  vibration was p u t in to  the integrated form  o f the L a m b e r t  — B e e r  law  used b y  H u g h e s  
and W h i t e  [ 1 2 ] :

F  =  c . e j  г , «  dv =  J  log (Г 0 /Т)„ dr (7)

where e is the m ass per u n it pellet surface (g/cm 2), c is the concentration of the given group 
o f  atom s or adsorbed m olecule in the pellet (m eq/g), F  is the integrated absorbance for the  
given  band (cm -1 ), T0 and T  are the transm ittances o f the adsorbent sam ples in the absence 
(C =  0) and in the presence of the given com ponent, respectively, J «„Wdv is the integral ad­
sorption coefficient (c m _ 1/m eq/cm 2). The stretching band of the structural OH groups o f zeolite  
shows a m axim um  at 3620 cm -1 . Evaluation o f the m easurem ents shows th a t the band area
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is proportional to the m axim um  height o f the band, thus the latter becom es proportional to 
the OH group concentration in the sample.

This observation perm its to carry ou t th e  m easurem ents at a f ix ed  wave length  (3620 
c m -1 ). After instantaneous filling of the sam ple space w ith gas, the band m axim um  t>j. tim e  
diagram  was recorded. In knowledge of the OH concentration belonging to  the m axim um  peak  
height, this could be transform ed into a concentration  vs. time diagram (F ig. 2). The decrease 
o f OH concentration was equal to the increase o f  the concentration o f m ethanol chem isorbed  
v ia  H  bonding, and to  the increase o f n-butene concentration during chem isorption in  the  
sam ple. Consequently, the values o f Q„ and Qf are proportional to th e  decrease of OH con­
centration (referred to  the starting value Cqh o) up to tim e t =  and a fin ite  tim e t, respec­
tiv ely : ~  (C0 H,o -  c OH,oo)/Coh ,o and Qt ~  (COH o -  COH,t)/c OH,o- (The value o f Q0 was
zero in all cases.)

Fig. 2. The decrease o f the peak height o f the 3620 cm -1  band and the corresponding la ttice  
hyd roxyl concentration, Сон w ith tim e for H ungarian H -clinoptilolite a t РсНзОН =  6 Torr

and T  =  160 °C.

R esults an d  discussion

Before a m ore de ta iled  e v a lu a tio n  o f  th e  ex p erim en ta l resu lts  le t us 
exam ine th e  v a lid ity  o f  co rre la tions a n d  ap p ro x im atio n s d e riv ed  earlier.

S o lu tion  (2) o f s ta r tin g  e q u a tio n  (1) is v a lid  if  all zeo lite  c ry s ta llite s  in  
th e  sam ple are spheres o f rad ius r0, in  w h ich  th e  co n cen tra tio n  o f th e  d iffusing  
m a te r ia l  depends on ly  on th e  d istance  m easu red  from  th e  c e n te r  (spherica l 
sy m m etry ), i.e. no  diffusion an iso tro p y  ex is ts  w ith in  the  c ry s ta llite s , an d  th e  
d iffusion  coefficient (D ) is in d ep en d en t o f  th e  co n cen tra tio n  o f  th e  d iffusing  
m a te r ia l in  th e  zeolite la ttice .

I t  is know n, how ever, th a t  th e  d iffu sion  properties in  c linop tilo lite  (or 
in  th e  iso s tru c tu ra l heu lan d ite ) varies w ith  th e  d irection  ow ing to  its  s tru c tu re  
[3, 4 ]; th e  c ry sta llite s  do n o t c o n s titu te  a com pletely  hom odisperse  sy stem ; 
th e y  are  n o t p e rfec tly  spherical, an d  D  is p re su m ab ly  d ep e n d e n t on C.

In  th e  ev a lu a tio n  of ou r ex p erim en ts , we neglected th ese  d ev ia tio n s from  
th e  idea l case, because we w ish to  m ake com parisons only on th e  basis o f r e l­
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a tiv e  values; as re g a rd  th e  absolute v a lu es , we are sa tisfied  w ith  an order-of- 
m ag n itu d e  agreem ent.

F o r sm all an d  la rg e  D t values (or if  D  is fix ed , fo r sh o rt an d  long d iffusion  
tim es), E q . (4) sim plifies to  E qs (5), (6) a n d  E q . (70) to  (3), respectively  [1].

The ex p erim en ta l re su lts  were e v a lu a te d  accord ing  to  b o th  E qs (3) an d
(6 ). In  th e  first case th e  v a lu es  o f In (Q„ — Qt)!{Qx — Q0) w ere  p lo tted  a g a in s t 
tim e , in  th e  second th e  values of (Qt —Q0)I(Q„, — Qo) a g a in s t the  square ro o t 
o f  tim e . In  b o th  cases th e  po in ts  show ed lin ea r  co rre la tio n  w ith  ap p ro x im ate ly  
th e  sam e error. F o r tran s-2 -b u ten e , from  th e  f ir s t  p lo t we ob ta in ed  a D  v a lu e  
o f 14 X 10~13, w h ereas  from  th e  second p lo t D  =  3 X 1 0 -13 cm 2s _1. As fo r 
th e ir  o rders of m a g n itu d e , these  D  values are  in  fa ir ag reem en t.

T ak ing  a m ean  v a lu e  for D , we ex am in ed  w h e th e r in  ou r case th e  sh o rt 
o r th e  long tim e  a p p ro x im a tio n  is va lid .

R earrang ing  E q . (2) to

Q o o -  Q,
Q--Qo

ex p
D n 2n 2t I

rl )
(2a)

a n d  re ta in in g  only  th e  f i r s t  tw o te rm s o f th e  r ig h t-h a n d  side, one o b ta in s

Q ~ - Q t 6 D n h  \ , 6 D 4 ji2í |

Q - — Qo rl ) f  te *  “ p rl )
( 8 )

F o r  trans-2 -bu tene  so rp tio n  in  H -c linop tilo lite  th e  v a lu e  o f D  is, accord ing  to  
th e  tw o typ es o f a p p ro x im a tio n , 5 X 1 0 ~ 13 cm 2s _1; r0 =  10~5 cm an d  th e  
m in im um  o b se rv a tio n  tim e  t =  6 s. U po n  in tro d u c tio n  o f these values in to  
E q . (8), we get

Q „ - Q o  я 2 e0'3 4я2 e1’2 л2 l e0’3 4c1.2] '

w here the  f irs t te rm  o f  th e  rig h t-h an d  side equals 0.72, a n d  the  second 0.074. 
C learly , upon going to  longer tim es, th e  neg lec t of th e  h ig h er te rm s in  th e  series 
becom es m ore an d  m ore  ju stified .

L e t us now  ex am in e  expression (5). T h e  s ta r tin g  v a lu es  are : D = 5 X 10 _13 
c m 2s _1, r 0 =  10~ 5 cm  an d  t =  200 s as m ax im u m  tim e . In se rtin g  th e se  
va lu es  in to  E q . (5) th e  f i r s t  te rm  of th e  r ig h t-h a n d  side becom es

1В , Г  6 5 х Ю - 13х 2 0 0 1/2

. r c r l ) 3 .1 4  X l 0 - 10
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beside w hich th e  second term

3D t _  3 X 5 X 10~13 X 200
"7Г -  i o ^

can n o t be neg lec ted . T ak ing  t =  10 s th e  f irs t  te rm  becom es

D t
n r l

1/2
=  6 15 x  10~13X 10

[ 3.14 X l0 - 10

1/2
0.78

while th e  second te rm

3D t 3 X 5 X 10~13 X 10 _  _
r l  ~  10~10

is s till no t neglig ib le.
Sum m ariz ing  th e  resu lts  o f th e  above ca lcu la tio n s i t  can  be concluded  

th a t  w ith in  th e  ran g e  of our exp erim en ta l cond itions expression (3) app lies 
as a sa tis fac to ry  ap p ro x im atio n  fo r th e  d escrip tion  o f diffusion processes.

F o r th e  d e te rm in a tio n  o f th e  ty p ic a l values o f ^ 1 0 -13 cm 2s _1, th e  th e r -  
m ograv im etric  an d  in fra red  spectroscopic m ethods ap p lied  give rep roduc ib le , 
sa tisfac to ry  resu lts .

The diffusion o f sm all, nonpo lar m olecules is d e te rm in ed  by  th e ir  c r i t ­
ical d iam eter, th e  s tru c tu re  of th e  zeolite cry sta l la tt ic e , an d  th e  in te rac tio n s  
arising. F o r exam ple , th e  ac tiv a tio n  energy  of helium  an d  neon diffusion in  
q u a rtz , tr id im ite  a n d  crysto b a lite  [5], an d  in  K -m o rd en ite  [6 ] increases r a p ­
id ly  in  th e  sequence o f increasing  c ry s ta l densities.

The longer th e  diffusing m olecule an d  th e  g re a te r  its  d iam eter, the  sm a ll­
e r is th e  re su ltin g  v a lu e  fo r D . In  th e  case of longer, chain -like  m olecules, th e  
flex ib ility  of th e  ch a in  an d  th e  fric tion  b e tw een  th e  m olecules and  the  zeo lite  
assum e significance. T hese effects can  be observed  m ain ly  fo r p a ra ffin  d iffusion
[1 .7 ] .

U nlike for n o n p o la r  m olecules th e  diffusion of p o la r  m olecules is m a in ly  
de te rm ined  n o t b y  d im ensional fac to rs, b u t  ra th e r  b y  th e  in te rac tio n s  betw een  
th e  zeolite la ttic e  (or its  p a rtic u la r  sites) an d  th e  d iffusing  m olecules.

The m ost ty p ic a l exam ple is perh ap s th e  diffusion o f w a te r. I t  has been  
found  th a t  d iffusing  w a te r  in  a zeolite la ttic e  is b o u n d  te m p o ra rily  to  b iv a le n t 
cations [1]. T his m an ifests  itse lf in  th e  fa c t th a t ,  even if  diffusion is ste rica lly  
un h in d ered , th e  en erg y  b a rrie rs  are h igher th a n  tho se  m easu red  in  w ater, b u t  
low er th a n  in ice [8 ].

The b ind ing  o bserved  in  th e  case of p o la r m olecules m a y  be so s tro n g  
th a t  th e y  p ra tic a lly  becom e fixed  to  th e  zeolite la ttic e , w hich  m akes the  la t te r  
less perm eable for o th e r  k inds of m olecules.
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T ab le  I  shows th e  D  values d e te rm in e d  on th e  basis o f  F ig s  3 — 5, ac­
co rd in g  to  E q . (3), fo r th e  diffusion o f  га-b u te n e  isom ers an d  m e th a n o l in  H - 
c lin o p tilo lite .

Table I

D i f f u s i o n  a n d  s o r p t io n  o f  o r g a n ic  m o le c u le s  i n  H - c l in o p t i l o l i t e ,  b a s e d  o n  i n f r a r e d  s p e c tr o s c o p ic  
m e a s u r e m e n ts  ( T h e  u n c e r ta in ty  o f  D  i s  ±  J in  th e  s e c o n d  d i g i t )

A dso rp tiv e „  Сон,» -  Co h . oo D
(cm fs_1)

C ond itions o f  so rp tio n
Yco ~  /-

COH,* (T o rr) (°C)

Methanol 0.65 l l x i o -13 6 160

Xrans-2-butene 0.15 25 150

Trans-2-butene 0.23 23 125

T rans-2-butene 0.36 1 4 Х Ю -13 24 100

T rons-2-butene 0.40 9 100

Trans-2-butene 0.40 51 100

Cis-2-butene 0.14 3 .0 X 1 0 " 13 25 150

Сй-2-butene 0.23 4 .3 X 1 0 - 13 30 127

Cis-2-hutene 0.36 З.ЗХЮ -13 23 100

1-Butene 0.23 * 21 150

* The diffusion coefficient has not been determined

H -clinop tilo lite  co n ta in s  four k in d s  o f  channels w ith  d iffe ren t d iam ete rs
[9]. n -B u ten e  isom ers, hav in g  a c ritic a l d iam ete r above 5 Á , m ay  only  get 
in to  th e  w idest (3.5 X 7.9 Á) channels. O w ing to  th e  a b ility  o f m olecules to  
u n d e rg o  certa in  d is to rtio n s , th e  c ritica l d iam e te r  of th e  d iffusing  m olecule can  
be a t  m ost 10 % la rg e r  th a n  th e  ch an n e l size of the  zeolite in  th e  size range  
considered  here. I t  is in te re s tin g  to  n o te  t h a t  w hen the  m o lecu lar size app roaches 
th e  m ax im um  v a lu e , th e  diffusion c o n s ta n t  falls off ra p id ly  (T able I) : th e  
increase  in  d iam e te r  (0.5 Á) upon  go ing  from  írans-2 -bu tene  (5.1 Á) to  cis-2- 
b u te n e  (5.6 Á) decreases the  d iffusion  coefficien t to  1/5 of its  o rig inal v a lu e ; 
th e  difference o f 0.7 Ä  betw een  th e  d ia m e te rs  of m ethano l (4.4. Á) an d  trans-2- 
b u te n e  does n o t change sign ifican tly  th e  diffusion coeffic ien t w hich  even is 
sm alle r for m e th an o l th a n  for trares-2-butene. In  explan in ing  th e  la t te r  p h en o m ­
en o n  i t  should  n o t be overlooked t h a t ,  fo r  h indered  d iffusion , th e  energy  b a r ­
rie rs  are due n o t on ly  to  steric  fac to rs , b u t  also to  so rp tion  in te ra c tio n s , w hich  
h av e  also a decisive in fluence upon th e  v a lu e  of the d iffusion  coefficient. T h u s 
in  th e  case o f th e  p o la r  m ethano l, su ch  adsorp tion  energy  b a rrie rs  m ay  d i­
m in ish  th e  g re a te r  m o b ility  co rrespond ing  to  th e  sm aller d iam ete r. (B ecause 
o f  its  sm aller size, m e th an o l m ay  o ccu p y  th e  less accessible ac tive  sites o f th e  
po res, th u s  show ing enhanced  chem iso rp tion .)
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F ig. 3. Sorption of m ethanol on Hungarian H -clinoptilolite  at PcHsOH =  6 Torr and T  =  160 °C
plotted according to  E q (3)

As show n b y  F ig . 4 th e  v alue  o f D  p rac tica lly  does n o t change w ith  
tem p e ra tu re  in  th e  case of íran s-2 -b u te n e , w hich p o in ts  to  a sm all p o te n tia l  
ba rrie r. N o p ressure  dependence w as o bserved  e ith e r  in  th e  range in v e s tig a t­
ed, because diffusion occurs b y  m ig ra tio n  w ith in  th e  pores an d  i f  th e  coverage 
does n o t  change in  th e  pressure range  s tu d ied , th e n  d iffusion  does n o t change 
w ith  p ressu re , even if  D  depends on th e  co n cen tra tio n .

In  th e  case o f cis-2-butene (F ig. 5) D  w as also show n — w ith in  th e  e x ­
p e rim en ta l e rro rs — to  be in d ep en d en t o f  th e  te m p e ra tu re  betw een  100— 150°C.

Since th e  diffusion of d ifferen t m olecules in  zeolites is a process req u irin g  
an  ac tiv a tio n  energy  [1], th e  diffusion coeffic ien t shou ld  th eo re tica lly  increase  
w ith  increasing  te m p e ra tu re . In  p rac tice , how ever, in  ag reem en t w ith  th e  d a ta  
of o th e r au th o rs , th e  v alue  of D  is n e a rly  in d ep en d en t o f te m p e ra tu re  (see fo r 
exam ple th e  d iffusion  o f propane an d  b u te n e  in  N a-m o rd en ite  betw een  25 — 
140 °C [10]).
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F ig. 4. Sorption of trcms-2-butene on H ungarian H -clinoptilolite p lotted  according toE q. (3); 
X : 100 °C, 9 Torr; о 100 °C, 24 Torr; □  : 125 °C, 23 Torr; .  : 150 ° C, 25 Torr

The reason  fo r th e  ap p a ren t te m p e ra tu re  independence  is p ro b ab ly  th a t  
th e  ac tiv a tio n  energy  is so sm all th a t  th e  changes are w ith in  th e  ex p erim en ta l 
e rro r.

The N H 3 m olecule w ith  its  c ritica l d ia m e te r  o f 2.86 Á fin d s  enough space 
in  an y  o f th e  ch an n e l ty p es of H -clin o p tilo lite . T he free ch an n e l d iam ete r de­
creases in  th e  s u b s titu te d  deriv a tiv es  an d  som e channels becom e nonperm eab le  
fo r N H 3.

The diffusion or so rp tion  of am m onia  in  d iffe ren t c linop tilo lite  d e riv a tiv es  
is show n in Figs 6 — 8 . The resu lts  o b ta in e d  in  our ex perim en ts are sum m arized  
in  T ab le  I I .

C om paring th e  n a tu ra l c linop tilo lites o rig in a tin g  from  H u n g a ry  a n d  th e  
U n ite d  S ta tes  (T able I I ) ,  we f in d  th a t  th e  ra tio  of th e  m ax im u m  sorbed  a- 
m o u n t o fN H 3(@_) is 0.67; th is  co rresponds to  th e  c linop tilo lite  co n ten t o f th e  
H u n g a ria n  sam ple d e te rm ined  b y  o th e r  m e th o d s, w hich m eans th a t  th e  so rp ­
tio n  cap ac ity  o f th e  non-zeolite  phase is negligible.

The values ob ta in ed  are 3 — 4 tim es h igher th a n  th e  a m o u n t o f 
chem isorbed  am m onia  based  on th e  ion  exchange cap ac ity , w hich  m eans t h a t  
p hysica l and  chem ical so rp tion  tak es  p lace  s im u ltaneously .
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Fig. 5. Sorption of cis-2-butene on H ungarian H -clinoptilolite  p lotted  according to Eq. (3); 
X : 100 °C, 23 Torr; • :  127 °C, 30 Torr; о : 150 °C, 25 Torr

Table П

Diffusion and sorption o f  N H 3 at 25 °C in different clinoptilolite derivatives based on gravimetric
measurements

T  =  25 °C p NHs =  760 Torr

(The uncertainty of D  is ± 1  in  the second digit)

Zeolite
Tem perature 
o f  p repara­

tion
(?oo(meq/g)

D
(cm2s-1)

Natural
clinoptilolite (Hungarian) 400 °C 3.5 2 .0 X 1 0 -13

H -clinoptilolite (Hungarian) 400 °C 4.3 2 .0 X 1 0 -1S

H -clinoptilolite, 
dehydroxylated (Hungarian) 550 °C 3.5 1 .9 X 1 0 -13

Natural
clinoptilolite (American) 400 °C 5.2 2 . 0 X 1 0 - J 3

Natural
clinoptilolite (American) 600 °C 5.1 2 .7 X 1 0 - 13
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F ig. 6. Sorption o f am m onia on H ungarian H -clinoptilolite  partially  dehydrated at 550 °C, 
plotted  according to Eq. (3); Pn h 3 =  760 Torr, T  =  25 °C

Since so rp tio n  is n o t un ifo rm , i ts  q u a n ti ta t iv e  ev a lu a tio n  w ould  invo lve  
g re a t d ifficu lties. O n th e  basis o f o u r ex p e rim en ta l d a ta , how ever, we m a y  
develop  ce rta in  n o tio n s ab o u t th e  in te ra c tio n s  in  th e  zeolite pores.

A com parison  o f th e  Q_ v a lu es  fo r p a r tia lly  d eh y d ra te d  n a tu ra l clinop- 
tilo lite  (с/, lines 1 a n d  2 in  T ab le  I I )  show s th a t  th e  degree of so rp tio n  is g rea te r 
in  th e  H -form . S ince th e  free ch an n e l vo lum e is la rg e r in  th e  H -form  ow ing to  
th e  absence o f  m e ta l ca tions, th is  p h enom enon  is n o t su rp rising ; a t  th e  sam e 
tim e , how ever, th e  chem isorp tion  o f N H 3 on p ro to n s m ay  also c o n tr ib u te  to  
th e  to ta l  so rp tio n . T he la t te r  a ssu m p tio n  seem s to  be fu r th e r  su p p o rted  b y  
th e  observ a tio n  th a t  d eh y d ro x y la tio n  leads to  a decrease of ()„  (с/, lines 2 
a n d  3 in  T ab le  I I ) .  T he difference th u s  o b ta in ed  is, how ever, sm aller th a n  e x ­
p ec ted  (0.8 m eq /g  in s te a d  of 1.4 m eq /g ) b u t  th is  can  be a t tr ib u te d  to  th e  u n c e r­
ta in ty  of d e te rm in a tio n .

The rem o v a l o f w a te r b o u n d  to  cations from  n a tu ra l c linop tilo lite  a t  
400 —600 °C does n o t in fluence th e  N H 3 so rp tio n  cap ac ity  as show n b y  th e  
ag reem en t o f  th e  Q_ values (cf. lines 4 an d  5 in  T ab le  I I ) .

E x p e rim e n ts  w ith  th e  A m erican  n a tu ra l  c linop tilo lite  p rove , as ex p ec ted , 
th a t  th e  decrease o f  w a te r  c o n te n t (a t  h ig h er p re tre a tm e n t te m p e ra tu re )  le ad s  
to  an  increase o f  D  (cf. 4 an d  5 lines in  T ab le  I I ) .  I t  is a p p a re n t th a t  th e  D  
value m easu red  fo r fu lly  d e h y d ra te d  n a tu ra l  clinop tilo lite  (p re tre a ted  a t  600 °C
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t , s

Fig. 7. Sorption o f am m onia on American natural clinoptilolite p lotted  according to Eq. (3).
PNHs =  760 Torr, T  =  25 °C, • :  pumped o ff a t 400 °C, о : pum ped off at 660 °C

[11]) co n ta in in g  on ly  m e ta l cations, is g re a te r  th a n  th e  D  value o b ta in ed  fo r 
th e  fu lly  d e h y d ra te d  H -fo rm  (p re trea ted  above 300 °C [11]) (c f.  lines 5 an d  
2 in  T able I I ) .  T h is m eans th a t  th e  fu lly  d e h y d ra te d  exchangeab le  ca tions do 
n o t  ex e rt such  h in d ra n c e  ag a in st d iffusion as th e  acid ic O H  groups, on w hich  
am m onia  can  be chem isorbed . The ca tions are  p ro b a b ly  in  such positions t h a t  
th e  channel d ia m e te r  does n o t decrease below  3.0 Á even  in  th e  narrow est ones. 
T h e  cations are  lo c a te d  p ro b ab ly  e ith er in  th e  w idest channels only, or, w hich  
is even m ore like ly , th e y  are s itu a ted  a t  th e  b o u n d a ry  o f tw o  channels p e n e tra t­
in g  in  bo th .

F rom  th e  com p ariso n  of Tables I  an d  I I  i t  ap p ea rs  th a t  the  diffusion 
coeffic ien t fo r th e  N H 3 m olecule w ith  a c ritica l d ia m e te r  o f 2.86 Á is sm aller 
th a n  th a t  o b ta in e d  fo r cis-2-butene, w hose c ritica l d ia m e te r  is 5.6 Á. T h is 
phenom enon  can  be exp la ined  by  th e  s tro n g  in te ra c tio n  betw een  th e  N H 3 
m olecule and  th e  zeo lite  la ttic e . The in te ra c tio n  is m u ch  w eaker in  th e  case 
o f  cis-2-bu tene , w hich  is also supp o rted  b y  th e  o b se rv a tio n  th a t  the  effect 
o f  te m p e ra tu re  on th e  v a lu e  of D  is negligible.

*

Our thanks are due to  Professor J. B. U y t t e r h o e v e n  and Dr. P. A. J a c o b s  U niversity  
o f Leuven, Belgium  for their help in performing the IR  experim ents.
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t , S

F ig . 8. Sorption o f am m onia on H ungarian clinoptilo lite  derivatives p lotted  according to E q. (3). 
P n h3 =  760 Torr, T  =  25 °C; • :  natural form  pum ped off at 400 °C; о : H-form
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DISSO LU TIO N  OF A LU M IN IU M  IN  A N H Y D R O U S  
ACETIC A C ID  CO NTAINING  LITH IU M  CH LO RIDE

L. Kiss, L. S z i r á k i  and M. L. V a r s á n y i

( Department o f  P h ysica l Chemistry an d  Radiology, Eötvös Loränd U niversity, Budapest)
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The anodic dissolution o f alum inium  in a solution o f LiCl in  anhydrous acetic acid  
has been studied . Experim ental results suggest th a t the interm ediate A l+ ions, whose 
formation is supposed on the basis o f  the apparent charge num ber, are oxidized by acetic  
acid molecules or b y  CH3COOH+2 ions to stable A l3+ io n s. The anodic oxidation of the  
hydrogen gas form ed as a product w as detected b y  voltam m etric curves a platinum  ring 
electrode.

A m ethod is described on th e  basis o f w hich the variation  o f the effective charge 
number ne as a function  of the electrode potential m ay give inform ation on the m echa­
nism  of the process. H owever, in  th e  case discussed in  this paper, various changes o f  
the electrode surface and its ohm ic resistance preclude the application o f this m ethod.

In  an earlie r com m u n ica tio n  [1] i t  has been  re p o rte d  t h a t  w hen a lu ­
m in ium  is anod ica lly  dissolved in  an h y d ro u s  acetic  ac id  th e  a p p a re n t charge 
n u m b er of the d isso lv ing  ion is less th a n  3. W ith  a ro ta tin g  ring-d isc  electrode 
in  a 0.5 m ol/dm 3 so lu tio n  of l i th iu m  p erch lo ra te  in  acetic  acid , th e  lim iting  
cu rren ts  for the  re d u c tio n  of ClCff ion s an d  to  th e  o x id a tio n  o f  C l-  ions have 
been iden tified  a t  th e  p la tin u m  rin g  elec trode .

B ased  on d a ta  in  th e  l i te ra tu re  [2], we ex p la in ed  th is  phenom enon  b y  
th e  d issolution of a lu m in iu m  via  an  A l+ in te rm e d ia te , w hich  is oxidized, in  th e  
m ed ium  m entioned , b y  C lO ^ions to  th e  stab le  A l3+ p ro d u c t. In  th e  redu c tio n  
of C lO ^ions, besides chloride ions, also w a te r  is p ro d u ced , w hich  has been 
d e tec ted  and m easu red .

In  p re lim in ary  ex perim en ts th e  d isso lu tion  o f a lu m in iu m  is anom alous 
also in  solutions o f l i th iu m  chloride a n d  sodium  a c e ta te . In  th e  la t te r  case th e  
fo rm atio n  of an in so lu b le  layer a d h e rin g  to  th e  su rface  m ade fu r th e r  stud ies 
im possib le. In  th is  p a p e r  we discuss som e resu lts  concern ing  th e  anodic d is­
so lu tion  o f alum in ium  in  a 0.5 m o l/d m 3 so lu tion  o f lith iu m  chloride in  an h y d ­
rous acetic  acid.

R esults a n d  discussion

The disc of th e  ro ta tin g  ring -d isc  electrode w as m ade from  99.999 % 
alum in ium  and  the  r in g  from  pure p la tin u m ; th e  m a te r ia l o f th e  p la te  e lectrode 
w as 99.999 % a lum in ium . The p re tre a tm e n t of th e  p la te  e lec trode , th e  p u rif ic a ­
tio n  of acetic  acid, th e  analysis o f th e  w a te r  co n te n t o f th e  so lu tio n  have  been 
described  in  earlier com m unications [1, 3].
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V oltam m etric  m easu rem en ts  w ere carried  o u t w ith  a R A D E L K IS  O H- 
405 ty p e  p o te n tio s ta t  su itab le  fo r th e  com pensation  o f ohm ic e rro r. T he elec­
tro d e  disc was p o la rized  g a lv an o sta tica lly . P o ten tia ls  w ere m easu red  aga in st 
a  s a tu ra te d  LiCl ace tic  acid calom el e lectrode. M easurem ents w ere m ade a t  
ro o m  tem p e ra tu re  in  an  a tm o sp h ere  o f  n itro g en  or h y d ro g en . H y d ro g en  was 
g e n e ra te d  by  e lec tro lysis; oxygen a n d  m o istu re  were rem o v ed  from  th ese  gases 
in  th e  usual w ay . T h e  w a te r  c o n te n t o f  th e  in itia l so lu tions w as alw ays less 
th a n  0.01 m o l/d m 3, an d  th is  d id  n o t  change even a f te r  long  periods o f a lu ­
m in iu m  disso lu tion .

T he a p p a re n t charge n u m b e r n e d e te rm ined  in  th e  course o f galvano- 
s ta t ic  d issolution  in  0.5 m o l/d m 3 LiCl in  acetic  acid v a ried  be tw een  1.3 an d  1.8, 
in  th e  ap p a ren t c u r re n t d en sity  ran g e  o f  0.5 — 5 m A /cm 2. O w ing to  th e  co n tin ­
u o u s  change o f th e  s ta te  of th e  su rface , g a lv an o sta tic  d isso lu tion  occurs a t  
co n tinuously  chan g in g  tru e  c u rre n t densities and  p o te n tia ls . A t c u rre n t d en ­
sitie s  higher th a n  0.5 m A /cm 2, a gas evoled  on th e  surface o f  a lu m in iu m  d uring  
d isso lu tion .

B y  v o lta m m e try  on th e  b r ig h t p la tin u m  ring  e lec trode , a t te m p ts  were 
m ad e  to  d e te rm in e  th e  p ro d u c ts  fo rm ed  in  th e  anodic d isso lu tio n  o f  th e  a lu ­
m in iu m  disc e lec trode  using a ro ta t in g  ring-disc e lec trode  device.

F igure 1 is a v o ltam m etric  cu rve  p lo tte d  for th e  p la tin u m  rin g  electrode 
d u rin g  the  d isso lu tion  o f th e  a lu m in iu m  disc a t 2 m A. A bove -f 0.2 V on th e  
p la tin u m  ring  e lec trode  an  anod ic  c u rre n t is in  ev idence. T he m ax im u m  o f 
th is  anodic c u rre n t increases (F ig . 2) as a fu nc tion  of th e  c u rre n t w hich  polarizes 
th e  alum inium .

This c u rre n t c an n o t be due to  th e  ox ida tio n  of A l+ ions since, according 
to  th e  lite ra tu re  [4] on aqueous m ed ia , th is  is to  be ex p ec ted  on ly  a t  m u ch  m ore 
neg a tiv e  p o ten tia ls .

Fig. 1. V oltam m etric curve for the p latinum  ring electrode w ith  the alum inium  disc electrode 
polarized by 2 m A (0.5 m ol/dm 3 solution  o f LiCl in acetic acid). IR — in ten sity  o f current 

through the ring; y R — potential o f the ring electrode; speed of rotation  /  =  610 rpm
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Fig. 2. L im iting current I r on  the platinum  ring electrode as a function  o f the polarizing current 
Ip through alum inium  disc electrode (0.5 m ol/dm 3 solution o f LiCI in  acetic acid; /  =  610 rpm)

F ig. 3. Voltam m etric curve for the p latinum  ring electrode in  a 0.5 m ol/dm 3 solution o f LiC 
in acetic acid saturated w ith  nitrogen (1) and w ith hydrogen ( 2 ) ; /  =  610 rpm

T he evo lu tion  o f  a gas on th e  a lum in ium  electrode w as observed  du ring  
anodic  d isso lu tion . A t th e  p o te n tia ls  app lied  here, th e  o x id a tio n  o f th e  a ce ta te , 
a possible source o f ca rb o n  d ioxide, could  n o t have o ccu rred  [5]. T herefore  i t  
m a y  he concluded  t h a t  th e  o x id a tio n  o f A l+ ions is accom plished  b y  acetic  
ac id  in  th e  so lu tion , or b y  th e  CHjCOOH^" ions p roduced  b y  th e  ra p id  d issocia­
tio n  of ace tic  acid, co n seq u en tly , th e  gas evolved d u rin g  anod ic  p o la riza tio n  is 
hyd rogen . B ased  on th is  suppositio n , i t  seem ed obvious to  ascribe th e  anodic 
c u rre n t observed  from  +  0.2 V to  th e  H 2 form ed.

To prove th is , v o lta m m e tric  cu rves were reco rded  also w ith  a b rig h t 
p la tin u m  rin g  e lec trode , w ith o u t th e  alum in ium  disc, in  so lu tions sa tu ra te d  
w ith  hyd rogen ; such a cu rve  is show n in  Fig. 3. T he o x id a tio n  of hydrogen  
s ta r ts  a t  +  0.2 У  an d  is rep re sen ted  b y  a curve a b ru p tly  declin ing  r ig h t a f te r  
its  m ax im um  a t  0.7 V. T h is  slow dow n of th e  ox idation  o f h y d ro g en  is a p h en o m ­
enon described  also in  th e  l i te ra tu re  [6 ] an d  is due to  p a ss iv a tio n  o f th e  p la t­
in u m  surface aga in st th e  o x id a tio n  o f  hydrogen .

The diffusional c h a ra c te r  o f th e  ra te  of ox idation  o f hyd rogen  is show n 
in  F ig . 4; th e  cu rren t reco rd ed  fo r th e  ro ta tin g  ring  e lec trode  a t  th e  p o te n tia l
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fV2
F ig. 4. Lim iting current Ip  recorded on the platinum  ring electrode at <рц =  -f 400 mV as a 
fun ction  of the stirring speed, in  a 0.5 m ol/dm 3 solution o f LiCl in  acetic  acid; /  — speed of

rotation  o f the electrode (rpm)

correspond ing  to  m a x im u m  c u rre n t increases w ith  th e  speed  o f ro ta tio n  of th e  
r in g  electrode.

B ased on th is  i t  seem s reasonab le  to  suppose th a t  w hen  th e  alum inium  
d isc  electrode is d isso lved , th e  increase  o f th e  c u rre n t on th e  p la tin u m  ring , 
in c ip ie n t a t  +  0.2 У , is due to  o x id a tio n  c u rre n t o f m o lecu lar h y d ro g en  form ed 
in  th e  ox idation  o f A l+ ions.

A reaction  schem e co n sis ten t w ith  th e  re su lts  is

A l:
A*,

- A1+ +  e (I)

A1+:
k<»2

<---
kk2Í- Al3+ +  2e (И )

A 1+ +  2 A cH  -
k,

► Al3+ +  H 2 +  2 A c- ( I I I )

w here  A cH  is ace tic  ac id . T he c o n cen tra tio n  o f th is  co m p o n en t a t  th e  electrode 
su rface  is co n stan t. A cco rd ing ly , th e  p ro d u c t A l3+ is th e  re s u lt  o f an  e lec tro ­
chem ical reac tion  ( I I )  an d  o f a hom ogeneous chem ical re a c tio n  (I I I )  w hich 
p roceeds a t  th e  su rface  o f th e  e lec trode , via  o x id a tio n  o f  th e  in te rm ed ia te  
A l + . Since th e  c o n c e n tra tio n  o f A cH  a t  th e  electrode su rfaces is co n stan t, 
re ac tio n  (III)  is o f  th e  f ir s t  o rder.

In  a generalized  fo rm  th e  reac tio n  sequence (I) —(I I I )  can  be w ritten :

M — - > M>+ +  zxe 

M2l+ <- -- Мг,+ -(- re2e

M + -f- n2A cH  -------Mz,+ -f- n2A c-  +  —— H 2
2
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The ra te  co n stan ts  of th e  e lec trochem ica l steps depend  on th e  e lec tro d e  
p o te n tia l (p as follows [7]

щ n, Fcp
K i  =  K i  e x p  

K { =  K t  exp

R T

- ( ! — «,•) n i F(P 
R T

( 1 )

(2 )

w here k'a. an d  k'ki are the ra te  c o n s ta n ts  fo r cp =  0 ;
x,-is th e  tra n s fe r  coeffic ien t th e  o th e r sym bols h av e  th e  u su a l m ean in g . 

I f  th e  e lec trode  process consists o f  tw o  steps, i =  1, 2; for processes (I) an d  
( I I ) , п г — 1, re2 =  2, z2 =  n 1 +  n 2 =  3.

A ccord ing  to  th is  reac tio n  schem e, th e  effective charge n u m b e r low er 
th a n  3 is due to  th e  occurrence o f  re a c tio n  ( I II) . I t  is k n o w n  [8 ] th a t  conclusions 
on th e  m ech an ism  of a stepw ise p rocess can be d raw n  from  th e  w ay  n e is a f­
fec ted  by  v a r io u s  param eters.

L e t us n o w  exam ine w h a t k in d  o f in fo rm ation  can  be ob ta in ed  from  th e  
w ay  ne is a ffec ted  b y  th e  p o te n tia l, assum ing  th a t  th e  m echan ism  is t h a t  show n 
b y  th e  sequence (I) —(III) . As s ta te d ,  th e  in te rm ed ia te  w ill n o t be rem o v ed  b y  
diffusion  from  th e  surface b u t  w ill fu r th e r  reac t e lectrochem ically  or w ill be 
oxidized, w ith  one of the co m p o n en ts  o f th e  so lu tion , to  th e  fin a l p ro d u c t. 
S ta r tin g  from  considerations su g g ested  in  th e  lite ra tu re  [8 ], in  such a case th e  
re la tio n sh ip  b e tw een  ne and th e  e lec tro d e  p o ten tia l can  he co n stru c ted  as 
follows.

The c u rre n t d ensity  j  from  a n  e x te rn a l source th ro u g h  th e  electrode is [6 ]

j  =  raeF v (3)

w here ne is th e  effective charge n u m b e r , v is th e  ra te  o f  fo rm atio n  (m ol c m -2  
se c -1 ) of th e  p ro d u c t  M2i+ ions.
H ence

n e j
Fv

(4)

In  th e  case o f  reaction  (I) — ( I I I ) ,  an d  if  the  ca th o d ic  s tep  of reac tio n  (II)  
is negligible in  com parison  w ith  th e  o th e r  steps, th en

j  =- К г  — К гС10 +  К гС10. (5)

an d  th e  ra te  v c an  be given as
v .. К г  ~  К гС10 (6)

z ,F
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F ro m  E q s (4) —(6)

ne = z  1 + * А , сю 
K , -  k klCj

(? )

T h e co n cen tra tio n  c10 of th e  in te rm e d ia te  a t  th e  electrode surface can  be 
c a lc u la te d  on th e  a ssu m p tio n  th a t  a s te a d y  s ta te  o b ta in s w hen  th e  balance of 
fo rm a tio n  and  of c o n su m p tio n  o f M Zl+ is zero. T hen

^a, kklcio 1 .  „ K ,cw a
гез°ю -------------— и

Z1 zx n2
F ro m  th is

c _  К

К  +
Tl2

(8)

(9)

F ro m  E qs (7) an d  (9), a f te r  re a rra n g em e n t, th e  following exp ression  resu lts

ne — z1 ^  kat 

z2 n e n 2k  3
( 10)

C onsidering  th e  d ep en d en ce  of kai on th e  e lec trode  p o te n tia l as given b y  E q .
( I )  , th e  following re la tio n sh ip  is o b ta in ed  be tw een  ne and  th e  electrode p o te n ­
t ia l  e

ne ~ * i  K .  n2a 2F 
z2 — ne n 2ks 2.303 RT

A ccording to  E q . (11), if  th e  v alue  o f  n e is de te rm ined  a t  various electrode 
p o te n tia ls  <p, th e n  th e  te rm  of th e  le f t-h a n d  side p lo tted  as a fu n c tio n  of (p w ill 
g ive a s tra ig h t line, w hose slope allows th e  ca lcu la tio n  of th e  tra n s fe r  coefficient 
o f  s tep  (II) , and  th e  in te rc e p t rep resen ts  th e  ra tio  of th e  ra te  co n stan ts  o f th e  
chem ical and  e lec trochem ica l steps. E q u a tio n  (11) shows th a t  as th e  electrode 
p o te n tia l  increases, i.e. becom es m ore an d  m ore positive , th e  value of ne also 
increases; w hen <p oo, ne ^  z2. A lso, E q . (10) shows th a t  i f  k üí<s:k3, ne ^  zv  
a n d  if  kat s>fc3, n e ^  z2. I f  z3, =  3, z± =  1 a n d  x 2 =  0.5, th e n , according to  E q .
( I I )  an  increase o f n e from  1.1 to  2.9 req u ires  p o te n tia l m ore p ositive  by  150 mV.

These q u a lita tiv e  exp erim en ta l re su lts , viz. t h a t  th e  v a lu e  of ne is 1.3 — 
1.8 an d  hydrogen  gas is evolved up o n  anod ic  po la riza tio n , can  be exp la ined  
a lso  on the  basis o f  th e  negative d iffe ren tia l effect [7]. A ccord ing  to  th is , th e  
anod ic  d isso lu tion  o f  a lum inium  a c tiv a te s  th e  m e ta l surface, on w hich n o t on ly  
ano d ic  b u t also spon taneous d isso lu tion  w ith  h y d ro g en  depo lariza tion  
occurs. Thus d isso lu tio n  does n o t seem  to  proceed via  a stepw ise m ech a­
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n ism , and  th e  fa c t  th a t  th e  effective charge n u m b e r is less th a n  3 is due  to  
sp o n tan eo u s d isso lu tion . In  such cases th e  follow ing processes m ay  ta k e  place

Al A l3+ +  3e (IY )

A l +  3 A c H -------* AI3+ +  3Ac~ +  1 —  H 2. (Y)
2

R eac tio n  (IV ) is irreversib le , reac tio n  (V) consists o f  tw o coupled e le c tro ­
chem ical s tep s , viz . anodic process (IV ) an d  th e  ev o lu tio n  of h y d ro g en  gas

A cH  +  e —ÜÍ!_Ac- +  y H 2 (Va)

w here  k at an d  kkt s ta n d  for th e  p o te n tia l-d e p e n d en t r a te  co n stan ts  o f p rocesses 
(IV ) an d  (Va), re sp ec tiv e ly . The ra te  o f  sp o n tan eo u s d isso lu tion  is d e te rm in ed  
b y  th e  ra te  o f H 2 evo lu tio n  according to  E q . (Va). F o r  th e  sake of g en era liza ­
tio n , in s te a d  o f re a c tio n  (IV ), we m ay  w rite

M =  M z+ +  ze . ( IV a )

R e la tio n sh ip s  (1) —(4) are va lid  also here . H ow ever, c u r re n t j  from  th e  e x te rn a l 
source, passing  th ro u g h  th e  electrode is

j  =  ka, — k k, ( 12)

w ith  th e  p rov iso  t h a t  th e  co n cen tra tio n  o f A cH  a t  th e  electrode su rface  is
c o n s ta n t. W e h av e  alw ays k a^> k kt, an d  or k at =  k fts i f  j  =  C1; the  case k a> < k kt
is m ean ing less. H ence

v =  ±  +  i b . (13)
zF zF

F ro m  E q s (4), (12) an d  (13)

<31 •

**

(14)
z - n e k kl

A ccord ing  to  th e  po ten tia l-d ep en d en ce  o f ra te  c o n s ta n ts  k ki and kki, i.e. E q s  
(1) a n d  (2 ), we h av e  th e  follow ing re la tio n sh ip  betw een  n e an d  e

!g
k'ks 2.303 R T

(15)

w here oc4 an d  a 5 s ta n d  fo r th e  tran sfe r coefficien ts o f th e  respective e lec trode  
reac tio n s . Also expression  (14) shows t h a t  i f  =  к кл, th e n  ne — 0, a n d  i f  
k a ^ k ki,th a n  z ^  ne. A ccord ing  to  E q . (15), the  increase  o f ne from  1.1 to

Acta Chim. Acad. Sei. Hung. 97, 1978



396 KISS ét al.: DISSOLUTION OF ALUMINIUM

2.9 req u ire s  only a change o f A cp 40 m V , i f  z  =  3, and  a4 =  a s =  0.5. I f  ne 
is ch an g ed  from  0.1 to  2 .9 , th e  A(p needed  is a b o u t 45 mV. A ccord ing  to  E q . 
(15), th e  values of ne a t  v a rious e lectrode p o te n tia ls  (p were d e te rm in ed  and  th e  
le f t-h a n d  te rm  was p lo tte d  as a fu n c tio n  o f  cp. A s tra ig h t line w as o b ta in ed , 
from  w h ich  th e  sum  o f th e  a p p a re n t tra n s fe r  coefficients of e lec trode  reac tions 
(IV ) a n d  (V) was ca lcu la ted .

I t  follows from  th e  above co n sid e ra tio n s th a t  if  th e  d ependence  o f ne on 
th e  e lec tro d e  p o ten tia l is d e te rm in ed  w ith  su ffic ien t accuracy  an d  th e  re su lts  
are t r e a te d  accord ing  to  E qs (11) and  (15), i t  is possible to  decide w h e th e r a 
stepw ise  process or th e  n eg a tiv e  d iffe ren tia l e ffec t occurs.

A n ad v an tag e  of th is  m eth o d  is t h a t  i f  n e is m easured  a t  a c o n s ta n t p o ­
te n t ia l ,  th e  change w ith  tim e  o f th e  tru e  e lec tro d e  surface does n o t  affect th e  
re su lts . T h is is also show n b y  E q . (4), ne b e ing  a  dim ensionless n u m b er.

T herefo re  we h av e  de te rm in ed  th e  ne va lu es  p e rta in ing  to  g iven  p o ten tia ls  
w ith  a  p o te n tio s ta t. In  view  of th e  h igh  cell resistance and  d e n s ity  c u rre n t a 
JÄ T E  A F K E L  409/1 ty p e  p o te n tio s ta t  w ith  h igh  o u tp u t v o ltag e  w as u sed  for 
th e  co n tro l o f th e  p o te n tia l; th e  charge p ass in g  was m easu red  w ith  a copper 
co u lo m ete r. P rio r to  a d ju s tm e n t o f th e  desired  p o ten tia l, th e  passive surface 
la y e r  on th e  a lum in ium  w as b ro k en  u p  b y  h e a v y  anodic c u rre n t pulses. A round  
th e  cu rren t-free  p o te n tia l ( — 600 m V), v iz . a t  —500 mV th e  v a lu e  fo r ne w as 
fo u n d  to  be 1.66 ±  0.05; a t  + 5 0 0  mV th is  v a lu e  was 1.89 ±  0.05.

T h is find ing  is in  accord  w ith  re la tio n sh ip s  (11) and (15) on ly  so fa r as th e  
v a lu e  o f  ne increases w ith  th e  electrode p o te n tia l ,  b u t  k inetic  p a ra m e te rs  c an n o t 
be ca lcu la ted . T his is due to  th e  c ircu m stan ce  th a t  the  s ta te  o f  th e  surface 
ch an g es co n tinuously  as d isso lu tion  proceeds. These changes co nsist in  se p a ra ­
tio n  o f  th e  lay e r fo rm ed  d u rin g  p re tre a tm e n t, fo rm ation  o f a b rig h t or m a t 
d e p o s it (depending  on th e  p o ten tia l) , an d  a t  m ore positive p o te n tia ls  fo rm atio n , 
o f inso lub le  p rec ip ita te , as well as in  e tch in g  to  a rough su rface . T hus th e  a d ­
ju s te d  p o ten tia l c an n o t be accep ted  as th e  tru e  p o ten tia l o f a lum in ium  since 
th is  inc ludes also a large ohm ic p o te n tia l d ro p . C onsequently , u n d e r th e  co n ­
d itio n s  of these ex p erim en ts , th e  ne v a lu es  determ ined  do n o t  p e rm it u n e ­
q u iv o ca l conclusions concern ing  th e  m echan ism  of a lum in iu m  d isso lu tion . 
T h e  fac ts  th a t  no value for ne low er th a n  1 w as ever reco rd ed  and  th a t  in  a 
r a th e r  w ide range of p o te n tia ls  th is  va lu e  n e v e r  reached 3, p o in t to  a stepw ise 
m echan ism .
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SPONTANEOUS PROCESSES ON METAL SURFACES 
UNDER THE ACTION OF OWN METALL IONS, II

L. K iss, J. F a r k a s , P. K o v á c s  and L. K o z á r i

(Departm ent o f  P hysical Chemistry and Radiology, Eötvös Loránd University, B udapest)

R eceived M ay 19, 1977

The processes occurring in  the Cu/Cu+/Cu2+ system  in th e  presence o f a high  
excess o f Cu2 + ions relative to the equilibrium  concentration (cCu+ 0), has been  
studied in 1.0 m ol/dm 3 aqueous HC1 (20 °C) and 3.0 m ol/dm 3 aqueous HC104 (60 °C) 
solutions.

I t  was found that in hydrochloric acid solution the rate o f the process is deter­
m ined by the diffusion of Cu2'b ions to the electrode surface. In  perchloric acid solution  
the equilibrium of the system  is im m ediately  established at the electrode surface, and  
the slowest step of the process is the diffusion of the Cu+ ions form ed aw ay from  the  
electrode surface.

The results obtained can be readily interpreted by the relationships described in  
an earlier com m unication [1].

In  our prev ious com m unica tion  [1] re la tionsh ips w ere g iven  w hich p e rm it 
to  d raw  conclusions on th e  k in e tics  o f  spontaneous p rocesses in  th e  sy s tem  
M -M Zl+-M Z! + . F o r a few  c h a ra c te ris tic  cases, the  dependence  o f th e  ra te  o f 
th e  processes and  th e  s te a d y -s ta te  p o te n tia l  o f the  m eta l (M) on th e  c o n c e n tra ­
tio n  of MZl+ an d  Mz,+ ions in  th e  so lu tio n  has been estab lish ed : w hen a r o t a t ­
in g  disc e lectrode w as used , th e ir  dependence  on th e  speed  o f ro ta tio n  o f th e  
electrode was also s tu d ied .

In  th is  com m unica tion  we re p o rt on th e  in v estiga tion  o f  processes p roceed ­
in g  u n d e r ce rta in  cond itions in  th e  Cu—C u(I)-C u(II) sy s tem . T he follow ing 
tw o  processes m ay  proceed  a t  th e  co p p er electrode:

ka\
Cu -

c k*l
7 Cu+ +  e (I)

ka2
Cu+-

At,
7C u2+ +  e (П)

w here k Qi, k ki, k aa an d  k ka are ra te  c o n s ta n ts  depending on th e  electrode p o ­
te n tia l.

M o l o d o v  et al. [2] in v es tig a ted  th is  system  in a n h y d ro u s  m ethano lic  
su lfa te  so lu tions. T h ey  h av e  found  th a t  w h e n C u 2+ is p re se n t in  excess over 
th e  equ ilib rium  c o n cen tra tio n , reverse  d isp ro p o rtio n a tio n  occurs a t  th e  cop­
p e r  e lec trode , p roceed ing  via  reac tio n s (I) an d  (II) b y  a n  e lectrochem ical 
m echan ism . T heir re su lts  as a lread y  in d ic a te d  [1], can  be in te rp re te d  also 
in  te rm s  o f th e  re la tio n sh ip s  e s tab lish ed  b y  us.
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P a n g  et. al. [3] in v e s tig a te d  th e  d isso lu tion  o f copper u n d e r the  ac tion  
o f  co p p er(II)  ions in  a c e to n itr i le -w a te r  so lv e n t m ix tu re  in  th e  presence of su l­
fu ric  acid . T hey  h av e  fo u n d  th a t  u n d er th e  ex p e rim en ta l cond itions used th e  
d iffu sion  o f c o p p e r(II)  to  th e  electrode su rface  is th e  ra te -d e te rm in in g  process.

W e have s tu d ie d  th e  processes occu rrin g  a t  th e  co p p er electrode in  so lu ­
tio n  con ta in ing  ch lo ride  o r  p e rch lo ra te  ions, an d  excess C u2+ ions re la tive  to  
th e  equ ilib rium  co p p er io n  co n cen tra tio n  (cCu+ ^  0). In  th is  case, process (I) 
ta k e s  place m ain ly  in  th e  d irec tion  of th e  u p p e r, while p rocess (II)  in  th a t  o f 
th e  low er arrow .

As described in  ea rlie r  co m m unica tions, m easu rem en t w ith  the ro ta tin g  
ring -d isc  electrode m a y  give useful in fo rm a tio n  on th e  k in e tic s  of spon taneous 
processes on th e  co p p e r surface u n d e r th e  ac tio n  of C u (II)  ions. F o r th is  
p u rp o se , we shou ld  m easu re  th e  dependence  o f th e  s te a d y -s ta te  (curren t-free) 
p o te n tia l, est, of th e  co p p e r electrode, an d  o f th e  lim iting  c u rre n t of the  Cu (I) 
ions form ed (m easu rab le  on th e  rin g  elec trode) on th e  C u2+ co n cen tra tion  
a n d  on th e  speed o f  ro ta t io n  of th e  e lec trode .

R esults an d  discussion

The eq u ip m en t, m e th o d s  an d  m a te ria ls  used  in  th e  ex p erim en ts  w ere th e  
sam e as those d esc rib ed  earlie r [4]. T he rin g  electrode o f  th e  electrode system  
w as m ade of p la tin u m . T he Cu2+ ion c o n cen tra tio n  of th e  so lu tion  was d e te r ­
m in ed  p h o to m e trica lly .

F igures 1 — 3 show  th e  resu lts  o b ta in e d  a t  20 °C in  1 m ol/dm 3 h y d ro ­
ch loric  acid so lu tio n . F ig u re  1 shows th e  change of est, th e  s tead y -s ta te  p o te n ­
t ia l ,  as a fu n c tio n  o f  th e  logarithm  o f C u2+ co n cen tra tio n  a t  d ifferen t speeds 
o f  ro ta tio n  of th e  e lec tro d e . The po in ts  lie to  a good a p p ro x im a tio n  on a s tra ig h t

F ig. 1. Dependence o f th e  steady  state potentia l, esj, o f the copper disc electrode on the logar­
ithm  of Cu2+ concentration  (ccu,+ ) in 1.0 m ol/d m 3 HC1 background solution at 20 °C, at 
different speeds o f ro ta tion  of the electrode. Speed was changed betw een 275 and 1080 m in -1  

Reference: norm al calom el electrode
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Fig. 2. L im iting current o f oxidation  (IR) m easurable at the platinum  ring electrode as a fu n c­
tion  o f Cu2+ concentration ( cqu, + ) at various speeds of rotation  ( / )  o f  the electrode, a t 20 °C, 

in  1.0 m ol/dm 3 HC1. Speed o f rotation  (m in -1); (1) 275; (2) 350; (3) 550; (4) 1080

Fig. 3. IR as a function  o f the square root o f the speed of rotation  ( / )  at 20 °C and various 
cCu‘+ concentrations, in  1.0 m ol/dm 3 HC1; ecu2+ values (m ol/dm 3); (1) 5.02 X 1 0 - 5 ; (2 )

1.29 X 1 0 - 4 ; (3) 2.58 X 10 -4

line, th e  slope o f w h ich  is ^  62 mV. In  th is  case, th e  s te a d y -s ta te  p o te n tia l is 
p rac tica lly  in d e p e n d e n t o f th e  speed  o f ro ta tio n  o f  th e  disc.

F igu re  2 show s th e  lim iting  c u rre n t ( I R) on th e  r in g  electrode due to  Cu + 
ions fo rm ed  a t  th e  disc e lectrode, as a fu n c tio n  o f Cu2+ ion  co n cen tra tio n  a t
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d iffe re n t speeds o f ro ta t io n  o f th e  disc e lec tro d e . In  Fig. 3, th e  I R values a re  
p lo t te d  against th e  sq u a re  ro o t of th e  speed  o f  ro ta tio n  ( /) ,  fo r d iffe ren t Cu2 + 
co n cen tra tio n s . As w ill be n o ted , th e  p o in ts  lie in  b o th  cases on s tra ig h t lines 
s ta r t in g  from  th e  orig in . T h u s, th e  d a ta  show  t h a t  th e  lim itin g  c u rre n t o f ox i­
d a tio n  on th e  rin g  is p ro p o rtio n a l to  cCu,+ a n d  f l12.

T hus, d a ta  o f F ig s  1 — 3 u n eq u iv o ca lly  show  th a t  processes (I) an d  (II)  
do ta k e  place in  HC1 so lu tio n  in  th e  p resence  o f  Cu2+ and  case 1/d d iscussed in  
th e  p rev ious co m m u n ica tio n  is realized . A ccord ing ly , th e  r a te  c o n s ta n ts  o f 
C u + an d  Cu2+ d iffu sion  (Х 4 and  X 2), an d  th e  re la tiv e  values o f th e  ra te  con­
s ta n ts  o f reactions (I) a n d  (II)  are in  th e  fo llow ing  order:

X x kat kfrj X 2 k/c, . ( 1 )

A ccording to  th e  p rev ious co m m u n ica tio n  [1], th e  lim itin g  c u rre n t o f 
C u + form ed a t  th e  d isc , m easu rab le  in  th is  case on th e  rin g  e lec trode , is

an d
I r  =  yf1/2 c c u » +

у  =  t\tiN  0.62 D ^ 2+ v- 1'6
2л
60

1/2

( 2)

w h ere  r, is th e  ra d iu s  o f  th e  copper disc e lec tro d e , N  th e  geom etrica l fa c to r  of 
th e  ro ta tin g  r in g -d isc  e lec trode , D Cu,+ th e  diffusion coeffic ien t o f C u2 + 
io n s , v th e  k in e m a tic  v isco sity  of th e  so lu tio n , a n d / t h e  speed  o f th e  e lectrode 
(m in -1 ).

In  Fig. 4, th e  v a lu e  o f I R is p lo tte d  on th e  basis o f re la tio n sh ip  (2) as 
a  fu n c tio n  of cCus+ Z1'2. As can he seen, in  th is  case too , th e  va lu es  m easu red  
fa ll to  a good a p p ro x im a tio n  on a s t r a ig h t  line , in  accordance w ith  case 1/d 
d iscussed  in  o u r p rev io u s co m m u n ica tio n .

A ccording to  th e  resu lts  o b ta in e d , in  th e  process occu rring  u n d e r th e  
a c tio n  of Cu2+ ions a t  th e  copper e lec tro d e  in  an  acidic so lu tio n  co n ta in in g  
excess chloride io n s, th e  slow est s tep s  are  th e  tra n sp o rt o f  C u2+ ions (of th e  
ch lo ro  com plex o f  C u2 + ) to  th e  m e ta l su rface , and th e  t r a n s p o r t  of C u + ions 
(o f  th e  chloro com plex  of Cu + ) from  th e  surface. I t  has fu r th e r  been e s ta b ­
lish ed  th a t  in  th e  g iven  m edium  th e  ex ch an g e  cu rren t o f re a c tio n  (I) is m uch  
la rg e r th a n  th a t  o f  s tep  (II)  (see in e q u a li ty ( l)  ).

In  th e  fo llow ing , resu lts  o b ta in ed  a t  60 °C in  3.0 m o l/d m 3 ЙСЮ 4 w ill be 
discussed. F ig u re  5 show s th e  change o f  th e  s tead y -s ta te  p o te n tia l, est, as a 
fu n c tio n  of th e  lo g a rith m  of Cu2+ co n c e n tra tio n . M easured p o in ts  belonging 
to  th e  d iffe ren t speeds of ro ta tio n  lie a lso  in  th is  case a p p ro x im a te ly  on a 
s tra ig h t line. H o w ev er, th e  slope o f th e  s tra ig h t line, 34.0 m V, differs from  
t h a t  o b ta ined  in  ch loride solu tions. T h e  slope of the  line an d  its  independence
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Fig. 4. Ifj as a function  o f the product (cqu‘+ f 1!2) at 20 °C in 1.0 m ol/dm 3 HC1 solution. Points  
m arked w ith  different sym bols belong to different speeds o f rotation

Fig. 5. Dependence o f the steady  state  potential, £st, o f the copper disc electrode on the  
logarithm  o f Cu2+ concentration at 60 °C in 3.0 m ol/dm 3 HC104 background solution at speeds 

of rotation  o f 275 and 1080 m in-1 . Reference: normal calom el electrode

o f th e  speed o f ro ta t io n  in d ic a te  th a t  case 1/e, d iscussed  in  th e  f irs t  com m unica­
tio n , is rea lized . H en ce :

X i  <Щ k kl >  k a> an d  X 2 >  k kt . (3)

U nder these  co n d itions equ ilib riu m  co n cen tra tio n s are es tab lish ed  a t  th e  elec­
tro d e  surface a n d  th e  dependence o f est on th e  Cu2+ co n cen tra tio n  should  obey
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N e rn s t’s re la tio n sh ip . T h e  slope o f th e  ex p e rim en ta l est vs. lg  cCui+ agrees 
w ell w ith  th e  value o f  32.5 m V , ex p ec ted  a t  60 °C.

A ccording to  E q . (25) o f th e  p receed ing  com m unica tion , th e  lim itin g  
c u r re n t  a t  the  ring  e lec tro d e  is:

w here
I  R =  y ' / 1/2 C &  +

/  =  l/2r$i N  0.62 DJg v-^e |-j -̂
1/2

K 1'2

(4)

К  b e in g  th e  equ ilib riu m  c o n s ta n t o f th e  coup led  processes (I) an d  (I I ) , (see 
E q . (26) of the  p reced in g  com m unica tion ).

T herefore, in  F ig . 6 th e  re la tio n sh ip  I R vs. f ^ 2 has been  p lo tte d  fo r d if­
fe re n t  Cu2+ co n cen tra tio n s , w hile in  F ig . 7 th e  re la tio n sh ip  I R vs. с^2г+ fo r d if­
fe re n t  speeds of ro ta tio n  o f th e  elec trode . As can  be seen from  th e  F ig u ie s , in  
b o th  cases th e  re sp ec tiv e  ex p e rim en ta l p o in ts  give s tra ig h t lines s ta r tin g  from  
th e  origin. H ow ever, in  F ig . 6 th e re  is a dev ia tio n  from  th e  s tra ig h t line a t  
h ig h  speeds of ro ta tio n  in  th e  d irec tio n  o f  th e  abscissa. In  F ig . 7 d ev ia tions 
fro m  th e  s tra ig h t line a re  ex h ib ited  a t  low  co n cen tra tio n s, ex p e rim en ta l po in ts  
b e in g  sy stem atica lly  sh ifted  to w ard s th e  abscissa. I t  can  be fu r th e r  n o te d  from  
F ig . 5 th a t  a t  low Cu2+ co n cen tra tio n s  est is sh ifted  b y  1 — 2 m V in  th e  neg a tiv e  
d ire c tio n  w ith  in creasin g  e lectrode speed. F igure 8 shows th e  I R values as 
a fu n c tio n  of th e  p ro d u c t f 1/2 c !̂2,+. P o in ts  belonging to  low speeds o f ro ta tio n  
lie on a s tra ig h t line s ta r t in g  from  th e  origin. E x p e rim en ta l p o in ts  belonging 
to  a speed of 1080 m in -1  considerab ly  d ev ia te  from  th is  line.

T he sy stem atic  d ev ia tio n s  from  case 1/e found  are in d ica tiv e  o f th e  fac t 
t h a t  in  these cases in e q u a lity  (3) is n o t com pletely  realized , X x <  k ai being 
o b ta in e d  in stead  o f X 4 каг. O n increasin g  th e  electrode speed an d  on de­
c reasing  th e  Cu2 + co n c e n tra tio n  (the la t te r  sh ifts th e  p o te n tia l in  th e  n egative  
d irec tio n ), the  co n d itio n  X x ^ k at. T h is m eans th a t  case 1/e ap p roaches case 
1/6 o f th e  p reced ing  co m m unica tion . T he s te a d y -s ta te  p o te n tia l  sh ifts  w ith  
increasin g  electrode speed  in  th e  n eg a tiv e  d irec tion , an d  th e  lim itin g  c u rren t 
o f  C u + ox idation  ( I R) m easu rab le  a t  th e  ring  electrode is p ro p o rtio n a l to  the  
2/3 pow er of th e  C u2+ co n cen tra tio n  a n d  to  th e  1/6 pow er of th e  speed o f ro ­
ta t io n .

The above re su lts  show  th a t  fo r e lec trode  processes (I) an d  (I I ) , occurring  
a t  th e  copper e lec trode  u n d e r th e  ac tio n  o f Cu2+ ions a t  60 °C in  3.0 m o l/d m 3 
H C 104, the  exchange c u rre n t o f th e  f ir s t  process is h igh, w hile th a t  o f th e  second 
low er. M oreover, i t  can  be estab lish ed  th a t ,  due to  th e  low  ra te  c o n s ta n t of 
th e  cathod ic  step  o f  p rocess (II)  an d  to  th e  h igh  exchange c u rre n t o f step  (I), 
th e  equ ilib rium  o f th e  system  C u/C u+ /C u2+ is a p p ro x im a te ly  estab lish ed  a t 
th e  electrode surface d u rin g  th e  process. In  th e  case in v es tig a ted , th e  ra tio  of
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Fig. 6. Relationship b etw een  Ip and /V 2 at d ifferent cCu*+ values in 3.0 m ol/dm 3 HC104, a t 60 °C. 
Values of cCu2+ (m ol/dm 3); (1) 1.69 X 1 0 -2 ; (2) 4.22 X Ю -2 ; (3) 8.44 X 1 0 -2

Fig. 7. Relationship betw een  Ip and c1Cut+ at different speeds of rotation  of the electrode, 
at 60 C°, in 3.0 m ol/dm 3 H C104. Speed of ro ta tion  (m in -1 ): (1) 275; (2) 350; (3) 565; (4) 720,

(5) 1080
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Fig. 8. Ip  as a function of cVu'+Z1/ 2 at 60 °C in 3.0 m ol/dm 3 HC104

th e  r a te  co n stan ts  o f  reac tio n  (II)  is к кг-^к аг. The slow est s tep  o f  th e  process 
is th e  d iffusion o f C u + ions form ed aw ay  fro m  th e  electrode Surface.

I t  can  he seen th a t  th e  re la tio n sh ip s  g iven  in  th e  p reced ing  com m unica­
t io n  can  be used  fo r th e  in te rp re ta tio n  o f  th e  processes occurring  in  th e  Cu/Cu +/ 
Cu2+ system .
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STUDY OF MOLECULAR INTERACTION OF 
NITRORENZENE IN CARRON TETRACHLORIDE 

AT MICROWAVE FREQUENCY
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The dielectric behaviour of nitrobenzene in carbon tetrachloride solution has 
been studied  at eigh t concentrations (in th e  range 0.01 — 0.2 m ole fraction) a t 9.3 GHz 
and 1.6 M Hz at 27 °C. The molar polarization (P 2) and dipole m om ent (ji) decrease non- 
linearly w ith  increasing concentration, w hile the reduced relaxation  tim e (t/j?) increases. 
I t  is suggested  th a t for low concentrations o f  nitrobenzene in carbon tetrachloride the  
negative so lven t effect is predominant, w hile a t relatively  higher concentrations lateral 
solute—solute interactions prevail.

Introduction

The p u rpose  o f  th e  p resen t s tu d y  is to  assess th e  m olecu lar in te ra c tio n s  
o f n itrobenzene  in  carb o n  te trach lo rid e . S evera l s tud ies o f th e  so lu te -so lv en t 
in te rac tio n  b ased  on  s ta tic  dielectric m easu rem en ts  h av e  been  rep o rted  [1,2,3]. 
In  th e  p re sen t p a p e r  th e  s ta tic  p e rm ittiv ity  an d  d ielec tric  re lax a tio n  b eh av io u r 
have  been in v e s tig a te d . The d ielectric re la x a tio n  tim e  ( r)  o f  a po la r m olecule 
in  a nonpo lar so lv en t depends on th e  te m p e ra tu re , v isco sity  (r]) an d  th e  in te r-  
m olecular (dipole—dipole and  solute—so lven t) in te ra c tio n s . A t low co n c e n tra ­
tio n s, w here th e  e ffec t o f s trong  dipole—dipole in te ra c tio n  is suppressed , th e  
reduced  re la x a tio n  tim e  (t/77) should  be c o n s ta n t an d  th e  m olar p o la riza tio n  
(P 2) should v a ry  lin e a rly  w ith  co n cen tra tio n . A t re la tiv e ly  h igher co n cen tra ­
tio n s, w here in te rm o lecu la r  in te rac tions com e in to  p lay , th e  т/rj an d  P 2 values 
dev ia te  from  lin e a r ity . T he v a ria tio n  of th e  dipole m o m en t w ith  co n cen tra tio n  
also reflects th e  e x te n t  o f ordering of m olecules due to  local an d  in te rm o lecu la r 
in te rac tio n s. T h u s, in  v iew  of th e  above, w e have  m easu red  th e  re lax a tio n  
tim e  (t), m olar p o la riza tio n  (P 2) and  dipole m o m en t (p) a t  c o n s ta n t te m p e ra tu re  
(27 °C) as a fu n c tio n  o f th e  co n cen tra tion . T he d is tr ib u tio n  p a ra m e te r  (a) fo r 
n itrobenzene in  a n o n p o la r  so lvent [4] as w ell as in  th e  p u re  liqu id  s ta te  [5] 
is zero so th a t  a single frequency  can be successfully  u sed  for d e te rm in a tio n  
o f re lax a tio n  tim es.
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E xperim en ta l

Nitrobenzene was fractionally distilled and the fraction w ithin the boiling range 206 — 
207 °C was collected. The refractive index was found to be 1.547 (27 °C) w hile the reported  
value is 1.550 [6] (25 °C). The carbon tetrachloride used was o f A. R. grade. B o th  nitrobenzene  
and carbon tetrachloride were dried using m olecular sieves.

The perm ittiv ity  (s ')  and dielectric loss (e")  o f nitrobenzene in  carbon tetrachloride at 
e igh t different concentrations were m easured a t 9.3 GHz. The accuracy o f  m easurem ent for  
e' and e" was ±  2 % and ±  5 %, respectively. A t low  concentrations (0.01 — 0.037 m ole fraction) 
Sm y t h ’s [10] m ethod, w hile a t relatively high concentrations (0.037 — 0.2 m ole fraction) P o l e y ’s 
[8] m ethod was used. The sta tic  perm ittiv ity  (e0) a t 1.6 M Hz, densities, refractive indices and  
viscosities o f these solutions were also m easured at 27 °C.

The static p erm ittiv ity  (e0) was m easured using a typ e  ‘B 602’, ‘W a y n e  K e r r ’ bridge 
w ith  an accuracy of ±  1 %.

The viscosity  was m easured w ith  an O stwald viscom eter, accuracy ± 0 .5  %. The  
densities o f  solutions were measured b y  pycnom eter, accuracy ± 0 .2  %. The refractive indices 
o f  solutions were m easured b y  Abbe’s refractom eter and the values o f refractive indices were 
corrected to the third decim al

T heory

F o r a system  h av in g  a single tim e , сот is equal to  e"le' — e„. W hen  th e  
so lv en t has no loss, th e  d ispersion e q u a tio n s  are  id en tica l w ith  those  fo r th e  
p u re  liqu ids, p ro v id ed  e ' an d  e" are rep laced  b y  th e  co rrespond ing  in c rem en ts  
[9] o f th e  p e rm ittiv ity  and  loss, so th a t

( £12 -  £i )  -  (« 1 2 -  -  £ i » )

T h e subscrip ts  12 a n d  1 re fe r to  so lu tio n  (w ith  m ole fra c tio n  x 2 o f th e  p o la r 
so lu te) and  so lven t, respective ly .

The a p p a re n t m o la r p o la riza tio n  (P 2) of th e  solu te is given b y  th e  fo llow ing 
eq u a tio n  [10, 11] (ex ac tly  v a lid  fo r id ea l so lu tions):

■f*2 =  -F*! ~f" ( P l 2  — P l ) l X 2 (2)

( 1 )

w here  Р г — [(e[ — l)/(e ] +  2)] (M J d j) ,  is th e  m o lar p o la riza tio n  o f th e  so lv en t 
an d

P „ = ( £12 -  1 )1

. ( £ 12 +  2 ) .

M 1x1+ M 2

-*12
(3)

t h a t  of th e  so lu tion . M x and  M 2 are  th e  m olecu lar w eigh ts x x an d  x 2 th e  m ole 
frac tio n s  of th e  so lv en t and  so lu te  re sp ec tiv e ly , an d  d12 is th e  d e n s ity  o f  th e  
so lu tion .

The dipole m o m en t (p) has been  ca lcu la ted  from  Onsag er ’s [12] re la tio n  
fo r a d ilu te  so lu tio n

£12 — £12® —
4л1У Г̂ (гаю +  2)-р 
3kT И [ 2е’1 +  £2со .

(4)

w here N  is th e  co n cen tra tio n  o f th e  so lu tio n  in  m olecules/cm 3 u n its .
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R esu lts and  discussion

T he v a ria tio n s  of P 2, т /r? and  /1 as functions o f x 2 are  show n in  F igs 1 — 3. 
The m o la r po la riza tion  (P 2), as o b ta in ed  from  m icrow ave an d  s ta tic  m easu re­
m en ts , h as  been fo u n d  to  decrease no n lin early  w ith  increasing  co n cen tra tio n . 
T his in d ica tes  in te rm o lecu la r in te rac tio n s  as th e  co n cen tra tio n  is increased . 
S r iv a st a v a  et al. [1] have  s tu d ied  th e  m olecular associa tions in  som e su b s titu te d  
an ilines in  d ilu te  benzene so lu tions an d  concluded t h a t  th e  m o lar p o la riza tio n  
changes n o n lin ea rly  w ith  increasing  co n cen tra tion . S r iv a st a v a  et al. [2] have 
s tu d ie d  v a rio u s alcohols an d  halides in  d ilu te  benzene an d  carbon  te tra c h lo rid e  
so lu tions. T h ey  have  found  th a t  in  th e  case of alcohols th e  P 2 vs. X 2 curve is 
a s tra ig h t line show ing th e  absence o f an y  in te ra c tio n . H alides show ed no 
in te ra c tio n  and  confirm ed  th e  th eo re tica l find ings o f Cook an d  S ch ug  [13] 
th a t  benzene in v a ria b ly  reac ts  w ith  halogen  m olecules, giving rise  to  some 
com plexes. S riv a st a v a  et al. have  also found  th a t  in  d ilu te  ca rb o n  te t r a ­
ch loride so lu tions such  anom alies d isap p ear. T h ey  w ere unab le  to  give an 
a d e q u a te  ex p lan a tio n  for th e  n a tu re  o f these  com plexes, b u t  confirm ed  th a t  
a t  low  co n cen tra tio n s, w here so lu te—solu te  in te ra c tio n  is ineffec tive, exchange

F ig .  1.  Variation o f the molar polarization (P 2) o f  nitrobenzene w ith  the m ole fraction ( x 2) in  
carbon tetrachloride from m icrowave •  and static О m easurem ents
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F i g .  2 .  Variation of the reduced relaxation time (r/rj )  w ith  the mole fraction  (x2) of n itre
benzene in carbon tetrachloride

F ig .  3 .  Variation of the dipole m om ent ( j i )  w ith the mole fraction (x .,) o f nitrobenzene in carbon
tetrachloride

in te ra c tio n  b e tw een  b en zen e  and  solute m olecules w ill enhance  th e  m o lar 
p o la r iz a tio n  (P 3). L is z i [3 ] has explained th e  s tro n g  decrease in  P 2 b y  d ipo lar 
asso c ia tio n  w ith  a n tip a ra lle l  a rrangem en ts . B u t  th is  effect w ill p la y  a d o m in an t 
ro le  on ly  a t  re la tiv e ly  h ig h e r co n cen tra tions, viz. 0.1 m ole frac tio n  an d  above. 
B u t  a t  low c o n c e n tra tio n s  (0 — 0.1 mole frac tio n ) th e  s tro n g  decrease in  P a 
is due  to  th e  n e g a tiv e  so lv en t effect [14] as so lu te—solu te  in te ra c tio n  is in ­
effec tive. H ig asi [15 , 16 ] expressed  dipole m o m en ts  in  so lu tions as

f*s ~  Pgas H”
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Fig. 4. N egative solvent effect

w here E/j,j is th e  sum  o f th e  m om en ts induced  in  th e  so lu te  m olecules. I f  an 
ellipsoidal m olecule, h av in g  its  dipole d irec ted  along its  m a jo r  axis, is enclosed 
in  a spherical region co n ta in in g  so lv en t m olecules, th e  in d u ced  dipoles outside 
th e  sphere cancel an d  on ly  tho se  p roduce  inside th e  sphere need  be considered. 
These induced  dipoles reduce  th e  effective dipole m o m en t o f  th e  solu te and 
p roduce  a nega tive  so lv en t effect (as show n in F ig . 4). T his effect has also 
been m easured  in  ch lorobenzene, ace to n itrile , etc.

In  co n cen tra ted  so lu tions, th e  so lu te -so lu te  in te rac tio n s  becom e im ­
p o r ta n t . The m olecular dipoles m a y  align  h ead  to  ta il  ( 4» -(*) o r la te ra lly  (^}T). 
T he fo rm er co n figu ra tion  increases th e  effective m o lecu la r dipole m o m en t and  
p roduces solu te p o la riza tio n s w hich  increases w ith  in c reasin g  co n cen tra tio n , th e  
la t te r  reduces th e  effective m olecu lar dipole m om ent.

In  our case th e  d ipole m o m en t decreases n o n lin ea rly  w ith  increasing  
co n cen tra tio n  and  th u s  in d ica tes  th a t  fo r low  co n cen tra tio n s  of n itrobenzene 
in  carbon  te trach lo rid e  th e  n eg a tiv e  so lven t effect is p re d o m in a n t, w hile a t 
re la tiv e ly  h igher co n cen tra tio n s  la te ra l  so lu te -so lu te  in te rac tio n s  p revail. 
T hese fac ts  are also co n firm ed  b y  th e  r/tj vs. x2 curves, because w ith  increasing  
co n cen tra tio n  th e  in te rm o lecu la r  in te ra c tio n s  cause h in d ran ce  in  th e  orien ­
ta t io n  of th e  m olecules a n d  th u s  increase th e  re lax a tio n  tim e .
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HETEROCYCLIC A NALO G UES OF PR O STA G LA N D IN S
T H IA Z O L E S , I

G . A m b r u s , I .  B a r t a , G y . H o r v á t h , Z s . M é h e s f a l v i  and P . S o h á r
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The sy n th esis of di-4-(6-carboxyhexyl)-5-(3-hydroxy-l-tr<m s-octenyl)thiazole
and its 2-m ethyl analogue is described. I.r. and L1I-n.m .r. data and the mass spectral
behaviour of the new  thiazole derivatives are discussed.

G rea t chem ical efforts in  th e  p ro stag lan d in  fie ld  are  d irec ted  to w ard s 
syn thesiz ing  co m pounds w hich h a v e  m ore specific b io logical effects an d  are 
m ore re s is tan t to  en z y m a tic  in a c tiv a tio n  th a n  n a tu ra l p ro s tag lan d in s , or those  
w hich regu la te  th e  p ro s tag lan d in  b iosyn thesis an d  m etab o lism , or m odify  
th e  ac tio n  of endogenous p ro s tag lan d in s . The sy n th esis  o f com pounds w hich 
co n ta in  some of th e  essen tia l s t ru c tu ra l  p a r ts  of n a tu ra l  p ro stag lan d in s  offers 
a p o ssib ility  for s tu d y in g  the s tru c tu re —a c tiv ity  re la tio n sh ip s  and  m ay  re su lt 
in  fin d in g  new th e ra p e u tic  agents.

In  th e  course o f  a sy n th e tic  app ro ach  to  hete rocyc lic  p ro stag lan d in  
analogues, we p re p a re d  several co m pounds in  w hich  side chains occurring  in  
n a tu ra l p ro stag lan d in s  are connected  to  a five-m em bered  h e te ro a ro m atic  ring  
[1 —4]. As several d ru g s  and n a tu ra l  p ro d u c ts  co n ta in  a th iazo le  ring , we 
decided to  synthesize f i r s t  th iazoles re la te d  to  p ro s tag lan d in s . O f th e  various 
side chains occurring  in  n a tu ra l p ro s tag lan d in s , we have  chosen  th e  6-carboxy- 
h exy l an d  th e  3 -h y d ro x y -l-trem s-o c ten y l chains. T hese can  on ly  be a tta c h e d  
v ic in a lly  to  a th iazo le  r in g  a t th e  ca rb o n  atom s 4 an d  5. W e succeeded in  sy n ­
thesiz ing  com pounds w ith  bo th  possib le  a rran g em en ts  o f th ese  side chains. 
In  th e  p resen t p a p e r  th e  syn thesis an d  spectroscopical p ro p ertie s  of dl-4- 
(6 -carboxyhexy l)-5 -(3 -hydroxy-1-tran s-o c ten y l) th iazo le  an d  its  2 -alky l d e riv a ­
tives are discussed.

A ccording to  th e  H an tsch  sy n th es is  of su b s ti tu te d  th iazo les, a-halo- 
ca rb o n y l substances are  condensed w ith  th ioam ides. E m p lo y in g  th is  favourab le  
p rocedure  we syn th esized  m eth y l 4 -(6 -ca rb o m ethoxyhexy l)th iazo le -5 -carboxy- 
la te  an d  its  2 -m ethy l d e riv a tiv e . These com pounds w ere tran sfo rm ed  by  m ethods 
ap p lied  p rev iously  in  th e  p ro s tag lan d in  fie ld  in to  dZ-4-(6-earboxyhexyl)-5- 
(3-hydroxy-l-ir<m s-octeny l)th iazo le  a n d  its  2 -m ethy l d e riv a tiv e , respective ly . 
T h e  reac tio n s involved  a re  rep resen ted  in  Schem e 1.

T he synthesis o f  d im e th y l 2 -ch lo ro -3 -oxosebacate  (II), used  as the  
a -h a lo ca rb o n y l re a c ta n t in  th e  fo rm atio n  o f th e  th iazo le  rin g  o f in te rm ed ia tes  
III, s ta r te d  from  e th y l ace to ace ta te . F ro m  th e  la t te r  com p o u n d  d im eth y l 3-
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oxosebacate  (I) w as syn th esized  b y  using  a m e th o d  described  b y  A r o s e n i u s  

et al. for th e  p re p a ra tio n  of /?-ketoesters [5]. In  th is  sy n th es is  e th y l sodioaceto- 
ace ta te  an d  7 -ca rb o m e th o x y h ep tan o y l chloride [6 ] w ere condensed  in  benzene 
to  give e th y l 2 -(7 -ca rb o m eth o x y h ep tan o y ])-ace to ace ta te , w h ich  w as tre a te d  
w ith  sodium  m eth o x id e  in  m e th an o l, yield ing d im e th y l 3 -oxosebacate, since 
besides th e  rem oval of th e  ace ty l g roup , tra n se s te rif ic a tio n  o f th e  carboe thoxy l 
group also occurred . C h lo rination  o f  d im eth y l 3 -oxosebacate  a t  C-2 w as effected 
w ith  S 0 2C12 in  carbon  te trach lo rid e .

M ethy l 4 -(6 -ca rb o m eth o x y h ex y l)th iazo le -5 -ca rb o x y la te  an d  its  2 -m ethy l 
deriv a tiv e  (I lia , I llb ) w ere read ily  fo rm ed  w hen d im e th y l 2-chloro-3-oxosebac- 
a te  was allow ed to  re a c t w ith  1 — 1.2 m ole of th io fo rm am id e  or th io ace tam id e , 
re spec tive ly , in  m e th an o l, a t  bo iling  tem p era tu re .

As reg a rd s th e  fu r th e r  reac tio n s  s ta rtin g  from  I l ia , i t  w as hyd ro lyzed  
by  re flux ing  w ith  e th an o lic  sodium  hydrox ide . The c a rb o x y l group in  th e  side 
chain  of th e  re su ltin g  4 -(6 -carboxyhexy l)th iazo le-5 -carboxy lic  acid  (IVa) was 
selectively  esterified  w ith  m e th an o l in  th e  presence o f  p -to lu en es  ulfonic acid 
a t  room  te m p e ra tu re . The 4 -(6 -carbom ethoxyhexy l)th iazo le -5 -carboxy lic  acid 
(Va) w as tran sfo rm ed  in to  th e  ac id  ch loride, w hich  w as red u ced  b y  sodium  
borohydride  in  d ioxane afford ing  4 -(6 -carb o m eth o x y h ex y l)-5 -h y d ro x y m eth y l- 
th iazo le  (V ia). C om pound V ia w as ox id ized  w ith  C o l l i n s  reag en t [ 7 ]  in  CH2C12 
to  give 4 -(6 -carbom ethoxyhexy l)-5 -fo rm yIth iazo le  (V ila). W ittig  reac tio n  of 
V ila  w ith  h ex an o y lm eth y len e  tr ip h en y lp h o sp h o ran e  [8 , 9] in  CC14 afforded
4-(6-carbom ethoxyhexy l)-5 -(3 -oxo-l-ircm s-octeny l)th iazo le  (V illa ). This com ­
p o u n d  can also be p rep a red  using  th e  sodium  d e riv a tiv e  o f d im eth y l 2 -oxo- 
h ep ty lp h o sp h o n a te  as reag en t in  1 ,2 -d im eth o x y e th an e  [10]. T he oxo group in  
th e  side chain  o f com pound V illa  w as reduced  to  h y d ro x y l g roup  b y  sodium  
boroh y d rid e  in  aqueous isop ropano l. T he b est p rocedure  fo r th e  rem oval of 
th e  e s te r g roup  of IXa p ro v ed  to  be a h y d ro lysis  ca ta ly zed  b y  th e  lipase enzym e 
o f R hizopus oryzae [11] re su ltin g  in  rf/-4-(6 -carboxyhexy l)-5 -(3 -hydroxy-l- 
iraras-octenyl)th iazole (Xa). In  th e  case o f alkaline hy d ro ly sis  a p a r tia l  decom ­
positio n  w as observed . C om pound Xb w as p rep ared  from  I llb  b y  a sim ilar 
sy n th e tic  ro u te .

In  o rd er to  perfo rm  a m ore ex ten s iv e  s tu d y  o f th e  spectroscopic  p ro p ­
e rties, we p rep a red  som e ad d itio n a l derivatives. E n z y m a tic  hydro lysis of 
V illa  and  VUIb afforded  4-(6-carboxyhexy l)-5 -(3 -oxo-l-trcm s-octeny l)th iazo le  
(XIa) an d  its  2 -m eth y l d eriv a tiv e  (X lb), respective ly . A c e ty la tio n  of IXa and  
IXb w ith  acetic  an h y d rid e  in  p y rid in e  gave d l-4-(6 -carbom ethoxyhexy l)-5 - 
(3 -ace to x y -l-iran s-o c ten y l)th iazo le  (X lla )  and  its  2 -m eth y l d e riv a tiv e  (X llb), 
respective ly . T he 0 -d e u te ro  analogue (XIII) of com pound  Xa w as p rep ared  
b y  d irec t d eu te ra tio n . R ed u c tio n  o f V illa  w ith  sodium  b o ro d eu te rid e  in  d i­
oxane resu lted  in  dZ -4-(6-carbom ethoxyhexy l)-5 -(3 -hydroxy-3-deu tero -l-trans- 
octeny l)th iazo le  (XIV).
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D a ta  and  a ssig n m en ts  o f th e  i.r . an d  'H -n .m .r . sp e c tra  o f  com pounds 
I I I - X I I  are given in  T a b le s  I  an d  I I ,  respective ly .

In  general, th e se  sp e c tra  fu rn ish  ev idence fo r th e  p resence  o f  th e  ap ­
p ro p r ia te  s tru c tu ra l p a r ts  in  all o f  these  m olecules. N everth e less , som e spectra l 
fe a tu re s  deserve p a r t ic u la r  a tte n tio n .

In  th e  i.r . sp e c tra  o f  com pounds IV an d  V th e  b an d s  pN + H  an d  r asCOO-  
( a t  1600 cm in d ic a te  th a t  a m in o r p a r t  of th e  m olecules has a zw it- 
te r io n ic  s tru c tu re  u n d e r  th e  cond itions app lied  [12].

In  th e  Ч Н -п .т .г . sp e c tra  o f I l ia  an d  I llb  tw o  se p a ra te  es te r-m eth o x y  
s in g u le ts  appear a t  3 .85 , 3.60 an d  3.82, 3.60 p pm , re sp ec tiv e ly . The signal 
b e in g  a t  lower fie ld  can  be assigned to  th e  m e th o x y ca rb o n y l g roup  a ttach ed  
to  th e  th iazole ring . In  accordance  w ith  th is  assignm en t, in  th e  m onoesters 
Y a an d  Vb the  re sp ec tiv e  signal appears a t  3.65 ppm . As show n in  T able I I ,  
th e  signal of the  m e th y le n e  g roup  a tta c h e d  to  C-4 o f th e  th iazo le  rin g  is sh ifted  
p a ram ag n e tica lly  in  com pounds III, IV, V an d  VII as co m p ared  w ith  th e  
re sp ec tiv e  signal o f co m pounds VI. T his fac t can  be ex p la in ed  b y  th e  —I  effect 
o f  th e  carbonyl fu n c tio n  in  th e  C-5 su b s titu e n ts  o f th e  fo rm er com pounds.

As regards th e  sp e c tra  o f com pounds con ta in in g  a s u b s ti tu te d  l-iran s- 
o c ten y l side chain , th e  follow ing com m en ts are m ade. In  th e  i.r . spectra  of 
V il la  and  V lllb  th e  k e to n e  b a n d  is sp lit an d  appears a t  1660 a n d  1685 c m -1 . 
T h is  is assum ed to  be d u e  to  th e  presence o f s-cis an d  s-trans  conform ers [13]. 
I n  th e  i.r. spectra  o f  V III —XII a s tro n g  ab so rp tio n  ap p ears  a t  a b o u t 960 c m -1 
corresponding  to  th e  y( =  CH) b a n d  of th e  trans o lefinic hyd rogens. In  th e  
4 1 -n .m .r . spectra  o f  com pounds VIII an d  XI, th e  o lefinic hydrogens o f th e  
1 ,2 -d isu b stitu ted , iso la te d  e th y len e  group ap p ea r as an  AB m u ltip le t w ith  
a  coupling c o n s ta n t o f  15.5 H z, ch a rac te ris tic  of trans co n fig u ra tio n . The co n ­
siderab le  difference b e tw een  th e  chem ical sh ifts o f o lefinic p ro to n s  (7.5 an d  
6.3 ppm , re spec tive ly ) is due to  th e  charge d is tr ib u tio n  o f enones in  w hich 
th e  olefinic ca rb o n  b e in g  a tta c h e d  to  th e  th iazo le  rin g  possesses a positive 
p o la rity , and  hence th e  signal o f th e  co rrespond ing  h y d ro g en  a to m  is sh ifted  
dow nfield [14]. A cco rd ing ly , th e  chem ical sh ift difference o f  the  olefinic 
p ro to n s  in  the  sp e c tra  o f IX , X , an d  XII is sm aller. T he signal be ing  a t h ig h er 
fie ld  in the  sp ec tra  o f  these  com pounds is sp lit in to  a doub le  doub le t in  con­
sequence of coup ling  w ith  th e  v ic ina l carb inol hyd ro g en  ( J  =  6 Hz).

W hen co m p arin g  th e  1H -n .m .r. d a ta  of th e  2 -H  an d  2 -m ethy lth iazo le  
series (Table I I ) ,  a sy s te m a tic  d iam ag n etic  sh ift occurs in  th e  signals of p ro to n s 
a tta c h e d  to  ca rb o n  a to m s d irec tly  coupled  w ith  th e  th iazo le  rin g  in  th e  case 
o f  th e  2-m ethy l co m p o u n d s, w hich  can  be exp la ined  b y  th e  + /  effect of th e  
m e th y l group.

The m ass sp e c tra l  b eh av io u r of som e heterocyclic  p ro s tag lan d in  analogues 
h as  been s tu d ied  in  d e ta il p rev iously  [15]. The m ass sp e c tra l d a ta  of th e  com ­
p ounds discussed a re  given in  T ab le  I I I .
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Table I
4̂ I.T. data o f  compounds I lla .b  XlJa.h (cm *1)

v ( = C U )
band

(sharp)

fC — О band Group vibrations of t»C=N

Compound vOH band l>N+H band
ester carboxylic

acid other

and i/C=C character of the 
thiazole ring and the con­
jugated double bond in the 

side chain

v(=CH)
band

I l i a - - - 1740*B
1715*B

- - 1520 1435 -

n i b — — - 1735*
1720*

- - 1525 1435 -

IVa ~3320Пхо 
—2400D*°

-1 8 5 0 3080 - 1720х
1700*

- 1525 1435 -

IVb 3300— 2200*xo -1 8 3 0 - - 1685** - 1530 1435 —

Va -2 4 8 0 * ° -1 8 5 0 3090 1730* 1705* - 1525 1440 —

Vb -2 4 5 0 * ° -1 8 4 0 - 1735* 1695* - 1540 1435 —

V ia 3 6 0 0 -3 0 0 0 * « - - 1735х - - 1540 1440 _
Vlb 3 6 0 0 -3 0 0 0 * « - - 1735х - — 1545 1435 —

V ila - - 3090 1730х - 1660*V 1515 1440 —

V llb - - - 1730х - 1 6 6 0 * v 1520 1435 —

V illa — — - 1735х - 1685*Т
1660*V

1595 1505 1435 970

V lllb — — - 1735х - 1685*т
1660*3t

1592 1515 1435 965

IXa 3 6 0 0 -3 0 0 0 * « - - 1735х - - 1640+ 1510 1435 955
IXb 3 6 0 0 -3 0 0 0 * « - - 1740х - - 1640 1530 1440 955
Xa 3500 — 2300**° • - - - 1710х - 1635+ 1510 1410 955
Xb 3500—2300x*o« - — — 1710х — 1640+ 1525 1435 955
XIa —2 6 0 0 Oxo 1850 + 3095 - 1713х 1690*V 1590 1510 1400 985
Xlb 3500— 2400x0 - - - 1720х 1685*T 1590 1510 1435 970
XI la - - - 1735** - - 1642+ 1510 1435 955
ХПЬ - - - 1735** - - 1640 1520 1435 950

x in the side chain attached to C-4 of the thiazole ring
* in the side chain or in the substituent attached to C-5 of the thiazole ring 

о carboxylic acid
•  alcohol 
V  aldehyde

T ketone
□  maximum of a diffuse absorption 
■ overlapping band 
+ very weak band
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Table II
oo

1H -n.m .r. data o f compounds IIIa ,b— ХПа,Ь =  Opjom)

Compound
<5CH* 

1 (3H)
<5CH,

(at C-2 of ring) 
a (3H)

dOCHj 
а (3H)

<5СОСН, 
* (2Н)

í CajChs*
>(2Н)

(5Н-2 
(in ring) 

5 (1Н)

dCH(OR)* 
(R = H  or Ac) 

m  (1H)
d(=CH)*A

(1H)
асАг(=сн)*

(1H)
<50H

a  (broad)
Other
signals

I lia - - 3.60х
3.85*

2.25х 3.15 8.70 - - - -

m b - 2.65 3.60х
3.82*

2.25х 3.05 - - - — —

IVa - - 2.25х 3.20 8.85 - - - ~ 8 .6 5 °
(2H )

IVb — 2.65 — 2.25х 3.08 - - — — ~ 9 .0 °
(2H)

Va — — 3.65х 2.30х 3.25 9.00 — — — 11.45°
(1H)

Vb - 2.75 3.65х 2.25х 3.20 - - — — 11.45°
(1H)

Via - - 3.60х 2.22х 2.65 8.50 - - — 4.35»
(1H)

4.72V

Vlb — 2.60 + 3.62х 2.25х 2.60 + - - - — ~ 4 .2 »
(1H)

4.62V

V ila - - 3.65х 2.35х 3.20 9.05 — - - - 10.203Г

V llb - 2.70 3.60х 2.25х 3.00 — — - - - 10.05V

V illa 0.90 - 3.55х 2.20х
2.50*

2.85 8.55 - 6.30A 7 .5 4 a -

V lllb 0.95 2.63 + 3.60х 2.25х
2.50*+

2.78 - - 6.22A 7 .5 2 a -

IXa 0.90 — 3.60х 2.25х 2.75 8.50 4.20 5 .9 7 ° 6.67" 3.1»
(1H )

IXb 0.90 2.58 + 3.55х 2.22х 2.60+ - 4.16 5 .7 0 ° 6.50" 3.0»
(1H )
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Acta 
Chim. 

Acad. 
Sei. 

Hung. 
97, 

1978

*
Xa 0.87 - - 2.28* 2.75 8.55 4.22 5 .9 0 ° 6.65" + 6.65° ,+  

(2H)
Xb 0.90 2.62 + — 2.28* 2.66+ — 4.20 5 .7 8 ° 6.55® 7.15°»

(2H)
XIa 0.88 — — 2.32*

2.65*
2.90 8.80 - 6 .52A 7.72* 10.9°

(1H)
Xlb 0.90 2.65+ — 2.25*

2.45*
2.75+ - - 6 .18* 7 .45* 10.4°

(1H)
XHa 0.90 — 3.60x 2.25* 2.75 8.45 5.35 5 .7 6 ° 6.70® —
Xllb 0.90 2.60 + 3.60x 2.30* 2.65 + - 5.30 5 .6 0 ° 6.55® -

* in the side chain attached to C-4 of the
thiazole ring

* in  the side chain or in the substituent 
attached to C-5 of the thiazole ring

A vicinal to the ketone or to the carbinol 
group

° carboxylic acid 
•  alcohol
V CH2(OH)*, s (2H)
▼ CH (aldehyde)*, s (1H)
0  COCH3, s (3H)
A d (AB m ultiplet), J  =  15.5 Hz 
□ 2xd (AMX m ultiplet), J  =  6 and 15.5 Hz

■ d  (AM X m ultiplet), J  =  15.5 Hz 
+ overlapping signals 
s singulet 
d  doublet 
t triplet 
m  m ultiplet

2.000
2.050

to
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The m ass sp e c tra l frag m en ta tio n  o f com pounds IXa, IXb, Xa an d  Xb, 
show n in  Schem e 2, is governed  by  tw o m ain  ty p e s  of p rocess: one being in i t ia te d  
b y  th e  in te ra c tio n  o f  th e  COOQ group w ith  th e  h y d ro x y l g roup  in  th e  o c ten y l 
side chain , w hich  y ie ld s  th e  rearran g ed  m olecu la r ion  M x; th e  o th e r re su ltin g  
from  th e  in te ra c tio n  o f  th e  th iazo le  rin g  w ith  th e  carb o x y - (or ca rb a lk o x y )

Table III

Selected m ass spectral data of compounds discussed in  Schemes 2  to 4

Compound D ata* M +  *
Ion  symbols O ther

a b C d e / g h ions

IXa m/e 353 282 250 254 2 2 2 280 238 225 324 322
R .I. 26 14 11 1 0 0 15 5 8 3 4 8

IXb m/e 367 296 264 268 236 294 252 239 338 336
R.I. 33 34 17 1 0 0 10 14 17 12 3 15

Xa m/e 339 268 250 240 2 2 2 280 238 225 310 321
R.I. 2 2 2 0 32 1 0 0 38 2 0 23 12 3 7

Xb m/e 353 282 264 254 236 294 252 239 324 335
R.I 38 43 57 1 0 0 24 37 28 38 3 15

XIV m/e 354 283 251 255 223 281 239 226 324 323
R.I. 2 1 23 17 1 0 0 16 6 1 0 4 7 1 0

M +  * e' f g ' i j к i Other ions

V illa m/e 351 278 236 223 295 280 252 208 320 2 2 2
R.I. 1 0 0 16 32 12 28 53 60 48 25 2 0

VUIb m/e 365 292 250 237 309 294 266 2 2 2 334 236
R.I. 81 18 32 17 19 67 59 1 0 0 27 2 2

XIa m/e 337 278 236 223 281 266 238 208
R.I. 39 21 27 23 50 90 67 1 0 0

Xlb m/e 351 292 250 237 295 280 252 2 2 2
R.I. 75 9 15 12 16 58 34 1 0 0

* R .I. =  relative in tensities in  per cent

h exy l side chain . The s e p a ra te d  rad ica l site in  ion  M 1 can  cause th e  cleavage 
of th e  a d ja c e n t bond , le a d in g  to  th e  fo rm atio n  o f ion  a w h ich  can lose Q O H  
to  give ion  b**. On th e  o th e r  h an d , i t  m ay  in te ra c t  w ith  th e  a d ja c e n t jr-e lectron  
system  w hereby  th e  re a rra n g e d  m olecular ion  M 2 is fo rm ed . A [1,2]-hydrogen  
m ig ra tio n  can occur in  io n  M 2, followed b y  th e  loss of th e  'COC5H n  rad ica l, 
y ie ld ing  ion  c, w hich g ives rise  to  th e  base p e a k  in  all th ese  spec tra . Io n  c 
can lose Q O H  to  give io n  d  w h ich  can also be fo rm ed  from  ion  b by  th e  loss 
of CO [16]. The p ro m in e n t ions e, f  and  g  arise from  th e  in te rac tio n  o f th e  
th iazo le  rin g  w ith  th e  c a rb o x y h ex y l side cha in . T he fo rm a tio n  of b o th  ions 
e and  У can  be ra tio n a lized  as being  a synchronous cycliza tion  an d  bond  fission  
effected  b y  th e  n itro g en  a to m  o f th e  th iazo le  ring .

** In the spectrum of the O-deutero compound XIII on ly  D 20  is lo st in this process, sup- 
porting the m echanism proposed for the formation of ion M v
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A

A n in te re s tin g  m ass sp ec tra l p rocess w as observed in  th e  case o f  co m ­
p o u n d s  IXa, IXb, Xa an d  Xb, w hich  re su lts  in  th e  loss o f 'C H O  rad ica l from  
th e i r  m olecular ions. T he m echan ism  p ro p o sed  for th is  p rocess is d ep ic ted  in  
S chem e 3. The fo rm a tio n  o f ion h is assu m ed  to  s ta r t  w ith  a [ l ,2 ]-a lk y l m ig ra ­
t io n  in  th e  rea rran g ed  m olecu lar ion  jVf2. P ro v ab le  [l,2 ]-a lk y l sh ifts  have  seldom  
b een  observed  in  ra d ic a l ca tions [17] a n d  th e y  were s ta te d  n o t a t  all to  occur 
in  sim ple rad icals [18]. O ur a ssu m p tio n  is based  on th e  follow ing ev idence: 
(i) accord ing  to  h igh  reso lu tion  m ass m easu rem en ts  ion h o f  com pounds IXa 
a n d  Xa possesses e lem en ta l com positions Ci8H 3oN 0 2S (2-1 ppm )* an d  C17H 28 
N 0 2S (2 ppm ), resp ec tiv e ly , in d ic a tin g  th e  loss of CHO from  th e  m olecu lar 
io n s; (ii) in  th e  case o f com pound  XIV, th e  C -deutero  analogue o f IX a, a com ­
p le te  loss of th e  d eu te riu m  label occurs in  th is  process. T he h igh  ra te  o f fo rm a­
tio n  o f ion M 2, re f lec ted  in  th e  h igh  ab u n d an ce  of ion c, is also o f im p o rtan ce  
in  m ak in g  possible th e  o b se rv a tio n  o f ion  h w hich, o f  course, is m u ch  less 
a b u n d a n t (Table I I I ) .

The m echan ism s proposed  fo r th e  p rom inen t f ra g m e n ta tio n  processes 
o f  com pounds V illa , V lllb , XIa an d  X lb  are  depicted  in  Schem e 4. A M cL afferty  
re a rra n g em e n t leads to  th e  fo rm a tio n  o f ion  i. The loss o f ‘C5H U rad ica l from  
th e  m olecular ions involves p a r t ly  a d ire c t cleavage a t  th e  ca rb o n y l group , 
y ie ld in g  ion j .  I t  can  also proceed , how ever, in  p a r t  a f te r  a cyc liza tion  step . 
A nalysis  of th e  m ass sp ec tra l d a ta  o b ta in ed  for th e  process [M ]+' ->-/c has 
rev ea led  th a t  th is  invo lves a rin g  closure as shown in Schem e 4. Io n  к  can  also 
be  form ed from  ion  jr b y  e lim in a tio n  o f  CO. One of th e  m o s t a b u n d a n t ions in  
th e  sp ec tra  of V illa , V lllb , XIa an d  X lb is form ed b y  th e  loss o f th e  carboxy- 
h e x y l side chain . W e assum e th is  p rocess to  involve a m esom eric s tru c tu re  of 
th e  m olecular ion , show n in Schem e 4 , w hich can p re fe rab ly  ex is t in  these 
th iazo les. In  th is  in te rm e d ia te  s ta te  a rad ica l a tta c k  a t  C-4 can ta k e  place, 
lead in g  to  th e  fo rm a tio n  o f ion  l. S im ilarly  to  th e  co rrespond ing  h y d ro x y  
d e riv a tiv es , ions arising  from  th e  in te ra c tio n  of th e  th iazo le  rin g  w ith  the  
ca rb o x y h ex y l side chain  also occur in  th e  spectra  of V illa , V lllb , X Ia and 
X lb  (these are d en o ted  w ith  a p rim e  in  Table I I I ) .

* To resolve the H 232S/34S doublet, a resolution of 16,500 was applied.
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E xperim en ta l

M .p.’s were measured w ith  a K ofler hot stage apparatus. I.r. spectra were taken w ith a 
Perkin E lm er 475 instrum ent in  liqu id  film s (П1а,Ь, VIa,b, V llb , V illa ,b , IX a,b , Xa,b, X lb, and 
ХПа,Ь) and in KBr pellets (IV a,b, Va,b, V ila  and XIa). 'H -n.m .r. spectra were recorded on a 
JE O L  C-60 H L spectrom eter. T he following solvents were used: CC14 for com pounds IIIa,b, 
VIa,b, V llb , V illa ,b , IXa,b, and  X lb; CDC13 for com pounds Va,b, V ila , Xa,b, XIIa,b, XIa; 
DM SO -de for compounds IVa,b. Mass spectra were taken  on a Varian MAT SM-1 instrum ent.

In  preparative thin-layer chrom atography a 2 : 1 m ixture of K ieselgel G, T yp 60 (Merck) 
and K ieselgel T yp 60 (Merck) was used as the adsorbent.

In  enzym atic hydrolyses w e applied a lipase enzym e (purity: 40 un its), which was pre­
pared from  the ferm entation beer of Rhizopus oryzae (M NG 135) by using the m ethod of S z a b ó  
et al. [19].

D im ethyl 3-oxosebacate (I )

To a stirred solution o f e th y l acetoacetate (13 g) in  dry benzene (170 m l) sodium (2.3 g) 
was added in small portions. A fter  stirring for 4 hrs 7-carbom ethoxyheptanoyl chloride (20.6 g) 
was added dropwise to the suspension, which was then  refluxed for 15 m in. The m ixture was 
allow ed to cool to am bient tem perature and poured into  ice and excess 10 % sulfuric acid. The 
aqueous phase was separated. T he benzene phase was washed w ith water, dried over anhydrous 
sodium  sulfate and evaporated in  vacuo to give a residue containing ethyl 2-(7-carbom ethoxyhep- 
tanoyl)acetoacetate. A solution  o f  sodium  (2.3 g) in anhydrous m ethanol (65 m l) was added to  
th is residue and the m ixture w as allow ed to stand at am bient tem perature for 16 hrs, and then  
poured in to  ice and excess 10 % sulfuric acid. The resulting m ixture w as extracted  w ith ether. 
The ether extract was w ashed  w ith  water, dried over anhydrous N a2S 0 4 and evaporated in  
vacuo. The residue was d istilled  under reduced pressure to give I (14.9 g; b .p. 160 °C/0.4 mm). 
I.r. (film ); v C = 0  1732 cm -1 .
tH -n .m .r., (CC14): <50CH3 3.70 (3H , s), 3.62 (3H , s), <5COCH2 3.35 (2H , s), 2 .6 - 2 .0  (4H , m) 
ppm .

D im ethyl 2-chloro-3-oxosebacate (II)

To a stirred solution o f I  (14.6 g) in carbon tetrachloride (15 m l) cooled to — 5 °C was 
added dropwise a solution o f su lfuryl chloride (8 g) in carbon tetrachloride (12 ml). The m ixture 
w as stirred for 1 hr at am bient tem perature, then for 30 m in at 40 °C. A fter cooling to am bient 
tem perature the solution w as diluted  w ith carbon tetrachloride, w ashed w ith  water, then w ith  
5 % sodium  carbonate and w ith  water again; after drying over anhydrous N a2S 0 4 it was evap­
orated in  vacuo. The residue w as distilled under reduced pressure to  g ive  II (11.4 g; b.p. 
155°C/0.3 mm).
I.r. (film ): r C = 0  1735 c m -1 .
iH -n .m .r. (CC14): <5CH(C1) 4 .70 (1H , s), <50CH3 3.8 (3H , s), 3.6 (3H , s), 0COCH2 2.68 (2H , t), 
2.25 (2H , t) ppm.

Methyl 4-(6-carbom ethoxyhexyl)thiazole-5-carboxylate ( I l ia )

Compound II (10.9 g) and thioform am ide(2.9 g) were refluxed in m ethanol (60 m l) for 
1 hr; the solvent was then  evaporated in vacuo. The residue was taken up in water. The m ixture 
w as neutralized w ith 5 % N a 2C 0 3 solution and thoroughly extracted  w ith  ether. The ether 
extract was dried over anhydrous Na2S 0 4 and evaporated in vacuo to leave a residue (10.3 g) 
containing the crude I lia . A n  analytical sam ple of I l ia  (oil) was obtained b y  preparative TLC 
(solvent: ethyl acetate—re-heptane, 6 : 4).

Methyl 2-m ethyl-4-(6-carbom ethoxyhexyl)th iazole-5-carboxylate (H lb )

A  crude product o f I l lb  (9.8 g) was sim ilarly obtained from II (10.9 g) and thioacetam ide  
(3 .23 g), as described for I l ia .  A n analytical sam ple of I llb  (oil) was prepared by preparative 
TLC using the same so lv en t m ixture as applied in  the purification of I lia .

Acta Chim. Acad. Sei. Hung. 97, 1978



AMBRUS et a l t  HETEROCYCLIC ANALOGUES OF PROSTAGLANDINS, I 425

4-(6-Carboxyhexyl)thiazoIc-5-carboxylic acid (IV a)

Crude I l ia  (10 g), obtained as an o ily  residue in the form er reaction, was dissolved in  
ethanol (30 ml) and refluxed w ith 10 % aqueous NaOH solution  (50 m l) for 30 min. A fter cooling  
in ice-w ater, the m ixture was acidified w ith  dilute H2S 0 4, and th en  thoroughly extracted w ith  
ethyl acetate. The ethyl acetate extract was washed w ith  w ater, dried over anhydrous N a2S 0 4 
and evaporated in vacuo. The residue was recrystallized from  acetone to give IVa (5.9 g; m.p. 
1 5 1 - 1 5 3  °C).

2-M ethyl-4-(6-carboxyhexyl)thiazole-5-carboxylic acid (IVb)

Crude I llb  (9.5 g), obtained as an oily residue in the form er reaction, was sim ilarly hydro­
lyzed as described in the preparation of IVa to give, after recrystallization from acetone, IVb 
(6.2 g; m .p. 1 4 7 -1 4 9  °C).

4-(6-Carbom ethoxyhexyl)thiazole-5-carboxylic acid (Va)

A solution of IVa (5.8 g) and p-toluenesulfonie acid m onohydrate (6.4 g) in m ethanol 
(250 m l) w as stirred at am bient tem perature for 3 hrs, then diluted  w ith water (650 ml). The 
resulting solution was saturated w ith  am m onium  sulfate and extracted  w ith  ethyl acetate  
(three 250-m l portions). The organic extracts were com bined, w ashed w ith water, dried over  
anhydrous N a2S 0 4 and evaporated in  vacuo. The residue was recrystallized from ether-re-hexane 
to give Va (4.95 g; m.p. 113 — 114 °C).

2-M ethyl-4-(6-carbom ethoxyhexyl)thiazole-5-carboxylic acid (Vb)

Compound IVb (5.8 g) was sim ilarly esterified as described in  the preparation of Va 
to give Vb (4.9 g; m.p. 106— 107 °C) after recrystallization from ether-re-hexane.

4-(6-Carbom ethoxyhexyl)-5-hydroxym ethylthiazole (V ia)

O xalyl chloride (5 m l) was added dropwise to a solution o f Va (4.7 g) in dry benzene  
(60 ml). The resulting m ixture was allowed to stand at am bient tem perature for 16 hrs, then  
benzene and the excess o f oxalyl chloride were evaporated in  vacuo. The residue containing  
4-(6-carbom ethoxyhexyl)thiazole-5-carboxylic acid chloride w as dissolved in anhydrous 
dioxane (12 ml). This solution was added to a stirred suspension o f sodium  borohydride (1.3 g) 
in anhydrous dioxane (24 ml). The m ixture was stirred at am bient tem perature for 30 m in, 
then for additional 30 m in at 80 °C. After cooling in ice-water, w ater (40 m l) was added drop- 
wise. The aqueous m ixture was stirred at am bient temperature for 2 hrs, and then extracted  
w ith ethyl acetate. The ethyl acetate extract was washed w ith  w ater, dried over anhydrous 
Na2S 0 4 and evaporated in  vacuo to give a residue (3.85 g) containing im pure Via. An analytical 
sam ple o f V ia  (oil) was obtained b y  preparative TLC (solvent: e th y l acetate—re-heptane, 7 : 3).

2-M ethyl-4-(6-carbom ethoxyhexyl)-5-hydroxym ethylthiazole (VIb)

Transform ation of Vb (4.8 g) by the m ethod described in the preparation of V ia gave an 
oily residue (3.55 g) containing impure VIb. An analytical sam ple o f VIb (oil) was obtained by  
preparative TLC using the solvent applied in the purification o f V ia.

4- (6 -Carbomethoxyhexyl) -5 -formylthiazole (V ila )

To a stirred solution of chromium trioxide dipyridine com plex (22.3 g) prepared ac­
cording to C o l l i n s  et al. [7] in dichlorom ethane (460 ml), was added dropwise a solution of 
crude V ia (3.7 g) in dichlorom ethane (40 ml). The mixture was stirred at am bient tem perature 
for 30 m in and then filtered. The filtrate was evaporated in  vacuo. The residue was chroma­
tographed b y  preparative TLC (solvent: ethyl acetate-re-heptane, 1 : 1) to give hom ogeneous 
V ila  (2.45 g). An analytical sam ple of V ila  (m .p. 60 — 62 °C) was obtained by recrystallization  
from ether.
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2-M ethyI-4-(6-carbom ethoxyhexyl)-5-form ylthiazole (V llb )

O xidation of crude V lb  (3.4 g), carried out b y  the m ethod described in  the preparation 
o f V ila , resulted in an im pure V llb , which was chrom atographed by preparative TLC using the 
so lv en t applied in the purification  of V ila  to give hom ogeneous V llb  (2.4 g, oil).

4 -(6-C arbom ethoxyhexyl)-5-(3-oxo-l-frans-octenyl)th iazole  (V il la )

A solution o f V ila  (2 .3g ) andhexanoylm ethylene triphenylphosphorane (6.75 g) in carbon 
tetrachloride (15 m l) w as stirred under nitrogen at am bient tem perature for 16 hrs and then  
evaporated in vacuo. The residue was chrom atographed on silicic acid (120 g) eluting w ith 250 
m l each of 5, 10, 15, 20, 25 and  30 % ethyl acetate -n-heptane, collecting 50 m l fractions. From  
th e  25 % ethyl acetate-n -heptan e fractions pure V il la  (2.5 g, oil) was obtained.

2-M ethyI-4-(6-carbom ethoxyhexyl)-5-(3-oxo-l-/rans-octenyl)th iazole  (VIDlb)

A solution of d im ethyl 2-oxoheptylphosphonate (5.57 g) in 1,2-d im ethoxyethane (25 ml) 
w as added to a stirred suspension o f sodium  hydride (0.6 g) in anhydrous 1,2-dim ethoxyethane  
(8 m l) cooled to — 15 °C. A fter  stirring for 1 hr at — 15 °C, the tem perature o f  the m ixture was 
raised  to 0 °C and a so lution  o f V llb  (2.25 g) in 1,2-dim ethoxyethane (25 m l) was added drop- 
w ise. The resulting m ixture w as stirred for 1 hr at 0 °C and for 4 hrs at am bient temperature 
and then , after cooling in ice-water, it  was d iluted w ith  water (75 ml). The aqueous solution  
w as exhaustively extracted  w ith  ether. The ether extract was dried over anhydrous Na2S 0 4 
and evaporated in vacuo. The residue was purified b y  preparative TLC (solvent: ethyl aceta te-  
n-heptane, 4 : 6) to give pure V lllb  (1.9 g, oil).

d i-4-(6-C arbom ethoxyhexyl)-5-(3-hydroxy-l-L ra»ts-octenyl)thiazole (IX a)

A solution of V i l la  (1 .6  g) in isopropanol (25 m l) was prepared and sodium  borohydride 
(107 m g) in water (25 m l) w as added. A fter stirring at am bient tem perature for 2 hrs, the solu­
tio n  was diluted w ith  w ater and extracted exhaustively  w ith ethyl acetate. The ethyl acetate  
ex tra ct was washed w ith  w ater, dried over anhydrous N a2S 0 4 and evaporated in  vacuo. The 
residue was chrom atographed on silicic acid (80 g) w ith  200 m l each of 5, 10, 15, 20, 25, 30 and 
35% ethyl acetate-n-heptane, collecting 25 m l fractions. From  the 30% eth y l acetate-n-heptane  
fractions pure IXa (1.25 g, oil) was obtained.

d i-2-M eth yl-4-(6-carbom ethoxyhexyl)-5-(3-hydroxy-l-frans-octenyl)th iazole  (IXb)

Compound V lllb  (1 .0  g) was reduced as described in the preparation o f IXa. The crude 
product was chrom atographed by preparative TLC (solvent: ethyl acetate-n -heptan e, 1 : 1) 
to  g ive  pure IXb (0.76 g, oil).

d l-4-(6-C arboxyhexyl)-5-(3-hydroxy-l-frcm s-octenyI)th iazole (X a)

To a suspension o f  IX a (0.8 g) in 0 .2M  phosphate buffer o f pH  7.5 (40 m l) were added 
R hizopus oryzae lipase (0.2 g), sodium  taurocholate (20 m g) and gum  arabic (0.4 g) in water 
(10 ml). The m ixture w as shaken at 28 °C on a rotary shaker for 16 hrs, then  diluted with water 
(50 m l), acidified w ith  citric acid and extracted  exhaustively  w ith  e th y l acetate. The ethyl 
aceta te  extract was dried over anhydrous N a2S 0 4 and evaporated in  vacuo. The residue was 
chrom atographed on silicic  acid (40 g) w ith  100 m l each of 10, 20, 30, 40, 50, 60, 70 and 80 % 
e th y l acetate-n-heptane, collecting 20-m l fractions. The residue obtained on  evaporation of the  
70 % ethyl acetate-n -heptan e fractions was recrystallized from ether—n-hexane to give pure Xa 
(0 .6  g; m.p. 73 — 74 °C).

J/-2-M ethyl-4 - (6 -car boxy hexyl)-5 -(3 -hydroxy-1 -f i'on.s-octcnyl)thiazole (Xb)

Compound IXb (0 .4  g) was hydrolyzed b y  the m ethod applied in the preparation of Xa. 
T he crude product w as purified by preparative TLC (solvent: upper phase o f the following m ix ­
ture: ethyl acetate—n-heptane—w ater-acetic  acid, 11 : 5 : 10 : 2) to give pure Xb (0.28 g, oil).

Acta Chim. Acad. Sei. Hung. 97, 1978



AMBRUS et a t :  HETEROCYCLIC ANALOGUES OF PROSTAGLANDINS, I 427

4-(6-C arboxyhexyl)-5-(3-oxo-l-<rans-octenyl)th iazole (X Ia)

Compound V il la  (0.8 g) was hydrolyzed b y  the m ethod described in the preparation of 
Xa. The crude product was chrom atographed on silicic acid (50 g) w ith 100 ml each o f 10, 20, 30, 
40, 50, 60, 70 and 80 % ethyl acetate-n-heptane, collecting 20-m l fractions. The residue obtained  
b y  evaporation o f the 60 % ethyl acetate-n-heptane fractions was recrystallized from  acetone  
to give pure XIa (0.54 g; m .p. 67 — 68 °C).

2 -M ethyl-4-(6-carb oxyhexyl)-5-(3-oxo-l-frans-octenyl)th iazo le  (X lb )

Compound VUIb (0.75 g) was hydrolyzed by the m ethod described in the preparation  
of Xa. The crude product was purified by preparative TLC, using the solvent applied in the  
purification o f Xb, to give pure X lb (0.51 g, oil).

d f-4-(6-C arbom ethoxyhexyl)-5-(3-acetoxy-l-f rens-octenyl)th iazole (X lla )

A solution o f IXa (350 m g) in anhydrous pyridine (4 m l) was m ixed w ith acetic anhydride  
(1 ml). The resulting solution was allowed to stand for 24 hrs at am bient tem perature, then  
diluted w ith  water (50 ml) and thoroughly extracted w ith  ethyl acetate. The ethyl acetate  
extract was dried over anhydrous N a2S 0 4 and evaporated in  vacuo. The residue was chrom a­
tographed b y  preparative TLC (solvent: ethyl acetate-n -heptan e, 4 : 6) to give pure X lla  
(280 m g, oil).

d /-2-M ethyl-4-(6-carbom ethoxyhexyl)-5-(3-acetoxy-l-frans-octenyl)th iazole (X llb )

Compound IXb (350 m g) was acetylated by the m ethod described in the preparation  
of X lla . The crude product w as chrom atographed by preparative TLC using the solvent applied  
in the purification of X lla  to give X llb  (285 mg, oil).

O -Deuteration of compound Xa

Compound Xa (2 mg) was dissolved in a m ixture o f CH3OD (1 ml) and D 20  (0.5 m l). 
The solution was kept for 48 hrs a t room temperature. The O-dideutero analogue XIII was ob­
tained on evaporation of the solvent. To reduce back-exchange, D 20  was introduced w ith  the  
sample of XIII into the m ass spectrom eter.

<//-4 -(6 -Carbo met h o w  hexyl) -5 - (3 -hydroxy-3-dent его -1 -1 i’O/i.N-octenyl )t tliazolc (XIV)

A  solution o f V il la  (70 m g) and sodium borodeuteride (4.2 mg) in  dioxane (5 m l) was 
stirred at am bient tem perature for 2 hrs, then diluted w ith  water (30 m l) and thoroughly  
extracted w ith  ethyl acetate. The organic extract was w ashed w ith  water, dried over anhydrous 
Na2S 0 4 and evaporated in vacuo. The residue was purified b y  preparative TLC (solvent: ethyl 
acetate-n-heptane, 4 : 6) to give hom ogeneous XIV (32 m g, oil).

*

The authors are indebted to E .  M e z ő  and E. I l k ő y  for technical assistance.
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SYNTHESIS OF YINCA ALKALOIDS AND RELATED
COMPOUNDS, Y*

SY N T H E SIS OF E T H Y L  ( +  )-APO VINCAM INATE  

G y . K a l a u s , P .  G y ő r y , L . S z a b ó  and C s . S z á n t a y

(In stitu te  o f Organic Chemistry, Technical U niversity, and Central Research Institu te fo r  
Chem istry, H ungarian Academ y o f  Sciences, B udapest)

R eceived  March 21, 1977

Starting from  tryptam ine, a four-step synthesis resulted  in the enam ine o f  
structure 7a. On addition o f e th y l a-acetoxyacrylate to th is enam ine, the derivative 8a  
was obtained w hose reduction gave tw o stereoisomeric products (9 and 10), their ratio  
being dependent on the reaction conditions. The racem ic eth y l apovincam inate (1) can  
be obtained by oxidation  of the derivative 9b, followed b y  dehydration.

T he d e x tro ro ta to ry  e n an tio m er o f  e th y l ap o v in c a m in a te  (1) is co m m er­
cially  availab le u n d e r  th e  nam e  C av in to n , an excellen t v a so d ila to r  drug.

I t  was earlie r p rep a red  from  n a tu ra l  v incam ine b y  hydro lysis to  v in- 
cam inic  acid (2a) follow ed b y  d e h y d ra tio n  and  es te rif ic a tio n  o f th e  re su lting  apo- 
v incam in ic  acid w ith  e th an o l [2 ].

W e in ten d ed  to  ca rry  o u t th e  p re p a ra tio n  of C av in to n  (1) on th e  ana logy  
o f our earlier v in cam in e  syn th esis  [3].

T he enam ine o f  s tru c tu re  7a w as used again  as th e  k ey  in te rm ed ia te ; 
th e  possib ility  o f p rep a rin g  th is  com pound  in  a w ay  d iffering  from  th e  earlie r 
syn thesis  was also in v es tig a ted .

Synthesis o f th e  enam ine 7a

T he reaction  o f  try p ta m in e  an d  b u ty ric  acid gave f i r s t  th e  sa lt 3a from  
w hich th e  acid am ide  3b was fo rm ed  on hea ting . O n cyclizing 3b w ith  phos- 
p h o ry l chloride in  benzene an d  lib e ra tin g  th e  base, th e  /S-carboline d e riv a tiv e  
4 w as ob ta ined .

W e desired to  b u ild  up  th e  fo u r th  ring  s im ila rly  to  th e  reaction  ca rried  
o u t b y  A t t a - u r - R a h m a n  [4], w ith  l-m ethy l-3 ,4 -d ihydro-7 -m ethoxy-/?-car- 
boline. T herefore com pound  4 w as allow ed to  re a c t w ith  m e th y l ac ry la te . 
T he reac tio n  was ca rr ied  ou t in  a m ix tu re  of benzene an d  m eth an o l u n d er th e  
exclusion of lig h t an d  a tm ospheric  oxygen . T he k e to n e  o f s tru c tu re  5 p rec ip i­
ta te d  from  the  re a c tio n  m ix tu re  in  a poor y ield  (12 .5% ), an d  on acid ify ing  
th e  m o th e r liquor w ith  perch loric  acid , th e  q u a te rn a ry  sa lt 6b could be iso la ted .

* For Part IV, see R ef. [1]
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2a :  OH COOH
b: О Н  СООС2Ш
с : COOC2H5 OH
d: О Н  COOCH3

1 .  P O C l3

2. OH<->

(CH2)2

CH3

4  +  C H 2= C H —  COOCH3

6a

O H (-) нею.

T he p re su m p tio n  ap p eared  to  be  obv ious th a t  fu r th e r  bo iling  o f th e  base 
6a , lib e ra ted  from  th e  sa lt 6b. in  a m ix tu re  of benzene a n d  m e th an o l w ould 
s im ila rly  lead  to  th e  k e to n e  5. H ow ever, even  a fte r prologed bo iling  u n d e r these 
con d itio n s no trace s  o f  th e  te tracy c le  5 could  be de tec ted  b y  ch ro m ato g rap h y  
in  th e  reaction  m ix tu re .
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COOC2 H 5

8 a : R  =  СОСНз 
b: R  =  H

9 a : R  =  СОСНз 
b: R  = H

10a: R  = СОСНз 
b •„ R = H

Fig. 2
H ow ever, th e  conversion  6 —*■ 5 could  be read ily  e ffec ted  in  benzene, b y  

m eans o f p o tassium  t-b u to x id e . T he p ro d u c t ob ta ined  in  th is  w ay  was com plete­
ly  id en tica l in  all re sp ec ts  w ith  th e  su b stan ce  form ed d ire c tly  in  th e  reac tio n  
o f  th e  te tracy c le  4 w ith  m e th y l ac ry la te .

T he u n s a tu ra te d  keto n e  5 could  be reduced  in  a W o lf-K izhner reac tio n  
to  th e  desired en am in e  (7a) w hich w as iso la ted  as th e  p e rch lo ra te  sa lt (7b). 
T hough  th is  new ly in v e s tig a te d  ro u te  o f reac tio n  could n o t  tech n ica lly  com pete , 
ow ing to  th e  poor y ie ld s , w ith  th e  p ro ced u re  described ea rlie r [3], in te re s t m ay  
be a tta c h e d  to  i t  from  th e  chem ical aspect.
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Synthesis of ethyl apovincaminate

E th y l a -a c e to x y ac ry la te  [5], o b ta in ed  b y  th e  a c e ty la tio n  o f  e th y l p y ru ­
v a te ,  w as allowed to  r e a c t in  d ich lo rom ethane  w ith  th e  en am in e  7a. A fter 
h a v in g  allowed re a c tio n  m ix tu re  to  s ta n d  tw o  days a t room  te m p e ra tu re , no 
s ta r t in g  m ateria l could  be  d e tec ted . T he a d d itio n  p ro d u c t 8a w as iso la ted  as 
th e  perch lo ra te  sa lt, w h ich  c ry sta llized  v e ry  read ily  from  e th a n o l b u t  th e  yield 
w as low er th a n  in  th e  case o f th e  co rrespond ing  m eth y l es te r.

R eduction  o f th e  h ex ahydro indo loqu ino liz ine  8a e ith e r  ca ta ly tica lly  or 
b y  sod ium  b o ro h y d rid e  gave  p rac tica lly  one single iso lable ep im er, 9a, w hich 
a ffo rd ed  on d e a ce ty la tio n  th e  read ily  crysta lliz ing  9b.

W hen th e  h y d ro ly s is  o f  th e  ace to x y  group of th e  e s te r  9a  w as effected 
p r io r  to  th e  red u c tio n , th e  s te reo se lec tiv ity  o f th e  ca ta ly tic  re d u c tio n  changed 
o n ly  sligh tly , b u t re d u c tio n  w ith  sodium  borohydride  gave th e  cis com pound 
9b as th e  sole trans d e r iv a tiv e  10b ap p eared  in  a read ily  iso lab le  am o u n t even 
a t  ro o m  te m p e ra tu re . T h e  e th y l e s te r o f  ty p e  8 could th u s  be reduced  w ith  
a h ig h e r s te reo se lec tiv ity  th a n  th e  co rrespond ing  m eth y l e s te r  [3].

All these o b se rv a tio n s  su p p o rt ou r ea rlie r experience t h a t  th e  h igher 
th e  space req u irem en t o f  th e  su b s titu e n ts  a tta c h e d  to  C -l o f th e  indolo[2 ,3-a]- 
qu inoliz id ine ring, th e  h ig h e r th e  stereo se lec tiv ity  in fav o u r o f th e  cis p roduc t 
in  th e  ca ta ly tic  or so d iu m  b o ro h y d rid e  red u c tio n  o f th e  C = N  b o n d .

W hen th e  alcohol 9b w as m ade to  re a c t w ith  F é tizo n  re a g e n t, according 
to  o u r earlier o b se rv a tio n s , o x id a tio n  an d  ep im erisa tion  to o k  p lace; accord­
in g ly  tw o p roduc ts (2b an d  2c) w ere form ed. The re la tio n  b e tw een  th e  tw o 
ep im ers  is e luc idated  also  b y  th e  ep im erisa tion  experim en ts. W hen  boiled w ith  
so d iu m  ethoxide in  e th a n o l, 2c is com plete ly  co n v en ed  in to  th e  th e rm o d y n a m ­
ic a lly  m ore stab le  2b, s im ila rly  to  th e  observa tions [3] m ade in  th e  conversion 
o f  ep iv incam ine in to  v in cam in e .

In  order to  p ro v e  th e  s tru c tu re  unequ ivocally , th e  e s te r  2b was h y d ro ­
ly z e d  to  th e  acid 2a  a n d  th e n  este rified  w ith  d iazo m eth an e, afford ing  th u s  
racem ic  v incam ine p re p a re d  earlier. T hese reactions u n am b iq u o u s ly  confirm  
a lso  th e  steric  s tru c tu re s  p rev io u sly  suggested .

The fac t t h a t  th e  com pounds are  epim ers has been  p ro v e d  b y  a sim ple 
d eh y d ra tio n  reac tio n . E ith e r  2b or 2c lo st w a te r w hen t r e a te d  w ith  acetic 
a n h y d rid e , to  give racem ic  e th y l ap o v in cam ate  (1), th e  ta rg e t  com pound of 
th e  w ork.

Experimental

The infrared spectra were recorded in K Br pills or as liquid film s w ith  a Spektromom  
2000 spectrophotom eter; the NM R spectra were taken on a Perkin-E lm er R12 (60 MHz) 
spectrophotom eter, and the UV spectra on a Unicam  SP 800 spectrophotom eter.
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Tryptamine butyrate (3a)

T ryptam ine (16.00 g; 100 m m oles) w as dissolved in 320 m l o f ethyl acetate and 9.50 m l 
(103 m m oles) o f re-butyric acid was dropwise added. The precipitation of crystals started  
instantaneously  and continued when the reaction  m ixture was allowed to stand in a refrigerator. 
Separation o f  the crystalline product gave 24.5 g (98.8 %) of the salt 3a, m.p. 151 — 153 °C. 
R ecrystallization  from  ethyl acetate raised the m .p . to 152 —153 °C.

C14H 20N 2O2 (248.32). Calcd. C 67.71; H  8.12; N  11.28. Found C 67.64; H  8.16; N  11.12 %. 
IR (K B r): vmax 3240 cm -1  (indole-N H ), broad band 1520—1565 cm -1  P > C = 0  and 

- N H + ) .

l-n-Propyl-3,4-dihydro-ß-carboline (4 )

T ryptam ine bu tyrate  (3a) (11.55 g; 46.5 m m oles) was m elted, the m elt was slowly heated  
to 190—200 °C and kept for 45 min at this tem perature. (W ater formed during the reaction  
was rem oved.) The m elt after cooling was m ixed  w ith  120 ml o f anhydrous benzene, 22 m l (242 
m m oles) o f  freshly d istilled  phosphoryl chloride was added and the reaction m ixture refluxed  
for 4 hrs. The dark solution  was evaporated in vacuum  and the residual dark oil m ixed w ith  a 
20 % solution o f acetic  acid (100, 80, 50 ml). The solid was filtered off, and the aqueous solution  
neutralized to  pH  7 w ith  cone, am m onium  hydroxide solution under cooling. After shaking  
w ith  80 m l o f  dichlorom ethane, the organic phase was discarded, and the aqueous phase m ade  
was alkaline (pH  11) w ith  cone, am m onium  hydroxide and shaken again w ith dichlorom ethane 
(80, 50, 30 m l). The com bined organic phases were dried over m agnesium  sulfate, the drying  
agent was filtered off, and the filtrate evaporated in  an inert atm osphere to leave 3.80 g (38.7 %) 
o f a yellow  crystalline substance (4), m .p. 1 6 2 —165 °C.

The base 4  (1.00 g) was dissolved in  3 m l o f m ethanol and a 70 % aqueous solution  o f  
perchloric acid was added (up to pH  5). C rystallization started on scratching. F iltration  w ith  
suction gave 1.05 o f  a crystalline powder (4.H C104), m .p. 183—185 °C. R ecrystallization from  
water raised the m .p. to 184 —186 °C.

C14H 17N 2 CIO, (312.75). Calcd. C 53.76; H  5.49; N 8.97. Found C 54.03; H  5.54; N  8.94% .
(+ )

IR (K B r): vmax 1640 cm “ 1 ( > C = N H ) .

l-n-Propyl-2-(m ethoxycarbonylethyl)-3,4-dihydro-ß-carboline perchlorate (6b)

l-re-Propyl-3,4-dihydro-/?-carboline (4) (5.75 g; 27.2 m m oles) was dissolved in a m ixture  
f  20 m l of anhydrous m ethanol and 20 m l o f  anhydrous benzene; 2.70 m l (29.8 m m oles) o f  

m ethyl acrylate w as added and the m ixture refluxed for 37 hrs in  a stream  of nitrogen. A fter  
refluxing for 11 hrs 0.50 m l (5.52 m m oles) o f  m eth y l acrylate and after 21 hrs again 0.50 m l 
(5.52 m m oles) o f m ethyl acrylate was added; the m ixture thus contained a total o f 40.84  
m m oles o f m eth y l acrylate.

The reaction  m ixture was evaporated in  vacuum , the residual oil dissolved in 8 m l o f  
m ethanol and acid ified w ith  a 70 % perchloric acid to pH  6. In a refrigerator deposited 2.20 g 
(20.3 %) o f a ye llow  crystalline substance, m .p. 1 3 4 —136 °C.

R ecrystallization  o f 0.35 g o f the perchlorate salt from a m ixture o f 2 m l of anhydrous 
m ethanol and 6 m l o f  dry ether gave 0.30 g o f the analytically  pure product, m .p .135— 137 °C.

C18H 23N 2C106 (398.83). Calcd. C 54.20; H  5.81; N  7.02. Found C 54.18; H 6.01: N  6.95 %.
IR (K B r): vmax 1728 c m " 1 ( > C = 0 ) ,  1624 c m “ 1 (> C  =  N < ) .

(+ )

l-E thyl-2 ,3 ,4 ,5 ,6 ,7-hexahydro-12H -indolo[2 ,3-a]quinolizin -2-one (5 )

fa )  6,70g (31,7 m m oles) l-n-Propyl-3,4-dihydro-/S-carboline (4) was dissolved in  a 
m ixture of 40 m l o f anhydrous m ethanol and 40 m l o f anhydrous benzene: 3.70 m l 
(41 m m oles) o f  m eth y l acrylate was added and the m ixture refluxed for 96 hrs in a stream  o f  
nitrogen. (The flask  and the condenser were coated  w ith  alum inium  foils.) After refluxing for 
40 hrs, further 3.70 m l (41 m m oles) o f m ethyl acrylate was added and the refluxing continued. 
A t the end o f reaction  the solution  was evaporated in  vacuum , the residual oil dissolved in 6 m l 
of m ethanol and the solution  allowed to stand in a refrigerator to y ield  1.05 g (12.6 %) o f a
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w h ite  crystalline pow der, m .p . 240 — 243 °C. R ecrystallization  from m ethanol gave m.p. 242 — 
243 °C.

C17H 18N20  (266.33). Calcd. C 76.66; H  6.81; N  10.52. Found C 76.80; H  7.10; N  10.51 %.
IR (K Br): i>max 3310 cm -1  (indole-N H ), broad band of 1620—1668 cm -1  £ > C = 0  

and ^ > C = C ^ ).
NM R (in deuterochloroform ); 6 8.38 (s, 1H , indole-H ); <5 7 .58—6.96 (m, 4H, arom atic  

H ); <5 4.05 (t, 2H, - C - C H 2- ) ;  6 1.25 (t, 3H , -  CH 3).
II

О
Aqueous 70 % perchloric acid was added (to adjust pH  6) to about 6 — 7 m l of the m etha- 

nolic  m other liquor o f the first crystallization, and the m ixture was allowed to stand in a refrig­
erator to yield 1.25 g (9 .9  %) of a yellow  crystalline sa lt (6b), m.p. 135— 137 °C. The product 
w as in  all respects identical w ith  compound described previously.

(b ) Potassium  t-butoxide (1.40 g; 12.5 m m oles) was added into 60 m l of anhydrous 
benzene; part of the benzene was then evaporated to  obtain a solution o f a volum e of 20 ml. 
A  solution  of 1.80 g (6.02 m m oles) of m ethyl 3-(l-propylidene-l,2,3,4-tetrahydro-2-/?-carbolinyl) 
propionate (6a) in 20 m l o f  anhydrous benzene w as added and the reaction m ixture refluxed  
for 10 hrs in a stream  o f  nitrogen. The reaction m ixture was allowed to cool and 0.75 ml (12.9  
m m oles) of glacial acetic acid (pH 6.5) and 100 m l o f distilled water were added. The m ixture 
w as m ade strongly alkaline w ith  cone, am m onium  hydroxide solution (pH  11), and the phases 
w ere separated. The benzene solution was dried over m agnesium  sulfate and evaporated in  
vacuum  to leave 1.25 g o f an oil. Crystallization from  m ethanol gave 0.95 g (59.2 %) of a crystal­
lin e  powder, m.p. 2 4 0 —243 °C. The product was in  all respects identical w ith  the compound 
described above.

l-E thyl-l,2 ,3 ,4 ,6 ,7-hexahydro-12H -indolo[2 ,3-a]quinolizin -5-ium  perchlorate (7b)

l-E thy]-2,3,4,5,6,7-hexahydro-12H -indolo[2,3-a]quinolizin-2-one (5) (0.35 g; 1.32 
m m ole) was suspended in 20 m l o f ethylene glycol, then  2.0 g (35.7 m m oles) o f finely powdered  
potassium  hydroxide and 1.50 ml 98 — 99 % hydrazine hydrate were added.

The m ixture was refluxed for 9 hrs in  n itrogen atmosphere at 205 — 210 °C bath  tem ­
perature. The reaction m ixture was then evaporated in vacuum , 10 m l o f distilled water was 
added and shaken w ith  dichlorom ethane (10, 5, 5 m l). The organic phase was dried over m ag­
nesium  sulfate, filtered, and the filtrate evaporated in  vacuum  to leave 0.25 g o f a red oil. It  
w as dissolved in som e m ethanol and slightly acid ified  (to pH  5) w ith  a 70 % aqueous solution  
o f  perchloric acid. On scratching 0.15 g (32.6 %) o f the perchlorate sa lt separated as yellow  
crysta ls, m.p. 175—177 °C. R ecrystallization from  m ethanol raised the m .p. to 177—178 °C.

C„H21N20,C1 (352.82). Calcd. C 57.87; H  6.00; N  7.94. Found C 57.58; H  6.20; N  8.00 %.
(+ )

IR(K Br): rmax 3280 cm " 1 (indole-N H ), 1622 c m - 1 ( > C = N < ) .
UY(in m ethanol): / max 363 nm  ( lo g  e 4 .2095).

l-E thyl-l-{[2-(acety loxy)]-(eth oxycarbon ylethyl)}-l,2 ,3 ,4 ,6 ,7 -h exah ydro-12H -ind olo-  
[2,3-a]quinoIizin-5-ium  perchlorate (8a)

l-E thyl-l,2 ,3 ,4 ,6 ,7-hexahydro-12H -indolo[2 ,3-a]quinolizin-5-ium  perchlorate (7b) (10.0  
g; 28.4 mmoles) was suspended in 100 m l o f dichlorom ethane, and 75 m l distilled water and  
20 m l of a 2 N  N aO H  solution  were added. A fter stirring for 10 m in in  argon atm osphere, the  
organic phase was separated. The aqueous solution  was extracted w ith  20 m l of dichlorom eth­
ane, and the com bined organic solutions dried over m agnesium  sulfate. The drying agent was 
filtered  off and 10.0 m l o f  freshly distilled eth y l [2-(acetoxy)]-acrylate was added to the filtrate; 
th e  reaction m ixture w as flushed w ith  argon gas, sealed, and allowed to stand for 2 days at room  
tem perature. E vaporation  of the solvent in vacuum  left a dark red oil, which was rubbed w ith  
3 X 50 m l of petroleum  ether. The solidifying yellow ish  red substance was dissolved in  30 m l of  
h o t ethanol and sligh tly  acidified (pH 6) w ith  a 70 % aqueous solution o f perchloric acid. On 
scratching, the precip itation  o f crystals started; their deposition could beprom oted by allow ing  
th e  m ixture to stand at room  temperature. The yellow  substance was filtered off w ith suction  
and washed w ith som e ethanol to obtain 6.20 g (42.8 %) of the perchlorate salt, m.p. 178— 179°C
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C24H 31N 2C108 (510.96). Calcd. C 56.41; H  6.11; N  5.48. Found C 56.55; H  6.19; N  5.42 %. 
IR (K B r): vmax 3330 cm “ 1 (indole-N H ), 1745—1760 cm “ 1 (^ > C = 0 ), 1630 cm “ 1 

( +  )
O C = N < ) .

l-E thyl-l-[2-hydroxy-(ethoxycarbonylethyl)]-l,2 ,3 ,4 ,6 ,7-hcxahyilro-12H -indoIo[2 ,3a]- 
quinolizin-5-ium  perchlorate (8b)

T he salt 8a (3.00 g; 5.88 m m oles) was dissolved in  100 m l of ethanol w hich had been  
saturated at 0 °C w ith  gaseous hydrochloric acid. The solution was refluxed for 3 hrs, then  
evaporated in vacuum . The solid residue w as dissolved in hot water and m ixed w ith  a 70 % 
aqueous solution o f  perchloric acid. On allow ing the solution to stand, crystallization  started  
to  g ive  2.35 g o f a yellow  salt, m.p. 208 — 211 °C. R ecrystallization from  ethanol yielded 2.05 g 
(74.7 %) o f the pure crystalline product, m .p. 2 1 4 — 215 °C.

C22H 29N 2C10, (468.93). Calcd. C 56.34, H  6.23; N  5.98. Found C 56.52; H  6.18; N  5.91 %.
IR (K B r): vmax 3380 cm -1 (indole-N H ), 1738 cm “ 1

(+ )  (+ )
( > C = 0 ) ,  1630 cm “ 1 O C = N < ) ,  1608 cm “ 1 ( > C  =  N < 0 -

la-E thyl-l-{[2-(acetyloxy)]-(ethyloxycarbonylethyl)}-l,2 ,3 ,4 ,6 ,7 ,12 ,12ba- 
-octahyd roindoloj 2 ,3 -a j quinolizine (9a)

(a )  A bout 1.5 g of 5 % palladium -on-carbon was prehydrogenated in  som e ethanol, 
then a so lution  of 2.55 g (5.00 m m oles) o f the perchlorate salt 8a in 120 m l of ethanol w as added  
and hydrogenation was effected at room  tem perature and atm ospheric pressure. After the ab­
sorption  o f  the calculated am ount (120 m l) o f hydrogen (about 2 hrs), the ca ta lyst was filtered  
off and th e  filtrate evaporated in vacuum . The residual solid was dissolved in  60 m l of acetone, 
m ade alkaline (pH  10) w ith  cone, am m onium  hydroxide solution and evaporated in  vacuum . 
The residual oil was m ixed w ith distilled w ater and extracted  w ith  dichlorm ethane (50, 30 m l). 
The organic phase was dried over m agnesium  sulfate and evaporated in vacuum . The residual 
oil w as crystallized from  ethanol to yield 1.55 g (75.6 %) of a w hite crystalline powder, m .p . 
1 4 7 - 1 4 9  °C.

C24H 32N 20 4 (412.51). Calcd. C 69.88; H  7.82; N  6.79. Found C 69.63; H  7.70; N  6.88 %.
IR (K B r): vmm 3420 cm “ 1 (indole-N H ), 1750 cm “ 1, 1738 cm “1 ( > C = 0 ) .
N M R (in deuterochloroform):<5 7.87 (s, 1H , indole-H ); 8 7.68 — 7.02 (m , 4H , arom atic H );

I
<5 4.95 (q, 1H , — CH2 — CH — COOC2H 5); 8 4.08

О О
II II

(q , 2H , — С — О — CH2 — CH3); <5 3.40 (s, 1H , annellation-H ); 8 2.04 (s, 3H , - C - C H 3).
(b )  The perchlorate salt 8a (2.00 g; 3.92 m m oles) was suspended in 100 m l o f  m ethanol, 

cooled to  0 °C w ith  continuous stirring, and 1.40 g (37.2 m m oles) o f sodium  borohydride was 
added in  sm all portions. After the addition had been com pleted, stirring was continued for 1 
hr, then  the solution acidified to pH  5 w ith  glacial acetic acid, evaporated in vacuum  and the  
residue suspended in a 5 % solution o f sodium  hydrogen carbonate and extracted  b y  shaking  
w ith  dichlorom ethane (30, 20, 10 ml). The organic phase was dried over m agnesium  su lfate, 
the drying agent filtered off, the filtrate evaporated in vacuum , and the residual oil crystallized  
from  ethanol to obtain 1.10 g (68.2 %) o f a crystalline product, m .p. 147— 149 °C.

T his substance was identical in all respects w ith  the product prepared according to (a).

la-E thyl-l-[2-hydroxy-(ethoxycarbonylethyl)]-l,2 ,3 ,4 ,6 ,7 ,12 ,12ba-octahydroindolo[2 ,3-a]-
quinolizine (9b)

(a )  A bout 1.5 g o f  5 % palladium -on-carbon was prehydrogenated in ethanol or acetone, 
then a so lution  o f 2.55 g (5.00 m m oles) o f  the perchlorate sa lt 8a in 120 m l o f ethanol (or in  50 
m l o f acetone) was added. H ydrogenation w as carried out a t room tem perature and atm os­
pheric pressure. After the absorption o f the calculated am ount of hydrogen (120 m l) (about 2 
hrs) the ca ta ly st was filtered off and the solution  evaporated in  vacuum . The residual solid sa lt  
m ixture w as dissolved in  50 m l of ethanol w hich had been saturated a t 0 °C w ith  hydrogen  
chloride, and the solution was refluxed for 3 hrs. The acid solution was evaporated in  vacuum , 
the residue rubbed w ith 5 m l of ethanol and filtered off w ith  suction to obtain 1.70 g o f the prod­
uct. I t  w as dissolved in  70 ml of a 1 : 1 m ixture of acetone and water and th e  solution  w as
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m ade alkaline (pH  10) w ith  a saturated solution  o f sodium  carbonate. The resulting w hite  
precipitate was filtered o ff w ith  suction and washed w ith  distilled water to y ield  1.20g(64.9  %) 
o f  9b, m .p. 242 — 244 °C. R ecrystallization from  ethanol gave m .p. 243 — 244 °C.

C22H 30N 2O3 (370.48). Calcd. C 71.32; H  8.16; N  7.56. Found C 71.18; H 8.09; N  7.90 %.
IR(K Br): umax 3220 cm -1  (indole-N H ), 1742 cm -1 Q > C = 0 ) .
NM R(in deuterochloroform ): Ő7.72 (s, 1H , indole-H ); <5 7.58 — 6.92 (m , 4H , arom atic H); 

<5 4.17 (q, 2H, - C - O C H ., - C H 3).
II
О

(b )  la -E thyl-l-{[2-(acetoxy)]-(e thoxycarb onyleth yl)}-l,2 ,3 ,4 ,6 ,7 ,12 ,12ba-octahydro-  
indolo[2,3-a]quinolizine (9a) (0.55 g; 1.33 m m ole) w as dissolved in  20 ml of ethanol, and 0.05 g 
(0 .92 mmole) of sodium  ethoxide was added. The m ixture was refluxed for 1 hr, cooled, acidi­
fied  to pH 6 w ith glacial acetic  acid, and evaporated in  vacuum . The residue was suspended in 
a 5 % solution of sodium  hydrogen carbonate and extracted  w ith  dichlorom ethane (30, 20, 10 
m l). The solution was dried over m agnesium  su lfate and evaporated to yield 0.45 g (91.8 %) of  
a w h ite  crystalline su bstance, m.p. 242—244 °C.

The product w as in  all respects identical w ith  the substance prepared according to (a).
(c )  la -E thyl-l-[2 -h ydroxy-(ethoxycarbonylethyl)]-l,2 ,3 ,4 ,6 ,7 -hexahyd ro-12H -in dolo  

[2,3-a]quinolizin-5-ium  perchlorate (8b) (1.50 g; 3.20 m m oles) was suspended in 150 m l o f  
m ethanol and cooled to  0 °C under continuous stirring. Sodium  borohydride (1.00 g; 26.4 
m m oles) was added in sm all portions, and stirring was continued for 1 hr. The solution was 
th en  acidified (pH 5) w ith  glacial acetic acid and evaporated in  vacuum . The residue was sus­
pended in a 5 % solution  o f  sodium  hydrogen carbonate and shaken w ith dichlorom ethane (30, 
20, 10 ml). After drying th e  organic phase over m agnesium  sulfate, the solution was evaporated  
and the residual solid crystallized  from m ethanol to obtain  1.05 g (88.9 %) of a crystalline pow­
der, m.p. 241 — 243 °C.

The product w as in  all respects identical w ith  th a t described under (a).
(d )  la-E thyl-l-[2 -h ydroxy-(ethoxycarbonylethyl)]-l,2 ,3 ,4 ,6 ,7 -hexahyd ro-12H -in dolo  

[2,3-a]quinolizin-5-ium  perchlorate (8b) (1.0 g; 2.13 m m oles) was dissolved in 60 ml of acetone, 
and the solution added to  a prehydrogenated suspension of about 1.5 g o f 5 % palladium -on- 
carbon. H ydrogenation w as effected at room tem perature and atm ospheric pressure. After 
absorption of the calcu lated  amount of hydrogen (52 m l) (in about 1 hr), the catalyst was 
filtered  off, and the so lu tion  evaporated in vacuum . The residual salt was dissolved in a m ix­
ture of 7 ml of acetone and 7 m l of distilled w ater, and the solution made alkaline (pH 10) w ith  
a saturated solution o f sodium  carbonate. The resulting w hite precipitate was filtered o ff w ith  
suction  and washed w ith  w ater to obtain 0.70 g o f the product. Recrystallization from ethanol 
gave  0.65 g (82.8 %) o f a crystalline substance m .p. 242 — 244 °C.

The product w as in all respects identical w ith  that prepared according to (a).

la -E thyl-1-[2-liydroxy-(cthoxyearbonylethyl)]-],2,3,4,6,7,12,12bp-octahvdroindolo[2,-3a] -
quinolizine (10b)

Compound 8a (1.5 g; 3.2 m moles) was suspended in 150 m l of ethanol and 1.0 g (26.4  
m m oles) of sodium  borohydride was added at 2 5 —30 °C in sm all portions, under continuous 
stirring. After the add ition  had been com pleted (in about 30 m in), stirring was continued for 
1 hr at the same tem perature, then the m ixture was refluxed for 30 min. The solution was 
cooled and acidified to  pH  5 w ith glacial acetic  acid and evaporated in vacuum . The residue 
w as suspended in a 5 % solution  of sodium hydrogen carbonate and extracted w ith dichloro­
m ethane (30, 20, 10 m l). The organic phase w as dried over m agnesium  sulfate, filtered, and the  
filtra te  evaporated in vacuum . The residual solid ifying product was subjected to fractional 
crystallization from  ethanol. A t first 0.20 g (16.8 %) of 9b, m .p. 239— 242 °C, crystallized from  
th e  hot ethanolic so lution . Recrystallization from  ethanol gave m .p. 242— 243 °C. On concen­
trating the m other liquor o f the previous crystallization , 0.70 g (59.0 %) of a previous crystal­
lization , 0.70 g (59.0 %) o f a crystalline powder (10b), m .p. 133— 135 °C was obtained; m.p. 
1 3 6 — 137 °C after recrystallization  from ethanol.

C22H 30N 2O3 (370.48). Calcd. C 71.32; H 8.16; N  7.56. Found C 71.39; H 8.19; N  7.83 %.
IR(KBr): rmax 3500 cm -1 , 3360 cm “ 1 (indole-N H , OH), 1738 cm -1 (^>C =  O).
NMR(in deuterochloroform ): <5 9.44 (s, 1H , indole-N H ); <5 6.92 — 7.52 (, 4H , arom atic H); 

О О
II II

S 4.36 (q, 2H , — С — О — CH, — C H 3); Ő 1.32 (t, 3H , -  С - О - C H „ -C H 3); 
Ő0.63 (t, 3H , -C H „ -C H 3).
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Ethyl ( i ) -v in c a m in a te  (2b )

(a )  la -E thyl-l-[2 -h ydroxy-(ethoxycarbonylethyl)]-l,2 ,3 ,4 ,6 ,7 ,12 ,12ba-octahyd roind oIo  
[2,3-a]quinolizine (9b) (1.00 g; 2.71 m m oles) was dissolved in 50 m l of hot anhydrous xy len e, 
5.00 g o f F étizon  reagent was added and the suspension refluxed for 7 hrs, w ith  stirring. 
O xidation w as com pleted in 2 —3 hrs. Further heating caused epim erization of the prim ary  
product 2c in to  2b. The progress o f the reaction  was follow ed by thin-layer chrom atography. 
(Alum ina 60 F  254 (Merck) absorbent; so lvent system  consisting of 10 ml of dichlorom ethane  
and 0.05 m l o f m ethanol; detection w ith  iodine vapour.) After 7 hrs which proved to  be the  
optim um  reaction  tim e, ethyl ( ±  )-14-epivincam inate (2c) w as hardly detectable in  the reaction  
m ixture. The solid was filtered off hot from  the suspension, and the xylene solution  w as al­
lowed to stand first at room tem perature then  in a refrigerator to obtain 0.70 g (70.2 %) o f  
chrom atographically homogeneous e th y l ( + )-vincam inate, m .p .249— 251 °C. On recrystal­
lization  from  xylen e, the m.p. rose to 2 5 2 —253 °C.

C,2H ,8N 20 3 (368.46). Calcd. C 71.71; H  7.66; N 7.60. Found C 71.50; H 7.48; N  7.75 %.
IR (K B r): rmax 1740 cm “ 1 ( > C = 0 ) .
(b )  E th y l ( i t  )-14-epivincam inate (2c) (0.15 g; 0.40 m m ole) was m ixed w ith  20 m l o f  a 

solution sodium  ethoxide in ethanol, the sodium  ethoxide conten t being 0.17 m m ole. The start­
ing m aterial d issolved, then the precipitation o f crystals started from  the solution. The reaction  
m ixture was refluxed for 5 hrs under conditions excluding m oisture. The suspension w as then  
evaporated in  vacuum  and the residue rubbed w ith distilled w ater. The solution was filtered  off 
w ith  suction and washed w ith ethanol to  obtain  0.12 g (80.0 %) of a crystalline product, m .p. 
2 5 0 -  252 °C.

The product was in all respects identical w ith the substance prepared according to  (a).

Ethyl (  -! ) -  14-epivincam inate (2 c )

The base 9b (1.00 g; 2.71 m m oles) w as suspended in 80 m l of anhydrous benzene, 5.00 
g of Fétizon reagent was added, and the m ixture was refluxed for 38 hrs, w ith stirring. (The 
progress o f the reaction m ay be follow ed b y  chrom atography, using the conditions specified  
in  the description o f ethyl ( +  )-vincam inate). The solid was filtered off, and the filtra te  al­
lowed to stand at room temperature, w hen  0.70 g (70.2 %) o f a crystalline substance, m .p . 
2 2 4 —226°C, precipitated . Recrystallization from  benzene gave m .p. 233 — 235 °C.

C2„H,8N „ 0 3 (368.46). Calcd. C 71.71; H  7.66; N  7.60. Found C 71.91; H 7.66; N  7.42 %.
IR (K B r): rmax 1742 c m - 1 (> C  =  0 ) .

Ethyl (  - )-upovincaniinate (1 )

E thy l ( + )-vincam inate (2b) or ethyl ( +  )-14-epivincam inate (2c) (1.85 g; 5.00 m m oles) was 
dissolved in 70 m l o f acetic anhydride and the m ixture refluxed for 24 hrs. The dark-coloured  
solution  was evaporated in vacuum , the residual oil dissolved in 150 m l of distilled w ater and 
the solution m ade alkaline (pH 10) w ith  40 % N aO H  solution. I t  w as extracted w ith  ether (50, 
40, 30 m l), the organic solutions were com bined and dried over m agnesium  sulfate. F iltration  
follow ed by evaporation  left 1.70 g o f a ligh t yellow  oil, which w as crystallized from ethanol to 
give 1.25 g (71.7 %) of a w hite crystalline product, m.p. 1 3 0 —132 °C. Recrystallization from  
ethanol raised the m .p. to 132— 134 °C.

C,2H 2gN 20 2 (350.44). Calcd. C 75.40; H  7.48; N  7.99. Found C 75.47; H 7.52; N  7.99 %.
IR (K B r): j>max 1720 cm " 1 ( > C = 0 ) ,  1656 cm " 1, 1610 c m - 1 ( > C = C < ) .
NM R(in deuterochloroform): 8 7.65 — 6.97 (m , 4H, arom atic H ); 8 6.11 (s, 1H ,^ > C = C H -); 

8 4.42 (q, 2H , -  C - O - C H „ - C H 3); 6 1.02 (t, 3H , - C H 2- C H 3).
II
О

( *-)-Y incam ine (2d)

E thy l ( ±  )-vincam inate (2b) (0.45 g; 1.22 m m ole) was dissolved in 10 ml of 95 % ethanol, 
a solution of 0.12 g (3.00 mmoles) of sodium  hydroxide in 1 m l o f distilled water was added, and  
the m ixture refluxed for 5 hrs. A t the end o f the reaction the so lvent was evaporated in vacuum , 
the residual o ily  substance dissolved in 10 m l o f distilled water and the solution adjusted to a 
pH  value betw een 7.0 and 7.5 w ith 20 % acetic  acid. On scratching, 0.35 g (84.8 %) o f a w hite  
crystalline powder precipitated (2a), m.p. 2 6 5 — 267 °C ( ( +  ) — vincam inic acid).
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0.35 g o f ( ±  )-v incam in ic  acid was dissolved in  35 m l of dioxan and an etheral diazo­
m ethane solution was added , w ith  shaking, until a perm anent yellow  colour w as obtained. 
T he m ixture was allowed to  stan d  for 24 hrs at room  tem perature, then glacial acetic  acid was 
added un til the solution becam e colourless (pH  5). E vaporation  in vacuum  left an o ily  substance 
w hich  w as m ixed w ith d istilled  water and made alkaline (pH  1 0 —11) w ith 2N  N aO H  solution. 
T he solution  was extracted  w ith  dichlormethane (50, 30, 20, 10 m l), the com bined organic 
solutions were dried over m agnesium  sulfate and then  filtered  from the drying agent. Evapora­
tio n  o f  the filtrate afforded a solid substance w hich on crystallization from  x y len e  afforded 
0.32 g (74.2) % of a crystalline powder, m.p. 2 3 0 — 232 °C.

The product w as in  all respects identical w ith  the substance prepared as described in the  
literature (e. g. [3]).

The authors’ thanks are expressed to the Chem ical W orks of Gedeon R ichter Ltd. for 
Supporting our studies.
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Radiotracer studies dem onstrated th at th e  dehydrogenation of cyclohexanol to  
phenol takes place via cyclohexanone as w ell as via a direct pathw ay. H ydrocarbons are 
produced m ainly by the dehydroxylation  o f phenol. The tem perature, catalyst a c tiv ity  
and hydrogen supply w ill determ ine how  the product com position in  the two triangular  
system s including cyclohexanol, cyclohexanone, phenol and cyclohexane, cyclohexene, 
benzene, respectively, w ill he shifted. This is also influenced b y  th e  ability  o f the cata­
ly sts  to retain hydrogen, which, in  turn, is a function of the pretreatm ent tem perature.

Introduction

T h e severa l d iffe ren t re a c tio n  possib ilities of cyclohexano l m ake i t  an  
a t tr a c t iv e  m odel com pound fo r th e  in v es tig a tio n  of c a ta ly s t  se lec tiv ity  [1]. 
A t th e  sam e tim e , th e  com parison  o f its  reac tions w ith  th o se  o f cyclohexane 
m a y  re v e a l how  th e  in tro d u c tio n  of an  oxygen  atom  in to  th e  six -m em bered  
rin g  a ffec ts  its  re a c tiv ity .

T h e  m ain  reac tio n  of cyclohexano l over m e ta l c a ta ly s ts  is d eh y d ro g en a­
tio n  in to  cyclohexanone [2 3], th is  re a c tio n  h av in g  also an  in d u s tr ia l im p o r­
ta n c e . C opper, zinc, iron  an d  n ickel or th e ir  alloys are used  m o st genera lly  as 
in d u s tr ia l  c a ta ly s ts  fo r th is  reac tio n . Som e k in e tic  p a ra m e te rs  in c lud ing  th e  
a c tiv a tio n  energy  an d  th e  a d so rp tio n  p a ra m e te rs  of th e  p ro d u c t an d  th e  re a g e n t 
have b een  d e te rm in ed  on these  m eta ls  [4, 5].

P h en o l can  o ften  be observed  am ong  th e  p ro d u c ts . P re su m a b ly  i t  invo lves 
cyclohexanone as an  in te rm ed ia te*  a n d  th e  reac tio n  ta k e s  p lace via  its  enolic 
form . S w i f t  an d  B o z i k  [6] suggested  th a t  th e  considerable increase of p h en o l 
y ield  w ith  increasing  am o u n ts  o f  t in  in  d iffe ren t Sn-N i/silicagel c a ta ly s ts  w as 
due to  basic  surface sites o f t in  oxide w hich p ro m o ted  en o liza tion  an d  stab ilized  
th e  enolic form .

O v er nickel an d  copper c a ta ly s ts , pheno l fo rm atio n  ta k e s  place on ly  via  
th is  co nsecu tive  p a th w a y , as has been show n b y  rad io ac tiv e  tra c e r  stud ies [7 ,8]. 
O n th e  o th e r  h an d , on a p la tin u m  c a ta ly s t , pheno l fo rm ation  v ia  d irec t d eh y d ro ­
g en a tio n  o f th e  C6 rin g  has a c tu a lly  b een  observed  [8].

* The term  interm ediate refers to a fu lly  desorbed species. The isotopic tracer m ethod  
does not perm it the detection o f surface interm ediates.
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R ichardson and Lu [9] suggested th e  participation o f an ‘edgew ise’ 
adsorbed interm ediate in direct phenol form ation.

Y ields up  to  50 % o f benzene were o bserved  w hen p h en o l was co n v erted  
o v e r an  A l-C u—Mo c a ta ly s t  a t  50 a tm  p ressu re  of h y d ro g en  a t  623 К  [11]. 
T h is  hyd rogeno ly tic  s p li t t in g  o f th e  pheno lic  O H  group h as  been  observed  a t  
a tm o sp h eric  pressu re  o v e r a N i c a ta ly s ts  [7].

R ichardson a n d  L u  [9] in te rp re te d  cyclohexane fo rm a tio n  over P t/A l20 3 
a n d  P t/C  in  te rm s o f th e  hyd rog en o ly tic  sp littin g  of an  O H  group  from  cyclo- 
h ex an o l. This e x p la n a tio n  is, how ever, n o t  q u ite  conv incing ; i t  is m ore like ly  
t h a t  d eh y d ra tio n  in to  cyclohexene over th e  a lum ina  an d  charcoal su p p o rts  
occurs and is follow ed b y  h y d ro g en a tio n  in to  cyclohexane over p la tin u m  [12]. 
A lu m in a  is a good c a ta ly s t  for d eh y d ra tio n  [13, 14], be ing  alw ays acid ic to  
som e e x te n t; d e h y d ra tio n  h as  been observed  over charcoal, to o  [12]. D e h y d ra ­
tio n  has been re p o rte d  o v er u n su p p o rted  m e ta ls  as well [15].

The sep ara tio n  o f  v a rio u s p a th w ay s  o f  h y d ro ca rb o n  fo rm atio n  is v e ry  
d ifficu lt because th e  re a c tio n  p roducts m a y  tran sfo rm  in to  each  o ther. R a d io ­
a c tiv e  trace rs  m ay  be h e lp fu l in  th is  re sp ec t [8].

The purpose o f  th e  p re sen t in v es tig a tio n s  was to  e lu c id a te  the  d iffe ren t 
re a c tio n  possib ilities o f  cyclohexanol in  th e  presence o f a w ell-know n c a ta ly s t 
m e ta l, p la tinum . T h is m a y  fac ilita te  th e  b e t te r  u n d e rs ta n d in g  o f its  c a ta ly tic  
a c t iv i ty  and, a t  th e  sam e tim e , m ay  th ro w  lig h t on th e  m echan ism s o f v a rio u s  
tran sfo rm a tio n s  o f cyclohexano l. The p re se n t p ap er w ill deal w ith  reac tio n s 
in  w hich  th e  cyclic-Ce skele ton  of th e  m olecule rem ain s unchanged  (th ey  
in c lu d e  d eh y d ro g en a tio n  an d  d e h y d ro x y la tio n  processes); a fo rthcom ing  p a p e r 
w ill describe d e g ra d a tio n  reactions.

4 4 0  MANNINGER et al.: PLATINUM CATALYZED TRANSFORMATIONS OF CYCLOHEXANOL, I

Experimental

Apparatus

The experim ents w ere carried out in a pulse-m icrocatalytic reactor. 1 //] pulses o f cyclo­
hexanol were injected in to  a nitrogen (40 m l/m in) or hydrogen (80 m l/m in) carrier gas stream . 
The temperature of the tubular reactor (100 m m  long, 3.5 m m  in diam eter) was controlled to  
w ith in  ±  0.5 °C and m easured b y  a thermocouple a t  the external surface of the reactor. The 
colum n of a Packard-Becker 419 gas chrom atograph w as connected directly downstream  to the  
reactor.

For radio gaschrom atographic m easurem ents the column outlet stream  was sp lit into  
tw o  parts, one of them  being connected to the F ID , th e  other passing over copper oxide heated  
to  red glow to burn organic com pounds; after the absorption of w ater m ethane was adm ixed  
to  the carrier gas and, the C 0 2 was led into a flow -through proportional counter.

Analysis

A temperature program  (25 °C -  120 °C) perm itted the GLC analysis of the reaction  
products (between pentane and phenol) in a single run. The m echanical m ixture of 1 part o f  
16 % bis-2-ethylhexyl-sebacinate and 4 parts o f 10 % diglycerol on Chromosorb W was used as 
th e  column packing.
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The specific rad ioactiv ity  of the com ponents was expressed b y  calculating the percent­
ages o f radioactivity counts in  individual fractions and dividing these values by the correspond­
ing m ole per cents m easured b y  the F ID  [7].

Catalyst

The platinum  ca ta ly st was reduced from  H 2PtCle w ith form aldehyde in K OH  at 293 — 
298 К  [16]. The m etal w as subm itted  to  a standard thermal treatm ent at 473 К  and 633 K , 
respectively; thus cata lysts w ith  different crystallite  sizes were produced [17]. The specific  
surfaces o f the samples were 8.2 m 2/g and 4.1 m z/g, respectively (B E T /N 2).

The catalysts were regenerated at 543 К  w ith  5 X 10 m l air pulses follow ed by a hydro­
gen stream  (70 m l/m in) for 5 m in [20], a sim ilar treatm ent having been found effective for 
restoring o f platinum  a c tiv ity  lo st in hydrocarbon reactions [18].

Results

M edium  am o u n ts  o f  cyclohexanone, large am o u n ts  o f pheno l an d  benzene 
an d  sm all am ounts o f  cyclohexane an d  cracked  p ro d u c ts  w ere fo rm ed  from  
cyclohexanol over p la tin u m . R esu lts  o b ta in ed  in  th e  presence  o f N 2 an d  H 2 
are show n in T able I ,  as a fu n c tio n  o f te m p e ra tu re . T he conversion  w as m uch  
low er in  H 2 th a n  in  N 2 a t  low  te m p e ra tu re s  b u t  above 573 К  th is  w as reversed .

Cyclohexanone m a y  give phenol a p a r t  from  its  h y d ro g e n a tio n  in to  cyclo­
hexano l (Table I I ) .

Table I

Transformation of cyclohexanol in nitrogen and hydrogen atmosphere over Pt black

T (K )
Carrier

gas

Composition (mol%)

<c, c . H 12 c . H 10 C.H, C .H ,0O C,Hu OH C,H6OH Others* C.H,
CeH6OH

483 n 2 0.12 0.045 0.0008 7.47 18.03 62.03 11.68 0 0.64
H 2 0.004 0.068 0 0.01 8.71 91.21 0 0 -

513 n 2 0.39 0.013 _ 13.35 8.81 47.45 29.98 0 0.44
H 2 0.03 0.27 0 0.58 17.89 80.05 1.38 0 0.427

543 n 2 0.451 0.019 _ 17.32 6.80 29.03 46.38 0.026 0.37
H 2 0.53 0.78 0 8.26 28.94 46.48 14.67 0.333 0.56

573 n 2 1.57 0.015 0.0025 13.44 4.30 16.72 63.85 0.081 0.21
H 2 2.18 0.56 0 28.39 16.19 12.83 38.69 1.147 0.73

603 N2 4.76 0.011 0.0036 9.72 2.22 9.31 73.75 0.314 0.13
H2 4.38 0.23 0 23.65 5.57 8.58 56.42 1.070 0.42

633 n 2 5.67 0.012 0.0071 10.07 2.05 6.48 75.20 0.498 0.13
H 2 14.25 0.065 0 22.02 1.68 2.05 55.63 1.721 0.40

Catalyst 0.4 g Pt; pretreated at 633 K; carrier gas 30 ml/min N 2; 80 ml/min H 2; reagent 
1 fil cyclohexanol

* 0 —8 unidentified products
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Table II

Transformation of cyclohexanone over Pt black

T(K )
Composition (mol%)

< C . C .H . c ,h u o C,Hu OH C,H6OH Others*

423 0.020 0.028 2.06 75.97 7.69 14.24 0

453 0.032 0.057 7.64 52.55 5.12 34.55 0

483 0.12 0.046 16.27 33.09 3.12 47.34 0

513 0.24 0.036 20.29 16.97 2.13 60.28 0.014

543 0.48 0.010 19.35 5.76 0.38 73.97 0.043

573 1.89 0.006 18.22 1.74 0.22 78.47 0.437

603 2.81 - 9.40 0.99 0.12 85.39 1.29

633 3.35 0.004 5.64 0.58 0.18 89.39 0.84

Catalyst 0.4 g P t; pretreated at 633 K; carrier gas 30 ml/min N2; reagent 1 /Л cyclohexanone 
* 0 — 6 unidentified productst

Table III

Transformation of a mixture of cyclohexanol-[uC] and inactive cyclohexanone

T (K )
Composition (mo1%) Specific rad ioactiv ity  (r% /

<c. c,H, C,H,OH C .H .,0 C,Hu OH C.H. C,H8OH с,н1лО C,Hu OH

483 0.1 6.9 2 .0 38.6 52.4 0.46 0.41 0.23 1.56

513 0.1 19.8 6 .6 30.2 43.3 0.49 0.63 0.34 1 .6 6

543 0 .2 24.3 1 1 .1 23.9 40.5 0.60 0.67 0.37 1.60

573 0.1 11.4 16.3 32.4 39.8 0.64 0.72 0.27 1.69

603 0.3 4.1 20.5 33.1 42.0 0 .8 6 0.70 0.28 1.60

R eagent - - - 47.6 52.4 0 0 0.16 1.74

Catalyst 0.1 g Pt; pretreated at 633 K; carrier gas 30 ml/min N 2

The m easu rem en ts  w ith  m ix tu re s  o f rad io ac tiv e  cyclohexano l an d  in ­
a c tiv e  cyclohexanone (T able  I I I )  have  con firm ed  earlier re su lts  [8] th a t  pheno l 
is fo rm ed  n o t on ly  v ia  cyclohexanone b u t  also d irec tly  from  cyclohexanol on 
P t  c a ta ly s ts , as th e  specific  ra d io a c tiv ity  o f pheno l fo rm ed  d u rin g  th e  reac tio n  
w as in  all cases h ig h e r th a n  th a t  o f cyclohexanone.

The ca ta ly sts  w ere s tro n g ly  d e a c tiv a ted  during  th e  reac tio n s  (Figs 1 an d  
2). T h e  am o u n t o f benzene  decreased  and  th is  was accom pan ied  b y  an  increase 
o f  th e  am oun t of p h en o l w ith  a p rac tica lly  u n changed  o vera ll conversion. T h is  
b e h a v io u r  is c h a ra c te r is tic  o f th e  in te rm ed ia te s  an d  p ro d u c ts  o f consecutive 
re a c tio n s  [18]. C on seq u en tly , benzene m u s t have fo rm ed  m a in ly  via  pheno l.
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No. of pulse

Fig. 1. Product com position obtained from subsequent pulses introduced w ithout regeneration  
onto a platinum  catalyst pretreated at 473 К

No. of pulse

Fig. 2. Product com position obtained from subsequent pulses introduced w ithout regeneration  
onto a platinum  catalyst pretreated at 633 К
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V ery  sm all a m o u n ts  o f cyclohexane an d  cyclohexene have  been observed  
am o n g  th e  p ro d u c ts . I t  m a y  be (a lth o u g h  th is  is n o t v e ry  likely) t h a t  th e y  
are  v e ry  reac tive  in te rm e d ia te s  being ra p id ly  c o n v e rted  to  benzene or, a lte rn a ­
tiv e ly , th e ir  d irec t fo rm a tio n  via  cyclohexano l d eh y d ra tio n  or hydrogeno lysis, 
re sp ec tiv e ly , m ay  be neglig ib le. To e lu c id a te  th is  p o in t, m easu rem en ts  w ere 
c a rr ie d  o u t w ith  m ix tu re s  of rad io ac tiv e  cyclohexano l p lus in ac tiv e  cyclo­
h e x an e  and  rad io ac tiv e  cyclohexanol p lus in a c tiv e  cyclohexene, respec tive ly  
(T ab le  IV). The ra d io a c tiv ity  of th e  frac tio n s  correspond ing  to  th e  added  
h y d ro ca rb o n s  w as p ra c tic a lly  equal to  th e  b ack g ro u n d  in  b o th  cases, in d ica tin g  
t h a t  th ese  com pounds in  fac t were n o t fo rm ed  in  sign ifican t am o u n ts  from  
ra d io a c tiv e  cyclohexano l.

T he co n cen tra tio n  o f o x ygena ted  com p o n en ts  (as ju d g ed  from  th e ir  
ra d io a c tiv ite s )  in c reased  in  th e  e fflu en t w ith  re sp ec t to  th e  s ta r tin g  m ix tu re . 
T h is m a y  have been  d u e  to  th e ir  fo rm atio n  from  hydrocarbons* . Special ex p e r­
im e n ts  w ith  a m ix tu re  o f  labelled  benzene a n d  in ac tiv e  cyclohexanol in d ica te  
t h a t  th is  is n o t th e  case. T hus, th is  a p p a re n t c o n trad ic tio n  m u s t be a t tr ib u te d  
to  th e  p a r tia l re te n tio n  o f h y d rocarbons b y  th e  c a ta ly s t as carbonaceous re ­
sidues. This fac t, to g e th e r  w ith  th e  fo rm a tio n  o f carbon  dioxide (to  he d is­
cussed  in  P a r t  I I ) ,  m a y  lead  to  an  incom ple te  m a te ria l balance w hich, how ­
ev e r, does n o t in flu en ce  th e  conclusions d raw n  on th e  basis o f th e  com ­
p a riso n  of relative specific  rad io ac tiv itie s .

M easurem ents w ith  a m ix tu re  o f rad io ac tiv e  cyclohexanol p lus in ac tiv e  
p h en o l (Table У) in d ic a te  th a t  th e  ra d io a c tiv ity  o f benzene is h igher th a n  th a t  
o f  p heno l, i.e. a p a th w a y  of its  fo rm atio n  b y p ass in g  phenol should  ex is t [23].

Since th e  re a c tio n s  involv ing  cyclohexane an d  cyclohexene as in te r ­
m ed ia te s  have been  exc lu d ed , p a r t  o f th e  benzene m u st have  fo rm ed  d irec tly  
from  cyclohexanol w ith o u t desorp tion  o f pheno l. The ac tu a l specific ra d io ­
a c tiv i ty  of benzene in  T able  IV  ind ica tes to  w h a t e x te n t i t  w as form ed from  
cyclohexano l an d  th e  added  h y d ro ca rb o n . W hereas th e  ra te  of cyclohexane 
d eh y d ro g en a tio n  w as negligible as co m p ared  w ith  cyclohexanol, cyclohexene 
gave m uch m ore b en zen e  th a n  th e  o x y g en a ted  com pound.

C om paring th e  p ro d u c t d is tr ib u tio n  over tw o P t  c a ta ly s ts  p re tre a te d  
a t  473 and  633 К  (T ab le  Y I), we can see t h a t  n o t only  a h igher overall co n v er­
sion  w as p roduced  b y  th e  P t  w ith  h igher specific  surface b u t also m uch  h igher 
a m o u n ts  of benzene ap p eared . I ts  d e a c tiv a tio n  to o k  place m uch  slow er th a n  
t h a t  of P t  p re tre a te d  a t  633 К  (Figs 1 an d  2).
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* We thank one o f  the referees for this suggestion.
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Table IV

Transformation o f cyclohexanol-[l iC]-cyclohexene, cyclohexanol-[u C]-cyclohexane and cyclohexanol■
[ UC] -benzene mixtures

Composition (mol%)

C.H,, C,H,„ C.H, C,H10O C,Hu OH C„HeOH

I Reagent 0.03 72.3 — 0.3 27.40 —

Product 3.0 20.05 46.25 2.0 25.1 3.3
II Reagent 27.8 - - 0.07 72.1 -

Product 21.3 - 54.1 2.0 7.0 15.2
III Reagent - - 59.8 - 40.2 -

Product - - 63.8 4.5 19.0 12.7

Product* — — 63.9 3.6 14.3 18.2

Specific radioactivity (r%/mol%)

C.H,, C.H„ C.H. c„H10o C,Hn OH C.H.OH

I Reagent — — — 11.4 3.7 —

Product - - 0.25 4.8 2.5 2.7
II Reagent - - - 0.12 1.38 -

Product - - 1.11 0.54 0.94 1.15
III Reagent - - 1.67 - - -

Product - - 1.57 - - -

Product* — - 1.57 - - -

Temperature 543 K , catalyst 0.1 g Pt; pretreated at 633 K; carrier gas 30 ml/min N 2 
* T =  573 К

Table V

Transformation o f  a mixture o f  cyclohexanol-[UC ] and non-radioaclive phenol

Composition (mol%) Specific radioactivity (r% mol%)

T(K )
C.H, c, h 10o C,H„OH CeH5OH C.H, C,H10O C„H„OH C,H5OH C,H.

CeH5OH

Reagent — 0.8 65.3 33.9 _ 8.97 1.48 _

483 2.5 3.85 59.7 33.9 0.22 1.96 1.38 0.13 1.7
513 4.45 4.5 55.5 35.4 0.32 2.10 1.40 0.18 1.8

543 11.3 6.6 42.6 39.2 0.56 1.41 1.44 0.44 1.3
543* 0.2 2.9 63.5 33.3 1.140 1.98 1.38 0.025 45.6

573 6.05 6.3 41.8 45.5 0.50 1.34 1.45 0.44 1.2

603 1.8 4.3 49.5 43.3 0.91 3.10 1.27 0.31 2.9
633 2.3 3.25 51.6 42.6 0.74 1.08 1.46 0.28 2.6

Catalyst 0.1 g P t; pretreated at 633 K; carrier gas 30 m l/m in N2 
* D eactivated catalyst
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Com parison o f cyclohexanol transformation over P t black catalysts pretreated at 473 and 633 К

T (K )
Catalyst 
pretreat­
m ent (K)

Composition (mol%)

< C , C,H U C.H10 C.H, C„H10O C„Hu OH C.H.OH Others*

453 473 0.10 0.40 0 45.5 14.6 36.8 2.6 0

633 0.055 0.02 0 5.8 8.3 81.6 4.2 0
513 473 0.40 0.24 0 73.9 8.4 11.9 5.1 0

633 0.10 0.01 0.0003 3.1 7.1 72.6 17.0 0.114
573 473 1.27 0.03 0 85.3 1.9 3.2 8.2 0.18

633 0.48 0.01 0.001 5.0 5.0 41.5 48.0 0.08
603 473 1.81 0.01 0 42.1 3.3 6.8 45.4 0.62

633 0.56 0.004 - 2.8 4.8 40.7 51.0 0.11
633 473 0.83 0.01 0.0001 10.7 5.0 17.3 65.7 0.44

633 0.99 0.01 0.003 4.4 4.0 31.9 58.4 0.29

Catalyst 0.1 g; carrier gas 30 m l/m in N2; reagent 1 /d  cyclohexanol 
* 0 —8 unidentified products

D iscussion

T he m ain p a th w a y s  o f cyclohexano l reac tio n s on p la tin u m  ca ta ly sts  
d e d u c e d  from  th e  e n u m e ra te d  ra d io tra c e r  an d  o th e r s tu d ies  a re  dep ic ted  in  
F ig . 3.

T his scheme co n sis ts  o f th re e  tr ia n g u la r  reactions. Tw o o f th e m  involves 
h y d ro g e n a tio n -d e h y d ro g en a tio n  processes b e tw een  a ro m a tic  a n d  sa tu ra te d  Ce 
r in g s  (w ith  or w ith o u t an  O H  group) w ith  a double b o n d ed  in te rm e d ia te  in  
b o th  cases (cyclohexene a n d  cyc lohexanone, resp ec tiv e ly ; th e  la t te r  ev en tu a lly  
in  i t s  enolic form ). T h e  six  reac tio n s o f  th ese  tw o  trian g le s  h a v e  been  found 
to  be  reversible. T he tw o  irreversib le  reac tio n s  show n in th e  schem e rep resen t

OH

Fig. 3. Schem e of possible reactions of cyclohexanol

uii la Chirn. Acad. Sei. Hung. 97,1978



MANNINGER et al.: PLATINUM CATALYZED TRANSFORMATIONS OF CYCLOHEXANOL, I 447

th e  fo rm ation  of h y d ro ca rb o n s from  th e  o x y g e n a te d  com pounds: th e y  b o th  
lead  to  benzene. T he o th e r  tw o possible h y d ro c a rb o n  p ro d u c in g  reac tio n s m e n ­
tio n ed  in  th e  in tro d u c tio n  have been  found  to  be neglig ib le u n d e r  th e  cond i­
tio n s applied.

The p e c u lia rity  o f  p la tin u m  as co m p ared  w ith  nickel an d  copper [7,8] is 
‘d ire c t’ phenol fo rm a tio n , th a t  is, i t  can  in te ra c t  also w ith  th e  six-m em bered  
rin g  and  n o t on ly  w ith  th e  po lar O H  group . I t  is like ly , th e re fo re , th a t  th e  
adso rp tio n  of th e  r e a c ta n t  tak es  p lace in  a ‘p la n a r ’ w ay  (F ig . 4) [12].*

Fig. 4. Possible surface interm ediates in dehydrogenation and dehydroxylation of cyclohexanol

The p a r tic ip a tio n  o f  th e  p o la r О -a tom  in  th e  fo rm a tio n  of th e  reac tiv e  
surface species shou ld  be favourab le  (a lth o u g h  n o t  necessary , as show n b y  
th e  ra th e r  large c o n tr ib u tio n  o f th e  stepw ise d eh y d ro g en a tio n  reac tion  via  
cyclohexanone).

This is su p p o rte d  also b y  th e  fa c t  th a t  th e  ra d io a c tiv ity  o f benzene w as 
n ea rly  equal to  t h a t  o f  phenol in  th o se  cases, to o , w hen  th e  in itia l m ix tu re  
co n ta ined  cyclohexane (Table IV ), co n seq u en tly , th e  deh y d ro g en a tio n  (and  
su b seq u en t d eh y d ro x y la tio n ) of cyclohexano l in to  benzene is m uch  fa s te r  
th a n  th e  d eh y d ro g en a tio n  of (inactive) cyclohexane.

One o f th e  reaso n s w hy  th e  p resence o f  th e  oxygen  a to m  fac ilita tes
dehydrogena tion  m ay  be th a t  i t  p ro m o tes  th e  sp 3 ---- ► sp 2 reh y b rid iza tio n  o f
th e  carbon  a to m  to  w h ich  i t  is lin k ed . Once th is  tra n s fo rm a tio n  has ta k e n  
place w ith  one o f th e  carbon  a to m s, fu r th e r  d e h y d ro g en a tio n  m a y  proceed 
ra th e r  rap id ly . T his is show n b y  th e  d a ta  in  T ab le  IV  in d ica tin g  th a t  th e  
d eh y d rogena tion  o f cyclohexene (w ith  ‘re a d y ’ sp 2 C -atom s in  th e  m olecule) is 
fa s te r  th a n  th a t  o f cyclohexanol, w hereas th e  l a t te r  ex h ib its  m u ch  h igher 
re a c tiv ity  th a n  cyclohexane. The ap p earan ce  o f a гг-bond  in  th e  m olecule 
(cf. F ig. 4) w eakens i ts  o th e r  С—H  bonds, too .

* We cannot be sure whether the species shown is the only possible structure for 
adsorbed cyclohexanol.
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T he surface in te rm e d ia te  o f d eh y d ro g en a tio n  o f  th e  O H -su b s titu te d  Co­
r in g  p resu m ab ly  invo lves a species a d so rb ed  w ith  p a rtic ip a tio n  o f  th e  oxygen  
a to m . A ccording to  th e  schem e, ‘d ire c t’ phenol an d  benzene fo rm a tio n  invo lve 
th e  sam e surface in te rm ed ia te s  as th e  ‘stepw ise’ reac tio n s b u t  th e y  do n o t 
deso rb  (F ig. 4).

In  a p re lim in ary  p ap e r [12], i t  h as  been suggested  th a t  th e  assu m p tio n  
o f  a p la n a r  surface com plex  ex p la in s  a ll th e  reac tions show n in  F ig . 3. T his, 
how ever, m ay  be t ru e  only if  we assum e th a t  hyd rogen  ‘econom y’ is an 
im p o r ta n t  fac to r in fluenc ing  p ro d u c t com position . I t  m u s t be rem em b ered  th a t  
th e  fo rm atio n  o f cyclohexanone a n d  pheno l invo lves h y d ro g en  lib e ra tio n , 
w hereas th e  fo rm atio n  of benzene v ia  h y d rogeno ly tic  sp littin g  o f th e  phenolic  
O H  group  consum es hydrogen ; th e  re su ltin g  benzene, in  tu rn , can  be h y d ro ­
g e n a te d  in to  cyclohexane. Several fa c to rs  should be considered  h e re : th e  p res­
ence o f gaseous hydrogen  p rom otes C6 h y d ro ca rb o n  fo rm atio n ; i t  is d e te rm in ed  
b y  ( tem p era tu re  d ep en d en t) therm odynam ics  w h e th e r th e y  a p p e a r as cyclo­
h e x an e  or benzene. In  n itrogen  a tm o sp h e re , tw o ty p e s  o f h y d ro g en  m a y  be 
p re se n t: th a t  from  th e  p re tre a tm e n t in  hydrogen  an d  th a t  fo rm ed  u p o n  de­
h y d ro g en a tio n ; b o th  o f  th em  m a y  e x is t  in  various adso rbed  [19,20] or abso rbed  
[21] fo rm s. T heir a v a ilab ility  for se c o n d a ry  reactions depends on th e  h y d rogen  
re te n tio n  ab ility  o f th e  ca ta ly s t. T h is, in  tu rn , is th e  fu n c tio n  of th e  tem perature , 
th e  c a ta ly s t  activity level and  — a p p a re n tly  — of its  pretreatm ent.

In  te rm s of th e se  ‘‘p r im a ry ’’ a n d  ‘secondary’ hyd ro g en  effects, [22] th e  
d ecreasin g  benzene fo rm a tio n  a t  h ig h e r  te m p e ra tu re s  an d  w ith  c a ta ly s t  d e a c ti­
v a tio n  can  be ex p la in ed  sa tis fac to rily . Since th e  a ro m atic  rin g  has a ten d e n c y  
to  be adsorbed  d issocia tive ly  an d  th is  species can be rem oved  b y  hydro g en  
t r e a tm e n t  from  th e  su rface , i t  is n o t  su rp ris in g  th a t  ‘d ire c t’ benzene fo rm a tio n  
from  cyclohexanol increases over d e a c tiv a tin g  ca ta ly s ts , i.e. th e  d eso rp tio n  
o f  th e  surface phenol in te rm ed ia te  is n o t  favoured  u n d e r these  co n d itions [23]*.

W hereas th e  re la tiv e  o rder o f  ra te s  of v a rious reac tio n s (ex cep t for 
p h en o l hydrogenolysis) is a p p ro x im a te ly  th e  sam e w ith  th e  tw o  ty p e s  of 
p la tin u m  ca ta ly s ts , th e  large d ifferences in  benzene fo rm a tio n  an d  its  b eh av io u r 
u n d e r  th e  cond itions o f ca ta ly s t d e a c tiv a tio n  (cf. F igs 1 an d  2) c lea rly  show 
th a t  th e  hydrogen  re te n tio n  a b ility  o f  these  tw o c a ta ly s ts  is n o t th e  sam e. 
A lth o u g h  th e  u n d erly in g  reasons m a y  n o t be qu ite  clear a t  p re sen t, th is  gives 
ev idence  th a t  d iffe ren t te m p e ra tu re s  o f  p la tin u m  p re tre a tm e n t lead  n o t  only 
to  d iffe ren t c ry s ta llite  sizes [17] (an d  consequen tly , to  d ifferen t specific surfaces) 
b u t  also to  d iffe ren t so rp tion  an d  c a ta ly tic  p ro p erties  (inc lud ing  resis tan ce  
a g a in s t d eac tiv a tio n ).

448 MANNINGER et al.: PLATINUM CATALYZED TRANSFORMATIONS OF CYCLOHEXANOL, I

* Since the specific activ ity  of benzene is lower than those of phenol and cyclohexanol, 
inactive  cyclohexanone m ust also participate in benzene form ation. This can be v isualized  
via  adsorbed surface species as depicted in Figure 4.
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B enzene fo rm a tio n  (as th e  m o st sensitive reac tio n  w ith  resp ec t to  h y d ro ­
gen) shows a defin ite  d rop  above ab o u t 573 K . T his in d ic a te s  th a t  its  fo rm a ­
tio n  m u s t be co nnec ted  w ith  th e  presence of a p a r tic u la r  ty p e  of adso rbed  
hydrogen  (<5 [19] or e [20]), w hich is n o t p resen t a t  h ig h er te m p e ra tu re s . 
F u r th e r  s tu d ies  are n ecessary  to  id e n tify  th is  ac tive  ty p e  o f  hydrogen .
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On the basis o f kinetic exam inations it  is concluded that the substituents a t­
tached to isoflavone m odify the stab ility  to bases o f the parent compound la  in accord­
ance w ith  their nature and position, and their action is determ ined by the strength  of 
their influence on the electron density a t the C-2 atom  o f the m olecule. Steric effects o f  
the substituents are less crucial.

In  o u r p rev ious papers [1—3], th e  rin g  cleavage re a c tio n  and  decom posi­
tio n  o f u n su b s ti tu te d  isoflavone w ere discussed. I t  w as estab lished  th a t  th e  
tw o  reac tio n s are k in e tica lly  in d ep en d en t. T he f irs t  one is reversib le an d  th e  
ra te -d e te rm in in g  s tep  is a b im olecu lar A N 2 ad d itio n , w hile th e  o th e r is a 
hydro lysis reac tio n  being  by  several o rders o f m ag n itu d e  slow er th a n  th e  fo r­
m er [4]. A  co rre la tio n  betw een  th e  se n s itiv ity  o f th e  isoflavone m olecule  
to w ard s nucleoph ilic  reag en ts  an d  its  s tru c tu re  h as  been  in d ica ted  b y  som e 
researchers ea rlie r [5], how ever, th e re  are  no  in v es tig a tio n s  pub lished  w h ich  
p rov ide  a q u a n ti ta t iv e  ev a lu tio n  of th e  rin g  s ta b ili ty  o f th e  isoflavone m olecule . 
Since th e  ra te  o f th e  A N 2 reac tio n  a t  th e  C-2 a to m  (I II) depends e v id e n tly  
on th e  charge d e n s ity  on th is  a tom , t h a t  is, on th e  su b s titu tio n  cond itions o f  
th e  iso flavone m olecule, th e  ra te  c o n s ta n t o f  th is  re a c tio n  m ay  be c h a ra c te r ­
istic  o f th e  nucleoph ilic  re a c tiv ity  or s ta b ili ty  of th e  m olecule.

I n  th e  p re se n t p ap er, th e  co rre la tio n  b e tw een  th e  s ta b ility  of th e  r in g  
of m o n o su b s titu te d  isoflavones (th e ir nucleophilic  re a c tiv ity )  and  th e  s u b s t i tu ­
tio n  co n d itions is d iscussed.

Experimental

K inetic m easurem ents and evaluation o f the results were carried out as described in  an 
earlier paper [1] under the conditions given for pseudofirst-order reactions, and the apparent 
rate constants were calculated from the relationship

кh =  1/t • In
EÍ -  E]
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where E j  is the light adsorption of the solution  at tim e i; this was m easured at A =  290 nm  when  
th e  substituent was MeO, and at 310 nm, w hen C-2 alkyl or-CO O H  substituents were present. 

The ring cleavage rate constants (кг) were calculated on the basis o f th e  correlation

kb =  k , [ O H - ] .

In  both  cases, the accuracy o f  the constants w as checked by back-calculating.

Results and discussion

The M eO -su b stitu ted  isoflavones (Ib-e) show  spectra l changes in  a lkaline  
m ed iu m  iden tica l w ith  tho se  ex h ib ited  b y  th e  u n su b s titu te d  iso flavone, i.e. 
a b ro a d , in tense  b a n d  ap p ears  a t a b o u t 290 n m , w hich h as  a c o n s ta n t in te n s ity  
fo r  a re la tiv e ly  long tim e  (F ig. 1), th e n  slow ly  w eakens an d  th e  sp ec tru m  te n d s  
to  t h a t  o f th e  co rrespond ing  2 -hydro x y d eo x y b en zo in  in  a lka line  m ed ium .

Wa v e l e n g t h  m i l l i m i c r o n s

F ig . 1. Change of the spectrum  of 7-M eO -isoflavone at 20 °C, C[F =  5 • 10 “ SM , [O H - ] =
=  0.1 M , At =  3 min

In  our prev ious p a p e r  [1], th is  sp e c tra l change w ith  tim e  w as a t tr ib u te d  
to  th e  developm ent o r  d isappearance  o f  th e  equilib rium  sy stem  I I I  IV, 
i.e . to  th e  hydro lysis o f  I I I  in to  V.

The ra te  of th e  conversion  I -  (II) -  I I I  -  IV (in w hich  th e  ra te -d e te r ­
m in in g  step  is I  ->- I I  in  th e  given g roup  o f  m o n o su b s titu te d  iso flavones, too) 
seem s to  be m uch h ig h e r th a n  th a t  o f th e  hydro lysis step  III->-V, also on th e  
b as is  o f a q u a lita tiv e  ev a lu a tio n  o f th e  sp e c tra l change, th e re fo re  th e  ra te  
o f  th e  rin g  cleavage re a c tio n  could be e x a m in e d  in  th e  sam e w ay  as in  th e  case 
o f  u n su b s titu te d  iso flavone [1].
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F ig . 2. Change of the spectrum  of 2-M e-isoflavone at 30 °C, C[p =  10 4M , [O H - ] =  0
At =  3 min
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Wa v e l e n g t h  mi l l i mi c r ons

F ig . 3. Change of the spectrum  of 2-CO O H-isoflavone at 30 °C, C[p =  1 0 -4 M , [O H - ] =  0 .8M ,
At — 5 m in

In  C-2 s u b s titu te d  isoflavones (If-i), th e  sp ec tra l s itu a tio n  and  th e  ra te  
re la tio n s  of th e  tw o p a rt-re a c tio n s  d iffe r s ig n ifican tly  from  th e  prev ious p ic tu re . 
I n  Ig , h , i the  sp ec tra  show  a I  -*■ V tra n s i t io n  (Fig. 2), th u s  th e  ra te  of th e  rin g  
c leavage reac tio n  is low er th a n  t h a t  o f  th e  fo rm atio n  o f 2 -hy d ro x y d eo x y - 
ben zo in , while th e  sp ec tra l change in  I f  (Fig. 3) in d ica tes  com m ensurab le  
r a te s  o f th e  tw o p a r t  processes m en tio n ed .
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Since isoflavones Ib-e yield fo rm ic  ac id , com pounds If-i are con v erted  
in to  th e  co rrespond ing  a lk an ecarb o x y lic  ac id  an d  2 -h y d ro xydeoxybenzo in  on 
decom position , fu rth e rm o re , the  c h a ra c te r  o f th e  changes o f th e  sp ec tra  
(excep t fo r Ig , h , i) is iden tica l w ith  th o se  o b ta in ed  w ith  u n su b s titu te d  iso- 
f lav o n e , i t  can  be s ta te d  th a t  th e  m e c h a n ism  o f th e  ring  cleavage an d  decom ­
p o sitio n  o f su b s ti tu te d  isoflavones m u s t  be id en tica l w ith  th a t  observed  for 
th e  u n su b s titu te d  com pound . The d e v ia tio n  of th e  k in e tic  c o n s ta n t (Aq) of 
rin g  c leavage from  t h a t  of isoflavone is a m easu re  of th e  m o d ifica tio n  o f th e  
h e te ro  rin g  on th e  e ffec t of the s u b s t i tu e n t ,  th is  i t  affords in fo rm a tio n  on th e  
s tab iliz in g  ac tion  o f th e  su b s titu e n t.

T h is su b s ti tu e n t effect is d e m o n s tra te d  b y  th e  dependence o f th e  a p p a re n t 
re a c tio n  ra te  c o n s ta n ts  (kb) on th e  h y d ro x id e  ion co n cen tra tio n  (F ig . 4). 
T he slopes of th e  s tra ig h t  lines in  F ig . 4 g ive th e  ra te  c o n s tan t o f rin g  cleavage

(*i) [!]•
Since th e  rin g  cleavage p ro ceed s b y  th e  sam e m echanism  in  all su b ­

s t i tu te d  isoflavones exam ined , th e  e ffec t o f su b s titu e n ts  can  be expressed  m ost 
sim p ly  b y  th e  ra te  c o n s ta n t of th e  r in g  cleavage re la ted  to  th a t  o f iso flavone :

Aq su b s t.

T he d a ta  in  T ab le  I  and in  F ig . 4 show  th a t ,  excep t for Ii, th e  su b s ti tu e n ts  
increase  th e  re la tiv e  r a te  co n stan t o f  r in g  cleavage, th a t  is, th e  rin g  s ta b ili ty  
o f iso flavone, to  an  e x te n t d ep en d in g  on th e ir  ch a rac te r and  p osition . T he 
e x te n t  o f th e  stab iliz in g  action o f th e  su b s titu e n ts  is ev id en tly  d ep en d en t on 
th e ir  e lec tro n -d o n a tin g  ac tiv ity  a t  C -2as co m p ared  w ith  th e  case o f iso flavone 
( la ). T h is effect w h ich  can also be ex p ressed  q u a n tita tiv e ly  b y  y ' , can  be 
ex p la in ed  b y  th e  m esom eric form s V I — X. C om parison of th e  m esom eric form s 
an d  th e  ra te  c o n s ta n ts , k v  allow to  assum e th a t  th e  s ta b ility  o f th e  rin g  is 
in c reased  by  those  su b stitu en ts  w h ich  h in d e r  th e  developm ent of s tru c tu re s  
X an d  VII, VIII b y  th e ir  e lec tro n -d o n a tin g  ac tion . This s ta te m e n t is in  acco rd ­
ance w ith  th e  nucleophilic  se n s itiv ity  o f th e  p y ry liu m  cation  described  in  th e  
l i te ra tu re  [6] and  w ith  our earlier su g g estio n  reg ard in g  th e  m echan ism  o f rin g  
cleavage [1 — 3].

In  su p p o rt o f th is  assum ption , a v a lu e  reg ard in g  th e  s ta b ility  o f chrom one 
m u s t be given f ir s t  here , w hich w ill be d iscussed  in  deta il only  la te r . T he co n ­
s ta n t  fo r th e  rin g  cleavage of ch ro m o n e  is к  x=  0.476 m in -1 m o le -1 , th u s  
ch rom one is m ore s tab le  by  one o rd e r  o f  m ag n itu d e  th a n  3-pheny lchrom one 
(iso flavone, la ) . T he 3-phenyl g ro u p  is in v o lv ed  in  a con jugative  re la tio n sh ip  
w ith  th e  C2 =  C3 doub le  bond an d , as show n b y  th e  lim iting  form  VIII, i t  reduces 
th e  charge  d en sity  a t  th e  C-2 a to m  th u s  increasing  th e  nucleophilic  re a c tiv ity  
a t  th is  site . The presence of e le c tro n -d o n a tin g  groups in  th e  p h en y l g roup
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Fig. 4. Dependence o f  the apparent rate constants o f the ring cleavage reaction o f iso- 
flavon e derivatives on  th e  hydroxyl ion concentration a t 25 °C; — . — , — Ii; — |------ 1---- la ;
- А - Л - Л -  lb ; -  □  -  □ -  Id; -  O -  O -  Ic; -  X -  X -  Ie; If; -  A -  A  —

Ih; — 0 - 0 -  Ig

Table I

Rate constants (fej) o f  ring cleavage o f  substituted isof lavone derivatives at 25 °C

S u b s titu e n t /carriole-  1m in ~ l ) In te rse c t У =  k iH /k i su b st.

l a H 5.21 ± 0 .2 3 0.006 ± 0 .0 5 1 1.00
lb 2’-MeO 1.95 ± 0 .2 3 0.043 ± 0 .0 5 5 2.67
Ic 4’-MeO 1.31 ± 0 .1 0.0016 +  0.025 3.98
Id 6-MeO 1.41 ±0 .0 1 1 0.013 ± 0 .0 2 8 3.70

Ie 7-MeO 0.45 ± 0 .0 5 0.031 ± 0 .0 2 5 11.58

If 2-COOH 0.115 ± 0 .0 3 0.006 ± 0 .0 3 45.30

h 2-Me 0.0475 +  0.005 0.018 ± 0 .0 2 4 109.6
Ih 2-Et 0.0976 +  0.004 0.006 ± 0 .0 0 3 53.4

Ii 2-CF3 41.81 ± 3 . 5 0.027 ± 0 .2 5 0.12

in  o- an d  jD-position to  th e  linkage c o u n te ra c ts  th is  effect, re su ltin g  in  th e  
h ig h e r  (increasing) s ta b i l i ty  of th e  C'2 an d  Q -M eO -isoflavones (lb , Ic), as co m ­
p a re d  w ith  la .

T he C7-MeO g ro u p  w hich has th e  la rg es t stab iliz ing  action  is in  con- 
ju g a tiv e  in te rac tio n  w ith  th e  CO group  h av in g  a large -M  effect. T he g roups 
a re  co p lan a r and th e  in te ra c tio n  is ‘u n d is tu rb e d ’. T h is will in d irec tly  increase 
th e  e lec tro n  d en sity  a t  th e  C-2 a tom , since i t  h inders th e  developm ent o f  th e  
benzo p y ry liu m  s tru c tu re  (X).
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On the  basis o f  th e  lim iting  fo rm u la  X I, th e  Ce-MeO g roup  w ill increase 
th e  charge d en sity  a t  th e  hetero  oxygen  a to m  th u s  h in d erin g  th e  d eve lopm en t 
o f  th e  тг-electron de loca lization  co rresp o n d in g  to  X.

The C4- an d  С2-МеО groups show a s ig n ifican tly  low er effect as co m p ared  
w ith  C7-MeO, a n d  th is  can  be ex p la in ed  b y  s teric  reasons. R ing  В w ill tu r n  
o u t  from  the  p lan e  o f  th e  chrom one rin g  [7], th e re fo re , th e  delocalization  o f 
th e  я -electrons o f  th e  C2 =  C3 b o n d  an d  o f ring  В will be less p ro n o u n ced , 
co n sequen tly , th e  e ffec t of th e  e lec tro n  donor su b s ti tu e n t w ill be w eakened .

The effect o f  th e  C-2 su b s titu e n ts  can  be b e tte r  ex p la in ed  b y  electron ic  
th a n  b y  steric fa c to rs , since th e  h ig h es t s tab iliz ing  ac tio n  is ex e rted  b y  th e  
m e th y l  group h a v in g  th e  low est spa.ce req u irem en t.

The CF3 g ro u p  h av in g  the  la rg es t space req u irem en t m akes th e  m olecule 
d e fin ite ly  u n s tab le , therefo re , b y  co m p arin g  th e  y '  va lues for com pounds 
Ig , h , i, i t  can be assum ed  th a t  th e  iso flavone m olecule is s tab ilized  b y  th e  
h y p erco n ju g a tio n  e ffec t o f the  m e th y l a n d  e th y l groups, w hile th e  s ig n ifican t 
-I  e ffec t of the  C FS g ro u p  m akes i t  s tr ik in g ly  u n stab le . T hese d a ta  also su p p o rt 
o u r  assum ptions d iscussed  above, re g a rd in g  th e  p y ry liu m  c h a ra c te r  and  th e  
s ta b ili ty .
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253 p.

T he book contains the opening and p len ary  lectures o f  the 2nd Euroanalysis Conference 
A ugust 1975, B udapest, and gives an excellent cross section on the present state  o f  th e  ana­
ly tica l fie ld s o f greatest in terest in our days. T he authors o f the book are highly com petent ex ­
perts o f  their subject and thu s the chapters tr u ly  sum m a rize the m ost im portant results and  
trends o f the selected branches of science in  a n  authentic and clear-cut form, w ith  exten sive  
bibliographies.

The book, a pu blication  of the conference o f the A nalytical W orking C om m itty o f  the  
F ederation  of European Chemical Societies (F E C S ), is one o f the first im portant and represent­
ative  docum ents o f the collaboration of E uropean  analytica l chem ist. The cover features the  
sty lized  em blem  of FECS.

I t  is rather regrettable that papers presented  in 1975 are published only tw o years later, 
in  1977. In  spite o f this delay, the chapters are still fresh, and probably w ill he useful for furher 
5 — 10 years for analysts who wish to keep abreast o f advances in  their field.

T he first part o f the book contains the opening lectures. The papers discuss and evaluate  
the p ast developm ent o f analytical chem istry and  indicate trends for the future. The paper of 
W. F r e s e n iu s  sum m arizes the m ost im portant events o f the la st 20 years, the paper o f F. 
Szabad  vary  gives the h istory of analytical chem istry  in  H ungary, and the paper o f  E. 
P u n g o r  surveysthe present state  of analytical sciences in  H ungary. The paper o f A. D ijk s t r a  
outlines the future of analytica l sciences.

T he first o f the series o f  plenary lectures is the paper of J . T. Clerc  on the im portance  
o f m odern instrum ental m ethods of organic analysis, and their significance in teach ing. The 
stu dy  o f  Z. Gallus gives a survey on the presen t state o f voltam m etric m ethods.

Problem s of the basic processes o f stripp ing voltam m etry and the very good detection  
lim its ( ~  10 -11M ) of m odern techniques are d iscussed in detail. R. E. K a ise r  reports on a new  
technique, high perform ance thin-layer chrom atography, and the rem arkably high atta inable  
effic iency  (separation of 11 different substances over a d istance o f 24 pirn in 1 min). The paper 
o f H. M a lissa  deals w ith  th e  role of analytical chem istry in environm ental protection. T he de­
ta iled  stu d y , discusses from  the theory of sy stem s associated w ith  technical problem s o f the  
protection  o f the biosphere. In the extensive  tab les a great num ber of im portant data  are 
condensed on the com position of the tropo-, hydro- and lithosphere. F inally, a strict critical 
discussion and evaluation is given on the app licable analytical m ethods.

D . L. Massart, H. D e Clercq and R . S m its  are co-authors o f a review discussing and  
evaluating m athem atical m ethods for the design  and optim ization o f analytical m ethods. The 
paper describes the application of inform ation theory in the selection  o f the appropriate chro­
m atographic m ethod, and evaluates on han d  o f  exam ples the m ethod o f steepest descent, 
introduced by B o x  and W il s o n , the sim plex m ethod, etc. in  the determ ination o f th e  m ost 
su itab le experim ental parameters.

H. R. Osw ald  a n d  E. D u bler  d iscuss th o ro u g h ly  a n d  ex ten siv e ly , w ith  m a n y  re fe r­
ences, th e  possible a p p lica tio n s  o f th e rm o a n a ly tic a l m eth o d s in q u a n tita tiv e  analysis.

The paper of F. P e l l e r in  and J. E. L e t a v e r n ie r  deals w ith  one of the m ost im portant 
problem s o f contem porary biochem istry, the analysis o f drug m etabolites. In the investigation
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o f drug m etabolites, ana ly tica l chem istry has a v ery  im portant and decisive role. Of these  
m eth ods, primarily chrom atography has an outstand in g  role. Electrochem ical (polarographic), 
photom etric, fluorom etric and enzym atic m ethods, too , proved to be very  useful. The subject 
o f th e  review  of E. P u n g o r  and K . T ó t h  is the present sta te  o f research on ion-selective e lec­
trodes. After a description o f  novel (enzym e) electrodes, problem s in conjunction w ith  the stan d ­
ardization  and calibration o f  electrodes, and fin a lly  their application in continuous analysis  
are discussed, w ith m any references. E. Z i e g l e r  surveyed the m ost im portant fields and as­
pects o f  the analytical application  o f com puters. In  addition  to new m ethods developed w ith  
the a id  o f the com puter (Fourier spectroscopy), th e  application  of com puters greatly im proved  
the efficiency of X -ray  d iffraction and m ass spectrom etric m ethods, and increased the speed  
o f determ ination of structure.

The subjects o f the plenary lectures actually  com prise the m ost im portant results o f the  
fie ld s m entioned, w ith  an  evaluation  and references. T hus, i t  w ill give reliable inform ation and  
good orientation for the readers.

Orientation is fa c ilita ted  by a subject index. The book o f nice presentation, a credit 
to  th e  work of Akadém iai K iadó, will be a useful and enjoyable reading to chem ists interested  
in  th e  advances o f  their ow n  branch of science, and w illing ly  contributing w ith  their work to  
the developm ent of ana ly tica l chemical sciences.

J .  I n c z é d y

В . Rä n b y , J .  F . R a b e k : E S R  Spectroscopy in  Polym er Research

Springer-Verlag, B erlin—H eidelberg—N ew  Y ork, 1977. 410 pages, 365 figures-!

The book continues the series “ Chemie, P hysik  und Technologie der K unststoffe in  
E inzeldarstellungen” , en titled  now “ Polym ers, Properties and Applications” . I t  contains 13 
chapters very accurately subdivided to num erous sections and subsections. In  the first three  
chapters the basic principles o f free radical chem istry and E S R  technique are discussed very  
briefly  in  53 pages. The n e x t  chapter deals w ith  E S R  stu d y  o f polym erization processes in 111 
pages outlining rather thorough ly  the m ain experim ental results. In chapter 5 the E SR  stu dy  
o f  degradation processes in  polym ers is discussed in  74 pages w ith special em phasis on radia­
tio n  and photo-degradation processes. Chapter 6 deals w ith  the effect o f  reactive gases on p o ­
lym ers as studied by E S R  spectroscopy; it  is a very  short chapter o f 5 pages follow ed b y  a 13- 
page one discussing ox id ation  of polymers. The subsequent chapters deal w ith  m olecular frac­
ture (m echanochem istry), grafting and crosslinking (chapters 8, 9 and 10, respectively).

In  chapter 11 the spin-probe and spin-labelling techniques of studying m olecular m o­
b ilitie s  in polymers are d iscussed in  11 pages, follow ed b y  a 33-page chapter dealing w ith  E S R  
spectroscopy of stable polym er radicals and their low  m olecular analogues. In  the last, short 
(1/2 pages) chapter som e results on ion-exchange resins are dem onstrated.

In  the last 2 decades the E SR  technique has becom e one of the basic tools in polym er  
chem istry  especially in  stu dying  radical reactions. Q uite a num ber o f books have been published  
about th e  application o f  th e  E SR  technique in  chem istry  including chem istry of polym ers. 
The work of R ä n b y  and R a b e k  is, however, the first, w hich tries to collect com prehensively  
the E SR -data  available particularly in polym er research. In the last 15 — 20 years quite a lo t  
of w ork has been done in  th is  field  in several laboratories all over the world and the author’s 
effort to  review  it cam e qu ite in  tim e. The num ber o f references cited in the book is 2519 which, 
itse lf, shows how difficu lt is to  treat them  in a legible coherent way. The authors, apparently, 
w an ted  to present the experim ental results w ithou t caring too m uch for theoretical in ter­
pretation .

As a result the book is indeed a very valuable source of inform ation for specialists who 
w an t to  study a particular polym er system  and w ou ld  like to know w hat has been done in  
th is particular field so far. In  this respect chapter 4: “ E S R  study o f polym erization processes”  
and chapter 5: “ E SR  stu d y  o f  degradation processes in  polym ers” are especially valuable. I t  
seem s doubtful, however, w h y  graft copolym erization has been separated from  polym erization  
and also w hy oxidation and m echanical fracture of polym ers are separated from  degradation. 
To th e  reviewer it  seem s th a t  a guiding theoretical conception is missing in the structure of the  
book, w hich would help th e  reader to form  a uniform  picture of the processes discussed. E v i­
den tly  the authors tried to  present the experim ental facts only  w ithout further interpretation  
leav in g  this job to the readers. A lthough experim ental polym er chem ists are not especially  
enthusiastic  in using concep ts o f quantum  chem istry, the structure o f free radicals and the  
corresponding E SR  spectra are hardly understandable w ithou t them . A t least determ ination
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of spin densities from  the experim ental spectra should have been included. B y  using quantum  
aspects th e  apparently w ide and scattered f ie ld  o f polym er chem istry covered b y  the book  
could have been presented probably in a m ore coherent way.

The apparent im partia lity  of the authors in  discussing particular’prohlems is also som e­
w hat embarrassing. The authors are know n as outstanding specialists o f  m any fields covered  
b y  the book: one w ould be interested in learning their  opinion about certain questions discussed  
heavily  in the literature. This would, ev id en tly , lenghthen the volum e considerably b u t the  
theoretical and practical im portance of the su b jec t should verify it.

N evertheless, the book even in its presen t form , will m ost likely  becom e one o f the basic  
sources o f  inform ation about experim ental fa c ts  in  free radical polym er chem istry in the n ex t  
decade, especially w hen used together w ith  th e  available textbooks and monographs dealing  
w ith  the theoretical aspects. For beginners in  E S R  work sim ultaneous use of additional te x t­
books o f basic theory and technique of E SR  spectroscopy is recom m ended.

P .  H e d v i g

H .  H a k e n : Synergetics

Springer-Verlag, B erlin -H eidelberg-N ew  York, 1977, 323 pages, 125 figures

M any scientists who were raised on th e  good old therm odynam ics — or therm ostatics, 
as i t  has been renam ed in th e  recent years — ha v e  w itnessed a grow th in the number o f  ex ­
perim ental evidences w hich proved that som e chem ical processes take place periodically in  
tim e and/or space. These com plicated reactions w ere so much unusual and unexpectable on the  
grounds o f classical therm odynam ics that som e scientists even voiced their doubts in  its  fun­
dam ental laws, while others considered the osc illa to ry  phenom ena as experim ental artifacts. 
H ow ever, w hat seem ed to be unique in  chem istry  is quite com mon in  m any other branches of  
science. From  the spacial periodicity of fleecy  clou ds to swirls in turbulent flow s to the circadien, 
m onth ly , and yearly periodicity of living creatures, nature provides countless exam ples o f  os­
c illatory phenom ena. To explain all this, sta tis t ica l physicists had to look for in itial and  
boundary conditions w hich direct the solution o f  th e  equations of m otion in  such a w ay th a t the  
results would describe the periodicity in tim e or space.

H a k e n ’s is a very  good introductory tex tb o o k  to this new  branch of science (so far 
find ing m ost o f its applications in theoretical physical chem istry) specified by the su btitle  
as “ поп-equilibrium phase transitions and self-organization in ph ysics , chemistry, and biology” . 
The outline of this topic is, perhaps, best represented by the list o f the chapter titles and the  
short-sentence m ottos attached  to them: 1. G oal — W hy you m ight read this book, 2. P robabil­
ity  — W hat we can learn from  gambling, 3. Inform ation — H ow to be unbiased, 4. Chance 
— H ow  far a drunken m an can walk, 5. N ecess ity  — Old structures give w ay to new structures, 
6. Chance and necessity — Reality needs b o th , 7. Self-organization — Long-living system s  
slave short-living system s, 8. Physical sy stem s, 9. Chemical and biochem ical system s, 10. 
A pplications to biology, 11. Sociology: a sto ch a stic  m odel for the form ation of public opinion.

The introductory chapters (1 to 5) g iv e  all the necessary m athem atical and statistica l 
physical tools to the reader to understand w h a t is going on in the n ext chapters. Of course, as 
it  is usual w ith books aim ed to be self-sufficient, th is part is rather a short and elegant recapitu­
lation  o f the m athem atics and physics the reader already knows th an  a replacem ent of neces­
sary basic textbooks. In Chapter 6 the F okker-P lanck  equation is treated and solved for sta ­
tionary and tim e-dependent cases. Chapter 7 g iv es som e further solutions o f the Fokker-Planck  
equation and the m aster equation with results exp lain ing the essential features o f self-organiza­
tion , and non-equilibrium  phase transitions are handled w ith the use of the Ginzburg-Landau  
equation. The different laser phenomena and flu id  dinam ics are treated in Chapter 8. As chem ­
ical oscillatory system s, the so-called B russelator and Oregonator are described in Chapter 
9 as w ell as some basic biological processes show ing periodicity in  tim e. In  the n ex t chapter  
som e typ ica l biological applications are d iscussed such as population dynam ics, the predator — 
prey system , evolution , and morphogenesis. R ath er  a perspective than a real discussion o f  
sociological problems is g iven  in Chapter 12. F in a lly  the author circumscribes the subject o f  
the new discipline synergetics — the science stu d y in g  the laws by which the co-operation o f the  
subsystem s of a system  is governed to organize it  for a given perform ance — and its possible  
future applications.

The reviewer cannot but recommend th is  clearly written, logically  structured, fascinat­
ing book to students and scientists interested in  physical or qu antitative  social sciences.

I .  R u f f

Acta Chim. Acad. Sei. Hung. 97, 1978



4 6 2 RECENSIONES

A dvances in  C hem istry  Vol. 35.

V ol. 35.
Ed. B . Csá k v á r i. Akadém iai K iad ó , B udapest 1977. 218 pp.

Volum e 35 com prises three longer studies, which are not closely connected w ith  one  
another.

The first study  is  b y  Tibor E r d e y -G r ű z  and Sándor L e n g y e l : “ Proton transfer in  
so lu tion ” , a 69-page sum m ary on the fundam ental m echanism  o f the anomalous electric  
co n d u ctiv ity  o f solutions. This phenom enon is o f  particular im portance in aqueous solutions. 
T he authors investigate ex ten sively  the anom alous m obility  o f the ions o f solvent m olecules 
and the effect of the change in liquid structure on the conductiv ity  by proton transfer. T hey  
give a very  good sum m ary on earlier and recen t results pertinent to anom alous conductiv ity , 
discussing sem i-em pirical explanations and quantum -m echanical theories, m entioning even  
view s contesting the condu ction  m echanism  b y  proton transfer. T hey m ention in their discus­
sion the contribution o f  th e  given exchange reactions to transport processes (when m eeting  
appropriate particles, th e  proton exchange w ater m olecules), and give a modern theoretical 
approach on how, besides proton transfer, the hydrodynam ical m igration of H 30  + ions par­
tic ip ates in the conduction  o f  electricity by hydrogen ions.

As a final conclusion, the authors consider it  as proved that H 30 + and O H -  ions o f  
rela tiv e ly  long life are presen t in aqueous solution , strongly interacting w ith  the solvent, and  
th a t proton transfer in succession  between the respective ions and m olecules along the hydrogen  
bond is possible only in  liq u id s o f a structure, in  w hich aggregates connected b y  hydrogen bonds 
are present. The authors ind icate that research in  conjunction w ith  anom alous condu ctiv ity  
is neither closed not free o f  contradictions even  in the case o f aqueous solutions, and that fur­
ther experim ental and theoretical investigations are needed to obtain reliable knowledge on  
the param eters of the step s o f  anomalous conduction . A  lis t o f 144 references closes the chapter.

Dénes B e r é n y i: “ Fundam entals and recent results o f the ESCA m ethod” . The stu dy  
100 p .) presents one o f th e  new , very useful and prom ising m ethods of structural investigation , 

and is the first survey in  H ungarian, written on th is subj ect. The author discusses fundam entals, 
origin, theoretical basis, possible applications, results obtained and experim ental techniques 
o f th e  ESCA m ethod (e lectron  spectroscopy for chem ical applications, or in other wording, 
electron spectroscopy concerned w ith applications). The m ain fields o f application of the m ethod  
are: chem ical structural investigations, m easurem ent of m olecular orbitals, surface research, 
research of the band sy stem  o f solids, and solving o f certain qualitative and quantitative ana ly t­
ical problem s, but there are also other, at present less frequented, prom ising fields of application.

As concerns research technique, the author discusses quantities measurable w ith  the  
m eth od , the electron spectrom eter proper, relevan t m ethods of preparation, irradiation, calibra­
tio n , detection and data processing, and ESCA instrum ents available on the market.

The final conclusion o f the author is th a t the ESCA m ethod surpasses some of the very  
m odern methods of chem ical structural analysis, such as M össbauer spectroscopy, NM R and  
infrared spectroscopy and m ass spectroscopy, n ot w ith  respect to resolution power, but b y  
its  m ore general app licability . Indeed, it  is v irtu ally  suitable for all elem ents, and solid, liquid  
and gaseous samples alike can  be investigated , generally  in non-destructive tests.

The chapter includes an extensive b ib liography of 349 references.
Tibor E r d e y -G r u z , G yörgy H o rá n y i and Mrs. Zoltán Sz e t e y : “ The state  o f platinum  

anode surfaces and k in etics o f the oxygen electrode” . The study (40 p.) deals w ith the m ode  
o f  operation of the o x y g en  electrode, an electrochem ical system  relatively  less investigated  
and know n, hut very im portant from the practical po in t o f view , and discusses results attained  
so far. This is the more im portant and interesting, because actually unequivocal experim ental 
conditions are more d ifficu lt to realize in the case o f the oxygen electrode, than in that o f the  
hydrogen electrode, so th a t  the m easurem ents and conclusions of the various authors m ust be  
evalu ated  also from th is aspect. The authors in v estig a te  the problems of the equilibrium poten ­
tia l, rest potential and o f  p latinum -oxygen  interaction , the form ation and properties o f the  
oxide surface layer, the k in etics of the electrode and the reaction m echanism  of anodic oxygen  
evolu tion .

The conclusion o f  th e  authors is that even  to d a y  we are far from knowing the m echanism  
o f anodic oxygen evolu tion , and further in tensive  work is needed to obtain from every aspect 
an overall picture of the processes. Particularly, the role o f the oxide layer needsfurther elucida­
tion , which, on the one hand, is a difficult experim ental task, because th is is a partial phe­
nom enon difficult to in vestig a te , while on the other hand, theoretical apparatus needed for its  
interpretation  is still insu ffic ien t. This relative ly  shorter chapter closes w ith  69 references.
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I t  should be m entioned that in the case  o f th is study  the actual title  in  the te x t and the  
title  on the cover are n o t identical, and th e  la tter  is not even an abbreviation o f the former, 
but concerns only one subject discussed in  th e  chapter.

In  sum m ary, all three subjects o f V olum e 35 discuss very actual problems. The authors, 
know n as the best experts o f  the subjects an d  successfu lly  active in the field  concerned, gave 
a very  good survey o f th e  results obtained so far in  their branch o f science and on further per- 
ectives.

W ith  its clear sty le  and good organization , 
searchers and industrial chem ists who w ish  to  keep

E .  B e r e c z

the volum e can be recom m ended to  re- 
abreast o f advances in  their subject.
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ТОМ 9 7 -В Ы П . 4

РЕЗЮМЕ

Комплексы шиффовых оснований с соединениями двуокиси урана (VI). V.

Комплексы дихлородвуокиси урана (VI) с двуосновными тридентатными
основаниями Шиффа

Р .  Г. ВИДЖЭЙ и дж. л .  ТАНДОН

Описывается синтез производных типа U 02C12(SBH2)2. Они были получены на 
основе реакции 1 : 2 молярных количеств дихлородвуокиси урана(У1) с двуосновными 
тридентатными основаниями Шиффа (SBH2), полученными конденсацией салицилальде- 
гида, 2-гидрокси-1-нафтальдегида, о-гидроксиацетофенона, 2,4-пентандиона или 1-фенил- 
1,3-бутандиона с гидроксиалкиламинами (такими как 2-гидроксиэтиламин, 2-гидрокси-1- 
пропиламин и З-гидрокси-1-пропиламин) или 2-гидроксианилином. Полученные комп­
лексы были охарактеризованы на основе данных элементарного анализа, измерений про­
водимости и их ИК спектров.

Диффузия в системе елементарных каналов клиноптилолита
Э. Д Е Т РЕ К Ё И  и Д . КАЛЛО

Исследуя диффузию молекул различных типов в системе элементарных каналов 
клиноптилолита с помощью ИК спектроскопии и гравиметрическим методом, было най­
дено что зависимость Баррера для масспереноси в изотропном монокристалле применима 
и для масспереноси в системе элементарных каналов клиноптилолита. На основе измерен­
ных величин коэффициентов диффузии были сделаны заключения относительно природы и 
силы взаимодествий между адсорбтивом и атомами или функциональными группами сте­
нок каналов в различных модификациях клиноптилолита, а также относительно структуры 
последних.

Анодное растворение алюминия в безводном умсуснокислом 
растворе хлористого лития

Л . КИШ, Л . СИРАКИ, Л . и М. ВАРШАНИ

Было изучено анодное растворение алюминия в безводном уксуснокислом растворе 
хлористого лития. Экспериментальные результаты указывают на то, что предполагаемый 
промежуточный продукт А1+ окисляется молекулами уксусной кислоты или ионами 
СН3СООН2ь до стабильных ионов А13+. Образующиеся при этом молекулы Н2',были иденти­
фицированы с помощью алюминиевого диска и платинового кольца.

Нами описан метод, с помощью которого по зависимости эффективной валентности от 
потенциала электрода можно судить о механизме процесса. Этот метод в нашем случае 
неприменим, так как поверхность электрода имела большое омическое сопротивление.



О спонтанных процессах, происходящих на поверхности металлов, 
под влиянием собственных ионов, II

Л . КИ Ш , Й. ФАРКАШ, П. КОВАЧ и Л . КОЗАРИ

Были изучены процессы, происходящие в системе Cu/Cu(I)/Cu(II), при большом из­
бытке ионов Cu+Z относительно равновесной концентрации, в водных растворах с 1,0 
моль/дм3 НС1 (20°С) и с 3,0 моль/дм3НС104 (60°С).

Установлено, что в растворе НС1 скорость процесса определяется скоростью диф­
фузии ионов Си+2 к поверхности электрода. В растворе НСЮ4 на поверхности электрода 
быстро устанавливается равновесие и ступенью, лимитирующей скорость процесса, являет­
ся диффузия образующихся ионов Си+ с поверхности электрода в глубину раствора.

Полученные результаты подчиняются уравнениям, выведенным нами ранее [1].

Исследование молекулярных взаимодействий нитробензола в 
четыреххлористом углероде при микроволных частотах

А. К. ШАРМА

Диэлектрическое поведение нитробензола в растворе четыреххлористого углерода 
было исследовано при восьми концентрациях (в интервале мольных долей 0,01—0,2), 
при 9,3 ГГц и 1,6 МГц и при 27°С. Молярная поляризация (Р2) и дипольный момент (ц) 
уменьшаются нелинейно с увеличением концентрации, в то время как относительное время 
релаксации (т/т) увеличивается. Полагается, что при низких концентрациях нитробензола 
в СС14 доминирует отрицательный эффект растворителя, в то время как при относительно 
высоких концентрациях побочные взаимодействия между растворенным веществом до­
минируют.

Ситез алкалоидов виика и родсвеииых им соедиеиий , V

Синтез стилового змира (±)-аповинкаминовой кислоты
Д Ь . КАЛАУШ , П. Д Ь ЁРИ , Л . САБО И Ч. САНТАИ

Исходя из триптамина, в результате четырехступенчатого ситеза был получен эна- 
мин со строением 7 а, присоединяя к которому этилорый эфир а-ацетоксиакриловой кис­
лоты, было получёно производное 8а. Восстановлеие соединения 8а пруводит к двум сте- 
реоизомерным продуктам (9 и 10), весовия доля которых зависит от условий реакции.

Окисление производного 9Ь с дальнейшим отщеплением воды приводит к рацемату 
этилового зфира аповинкаминовой кислоты.

Гетероциклические аналоги простагландинов, тиазоли I
Г. АМБРУШ, И. БАРТА, ДЬ. ХОРВАТ, Ж . М ЕХЕШ ФАЛВИ и П. ШОХАР

Описывается синтез с11-4-(6-карбоксигексил)-5-(3-гидрокси-1 -транс-октенил)-тиазо- 
ла и его 2-метильных аналогов. Приводятся и обсуждаются ИК и Н1 ЯМР данные, а так­
же массспектроскопическое поведение новых производных тиазола.

Превращения циклогексанола, катализированные платиной, I
Процессы дегидрирования и дегидроксилирования

И. М А ННИНГЕР 3. ПААЛ и П. ТЕТЕН И

Исследования с меченными молекулами указывают на то, что дегидрирование цик­
логексанола протекает как через образование циклогексанона, а также по «прямому» 
пути к фенолу. Углеводороды получаются в основном дегидроксилированием фенола. 
Температура, активность катализатора и подача водорода определяют состав продуктов и 
его сдвиги в двух трехугольных системах, включающих циклогексанол, циклогексанон и 
фенол, а также циклогексан, циклогексен и бензол, соответственно. Способность катали­
затора задерживать водород, которая, в свою очередь является функцией температуры 
предварительной обработки, также оказывает эффект.



Расщепление гетерокольца изофлавонов с помощью 
нуклеофильных реагетов, VI

Стабилизация гетерокольца монозамещенних изофлавонов
В. САБО и М. ЖУГА

Исходя из кинетических исследований, было заключено, что заместители молекулы 
изофлавона, соответственно их природе и расположению, так изменяют стабильность ос­
новного соединения (1а) по отношению к основаниям, насколько увеличивают или умень­
шают электронную плотность на атоме С2 молекулы. Стерическое влияние заместителей 
сказывается в меньшей степени.
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