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PREFACE TO VOLUME 100

THE HISTORY OF CHEMICAL PUBLICATIONS 
IN HUNGARY

B.  L e n g y e l  and F.  S z a b a d v á r y

The  p re sen t fes tiv e  to m e  is th e  h u n d re d th  volum e o f “ A c ta  C him ica” , 
a n u m b er u n a tta in e d  so fa r  b y  a n y  o f  th e  chem ical jo u rn a ls  p u b lis h e d  in  H u n 
g ary . T h is ju b ilee  offers a good in c e n tiv e  to  ou tline  th e  h is to ry  o f  chem ical 
p u b lica tio n s  in  H u n g a ry . In  do ing  so, i t  seem s ind ispensab le , h o w ev e r, to  survey 
b rie fly  th e  in te rn a tio n a l s ta tu s  a n d  d ev e lo p m en t in  th is  fie ld .

T he y e a r 1665 w as o f g re a t im p o r ta n c e  in  th e  h is to ry  o f  sciences. This 
was a c tu a lly  th e  y e a r in  w hich th e  f i r s t  period ica ls of n a tu ra l  sc iences, “ P hilo
sophical T ra n sa c tio n s”  o f th e  R o y a l S ocie ty , L ondon, a n d  “ J o u rn a l  des 
S a v a n ts”  of th e  A cadem ie des S ciences, P a ris , were fo u n d ed . S c ien tific  com 
m u n ica tio n  and  in fo rm a tio n  w ere e x tre m e ly  accelera ted  b y  th e s e  journals . 
F ro m  th is  tim e  onw ard  th e re  w as no n eed  to  w rite  a com plete  b o o k  fo r  m aking 
know n accom plishm en ts; p a r t ia l  re su lts  could  be qu ick ly , p u b lis h e d  in  the 
form  o f p apers. K now ledge m ad e  ra p id ly  p u b lic  in  th is  w ay  s t im u la te d  o ther 
researchers, and  th is  led  to  new  re su lts  an d  new p u b lic a tio n s . In d e e d , this 
tre n d  has co n tin u ed  u p  to  o u r day s; re sea rch  is done to  gain  n ew  know ledge, 
an d  th e  re su lts  o b ta in ed  are  p u b lish ed  in  period icals to  m ak e  th e m  know n to 
o th e rs . T h is is th e  w ay  how  science has developed  d u ring  th e  la s t  th re e  hundred  
y ears . A p p a re n tly , th is  k in d  o f  d e v e lo p m en t seem s to  h av e  co m e ra th e r  to  a 
deadlock  n o w adays. E v e r  so m a n y  peo p le  do research  w o rk  a n d  pub lish . I t  
seem s som etim es th a t  p u b lic a tio n  h as  becom e la te ly  th e  m a in  g o a l o f  research , 
as th e  n u m b e r o f p u b lica tio n s  o f a sc ien tific  w orker or sc ien tific  in s t i tu t io n  has 
everyw here  m ystic  im p o rtan ce  b ecau se  o f sc ien tif ic -b u reau c ra tic  reaso n s. This 
p laces th e  resea rch er in  th e  c e n te r  o f  an  in su rm o u n ta b le  to r r e n t  o f  p u b lica tio n s, 
im possib le to  follow. E v id e n tly , a new  m eth o d  of sc ien tific  co m m u n ica tio n  
w ould be needed  — y e t i t  has n o t b een  fo u n d . T herefore, p e rio d ic a ls  h av e  still 
rem ain ed  th e  m ost im p o r ta n t sources o f  sc ien tific  in fo rm a tio n .

T he ro u te  from  th e  tw o  jo u rn a ls  m en tio n ed , up  to  th e  c o u n tle s s , s tric tly  
specialized  period ica ls o f our d ay s  w as long . “ Ph ilosoph ical T ra n s a c tio n s ”  and 
“ J o u rn a l des S a v a n ts”  w ere open  fo r all sciences. T he sam e  a p p lie d  to  the 
period ica ls ap p ea rin g  in  th e  n e x t  c e n tu ry . F ro m  th e  m idd le  o f  th e  e igh teen th  
c e n tu ry , severa l a t te m p ts  w ere m ad e  to  found  specialized sc ie n tif ic  journals.

Acta Chim. Acad. Se i. H ung. 100, 1979



6 LENGYEL, SZABADVÁRY: CHEMICAL PUBLICATIONS IN  HUNGARY

T h e  f i r s t  a tte m p ts  b ro u g h t m o s tly  shortlived  re su lts ; exam ples are, in  th e  f ie ld  
o f  c h e m is try , “ C hym ische E x p e r im e n te  einer G ese llsch a ft im  E rzgeb irge”  (B e r
l in , 1753 — 1759), “ K u re lle  C hem ische V ersuche u n d  E rfa h ru n g e n ”  (B erlin , 
1756), “ C hym ische N e b e n s tu n d e n  (Saint P e te rsb u rg , 1762 — 1768) [1].

T h e  f irs t successful jo u r n a l  ded icated  to  c h e m is try  w as th e  “ C hem isches 
J o u r n a l ”  o f Lorenz Cr e l l , s ta r t e d  in  1778, to  w h ic h , a f te r  several changes o f  
t i t l e ,  th e  nam e “ C hem ische A n n a le n ”  teas g iven in  1784. I t  is u sua lly  c ited  as 
C rells A nnalen . This jo u rn a l  w as  followed in  1789 b y  “ A nnales de C him ie”  o f 
L a v o i s i e r  and his frien d s, w ith  th e  aim to give th e  c o n te n ts  o f Crells A nn alen  
in  F re n c h , b u t la te r  th e y  c h a n g e d  over to  th e  p u b lish in g  of orig inal p ap e rs . 
T h is  jo u rn a l  appeared  a t  re g u la r  in te rv a ls  and  also e x is ts  to d a y . In  th e  n e x t cen 
tu r y  n u m ero u s  chem ical jo u rn a ls  w ere then  fo u n d ed . A ll th e  coun tries ex is tin g  
a t  t h a t  tim e  had a t  le a s t o n e  ch em ica l jo u rn a l, th e  la rg e r  coun tries even m ore. 
T h e y  co v ered  the  to ta l  f ie ld  o f  ch em istry . F o r a lo n g  tim e  th e  G erm an lan g u ag e  
t e r r i to r y  p red o m in a ted . J o u r n a ls  fea tu ring  in  th e ir  t i t le  th e  w ord ch em is trv  
(n o t a lw ay s  alone, b u t  so m e tim e s  linked  w ith  o th e r  d isc ip lin es , such as physics, 
p h a rm a c y , m ineralogy, etc.) w e re  reg istered  b efo re  1841. O f th e  74 jo u rn a ls , 
38 w e re  pub lished  in  G e rm a n , 8 each appeared  in  G re a t B rita in , F ran ce  an d  
I t a ly ,  5 in  th e  N e th e rlan d s , 3 in  B elgium , 2 in  A m erica , an d  1 each in  Sw eden 
a n d  R u ss ia  [2].

A  fu r th e r  sp ez ia liza tio n  w ith in  the  fie ld  o f  c h e m is try  began in  th e  la s t 
th i r d  o f  th e  past c e n tu ry . T h e  “ Z e itsch rift fü r a n a ly tis c h e  Chem ie”  of R egigius 
F r e s e n i u s  (1862) seem s to  b e  th e  f irs t jou rn a l d e d ic a te d  to  a narrow er b ra n c h  
o f  c h e m is try .

I n  H u n g ary , th e  f ir s t  b ra n c h  o f n a tu ra l science  in  w h ich  no t only  e d u c a 
t io n a l  w o rk  b u t in d e p e n d e n t re se a rc h  was also re p o r te d , w as chem istry .

S in ce  1526 th e  K in g  o f  H u n g a ry  was a t  th e  sam e  tim e  th e  H a p sb u rg  
E m p e ro r ,  so th a t  th e  K in g d o m  o f  H ungary  w as c lo se ly  lin k ed  w ith  th e  H a p s 
b u rg  h e re d ita ry  p rov inces. F ro m  th e  m iddle o f  th e  s ix te e n th  c e n tu ry  t i l l  th e  
en d  o f  th e  seven teen th  c e n tu ry , th e  m ajor p a r t  o f  H u n g a ry , to g e th e r w ith  its  
p re s e n t  c a p ita l B u d ap est, b e lo n g e d  to  the  T u rk ish  E m p ire , th e  w estern  p a r t  
c o n s t i tu te d  th e  K ingdom , w h ile  in  th e  E ast th e  in d e p e n d e n t G rand  D u ch y  o f 
T ra n s y lv a n ia  was e s tab lish ed . I n  th e  eigh teen th  c e n tu ry , a f te r  th e  d riv in g  o u t 
o f  th e  T u rk s , a g rea t e co n o m ica l and  cu ltu ra l d e v e lo p m e n t ensued. S evera l 
sch o o ls  w ere founded, am o n g  th e m  th e  renow ned  M in in g  College in  Selm ec
b á n y a  (1763), th e  I n s t i tu tu m  P o ly tech n icu m -H y d ro tech n icu m  (1782) in  
B u d a , a n d  th e  sole u n iv e r s i ty  o f  H ungary  w as tra n s fe r re d  from  N a g y 
s z o m b a t (T rnava) to  B u d a  a n d  com plem ented  w ith  a M edical F a c u lty  (1769 — 
1777). T h e  f irs t chem ical d e p a r tm e n t  of the  c o u n try  w as estab lished  a t  th e  
M in in g  College of S e lm ecb án y a  in  1763, th e  second  a t  th e  M edical F a c u lty  o f 
th e  U n iv e rs ity  in 1769. B o th  In s t i tu te s  were en g ag ed , besides th e  te ach in g  o f 
c h e m is try , also in re sea rch  w o rk ,a n d  results o f in te rn a t io n a l  im p o rtan ce  w ere
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a tta in e d  [3]. T h e  papers were p u b lish e d  in  foreign coun tries, m a in ly  in  “ Crclls 
A n n a len ” , in  th e  “ P h y sik a lisch en  A rb e ite n ”  o f  Ignaz B orn  in  V ien n a , and  in  
S c h e r e r — G e h l e n ’s “ A llgem eines J o u rn a l  d er Chem ie” .

T here  d id  n o t ex ist y e t a sc ie n tif ic  jo u rn a l in  H u n g a ry , n o r ev en  a scien
tif ic  language. T hough  H u n g a ria n  l i te ra ry  te x ts  from  th e  M idd le  Ages are 
know n, an d  as early  as th e  e ig h te e n th  an d  n in e teen th  cen tu rie s  considerab le  
l i te ra tu re  u n fo lded , th e  n a tio n a l lan g u a g e  p lay ed  h u t a s u b o rd in a te  ro le . Up 
to  th e  n in e te e n th  c en tu ry  L a tin  w as th e  official language o f  th e  D ie t, o f the  
co u n ties  an d  o f  ju risd ic tio n . S im ila rly , lec tu res  were held  in  L a t in  a t  the  
U n iv e rs ity , w hile a t  th e  M ining A cad em y  th e  language o f  te a c h in g  was 
G erm an .

T he end  o f  th e  e ig h teen th  c e n tu ry  gave b ir th  to  th e  so ca lled  “ R eform - 
P e rio d ”  in  H u n g a ry , th e  p rim a ry  a im  o f w hich  was to  re in s ta te  th e  H u n g a ria n  
lan g u ag e  in to  its  ow n righ ts ev e ry w h ere . N o t in c id en ta lly , th is  m o v e m e n t also 
h a d  th e  in te n tio n  to  c o u n te ra c t th e  a t te m p ts  o f forced G e rm a n iz a tio n  by  
Jo se p h  th e  Second. In  th e  l i te ra tu re  th is  period  is m an ifested  b y  th e  m ovem en t 
called  language  reform ing . A rtif ic ia l w ords w ere co n s tru c te d  to  en rich  the  
lan g u ag e . T h is m ovem ent w as ra p id ly  e x ten d ed  to  th e  d o m a in  o f  sciences, 
w here  neologism  w as even m ore n e ed ed  th a n  elsew here. S ince n a tu ra l  science 
in  H u n g a ria n  d id  n o t ex ist a t  a ll u p  to  th a t  tim e , w ords to  ex p ress  scien tific  
co ncep ts w ere also m issing. T h e  f i r s t  a u th o rs  who tr ie d  to  w rite  a book  in 
H u n g a ria n  in  th e  various b ra n c h e s  o f  science w ere con fro n ted  w ith  th e se  p ro b 
lem s. T he f irs t book  in  H u n g a r ia n  on  a chem ical su b jec t w as p u b lish ed  in 
1800 K o lozsvár (Cluj) in  T ra n sy lv a n ia . T h e  a u th o r  w as F e re n c  N y ú l á s , and 
th e  book  d e a lt w ith  th e  an a ly s is  o f  T ra n sy lv a n ia n  m ed ic in a l w a te rs  [4]. 
A m ong o th ers  th e  following m a y  b e  re a d  in  th e  preface: “ W h e re v e r we tu rn  
in  th e  H u n g a ria n  descrip tion  o f  a science, we m eet w ith  d ifficu ltie s  as if  ad 
v an c in g  th ro u g h  a jung le . O ne m u s t b re a k  one’s own w ay  th ro u g h  i t .  Indeed , 
I  h ad  m ore tro u b le  in  th is  w ork  w ith  th e  expression o f te c h n ic a l te rm s , th a n  
w ith  th e  decom position  of th e  w a te rs . N obo d y  has ana lyzed  w a te r  in  H u n g a r
ia n , even th e  w ord  ch em is try  is new  in  ou r language, so t h a t  I  h a d  to  in 
v e n t severa l expressions m y se lf . . . ” . In  an  A ppend ix  N y ú l á s  g av e  a H un- 
g a r ia n -L a tin  d ic tio n a ry  of a b o u t 250 H u n g a ria n  w ords co ined  b y  h im , m an y  of 
w hich  have been  p e rm an en tly  in tro d u c e d  in  th e  p rofessional lan g u a g e . These 
concern  m ain ly  th e  nam es of la b o ra to ry  eq u ip m en t, o p e ra tio n s  a n d  processes, 
b u t  n o t th e  nam es o f elem ents a n d  co m p o u n d s, for w hich he re ta in e d  th e  in te r
n a tio n a l nam es. In  th e  n e x t y e a rs  th is  w ay  w as followed u p . O th e r  a u th o rs  too 
c re a te d  new  w ords, som e o f w h ich  re m a in e d  in  use, w hile o th e rs  becam e ob
so le te . G reek an d  p a rtic u la r ly  L a t in  w ords can be ran g ed  r a th e r  easily  and 
h a rm o n io u sly  w ith  H u n g a rian  w o rd s.

H ow ever, if  reform ing  b eg in s  som ew here, i t  m ostly  does n o t  s to p  where 
i t  w ould  be adv isab le . In  th e  tw e n tie s  o f  th e  la s t c e n tu ry , s tu d io u s  scien tists
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w ere  o f  th e  opinion th a t  th e  n o m en c la tu re  of ch em ica l e lem en ts and  com pounds 
a lso  o u g h t to  have b een  H u n g a riz e d . T hey to o k  u p  d ilig en tly  th is  w ork, su itin g  
w e ll genera l n a tio n a lis tic  m e n ta l i ty . M uch in v e n tiv e n e ss  w as p u t to  p la y  to  
f in d  n ice nam es for th e  e le m e n ts , in d ica tiv e  a lso  o f th e ir  p roperties. A fte r  
v a r io u s  propositions, f in a l ly  a unified  system  o f  “ H u n g a r ia n ”  elem ents w as 
w o rk e d  o u t, on the  basis  o f  w h ic h  th e  nam es o f th e  co m p o u n d s w ere also fo rm ed . 
T h is  n o m encla tu re  w as th e n  used  in  books a n d  in  th e  early  pu b lica tio n s in  
H u n g a r ia n  journals . T h ese  p u b lica tio n s  are in co m p reh en sib le  for th e  H u n g a r
ia n  ch em ist of to d a y , b e c a u se  th is  language, fo r tu n a te ly ,  d isappeared . W h y  
d id  i t  d isap p ear?  P re s u m a b ly  because H u n g a ry  lo s t  i ts  w a r of independence  of 
1848 — 49. D uring th e  fo llo w in g  15 years o f o p p ress io n  lec tu res  w ere held  in  
G e rm a n  a t the  h igher sch o o ls ; G erm an te x tb o o k s  w ere  u sed , and  the  m an n ered  
n o m e n c la tu re  was fo rg o tte n . W h en  the  w inds o f  th e  ap p ro ach in g  com prom ise 
w ith  A u s tr ia  began to  b low , a n d  H ungarian  w as in tro d u c e d  again as a lec tu rin g  
la n g u a g e , th e  young p ro fe sso rs  appo in ted  to  th e  ch a irs  o f  n a tu ra l sciences h ad  
a b a c k g ro u n d  of e d u c a tio n  in  G erm an. T he H u n g a r ia n  n o m en cla tu re  w as 
u n k n o w n  to  them , th e y  w ere  accustom ed to  th e  in te rn a tio n a l  nam es, so th e y  
u se d  th e se  in th e ir H u n g a r ia n  lec tu res and p u b lic a tio n s . Som e a tte m p ts  w ere 
m a d e  b y  old gentlem en a t  re v iv in g  th e  H u n g a ria n  n o m e n c la tu re , b u t th e y  w ere 
o f  n o  avail.

T h e  f irs t new sp ap er w a s  pub lished  in  1705 in  H u n g a ry  in  L a tin . I t  w as 
ca lle d  “ M ercurius h u n g a r ic u s”  and  appeared  q u ite  irreg u la rly ; i t  ex is ted  for 
f iv e  y e a rs . “ N ova P o so n ie n s ia ”  published in  P o z so n y  (B ra tis lav a ) from  1721 
on , s im ila rly  in  L a tin , a p p e a re d  m ore regu larly  an d  la s te d  longer. “ W öchen tlich  
z w e y m a l neu  an k o m m en d er M ercurius”  (in s h o r t  “ O fnerischer M ercurius” ) 
w as p u b lish e d  from  1730 o n  in  B u d a  in  G erm an . T h e  f i r s t  new spaper in  H u n 
g a r ia n  w as “ M agyar H írm o n d ó ”  (H ungarian  H e ra ld )  p u b lish ed  in  P ozsony . 
I t  a p p e a re d  f irs t in  1780 a n d  ex is ted  for 9 y e a rs . “ M indenes G y ű jtem én y ”  
(G en e ra l Collection) w as a sc ien tif ic -cu ltu ra l w eek ly  in  H u n g a rian , p u b lished  
fro m  1789 to  1792. T he jo u rn a ls  “ E rdély i M ú zeu m ”  (T ran sy lv an ian  M useum ) 
(1 8 1 4 — 1818) and  “ T u d o m á n y o s  G yű jtem én y ”  (S c ien tific  Collection) (P es t, 
18 1 7 — 1841) were fo u n d ed  a lre a d y  w ith  a d e fin ite  sc ie n tif ic  aim , and  p u b lished  
o r ig in a l papers. The l a t te r  w a s  pub lished  by  a b o o k se lle r an d  i t  soon becam e 
th e  le a d in g  jou rna l. I t  c o v e red  th e  whole sp ec tru m  o f sciences. N a tu ra l sciences 
w ere  r a r e ly  rep resen ted  on i ts  pag es; even m ore se ldom  w ere  trea tises  on chem 
ica l s u b je c t.  [5]

S im ultaneously  w ith  th e  appearance  o f th e  f i r s t  H u n g a rian  sc ien tific  
jo u rn a ls ,  th e  H un g arian  s c ie n tis t  w as confron ted  w ith  a s till ex isting  prob lem : 
i f  o n e  pub lish es  in a sm all n a t io n a l  language, i t  is n o t  to  be  expected  th a t  th e  
r e s u lts  pub lished  Mill b eco m e k n o w n  to  th e  in te rn a t io n a l  sc ien tific  w orld . I f  
one w ish es to  su rm o u n t th e  la n g u a g e  b a rrie r one m u s t  w rite  in  a world-Mride 
la n g u a g e . This is a g rea t d is a d v a n ta g e  of sm all co u n trie s!
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To m ake a c q u a in te d  th e  re su lts  o f  H u n g a ria n  au th o rs  a lso  in  fo reign  
co u n trie s , L ajos S c h e d iu s  fo u n d e d  f ir s t  th e  “ L itte ra risc h en  A nzeiger fü r 
U n g a rn ”  (1797 — 1799), th en  th e  “ Z e itsc h rif t von  u n d  fü r U n g a rn ”  (1801 — 
1804). The la t te r  p u b lish ed  tim e  a n d  ag a in  also m in e ra lo g ica l-an a ly tica l com 
m u n ica tio n s. O w ing  to  financia l re a so n s , b o th  jo u rn a ls  w ere r a th e r  sh o rt-liv ed . 
In  th e  firs t h a lf  o f  th e  la s t c e n tu ry , n o t  on ly  these  jo u rn a ls  in  fo re ig n  lan g u ag e , 
h u t  also H u n g a ria n  jo u rn a ls  fa iled  because  o f  th is  sam e reaso n . T h ey  w ere 
ca lled  in to  ex is ten ce  b y  o p tim is tic  p r iv a te  in itia tiv e s  and  fa iled  b ecau se  of 
w a n t o f m oney. H u n g a ry  did n o t h a v e  y e t  a p p ro p ria te  sc ien tific  o rg an isa tio n s  
o r in s titu tio n s  to  b e a r  th e  b u rd en s .

I t  was n o t t i l l  1825 th a t  th e  H u n g a ric a n  A cadem y of Science w as fo u n d 
ed . I n  c o n tra s t to  th e  large E u ro p e a n  academ ies, th e  H u n g a r ia n  A cadem y  
w as n o t c rea ted  b y  ro y a l fav o u r, b u t  b y  p ub lic  collection . T h o u g h  th is  is an 
o rig in  to  be p ro u d  of, it  had  th e  d isa d v a n ta g e  th a t  th e  f in a n c ia l s i tu a tio n  of 
th e  new  in s ti tu tio n  w as insecure fo r  a ra th e r  long period  o f tim e . N ev erth e less , 
as soon as from  1833 on, th e  A cad em y  w as able to  p u b lish  tw ice  a y e a r  “ T u 
d o m á n y tá r”  (S c ien tific  A rchives), w h ich  m ain ly  rep o rted , in  H u n g a r ia n , scien
t if ic  even ts from  foreign  sources. T h e  f irs t  jo u rn a l o f th e  H u n g a ria n  A cadem y 
o f Sciences, d e d ic a te d  exclusively  to  n a tu ra l  sciences w as “ M a th e m a tik a i és 
T e rm é sz e ttu d o m án y i K özlem ények”  (C om m unications o f M a th e m a tic s  and  
N a tu ra l  Sciences). I ts  p u b lica tio n  beg an  ra th e r  irreg u la rly  in  1861. In  1882 
th e  nam e of th e  jo u rn a l  was ch an g ed  to  “ M a th em a tik a i és T e rm é sz e ttu d o m án y i 
É r te s í tő ” (B u lle tin  o f M ath em atics  a n d  N a tu ra l Sciences) and  w as e d ite d  and  
pu b lish ed  a t re g u la r  periods by  th e  T h ird  Class (o f M a th em a tica l an d  N a tu ra l 
Sciences) of th e  H u n g a ria n  A cad em y  o f Sciences. The p u b lish in g  o f  “ M a th e m a 
tisch e  und  n a tu rw issen sch a ftlich e  B e rich te  aus U n g a rn ”  s ta r te d  a t th e  sam e 
tim e . In  th is  jo u rn a l , w orks of H u n g a r ia n  sc ien tis ts  w ere p u b lish ed  in  G erm an , 
seldom  also in  F re n c h . Though p u b lic a tio n s  w ere n o t ta k e n  over a u to m a tic a lly  
from  one jo u rn a l to  th e  o ther, th e se  jo u rn a ls  m ostly  co n ta in  th e  sam e w orks, 
th e  one in H u n g a ria n , the  o th e r in  fo re ign  language. F ro m  th is  t im e  on , b ilin 
g u a l p u b lica tio n  becam e general p ra c tic e  w ith  H u n g a rian  n a tu ra l  sc ien tis ts  up 
to  o u r days. U p  to  1942 for th e  m en tio n ed  H u n g a ria n  perio d ica l an d  u p  to  
1933 for th e  G e rm an  th e  A cad em y  o f Sciences w as ab le to  p ro v id e  fo r  th e  
p u b lica tio n  o f th e se  paralle l jo u rn a ls . T he chem ist m em bers o f  th e  A cadem y  
fre q u e n tly  p u b lish e d  in these o rg an s , a lm o st all th e ir  w ork  in  H u n g a r ia n , while 
th e  version in  fo re ign  language w as o ften  sen t to  a G erm an an d  som etim es to  
a F rench  jo u rn a l  (B erich te , B u lle tin , Z e itsch rift fü r an o rg an isch e  Chem ie, 
Z e itsch rift fü r  an a ly tisch e  C hem ie, etc.). In  th e  ed ition  o f “ B e ric h te  aus U n
g a rn ”  fin an c ia l su p p o rt was g iv en  to  th e  A cadem y  by  th e  fa ir ly  r ich  R oyal 
H u n g a rian  S o c ie ty  o f N a tu ra l Sciences, fo u n d ed  in  1841. O b v iously , th is  So
c ie ty  rested  on  a b ro ad e r basis o f  n a tu ra l  sc ien tis ts , in  view  o f th e  fa c t  th a t  
h e re  m em bers h a d  on ly  to  jo in , w h ile  in  th e  A cadem y th e y  w ere e lec ted . E v e n ts
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o rg an ized  by  th e  S o c ie ty  p lay ed  an  im p o r ta n t  ro le  in  th e  sc ien tific  life o f th e  
c o u n try . P u b lic a tio n  o f  th e ir  m o n th ly  “ T e rm é sz e ttu d o m án y i K ö zlö n y ’’ 
( J o u rn a l  o f N a tu ra l S ciences) s ta r te d  in 1860, w ith  th e  aim  to  p ro p a g a te  an d  
p o p u la riz e  n a tu ra l sciences, an d  achieved a d ec is iv e ly  h igh  level. [B y th e  w ay , 
th is  jo u rn a l  appears also  to d a y  u n d e r th e  ch an g ed  t i t le  “ T erm észet V ilága”  
(W o rld  o f N a tu re )].

A t th e  end  o f th e  la s t  c e n tu ry , th e  need  fo r a sc ien tific  jo u rn a l d ed ica ted  
ex c lu siv e ly  to  ch e m is try  w as fe lt. The f irs t  jo u rn a l in c lu d in g  th e  w ord  ch em is try  
in  i ts  t i t le  w as “ V egyésze t és G yógyszerészet“  (C h em istry  and  P h a rm acy ). 
T h e  p u b lish e r and  o w n er w as E m il F e l l e t á r , a ren o w n ed  chem ist, f i r s t  leader 
o f  th e  H u n g a ria n  I n s t i tu te  o f F orensic  C h em istry , engaged  m ain ly  in  tox ico lo g 
ica l an a ly sis . T he f i r s t  issue  o f his jo u rn a l, p u b lish ed  bi-w eekly  in  B u d a , 
a p p e a re d  on J a n u a ry  1st, 1863, w ith  sc ien tific  ob jec tiv es . N o tw ith s ta n d 
in g  th e  effo rts o f th e  e d ito r , th e  f irs t  a t te m p t  to  fo u n d  an  a t  le a s t sem i
ch em ica l jo u rn a l fa iled  as soon as a fte r n in e  m o n th s , because o f f in a n c ia l 
reaso n s [6].

T h e  n e x t a t te m p t ,  u n d e r ta k e n  b y  R u d o lf  F a b i n y i , young  pro fessor o f 
c h e m is try  a t  th e  n ew ly  fo u n d ed  U n iv e rs ity  o f K o lo zsv ár in  T ran sy lv an ia , 
s im ila rly  a t  his ow n in i t ia t iv e  an d  risk , h ad  a so m ew h a t longer la s tin g  success. 
T h e  jo u rn a l  called “ V e g y ta n i F a p o k ”  (C hem ical P a p e rs )  was p u b lished  m o n th ly  
in  K o lo zsv ár, th e  f i r s t  co p y  in  1882. I t  seem ed th a t  “ V eg y tan i L ap o k ”  w ould  
successfu lly  fu lfil i ts  o b je c tiv e . T he jo u rn a l p u b lish e d  orig inal papers o f sign if
ican ce , a n d  received  m a n u sc rip ts  from  lead in g  ch em is ts  o f th e  c o u n try , also 
fro m  th o se  ac tiv e  in  th e  c a p ita l, B u d ap est. I n  sp ite  o f th is , th e  jo u rn a l was 
d isc o n tin u e d  a fte r  sev en  y e a rs  w ith o u t an y  co m m en t; i t  c an n o t be e s tab lish ed  
w h e th e r  fo r fin an c ia l o r p e rso n a l reasons.

I t  to o k  again  e ig h t y e a rs  u n til  th e  n e x t H u n g a r ia n  chem ical jo u rn a l w as 
fo u n d ed . T h is th ird  a t te m p t  rem ain ed  successful. T h e  in i t ia to r  was th e  chem i- 
ca l-m inero log ical S ec tio n  o f  th e  R oyal H u n g a ria n  S o c ie ty  o f N a tu ra l Sciences 
m e n tio n e d  a lread y , a n d  p e rso n a lly  its  p re s id e n t o f  t h a t  tim e . K á ro ly  T h a n , 
p ro fesso r o f  ch em is try  a t  th e  U n iv e rs ity  o f B u d a p e s t, a lead ing  p e rso n a lity  of 
H u n g a r ia n  scien tific  life in  th o se  days and  also a c o n tr ib u to r  fin an c ia lly , w ith  
a g ift o f  1000 F lo rin s. T h e  f i r s t  copy o f “ M ag y ar C hem iai F o ly ó ira t”  (H u n g a r
ian  C hem ical Jo u rn a l)  w as p u b lish ed  in 1895 in  th e  ed itio n  of th e  Society . 
T h is jo u rn a l  appears also  to d a y , and  is h ig h ly  esteem ed  am ong ou r a lread y  
n u m ero u s  chem ical jo u rn a ls . As su p p lem en t, a m o n o g rap h  w'as y e a r ly  p u b 
lished , d ea lin g  w ith  a se lec ted  fie ld  of ch em is try , in  c o n tin u a tio n s , w hich  could 
be assem b led  in to  a b o o k . T h e  au th o rs  of th e se  m o n o g rap h s inc lude  th e  m ost 
illu s tr io u s  chem ists o f  H u n g a ry . T he p u b lica tio n  o f th e se  m onographs ceased 
u n d e r  th e  d ifficu lt co n d itio n s  a fte r  th e  F irs t W o rld  W ar.

T h e  jo u rn a l “ V egyészeti L ap o k ”  (C hem ical P ap e rs )  (1906—1919) was 
s ta r te d  as th e  organ  o f th e  A ssociation  of H u n g a ria n  C hem ical M an u fac tu re rs ,
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and  w as m ain ly  co n cern ed  w ith  tech n o lo g y , process p rac tice  an d  chem ica l 
econom y.

T he H u n g a ria n  C hem ical S ociety  w as fo u n d ed  in  1907, no t so m u c h  as a 
sc ien tific  o rg an iza tio n , b u t  ra th e r  as a busin ess  fed era tio n  of th e  a lre a d y  n u 
m erous H u n g a ria n  chem ists , m ain ly  in  s ta te  o r  in d u s tr ia l e m p lo y m en t. T he 
S ocie ty  founded  in  1910 its  m o n th ly  “ M ag y ar C hem ikusok  L a p ja ”  ( J o u rn a l  of 
H u n g a ria n  C hem ists); accord ing  to  its  t i t le -p a g e , a scien tific , social a n d  te c h n i
cal chem ical jo u rn a l.

A fte r  losing th e  F irs t  W orld  W ar, th e  ensu in g  sh rink ing  o f  H u n g a r ia n  
te r r i to ry  an d  in f la tio n  gave rise to  d ifficu ltie s  everyw here. A s u b s ta n t ia l  p a r t  
o f th e  fun d s o f th e  A cad em y  an d  of th e  S o c ie ty  o f  N a tu ra l Sciences g o t lo s t or 
d ep rec ia ted . N ev erth e less , sp aring  no e ffo rt, th e y  con tinued  w ith  th e  p u b lic a 
tio n  o f th e  tw o jo u rn a ls  m en tioned , w hile th e  jo u rn a l of the  C hem ical S ocie ty  
h a d  to  be d isco n tin u ed . T he Society  cou ld  s t a r t  again  only  in 1930 w ith  a new 
jo u rn a l u n d e r th e  t i t le  “ T echn ikai K u r ir”  (T echn ical M essenger), w h ich  was 
d isco n tin u ed  in  1938. F ro m  1940 th e  “ K ém ik u so k  L a p ja ”  was th e n  p u b lish ed  
aga in , an d  up  to  o u r day s it  rem ained  th e  p u b lish in g  organ  o f th e  H u n g a ria n  
C hem ical S ociety  u n d e r  th e  orig inal t i t le  “ M agyar K ém ikusok L a p ja ”  (only  
w r itte n  accord ing  to  m odern  o rth o g rap h y ).

In  th e  f irs t  p e rio d  a fte r W orld  W a r I I ,  sc ien tific  societies fu n c tio n e d  as 
before , an d  th e y  cou ld  also p rov ide  fo r th e  p u b lic a tio n  of th e ir  jo u rn a ls . O nly  
th e  s itu a tio n  o f th e  A cadem y becam e p ro b lem a tic . Social tra n s fo rm a tio n  
beg in n in g  in  1948 h ad  a large im p a c t on th e  sc ien tific  life o f th e  c o u n try . R e
o rg an iza tio n s acco m p an ied  b y  an  u n p a ra lle le d  upsw ing  of sc ien tific  research  
to o k  place.

In  th is  d ev e lo p m en t th e  m a jo r fie ld  o f  p a rtic ip a tio n  o f th e  A cadem y , 
reo rg an ized  in  1949, w as fu n d a m e n ta l re sea rch . As a rad ica l change in  c o n tra s t 
w ith  ea rlie r tim es , th is  invo lved  th e  d e v e lo p m en t o f a research  n e tw o rk  o f  its 
ow n, in  w hich  c h e m is try  was rep re sen ted  b y  severa l in s titu te s . A fu r th e r  im 
p e tu s  to  th is  d ev e lo p m en t w ere s te a d ily  e x te n d in g  research  w o rk  a t  th e  u n i
ve rs itie s  an d  th e  fo u n d a tio n  o f a series o f in d u s tr ia l  research  in s t i tu te s ,  engaged  
m a in ly  in  ap p lied  resea rch  and  d ev e lo p m en t.

U n d e r th e se  c ircu m stan ces th e  need  fo r new possib ilities o f  p u b lic a tio n  
becam e m ore com pelling  from  d ay  to  d ay , as th e  jo u rn a ls  a lready  e x is tin g  could 
b y  no m eans sa tis fy  dem an d . A t th e  b eg in n in g  o f  th e  fifties th e  s i tu a t io n  becam e 
even  m ore c ritic a l, as a t  th a t  tim e  th e re  w as scarcely  an y  p o ss ib ility  for 
p u b lica tio n  in  fo re ign  period icals an d , as i t  has been m entioned , th e  sc ien tific  
jo u rn a ls  in  fo re ign  language  o f th e  A cad em y  h a d  been d isco n tin u ed  befo re  the 
w ar. T h is in d u ced  th e  A cadem y to  found  jo u rn a ls  in  foreign lan g u ag es , m ak ing  
th e re b y  possib le  fo r H u n g a rian  sc ien tis ts  a c tiv e  in  various b ra n c h e s  o f  science 
to  a c q u a in t th e  in te rn a tio n a l sc ien tific  w orld  w ith  th e ir  resu lts . F o r  ch em is try , 
as a f irs t a t te m p t, th e  “ H u n g arica  C him ica A c ta ”  was published fro m  1947 to
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1949 in  five  v o lum es. T hese  can be considered  as  a precoursor o f th e  p re se n t 
“ A c ta  Chim ica A cad em iae  S c ien tia rum  H u n g a r ic a e ”  w hich founded  in  1952, 
b e in g  a re p re se n ta tiv e  p u b lish in g  o rgan  o f  H u n g a ria n  chem ical science, 
b e c a m e  ra p id ly  k n o w n  a n d  recognized.

T h e  H u n g a ria n  jo u rn a l  o f th e  A cadem y “ K ém ia i K özlem ények”  (C hem i
cal C om m u n ica tio n s) h as  b een  pub lished  since th e  sam e year, w h ich , h ow ever, 
in  i ts  p re se n t fram e does n o t b rin g  orig inal w o rk s , b u t  publishes, as th e  jo u rn a l  
o f th e  Class of C hem ical Sciences, th e  b e s t p a p e rs  p resen ted  a t  th e  sessions of 
th e  C lass, p a r tic u la r ly  th o se  of foreign v is itin g  sc ien tis ts , su rveys, re p o r ts  on 
th e  in te rn a l  life o f th e  Class, etc.

I n  th e  course o f  tim e , how ever, i t  h as  b eco m e ev iden t th a t  sp eed y  d e 
v e lo p m e n t of chem ical re sea rch  w ork all o v e r th e  w orld  requires new  p o ss ib ili
ties o f  p u b lica tio n . In te rn a tio n a l  jo u rn a ls  d e v o te d  to  m ore and  m ore specific  
fie ld s  o f  ch em istry  w ere  needed . The H u n g a ria n  A cadem y  of Sciences a n d  its  
P u b lish in g  H ouse, A k ad ém ia i K iadó , also c o n tr ib u te d  to  th e  sa tis fy in g  o f  th is  
d e m a n d , p a r tic u la r ly  in  fie ld s w here H u n g a r ia n  research  w ork  has h a d  th e  
h ig h e s t in te rn a tio n a l re p u ta t io n .

T h e  im p o rtan ce  o f  th e se  jo u rn a ls  has b een  h a ll-m ark ed  also b y  th e  fa c t 
t h a t  fo re ig n  p u b lish e rs  w illing ly  p a rtic ip a te  in  jo in t  editions. T hus, A k ad ém ia i 
K ia d ó  h as  p u b lish ed  jo in t ly  w ith  H eyden , L o n d o n , since 1969 th e  “ J o u rn a l  of 
T h e rm a l A nalysis” ; w ith  E lsev ier, A m ste rd am , since 1967 th e  “ J o u rn a l  of 
R a d io a n a ly tic a l C h e m is try ” ; since 1972, s im ila r ly  jo in tly  w ith  E lsev ie r, th e  
“ R ad io ch em ica l an d  R a d io a n a ly tic a l L e tte rs” . A n o th e r  ty p e  of in te rn a tio n a l 
c o -o p e ra tio n  is re p re se n te d  b y  “ R eaction  K in e tic s  and  C atalysis L e t te r s ” , 
p u b lish e d  since 1974 in  co llab o ra tio n  by  th e  H u n g a r ia n  and Soviet A cadem ies 
in  th e  ca re  o f A k ad ém ia i K iad ó , B u d ap est. “ A c ta  A lim en ta ria” , s ta r te d  in  
1972, o ffers good p u b lic a tio n  possib lities fo r re se a rc h  in  food ch e m is try , th e  
im p o r ta n c e  o f th e  jo u rn a l  b e in g  em phasized also  b y  th e  fac t th a t  H u n g a ry  is a 
la rge  e x p o r te r  of a g r ic u ltu ra l  p ro d u c ts .

I n  a ll these  jo u rn a ls  a t r a n s i t  tim e  as s h o r t  as possible is a im ed  a t ,  as i t  
is o b v io u s ly  essen tia l to d a y  in  th e  tran sm iss io n  o f  sc ien tific  in fo rm atio n .

I n  a d d itio n  to  th e  perio d ica ls  m en tio n ed  ab o v e , a series o f C um m unica- 
tio n s , A n n a les , A cta , etc. a re  in d ep en d en tly  p u b lish e d  b y  H u n g arian  u n iv e rs i
ties a n d  resea rch  in s t i tu te s ,  w h ich , how ever, a re  n o t  com parab le  as re g a rd s  to  
c o n te n ts  an d  p u b lic ity  to  th e  jo u rn a ls  m en tio n ed  ab o v e .

T w o  o f these  sh o u ld  neverthe less be m e n tio n e d : th e  period icals o f  th e  
T ech n ica l U n iversities o f  B u d a p e s t and  V eszprém . T h e  f irs t  o f these  h as  b een  
p u b lish e d  since 1957, u n d e r  th e  collective t i t le  “ P e rio d ica  P o ly tech n ica” ; i t  
c o n ta in s  p ap e rs  o f v a rio u s  sec tions, co rresp o n d in g  to  th e  d ifferen t F a c u ltie s . 
“ S ec tio n  C him ica”  co n sis ts  o f p ap ers  whose a u th o rs  a re  m ostly  on th e  s ta f f  of 
th e  F a c u l ty  for C h em istry . T h e  U n iversity  o f C h em ica l In d u strie s , V eszp rém , 
has fo u n d e d  in  1972, jo in t ly  w ith  th e  th ree  re se a rc h  in s ti tu te s  ac tive  in  V eszp-
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rém , th e  “ H u n g a rian  J o u rn a l  o f In d u s tr ia l  C h em is try ” , c re a tin g  th e re b y  a forum  
o f p u b lica tio n  w hich  h a d  been  m issing  up  to  th a t  d a te , to  re p o r t  chem ical- 
techno log ica l research  in  H u n g a ry .

I t  should  be m en tio n ed  f in a lly  t h a t  besides th e  jo u rn a ls  d iscussed  above 
a p p ea rin g  p re d o m in a n tly  in  foreign  lan g u ag e , th e re  a re  n u m ero u s  pub lish in g  
o rgans issu ing  chem ical p u b lica tio n s  reg u la rly  or irre g u la r ly  in  H u n g a rian ; 
th e se  are  n o t d iscussed  here .

In  sum m ary , i t  c an  be seen from  th e  afo resa id  th a t  th e  d ev e lo p m e n t and 
p re se n t s ta tu s  of o u r period ica ls  p e rm it H u n g a ry  to  occupy  a h o n o u ra b le  place 
in  th is  fie ld  of in te rn a tio n a l co n te s t, a p lace  w hich  is su ite d  to  i ts  s i tu a tio n  and 
circum stances.
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EINWIRKUNG VON LITHIUMMETALL AUF DAS 
GEFÜGE VON OXIDISCH DOTIERTEN 

WOLFRAMDRÄHTE**

R. G r OH*, T. MlLLNER and L. B artha

( Forschungsinstitut fü r  Technische Physik der 
Ungarischen Academie der Wissenschaften, Budapest)

Eingegangen am 2. November, 1977 
Zur Veröffentlichung angenommen am 7. Dezember, 1977

Metallographische Schliffbilder, Vickers Härtezahlen, Zerreißfestigkeitswerte 
und Restwiderstandsmessungen weisen darauf hin, daß die primäre Rekristallisation 
von KSiAl-gedopten Wolframdrähten mit Durchmessern von 0,6 mm durch die aus 
flüssigem Lithiummetall bei 1100 °C im Verlaufe von 100 Stunden eindiffundierenden 
Li-Atome wesentlich erleichtert wird.

M an f in d e t in  d er L ite ra tu r  fü r  die K o n z e n tra tio n  der F re m d sto ffsp u re n  
v e rsch ied en er W o lfra m d ra h tso r ten  [1 — 6], insbesondere  d er K S iA l-g ed o p ten  
W o lfra m d rä h te  [7] a n n e h m b a re  Z ah len w erte . Ü b er den S a u e rs to ffg e h a lt der 
D rä h te  w ird  m an  ab e r in  U n g ew iß h e it gelassen  en tw eder, w eil d ie  S au e rs to ff
b es tim m u n g sm e th o d en  u n zu län g lich  sind , oder aber, weil bis j e t z t  d en  S auer
s to ffsp u ren  — h in sich tlich  ih re r  die D rah te ig en sch aften  b e s tim m e n d e n  R olle — 
ke in e  en tsp rech en d e  A u fm erk sam k e it gew idm et w urde . L a u t L ite ra tu ra n g a b e n  
k ö n n en  z .B . K S iA l-d o tie rte  D rä h te  neb en  71 ppm  К  auch  9 p p m  О e n th a lte n
[7]. E s b le ib t dabei u n g e k lä r t, ob d ieser S au e rs to ff  an  K -, S i-o d e r  A l-A tom e 
g eb u n d en  is t oder “ u n g e b u n d e n ” , d .h . a lle in  an  W -A tom e g e b u n d e n  im  D ra h t 
v o rlieg t. M an b le ib t auch  d a rü b e r  im  U n k la ren , ob sich die O -A tom e in  K ris ta ll
g it te r ,  oder z .B . b ev o rzu g t an  den  F ase rg ren zen  befinden . D ab e i is t  au ch  zu 
b e a c h te n , d aß  in  K S iA l-gedop ten  D rä h te n  — wie dies von  A. K e l e  (et al.J, 
in  e in e r w e ite ren  M itte ilu n g  gezeigt w urde  [8] — durch  E rh itz e n  in  versch ied en  
ox id ie ren d en  A tm o sp h ären  oxid ische P h a se n  reversibel e n ts te h e n  o d e r v er
schw inden .

W ie b e k a n n t [9, 10] d iffund ie ren  im  W o lfram g itte r  L i-A to m e  be i z.B. 
1100 °C in te rs tiz ie ll ebenso schnell w ie z.B . C-, N- und  O -A tom e. D a  au ß erd em  
S au e rs to ffa to m e  in  L i20  m it 72 K ca l (301 k J )  je  V a lenzb indung  v ie l s tä rk e r  
g ebunden  w erden  als in  K 20  (43 K cal bzw . 180 k J ) , S i0 2 (51 K ca l b zw . 214 k J) 
u n d  A120 3 (63 — 65 K cal, bzw . 264 — 272 k J ) ,  v e rsu ch ten  w ir die O -A to m e des 
gezogenen D rah te s  aus ih re r  dife D rah te ig en sch aften  b es tim m e n d e n  — noch

* 1325 Budapest, Postfach 76, Ungarn.
** Vortrag, gehalten im Rahmen des 9. Plansee Seminars (Reutte, 1977);
The Influence of Lithium Metal on the Structure of Oxidic Doped Tungsten Wires.
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u n b e k a n n te n  — V e rk n ü p fu n g  u n d  Rolle m itte ls  e in d iffu n d ie rte r  Li A to m e zu 
e n tz ie h e n , um  dad u rch  ü b e r  ih re  Lage und  R o lle  e tw a s  zu  erfahren .

Z u  diesem  Zw eck h a b e n  w ir gezogene, g e re in ig te , K S iA l-gedop te  V er
su ch s-W o lfram d räh te  v o n  0 ,6  m m  D urchm esser m it  g e re in ig te r O berfläche  
v o rb e re i te t .  E tw a  10 D ra h ts tü c k e  w urden in  eine m it  L ith iu m m e ta ll besch ick te  
M o ly b d än m eta ll-H ü lse  g e g e b e n  u n d  m ittels e in er E le k tro n e n s tra h l-S c h w eiß e in 
r ic h tu n g  in  diese v a k u u m d ic h t  eingeschlossen. D iese  R ö h re  w urde  m it w e ite ren  
10 D ra h ts tü c k e n  in  e iner e v a k u ie r te n  abgeschm olzenen  Q uarzam pu lle  100 S tu n 
d e n  b e i 1100 °C e rh itz t. Z w isch en  den zwei S o r te n  v o n  D ra h ts tü c k e n  ließen  
s ic h  fo lgende U n tersch iede  fe s ts te llen .

1. C hem isch -ana ly tische  A to m ab so rp tio n sw erte  d er L i-V erteilung  in  den 
D r ä h te n  zeigten, daß  in  d ie  äussere  Zone (d .h . zw ischen  d 1 =  0,6 m m  u n d  
d2 =  0 ,55  mm) ru n d  35 p p m  L i e ingedrungen w a re n . Z w ischen d2 =  0,55 m m  
u n d  d 3 =  0,44 m m  k o n n te  n o c h  etw a 1 ppm  L i, w e ite r  im  D ra h tin n e re n  jed o ch  
k e in  L i m ehr nachgew iesen w erd en .

2.  B eide Sorten  lie ß e n  im  m eta llog raph ischen  S h liffb ild  (z.B. im  L ic h t
m ik ro sk o p ) eine a u sg e p rä g te , aus p rim är v ö llig  re k r is ta llise r te n  F a se rn  b e 
s te h e n d e  »F aserstruk tu r«  e rk e n n e n  (Bild 1). L ä n g s  des D rah td u rch m esse rs  
w a r  d ie  Z ahl der F ase rn  d e r  m i t  Li beh an d e lten  D rä h te  u m  etw a 20%  k le in e r 
a ls  d ie  d e r n u r im  V a k u u m  e rh itz te n  D räh te . A u g en sch e in lich  w urden  gewisse 
H in d e rn is se  des rad ia len  (se itlich en ) W achstum s d e r F ase r  du rch  Li behoben , 
u n d  z w a r im  ganzen Q u e r s c h n i t t !

3. A uch die V ic k e rs -H ä rtez a h le n  der zw ei D ra h ts o r te n  w iesen a u f  eine, 
d ie  p r im ä re  R e k ris ta llisa tio n  fö rdernde  W irk u n g  d e r  L i-D iffusion  h in . D ie n u r  
im  V a k u u m  erh itz ten  D ra h ts tü c k e  zeigten H V -W e rte  zw ischen 487—504, die 
m i t  L i beh an d e lten  zw isch en  4 2 9 —444.

4. D ie b e o b ach te ten  Z e rre iß fes tig k e itsw erte  d er u n b eh an d e lten  D rä h te  
(crB =  216 kg/m m 2), d e r  n u r  im  V akuum  e rh itz te n  D rä h te  (crß =  176— 180) 
u n d  d e r  m it Li b e h a n d e lte n  D rä h te  (aB =  156— 166) s in d  im  E in k lan g  m it den 
P u n k te n  1., 2. und  3.

5 . Die R e s tw id e rs ta n d sw e rte  der zwei S o r te n  u n te rsch ied en  sich v o n e i
n a n d e r  u m  einen e rh eb lich en , e indeu tigen  B e tra g . I n  B ild  2 is t der Z u sam m en 
h a n g

Ö(T) =
e(T2)

d a rg e s te l l t .  Лq(T) is t d e r W id e rs ta n d sb e trag , u m  w elchen  sich der bei irg en d e i
n e r  t ie fe n  T em p era tu r (z .B . b e i 77 °K) gem essene W id e rs ta n d  q(T2) u n te r 
s c h e id e t . Die bei tie fe n  T e m p e ra tu re n  b e s tim m te n  <5(T)-Werte d ü rfen  als 
R e s tw id e rs ta n d sw e rte  g e d e u te t  werden. W ä re n  im  D ra h t  die L i-A tom e als 
g e lö s te  A tom e (also als S tre u z e n tre n )  v o rh an d en , so m ü ß te  m an  eine E rh ö h u n g  
d e r  <5(T)-Werte du rch  L i e rw a r te n . Es w urde  je d o c h  eine V erm in d eru n g  der
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B ild 1. Textur gedopter KSiAl-Wolframdrähte; a) ohne Lithium, 100 St. bei 1100 °C in 
Vakuum erhitzt; 6)  in Berührung mit flüssigem Lithiummetall, 100 St. bei 1100 °C erhitzt

(Verg. 1000 X)

Bild. 2. Restwiderstandswerte von hei 1100 °C 100 St. m it und ohne flüssigem Lithium er
hitzten, gedopten KSiAl-Wolframdrähten

ö (T )-W erte  b e o b a c h te t w as e inerseits a u f  d ie  B ild u n g  v o n  u n g e lö stem  Li20 ,  
also  a u f  den V e rb ra u c h  v o n  (gelösten) O -A to m en  d u rch  gelöste  L i-A tom e, 
an d ere rse its  a u f  die d u rc h  diesen V organg  v e ru rsa c h te  V erm in d e ru n g  d er Zahl 
d e r  F aserg ren zen  (als F eh ls te llen ) zu rü ck g e fü h rt w erden  k a n n . D ie  R estw id er
s ta n d sw e rte  sind  g rö ß en o rd n u n g sm äß ig  m it d e r re la tiv e n  F a se rz a h l d er Schliff
b ild e r  im  E in k lang .

2 Acta Chim. Acad. Sei. H ung. 100, 1979
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D iese B eo b ach tu n g en  s te h e n  m it u nserer A n n ah m e , d aß  die e in d rin g en d en  
L i-A to m e  m it den O -A tom en  des gezogenen D ra h te s  reag ie ren , d a n n  in  Ü b e r
e in s tim m u n g , w enn w ir e in e  S auersto ffd iffu sion  aus dem  D ra h tin n e re n  nach  
d e r D ra h to b e rf lä ch e , also en tg e g e n  d er L itiu m d iffu sio n  m it in  B e tra c h t  ziehen.

E s  is t  le ich t m öglich , d a ß  die aus ih re r  u rsp rü n g lic h e n  L age d u rch  
L i-A to m e  en tzogenen  O -A to m e h a u p tsäch lich  v o n  den  u rsp rü n g lic h e n  F a se r
o b e rf lä c h e n  des gezogenen D ra h te s  s tam m en . D iese F ra g e  is t  ab er n o ch  G egen
s ta n d  w e ite re r  U n te rsu c h u n g e n , w elche das F a se rg le ite n  bei der K o n tra k tio n  
g ezo g en e r D rä h te  zum  G eg e n s tä n d e  haben .

*

Herrn Dr. L. U ra y  danken wir für die Restwiderstandsmessungen, den Herren G. 
Gá s p á r  und J. Mil l n e r  für die Elektronenstrahlschweißarbeiten und Herrn Dr. L. V arga  
für die mech. technischen Untersuchungen.
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A novel synthesis has been developed for the preparation of the benzo[o]quino- 
lizidine derivatives 3b o, and the stereochemistry of these compounds has been 
studied by *H and 13C—NMR spectroscopy. The structures of the alcohols 5a f and 
6a -f, obtained by the sodium borohydride reduction of the ketones 3b d and 31i j, 
have been established. Some of the compounds studied have high antiflammatory 
activity without ulcerogenic side effects.

A. Novel m ethods for th e  syn thesis o f b en zo [a]q u in o liz id in e  
derivatives 3b-o

T he sy n th esis  o f th e  io d o m e th y la te s  l a ,  b o f th e  M an n ich  bases  2a, b 
h as  been  described  in  o u r p rev ious p ap ers  [1, 2]. T hese io d o m e th y la te s  react 
w ith  3 ,4 -d ih y d ro -6 ,7 -d im eth o x y iso q u in o lin e  to  give th e  k e to n e s  3b  or 3h in 
good y ields [ 1] .  On th e  basis  o f W h i t t a k e r ’s re su lts  [3 ] ,  we h a v e  show n t h a t  

th e  hy d ro ch lo rid es  o f  3 ,4 -d ihydro isoqu ino lines can  also be m ade to  r e a c t  d irec t
ly  w ith  th e  M annich  bases 2a, b in  aqueous m e th a n o l so lu tio n  w h en  th e  ketones 
31> - d an  d 3h j  a re  fo rm ed  co n v en ien tly  an d  in  excellen t y ie ld s .

As som e o f th e  re su ltin g  com pounds h a d  been  found  to  possess h igh  a n ti
in f la m m a to ry  a c tiv ity  (see S ection  D ), th e  p re p a ra tio n  o f f u r th e r  deriv a tiv es  
w as n ecessary  fo r s tu d y in g  th e  s tru c tu re -a c tiv i ty  re la tio n sh ip . T h e  py rro lid ine  
en am in e , o b ta in ed  in  a good y ie ld  from  th e  k e to n e  3a [4], w as a llo w ed  to  react 
w ith  electroph ilic  a lk en es, e.g. a c ry lo n itrile  [5]. U n d er a p p ro p r ia te  reaction  
co n d itio n s c e r ta in  reg io se lec tiv ity  w as observ ed . F ro m  th e  re a c tio n  of the  
en am in e  4a w ith  ac ry lo n itr ile  a t  room  te m p e ra tu re  in  a n h y d ro u s  benzene, a 
single p ro d u c t, th e  k e to n itr ile  3e, a lk y la te d  in  positio n  1 w as iso la te d  in  a yield 
o f  2 8 % , in  ad d itio n  to  th e  u n ch an g ed  k e to n e  3a. In  p o la r so lv e n ts , such as 
bo iling  e th an o l, w ith  a n ea rly  e q u iv a len t a m o u n t o f a c ry lo n itr ile , com pound 
3b a lk y la ted  in p o sitio n  3 w as o b ta in ed  as th e  m ain  p ro d u c t. O n p rocessing  the

2* Acta Chim. Acad. S e i. H ung. 100, 1979
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о I I II I ' l b C H i C O . C H ; . C I I 2 C H 2 C 0 2 C H : O C H : f r a n s

r e a c tio n  p ro d u c t, sm all a m o u n ts  o f th e  isom er 3e a n d  th e  3 ,3 -d isu b s titu te d  
d e r iv a t iv e  3g were iso la te d  b e s id e s  th e  s ta r tin g  su b s ta n c e  3a. C om pound 3g  
w as th e  m a in  p roduc t w h en  th e  enam ine 4a w as a lk y la te d  in  boiling  e th a n o l 
w ith  a  la rg e  excess o f a c ry lo n itr i le , or when th e  e n a m in e  4c w as m ade to  re a c t 
w ith  a c ry lo n itr ile  (43% ). W h e n , how ever, en am in e  4b w as tre a te d  u n d e r s im i
la r  c o n d itio n s , the  1 ,3 -d is u b s titu te d  com pound 3 f w as o b ta in e d  in  a y ie ld  o f  ca. 
3 3 % , p re su m a b ly  for s te ric  re a so n s .
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T he s tru c tu re s  o f  th e  k e to n es  3b, h , o b ta in ed  from  th e  re a c tio n  o f  6,7- 
d im eth o x y -3 ,4 -d ih y d ro iso q u in o lin e  w ith  th e  io d o m eth y la tes  l a ,  b or the  
M annich  bases 2a, b, w ere p ro v ed  b y  chem ica l m ethods, and  th e se  com pounds 
w ere u sed  to  p rep are  te tra c y c lic  y o h im b in e  [1] and  reserp ine  a n a lo g u es  [6].

T h e  m ass sp ec tra  p ro v id ed  im p o r ta n t  clues in th e  s t ru c tu re  e lu c id a tio n  
o f  th e  new  com pounds p re p a re d  b y  th e  a lk y la tio n  o f th e  en am in es  4a — c w ith  
ac ry lo n itrile . T he m ass sp e c tra  o f  a ll co m pounds s tu d ied  in  w h ich  th e  alkyl 
g roup  is in  position  1 (3e, 1) c o n ta in  an  M -56 frag m en t, su p p o rtin g  th e  s tru c tu re , 
w hereas th e  com pounds w ith  one or tw o  a lk y l groups in  p o sitio n  3 (3b, g, h, o) 
p ro d u ce  a c h a rac te ris tic  M -43 fra g m e n t. T h e  m ass sp ec tra  o f  th e  1 ,3 -d isubsti- 
tu te d  d e riv a tiv e s  (3f, m , n) c o n ta in  n e ith e r  o f  these  frag m en ts .

W e in ten d ed  to  c o n v e rt n itr ile s  3b, g an d  3e, f  in to  th e  co rresp o n d in g  
es te rs  b y  boiling  in  m e th a n o l or e th a n o l in  th e  presence o f su lfu ric  ac id .

As ex p ec ted , th e  3 -su b s titu te d  co m pounds (3b, g) u n ifo rm ly  p roduced  
th e  m e th y l esters  3h an d  3o. W h en , h o w ev er, 1 -su b stitu ted  (3e) or 1 ,3 -d isubsti- 
tu te d  n itrile s  (3f) w ere re flu x e d  in  e th a n o l or m ethano l in  th e  p re sen ce  o f sul
fu ric  ac id , tw o isom eric p a irs  (Зк, 1 a n d  3m , n) could be iso la te d  in  each  case 
b y  m eans o f  p re p a ra tiv e  la y e r  c h ro m a to g ra p h y , in stead  o f th e  s ing le  p roduc ts 
ex p ec ted . B y  in te r ru p tin g  th e  re a c tio n  a f te r  a sh o rt period (1 h ), w e h a v e  found 
th a t  f ir s t ,  in  a k in e tica lly  co n tro lled  re a c tio n , com pounds 3k an d  3m  are  form ed, 
w h ich  are co n v erted  in to  isom ers 31 a n d  3n on prolonged bo ilin g . T h e  m em bers 
o f  th e  com pound  p a irs  are  in  e q u ilib riu m  (3k ^  1, 3m ^  n) w h ic h  is sh ifted  
b y  ac ids or bases in  th e  d irec tio n  o f  th e  u p p e r  arrow , to w ard  th e  th e rm o d y n a 
m ica lly  m ore s tab le  form s (31, n).

In d u ced  b y  th is  in te re s tin g  p h en o m en o n , we have in v e s tig a te d  th e  con
f ig u ra tio n  an d  co n fo rm atio n  o f  th e  ab o v e  com pounds by  1H - a n d  13C-NMR 
sp ec tro sco p y .

B. Stereochemical studies of the ketones 3e, f, h , k -n  by m eans 
of 1H- and 13C-NMR spectroscopy

D isp layed  in  T ab le  I are  th e  1H -N M R  p aram ete rs  (ch em ica l sh ifts  and 
v ic in a l couplings) o f th e  a n g u la r  p ro to n , C - l lb H ;  T ab le  II  su m m arize s  the 
carbon-13  chem ical sh ifts . B y  sy s te m a tic  13C-NM R stu d ies  o f  re la te d  benzo- 
a n d  indo loqu ino liz id ines [7, 8] i t  h as  b een  estab lished  th a t  th e  13C sh if t value 
o f th e  an g u la r C - l lb  ca rb o n  re flec ts  i ts  a c tu a l co n figu ra tion . W ith in  th e  form u
la tio n  used  in  th is  p ap e r, ^ -c o n fig u ra tio n  is charac terized  b y  C - l l b  resonance 
o ccu rrin g  betw een  54 an d  57 p p m , w h ereas  la rg e r va lues, ra n g in g  fro m  60 to  64 
p p m , in d ica te  B/C rin g  fusion  w ith  a -o rie n te d  C - l lb .  A cco rd in g  to  d a ta  in 
T ab le  II, th e  la t te r  is th e  case fo r m olecules 3b and  3b, an d  f u r th e r  increase of 
th e  C - l lb  sh ift v a lu e  in  th e  C -l s u b s ti tu te d  deriva tives is o b v io u s ly  due to  
^ -su b s titu tio n  effects. T he 1H  chem ical sh if t and  v icinal co u p lin g s o f  th e  angu-
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Table I

Chemical Shiftsa (ppm ) and 1H —lH Coupling Constants (Hz) of C -llbH

3b 3e 3 f 3h 3k 31 3m 3n

<5 3.58 3.64 3 .5 5 3.52 3 .82 3.55 3.67 3.55

3Ja 11 — — 11 10 — 10 —

3 ,e 3 3.5 3 .5 3 — 3.5 — 3.5

a In CDClg, relative to internal TMS

la r  p ro to n  in 3b and  3h (see T a b le  I) are c h a ra c te r is t ic  o f  benzo- and  indolo- 
q u in o liz id in es  w ith  h ig h ly  p re fe r re d  trans c o n fo rm a tio n  [9, 10], in  w hich C - l lb H  
is a x ia lly  orien ted  w ith  r e s p e c t  to  ring  C. B o th  o f  th e s e  tw o  couplings are  seen 
to  o c c u r  also in th e  s p e c tra  o f  th e  C-l s u b s t i tu te d  d e riv a tiv e s  (see T ab le  I ) . 
T h is  f in d in g  suggests t h a t  t h e  su b s titu e n t a t  C -l assu m es axia l o rie n ta tio n  in  
3 e , 3 f, 31, 3n and equatorial o r ie n ta t io n  in 3k a n d  3m , i.e . m olecules 3m an d  3n, 
a s  w ell as 3k and  31 are e p im e r ic  p a irs . W hile th e  a n g u la r  p ro to n  chem ical sh if t 
in  d e r iv a tiv e s  w ith  a x ia lly  o r ie n te d  C-l s u b s ti tu e n t  p ra c tic a lly  coincides w ith  
t he v a lu e s  found  for 3b a n d  3 h , th e re  are m ark ed  d o w n fie ld  sh ifts in 3k an d  3m , 
su g g e s tin g  a d isp lacem ent o f  th e  co n fo rm atio n a l e q u ilib riu m  in  th e  l a t te r  
m o lecu les  to w ard  th e  p re fe re n ce  o f  th e  cis (сг) fo rm  w ith  a x ia lly  orien ted  C - l lb H . 
T h is  co n c lu sio n  is fu lly  s u p p o r te d  b y  the  13C -N M R  d a ta  in  T ab le  I I .  C o m p ara 
t iv e  ca rb o n -1 3  studies on  r e la te d  system s show  [7, 8 , 11 — 14] th a t  th e  chem ical 
sh if t  o f  C-6 and  C - ll  are  s e n s it iv e  to  co n fo rm atio n a l changes o f th e  qu inoliz i- 
d in e  m o ie ty . T ypically , a  v a lu e  o f  50 to  52 p p m  fo r  C-6 chem ical sh ift is e x 
p e c te d  w ith  p re fe ren tia lly  tr a n s ,  a n d  a value o f 44 to  46 p p m  w ith  p re fe ren tia lly  
cis  b enzoqu ino liz id ines. T h e  re sp e c tiv e  values fo r C - l l  a re  108 and  112 p p m . I t  
w ill b e  n o te d  th a t  th e  c a rb o n -1 3  d a ta  also re f le c t th e  ch an g e  o f th e  C -l su b s ti
tu e n t  o r ie n ta tio n . In  p a r t ic u la r ,  th is  can be seen fro m  th e  resonances due to  C -l, 
a n d  C -2, w hich  exh ib it o r ie n ta tio n -d e p e n d e n t a - a n d  Д-su b s titu e n t effects.

(F o r  o th e r resonances o r ig in a te d  by  carbons n e a r  th e  s ite  o f su b s titu tio n , 
th e s e  e ffe c ts  are m asked b y  e ffe c ts  o f co n fo rm atio n a l changes.)

T h e  above resu lts  a re  a lso  supported  b y  th e  s tro n g  B ohlm ann  b an d s  
a p p e a r in g  in  the  in fra red  s p e c t r a  o f trons-qu ino liz id ine  d e riv a tiv e s , w hich c a n 
n o t  b e  o bserved  in th e  s p e c tra  o f  th e  com pounds w ith  cis (cx) con fo rm ation  
(3k, m ).

I n  ag reem ent w ith  th e  a v a ila b le  lite ra tu re  d a ta  [15, 16], th e  ex p erim en 
t a l  r e s u l ts  can  be sum m arized  a s  follows. All th e  3 -m o n o su b s titu te d  com pounds 
(3b — d, 3 h —j) have frtm s-q u in o liz id in e  co n fo rm atio n , a n d  th e  su b s titu e n t in  
p o s itio n  3 is a,-equatorial. T h ese  com pounds are th e rm o d y n a m ic a lly  stab le , an d  
u n d e r  th e  influence of ac ids o r  b a se s  th ey  re ta in  th e  co n fo rm atio n  of b o th  th e
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R = ON. CO2CH3 , СО2С2 НГ.

3b 3e 3i 3h 3k 31 3m 3n

C -llb 62.21 64.54 65.41 62.41 65.68 65.19 67.14 65.86
C-6 49.99 51.27 50.96 50.31 46.55 51.44 44.86 51.51

C-7 29.38 29.51 29.53 29.42 27.72 29.58 28.96 29.56

C-7a 126.19 125.70 125.30 126.21 126.14 126.40 126.07 126.20

C-8 111.69 111.74 111.88 111.74 111.24 111.61 111.88 111.63

C-9 147.96b 148.16b 148.31b 148.01b 148.41 147.93b 148.54 147.91b
C-10 147.61b 147.91b 148.16b 147.67b 146.96 147.76b 146.51 147.77b
c -11 108.26 107.26 107.33 108.25 111.98 107.82 112.22 107.76

C -lla 128.33 128.03 128.04 128.58 127.16 128.04 126.57 127.97

C-l 47.35 54.54 55.17 47.60 52.40 55.34 51.77 55.45
C-2 208.37 210.50 210.85 209.02 209.60 211.80 209.90 212.64

C-3 47.84 38.52 45.41 48.69 38.80 38.74 46.68 45.81

C-4 60.56 54.90 60.97 61.06 52.61 55.17 61.50 61.56

C-12 — 22.95 22.74c — 23.69 21.80 22.00c 22.02е

C-13 — 15.11 15.33d — 32.19 31.41 31.48d 31.29d
C-14 22.80 — 23.09c 21.86 — — 21.75c 21.91c
C-15 15.20 — 15.33d 31.68 — — 31.98d 31.66d

CN 119.46 119.04 118.83 — — — — —
119.23

COOR — — — 173.64 173.10 172.64 173.65 173.05
173.68 173.74

COOR — — — 51.52 14.20 14.17 51.32 51.17

60.26 60.20 51.46 51.17

OMe 55.99 55.99 56.14 56.04 56.19 55.99 56.08 56.04

55.84 55.84 55.94 55.94 55.94 55.82 55.88 55.84

a I11 CDCI3, relative to internal TMS
b.c>cl Assignments may be reversed within the same vertical column
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r in g  s y s te m  an d  th e  s u b s ti tu e n t  in  position  3. W ith  th e  k e to n itriles  3e a n d  3f, 
w h ic h  a lso  h av e  trans  co n fo rm a tio n , b u t w h ere  th e  su b s titu e n t is ß-ax ia l  in  
p o s it io n  1, th e  1, l i b  bo n d  o f  th e  C ring  is o p en ed  upon  boiling in a lcoho ls in  
th e  p re se n c e  o f su lfuric  ac id , a n d  in  a k in e tic a lly  co n tro lled  reac tio n  th e  r in g  is 
c lo sed  to  fo rm  esters 3k or 3m  w ith  cis ( (^ c o n fo rm a tio n  and  x-equatorial s u b 
s t i tu e n t .  O n fu r th e r  acidic or a lk a lin e  tre a tm e n t ,  th e  con fo rm ation  o f th e se  c o m 
p o u n d s  is rev e rsed , an d  ep im eriza tio n  ta k e s  p lace  on carb o n  1 to  y ield  th e  t h e r 
m o d y n a m ic a lly  m ore s tab le  e s te rs  31 or 3n o f trans  con form ation .

C. The sodium borohydride reduction o f the ketones 
3b-d and 3h-j

T h e  sod ium  b o ro h y d rid e  red u c tio n  o f th e  k e to n itr ile s  3b —d yields equa
torial  a lcoho ls 5 a —c as th e  m a in  p ro d u c t, a lo n g  w ith  m inor am o u n ts  o f  th e  
a x ia l  iso m ers  6 a —c. T he alcoho ls 5 a —c p re c ip ita te  from  th e  m eth an o l so lu tio n  
d ire c t ly  d u rin g  th e  re d u c tio n , w hereas co m p o u n d s 6a — c can be iso la ted  b y  
p re p a ra t iv e  lay e r ch ro m a to g ra p h y . T he s tru c tu re s  o f  th e  resu lting  a lcohols 
w ere  d e te rm in e d  u n am b ig o u sly  from  th e  1H -N M R  sp e c tra  of th e ir  ace ty l d e r iv a 
tiv e s  5 g — i a n d  6g—i fo rm ed  b y  ace ty la tio n , on  th e  basis o f th e  chem ical s h if t  
a n d  c o u p lin g  co n stan ts  o f  p ro to n  2.

S im ila r ly , red u c tio n  o f  th e  k e to este rs  3 h —j y ields eq u a to ria l a lcohols 
5d — f  as th e  m ain  p ro d u c t a lo n g  w ith  th e  axia l  isom ers 6d —f. In  som e cases 
(5d, f)  re d u c tio n  o f th e  k e to e s te rs  3h, j led  to  sp o n tan eo u s  ring  closure, in  
w h ich  la c to n e s  7a, b w ere fo rm e d  via  m e th an o l e lim in a tio n . The s tru c tu re  of 
th e  la c to n e s  w ere confirm ed  b y  th e  m ass sp e c tra . T h e  ste reochem istry  o f th e  
a lcoho ls w as again  d e te rm in ed  from  th e  1H -N M R  sp e c tra  of th e ir  ace ty l d e r i
v a tiv e s  (5j — 1 and  6j — 1).

D. Pharm acological tests

A c c o rd in g  to  te s ts  on v a r io u s  know n e x p e rim e n ta l in flam m atio n  m odels, 
th e  in v e s t ig a te d  benzo [a]q u in o liz id in e  d e riv a tiv e s  o f  general form ula 3 h a v e  
a n ti in f la m m a to ry  a c tiv ity  e q u a l to , or g rea te r  th a n ,  th a t  o f p h en y lb u tazo n e  
(T ab le  I I I ) .  I t  is o f p a r tic u la r  in te re s t  th a t  on th e  se ro to n in  oedem a m odel th e  
te s te d  b en zo [o ]q u in o liz id in e  d e riv a tiv e s  p ro v ed  to  be  sev era l tim es m ore ac tiv e  
th a n  p h e n y lb u ta z o n e  or in d o m e th a c in  (Table I I I ) .

S o m e o f th e  benzo [a]q u in o liz id in e  d e riv a tiv e s  in v e s tig a te d  have co n sid e r
able a n t ip y re t ic  effect as well. I n  th e  case o f e x p e rim e n ta lly  induced  fever, th e ir  
a n t ip y re t ic  a c tiv ity  exceeds t h a t  o f  am id azo p h en  (T ab le  IV ).

H o t-p la te  an d  w rith in g  sy n d ro m e  te s ts  h a v e  show n th a t  th e  an a lg e tic  
effect o f  th e s e  com pounds exceed  th a t  o f p h e n y lb u ta z o n e  (Tables V an d  V I).
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4 if R2

a и II
b П1г< W N II
C II f W t M  i \

5. 6 R' и5 k \  k *

a К C.N O O H 3

b II CN 002H-,
C II ON —OOH2o —
<i If; СОзОП:, ООИ.1
e H OO2O H 3 (K'sHr.
r H '  CO 2OH 3 —O0 H 2O —

к c(x ;h :, c x O O H 3

h 0 0 0 1 1 » ON 0 0 2 H-,
i ОООН» ON —O O H 2 0 —

j COO 11» OO2O H 3 ООН»
k C O C H .1 CO2O H 3 0 0 2Нл
1 СО СН з OOjOHj —О О Н гО —

7 K1, R2

a ООН»
b —ООНгО—

In  a d d itio n  to  th e  a n tiin f la m m a to ry , a n tip y re tic  an d  a n a lg e tic  effects, 
b en zo [a]qu ino liz id ine  d e riv a tiv e s  also show  a CNS sed a tiv e  effec t.

A ccording to  th e  to x ic i ty  te s ts , th e  to x ic itie s  o f  th e  m a jo r ity  o f  th e  com 
p o u n d s  in v es tig a ted  are  s im ila r in  m ag n itu d e  to  th a t  o f  p h e n y lb u ta z o n e  (in 
a c u te  ex p erim en ts , p e ro ra l a d m in is tra tio n  on ra ts  ; see T ab le  V II ) .
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Table III

Antiinflammatory effect o f  3b—d and 3h in kaolin, carragenin, serotonin oedema and
Cotton-granuloma tests

Dose, mg/kg, 
p e r  os

Inhibition of oedema and granuloma, in % of controls

Compound
Kaolin 

2 h
Carragenin 

1.5 h
Serotonin 

1 h Cotton

3b 25 20.5a _ _ _
50 21.4a 24.2a 22.4e —

75 24.8a 25.7a — —

100 47.8b 37.7b 57.8C —

3c 25 17.3a 25.l a — —

50 19.4a 41.5b 36.2e —

75 48.9b — — —

100 45.9b 53.7b 47.0е —

3d 25 18. l a 22.0a 28.5е —

50 27.5a 30.6b 42.1е 26.4а
75 43.7b 47.7b 48.7е —

100 53.4b 52.7b — —

3h 25 5.8 — — —

50 21.4a 14.3 — —

75 24.7a 2.8 — —

100 — 17.0 16.0 —

P henylbutazone 50 27.5b 24.3a — 19.6b
100 — - 10.2 —

Indom ethacin 10 27.2b 26.7a — —

25 — — 1.4 —

N a-sa licy la te 100 10.5 16.2 — 25.5Ь

a p =  0.01 %
b p  =  0.05
c p  — 0.001 (significance was calculated by means of Studient’s “t” test) 
d Inbred, genetically uniform rats of Long-Ewans strain; 10 animals in a sex ratio of 

1 : 1 were used

I n  c o n tra s t w ith  in d o m e th a c in , know n  to  h a v e  u lcerogenic  effec t, th e  
c o m p o u n d s  in v es tig a ted  sh o w  no  such effect in  su b a c u te  to x ic ity  te s ts , an d  
h a v e  n o  adverse effect on  th e  haem ato p o ie tic  o rg an s  (T able  V II I ) .

A s a fu r th e r  a d v a n ta g e , th e  th e rap eu tic  in d ices  o f th e  com pounds o f  gen
e ra l fo rm u la  3 are m uch  h ig h e r  th a n  th a t  o f  in d o m e th a c in  (T able IX ).

A ccord ing ly , th is  g ro u p  o f  com pounds c a n  be  ap p lied  p rim a rily  fo r th e  
t r e a tm e n t  of a r th r itis  a n d  th e  in flam m ato ry  d iseases o f  ske le ta l m uscles, as 
a n tiin f la m m a to ry  and  a n a lg e tic  drugs.
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Table IV

Antipyretic effect on experimentally induced fever

Compound
Dose, mg/kg 

p e r  os
Changes n body temperature, °C at

1 h 2 h 3 h

3d 25 — 1.67c — 1.81е — 1.60b
50 — 2.75c - 3 .3 4 е — 4.03е

Phenylbutazone 25 — 0.82b —0.84ь — 0.73a
50 — 1.05b — 1.07b — 0.76a

Amidazophen 25 — 1.17c — 0.97ь — 0.95a

a p =  0.05
b p =  0.01
c p  =  0 . 0 0 1

Table V

Hoot plate test

Compound Dose mg/kg, 
p e r  os

Effect (%) a t 2 h

3c 50 33.9
3d 50 61.2
3h 50 26.4

Remark: As it is known, indomethacin and phenylbutazone do not elicit evaluable effects at 
a dose of 50 mg/kg given orally.

Table VI

Writhing syndrome

Compound Dose, mg/kg, 
p er  os

Effect (%) 
at 2 h

3d 50 41.8
Phenylbutazone 100 17.6

Remark: The effect on writhes observed in the test and control animals were calculated and 
the difference was expressed in per cent

T he absence  o f  u lcerogenic  e ffec t o r a n y  adverse effect on  th e  h a e m a to 
p o ie tic  o rgans is considered  a d v a n ta g e o u s , since pro longed t r e a tm e n t  becom es 
possib le , w hich  is an  im p o r ta n t  th e ra p e u tic  fac to r w ith  d iseases o f th is  k ind . 
Som e o f th e  com pounds also e x h ib it s u b s ta n tia l  secre tion  in h ib itin g  effect.

A lcohols o f  general fo rm u la  5 show  even  m ore fav o u rab le  effec ts  th a n  
com pounds o f  ty p e  3. T h e ir p h arm aco lo g ica l d a ta  will be p u b lish ed  se p a ra te ly .

A c ta  C h im . A c a d .  S e i .  H u n g .  1 0 0 , 1 9 7 9
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Table VII

Acute toxicity

Compound I DS0, mg/kg
orallŷ

3b 620
3c 780
3d 1407

Na-salicylate 1700
Phenylbutazone 1181
Indomethacin 12

a The values of LD60 were determined by the Litchfield—Wilcoxon method on CFY
rats

Table VIII

Study of ulcer formation

Compound
Ulcer Erosion

Male Female Mule Female

3d 0/10 1/10 0/10 1/10
Control 0/10 0/10 0/10 0/10
Indomethacin 3/10 3/10 1/10 1/10

Table IX

Therapeutic index

Compound
L D ../E D ,,

Kaolin oedema Carragenin oedema

3b 12.4 6.7
3c 15.0 19.8
3d 29.2 2 2 .6

Indomethacin 2.3 1.3

Experim ental

IR  spectra were recorded in KBr with a Spectromom 2000 spectrophotometer. 41- and 
13C—NMR spectra were obtained at 100 and 25.2 MHz, respectively, using a Varian XL-100/ 
15—124XL 16 Fourier transform spectrometer. The assignments o f 13C resonances to the in
dividual carbons in the molecules are based on spectral comparison, and single-frequency 
selective 13C—41 decouplings. Chemical shifts are reported in ppm (<5) downfield from TMS. 
Mass spectra (MS) were recorded w ith AEI MS 902 and JEOL-01SG-2 instruments (70 eV, 
ion source temp. 150 °C, direct insertion).
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5-oxo-dimethylaminocapronitrile (2a)

This compound was synthesized by the method described in Ref. [2], and purified by 
distillation. B.p. 110 °C/1 m m ; n}) =  1.4453.

IR (film ): 1710 cm - 1 (CO).

Methyl-(5-oxo-4-dimethylamino)hexanoate (2b)

The compound was obtained bv the method described in Ref. [3]. and purified by dis
tillation. B.p. 1 0 4 -1 0 6  °C/4 m m ; njb°= 1.4450.

IR (film ): 1725 cm -1  (ester CO).

General method for the preparation of the ketones 3b-d and 3h-i

To a solution of the appropriate isoquinoline hydrochloride (4.95 mmol) in 3 ml of water 
there was added, with stirring, a solution of 2a (5.90 mmol) or 2b (4.98 mmol) in 1 ml of metha
nol. Stirring was continued for 24 h at room temperature. The separated crystalline product 
was filtered off, washed w ith ethanol and water, and recrystallized from methanol (see Table 
X).

General method for the preparation of the enamines 4a-e

A solution of the ketone 3a—c (5.36 mmol) in a mixture of pyrrolidine (10.5 ml) and 
abs. benzene (22.0 ml) was distilled for 5 h under magnetic stirring in nitrogen atmosphere. 
The volume of the solution was continuously maintained by adding 10% pyrrolidine containing 
benzene. The solvent was evaporated in vacuum, and the rest of pyrrolidine was removed by 
repeated distillation of benzene (3 X 20 ml). The crude enamines were used for the next step 
without purification. The structures of the enamines were confirmed by IR  spectroscopy.

4a IR(KBr): 2750 (Bohlmann bands), 1650 cm -1 (C =C ).
4b IR(KBr): 2805, 2750 (Bohlmann bands), 2310 (CN), 1658 cm ' 1 (C =C ).
4c IR(KBr): 2805 (Bohlmann bands), 2310 (CN), 1650 cm “ 1 (C =C ).

3-[9,10-Dim ethoxy-2-oxo-l, 3,4,6,7, llba-hexahydro- 
-2H-benzo[a]quinolizin-(l/?)-yl]propionitrile (3e)

To a solution of the enamine 4a (0.53 g ; 1.70 mmol) in dry benzene (7 ml), acrylonitrile 
(90 m g ; 1.70 mmol) was added, and the reaction mixture was allowed to stand at room tem 
perature for 4 days. The solution was poured into water (4 ml), the organic layer was dried 
over MgS04 and the solvent evaporated in vacuum. The residue was separated by preparative 
TI.C [silica gel, benzene-MeOH (14: 3), R( Зе >  3a, elution with acetone] to give the starting 
material 3a (0.21 g ; 39.3% ) and 3e (80 m g; 15%) m.p. 182 °C (from methanol).

IR (K B r): 2805, 2750 (Bohlmann bands), 2260 (CN), 1710 cm -1 (CO).
>H NMR(CDC13) : 6.25, 6.17 (2H, s, aromatic), 3.85 (6H, s, OCH3), 3.64 (1H, d, J  =  

=  3.5 Hz, l l b - H ) .
MS m/e (% ): 314 (M  + , 11), 313 (5), 286 (2), 274 (100), 258 (3), 218 (2), 205 (1).
Cl8H22N ,0 3 (314.38). Calcd. C 68.76 ; H 7.05 ; N 8.91. Found C 68.44 ; H 7.13 ; N 9.22%.

3-[9,10-Diinethoxy-2-oxo-l,3,4,6,7,llba-hexahydro- 
-2H-benzo[a]quinolizin-(3/?)-yl]propionitrile (3b)

The enamine 4a (1.20 g ; 3.82 mmol) and acrylonitrile 0.35 g ; 0.65 mmol) were refluxed 
in ethanol (10 ml) for 8 h. The reaction mixture was poured into water, and extracted with 
ether (3 X 10 ml). After removal of the solvent the residue was treated with methanol to yield 
81 mg (6.7%) of 3e. The water phase was extracted with dichloromethane (3 x 1 0  ml). After 
drying (MgS04) the solvent was evaporated in vacuum. The residue was crystallized from metha
nol to give 3b (185 m g; 15.8%), m.p. 129 131 °C (lit. [1] m.p. 130—131 °C). (For 1H —NMR
data of 3b, see Table X ).
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Table X

Physical data o f ketones 3b—d and 3h—j

Comp. M .p.,°C
Yield,

% Formula Analyses IR(KBr)
v max, cm-1

*H—NMR(CDC13) 
d(ppm), J  (Hz)

3b 1 3 0 -3 1 62 a) .» a) 6.63, 6.54 (2 H, s, aromatic) ; 
3.84, 3.82 (6 H, s , OCH3) ; 

3.58 (1 H, 11.3, llb -H ).

3c 1 3 5 -3 6 89 c2„h 26x 2o 2 C, H, N 2800, 2750 
2300, 1710

6.44, 6.36 (2 H, 8, aromatic) ; 
3.95 (4 H, q, 6.6, C H X H ,) ; 
3.52 (1 H, 10.5, 3.2, llb -H );  
1.40 (6 H, t, 6.6, CH2CH3).

3d 154—55 64 ^ 1 7 ^ 1 8 ^ 2 ^ 3 C, H, N 2800, 2750 
2380, 1715

6.52, 6.47 (2 H, s, aromatic); 
5.82 (2 H, s, ОСШ Э); 3.55 
(1 H, 10.6, 3, llb -H ).

3h 131 95 a) a) a) 6.62, 6.55 (2 H, s, aromatic); 
3.84, 3.82 (6 H, s, OCH3) ; 
3.67 (3 H, s, CO.,CH3) ;
3.52 (1 H, 11, 3,“llb -H ).

3i 130—32 94 c 21n 29x o 5 C, H, N 2800, 2750 
1730, 1715

6.60, 6.54 (2 H, s, aromatic) ; 
4.02 (4 H, q, 6.6, CH2CH3) ; 
3.66 (3 H, s, C02CH3) ; 3.35 
(1 H, 10.5, 3, llb -H );  1.42 
(6 H, t, 6.6, CH2CH3).

3j 1 2 3 -2 4 92 C, H , N 2800, 2750 
1750, 1740

6.62, 6.58 (2 H, s ,  aromatic) ; 
5.90 (2 H, s, OCH20 ) ; 3.70 
(3 H, s , CO„CH3) ; 3.64 
(1 H, 10.7, 3, llb -H ).

a) See Ref. [1] 3-[9,10-Dimethoxy- (3b), -diethoxy- (3c) and -methylenedioxy-2-oxo- 
l,3,4,6,7,llba-hexahydro-21T-benzo[a]quinolizinyl-(3a)]propionitrile (3d).

M ethyl 3-[9,10-dimethoxy- (3h), -diethoxy- (3i) and -m ethylenedioxy-2-oxo-l,3,4,6,7, 
llba-hexahydro-2jFT-benzo[a]quinolizinyl-(3a)]propionate (3j)

9,10-D im ethoxy-2-oxo-3,3-bis(2-cyanoethyl)-l,3,4,6,7,llba- 
hexahydro-2H-benzo[a]quinolizine (3g)

(A ) A  solution of the enamine 4a in ethanol (8 ml) was refluxed with acrylonitrile (0.45 
g ; 8.58 m m ol) for 4 h. After cooling, the crystals were filtered off and washed with methanol 
to obtain 0.28 g (26.5%) of the title  compound, m.p. 182— 183 °C (from dichloromethane- 
methanol).

IR (K B r): 2300 (CN), 1715 cm - 1 (CO).
*H—NMR(CDC13) : 6.75, 6.63 (2H , s, aromatic), 3.94, 3.91 (6H, s, OCH3).
MS m/e (% ): 367 (M +, 20); 366 (25); 351 (3); 336 (1); 327 (22); 324 (12); 274 (100); 

205 (30).
C21H ,5N 30 3 (367.44). Calcd. C 68.64 ; H 6.86 ; N  11.43. Found C 68.44 ; H 6.82 ; N  11.50%.
(B )  The enamine 4c (1.80 g ;  4.94 mmol) and acrylonitrile (0.39 g ; 7.42 mmol) were 

refluxed in ethanol (13 ml) for 4 h. After cooling, the separated crystals were collected and re- 
crystallized from methanol to give 0.75 g (43%) of 3g.
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9,10-D im ethoxy-2-oxo-l/5,3a-bis(2-cyanoethyl)-l,3,4,6,7,llba- 
hexahydro-2H-benzo[a]quinolizine (3 f)

A solution of the enamine 4b (1.80 g ; 4.94 mmol) in ethanol (13 ml) was refluxed with 
acrylonitrile (0.39 g ; 7.42 mmol) for 48 h. The hot reaction mixture was filtered, and the crys
talline product was washed wite methanol to obtain 0.60 g (33.4%) of 3f, m.p. 202—203 °C 
(from dichlorometane-methanol).

IR (K B r): 2800, 2760 (Bohlmann bands), 2255 (CN), 1705 cm - 1 (CO).
'H NMR(CDC13): 7.37, 6.82 (2H, s, aromatic), 3.88 (6H, s, OCH3), 3.55 (1H , d, J  =  

=  3.5 Hz, llb H ).
MS m/e (% ): 367 (M +, 30); 327 (100); 314 (5); 313 (3); 274 (7); 271 (12 ); 266 (20); 

261 (3); 260 (2) ; 232 (6);  205 (8).
C^HjjN jOj (367.44). Calcd. C 68.64 ; H 6.85 ; N 11.44. Found C 68.44 ; H 6.79 ; N  11.60%.

Methyl 3-[9,10-dim ethoxy-2-oxo-l,3,4,6,7,llba- 
-hexahydro-2H-benzo[a]quinolizin-(3a)-yl] -propionate (3h)

3b (1.00 g ; 3.20 mmol) was refluxed in a mixture of abs. methanol (4.78 m l) and cone. 
sulfuric acid (1.58 ml) for 3 h. The reaction mixture was poured into ice-water, m ade alkaline 
with cone, ammonium hydroxide (pH 9), and extracted with dichloromethane ( 3 x 5  ml). 
The organic layer was dried (MgS04) and evaporated to dryness in vacuum. Crystallization 
from methanol gave 0.42 g (37.5%) of 3h, m.p. 130 -1 3 2  °C (lit. [1] m.p. 130 129 °C). (For
]H —NMR data, see Table X .)

Ethyl 3-[9,10-dim ethoxy-2-oxo-l,3,4,6,7,llba-hexahydro-2H-benzo[a]quinolizin- 
(l/3)-yl]-propionate (31) and ethyl 3-[9,10-diniethoxy-2-oxo-l,3,4,6,7,llba- 

hexahydro-2H-benzo[a]quinolizin-(la)-yl] propionate (3k)

(A ) The ketonitrile 3e (0.20 g ; 0.63 mmol) was boiled in a mixture of ethanol (4.7 ml) 
and cone, sulfuric acid (1.58 ml) for 1 h. The solution was poured into ice-water, made alkaline 
with cone, ammonium hydroxide, and extracted with dichloromethane (3 x 5  ml). The organic 
phase was dried (M gS04) and the solvent removed in vacuum. The residue was separated by 
preparative TLC (silica gel, benzene-methanol 14: 3, R t 31 >  3e >  3k, elution w ith acetone) 
to yield 30 mg (15%) of 3e, 40 mg (20%) of 31, and 70 mg (35%) of 3k.

31, m.p. 125— 127 °C (from ethanol).
IR (K B r): 2820, 2760 (Bohlmann bands), 1727 (ester CO), 1706 cm - 1 (CO).
*H—NMR(CDCI3) : 7.16 (2H, s, aromatic), 4 15 (2H, q, J =  7.2 Hz, CH2CH3), 3.72 

(6H, s, OCH3), 3.55 (1H, d, J =  3.5 Hz, l l b - H ) ,  1.2 (3H, t, CH„CH3).
MS m/e (% ): 361 (M +, 25), 274 (100).
3k, m.p. 140—142 °C (from methanol).
IR (K Br): 1720 (ester CO), 1700 cm - 1 (CO).
*H— NMR(CDC13) : 7.21 (2H, s, aromatic), 4.20 (2H, q, J =  7.2 Hz, CH2CK3), 3.85 

(6H, s, OCH3), 3.83 (1H, d, J =  10 Hz, l i b  H), 1.23 (3H, t, CH,CH3).
MS m/e (% ): 361 (M +, 25), 274 (100).
(B) The reaction mixture described above was refluxed for 6 h. The work-up followed 

procedure (A). The crude product was recrystallized from methanol to yield 80 mg (35%) 
of 31. The methanolic mother liquor was separated by preparative TLC to give further 25 mg 
of 31 (total yield 40.9%), and 20 mg (8.7%) of 3k.

9,10-Dim cthoxy-2-oxo-l/3,3a-bis(2-m ethoxycarbonil-ethyl)-l,3,4,6,7,llba-
hexahydro-2H-benzo[a] quinolizine (3n), and 9,10-dimethoxy-2-oxo-la,3cc-bis(2- 

methoxycarbonylethyl)-l,3,4,6,7,llba-hexahydro-2H-benzo[a] quinolizine (3 in )

(A ) The nitrile 3f (0.20 g ; 0.54 mmol) was refluxed in a mixture of m ethanol (4.7 ml) 
and cone, sulfuric acid (1.58 ml) for 1 h. After cooling, the reaction mixture was poured into 
ice-water, made alkaline with cone, ammonium hydroxide, and extracted with dichloromethane. 
The organic layer was dried (MgS04) and the solvent evaporated in vacuum. The remaining 
crude product was separated by preparative TLC (silica gel, benzene-methanol 14: 3, Rj 
3n >  3m, elution with acetone) to give 3n (45 m g; 19.8%) and 3m (85 m g; 39.5% ).

3n, m.p. 105— 107 °C (from methanol).
IR (K Br): 2810, 2760 (Bohlmann bands), 1736 (ester CO), 1695 cm " 1 (CO).
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— NMR(CDC13) : 6.62, 6.58 (2H, s, aromatic), 3.86 (6H, s, OCH3), 3.68, 3.62 (6 H, s, 
C 02CHa), 3.55 (1H, d, J  =  3.5 Hz, l l b - H ) .

MS m/e (% ): 433 (M +, 50), 432 (40); 418 (1); 402 (30), 374 (2); 361 (20); 360 (100); 
347 (8) ;  346 (8); 304 (40); 261 (10); 260 (9); 246 (2 ); 232 (6); 230 (2); 218 (7); 205 (25). 

3m , m.p. 129—130 °C (from methanol).
IR(ICBr): 1734 (ester CO), 1690 cm - 1 (CO).
H I—NMR(CDC13): 7.30, 7.10 (2H, s, aromatic), 3.86 (6H, s, OCH3), 3.70, 3.60 (6 H, 

s, C 02CH3), 3.67 (1H, d, J =  10 Hz, l l b - H ) .
MS m/e (% ): 433 (M +, 40), 432 (35); 418 (1); 402 (25); 374 (2); 361 (25); 360 (100); 

347 (8) ;  346 (8); 304 (40); 261 (15); 260 (10); 246 (15); 232 (6);  230 (2); 218 (7); 205 (25).
(B ) When the reaction mixture described above was boiled for 2 h, work-up according 

to procedure (A ) gave 110 mg (46.6% ) of 3n and 20 m g (8.4% ) of 3m.

9,10-Dim ethoxy-2-oxo-3,3-bis(2-m ethoxycarbonylethyl)-l,3,4,6,7,llba- 
hexahydro-2H-benzo[a]quinolizine (3o)

The ketonitrile 3g (0.50 g ; 1.37 mmol) was refluxed in a mixture of methanol (4.7 ml) 
and cone, sulfuric acid (1.58 ml) for 6 h. After the usual work-up and recrystallization from 
m ethanol 0.14 g (28.8%) of 3o was isolated, m.p. 128— 130 °C.

IR (K B r): 2805, 2740 (Bohlmann bands), 1725 (ester CO), 1695 cm " 1 (CO).
'H -N M R  (CDClg): 6.76, 6.66 (2H, s, aromatic), 3.99, 3.95 (6H, s, OCH3), 3.82, 3.76 

(6H, s, C 02CH3).
MS m/e (% ): 433 (M +, 32), 432 (30); 418 (6) ;  402 (30); 390 (28): 360 (25); 347 (25); 

346 (22 ); 330 (5); 318 (7); 274 (100).

General prescription for the preparation of the alcohols 5a-f and 6a-f

To a stirred suspension of the appropriate ketonitrile (3b d, 3h—j, 2.92 mmol) in 
m ethanol (15 ml) there gradually was added 0.12 g of sodium  borohydride at 0 °C. After stir
ring at 0 °C for 30 min, the starting material dissolved and the alcohols 5a—f began to separate.

Table XI

Physical data of the alcohols 5a—c and  6a—c

Compd. M.p., °c Yield,
% Formulaa IR(KBr)

cm-1
MS, m/e
(M M .)

5a 160 55 3100 316
234b 2310 (100)

^18-^24^2^3
6a 145 23 3350 316

219b 2300 (35)

5b 136 67 3100, 2770 344
210b 2270 (75)

C.0H4 NtOsClb
6b 204 206b 22 3200, 2800 344

2200 (30)

5c 185 68 3510 300
2360 (85)

^17^2 0 ^2 ^3
6c 136 138 9.0 3500 300

2360 (38)

a All compounds were analyzed for С, H and N; b D ata of the hydrochlorides 
3-[9,10-Dimethoxy- (5a), -diethoxy- (5b), and -methylenedioxy-2/?-hydroxy-l,3,4,6,7, 

11 baH-hexahydro-2H-benzo [a]quinolizin-(3a)-yl]propionitrile (5c)
3-[9,10-Dimethoxy- (6a), -diethoxy- (6b), and -m ethylenedioxy-2a-hydroxy-l,3,4,6,7, 

llbaH-hexahydro-2H-benzo[o]quinolizin-(3a)-yl]propionitrile (6c).
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The crystalline product (5a f) was filtered off washed with methanol and water, and recrys
tallized from methanol. The pH of the methanolic mother liquor was adjusted to 7 w ith acetic 
acid, and the solvent was removed under reduced pressure. The residue was treated with 5% 
sodium hydrocarbonate (20 ml) and extracted with dichloromethane (3 x  10 ml). The combined 
extracts were washed with water, dried (M gS04), and evaporated to dryness in vacuum. 
Crystallization of the residue from methanol gave a further amount of the 5a—f isomers. 
The isomers 6a — f  were isolated from the methanolic mother liquor by preparative TLC 
(silica gel, benzene-methanol 14 : 3, Rf 5a f  >  6a f, elution with acetone), and recrystallized 
from methanol or purified as hydrochlorides. For physical data 5a f and 6a —f  see Tables 
X I and XII.

Table XII

Physical data of the alcohols 5d — f  and 6d f

Comp. M.p. °c Yield,
% Formula3,

IR(KBr),
cm-1

MS, m/e 
%)

l U — NMR(CDCla)
d(ppm)

5d 115 60 . 3400, 2750 349 6.57, 6.66 (2 H, s, aromatic);
214b 1738 (23) 3.82 (9 H, s, СН30 , C02CH3).

6d 121 23 c 19h 27n o 5 3450, 2760 349 6.79, 6.71 (2 H, s, aromatic) ;
1740 (20) 3.98 (6 H, s, OCH3) ; 3.85 

(3 H, s, C02CH3).

5e 179b 58 3400, 1740 377 6.72, 6.62 (2 H, s, arom atic);
(53) 4.09 (4 H, q, CH2CH,); 3.71 

(3 H, s, CO..CH,); 1.47 
(6 H, t, CH2CH3).

C21H32N 0 5Clb
6e 2 1 0 b 5 3320, 1740 377 6.70, 6.60 (2 H, s, arom atic);

(30) 5.04 (4 H, q, CH2CH3) ; 4.70 
(3 H, s, COXH3); 1.43 
(6 H, t, CHXH3).

5f 163 ^18^23^5 3200, 1710 333
(72)

6fc

a All compounds were analyzed for С, H and N. b Data of the hydrochlorides. 
c Isolated as the O-acetyl derivative
Methyl [9,10-dimethoxy- (5d), -diethoxy- (5e) and -methylenedioxy-2/S-hydroxy-l,3,4,6, 

7,llbaH-hexahydrobenzo|a]quinolizin-(3a)-yl]propionate (5f)
Methyl [9,10-dimethoxy- (6d), -diethoxy- (6e) and -methylenedioxy-2a-hydroxy-l,3,4, 

6,7,llbaH-hexahydrobenzo[a]quinolizin-(3a)-yl]propionate (6f)

General method of preparation of the O-acetyl derivatives 5g-l and 6g-l

(A) A mixture of the alcohols (5a f, 6a f, 2.86 mmol), anhydrous pyridine (7.5 ml) 
and acetic anhydride (7.5 ml) was allowed to stand at room temperature for 24 h. The solvents 
were removed under reduced pressure, the residue was treated with water, and made alkaline 
with cone, ammonium hydroxide. The solid which separated was removed by filtration and 
washed with water. Crystallization from methanol gave compounds 5g 1 and 6g 1. Physical 
data of these compounds are listed in Tables X III and XIV.

(B) A stirred suspension of the ketones 3b d and 3h j (2.92 mmol) in methanol 
(15 ml) was treated with sodium borohydride (0.12 g), added in small portions at 0 °C. After 
a total reaction time of 30 min the reaction mixture was neutralized with acetic acid, and the
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solvent was removed in vacuum. The residue was treated with 5% sodium hydrocarbonate 
(20 ml) and extracted w ith dichloromethane (3 x  15 ml). The organic layer was dried (MgS04) 
and evaporated to dryness in vacuum. The isomeric mixture of 5a—f  and 6a— f was acetylated 
by procedure (A), and the crude products were recrystallized from methanol to yield the 
isomers 5g—1. The methanolic mother liquor was separated by preparative TLC (silica gel, 
benzene-methanol 14: 3, R j  5g—1 >  6g—1, elution with acetone) to give the isomers 6g—1.

Isolation of the lactones 7a-b

A solution of 5d or 5f (0.20 g) in dichloromethane (5 ml) was allowed to stand at room 
temperature for 2 days. The solution was separated by preparative TLC (silica gel, benzene- 
methanol 14: 3, R j 7a >  5 d ; 7b >  5f, elution with acetone).

7a (63 m g; 35%), m.p. 198—200 °C (from methanol).
IR (K B r): 2800, 2750 (Bohlmann bands), 1730 cm -1  (lactone CO).
MS m/e (%) : 317 (M +, 21), 316 (83); 315 (92) ; 272 (26); 245 (20); 244 (29); 204 (98); 

191 (100); 176 (33).
7b (72 mg, 40%),Tm.p. 2 1 5 -2 1 6  °C (from methanol).
IR (K B r): 2780, 2750 (Bohlmann bands), 1710 cm -1  (lactone CO).
MS m/e (% ): 301 (M +, 90), 300 (100); 228 (21); 190 (83); 175 (89).

Table XIII

Physical data of the O-acetyl derivatives 5g—i and 6g—i

Comp. M.p., °c Yield,
% Formulaa IR(KBr)

cm-1
1H—NMR(CDC1,) 

ó(ppm), width at half height (Hz)

5g 122
235» 95c

c20h 26n 2o 4

2780, 2320 
1750

6.74, 6.67 (2 H, s, aromatic) ; 5.15 
(1 H, m, 24, CH-OCOCH3) ; 4,14 
(6 H, s, OCH3) ; 2.12 (3 H, s, 
OCOCH3).

6g 148 70c 2300, 1740 6.63 (2 H, s, aromatic); 5.27 (1 H, 
m, C H - OCOCHj); 3.86 (6 H, s, 
CH3) ; 2.15 (3 H, s, OCOCH3).

5b 102
245»

67c

C22H31N20 4C1»

2720, 2300 
1730

6 .68, 6.64 (2 H, s, aromatic) ; 4.74 
(1 H, m, 24, CH-OCOCH3) ; 4.61 
(4 H, q, CH2CH3).

6h 104 70c 2300, 1725 6.53 (2 H, s, aromatic); 5.20 (1 H, 
m, 7.15, CH-OCOCH3) ; 3.99 
(4 H, q, 6.5, CH2CH3) ; 2.06 (3 H, s, 
OCOCH3) ; 1.34 (6 H, t, CH2CH3).

5i 129
254»

88c

^19- -̂22^2^4

2750, 2220 
1718

6.60, 6.52 (2 H, s, aromatic) ; 5.85 
(2 H, s, — О С Ш Э -); 4.66 (1 H, 
m, 24, CH-OCOCH3) ; 2.09 (3 H, 
s, OCOCH3).

6i 146 30d 2750, 2260 

1725

6.54 (2 H, s, aromatic); 5.86 (2 H, 
s ,—O C H jO -); 4.25 (1 H, m, 6.0, 
CH—OCOCH3) ; 2.13 (3 H, s, 
OCOCH3).

a All compounds were analyzed for С, H and N . b Data of the hydrochlorides. 
c The product was prepared by method/A) d The product was prepared by method(B)
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Tabic XIV

Physical data of the O-acetyl derivatives 5j -1  and 6j — 1

Corapd. M.p., “C Yield,
% Formula® IR(KBr),

cm-1
MS, m/e 
(M%%)

1H—1УМ R(CDCI3)
d(ppm), width at hulf height (Hz)

5j 125
239b

35d 2750
1730

391
(17)

6.62 (2 H, s, arom atic); 4.70 
(1 H, m, 24, CH OCOCH3) ; 
3.66 (3 H, s, C02CH3) ; 2.10 
(3 H, s, OCOCHj).

6j 241b 14d C.21H30NOeClb 1740 391
(65)

6.70 (2 H, s, aromatic) ; 5.40 
(1 H. m , 6.0, CH OCOCH3) ; 
4.00 (6 H, s, OCH3) ; 3.84 
(3 H, s, C02CH3) ; 2.16 (3 H, 
S, OCOCH3).

5k 104
222c

31d

C^H^NOeClb

2750
1730

419
(57)

6.67, 6.66 (2 H, s, arom atic); 
4.70 (1 H, m, 18, CH— 

OCOCH3); 4.06 (4 H, q, 
CH., CH3) ; 3.60 (3 H, s, 
COXH3); 2.15 (3 H , s, 
OCOCH3); 1.47 (6 H, t,
C1I2 CH3).

6k 208b 10d 1750 419
(58)

6.58 (2 H, s, arom atic); 5.24 
(1 H, m, 6.0, C H -O CO CH 3) ; 
4.04 (4 H, q, CH3 CH3);
3.70 (3 H, s, C02CH3) ; 2.18 
(3 H, s, OCOCH3) ;  1.47 
(6 H, t, CH2- C H 3).

51 163

218b

81c

C20H,5NO,

1725 375

(20)

6.61, 6.53 (2 H, s, arom atic); 
5.87 (2 H, s, -O C H 20 —);  
4.69 (1 H, m, 24.4, CH— 
-OCOCH3); 3.68 (3 H , s, 
CO„CH3); 2.10 (3 H, s, 
OCÖCH3).

61 150 16d 1722 375

(15)

6.53, 6.50 (2 H, s, aromatic) : 
5.82 (2 H, s, — OCH20 - ) ;  
5.21 (1 H, m, 7.15, C H -  
-OCOCH3); 3.63 (3 H, s, 
C02CH3) ; 2.08 (3 H, s, 
OCOCH3).

a All compounds were analyzed for С, H and N  
b Data of the hydrochlorides 
c The product was prepared by method ( /1) 
d The product was prepared by method (B)
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In the course of studies on the substitution of l-aryl-l,4-dihydro-3(2if)-iso- 
quinolinones, synthesized first by the authors, it was found that iV-carbamoyl deriv
atives can be prepared with isocyanates in good yields. It has been observed that 2- 
carbamoyl-l-phenyl-l,4-dihydro-3(2H)-isoquinolinones having the diacylamine struc
ture can react with amines in two ways, depending on the conditions (Scheme 2, Table 
V) : with sterically non-hindered primary amines the open-ring urea derivatives 3 are 
exclusively produced in good yields, whereas with secondary amines the side chain 
is split off.

S tud ies on th e  su b s titu tio n  re a c tio n s  o f l-a ry l- l,4 -d ih y d ro -3 (2 /i)- iso -  
qu ino linones, sy n th esized  f irs t b y  us [1] a n d  h av in g  a s ig n ifican t b io logical 
a c tiv ity  [2], rev ea led  th a t  th e  iV-acyl d e riv a tiv e s  can be p re p a re d  w ith  th e  
w ell-know n a c y la tin g  agen ts (acid  ch lo rid es , acid an hydrides) in s a tis fa c to ry  
y ie ld s (see T ab le  I) . T he com pounds a re , in  g enera l, sensitive to  b a se s  an d  de
com pose w ith  th e  fo rm a tio n  o f th e  s ta r t in g  isoquinolinone on th e  e ffec t of 
sod ium  h y d ro x id e , sod ium  h y d rid e  ; in  c e r ta in  cases, c h ro m a to g ra p h ic  p u r if i
ca tio n  on a lu m in a  lay ers  has th e  sam e effec t. T he acy l group is a lso  sp lit  off 
w ith  am ines ; for ex am p le , w hen th e  2 -benzoy l d e riv a tiv e  (4) w as m a d e  to  reac t 
w ith  p ro p y lam in e , th e  p ro d u c t o f  tra n sa c y la tio n , iV -propy lbenzam ide, could  
also be iso la ted  in  a d d itio n  to  th e  s ta r t in g  isoqu inolinone. T he 2 -a c e ty l- l- (4 ’- 
am in o p h en y l)-4 ,4 -d im eth y l d e riv a tiv e  t h a t  seem ed to  be in te re s tin g  from  th e  
p h arm aco lo g ica l p o in t o f  view  w as p re p a re d  b y  ace ty la tio n  o f  4 ,4 -d im e th y l- l-  
(4’-n itro p h en y l)-l,4 -d ih y d ro -3 (2 J /)-iso q u in o lin o n e  followed b y  c a ta ly t ic  h y 
d ro g en a tio n  o f th e  n itro  group.

In  th e  follow ing, th e  2 -a lk y l-(an d  a ry l)-ca rb am o y l d e riv a tiv e s  o f  1 -aryl-
l,4 -d ih y d ro -3 (2 H )-iso q u in o lin o n es w ere to  be p rep a red  for th e  p u rp o se  o f b io
logical ex am in a tio n . T he syn th eses  o f th e  com pounds were rea lized  b y  th e  reac 
tio n  o f  th e  s ta r t in g  com pound  an d  th e  a p p ro p ria te  iso cy an a te  (S chem e 1). 
T he d a ta  o f th e  l-a ry l-2 -carb a rn o y l d e r iv a tiv e s  p rep ared  a re  g iven  in  T ab les 
I I  an d  I I I .
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Table I

2-A cyl-1,4-dihydro-3(2H)-isoquinolinones

Com
pound Rl R* R 3 R Method Yield,

%
M.pa

(recrystallization solvent)
Formula41

l H H H Me A 66 123 °C c17h 15n o 2
(EtO H—Et20 )

2 Me Me H Me A 68 105 °C (L)b c19h I9n o 2
3 Me Me n o 2 Me A 69 _c

В 98 Ci8H 18N20 4
4 H H H c„h 5 A 35 171 °C

В 67 CjjH jjNOj

a Uncorrected melting points, capillary tube method 
b L : ligroin
c O il; its reduction gave a crystalline amino derivative
d All compounds were analyzed for C, H, N with results of at least 0.4% accuracy

R 1= R 2= H  or Me; R 3= P r , Bu, hexyl, allyl, phenyl, p -N 0 2-phenyl, p-OCH3-phenyl, 
p-Cl-phenyl, cyclohexyl, a-naphthyl

Scheme 1

K inetic m easurem ents

P a ra lle l to  th e  p re p a ra tiv e  ex p erim en ts , k in e tic  m easu rem en ts w ere also 
m ad e  in  o rd e r to  g e t a p ic tu re  o f  th e  ra te  ra tio s  o f  th e  reactions ta k in g  p lace  
w ith  th e  vario u s iso c y a n a te s .

A cta  Chim. Acad. Sei. H ung. 100, 1979
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T he m easu rem en ts  were ca rr ied  o u t in  ch lo ro fo rm  free from  w a te r  and  
a lcohol, using ca re fu lly  pu rified  iso c y a n a te  co m p o u n d s. T he c o n c e n tra tio n  of 
th e  iso cy an a te  w as d e te rm in ed  on th e  basis o f  th e  in te n s ity  o f th e  b a n d  ch a rac 
te r is tic  o f  th e  iso c y a n a te  group in  th e  I R  sp e c tru m  a t  2200 — 2300 c m -1, since 
n e ith e r  th e  so lven t, n o r  th e  su b s tra te  an d  th e  en d -p ro d u c t h av e  a b so rp tio n  in

Fig. 1. Reaction of l-phenyl-l,4-dihydro-3(2ii)-isoquinolinone with equimolar amounts of 
aryl isocyanates in anhydrous chloroform at 61 °C. (1) p-methoxy phenyl isocyanate; (2) 

phenyl isocyanate; (3) p-chlorophenyl isocyanate; (4) p-nitrophenyl isocyanate

Fig. 2. Reaction of l-phenyl-l,4-dihydro-3(2H)-isoquinolinone with equimolar amounts of 
alkyl isocyanates in anhydrous chloroform at 61 °C. (1) hexyl isocyanate; (2) cyclohexyl

isocyanate; (3) propyl isocyanate

Acta Chim. Acad. Sei. H ung. 100, 1979



A
cta C

him
. 

A
cad. Sei. H

ung. 100, 1979

Table II fe

2-Carbamoyl-l,4-dihydro-3(2H)-isoqiiu>linones prepared from isocyanates and 
1,4-dihydro-3(2 II)-isoquinolinones

Com
pound Rl R2 R* R4 Solvent® Yield,

%
М.р.Ь

(recrystallization
solvent)®

ЮЧиахрт-1] Method Form ulâ

5 H H Pr к в 65 77 °С
(E t0H /H 20 )

3300 (NH), 1695, 1665 (Amide I), 1530 
(Amide II)

A ^19^-20^2^2

6 H H Pr n o 2 в 92 _d 3300 broad (NH), 1710, 1665, (Amide 
I), 1530 (Amide II)

A c19h 19n 3o4

7 H H Bu 11 T 53 82 °С 
(ЕЮН)

3295 (NH), 1700, 1665 (Amide I) 1530 
(Amide 11)

В c20h 22n 2o2

8 Me Me Bu H в 47 76 °С 
(Р е .)

3270 broad (NH), 1710, 1660 (Amide 
I), 1530 (Amide 11)

В GjjHjjNjjOjj

9 H H Bu n o 2 в 63 _е
В C20H21N3O4

10 Me Me Bu n o 2 в 76 125 °С 
(ЕЮН)

3270 broad (NH), 1710, 1660 (Amide 
I), 1535 (Amide II), 1355 (symm. 
N0 2)

в c22h 25n 3o4

11 H II Allyl 11 в 89 105 °С 
(ЕЮН)

3300 (NH), 1705, 1665 (Amide I), 1530 
broad (Amide II)

А c 19h 18n 2o2

12 H H Allyl n o 2 в 69 85 °С 
(МеОН)

3350-3450  broad, 3280 (NH) 1705, 
1670 (Amide I), 1525 broad (Amide 
II), 1350 (symm. NO„)

А c19h 17n 3o4

13 H H свн 5 II т 92 144 °С 
(МеОН)

3130, 3070 broad (NH), 1710, 1670 
(Amide I), 1550 broad (Amide II)

В C 2 2 H 1 9 N A
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14 Me Me C,H8 H T 68 137 °С 
(ЕЮН)

3220, 3185, 3060 broad (NH), 1710, 
1670 (Amide I), 1550 (Amide II)

В C24H22N20 2

15 II 11 C,HS NO, T 56 176 "С 
(В, Р.е.)

3000 3300 broad (NH), 1710, 1670 
(Amide I), 1550 (Amide II), 1355 
(symm. NO,), 1525 (asymm. NO,)

В c22h I7n 3o 4

16 Me Me c«h 5 NO, T 40 134 °С 
(iPrOIl)

3000 3300 broad (NH) 1710, 1655 
(Amide I), 1550 (Amide 11), 1355 
(symm. NO,), 1525 (asymm. NO,)

* ^ 4h 21n 3o4

17 H H p - а  c6h 4 H T 69 126 °С 
(EtOII)

3300 3650 broad (NH) 1710, 1670 
(Amide I). 1550 (Amide II)

A c22h 17c in2o 2

18 11 11 p-O M e- C,H4 11 T 69 158—160 °С 
(Ас)

3180, 3060 broad (NH), 1705, 1670 
(Amide I), 1545 (Amide II), 1245 
(C -O )

A 0*3^2 О*'* 2^2

19 11 H p -N 02—C6H4 H T 71 163-165  °С 
(ЕЮН)

3060 (NH), 1715, 1670 (Amide I), 1555 
(Amide II), 1340 (symm. N 0 2)

A c22h 17n 3o4

20 11 H Hexyl H в 54 101 °С 
(МеОН)

3270 (NH), 1705, 1665 (Amide I), 1525 
(Amide II)

A ^22^26^2^2

21 II H Cyclohexyl II в 48 57 °С 
(Р. е.)

3380 (NH), 1705, 1665 (Amide I), 1520 
(Amide II)

A ^22^24^2^2

22 11 II a-Naphthyl H т 64 133 °с  
(ЕЮН)

3060 (NH), 1710, 1665 (Amide I), 1560 
(Amide II), 1630 (C=C)

В

23 Me Me a-Naphthyl H т 58 151 °С
(ЕЮАс/Р.е.)

3060 (NH) 1705, 1655 (Amide I), 1555 
(Amide II)

В c 8h 24n 2o 2

24 Me Me a-Naphthyl NO, т 45 154 °С 
(ЕЮН)

3060 (NH), 1705, 1655 (Amide I), 1550 
(Amide II), 1525 (symm. NO,), 1355 
(asymm. NO,)

В ^28 -̂23^3^4

25 H H a-Naphthyl n o 2 т 41 160 °С 
(ЕЮН)

3060, 3250 (NH), 1720, 1670 (Amide I), 
1530 (symm. NO.,), 1355 (assymm. 
NO,), 1635 (C=C)

в Q*6^l!)^304

a B, benzene; T, toluene; P.e., petroleum ether; Ac, acetone 
b Uncorrected ; capillary tube method
c The IR spectra were determined on a Perkin—Elmer 377 spectrometer (KBr pellets) 
d Non-crystallizing foam, homogeneous in TLC 
e Non-crystallizing oil, homogeneous in TLC 
f See footnote d in Table I
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Table III

l-Aminophenyl-2-carbamoyl-l,4-dihydro-3(2H)-isoquinolinones 
prepared by reduction o f  2-carbamoyl-l-nitrophenyl- 1,4- 

dihydro-3(2 II)-isoqui noli nones

Compound R1 R2 R» Yield,
%

M.p.a
(recrystallization

solvent)
Formulâ

26 H H Pr 49 91 °C 
(MeOH)

C19H21N30 2

27 II H Bu 50 98 °C 
(MeOH)

^20^23^3^2

28 Me Me Bu 60 1 99 °C
(EtOH/ELjO)

c22h ,,n 3o2

29 H II Allyl 49c 195 °C 
(EtOH)

c19h 19n 3o 2

30 H H CtH5 55 182 °C 
(EtOH)

^22Hi9N30 2

31 Me Me CeH5 60 167 °C 
(EtOH)

C24H23N8Os

32 Me Me a-Naphthyl 36 180 °C 
(EtOAc)

33 H H a-Naphthyl 55 152 °C 
(EtOH)

^2в®21 3̂^2

a See footnote a in Table I; b See footnote d in Table I; c hydrochloride

Table IV

Half-life tim es o f  the reaction of isocyanates with 
l-phenyl-l,4-dihydro-3(2H)-isoquinolinone in chloroform at 61 °C

Isocyanate Half-life 
time, min

p -N 0 2-phenyl- 18
p-Cl-phenyl- 47
Phenyl- 57
p-OMe-phenyl- 94
Cyclohexyl- 530
Hexyl- 375
Propyl- 490

A c t a  C h im .  A c a d . Sei. H u n g .  1 0 0 ,  1 9 7 9
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th is  ran g e . In  th e  f i r s t  s tep  th e  log I J I — c c o rre la tio n  was d e te rm in ed  a n d  th is 
w as used  th e n  as a c a lib ra tio n  d iag ram . In  F ig s  1 and  2 th e  d a ta  o b ta in e d  a t 
th e  boiling  p o in t o f  ch lo ro fo rm  w ith  a ry l a n d  a lk y l isocyanates, re sp e c tiv e ly , 
are  given.

T he half-life  t im e s  o f th e  th e  in d iv id u a l reac tio n s are given in  T a b le  IV . 
I t  can  be seen fro m  th e  d a ta  th a t  th e re  is a  s ig n ifican t difference in  th e  ra te s  
o f th e  reac tio n s w ith  a ry l an d  a lky l iso c y a n a te s  ; th e  half-life tim e s  lie d  along 
a s tra ig h t line w h en  p lo tte d  as a fu n c tio n  o f  th e  H a m m e tt a c o n s ta n t ,  th u s  in 
th e  c a rb a m o y la tio n  re a c tio n s  w ith  a ro m a tic  iso cy an a te s  the  H a m m e tt  e q u a tio n  
holds good.

Ring cleavage w ith am ines

In  th e  course  o f  th e  ex perim en ts d e sc rib ed  above i t  was o b se rv ed  t h a t  on 
th e  effect o f b ases th e  carb am o y l g roup  is s p li t  o ff from  th e  n itro g e n  a to m  of 
th e  la c ta m  rin g , s im ila rly  to  th e  ace ty l g ro u p . W hen , how ever, one o f  th e  com 
p ounds p rep a red  b y  us, th e  p h e n y lc a rb a m o y l deriv a tiv e  13 w as a llow ed  to  
re a c t w ith  p ro p y la m in e , no d e tach m en t o f  th e  side chain  was o b se rv e d  a n d  the  
new  com pound  3 fo rm ed  b y  cleavage o f th e  la c ta m  ring could be iso la te d  in a 
sa tis fa c to ry  y ie ld  (S chem e 2).

,N—CO—NH—R

/

Scheme 2

I t  is know n  t h a t  cyclic tr ia cy lam in es  r e a c t  e ith e r  by  c leavage o f  th e  ring 
or th e  acy l g ro u p  is sp lit  off, depend ing  on  th e  s tru c tu re  o f th e  c o m p o u n d  ; the  
p e rta in in g  l i te r a tu r e  is well su m m arized  in  a recen tly  p u b lish ed  p a p e r  [3].

Since, a cco rd in g  to  th e  l ite ra tu re  d a ta ,  no such ex p e rim en ts  h a v e  been 
effected  on iV-acyl la c ta m s , i t  seem ed to  be  o f  in te re s t to  e s ta b lish  w h e th e r  in 
th e  ca rb am o y l d e r iv a tiv e s  p rep ared  b y  us i t  is r in g  cleavage w h ich  ta k e s  place 
in  every  case, o r d e ta c h m e n t o f th e  side c h a in  can  also occur, d e p e n d in g  on the  
s tru c tu re  o f th e  co m p o u n d  and  th e  re a g e n t (am ine) and  the  re a c tio n  co n d itio n s.
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P r im a r i ly  th e  co n tin g en t ro le  o f  th e  s u b s titu e n t a t th e  n itrogen  a to m  o f  th e  
c a rb a m o y l g roup  (a ry l o r  a lk y l group) was to  be  e lu c id a ted , fu rth e rm o re , p o s
sib le  d iffe ren ces in th e  re a c tio n s  w ith  p rim ary  a n d  secondary  am ines w ere  to  be 
d e te c te d .

T h e  carb am o y l d e r iv a tiv e  1 (Schem e 2) w as  allow ed to  re a c t w ith  th e  
a m in e  2  ad d e d  in  excess a t  th e  tem p e ra tu re  g iv en  in  T ab le  Y, u su a lly  u n t i l  no

Table V

Reaction of 2-carbamoyl- 1-phenyl-l,4-dihydro-3(2H)-isoquinolinones with amines
(Scheme 2)

Starting
JV-Carbamoylisoquinolinone, 1

Reagent amin a2
Reaction 
tem p., °C

Products, % yield'4

R R 1 \ R2 3 4 5

Phenyl i i H 25 78 —

Phenyl Pr H 50 85 —

Phenyl PhCH, H 25 86 —

Phenyl Me Me 50 29 b 46
Phenyl Et Et 100 — 92 98
Phenyl Piperidine 100 —

b 86
Phenyl i-Bu H 100 — 84 —
P h en yl/ Pr H 50 — 75 —
p-Nitrophenyl H H 25 85 — —

p-Nitrophenyl Pr H 50 - -C
DO — —

p-Nitrophenyl PhCH2 H 25 7 ° — —

p-Chlorophenyl H H 60 48 — —

p-Chlorophenyl Pr H 50 83 - —

p - Chlorophenyl PhCH2 H 25 81 — —

p-M ethoxy phenyl H и 70 37d — —

^-Methoxvphenyl Pr H 50 65 — —

p-Methoxyphenyl PhCH2 H 25 25e — —
Propyl H H 25 65 — —
Propyl Pr H 50 33 — —
Propyl PhCH, H 100 28 45 b

Propyl Et Et 100 — 67 46
Propyl Piperidine 100 — 67 59

a Overall yield calculated for starting compound 1 
b N ot isolated 
c Crude product 77% 
d Crude product 80% 
e Crude product 74% 
f 4,4-dim ethyl derivative

A c ta  C h im .  A c a d .  S e i.  H u n g . 1 0 0 , 1 9 7 9
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u n re a c te d  s ta r tin g  m a te r ia l w as fo u n d  in th e  sam ple accord ing  to  T L C . P ro d 
u c t 3 se p a ra te d  from  th e  so lu tio n  an d  w as filte red  off. W hen  d e ta c h m e n t ol 
th e  side chain  also o ccu rred  as in d ica ted  b y  th e  TLC, th e  excess am in e  w as ev ap 
o ra ted  in  vacu u m , th e  residue  w as s e p a ra te d  by  colum n c h ro m a to g ra p h y  and 
th e  in d iv id u a l frac tio n s  w ere p u rified  by c ry s ta lliza tio n .

As show n b y  T ab le  V, in  th e  re a c tio n s  effec ted  w ith  p r im a ry  am in es  only 
th e  p ro d u c t o f rin g  cleavage could  be iso la te d , generally  in  s a t is fa c to ry  y ields. 
In  th e  reac tio n s w ith 4 ’-n itro -, 4 ’-chloro- a n d 4 ,-m e to x y p h en y lca rb am o y l deriv 
a tiv es  th e  y ie ld  fo r th e  p ro d u c t o f  r in g  cleavage 3 w as re la t iv e ly  lower 
ow ing to  th e  s ig n ifican t loss d u rin g  c ry s ta lliz a tio n  ; p ro d u c ts  4 a n d  5 could 
n o t be d e tec ted  ch ro m a to g rap h ica lly  in  th is  case e ither. W hen  th e  re a g e n t was 
a secondary  am ine , th e re  w as h a rd ly  a n y  (w ith  d im ethy lam ine) o r  n o  p ro d u c t 
o f rin g  cleavage; th e  fav o u red  process w as th e  d e tach m en t o f  th e  side chain .

I t  is in te re s tin g  to  n o te  th a t ,  w hile in  th e  p h en y lca rb am o y l d e r iv a tiv e  13 
w ith  benzy lam ine  on ly  rin g  c leavage to o k  p lace , in  th e  p ro p y lc a rb a m o y l deriv 
a tiv e  5 th e  side ch a in  w as also sp lit off. T h is  w as a ttr ib u te d  f i r s t  to  th e  h igher 
te m p e ra tu re  o f th e  re a c tio n  o f th e  p ro p y lca rb am o y l d e riv a tiv e  5  a t  w h ich  the  
rem o v a l of th e  side ch a in  can  also ta k e  p lace . In  o rder to  check th is  a ssu m p tio n , 
th e  reac tio n  o f th e  p h en y lca rb am o y l d e r iv a tiv e  13 w ith  ben zy lam in e  w as effect
ed a t  100 °C, to o . I t  w as observed  th a t  d e ta c h m e n t of th e  side c h a in  w as an 
accom pany ing  re a c tio n  a t  th is  te m p e ra tu re , th u s  th e  effect o f  te m p e ra tu re  
assum ed  seem ed to  be p ro v ed . T he sam e re su lt  was ob ta in ed  in  th e  re a c tio n  of 
13 w ith  p ro p y lam in e  a t  100 °C. I t  w as s tr ik in g , how ever, th a n  in  th e  course of 
th e  processing o f th e  reac tio n  m ix tu re  a n o th e r  substance  cou ld  be  iso la te d  in 
p u re  s ta te  in  ad d itio n  to  th e  co rresp o n d in g  isoquinolinone d e r iv a tiv e s  3 an d  4, 
an d  th is  w as found  to  be iV -propyl-2-{ [«-)iV’-p ropy lu re ido )]-benzy l} pheny l- 
ace tam ide  (48). T he fo rm a tio n  o f  th is  su b s ta n c e  can only be e x p la in e d  by  a 
tra n sa m id a tio n  o f th e  s ta r t in g  ca rb am o y l d e riv a tiv e  or of th e  p ro d u c t  o f  ring 
cleavage d u rin g  th e  reac tio n . Since no ch an g e  was observed in  th e  iV-phenyl- 
u re ido  d e riv a tiv e  35 o b ta in e d  in  th e  re a c tio n  a t  50 °C w hen h e a te d  in  p ro p y l
am ine a t  100 °C, i t  m u s t be assum ed  th a t  th e  tra n sa c y la tio n  ta k e s  p lace  before 
th e  rin g  cleavage (Schem e 3).

T he tw o-w ay  re a c tio n  (ring  c leavage an d  sp littin g  o ff o f th e  side chain) 
c a n n o t be ex p la in ed  b y  th e  d iffe ren t b a s ic itie s  of th e  am ines em p lo y e d , since 
th e  difference is n o t s ig n ifican t. T he fa c t,  how ever, th a t  rin g  c leav ag e  p ra c ti
ca lly  c a n n o t be ach ieved  w ith  seco n d ary  am ines allows to  co n c lu d e  t h a t  steric 
h in d ran ce  m u st be considered . In  th e  fo llow ings i t  was ex am in ed  w h a t k in d  of 
reac tio n  ta k e s  p lace w ith  te r t ia ry  b u ty la m in e  being a p rim ary  am in e  b u t  hav
ing a b ran ch ed  a lk y l ch a in  ; th e  m odel com pound  was l-p h en y l-2 -p h en y lca r-  
b am o y l-l,4 -d ih y d ro -3 (2 fi)-iso q u in o lin o n e  ( 13) .  A t th e  boiling  p o in t  o f  te r t ia ry  
b u ty lam in e  no conversion  could  be d e te c te d  a fte r  5 h  a t  46 °C. T h e  reaction  
was re p e a te d  u n d e r p ressu re  a t  100 °C ; a f te r  reflux ing  for 7 h , th e  p ro d u c t of
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Table VI

M .p. and IR spectral data of the 2- {[<x-(N9-phenylureido)]benzyl}-phenylacetamides 3

jNR’ R2 

NH—CO—NH— к

£*■О)

Com
pound

R R l R2 Formula®
M.p.b

(recrystalliza- 
tion solvent)0

IRd, cm-1

34 Phenyl H H c22h 21n 3o 2 2 1 5 -7  °C 
(MeOH)

3310 (NH), 3410, 3400, 3210 (NH, NH,) 1660 (Amide I), 1615, 
1548 (Amide II)

35 Phenyl Pr H ^25^27^3^2 202—4 °C 3290, 3330 (NH), 1645 (Amide I), 1555 (Amide 11)

36 Phenyl PhCH2 H c29h 27n 3o2 218—9 °C 
(MeOH/H20 )

3290 broad (NH), 3350 (sh), 1652, 1642 (Amide I), 1555 (Amide
и )

37 Phenyl Me Me 2 1 7 -8  °C 
(MeOH)

3325, 3285 (NH), 1695, 1625 (Amide I), 1555 (Amide II)

38 p-Nitrophenyl H H C22H20NiO4 232 °C 
(n-BuOH)

3295, 3340, 3440 (NH), 1680, 1650, 1615 (Amide I), 1540, 1565 
(Amide II) 1335 (symm. NOa), 1515 (asymm. N 0 2)

39 p-Nitrophenyl Pr H C‘25H2eN40 4 197 °C 
(MeOH)

3300, 3350, 3410 (NH), 1655, 1645 (Amide I), Í560 (Amide II), 
1350 (symm. N 0 2), 1510 (asymm. N 0 2)

40 p-Nitrophenyl PhCH2 H ^29^26^4^4 206 °C 
(MeOH)

3275, 3340, 3410 (NH), 1660, 1640 (Amide I), 1555 broad (Amide 
II), 1350 (symm. N 0 2), 1505/1510 (asymm. N 0 2)

41 p-Chlorophenyl H H c22h 20c in3o 2 235 °C 
(n-BuOH)

3340, 3370 (NH), 1665, 1645 (Amide I), 1625, 1555 (Amide II)

42 p-Chlorophenyl Pr H c25h 26c i n 3o 2 240 °C 
(n-BuOH)

3290, 3350 (NH), 1645, 1655 (Amide I), 1555 broad (Amide
II)
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43 p-Chloro phenyl PhCH2 H C ^ C I N A 221 °C 
(n-BuOH)

3370, 3300 (NH), 1640, 1655 (Amide I), 1555 broad (Amide II)

44 p-Methoxyphenyl H H ^23 -̂23^3^2 219 °C 
(n-BuOH)

3330, 3195 (NH), 1685, 1665, 1640 (Amide I), 1560 broad 
(Amide II), 1240 (C -O )

45 p-Methoxyphenyl Pr H ^26^29^3^8 210 °C 
(MeOH)

3290 broad, 3345 (NH), 1645 (Amide I), 1560 (Amide II), 1245 
(C -O )

46 p-Methoxyphenyl PhCH2 H Сз0Н291\  30 3 235 °C 
(n-BuOH)

3280, 3320 (NH), 1645 (Amide I), 1555 (Amide II), 1240 (C -O )

47 Propyl H H ^19^23-^3^2 1 9 4 -5  °C 
(MeOH/P.e.)

3310, 3480, 3370, 3200, 3180 (NH), 1630, 1610 (Amide I), 1565 
(Amide II)

48 Propyl Pr H <^h 29n 30 2 1 8 4 -5  °C 
(MeOH—H20

3285, 3325, 3355 (NH), 1655, 1645, 1625 (Amide I) 1565 
(Amide II)

49 Propyl PhCH2 H 0 »бН2ч^3О2 175 °C 
(MeOH)

3270, 3310, 3350 (NH), 1645, 1630 (Amide I), 1565 (Amide II)

a See footnote d in Table I 
b See footnote a in Table I 
c See footnote a in Table II 
dtSee footnote_c in T able'll
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th e  sp littin g , l-p h en y l-l,4 -d ih y d ro -3 (2 H )-iso q u in o lm o n e , was iso la ted  in  84%  
y ie ld , w hile no rin g  cleavage w as observed . I n  o rd er to  e luc ida te  th e  ro le o f 
s te ric  h in d ran ce , fu r th e r  ex p erim en ts  w ere c a rr ie d  ou t w ith  th e  4 ,4 -d im e th y l 
d e r iv a tiv e  o f l-p h en y l-2 -p h en y lca rb am o y l-l,4 -d ih y d ro -3 (2 Ii)- iso q u in o lin o n e  
w ith  p ro p y lam in e  a t  th e  boiling  p o in t o f th e  am ine . I t  was found  t h a t  n o  p ro d 
u c t  o f  rin g  cleavage w as fo rm ed , on ly  th e  s p lit t in g  off of th e  side c h a in  to o k  
p lace  an d  th e  co rrespond ing  isoqu ino linone d e r iv a tiv e  could be iso la te d  in  75%  
y ie ld .

O n th e  basis o f th e  ex p e rim en ta l d a ta ,  th e  dependence o f th e  d ire c tio n  of 
th e  m u ltid ire c tio n  tra n sa m id a tio n  re a c tio n  on  th e  s tru c tu re  o f th e  re a g e n t and  
th e  s u b s tra te  can  be ex p la in ed  as follow s. T h e  am ine can  ex e rt a n u c leo p h ilic  
a t ta c k  a t  th e  ca rb o n  a to m  o f th e  ca rb o n y l g ro u p  in  th e  la c tam  r in g  o r  th e  c a r
b o n y l g roup  in  th e  side cha in . In  th e  la t te r  case (Schem e 3) e ith e r  1-p h e n y l-1 ,4- 
d ihyd ro -3 (2 H )-iso q u in o lin o n e  an d  th e  u re a  d e riv a tiv e  b are  fo rm e d , or, a t 
e le v a te d  te m p e ra tu re s , a new  carb am o y liso q u in o lin o n e  d e riv a tiv e , c, is o b ta in 
ed , an d  th e  la t te r  w ill re a c t fu r th e r  w ith  r in g  cleavage as show n in  S chem e 2.

T h e  v a rious re a c tio n  p a th s  h av e  d iffe ren t ac tiv a tio n  energ ies, th o se  in 
v o lv in g  th e  side chain  a re  p ro b ab ly  h igher. T herefo re , w hen th e  r in g  cleavage 
re a c tio n  is slow ow ing to  ste ric  h in d ran ce  d u e  to  th e  s tru c tu re  o f  th e  reag en t 
o r th e  su b s tra te  an d  th u s  a h igher te m p e ra tu re  is applied , th e  re a c tio n  in  th e  
side ch a in  becom es fav o u red .

R in g  cleavage reac tio n s w ere also e ffec ted  w ith  h y d ro x y la m in e  and  
h y d ra z in e , an d  th e  co rrespond ing  h y d raz id es  a n d  hydroxam ic  ac ids w ere  iso la t
ed  in  sa tis fa c to ry  y ie lds. T hese co m pounds m ay  serve as s ta r t in g  m a te ria ls  
in  th e  p re p a ra tio n  o f new  heterocyclic  com p o u n d s.

Experimental

Kinetic measurements

(a) Construction of the calibration plot

About 4 mmoles of the individual isocyanates were measured into 10-ml volumetric 
flasks and the contents were made up to the mark w ith chloroform free from water and alcohol. 
A dilution series was prepared from the stock solution (the maximum dilution was 40-fold), 
then the spectra of the individual samples were recorded in the 2000—2500 cm -1  range in 
KBr cells of 0.065 mm thickness using the solvent in a cell of identical thickness as a reference. 
The instrument used was a Perkin—Elmer 377 spectrophotometer. The log J0/ I  value was 
determined for the band characteristic of isocyanate and plotted as a function of the con
centration of isocyanate, then the calibration diagram was constructed and used in the measure
ments.

(b) Measurements

About 20 mmoles of l-phenyl-l,4-dihydro-3(2if)-isoquinolinone and an equimolar 
amount of isocyanate were measured into a 50-ml volumetric flask, then it  was made up 
to the mark with chloroform free from alcohol and water. Now the solution was transferred 
into a round-bottomed flask, equipped with a reflux condenser and protected against atmos
pheric moisture with a tube filled with CaCl2, and heated to boil. The samples withdrawn at
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given intervals were diluted as necessary and the IR spectra were recorded in the 2000 — 2500 
cm -1  range as given under (a). The actual concentration of isocyanate was determined by means 
of the calibration diagram.

General methods for the acylation of 1 -aryl-1 .f-dihvdro-.'{(2/ / ) -i'Oquinolinones

Method A

2-Acetyl-l-phenyl-l,4-dihydro-3(2//)-isoquinolinone (1)

l-Phenyl-l,4-dihydro-3(2if)-isoquinolinone (11.15 g ;  0.05 mole) was dissolved in acetic 
anhydride (100 ml); anhydrous sodium acetate (4.1 g ; 0.05 mole) was added, and the mixture 
was refluxed for 1 h. The solvent was then evaporated in vacuum. The residue was an oily 
substance starting to solid ify; it was converted into a powder by rubbing with petroleum  
ether (150 ml). The precipitate was filtered off, traces of the anhydride were washed with 
petroleum ether and water was used to remove traces of sodium acetate. After drying a pink 
powder was obtained, which was crystallized from a m ixture of ethanol and ether to obtain 
a w hite crystalline substance (8.7 g ;  66%), m.p. 123 °C.

Method В

2-Beuzoyl-l-phenyl-l,4-dihydro-3(2H)-isoquiiiolinone (4)

1- Phenyl-l,4-dihydro-3(2H)-isoquinolinone (2.23 g ; 0.01 mole) was dissolved in an
hydrous pyridine (25 ml) ; the pale yellow, clear solution was mixed with benzoyl chloride 
(1.68 g ;  0.011 mole) at room temperature, heated to 50 °C and stirred at this temperature 
for 24 h. The solution was then poured into ice-water (100 ml) whereupon an oily substance 
separated. The pH was adjusted to 6.0—6.5 with 20% hydrochloric acid, the oil which se
parated was dissolved in ether (100 ml) and the solution was extracted with further amounts 
of ether (2 X 20 ml). The reddish-yellow ethereal extract was clarified with carbon to obtain 
a pale yellow  solution which was dried and the ether removed in vacuum. The yellowish res
idue was rubbed with a mixture of ether and petroleum ether (1 : 1), cooled and filtered to give 
a colourless product (2.2 g ; 67%), m.p. 171 °C.

2 - A cety l-1 - (4 ’-a m in o p llen \ I ) -1,1 -<li met h y l-1,4 -d ih v d ro -3 (2 / / )-i-oq uinnlilione

2- Acetyl-4,4-diinetli у 1-1 -(4’-nitrophenyl)-] ,4-dihydro-3(2H)-isoqui noli none (4.6 g ; 0.013 
mole) was dissolved in 99.5% acetic acid (300 ml) and it was hydrogenated in the presence 
of 10% Pd/C catalyst (1 g) at atmospheric pressure until the calculated amount of hydrogen 
had been absorbed. The catalyst was filtered off, the filtrate evaporated in vacuum and the 
residue rubbed with water (100 ml). The resulting solid was filtered off and washed with water 
(6 X 50 ml). The crude product was recrystallized twice from 50% aqueous ethanol to give a 
colourless crystalline substance (3.1 g ; 75%), m.p. 172 °C.

C19H20N20 2. Calcd. C 74.00; H 6.54; N 9.08. Found C 74,30; H 6.80 ; N 9.30%.

General methods for the synthesis of 2-carbam oyl-l,4- 
dihydro-3(2//)-isoquinolinones

Method A

1 -Phenyl-2-propylearbamoyl-l,4-dihydro-3(2/ / )  -isoquinolinone (5)

l-Phenyl-l,4-dihydro-3(2H)-isoquinolinone (4.5 g ; 0.02 mole) was dissolved, w ith stir
ring, in  anhydrous benzene (50 m l); propyl isocyanate (1.9 g ;  0.022 mole) was added and the 
mixture was refluxed for 16 h. The solution was concentrated to 20 ml in vacuum, then trans
ferred onto a column prepared from silica gel (10 g) and eluted with benzene (200 ml). The 
eluate was evaporated in vacuum and the crude product was twice recrystallized from 40% 
aqueous ethanol (400 ml) to obtain a pure substance (4.0 g ; 65%), m.p. 77 °C.

Method В

2-ButyIcarbanioyl-l-phenyl-],4-dihydro-3(2fi)-isoquinolinone (7)

l-Phenyl-l,4-dihydro-3(2H)-isoquinolinone (4.5 g ;  0.02 mole) was dissolved, with  
stirring, in anhydrous toluene (50 ml) butyl isocyanate (2.0 g ; 0.02 mole) was added, and the
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mixture was refluxed for 16 h. The solvent was evaporated in vacuum, the oily residue was 
rubbed with petroleum ether (50 ml), the solid filtered off and the product was recrystallized 
twice from ethanol (30 ml). A pure substance (3.4 g ; 53%) was obtained, m.p. 82 °C.

General method for the preparation of l - ( 4 ’-aminophcnyl)- 
-2-alkyl(aryI)carbamoyl-3(2//)-isoquinolinones 

l - ( 4 ’-Amiiiopheiiyl)-2-propylcarbamoyl-3(2//)-isoquinoliiioiie (26)

1- (4,-Nitrophenyl)-2-propylcarbamoyl-3(2H)-isoquinolinone (10.3 g ; 0.03 mole) was 
dissolved in 99.5% acetic acid (300 ml) and hydrogenated in the presence of prehydrogenated 
Pd/C catalyst (2 g) at room temperature under atmospheric pressure until the calculated 
amount of hydrogen had been absorbed. The catalyst was then filtered off, the solution was 
evaporated, the residue was triturated with water (3 X 500 ml) and dissolved in chloroform 
(3 x  100 ml). The chloroform solution was clarified then evaporated in vacuum at room tem
perature and the residual oil (8.5 g) was dissolved in chloroform (10 ml). This solution was sub
jected to chromatographic separation on a column prepared with silica gel (30 g) in carbon 
tetrachloride : the eluting agent was chloroform (400 ml). The solvent was then evaporated 
and the residue recrystallized first from a mixture of ethanol (50 ml) and water (5 ml), then 
from 90% aqueous methanol (50 ml). A pure substance (4.6 g; 49%) was obtained, m.p. 91 °C.

2-Allylcarbamoyl-l-(4’-am inophenyl)-l,4-dihydro-3(2fi)-isoquiiiolinone (29)

2- Allylcarhamoyl-l-(4’-nitrophenyl)-l,4-dihydro-3(2//)-isoquinolinone (4.0 g ; 0.011
mole) was dissolved on 99.5% acetic acid (60 ml). Powdered iron (5 g) was added, and the solu
tion was stirred at room temperature for 7 h. The precipitate was filtered off and washed with 
acetic acid (3 x  30 ml). The filtrate was diluted with water (600 ml) and extracted with chloro
form (5 x  100 ml). The chloroform solution was dried over anhydrous sodium sulfate and the 
solvent evaporated. The residual brown oil (4 g) was dissolved in benzene (40 ml), transferred 
to a column prepared with silicagel (25 g) in carbon tetrachloride. Elution was effected with 
benzene (1000 ml), a mixture of benzene and chloroform (500 ml, 1 : 1), and finally with chloro
form (1000 ml). The solvent was evaporated from each fraction, and the residual oils were con
verted into the hydrochlorides separately in alcohol solutions with ether containing hydro
chloric acid. The salts were recrystallized from ethanol and the pure substances were combined 
to obtain a white powder (2.0 g ; 49.0%), m.p. 195 °C.

General method for the synthesis of jV-alkyl-2-{[a-(/V’-aryl- 
or alkylureido)] benzyl}phenylacetamides 

2-{[a-( ЛР-pheny lurcido)] benzyl | phenylacetamide (34)

l-Phenyl-2-phenylcarbamoyl-l,4-dihydro-3(2/i)-isoquinolinone (1.71 g ;  0.005 
and ammoniacal methanol (60 ml) (22.5 g of N II3 in 100 ml of methanol) were allowed to react 
in a bomb tube at room temperature for 5 days. The crystals which separated were filtered off 
and recrystallized from methanol (90 ml). The pure product (1.0 g ; 56%) had m.p. 215 — 217 °C.

iV-bcnzyl-2-{[a-(Ar’-propylureido)] benzyl} phenyl-acetamide (49)

l-Phenyl-2-propylcarbamoyl-l,4-dihydro-3(2H)-isoquinolinone (0.616 g ;  0.002 mole) 
was dissolved in benzylamine (6.42 g ; 6.54 m l; 0.06 mole) in a bomb tube and the reaction 
was allowed to proceed for 10 h at 100 °C. When the homogeneous solution was cooled, a 
crystalline substance separated ; this was filtered off and washed with petroleum ether. Addi
tion of petroleum ether (20 ml) to the filtrate caused the separation of additional amounts of 
the substance. The combined crude product was crystallized from a mixture of methanol and 
petroleum ether (25 ml). A pure substance (0.35 g ; 28%) was obtained, m.p. 175 °C.

Reaction of l-plienyl-2-phenylcarbamoyl-l,4-dihydro- 
-3(2H)-isoquinolinone with hydroxylaminc: 

preparation of 2 -! [a-(/V ,-pheiiylureido)]benzyl}phenylacetohydroxamic acid

Metallic sodium (2.0 g ; 0.08 mole) was added to anhydrous methanol (40 ml) with cool
ing, then a solution of powdered hydroxylaminc hydrochloride (6.1 g ; 0.088 mole) in hot water 
(2.1 nd) was added dropwise, with stirring. Stirring was continued for 20 min. The solution
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w as then cooled to 0 °C, the deposit of sodium chloride was filtered off, washed with anhydrous 
m ethanol (40 ml) and the methanolic filtrate and the washing liquid were com bined; it con
tained  0.08 mole of hydroxylam ine base. Now l-phenyl-2-phenylcarbamoyl-l,4-dihydro- 
3(2H)-isoquinolinone (1 g ; 0.03 mole) was dissolved in the solution and it was heated at 60 °C 
fo r  2 h. The pale yellow solution was then evaporated and the residue rubbed with ethanol 
(20 ml). It was filtered, the filtrate was evaporated again and the residue was dissolved in hot 
ethanol (12 ml). The precipitate obtained on cooling was filtered off, and the filtrate was 
evaporated to give the crude product (0,7 g ; 65%). This was crystallized from 50% ethanol 
(10 ml) to obtain the pure product (0.45 g; 42%), m.p. 168 °C.

C22H21N30 3. Calcd. C 70.38; H 5.78; N 11 ;19. Found C 70.39; H 5.92; N  11.08%.
I R : 3300 s (rOH vN H ) ; 3230 m, broad (rN H ); 1640 s, broad (Amide I ) ; 1555/60 s 

broad (Amide II).

Reaction of l-phenyl-2-phenylcarbamoyl-l,4-dihydro- 
-3(2if)-isoquinolinone with hydrazine hydrate: 

preparation of 2 -{[a-(iV ,-phenylureido)]benzyl}phenylacetohydrazide

l-Phenyl-2-phenylcarbamoyl-l,4-dihydro-3(2ii)-isoquinolinone (0.68 g ; 0.002 mole) 
and hydrazine hydrate (3 g ; 0.06 mole) were heated in butanol (25 ml) at 50 °C for 2 h. On 
cooling the solution a solid deposited (0.6 g ; 80% ; m.p. 214 °C), which was recrystallized from 
butanol (30 ml) to give the pure product (0.4 g; 53%), m.p. 214 °C (d).

C22H22N40 2. Calcd. C 70.57 ; H  5.92; N 14.96. Found C 70.30: H 6.23; N 14.94%.
IR  : 3290 s, 3330 m, 3360 m  triplet (N H ); 1660 vs, 1645 s, 1620 m (Amide I): 1550 s 

(Am ide II).

Reaction of l-phenyl-2-phenylcarbamoyl-l,4-dihydro-3(2H)-isoquinoIinone 
with propylamine at an elevated temperature

l-Phenyl-2-phenylcarbamoyl-l,4-dihydro-3(2il)-isoquinolmone (2.72 g ; 0.008 mole) 
was dissolved in propylamine (14.2 g; 0.024 mole) and the reaction was allowed to proceed in 
a bomb tube at 100 °C for 7 h. The cooled solution was evaporated in vacuum, and the residue 
was washed with petroleum ether (5 x 1 0  ml) and ether (2 x 1 0  ml). The crude product 
(1.65 g) contained mainly l-phenyl-l,4-dihydro-3(2if)-isoquinolinone (68%) and a small 
am ount (15%) of N-propyl-2-{ [a-(lV’-propylureido)]-benzyl}phenylacetamide (48), according 
to TLC analysis and IR  spectroscopic measurements. The crude product was repeatedly 
recrystallized from ethyl acetate and finally from 40% aqueous methanol to yield a pure 
substance (48) (0.15 g; 5%), m.p. 181 —182.5 °C. The combined mother liquor was evaporated 
in vacuum , the residue (0.9 g) was dissolved in benzene (10 ml), transferred onto a column 
prepared from Brockman II aluminium oxide and eluted with 1 : 1 benzene : chloroform 
(150 ml). The eluate was evaporated in vacuum and the product was washed with ether; 
pure l-phenyl-l,4-dihydro-3(21i)-isoquinolinone was thus obtained in a yield of 40%, m.p. 
164 °C.

*

W e are indebted to Mrs. M. 'H orváth-Gál and Mr. L. P ongó fc r  their assistance 
in th e  investigations and to Miss M. F odor for the microanalyses.
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Поступила в редакцию 17 мая 1978 г.
Принята к печати 21 июня 1978 г.

Сделана попытка проанализировать рассуждения химика, проводимые 
им при изучении механизма гомогенных газовых реакций. Суть вопроса со
стоит в том, дает-ли анализ, проведенный химиком, возможность описать эти 
рассуждения в блочной схеме при изучении механизма реакций и, если да, то 
возможно-ли составить на этой базе такую программу, с помощью которой 
можно однозначно определить механизм гомогенных газовых реакций. Если и 
последнее возможно, то эту программу можно рассмотреть как запрограмми
рованное мышление.

Первоначально предполагаем, что интуиция не играет основную роль в 
определении механизма, то есть не играет такую роль, без которой не возмож
но определить механизм.

Наш подход заключается в том, что берем одну публикацию, занима
ющуюся изучением гомогенных газовых реакций [1] и подвегаем её анализу. 
В данной статье рассматривается высокотемпературное окисление метана в 
изотермных — изохорных условиях. Выбор данной статьи объясняется и тем, 
что для автора эта реакция не является новой [2, 3].

Опытные наблюдения

Изучение механизма реакции начинается с опытом работы. Данные од
ного опыта Катоне и Джемса приведены на рис. 1. Из рисунка видно, что мак
симальная скорость окисления метана отмечается на интервале 20—30 сек., 
что хорошо видно и на рис 2. Увеличение скорости при изотермных условиях 
означает, что можно расчитывать на появление в механизме разветвлений. На 
рис. 3 сравнены четыре опыта в системе координат время — скорость. Во всех 
четырех опытах суммарное давление (обеспеченное добавлением азота) 
одинаково при различных соотношениях метана — кислорода. Видно, что 
увеличение соотношение метана — кислорода препятствует увеличению ско
рости реакции, то есть метан замораживает реакцию. В других, не приведен-
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Р и с . 1. Данные одного опыта Катоне и Ждемса

Р и с . 2. Скорость увеличения при различных компонентах

Р и с . 3. Скорость реакции при различных соотношениях метана — кислорода
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ных здесь, исследованиях авторов определено, что увеличение суммарного 
давления также уменьшает скорость реакции. Необходимо отметить, что 
вышеуказанные явления (уменьшение скорости реакций) происходит при 
температуре свыше 700°С. А при температуре ниже 650°С наблыдаются как 
раз противоположные явления. Первая часть статьи Катоне и Джемса закан
чивается изложением опытных наблюдений.

Ход размышления кинетиков

Во второй части авторы пытаются на основе механизма реакции объя
снить опытные наблюдения. Ход размышлений авторов показан на рис. 4, где в 
отдельных блоках приведены без изменения ссылки из сообщения авторов.

СТАРТ в этот раз означает получение вышерассмотренных опытных 
данных.

В первом блоке выражение «схема реакций» проблематично. Под «схемой 
реакций» авторы понимают раекции, перечисленные в таблице I . Эти реакции

Р и с . 4. Ход размышления кинетиков
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Таблица I

Реакция СН3моль сек-1
£ ]

ккал моль

с н 4 +  о 2 с н 8 -f- Н 0 2
с н 4 +  о н -  с н 3 +  Н 20 3 . 3 1  • 1 0 13 3 . 7 7

с н 4 +  н о 2 —► СН3 +  Н 20 2
с н 4 +  н -  СН3 +  о н 2 6 . 9  • 1 0 13 1 1 . 8

с н 4 + о —  с н 3 +  о н 2 . 1 9  • 1 0 13 8 . 8 6

с н 8 +  о 2 —  с н 2о  +  о н
с н 3 +  н 2 — с н 4 +  н 1 . 5  • 1 0 13 1 5 . 5

с н 2о  +  о н —  н с о  +  н 2о
с н 2о  +  н о 2 —  н с о  +  Н 20 2 1 0 12 1 0 . 7

с н 2о  +  н —  Н С О  +  Н 2 2  • 1 0 13 3 , 3

СН20  +  о —  н с о  +  о н 1 0 й 3 . 3

с н 2о  +  с н 3 —  н с о  +  с н 4 1 . 1 5  • 1 0 “ 6 . 2 1

с н 2 +  0 2 —  н с о  +  н о 2 2 . 0 4  ■ 1 0 13 3 8 . 9

н 20 2 -р м —  2 0 Н  +  М 1 . 2  • 1 0 17 4 5 . 5

н 20 2 н 20  +  V2O2
Н 20 2 +  о н —  Н 20  +  н о 2 1 0 13 1 . 8

н 2о 2 +  н —  н 2о  +  о н 2 . 2  • 1 0 “ 1 1 . 8

Н 20 2 +  н -  н 2 +  Н 0 2 1 . 7  • 1 0 “ 3 . 8

Н 20 2 +  с н 3 -  с н 4 +  н о 2
н с о  +  0 2 —  с о  +  н о 2
Н С О +  м —  н  +  с о  +  м
С О +  о н —  с о 2 +  н 1 0 “ 3 . 7

с о  +  н о 2 — с о 2 +  о н 1 0 “ 2 3

н 2 +  о н -к  н 2о  +  н 2 . 2  • 1 0 “ 5 . 1 7

н 2 +  н о 2 -  н 2о 2 +  н 7 . 3  • 1 0 “ 1 8 . 7

н 2 + о —  о н  +  н 1 . 8  • 1 0 ' °  • I 8 . 9

н  +  0 2 ^  о н  +  о 2 . 2  • 1 0 “ 1 6 . 8

н  +  о 2 —  м —  н о 2 +  м 1 . 5  • 1 0 “ ( * ) - 1
н  +  Н 20 —  н 2 +  о н 9 . 3  • 1 0 “ 2 0 . 3 6

о +  н 2о —  2 0 Н 6 . 8  • 1 0 “ 1 8 . 3 5

н  +  с о + м —  н с о  +  м
н о 2 +  н о 2 —► Н 20 2 +  ^2 2  • 1 0 “ 0

н  +  н о 2 —  2 0 Н 2 . 5  • 1 0 “ 1 . 9

с н 3 + с н , - с 2н в 2 . 6  • 1 0 “ 0

С2Н в +  о н -  С2Н 5 +  Н 20 8 . 7  • 1 0 “ 3 . 5 2

С2Н в +  н о 2 -  С2Н 5 +  Н 20 2 1 . 5  • 1 0 “ 1 6 . 6

С2Н 6 +  н -  С2Н 6 +  н 2 1 . 3 2  • 1 0 “ 9 . 7

С2н 6 +  0 -  с 2н 3 +  о н 4  • 1 0 “ 6 . 5 5

С2Н 6 +  с н , -  С2Н 5 +  СН4 5  • 1 0 “ 2 1 . 5

с 2н 6 +  о 2 -  С2Н 4 +  н о 2 3 . 1 7  • 1 0 “ 5

с 2н 6 +  н 2 -  С2Н 6 +  н 6 . 4  • 1 0 “ 1 4 . 1

С2Н 3 -  С2Н 4 +  н 3 . 2  • 1 0 “ 4 0 . 7

С2Н 4 +  о н С2н 3 +  Н 20 3  • 1 0 “ 0

с 2н 4 +  н - С 2Н 5 8  • 1 0 “ 1 . 9

С2Н 4 +  0 —  с н 3 +  н с о 2 . 2 6  • 1 0 “ 2 . 7

с 2н 3 + 0 2 —  С2Н 2 +  н о 2 1 . 6  • 1 0 “ 1 0

сек-1
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известны и литературы, и при точной работе в схему реакции необходимо влю- 
чить все реакции, в которых происходят взаимодействия между метиловыми 
и гидроперекисными радикалами, метаном, кислородом. В этих реакциях 
образуются ещё не рассмотренные радикалы то есть необходимо уже рассмот
реть все реакции, в которых реагируют уже образовавшиеся продукты. Про
должая эту работу, дойдем до реакций, в которых происходит образование 
стабильных продуктов окисления метана. «Схема реакций» составляется 
именно таким образом. Для этой работы очень полезным являются сборники 
[4, 5, 6, 7].

Во втором блоке приведено выражение «новейшие данные». Под этим 
необходимо понимать параметры реакций, включенные в схему, то есть 
преэкспоненциальные константы и энергию активации. Вместо «новейшей» 
праивльнее использовать выражение «наиболее подходящей».

Выбор идёт по двум направлениям:
а) Для одной и той же реакции возможно существование нескольких 

литературных данных. Среди них следует выбрать те, которые получены в 
опытах, проведенных в условиях, бликих в нашим условиям (температура, 
давление, концентрации и т. д.).

б) Параметры различных элементарных реакций, полученные из одного 
исследования предпочительнее по сравнению с параметрами, полученными из 
различных исследований. После выбора параметров данных можно заполнить 
две колоны таблицы I.

В третьем блоке идет речь о данных измерения концентраций и скорости. 
В действительности только данные концентрации определены путем аналити
ческих измерений. Скорость означает производную непрерывной, проходящей 
через точки, соответствующие данному компоненту функции (рис. 5) Необхо
димо отметить, что здесь речь идет не о скорости реакции а о скорости увели
чения концентрации.

Р и с . 5. Скорость увеличения концентрации
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В четвертом блоке имеется команда о необходимости рассчитать кон
центрации важнейших цепных носителей. Основой решения команды служит 
то, что для каждого компонента можно написать дифференциальное уравне
ние:

~  =  1  ( Щ  -  Яу) (Л/ е ~ Щ  П  Ф  • (а)
ОГ ; =  1 г=1

Катоне и Джемс предлагают переход от дифференциальных уравнений к не
линейным алгебраическим уравнениям, так как для стабильных компонентов 
скорость, стоящая в левой части дифференциального уравнения уже известна, 
то есть

dcj
d t ,

(б)

и только тогда равна 0, когда концентрация стабильных компонентов имеет 
экстремальное значение; для атомов и радикалов используем предложение 
квазистационарности концентрации (что иногда называют и принципом 
Боденштейна):

Этим дифференциальная система уравнений (2) преобразуется в нелинейную 
алгебраическую систему уравнений, которая каким-то образом отдельно ре- 
шима для каждого t, в которой имеются данные измерения. Так как расчеты 
не очень просты, Катоне и Джемс предлагают, чтобы расчитана была только 
концентрация носителей цепи. Главными носителями цепи являются:

сн3,н,о,но2,он,с2н5
(хотя в статье не дается описание и объяснение, почему именно вышеуказан
ные представляют собой главные носители цепи). Из это го следует, что необхо
димо решить нелинейную алгебраическую систему уравнений, представлен
ную в таблице II, и для каждого опыта столько раз, сколько имеется в распор
яжении серий данных измерения.

Результаты расчетов Катоне и Джемса для одного случая представлены 
на рис. 6. Проведя подобные расчеты для обработки данных всех опытов, 
назреет положение для объяснения кинетических явлений на основе ме
ханизма.
Кинетику набоходимо сейчас ответить на вопрос, какая реакция, вызыва
ющая разветвление цепи отвечает за «ускорение» окисления, наблюдаемое при 
опыте.

Схема реакции дает возможности, указанные в таблице III.

A c t a  C h i m .  A c a d .  S e i.  H u n g . 1 0 0 , 1 9 7 9



Б Е Н Е Д Е К : АВТОМАТИЗИРОВАННАЯ СИСТЕМА ПРОГРАММ 59

Таблица II

=  (СН3)[А7(Н 2) +  Л-38(С2Не)] -  (СН4)[/с2(ОН) +  А 3 ( Н 02 )  +  * 4 ( Н )  +  * , ( 0 ) ]

=  (Н ) [Л 4(С Н 4) +  А28( Н 20 )  +  Азе(С2Н 6)] -  ( Н 2)[А ,(С Н 3) +  А23(О Н ) +  А24( Н 0 2) +

+  У ° )  +  У с , н 8)]

=  (СО) [Л21(ОН) +  м  НО)]

=  к Л CHJ* +  А40(С2Н5)(Н 2) -  (С2Н„) [/с34(ОН) +  Лш(Н 0 2) +  к Л Н) +

+  М  О) +  Азв(СН3)]

- ~ р  =  У (Н (С 2) -  (О) tfc,(CH4) -  <УН2) +  У ( Н 20 )  +  А'37(С2Нв) +  А44(С2Н4)]

- (%Н-а)- =  (С2Н„) [А31(ОН) + Ам(НО) + А36(Н) + А37(0) + А38(СН3)] + А13(С2Н4)(Н) -  

- ( С 2Н5)[А-39(02) + М Н 2) + А41]

Катоне и Джемс исследуют предложения других авторов [8, 9], кото
рые в разложении гидроперекиси водорода:

Н20 2- ^  20Н  (14)

видят найважнейшую реакцию разветвления цепи. По нашему мнению авторы 
этим пунктом проводят с точки зрения ответа на вопрос излишний путь,

с
(момь см"3)

Т =877 К 
р(0)=500 Тор

Р и с . 6. Концентрации радикалов
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Таблица III

№ Реакция

5 с н 4 + О — сн 3 + он
и сн 2о + о  — н со  + он
13 сн 2о + 0 2 — н со  + но.
14 М + н,0 2 — 20Н + М
25 н 2 +  0  - о н  + н
26 н  + о2 - он  + о
29 о  + Н20 — 20Н
37 С2Н6 + 0 - С2Н5 + он
44 С2Н4 + 0 - с н 3 + нсо

Таблица IV

((сек) V3-10« 
(СН, +  НО?)

W  Ю10 
(СНгО +  НО?)

VO.-10'“ 
(Н, + но?) (С„Н, +  но?) 10'"

(НО, +  но?)

а )  604°С  500 тор

15 1,46 0,81 0,09 0,17 15,3
20 1,31 0,78 0,18 0,21 14,5
25 1,33 0,86 0,3 0,27 18,6
30 0,97 0,65 0,3 0,24 12,2
35 0,85 0,57 0,32 0,23 11,6
40 0,75 0,46 0,33 0,22 11,1

Ь ) 659 °С 400 тор

14 1,61 0,61 0,25 0,35 9,7
16 1,73 0,69 0,37 0,43 12,1
18 1,71 0,72 0,47 0,46 13,6
20 1,61 0,72 0,55 0,46 14,2
22 1,47 0,69 0,61 0,43 14
25 1,23 0,61 0,65 0,35 12,7
28 1,05 0,54 0,66 0,27 11,7
30 0,98 0,51 0,68 0,23 11,9

с )  736 °С 200 тор

10 0,8 0,23 0,24 0,16 2,35
12 1,1 0,32 0,5 0,25 5,65
14 1,25 0,32 0,91 0,3 10,4
16 1,06 0,17 1,18 0,25 16,6
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однако последний важен с другой точки зрения, поэтому проследим его и 
дальше. Для решения вопроса, что ответственно ли разложение гидропере
киси водорода на два гидроксильных радикала из разтевление цепи, необ
ходимо исследовать реакции, ведущие к образованию гидроперекиси водорода 
и доказать, что среди этих реакций наиважнейшие используют хотя бы одним 
радикал для образования молекулы гидроперекиси водорода. Для этой цели 
необходимо рассчитать скорость реакций, ведущих к образованию гидропере
киси водорода. Результаты расчета, взятые из статьи Катоне и Джемса, пред
ставлены в таблице IV. Из этого ясно, что при скорости нижеуказанной ре
акции

2Н02 — Н20 2 +  0 2 (31)

другими с точки зрения образования перекиси водорода можно пренебречь.
В таблице V представлены скорости реакций, ведущих к разложению 

перекиси водорода. Из этого однозначно вытекает, что разложение перекиси 
водорода происходит с третьим компонентом согласно нижеследующей 
реакции:

Н20 2 +  М -  20 Н +  М (14)

Тогда следует, что в случае квазистационарной корцентрации перекиси 
водорода секвенция

2Н0, —* Н20 2 ^  20Н 

не содержит разветвления.

Таблица V

t(s) *ii(M)(s сек-') ft,„(OH )(s сек-') (fc i« + kn) 
(H) (s сек-1)

604 °C 500 тор

15 5,5 0,08 0,13
20 6 0,12 0,19
25 6,6 0,15 0,23
30 7,2 0,15 0,26
35 7,7 0,13 0,13
40 8,2 0,12 0,12

736 °C 200 тор

10 65,9 0,25 1,08
12 71,8 0,29 1,69
14 85,8 0,3 2,41
16 95,8 0,20 3,12
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Т аб л и ц а  VI

f (  с е к )
1,5 s 2 s 3 s 4 s

V,- 10'» V n - IO10 I V  I O 10 Vn -10» V ,  ■ 101S V n-lO « W -IO 10

в 2 , 2 1 9 , 8 2 2 , 1 5 5 , 6 6 2 , 9 7 3 , 4 5 2 , 9 6 1 , 8 7

8 2 , 7 0 2 6 , 4 1 2 , 1 5 , 2 4 2 , 6 6 3 , 0 6 2 , 1 6 1 , 0 7

1 0 1 , 8 2 6 , 2 6 1 , 5 8 4 , 3 3 2 , 1 4 2 , 2 4 1 , 7 0 , 7 2

1 2 0 , 8 6 1 6 , 3 3 1 , 3 2 4 , 4 4 1 , 6 6 1 , 5 7 1 , 3 7 0 , 5 2

1 4 0 , 5 9 4 2 , 7 1 , 0 3 3 , 6 9 1 , 3 6 1 , 2 5 1 , 1 7 0 , 4 2

1 6 0 , 5 1 2 2 , 4 5 0 , 7 8 2 , 6 8 1 , 1 9 1 , 1 1 ,1 1 0 , 4 2

Таблица VI показывает, что среди реакций, ведущих к образованию пере
киси водорода скорость реакции

СН4 +  Н 02 — СН3 +  Н20 2 (3)

попадает в интервал скорости (31) при начальном увеличении соотношения 
метан/кислород.

В этом случае имеет место секвенция

Н 0 2 -+ Н20 2 -> 20Н,

которая хотя и содержит разветвление, но противоречит наблюдению (рис. 3), 
показывающему ингицирующее действие метана, ведь большая начальная 
концентрация метана увеличила бы скорость реакции

СН4 +  Н 02 -* СН3 +  Н20 2 (3)

Следовательно реакция (3) не играет роли в ускорении реакции. 
Следовательно, согласно вышеуказанному, предположенная роль перекиси 
водорода в разветвлении исключается. Поэтому Катоне и Джемс считают, что 
разветвление исходит из реакции

Н +  0 2 — ОН +  О (26)

Реакция имеет относительно большую энергию активации (16, 8 ккал/моль). 
При низких температурах эту реакцию ингибирует реакция, обладающая 
отрицательной (—1 ккал/моль энергией активации

Н +  0 2 +  М -  Н 02 +  М (27)

которой благоприпятствует и увеличению общего давления. Ингибирующее 
действие метана можно учесть реакцией, в которой израсходуется атом во
дорода.

СН4 +  Н -  СН3 +  Н2 (4)
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Естественно, что только три эти реакции нельзя рассматривать как адекват
ный механизм, в нем учавствуют и другие реакции. Если действительно ра
зветвление цепи исходит из реакции

Н +  0 2-* 0 Н  +  0  (26)

то тогда при этом образуются весьма реакционноспсобные компоненты. На 
это указывает очень малая концентрация обоих компонентов, что показано н 
рис. 6. Оба компонента с большой скоростью реагируют с метаном согласно 
нижеследующим реакциям:

СН4 +  О -  СН3 +  ОН (5)

СН4 +  ОН -» СН3 +  Н20 .

При учете квазистационарной концентрации гидроксильного радикала и 
атома кислорода, линейная комбинация последних трех реакций дает сле
дующую общую реакцию:

ЗСН4 +  Н +  0 2 -  ЗСН3 +  2Н20,

которая ясно показывает, что из одного атома водорода образуется три ради
кала метила. В этом состоит природа разветвления, ведущая к ускорению 
окисления метана.

В вышеуписанном разделе ознакомились с техникой исключения, 
с помощью которой можно сузить схему реакций, показанную в таблице I, 
т. е. получить адекватный механизм. Осталось ещё доказать механизм. Дока
зательство мехнизма основано на том, ещё не полыюстью использованы ин
формации, содержащиеся в опытных данных. Мы имеем зависимости время 
-  концентрации для семи компонентов, но из них использовали только че

тыре при расчетах зависимости время — концентрации для ведущих реакций. 
Скрытые в опытных данных ещё не использованные информации можно 
использовать для подтверждения механизма, произведя соответствующую 
обработку их.

Необходимо отметить, что ещё не занимались формальдегидом и фор- 
маловым радикалом. Можно выписать их из концентрации и, таким образом, 
определить константы нижеследующих двух реакций:

СН3 +  0 2 — СН20  +  ОН (6)

СН20  +  ОН — НСО +  Н20 . (8)

Эти операции указаны в предпоследнем блоке схемы.
В последнем блоке — так как константы скорости реакции известны из 

литературы — можно сравнить расчитанные ранее данные и известные из
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литературы, что в конечном итоге означает доказательство механизма (по 
крайней мере согласно Катоне и Джемсу).

Этим и мы завершили анализ мышления кинетика. Из анализа ясно, что 
его можно запрограммировать. Но более точная математическая обработка 
и наши опыты по вычислительной технике предлагают модификацию мыш
ления.

Запрограммированное мышление

На рис. 7 представлена блочная схема запрограммированного мышле
ния, используемого при изучении механизма гомогенных газовых реакций.

Р и с . 7. Запрограммированное мышление

Старт в этом случае означает введение опытных данных в память ЭВМ.
Первый блок «составь схему реакций на основе стабильных соединений» 

означает, что, введя название стабильных исходных (метан, кислород) и 
остальных конечных соединений (С02, СО, вода, этилен, этан) в память машин, 
программа выбирает из реакций, хранящихся в памяти ЭВМ те, в которых 
всречаются этим компоненты.
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Этот выбор легко подвергается алгоритмизации.
(Необходимо отметить, что описание, хранение, обратный поиск реак

ций в последнее время стало самостоятельной задачей. Как известно, уже есть 
журнал «Chemical Information and Computer Science», издаваемый Обществом 
Американских Химиков.)

Во втором блоке «выбирай параметры реакций» происходит выбор тех 
параметров, для которых интервал действительности согласуется с актуаль 
ным значением температуры.

Программа третьего блока «составь систему дифференциальных уравне
ний» проводит составление дифференциальных уравнений для концентраций 
всех компонентов заранее составленной схемы реакции. Так как в опытных 
работах могут быть и реакторы постоянного объема помимо реакторов по
стоянного давления, в дифференциальных уравнениях имеется и член, учи
тывающий изменения объема, целесообразно подготовить программу, со
ставляющую систему дифференциальных уравнений и для этого. В исследова
тельских нет гарантий для соблюдения изотермических условий, поэтому 
программу разработали таким образом, чтобы она могла быть применима для 
политронных условий, при которых:

а) задано изменение температуры
б) задана адиабатика
в) заданы условия передачи тепла.

В случае «б» и «б» программа формулирует и дифференциальное уравне
ние температуры. Необходимые для этого полиномы энтальпии [10] являются 
исходными данными программы.

Принциипиально возможно хранение полиномов энтальпии в памяти, 
откуда они могут быть вызваны.

Данные, необходимые для расчетов полиномов энтальпии, находится в 
сборниках [11, 12].

Программа четвертого блока «расчитай зависимость концентрация 
компонентов — время» основывается на численном интегрировании системы 
дифференицальных уравнений. На этой фазе работы мышление кинетика и 
специалиста по вычислительной технике несколько отличаются.

Специалист по ЭВМ

а) не учитывает значения наблюдаемых концентраций и расчитанные 
значения скорости,

б) не предполагает квазистационарность концентрации ведущих ком
понентов, так как он

в) не ищет корни алгебраического уравнения, а решает систему диф
ференциальных уравнений. Последнее не простая задача, так как дифферен
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циальные уравнения гомогенных газовых реакций плохо кондицированные 
(то есть они жесткие) и могут быть решены специальным алгоритмом, кото
рый стал известным только несколько лет тому назад [13]. После решения 
системы дифференциальных уравнений данные концентрации — время 
вносятся в память ЭВМ, откуда они при надобности могут быть просто исполь
зованы.

Возможным методом дальнейшей обработки является выбор участву
ющих в схеме, но не играющих большую роль реакций; это описано в пятом 
блоке. В процессе этого происходит то же самое, что делал кинетик, когда 
выбрал те реакции, которые не играли значительную роль в процессе образо
вания и перекиси водорода. Эту работу последовательно и систематически 
проводит программа пятого блока, то есть учитывает каждый компонент и 
каждую реакцию. Во всяком случае необходимо отетить на вопрос — когда 
можно пренебречь данной реакцией механизма. На этот вопрос можем дать 
весьма самовольный ответ: тогда, когда указанная реакция не играет в об
разовании и разложении каждого компонента роли большей, чем е%. Расчеты 
проведенные на основе этого ответа показывают, вес любой реакции в разло
жении или образовании компонентов изменяется и при том значительно с 
проведением общей реакции.

Однако, в конечном счете, выбором параметра е схема реакции с по
мощью методов пятого блока может быть сужена до адекватного механизма.

До сих пор не использовали опытные данные. Сейчас наступла очередь 
сравнения данных концентрации, измеренных опытным путем и расчитанных 
с помощью методов шестого блока. Это можно провести с помощью известной 
техники математической статистики. Необходимо решить — отличаются ли 
сигнификационно две серии данных или нет. Если нет, то адекватный ме
ханизм можно считать обоснованным. Однако, если разница сигнификацион- 
на, возникает новый вопрос, а именно, что является причиной сигнификации? 
Имеет смысл рассмотреть два случая:

а) Механизм правилен (на основе химических закономерностей ка
жется правильным), но постоянные скорости реакций важных с точки зрения 
общей скорости по каким-то причинам не точны. В этом случае речь идет о 
новой задаче, об определении постоянной скорости. А она требует обратный 
подход, оптимализацию параметров, которую называют «обратной задачей». 
Новый метод решения задачи показан в работе [14].

б) Механизм содержит с точки зрения общей скорости значительные 
реакции, которые не описаны в литературе. Если непосредственное доказа
тельство новой реакции не возможно то, что для механизма новых реакций 
необходимо определить кинетические параметры новых реакций. Таким об
разом, задаче сведена к обратной задаче.

По нашему мнению такой подход является источноком распространения 
(пропаганды) ошибок и является причиной неопределенности кинетических

Acta Chim. Acad. S e i .  Hung. 100, 1979



Б Е Н Е Д Е К : А В Т О М А Т И ЗИ РО В А Н Н А Я  СИСТЕМ А П РОГРАМ М 67

параметров, приведенных в литературе. Этот факт подтверждает необходи
мость исследования методов, обеспечивающих непосредственное измерение 
элементарных реакций. Но последняя не является программируемой иссле
довательской работой.

Summary

On the basis of [1] the author analyses the generally accepted way of thinking on search
ing for mechanisms of homogeneous gas reactions. Combining the acquired experience with 
computer facilities an algorithm is proposed for the elucidation of mechanisms. Its main 
points are the following : programmed finding of every elementary reaction from the list 
of reactions using chemical evidences, autom atic generation of the corresponding system  of 
stiff differential equations, computation o f reaction weights and elimination of reactions 
having small weight, comparison of the computed and measured data, study of parameter 
sensibilities for explaining significant differencies.
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The Z  and E  isomers of 1,2-diphenyl-l-arylethylene derivatives were separated 
and identified by ’H-NMR spectroscopy.

Several tr ia ry l-su b s titu te d  e tb y le n e s  possess biological a c t iv i ty , som e of 
th e  d e riv a tiv e s  h av in g  an tie s tro g en ic  ac tio n  ; e.g., Z -l,2 -d ip h en y l-l-[p -(/S -d im e- 
th y la m in o )-e th o x y p h e n y l] -b u t- l-e n e  [1] ( la )  h as  com e in to  th e ra p e u tic a l  use. 
T h is  fa c t suggested  th e  syn thesis o f  d e riv a tiv e s  2 7.

T he G rignard  reac tio n  of a -e th y ld e so x y b e n zo in  derivatives w ith  p -su b ti-  
tu te d  b ro m obenzenes in  T H F  y ie ld ed  m ix tu re s  co n ta in in g  th e  d ia s te re o m e ric  
isom ers o f 1,2 -d ip h e n y l-l-(p -su b s titu tc d -p h en y l)-b u ta n -1 -o ls  [2] in  d iffe ren t 
p ro p o rtio n s , acco rd in g  to  th e  C ram  ru le  [3]. B y  e lim ina ting  w a te r  f ro m  th e  
b u ta n o l d e riv a tiv e s  ob ta ined , g eo m etric  isom ers o f 2 -e th y l- l,2 -d ip h e n y l-1- 
-(p -su b stitu ted -p h en y l)-e th y len es  w ere  p re p a re d . T he ra tio  o f th e  geom etric  
iso m ers  depends o n  th e  d iastereom eric  s tru c tu re  o f  th e  bu tano l d e r iv a tiv e s  used  
as s ta r t in g  m a te ria l [2].

T he id e n tif ic a tio n  of geom etric  isom ers is im p o r ta n t as th e re  is a co n sid 
e rab le  d ifference [4] in  th e ir  p h a rm a c e u tic a l a c tiv ity . In  th e  case  o f  te t r a -  
s u b s t i tu te d  e th y len es  hav ing  d iffe ren t b u t  s im ila r  su b s titu e n ts , th is  id e n tif ic a 
tio n  is genera lly  a d ifficu lt ta sk . S tru c tu re  d e te rm in a tio n s  based  so le ly  on th e  
h a rd ly  d iffering  spectroscopic  d a ta  are  o ften  u n tru e  [5]. T he g e o m e tric  iso
m ers o f  th e  te t r a s u b s ti tu te d  e th y len es  m e n tio n e d  above can, h o w ev er, be id e n 
tif ie d  from  th e ir  1H -N M R  sp ec tra .

T he geom etric  isom ers of 1 h a v e  been  k n o w n  [6, 7] for a lo n g  tim e  and  
th e ir  s tru c tu re s  e lu c id a ted  by  X - ra y  d iffra c tio n  [8, 9 ] ;  la te r  th e ir  1H -N M R  
d a ta  [10, 11] con firm ed  [11] th e  sam e s tru c tu re s , using th e  c h em ica l sh if t 
d ifferences o f  th e  side chain  p ro to n s  ( —0  —C H 2—C,H2—NMe2 g ro u p ). A s com 
p o u n d s  2 —  6 are  dev o id  of any  side  ch a in , th e  k ey  to  s tru c tu re  d e te rm in a tio n  
in  th e  case of 1, th re fo re  an o th e r ro u te  h ad  to  be found  to  solve th is  p ro b lem . 
A t f irs t  th e  IR  an  H l-N M R  sp ec tra  w ere s tu d ie d .
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1: ß  =  — О— (CH2)2— NMe2 4: R =  —  OMe

2: ß  = — Br 5: R =  — OH

3; R -  — F  6: R = — G(OH)Me2

7: R  = — O—(CH2)2— Br

T h e  geom etric iso m ers  o f th e  m ono- a n d  sy m m etrica lly  di- or te tra s u b s ti-  
t u te d  e th y len es can  e a s ily  b e  iden tified  b y  th e ir  I R  sp ec tra  [12], on th e  basis 
o f  th e  presence (Z  iso m er) o r absence (E  isom er) o f  th e  vC = C  b an d . In  th e  case 
o f  co m p o u n d s 1 — 3 th e  I R  sp ec tra  o f th e  iso m eric  p a irs  are v e ry  s im ila r. T he 
r C = C  b an d s  of th e  Z — E  isom eric pairs h a v e  a lm o s t th e  sam e in te n s i ty  and 
f re q u e n c y  (th ey  a p p e a r  a t  1595, 1590, an d  1595 c m -1 , respectively ), th u s  th e re  
is n o  p o ssib ility  to  d is tin g u ish  betw een  th e  s t ru c tu re s  in  th is  w ay. T he 1H -N M R  
s p e c tra  o f  th e  co m p o u n d s, how ever, w ill show  e x p e c te d ly  ch a rac te ris tic  d iffe r
ences.

F o r  exam ple, th e  a ro m a tic  p ro tons o f th e  Z -s tilb e n e  give a sh a rp  s in g u le t 
a t  7,2 p p m , and  th e re  is a co m plica ted  m u ltip le t a t  low er fields in th e  sp e c tru m  
o f  th e  JS-stilbene [13, 14]. P ro b a b ly , th e  m o re  e x te n d e d  con jugation  in  th e  E  
iso m er causes an in c rea se  in  th e  chem ical sh if t o f  each  ring  p ro to n  a n d  th e  
sh ie ld in g  o f th e  ortho- a n d  meta- -f- para -p ro to n s  show  a geater d ifference b e 
cau se  o f  po la riza tio n  o f  th e  тг-sex te t and  a n is o tro p y  o f  th e  double bo n d ; th e re 
fo re , th e  p ro to n s e x h ib it  a m u ltip le t (A öa b , ЛдАС ф  0 for th e  A A ' B B ' C  sp in  
sy s te m ).

T h e  Z -stilbene is n o n -p la n a r  because o f  th e  m u tu a l steric h in d ra n c e  o f 
th e  cis v ic in a l a ro m a tic  r in g s , w hich are c o p la n a r  w ith  each o th e r a n d  p e rp en -
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Table I

1H -N M R  data for compounds 1—7 in CDCl3 [äjM S =  0 ppm]

Com
pound

M.p.,
°c

dCH,
‘•(3H)

6CUt 
q* (2H)

dArll •
8 (5H)

dAiH°
*(5H)

ÓArĤ  
m+ (2H)

дА.тН в  
m+ (2H)

Che

JdArH*

mical shift differences

i AÖArH“

l a x 9 8 -1 0 0 0.90 2.43 7 .2 0 7.05 6.46 6.68 ~ 0 .3 5 0.44 0.47

lb x 7 3 -7 5 0.92 2.51 rv.^.95 7.10 6.90 7.15

2a 8 9 -9 2 0.92 2.48 ~ 7 .3 0 7.12 7.75 7.10 ~ 0 .4 0 0.38 0.36

2b 1 1 3 -1 6 0.92 2.48 ~ 6 .9 0 7.08 7.13 7.46
3a 7 7 -7 9 0.92 2.48 7.30 6.69 6.85 ~ 0 .1 5 ~ 0 .2 9 ~ 0 .1 3

3b 7 0 -7 3 0.92 2.48 7.15 ~ 6 .9 8

4a* 1 2 5 -2 7 1.00 2.54 7.35 7.20 6.61 6.85

5 a ° 1 2 6 -2 7 0.90 2.43 7.20 7.03 6.31 6.62

6a* 12 9 -3 1 0.90 2.40 7.07 6.90 6.64 6.89

7av 1 0 7 -0 9 0.90 2.45 7-25 7.10 6.55 6.79

* A 2X 3 multiplet, J a x  =  7 Hz.
•  phenyl group attached to the C* atom.
°  phenyl group attached to the С/з atom.
+ estimated from the A A 'B B '  (A A 'B B 'X  in the case of 3) multiplet of the para-disubstituted phenyl ring by A B-approaching [14]. 

J ab  =  9 Hz, J ax  8 Hz (3), J b x  <•« 6 Hz (3).
x óNCHj (2H), t (J  =  7 Hz, X 2 part of an A 2X 2 multiplet) ; 2.56 (la ) and 2.73 (lb) ppm ; ŐNCH3, s (6 H ): 2.25 (la ) and 2.32 (lb) ppm, 

<50CHj (2H), ( (A 2 part of an A2X 2 m ultiplet): 3.85 (la ) and 4.08 (lb) ppm.
■ dOCH3, s (3H ): 3.70 ppm.
□ ÓOH, broad s (1 H ): 5.05 ppm.
▼ ÓCH3, s (6 H ): 1.40 ppm, <50H, s (1 H ): 1.67 ppm.
V ЙСН2Вг (2H), t (J  =  6 H z): 3.50 ppm, <5CH,0 (2H), t (J  =. 6 H z ): 4.15 ppm.

++ para-disubstituted phenyl ring

SO
H

Á
R

 et al.: 1-A
R

Y
L

-2-E
T

H
Y

L
-1.2-D

IPH
E

N
Y

L
E

T
H

Y
L

E
N

E
S
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d ic u la r  to  th e  double  b o n d . O w ing to  th e  m u tu a l an iso tro p ic  effect o f  th e  rings 
a n d  th e  w eak er co n ju g a tio n  co rrespond ing  to  th e  n o n -p lan ar s tru c tu re , th e  
c h e m ic a l sh if t decreases. I t  is co rro b o ra ted  b y  th e  s im ila r sh ift o f 1 ,1 -d ipheny l- 
e th y le n e  (7,21 p p m  [15]) an d  th e  even  g rea te r  sh ie ld in g  in  te tra p h e n y le th y le n e  
(7,03 p p m  [16]). T he sh if t differences o f th e  r in g  p ro to n s decrease in  conse
q u en ce  o f  b o th  th e  m ore sy m m etrica l e lec tro n  d is tr ib u tio n  in th e  p h e n y l rin g  
o f Z -s ti lb e n e  due to  w eak er co n ju g a tio n  an d  th e  s tro n g e r an iso trop ic  e ffec t a t  
th e  o rth o -p ro to n s , i.e. th e  A  A '  B B 'C  sp in -sy s tem  approach ing  th e  А ъ lim it 
(s in g u le t) .

I n  tr ip h e n y le th y le n e  th e  s ingu le t o f th e  p h e n y l group su rro u n d ed  b y  th e  
tw o  o th e r  rings ap p ears  a t  7,08 p p m  [16] b ecau se  o f  th e  ad d itiv e  an iso tro p ic  
e ffec t o f  th e  tw o o u ts id e  rin g s, h av in g  h ig h e r chem ical sh ift (7,29 p p m )* .

C o n seq u en tly , as reg a rd s  th e  p ro to n s  o f  th e  th re e  pheny l rin g s, in  isom er 
a  i t  is th e  p a ra -d is u b s ti tu te d  rin g  p ro to n s, w h ereas  in  isom ers b it  is th e  p ro to n s  
o f th e  r in g  a t ta c h e d  to  th e  Ca a to m  w hich  show  lo w er chem ical sh ift. T he  a ss ig n 
m e n t o f  th e  se p a ra te d  isom eric  p a irs  to  th e  co rresp o n d in g  geom etric  isom ers 
a n d  th e i r  XH -]4M R  d a ta  a re  show n in th e  T ab le  I .

T h e  sp e c tra  o f th e  isom eric  p a irs  1 3  are  also  v isually  d iffe ren t. I n  th e  
s p e c tra  o f  th e  b isom ers th e  signals o f all th e  th re e  a ro m atic  ring  p ro to n s  o v e r
la p , w h e re a s  in  th e  sp e c tra  o f th e ir  a  p a irs  th e  A A ' B B '  m u ltip le ts  o f  th e  para-  
d is u b s t i tu te d  rin g  p ro to n s  p a r t ly  or w holly  s e p a ra te  a t  low er chem ical sh ifts . 
In  th is  w a y  th e  geom etric  s tru c tu re  can be easily  de te rm in ed  even a t  g lance. 
U sin g  th e  co m pounds 1 — 3 as m odels, s tru c tu re s  can  be easily d e te rm in ed  even  
i f  th e  s p e c tru m  o f on ly  one isom er is know n. F o r  ex am p le , th e  d a ta  o f 4 a  — 7a 
can  b e  fo u n d  in  th e  T ab le  I . I n  th ese  sp ec tra  th e  sep ara tio n  o f th e  A A ' B B '  
m u lt ip le ts  a t  low er chem ical sh if t d irec tly  s u p p o r t  th e  s tru c tu re  Z.

E xperim ental

General methods. All m.p.’s are uncorrected. IR spectra were recorded with a Perkin— 
Elmer 457 type spectrometer and 1H-NMR spectra at room temperature on a Varian A-60D  
spectrometer, in CDC13, using TMS as internal standard.

The ethylene derivatives 1 — 5 were prepared from the corresponding 1,1,2-triaryl- 
butanols [2] by elimination of water.

General procedure. A solution of the butanol derivative (10 mmoles) in EtOH (40 ml) 
was refluxed with cone. HC1 (1,0 ml) for 60 min. (In the case of 2a and 2b. for 5 h.) The solution  
was cooled, neutralized with lOiV NaOH and evaporated. The residue was extracted with ether, 
dried (M gS04) and the solution evaporated and re-evaporated with benzene. From the syrup 
obtained the Z  and E  isomers were separated by crystallization or column chromatography.

Z -l,2-d iphenyl-l-[p -(id-dimethylamino)-ethoxyphenyl]-but-l-ene ( la )  [6, 7].

The syrup obtained was dissolved in hexane (20 ml). On cooling at —5 °C overnight, 
a crystalline product separated. This was recrystallized three times from heptane; m.p.
9 8 -1 0 0  °C ; lit. [6] m.p. 9 5 - 9 6  °C.

* In Ref. [16] the signal at 7,08 ppm has been assigned erroneously to the phenyl ring 
being gem inal with the olefin hydrogen.

A c t a  C h im .  A c a d .  S e i .  H u n g .  1 0 0 , 1 9 7 9
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E-l,2-diphenyl-l-[p-(/?-(lim ethylam ino)-ethoxyphenyl]-but-l-ene (lb )  [7].

The mother liquor of the previous first crystallization was evaporated. From the residue 
the hydrochloride was made and recrystallized twice from ethyl acetate. (E — HC1, m.p. 177 
179 CC.) The base E  was liberated from the salt and crystallized from 85% MeOH ; m .p. 73 — 
75 °C ; lit. [7] m.p. 7 2 - 7 4  °C.

E-l,2-diphenyl-(p-brom ophenyl)-but-l-ene (2b) [18].

The syrup was crystallized from isopropanol three tim es; m.p. 113—116 °C.

Z -l,2-diphenyl-l-(p-brom ophenyl)-but-l-ene (2a) [18].

The mother liquor of the previous first crystallization was evaporated and the residue 
was recrystallized from methanol three tim es; m.p. 89 — 92 °C.

Z- and E-l,2-diphenyl-l-(p-fluorophenyI)-but-l-ene (3a and 3b) [18].

The isomers were separated by chromatography on a column of silica gel impregnated 
with 5 %  A gN 03. Elution with hexane gave first the Z and then the E  isomer ; m.p. 77 — 79 °C 
(3a) and 7 0 -7 3  °C (3b).

Z-l,2-diphcnyl-l-(p-m ethoxvphenyl)-but-l-ene (4a).

The syrup was crystallized from EtOH then MeOH; m.p. 125 —127 °C ; lit. [17] m.p 
117 — 118 °C and 8 8 - 8 9 '°C.

Z-l,2-diphcnyl-l-(p-hydroxyphenyl)-but-l-ene (5a).

The residue was crystallized from benzene. The mother liquor was evaporated. The re
sidue was suspended in hexane and the crystals separated were recrystallized tw ice from 
isopropanol: m.p. 126— 127 °C ; lit. [17] m.p. 104—105 °C.

Z-l,2-diphenyl-l-[p-(a-hydroxyisopropyl)-phenyl]-but-l-ene (6a).

The Grignard reaction of 2a with acetone afforded 6a in the usual w ay; m.p. 129— 
131 °C (hexane).

Z-1.2-diphi ny 1-1-[p-(/?-bromocthoxy)phenyl] -but-l-ene (7a).

The reaction of 5a with 1,2-dibromoethane and sodium ethoxide in EtOH afforded 7a;
m.p. 1 0 7 -1 0 9  °C (MeOH).

*
The authors are indebted to Mr. A. F ü r je s  and Miss V. W in d b r e c h t in g e r  for technical

assistance.
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The distribution of divalent europium between a molten salt phase and different 
organic ones has been studied. Some of the binary solvent mixtures reveal synergistic 
effects being favourable from the point of view of selective separation.

In tro d u c tio n

In  th e  rev iew s on  ra re  ea rth s  th e  g en era l ju d g em en t p re d o m in a te s  th a t  
due  to  th e  r a th e r  s im ila r  chem ical b e h a v io u r  o f these  e lem en ts th e  sep ara tio n  
th e re o f  is a co n sid e rab ly  d ifficu lt b u t  a t  th e  sam e tim e  an  im p o s in g ly  a ttra c tiv e  
ta s k  fo r th e  ch em ist.

T his sim plified  an d  generaliz ing  c o n cep t o f sim ila rity  o rig in a te s  from  the 
superfic ia l rev iew  o f th e  e lec tron ic  c o n fig u ra tio n  of th e  a to m s w h ich  rev ea ls  th a t  
w ith  increasing  a to m ic  n u m b e r th e  a d d itio n a l electrons ta k e  p lace  in  th e  inner, 
w ell-shielded 4 f  leve l w ith  no a lte ra tio n  o f  th e  6s2 ou te r one.

A nalogous s ta te m e n ts  are v a lid  fo r th e  te rv a le n t ca tio n s o f  th e  ra re  earths 
w hich  all su p p o rt t h a t  — th e  tr ip o s itiv e  ions being  th e  m o st p ro b a b le  species 
in  aqueous so lu tio n  — th e ir  se p a ra tio n  c a n  h a rd ly  be p erfo rm ed .

H ow ever, i f  a com plex  m eth o d  o f se p a ra tio n  is aim ed a t ,  u se  c a n  be m ade 
o f  th e  fa c t th a t  o x id a tio n  s ta te s  o th e r  th a n  th re e  are n o t a t  a ll e x c e p tio n a l ones 
a n d  m a n y  of th e  la n th a n id e  ions ex is t in  d ip o sitiv e  and  te t r a p o s i t iv e  form s as 
well.

As fa r  as f is s io n -p ro d u c t ra re  e a r th s  are  concerned, ta k in g  in to  account 
th e  cu m u la tiv e  fiss io n  y ie ld s an d  th e  co rrespond ing  half-lives, c e riu m , prom e
th iu m , eu rop ium  a n d , due  to  its  ana logous b eh av io u r, y t t r iu m  a re  o f  techn ica l 
in te re s t.

Since th e  re sp e c tiv e  sep a ra tio n  fa c to rs  (u n d er no rm al e x p e rim e n ta l con
d itions) are  co n sid e rab ly  low , th e  m o st p ro m isin g  p rocedures a re  b a sed  on the 
d ifferences ach ieved  b y  m a in ta in in g  ce riu m  in  th e  te tra v a le n t a n d  eu ro p iu m  in 
th e  d iv a len t s ta te  [1, 2].

T his m eans t h a t  — m ain ly  u n d e r an h y d ro u s  conditions (e.g. in  m o lten  salt 
m ed ia) — E u 2+ h as an  o u ts ta n d in g  s ta b il i ty  an d  th e  com plex  species form ed
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b e h a v e  m u c h  more sim ilar to  th o s e  o f th e  analogous a lk a lin e  ea rth  m eta ls  th a n  
to  th e  co rrespond ing  ra re  e a r th  ones. A ccord ingly , th e  d ipositive E u 2+ ions 
re se m b le  S r2+ and some o f th e  a c tin o id  ions in  th e ir  c ry s ta l  rad ii [3].

E xperim ental

The molten salt phase which proved to be the most suitable one was the lithium nitrate 
amm onium nitrate eutectic (mole ratio 1 : 3) with a properly low melting point of 367 K.

Keeping in mind that highly hygroscopic materials are concerned and the rating thereof 
becom es difficult as a powder, the m olten mixture was dropped into well cooled carbon tetra
chloride and the spheres formed predominantly of 2 mm diameter were stored in the solvent 
until direct use.

The following extractants : di-(ethylhexyl)-phosphoric acid (DEHP), tri-n-butyl
phosphate (TBP), Amberlite LA-2 (LA-2), 4,4,4-trifluoro-l-(2-thienyl)-butane-l,3-dione =  
thenoyl-trifluoro-acetone (TTA), /З-isopropyl-tropolone (IPT), 2,2’-bipyridyl (bipy), as well 
as the diluent of the organic phase (decaline) were of analytical purity.

152E u — 15iEu mixture of h igh specific activity was produced by the conventional 
(n, y)  reaction and used as the nitrate salt as tracer. Due to the high activation cross section 
it was possible to keep the concentration of the central ion as low  as 10_e mole dm -3. The de
term ination of europium concentration of the samples was performed via measuring the rel
ative activ ity  on a well-type scintillation detector coupled to a single-channel analyzer 
(N uclear Enterprises SR-3).

The distribution measurements were performed at 373 К  in sealed glass ampoules 
placed into a shaken thermostat. A fter equilibration the system  was quenched by rapid 
cooling. Aliquots of the liquid organic phase were taken for radiometric assay; the remaining 
solid phase was washed with acetone to  remove organic contamination. Finally the salt phase 
was dissolved in water and aliquot part thereof was also taken for radiometric concentration 
determ ination.

Each experimental result represents the mean of five parallels. According to preliminary 
evaluation the deviation from the m ean did not exceed ± 10% .

R e su lts  and discussion

T h e  d is trib u tio n  ra t io  o f  eu ro p iu m  betw een  th e  o rg an ic  and  m olten  s a l t  
p h a s e  as a function  of th e  c o n c e n tra tio n  of th e  e x t r a c ta n ts  used (which — a c 
c o rd in g  to  previous m e a su re m e n ts  — proved to  be  p ro m is in g  ones [4]) — is  
sh o w n  in  F ig . 1. B ecause th e  s tra ig h t  lines are  v e ry  close to  each o th e r  th e  
e x p e r im e n ta l  points are o m itte d .

I t  is unam biguous t h a t  th e  slope of each line  in  th e  lg  — lg p lo t is tw o , in 
d ic a tin g  th e  ex trac tio n  o f  th e  com plexes form ed w ith  th e  d ipositive  ion a n d /o r  
fo rm a tio n  o f adducts c o n ta in in g  tw o  m olecules o f  th e  e x tra c ta n ts . I t  is also 
o b v io u s  th a t  the  tw o o rg an o p h o sp h o ro u s  co m p o u n d s offer th e  b est re su lts  
fro m  th e  p o in t o f view o f e x t r a c t iv e  pow er ; th e  o th e r  so lv en ts  m ay be a d v a n ta 
geous as add itiv  es to  th e  fo rm e r  ones if  synerg istic  effec ts  p revail.

A cco rd in g  to  th e  ab o v e -m e n tio n e d , d ifferen t c o m b in a tio n s  of th e  so lv en ts  
w ere  p re p a re d  and beside th e s e  th e  effect o f a r e p re s e n ta tiv e  er-donor, 2 ,2 ’- 
b ip y r id y l  w as also inv e s tig a te d .
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m o l

Fig. 1. Distribution ratio of europium as a function of solvent concentration (c§)

Fig. 2. Distribution ratio of europium as a function of the mole fraction of LA-2 in the system  
LA-2 -  TBP; (1) Ig Torg =  - 0 .3 ;  (2) ]g Torg =  — 1.0; (3) lg Torg =  - 2 . 0

The resu lts  o b ta in e d  a re  p resen ted  as th e  ch an g e  o f  th e  d is tr ib u tio n  ra tio  
as a fu n c tio n  o f  th e  co m p o sitio n  in  th e  p ro p e r  b in a ry  system s. B ased  on th e  
ex p erim en ta l re su lts  th e  sy stem s in v es tig a ted  ca n  be  d iv id ed  in to  th ree  g roups.

The f irs t  one is re p re se n te d  by  the  sy s tem s LA -2 — T B P  and  LA -2 — 
D E H P  (Figs 2 a n d  3) w hich  d em o n stra te  a n ta g o n is tic  in te ra c tio n , i.e. m ix tu re s
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78 LENGYEL: EXTRACTION OF EUROPIUM

Fig. 3. Distribution ratio of europium as a function of the mole fraction of LA-2 in the system  
LA-2 — DEHP; (1) lg Torg =  - 0 .3 ;  (2) lg Torg =  — 1.0; (3) Ig Torg =  — 2.0

XDEHP

Fig. 4. Distribution ratio of europium as a function of the mole fraction of D E H P  in the 
system  D EH P -  TTA; (1) lg Torg =  - 0 .3 ;  (2) lg Torg =  — 1.0; (3) lg Torg =  - 2 . 0

o f th e s e  e x tra c ta n ts  b e h av e  in fe rio r to  th e  so lven ts alone an d /o r one m igh t 
e x p e c t  supposing  sim ple a d d itiv e  ac tio n . T h e  an tag o n is tic  b e h a v io u r  is less 
p ro n o u n c e d  a t lower to ta l  c o n c e n tra tio n  o f th e  e x tra c ta n ts .

T h e  second g roup  is c o n s ti tu te d  b y  th e  system s D E H P  — T T A  and  
T B P  — T T A  (Figs 4 a n d  5) w h ich  rev ea l a m ore  or less a d d itiv e  a c tio n  o f th e  
p u re  e n ti t ie s  th ough  a t  h ig h e r  o vera ll c o n cen tra tio n s  th e  T B P  — T T A  so lven t 
p a i r  su g g e s ts  some te n d e n c y  to  synerg ism .

T h e  th ird  group is com posed  b y  th e  system s in  w hich  th e  sy n erg is tic  
e ffe c t is  doub tless (F igs 6 a n d  7).

A c t a  C h im .  A c a d .  S e i. H u n g .  1 0 0 , 1 9 7 9



LENGYEL: EXTRACTION OF EUROPIUM 79

Fig. 5. Distribution ratio of europium as a function of the mole fraction of TTA in the system  
ТТЛ -  TBP; (1) lg Torg =  - 0 .3 ;  (2) lg T0Tg =  — 1.0; (3) Ig Torg => - 2 . 0

Fig. 6. Distribution ratio of europium as a function of the mole fraction of D E H P  in the 
system D EH P —  IPT; lg Torg =  — 2.0

S tr ik in g  enough, th e  sy n erg is tic  en h a n c e m en t is co n sid e rab ly  less th a n  
fo u n d  in  case o f  te rv a le n t ra re  e a r th s  an d  in  a d d itio n  th e  ab so lu te  v a lu e  o f  th e  
d is tr ib u tio n  ra tio  is also ra th e r  low.

D u e  to  th e  lim ited  so lu b ility  o f  b ip y  a n d  IP T  in b o th  o f  th e  sy stem s 
s tu d ie d  (D E H P  — IP T  an d  b ip y  — T T A , resp ec tiv e ly ) only low  o v e ra ll con
c e n tra t io n  reg ion  could  be s tu d ie d  an d  th is  p ro v ed  to  be d isa d v a n ta g e o u s  
from  th e  p o in t o f view  o f e x tra c tiv e  pow er. O n th e  o th e r h an d , th e  a p p e a ra n ce  
o f  sy n erg ism  opens new  v is ta s  in  e n h a n c e m en t o f ex trac tiv e  s e p a ra tio n  and  
ta k in g  in to  co n sid e ra tio n  th e  a d v a n ta g e s  offered  b y  th e  s ta b ility  o f  th e  d iv a le n t 
fo rm  o f eu ro p iu m , th e  iso la tio n  o f  in d iv id u a l fiss io n -p ro d u c t ra re  e a r th s  can  
c o n sid e rab ly  be im proved .
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Fig. 7. Distribution ratio of europium as a function of the mole fraction of bipy in the system
bipy — TTA; lg Torg =  — 2.0

Conclusion

A ccord ing  to  th e  m easu rem en ts p e rfo rm ed  eu rop ium  ex ists p re d o m i
n a n t ly  as d iv a le n t io n  in  an h y d ro u s  m edia a n d  — depend ing  on th e  re a g e n ts  
u sed  — can  be e x tra c te d  w ith  p roper effic iency  fro m  th e  m olten  s a lt phase  
in to  th e  organic one.

T h e  b in a ry  so lv e n t sy stem s in v es tig a ted  re v e a l an tag o n is tic , n o rm a l an d  
sy n e rg is tic  b eh av io u r. U se can  he m ade fro m  th is  a t t i tu d e  if  th e  p rin c ip le  
fiss io n -p ro d u c t ra re  e a r th s  a re  to  be sep a ra ted .
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Acetylene production by partial oxidation of hydrocarbons is an industrial 
example of chemical operations based on flame reactions. Flame reactor modelling 
studies of the present authors aim at the substitution of earlier empirical or semi- 
empirical models [1, 2] by a theoretically established model. This modelling attempt 
is facilitated on the one hand by the more detailed knowledge of the chemical reaction 
mechanism of combustion processes amassed in the literature in recent years and the 
availability o f powerful computation methods on the other hand, which allow for the 
preparation and handling of flame reactor models based on the chemical reaction 
mechanism.

T here  are tw o  decisive s ta te s  d u rin g  th e  technological c h a ra c te r iz a tio n  of 
th e  p a r tia l  o x id a tio n  flam e re a c to r . T h e  f i r s t  is th e  know ledge o f  processes 
ta k in g  p lace in  th e  flam e  zone u n d e r  s teady*  s ta te  co n d itio n s. T h is  process 
ch a rac te rizes  th e  n o rm a l o p e ra tio n  o f th e  re a c to r . The o th e r is th e  know ledge 
o f processes w hich  m ig h t ta k e  p lace  in  th e  sec tio n  ju s t  ah ead  o f  th e  f la m e  zone 
w h en  th e  u n d esirab le  f la re  u p  o f th e  co m b u stib le  fuel-air m ix tu re  d is ru p ts  th e  
re g u la r  o p era tio n  o f  th e  re a c to r . T h is is one o f  th e  n o n -s te a d y -s ta te  co n d itions 
o f  th e  flam e re a c to r .

T he reac tio n  m echan ism  sa tis fy in g  techno log ica l pu rposes w as p re sen ted  
in  p rev ious p u b lica tio n s  [3, 4]. I t  w as show n th a t  based  on th is  m ech an ism  a 
f la m e  reac to r  m odel ad e q u a te ly  describ in g  th e  ign ition  te m p e ra tu re  versus 
in d u c tio n  period  re la tio n sh ip  c h a ra c te riz in g  th e  n o n -s te a d y -s ta te  co n d itio n  of 
th e  flam e re a c to r  could  be developed  [5]. T h is p ap e r deals w ith  th e  m odelling  
o f  processes ta k in g  p lace in  th e  flam e zone o f  th e  reac to r u n d e r  s te a d y  s ta te  
cond itions.

The Method of the Investigation

T he m odel used  to  describe  th e  ig n itio n  phenom enon  p ro v e d  in a d e q u a te  
fo r th e  d escrip tio n  o f s te a d y  s ta te  p rocesses ta k in g  place in  th e  flam e  zone. 
T h e re  w as a s ig n ifican t d ifference b e tw een  ca lcu la ted  and  m easu red  residence 
tim e s . F o r c o n v en tio n a l m e th an e  p a r t ia l  o x id a tio n  te m p e ra tu re s  an d  feed gas 
com positions (900 K , 60%  v/v  C H 4 an d  4 0 %  v/v  0 2) ca lcu la ted  av e rag e  residence  
t im e  w as 2 s, tw o  o rders o f m a g n itu d e  h ig h e r th a n  th e  e x p e rim e n ta l va lu e  :
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0.02 s. I t  becam e e v id e n t fro m  th e  analysis o f  te m p e ra tu re  versus tim e  an d  
co m p o sitio n  versus tim e  re la tio n sh ip s  co m p u ted  from  th e  m odel th a t  an  un- 
d u e ly  long  section  o f  m u ch  to o  low te m p e ra tu re  g ra d ie n t d id  arise in  f ro n t of 
th e  a c tu a l  flam e zone as a re su lt of th e  s tru c tu re  o f th e  m odel. This sec tio n  o f 
th e  f la m e  is called th e  in i t ia l  section . I t  becam e e v id e n t th a t  fac to rs decreasing  
th e  le n g th  o f th is  in i t ia l  sec tio n  h ad  to  be co nsidered  in  o rder to  develop  a 
m odel a d e q u a te  fo r th e  d esc rip tio n  of th e  flam e  section .

I t  is know n from  s tu d ie s  dealing  w ith  f lam e  processes th a t  a p a r t  from  
th e  chem ical reac tio n  ju s t  s ta r tin g , h ea t- a n d  m ass tra n s p o r t  processes a re  th e  
m a jo r  fac to rs  w hich  p r im a r ily  in fluence th e  le n g th  o f th e  flam e. T he in v e s ti
g a tio n  m eth o d  f in a lly  a d a p te d  could acco u n t fo r th e  above effects y e t  th e  
m o d ifica tio n s  req u ired  a n d  ca rried  o u t in  th e  p h y sica l m odel did n o t p re v e n t 
th e  u se  o f  th e  a lg o rith m  p rev io u sly  developed.

*

The Model and the R eaction M echanism

F lam e  reac tio n  ta k e s  p lace  a t  c o n s ta n t p re ssu re  a n d , a t  least for a ze ro th  
o rd e r a p p ro x im a tio n , w ith o u t en th a lp y  loss. T h is p rocess can  be a p p ro x im a ted  
b y  a tu b e  re a c to r  m odel in  w hich  th e re  is a p lug-flow  o f th e  ad ia b a tic  gas 
m ix tu re . H ow ever, as m e n tio n e d  above, th e  m odel h a d  to  be able to  s im u la te  
b o th  h e a t  loss and  h e a t  u p ta k e . T he re fin ed  iso b a ric -p o ly tro p ic  flam e re a c to r  
m odel sa tis fy in g  th e se  c r ite r ia  consists o f th e  d iffe ren tia l eq u a tio n  sy s tem  
show n  below  : for th e  c o n c e n tra tio n  changes o f th e  species :

dc ■ Пг , _  nr c . d in  I
— 7 =  2  W  -  rTj) f a e RT) n  -  " 4 —

( i t  / = 1 r = i  ( i t

fo r th e  te m p e ra tu re  changes :
n e (Je  F

а (Г л -  Г ) -  y h r ^ ~  
d T  “ x d i

dt
d r

fo r th e  vo lu m e changes :

d ЫГ  _M  + „ r
df dt

( 1 )

( 2 )

(3)

T he sou rce  te rm  o f th e  co n se rv a tio n  eq u a tio n s  o f  th e  m odel is based  on th e  
m ech an ism  o f th e  com plex  chem ical reac tio n . T here fo re , th is  d ifferen tia l e q u a 
tio n  sy s te m  is an  in su ffic ie n tly  cond itioned , so-called  rig id  d ifferen tia l eq u a tio n  
sy s tem . T h e  co m p u te r a lg o rith m  proposed b y  G i e r  [6] p ro v ed  th e  fa s te s t w ay
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Table I

The reaction mechanism

к
cm3, mole, 8

E
kcal/mole

CH 4 +  M C H 3 +  H 4 .0 0  x  10 1’ 88

CH 4 +  H CH 3 +  H 2 1 .26  x  1 0 11 1 1 .9

CH 4 +  0 CH 3 +  O H 2 .0 0  x  10 13 9 .2

CH 4 +  OH CH 3 +  H 20 3 . 0 0 X  1 0 13 6 .0

CH 3 +  0 2 CH 20  +  OH 1 .7 0 X  1 0 12 14

CH 3 +  0 H  +  CH20 2 .6  x  10 14 2 .0

CH20  +  O H H 20  +  CHO 2 . 3 x  1 0 13 0

O H  +  CHO H 20  +  CO 1 . 0 4 - 1 0 13 0

CH20  +  M CO +  H 2 +  M 2.1 x  10 ,e 3 3 .4

CHO +  M H  +  CO +  M 6 . 0 X  1 0 13 2 8 .7

OH +  CO H +  c o 2 4 .0  x  1 0 12 7 .9

o 2 +  CO 0  +  c o 2 1 .6 X  i o 13 41 .1

0  +  CO C 0 2 +  M 4 .0  X  1 0 13 0

0  +  H 2 H +  OH 2 .1 X  1 0 14 13.7

H  +  0 2 O H  +  0 5 . 5 x  1 0 15 16 .6

O H  +  H 2 H  +  H 20 5 . 2 x  1 0 13 6 .5

O H  +  O H 0  +  H 20 5 . 5 x  1 0 13 7 .0

H  +  H  +  M H 2 +  M 7 . 1 x  1 0 14 0

H  +  O H  +  M H 20  +  M l .o x  io 16 0

0 2 +  H 2 O H  +  OH 1 . 7 X i o 13 48

0 2 +  M 0  +  0  +  M 2 . 9 x  1 0 15 117

CH 3 +  C H 3 H 2 +  C2H 4 2 . 0 x  i o 16 38

CH 3 +  C H 3 H  +  C2H 5 6 . 0 X  i o 13 10

CH 3 +  CH 3 C H e 8 . 4 x  i o 12 0

C,H 4 +  M H 2 +  C2H 2 +  M l .o x  1014 50

0  +  c 2H4 C H 3 +  CHO 2 . 3 x  i o 13 2 .7

0 2 +  0  +  C2H 4 H  +  H  +  CH 20  +  c o 2 2 . 5 x  1 0 13 5 .0

0 2 +  0  +  C2H 2 H +  H  +  CO +  c o 2 1 . 2 x  IO14 20

C2H , CH 3 +  CH 3 8 . 5 x  1 0 14 80

H  +  C2H , H  +  H 2 +  C2H 4 1 . 3 X  1 0 14 9 .8

CH 3 +  C ,H S CH 4 1-  H  +  C2H 4 2 .O x  1 0 11 1 0 .5

CH 3 +  H 2 C H , +  H 3 . 2 x  10 12 10

C2H S H  +  C2H 4 3 . 0 X  IO14 3 9

O H  +  C2H„ H 20  +  C2H 5 6 . 5 X 1 0 13 5 .6

o 2 +  C2H 5 O H  +  C ,H 4 +  0 2 . 3 x  i o 12 5

0  +  C2H , C H 3 +  H  +  c h 2o 1 .6 X  1 0 14 7 .8

0 * Acta Chim. Acad. Sei. liunp,. 100, 1970
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to  so lv e  i t .  The m eth o d  o f a u to m a tic a l genera tion  an d  so lu tio n  o f  th is  d iffe ren 
t i a l  e q u a tio n  system  h as b e e n  pu b lish ed  in  p a r t  [7].

T h e  reaction  m e c h a n ism  h as been also re fin e d  m ak in g  use of new  p u b 
l ish e d  d a ta .T h e  reac tio n  m e c h a n ism  as used here  is show n  in  d e ta il in  T ab le  I.

In v e s tig a tio n  w ith the M odel

I n  order to  s tu d y  th e  e ffec ts  of te m p e ra tu re  changes on th e  processes 
ta k in g  p lace  in th e  in it ia l  se c tio n  tw o  series of c o m p u ta tio n s  w ere m ade. In  th e  
f i r s t  se ries  th e  in itia l se c tio n  w as co n tac ted  w ith  an  e x te rn a l segm en t o f space 
in  w h ic h  th e  te m p e ra tu re  w as  100 and  200 К  ab o v e  th e  te m p e ra tu re  o f th e  
feed  g as . H ea t wTas tr a n s fe r re d  b y  conduction  from  th is  space segm ent in to  
th e  sy s te m . In  th e  second  series th e  te m p e ra tu re  o f feed gas w as changed . 
R e s u lts  c learly  proved  in  b o th  cases th a t  te m p e ra tu re  p ro fo u n d ly  effected  th e  
p ro c e sse s  tak in g  p lace in  th e  in it ia l  section. To d e m o n s tra te  th is  s ta te m e n t 
re s id e n c e  tim e values fro m  th e  second series o b ta in e d  a t  feed gas te m p e ra tu re s  
o f  9 0 0  ; 1000 and 1100 К  a re  su m m arized  in  T ab le  I I .

Table II

The effect o f  temperature upon the initial section

Temperature, K. 900 1000 1100

Initial section, s 2.21 0.41 0.1

I t  is know n th a t  in  th e  case o f lam inar flam es m ass tra n s fe r  tak es  place 
v ia  d iffu s io n  in the  in itia l se c tio n . H ow ever, an  im p o r ta n t  fe a tu re  of th e  p a r tia l  
o x id a t io n  flam e reac to rs  s tu d ie d  here  is th e  m u lti-o rific e  b u rn e r. T hese b u r 
n e rs , in  tu rn , are c h a ra c te r iz e d  b y  s ign ifican t b a c k -m ix in g  (back  flow) o f th e  
p r o d u c t  gases from  th e  f la m e  zone via  th e  openings o f  th e  holes. T his p h en o 
m e n o n  is caused b y  th e  sp ec ia l a rran g em en t o f th e  ho les. C o m p ara tiv e  s im u 
la t io n s  h as  shown th a t  th is  t ra n s p o r t  can  s ig n if ic a n tly  ou tw eigh  diffusion. 
T h e re fo re  in  the  n e x t s ta g e  o f  th e  analysis v a ry in g  am o u n ts  o f th e  p ro d u c t 
gases w e re  adm ixed to  th e  fre sh  feed  gas m ix tu re  a t  th e  ac tu a l te m p e ra tu re  
o f  th e  feed  gas. In  th e  case o f  m e th a n e  p a r tia l o x id a tio n  th e  m ain  com ponen ts 
o f  p r o d u c t  gases are  h y d ro g e n , ca rb o n  m onoxide, a ce ty len e , e th y len e  and  
e th a n e . T h e  average re s id en ce  tim e  values in  th e  in i t ia l  sec tion  d e te rm in in g  
th e  le n g th  of the flam e c a lc u la te d  from  th e  re su lts  o f  c o m p u ta tio n s  are  su m 
m a r iz e d  in  T able I I I .  A cco rd in g  to  th e  m odel m ost p ro d u c t com ponen ts sig n if
ic a n t ly  decrease th e  le n g th  o f  th e  in itia l section . T h is  is especially  a p p a re n t
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w hen  th e  m ix tu re  o f  h y d ro g en  and  carh o n  m onox ide  is m ixed  b ack . This 
f in d in g  is very  im p o r ta n t  because  in  p a r tia l o x id a tio n  u n d e r th e  cond itions 
s tu d ie d  these tw o co m p o u n d s acco u n t for som e 50 %  o f th e  p ro d u c t gas.

T he above m odel ca lcu la tio n s  in  w hich h e a t an d  m ass tra n s fe r  effects 
w ere s tu d ied  se p a ra te ly  show  th a t  th e  decisive fa c to r  d e te rm in in g  th e  hea t 
an d  m ass tran sfe r p rocesses in  th e  in itia l sec tion  o f th e  p a r tia l  o x id a tio n  flam e 
re a c to r  s tud ied  is th e  p a r t ia l  back m ix in g  o f th e  p ro d u c t gas in to  th e  fresh  feed 
gas. In  th e  case of a m odel tru ly  describ ing  th e  ac tu a l s itu a tio n  p ro d u c t gases 
are  backm ixed  in to  th e  fresh  feed gas a t  th e  te m p e ra tu re  o f th e  f lam e . Thus, 
th e re  is b o th  h ea t an d  m ass tra n s fe r  ta k in g  p lace  d u rin g  b ack m ix in g .

Table III

The effect of backmixing upon the initial section

Species subject to backmixing C,H, CtH4 C,H, СО/Н,

Initial section, s 2.21 0.054 0.98 2.07 0.011

T here  is a d irec t w a te r  in jec tio n  cooling sec tion  im m ed ia te ly  b eh in d  the 
f lam e  zone used to  cool dow n th e  h o t p ro d u c ts  gases. O bv iously , processes 
ta k in g  p lace in  th e  flam e  zone are  in fluenced  b y  h e a t losses flow ing  tow ard  
th is  section . T herefo re, h e a t  losses of th e  flam e zone h av e  also to  be accoun ted  
fo r in  th e  model.

T hus, it  can  be co n c lu d ed  th a t  an  iso b aric -p o litro p ic  m odel w ith  p ro d u c t 
gas backm ix ing  is an  a d e q u a te  m odel o f th e  s te a d y  s ta te  o p e ra tio n  o f th e  flam e 
re a c to r .

T h is m odel w as u sed  to  sim u la te  v a rious s te a d y  s ta te  tech n o lo g ica l con
d itio n s o f th e  flam e re a c to r  an d  to  asses th e  effects o f  th e  changes o f th e  various 
techno log ica l p a ra m e te rs . T h e  follow ing cases w ere ca lcu la ted  ;

— p a rtia l b ack m ix in g  o f ho t p ro d u c ts  gases
— com plet b a c k m ix in g  o f ho t p ro d u c t gases (w hich, in  fa c t, tu rn s  the  

tu b e  re a c to r  in to  a p erfec tly  m ixed ta n k  reac to r)
— th e  above cases b u t  accoun ting  for h e a t losses in  th e  flam e  zone as
well.

C om pu ta tions re su lte d  in  th e  te m p e ra tu re  an d  species co n cen tra tio n  
d is tr ib u tio n s  along th e  flam e  zone. Such d a ta  series a re  p re sen ted  in  F igures 
1 an d  2 re la tin g  to  a c h a ra c te r is tic  section  o f th e  flam e zone.

In  order to  allow  fo r easier v isu a liza tio n  species accu m u la tio n  and  con
su m p tio n  values are  p lo tte d  d irec tly  a g a in s t te m p e ra tu re  v a lu es  in s tead  of 
le n g th  or tim e co o rd in a tes .
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Fig. 1. D istribution of the main components

Fig. 2. Distribution of the radicals
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T h e effects o f back m ix in g  o f th e  h o t p ro d u c t gases upon  th e  com po sitio n  
o f p ro d u c t gases in  th e  case o f 5 %  a n d  co m p le te  hack m ix in g  a re  show n in
T ab le  IY .

Table IV

Composition of the product gas in the case of  *product gas backmixing

Component of the 
product gas

Composition of the product 
gas, mole fraction

5% backmixing complete backmixing

CH4 0 .0 4 0 0 .0 1 8

H20 0 .3 5 0 0 .5 2 6

CO 0 .1 8 6 0 .0 2 9

H2 0 .3 0 6 0 .2 0 0

C2H4 0 .0 8 9 0 .0 0 6

C,H, 0 .0 2 6 0 .2 1 0

co2 0 .0 1 0 0 .0 1 0

Fig. 3. Temperature profiles for adiabatic and cooled conditions

T he te m p e ra tu re  p ro file  o f th e  p rocess is show n in  F ig u re  3 in  th e  case 
o f th e  a d ia b a tic  flam e re a c to r  a c c o u n tin g  also for th e  h e a t losses cau sed  by  
th e  cooling section .

In  su m m ary  i t  can  he s ta te d  th a t

— th e  m odel is a p p a re n tly  a d e q u a te  for th e  s im u la tio n  o f  th e  s te a d y  
s ta te  o p era tio n  o f th e  p a r t ia l  o x id a tio n  flam e re a c to r

— sp o n tan eo u s b ack m ix in g  in  th e  flam e zone p ro fo u n d ly  in fluences th e  
process
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— h e a t losses fro m  th e  flam e  zone to w a rd s  th e  cooling section  decrease  
th e  te m p e ra tu re  o f  th e  flam e an d  in c re a se  th e  len g th  o f th e  flam e  
zone to  su ch  a n  e x te n t  w hich  c an n o t be n eg lec ted .

• Symbols

Cj concentration of species j
t time
V  volum e
p  pressure
T  temperature
Th temperature of the environment
Rfj and Rjj  the stochiometric coefficient of species j  in reaction l, formation and con

sum ption respectively
k) preexponential coefficient of reaction l
E  activation energy
R  gas constant
v the order of reaction l for component j  
nr number of reactions
nc number of components
h partial molar enthalpy
a heat transfer coefficient
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SYNTHESE UND UNTERSUCHUNG 
NEUER SPIROSTEROIDE, I
S .  S Ó L Y O M , Z. Z u B O V I C S  und L . T o l DY

(Institut fü r  Arzneimilleiforschung, Budapest)
Eingegangen am 21. Juni, 1978 

Zur Veröffentlichung angenommen am 26. Juli, 1978

Einige aus 17-Keto-steroiden hergestellte 17S-Spiro-oxirane wurden mit Methyl
amin umgesetzt. Aus den erhaltenen 17a-Methylaminomethyl-17/?-hydroxysteroiden 
wurden Thipharnstoff-Derivate hergestellt und deren Ringschluss-Reaktionen unter 
oxydierenden und basischen Bedingungen untersucht. Es wurden 17-Spiro-steroide 
neuen Typs hergestellt: Spiroperhydro-l,2,4-oxathiazine, Spiro-(2’-imino-oxazolidine), 
sowie Spiro-(2’-thioxo-oxazolidine). Die Spiro-Verbindungen mit dem Perhydro-1,2,4- 
oxathiazin-Ring sind neue Vertreter dieses von uns zuerst hergestellten Ringsystems. 
Die chemischen und physikalischen Eigenschaften der Verbingunden wurden unter
sucht. Einige Verbindungen zeigten eine schwächere Antialdosteron-Wirkung als 
Spironolacton.

V erb in d u n g en , die eine A ld oste ron -b lock ie rende  W irk u n g  a u sü b e n , b il
d en  eine b ed eu ten d e  G ruppe der D iu re tik a . U n tersuchungen  d ieser V e rb in d u n 
gen e rs tre c k te n  sich  h au p tsäch lich  a u f  S p iro s te ro id e  m it einer y -L ac to n -G ru p p e  
am  K o h len sto ffa to m  17 [1]. R e la tiv  w en ig  In te resse  w urde fü r  d ie  S y n th esen  
so lcher S te ro id -sp iro -he te rocyc len  a u fg e b ra c h t, die neben dem  S a u e rs to ffa to m  
au ch  ein  anderes H e te ro a to m  e n th a lte n  [2]. W ir hofften , a u f  d iesem  G ebiet 
E rfo lg  zu  erzielen , u n d  begannen  eine v ie lfä ltig e  syn th e tisch e  A rb e it.

A us den  S tru k tu r-W irk u n g  Z u sam m en h än g en  [ lb ]  der A ld o ste ro n -b lo k - 
k ie re n d e n  S p iro lac ton -S te ro ide  g eh t h e rv o r , d aß  der S au ersto ff in  17/3-Stellung 
— n eb e n  a n d e ren  F a k to re n  — fü r die W irk u n g  von B ed eu tu n g  zu  se in  sch e in t. 
B ei d en  an g e s tre b te n  neuen  S tru k tu re n  sch ienen  daher die 1 7 S -S p iro -ox irane  
gee igne te  A usgang ssu b stan zen  zu  sein , b e i denen  das O -A tom  /З-o r ie n tie r t  is t, 
u n d  d ie  aus 17 -K eto -ste ro iden  ste reo sp ez ifisch  hergeste llt w e rd en  können  
[3, 4 ]. F o lgende , te ilw eise  b e k a n te  S p iro -o x iran e  w urden  n ach  d e r M eth o d e  von 
H ü b n e r  [3] s y n th e t is ie r t : 3 /3 -H y droxy-5 -and rosten -17S -sp iro -ox iran  [5] (la ) , 
3 -M eth o x y -östra -2 ,5 (10 )-d ien -17S -sp iro -ox iran [3 ] (lb ), 3 -M e th o x y -l,3,5(10), 8- 
ö s tra te tra e n -1 7 S -sp iro -o x ira n  ( lc )  u n d  13/S-A thyl-3-m ethoxy-gona-2 ,5(10)-dien- 
17S -sp iro -o x iran  (ld ).

S tero id -17 -sp iro -ox irane  k a n n  m a n  m it den  m eisten  N u k leo p h ilen  le ich t 
sp a lte n  (z. B . [6]). So w urden  aus l a  — d in  flüssigem  M ethy lam in  in  G egenw art 
e in e r k a ta ly tisc h e n  M enge von p -T o lu o lsu lfo n säu re  beim  E rh itz e n  in  e inem  ge
sch lossenen  S tah lg e fäß  die e n tsp rech en d en  17a-M ethy lam inom ethy l-17 /J-hyd- 
ro x y s te ro id e  2a d h erg este llt. D ie 2 -A m in o a lk o h o l-S tru k tu r d iese r V e rb in d u n 
gen  e rm ö g lich t p o ten tie ll die A usb ild u n g  v e rsch iedener H e te ro cy c len . In  d ieser 
A rb e it w ird  ü b e r R in g sch lu ß -R eak tio n en  d e r aus 2a — d h erg es te llten  3 a —d T hio- 
h a rn s to ff-D e riv a te  u n d  ü b e r die so e rh a lte n e n  neuen S p iro -s te ro id e  b e r ic h te t .
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D ie V erb in d u n g en  2 a —d w u rd en  m it Iso th io cy an a ten  bzw . in  einigen 
F ä llen  m it dem  M eth y les te r der en tsp re c h e n d en  D ith io ca rh am in säu re  in  re la tiv  
g u te r  A u sb eu te  zu  den  T h io h arn s to ffen  3 a —d u m g ese tz t [7]. B ei d en  V erb in 
d u n g en  3a w urde v e rsu c h t, d u rch  S äu ren  eine R in g sch lu ß -R eak tio n  au szu lö 
sen [8 ], die R e a k tio n  v erlie f ab er n ich t e in d eu tig . V erb indungen  3a e r litte n  
d ab e i e ine  Z erse tzung , die n ich t m eh r w e ite r  u n te rsu c h t w urde.

In  e in er vo rh erg eh en d en  M itte ilu n g  b e r ic h te te n  w ir ü b e r die d e h y d rie re n 
de C yclisierung  von  iV -^ -H y d ro x y ä th y lJ -iV ’-b en zo y l-th io h arn s to ff, d ie zu 
e in er V e rb in d u n g  m it einem  neu en  H e te ro -R in g sy s tem , dem  P erh y d ro -1 ,2 ,4 - 
o x a th ia z in  fü h rte  [9]. E s w ar n ah e lieg en d , diese d eh y d rie ren d e  C yclisierung 
au ch  b e i den V erb indungen  3a au sz u fü h re n . Zu diesem  Zw eck w u rd e n  3a in 
G eg en w art von  P y rid in  m it J o d  u m g e se tz t, w obei die D eriva te  4a u n d  5a gebil
d e t w u rd en . B ei d er S u b s titu tio n  R  =  2 ,6 -D im eth y lp h en y l u n d  B enzoy l e n t
s ta n d  das R o h p ro d u k t in g u te r  A u sb eu te  u n d  erwies sich als 4a , das durch  
S chw efe l-E lim in ie ru n g  en ts teh en d e  Im in o -o x azo lid in  b ilde te  sich  d u rc h  Z er
se tz u n g  beim  U m k rista llis ie ren . W ä h re n d  bei d er S u b s titu tio n  R  =  a -P h en y l-  
ä th y l  die en tsp rech en d en  4a und  5a in  v erg le ich b aren  M engen im  R o h p ro d u k t 
d er d eh y d rie ren d en  C yclisierung v o rh a n d e n  w aren , k o n n te  be i R  =  M ethyl 
u n d  B enzy l n u r  5a iso lie rt w erden .

D ie S p iro -p e rh y d ro -l,2 ,4 -o x a th iaz in e  4a se tzen , ih rem  M o no th ioperoxy- 
B in d u n g sy s te m  en tsp rech en d , aus K a liu m jo d id  Jo d  frei. B eim  E rh itz e n  zer
se tzen  sie sich und  es e n ts te h t u n te r  an d e rem  e lem en tarer Schw efel. Im  M as
se n sp e k tru m  von  4a (R  =  2 ,6 -D im e th y lp h en y l u n d  B enzoyl) e rsc h e in t das 
en tsp re c h e n d e  M olekülion, ab er seine I n te n s i tä t  v e rrin g ert sich w egen Z erse t
zung  schnell. D as d u rch  S ch w efe l-A bspa ltung  en ts teh en d e  Io n  is t  das Basis- 
F ra g m e n t u n d  k o n n te  jew eils als das en tsp rech en d e  5a id e n tif iz ie r t  w erden .

Im  IR -S p e k tru m  der V erb in d u n g  4a  (R  =  Benzoyl) feh lte  jeg lich e  A b
so rp tio n  im  B ere ich  1600— 1800 c m -1 . D ie R ö n tg e n -S tru k tu ra n a ly se  d e r a n a 
logen  V erb in d u n g  ohne S te ro id -R in g sy stem  ließ  eine s ta rk e  C arb o n y lsau ersto ff- 
Schw efel W echselw irkung  sowie eine v e r lä n g e rte  C arb o n y l-B in d u n g  [9] e rk en 
n en . D ie feh lende r C = 0  B ande im  IR -S p e k tru m  d er analogen S p irostero id -V er- 
b in d u n g  is t d a d u rc h  e rk lä r t. D em en tsp rech en d  k an n  4a (R  =  B en zo y l) m itte ls  
d e r fo lgenden  M esom erie besch rieben  w erd en  [10] :

Acta Chim. Acad. Sei. Hung. 100, 1979



92 SÓLYOM et al.: SYNTHESE NEUER SPIROSTEROIDE

B ei d ieser V erb in d u n g  w ird  der übrigens sich  le ic h t zersetzende P e rh y d ro -
1 ,2 ,4 -o x a th iaz in -R in g  d u rch  die C arbony lsauersto ff-S chw efel W echselw irkung  
s ta b ilis ie r t .  B ei den D e r iv a te n  4a (R  =  2 ,6 -D im e th y lp h en y l u n d  oc-Phenyl- 
ä th y l)  b e s te h t  kein  so lcher s tab ilis ie ren d er E ffe k t. W ir nehm en an , d a ß  die 
S ta b i l i tä t  u n d  die D a rs te llb a rk e it  d ieser V e rb in d u n g en  einerseits vom  g rö ß eren  
R a u m b e d a r f  des R -S u b s titu e n te n  u n d  a n d e re rse its  vom  S te ro id -R in g sy stem  
a b h ä n g t. A us l-( /? -H y d ro x y ä th y l)-3 -(2 , ,6’-d im e th y lp h e n y l)- th io h a rn s to ff  — 
d er k e in  S te ro id -R in g sy stem  e n th ä lt  — k o n n te  n ä h m lic h  keine en tsp rech en d e  
cyc lische  O x a th iaz in -V erb in d u n g  h e rgeste llt w erd en .

B e i d er U m se tzu n g  d er V erb indungen  4a m it 1 ,5 —2 Ä q u iv a len ten  T rib u -  
ty lp h o sp h in  k o n n ten  die schon  frü h e r als Z e rse tzu n g sp ro d u k te  iso lierten  D e ri
v a te  5a g la t t  h e rg es te llt w erd en .

Im  w eite ren  w u rd e  v e rsu c h t За,c (R  =  B en zo y l) in  w äßrigem  A lkoho l 
m it K a liu m h y d ro g e n c a rb o n a t zu  h y d ro lisie ren , u m  aus dem  a u f diese W eise 
p o te n tie ll  h e rs te llb a ren  За,c (R  — H) du rch  d e h y d rie re n d e  Cyclisierung 4a ,c zu  
gew innen . B ei der H y d ro ly se  e n ts ta n d  aber n u r  6a ,c . D ie S tru k tu r  d ieser S te- 
ro id -sp iro -(2 ’-th io o x o -o x azo lid in )-D eriv a te  w u rd e , a u ß e r  e iner e n tsp re c h e n d e r 
A n a ly se , d u rc h  IR - u n d  P M R -S p ek tren  sowie d u rc h  e ine  unabhäng ige  S y n th ese  
b ew iesen .

B ei d e r U m setzu n g  von  2a in M ethy lench lo rid  m it Thiopliosgen in  G egen
w a r t v o n  T riä th y la m in  w u rd e  6a — w egen d e r u n g esch ü tz ten  H y d ro x y l-  
G ru p p e  — n u r  in  m äß ig e r A u sb eu te  e rh a lten . D ie R in g sch lu ß -R eak tio n en  von  
2b, d m it T h iophosgen  w u rd en  analog  a u sg e fü h rt. D ie P ro d u k te  e r litte n  ab e r 
w egen ih re r  E n o lä th e r -S tru k tu r  w ährend  d er R e a k tio n  eine partie lle  H y d ro 
lyse (d ü n n sc h ic h tc h ro m a to g ra p h isc h  festg este llt) . D ie  H ydro lyse  w urde  des
h a lb  d u rc h  zugesetz te  M in era lsäu re  v e rv o lls tä n d ig t u n d  n u r  6f, g iso liert. D ie 
Zl4-3 -O x o -S tru k tu r  der le tz te re n  V erb indungen  w a r  au ch  fü r  die bio logische 
U n te rsu c h u n g  w ü n sch en sw erte r [ 1 b ].

Z w ecks b io logischer U n te rsu ch u n g en  w u rd en  5a (R  =  2 ,6 -D im eth y l
p h e n y l) , bzw . 6a d u rch  O p p en au er-O x y d atio n  in  5e (R  =  2 ,6 -D im eth y lp h e
ny l), bzw . 6e ü b e rfü h rt.

D ie A ldo ste ro n -b lo ck ie ren d e  W irk u n g  d e r h e rg e s te llte n  V erb in d u n g en  
w urde  n a c h  K agaw a [11] g e te s te t. D ie V erb in d u n g en  4a  (R  =  2 ,6 -D im eth y l
p h en y l) u n d  5a (R  =  2 ,6 -D im eth y lp h en y l, B enzy l, M eth y l, Benzoyl) ze ig ten  
eine s ig n if ik a n te , jed o ch  schw ächere  W irk u n g  als das Spirono lacton  (7oc- 
A ce ty lth io -1 7 a-ca rb o x y ä th y l-1 7 /? -h y d ro x y -an d ro st-4 -en -3 -o n -lac to n ) [1]. D iese 
B e o b a c h tu n g  d ien te  als A u sg an g sp u n k t fü r w e ite re  U n te rsuchungen .
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Experimenteller Teil

Schmelz- und Zersetzungspunkte wurden auf einem Küstner-Heizmikroskop bestimmt 
und sind unkorrigiert. Optische Drehwerte, soweit nicht anders angegeben, wurden in Chloro
form m it einem LEP-OPTON-Gerät gemessen. Die IR-Spektren wurden mit einem Perkin 
Elmer 457, PMR-Spektren mit einem Varian A-60D-Gerät registriert.

A. Steroid-spiro-oxirane ( l c ,  d)

3-M ethoxy-l,3,5(10),8-östratetraen-17S-spirooxiran ( l c )

Aus 15,3 g 3-Methoxy-l,3,5(10),8-östratetraen-17-on wurden nach Lit. [3] 11,0 g 
(68%) farblose Kristalle (aus Methanol) erhalten. Schmp. 108—110 °C ; [a]fj =  —60,93 
(c =  1). C20H24O, (296,39). Вег. C 81,04; H 8,16. Gef. C 81,05; H 8.10%.

13/i-Äthyl-3-methoxy-gona-2,5(10)-dien-17.l5-4piro-oxiran (ld )

ld  wurde aus 6,0 g (20 mmol) 13/?-Äthyl-3-methoxy-gona-2,5(10)-dien-17-on [12] 
analog lc  hergestellt. Das Rohprodukt wurde mit 20 ml Äthanol aufgekocht und warm fil
triert, wobei 5,44 g Substanz (Schmp. 183 °C) zurückblieb. Eine kleine Probe wurde für die 
Analyse aus der 30-fachen Menge Essigester umkristallisiert. Schmp. 187— 189 °C; [a]™ — 
=  + 1 0 6 °  (c =  0,5).

C21H30O2 (314,45). Вег. C 80,20; H 9,61; Gef. C 80,45; H 9,89%.

В. 17a-Methylamine methyl-17/1-hydroxy-Steroide (2a-d)

3/3,17/3- l)ihydroxy-17a-inethylaiiliilomrthyl-5-undro-ten (2a)

14,0 g (0,046 mol) la  und 1,40 g p-ToluoIsulfonsäure wurden mit 50 ml flüssigem  
Methylamin vermischt und in einem Stahlgefäß 16 h auf 130 °C (Ölbadtemperatur) erwärmt. 
Nach Abkühlen und öffnen wurde das überflüssige Methylamin abgedampft und der Rück
stand auf der Glasfritte mit Wasser neutral gewaschen. Das trockene Rohprodukt (14,8 g) 
wurde in 600 ml warmen Essigester gelöst, filtriert und die Lösung auf etwa 200 ml Volumen 
eingeengt. Nach Zugabe von 200 ml n-Hexan kristallisierten beim Stehenlassen 11.56 g (75%) 
farblose Kristalle. Schmp. 197—199 °C ; [a]p =  —85° (c =  0,5).

C21H35NO., (333,50). Вег. C 75,62; H 10,58; N 4,20. Gef. C 75.58; H 10,26; N  4,10%.

3-Methoxy-17a-met hylami nőmet hyI-17/3-hvdroxy-2,3( 10)-östradien (2b)

Aus 13,0 g (43 mmol) l b  wurde analog zu 2a 13,65 g Rohprodukt hergestellt und aus 
Methanol umkristallisiert. Ausbeute: 10,1 g (71%). Schmp. 136 —137 °C ; [« ]q =  + 8 7 ,3 3 
(e =  0,5).

C21H33N 0 2 (331,48). Вег. C 76,08; H 10,03; N 4,22. Gef. C 75,90; H 9,96; N  4,19%.

3-Methoxy-17a-metliylamiiioinethyl-17j'-hydroxy-l,3.3( 10),8-östratetraen (2c)

Das aus 11,05 g (37 mmol) lc  analog zu 2a erhaltene Rohprodukt (9,46 g) wurde aus 
180 ml Methanol umkristallisiert. Ausbeute: 6.16 g (51%). Schmp. 139 °C ; [an? =  —49.53 
( c =  1).

C2,H29N 0 2 (327,45). Вег. C 77,02 ; 11 8,92 ; N 4,28. Gef. C 76,79 : H 8.79 ; N 4,34%.

1 3 + Äthyl-3-met ho xy -17a-inet li\ la minőmet hyl-17 ('i-hydroxy-gona-2.5( 10) -dien (2d)

Das aus 30,0 g (95 mmol) ld  analog zu 2a erhaltene Rohprodukt (32,6 g) wurde in 
zweifachem Volumen Äthanol einige Minuten zum Sieden erhitzt und warm filtriert. Ausbeute : 
25,48 g (77%). Schmp. 1 8 8 -1 8 9  °C; [a ]$  =  + 6 6 ,9 °  (c =  0,5).

С22Н ^ 0 2 (345,51). Вег. C 76,47; H 10,21 ; N 4,05. Gef. C 76.66; H 10,02; N 4,09%.
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C. 17a-[iV-Methyl-iV-(R-thiocarbamoyl)] -aminomethylsteroide (3a-jl)

Allgemeine Vorschrift:

2a—d wurden in Äthanol mit einem in 5—30% molaren Überschuß angewandten 
Isothiocyanat oder dem Methylester der entsprechenden Dithiocarbaminsäure 2—6 h zum 
Sieden erhitzt. Die Umsetzung wurde dünnschichtchromatographisch verfolgt. Die Produkte 
wurden durch Einengen und Absaugen isoliert.

17a-[IV-Methyl - 2".6’-(liinethylpheiiy!-t hiocarbamoy]) ] -aminomethyl-3/3, 
17/S-dihydroxy-5-androsten (3a; R =  2,6-Dimethylphenyl)

Schmp. 217—220 °C (aus Äthanol). Ausbeute: 88% ; [ajjj1 =  —199° (c =  0,5).

CsoH^N jOjS (496,73). Вег. C 72,53; H 8,93 ; N 5 ,64; S 6,45. Gef. C 72,55 ; H 8,93; 
N 5,46 ; S 6,30%.

17a-[iV-Methyl-JV-(methylthioearbamoyl)]-aniinomethyl-3/l,17(i-dihydroxy-5-androsten
(За; R =  Methyl)

Schmp. 227—230 °C (aus Acetonitril). Ausbeute: 84% ; [a]jJ =  —75,9° (c =  1, Pyri
din).

C23H 38N„02S (406,64). Вег. C 67,94: H 9,42; N 6,89; S 7,89. Gef. C 67,87; H 9,14; 
N 6,94; S 8,03'%.

17a-[!V-Methyl -JV-(benzylthiocarbamoyl)]-aminomethyl-3/í,17/?-dihidroxy-5-androsten 
(3 a ; R =  Benzyl)

Schmp. 131 °C (aus Acetonitril). Ausbeute: 75% ; [a]j} = — 148,3 °(c =  1).

CL.gH^NjOjS (482,73). Вег. C 72,16; H 8,77; N 5,80; S 6,64. Gef. C 72,19; H 8,92; 
N 5,52; S 6,47%.

17a- [N-Methyl-N-(a-phenyläthyl-thiocarbamoyl)) -aminomethyl-3/9,17/?-dihydroxy-5-androsten 
(3a ; R =  a-Phenyläthyl)

Schmp. 184—185 °C (aus Essigester). Ausbeute: 67% ; [a] q =  —160,4° (c =  1).
C30H44N2O2S (496,76). Вег. C 72,54; H 8,93 ; N  5,64 ; S 6,45. Gef. C 72,81; H 8,85 ;

N 5,51 ; S 6,54%.

3- Methoxy-17;3-hydroxy-17a-[iV.methyl-iV-(2,,6’-dimethylphenyl-thiocarbamoyl)]-aniino- 
methyl-östra-2,.5(10)-dien (3b ; R - 2,6-Dimethylphenyl)

Schmp. 201 —204 °C (aus Acetonitril). Ausbeute: 81% ; [а]Ь° = —85,4° (c =  1).
C30H42N2O2S (494,76). Вег. C 72,83; H 8,56; N  5,66; S 6,48. Gef. C 73,20; H 8,79 ;

N  5,76; S 6,26%.

1.3/i-Athyl-3-methoxy-17/!-hydroxy-17a-[A-methyl- A -(2',6,-diniethylphenyl-thiocarbamoyl)] - 
aminomethyl-gona-2,5(10)-dien (3d ; R  =  2,6-Dimethylphenyl)

Schmp. 193 —196 °C (aus Acetonitril). Ausbeute: 88% ; [a]o =  —88,6° (c =  1).
C31H44N20„S (508,77). Вег. C 73,19; H 8,72; N 5,51; S 6,30. Gef. C 73,51; H 8,95; 

N 5,41; S 6,24“%.

D. Spiro-perhydro-l,2,4-oxathiazine und Spiro-iminooxazolidine (4a und 5a)

3/''-Hydroxy-5-androstcn-17.S’-spiro-6’-[3,-(2.6-diniethylphenylimino)-4,-methyl-perhydro-l,2,
4- oxathiazin] (4a ; R =  2,6-Dimethylphenyl)

12,0 g (24,2 mmol) 3a (R  =  2,6-Dimethylphenyl) wurden in 65 ml trockenem Pyridin 
und 65 ml Äther gelöst. Der auf 5 °C gekühlten und gerührten Lösung wurde währende 30 
Minuten eine Lösung von 6,17 g (0,0485 g Atom) Jod in 85 ml Äthanol tropfenweise zugesetzt.
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Am Anfang verschwindet die braune Farbe des Jodes merklich, später wird die Lösung all
mählich rotbraun. Der Ansatz wurde 3,5 h bei Raumtemp. gerührt und danach in 700 ml 0,5 N  
eiskalte Natriumhydroxyd-Lösung gegossen. Die ausgeschiedene Substanz wurde abgesaugt 
und mit Wasser neutral gewaschen. Ausbeute: 11,85 g (98%); Schmp. 191— 192 °C. 6,0 g 
Substanz wurden in 700 ml Essigester warm gelöst, die filtrierte Lösung wurde auf etwa 100 ml 
eingeengt. Beim Stehenlassen kristallisierten 4,37 g weiße Kristalle. Schmp. 193 °C ; M p  =  
=  —45,7° (c =  0,5).

C30H42N.,O.,S (494,72). Вег. C 72,83 ; H 8,56; N 5,66; S 6,48. Gef. C 72,38 ; H 8,55; 
N 5,49: S 6,52%.

MS : M +" =  494 (die Intensität nimmt schnell ab) ; (M  S) + ' =  462(100% ); Schwefel; 
R -N C S  (M + - =  163).

In der Mutterlauge der Kristallisation konnte dünnschichtchromatographisch (Kiesel
gel, Benzol-Methanol-Aceton = 8 : 1  : 1) nur eine geringe Menge an 4a (R =  2,6-Dimethyl- 
phenyl) (By: 0,6), dafür aber ein zweiter Fleck m it niedrigerem Ry-Wert (0,35) nachgewiesen 
werden. Die Mutterlauge wurde eingedampft und der Rückstand zur Vervollständigung der 
Zersetzung in Dioxan gelöst und 4 h zum Sieden erhitzt. Nach dem Eindampfen wurde der 
kristalline Rückstand mit Petroläther angerieben, gewaschen und aus Methanol zweimal 
umkristallisiert. Es wurden 0,48 g (Schmp. 256 °C) einer nicht ganz analysenreinen, mit 5a 
(R =  2,6-Dimethylphenyl) identischen Substanz erhalten.

3d-Hydroxy-5-androsten-17S-spiro-5’-f2,-(2,6-dimethylnhenylimiiio)-3’-methyl-oxazoli<linl
(5a ; R =  2,6-Dimethylphenyl)

Einer gerührten Lösung von 2.47 g (5 mmol) 4a (R 2,6-Dimethylphenyl) in 80 ml 
trockenem Methylenchlorid wurde bei Raumtemp. während 40 Minuten eine Lösung von 
0,72 ml (5 mmol) Tributylphosphin in 10 ml Methylenchlorid zugetropft. Nach 24 h wurde der 
Ansatz erneut mit 0,72 ml Tributylphosphin versetzt und anschließend 4 h zum Sieden erhitzt. 
Nach dem Eindampfen blieb ein Öl zurück, das mit 20 ml Petroläther geschüttelt wurde. 
Allmählich schieden sich Kristalle aus. Nach Dekantieren wurde der Kristallbrei nochmals 
mit reinem Petroläther durchgeschüttelt und die kristalline Substanz abgesaugt: 2,23 g 
(96% ); Schmp. 256—260 °C. Das Produkt wurde aus 130 ml Methanol umkristallisiert: 
1,64 g, Schmp. 260 °C; [a]g* =  + 26 ,4° (c =  1).

C30H4„N2O„ (462,66). Вег. C 77,87; H 9,15 ; N 6,05. Gef. C 77,54; H 9 ,04; N 5,79%. 
MS : 'M+ =  462 (100%); m /e: 147 (29% ); 44 (23% ); 300 (8,6%).
3-Acetat (bereitet in Benzol mit Essigsäureanhydrid-Pyridon): Schmp. 261 °C.

Androst-4-en-3-on-17S-spiro-5’-[2’-(2,6-dimethylphenyliniino)-3’-methyl-oxazolidin]
(5 e ; R =  2,6-Dimethylphenyl)

Eine Lösung von 1,40 g (3 mmol) 5a (R =  2,6-Dimethylphenyl) und 2,04 g (12 mmol) 
Aluminiumisopropylat in 12,3 ml (0,12 mol) Cyclohexanon und 40 ml trockenem Toluol wurde 
2 h gekocht. Nach dem Abkühlen wurde die Lösung mit 3 x 3 0  ml einer wäßrigen 5 proz. 
Kochsalz- und 5 proz. Seignette-Salz-Lösung durchgeschüttelt. (Die entstandene Emulsion 
wurde durch Filtrieren zerstört und die wäßrige Phase wurde jeweils mit Benzol extrahiert.) 
Die vereinigte organische Phase wurde getrocknet und eingedampft. Der ölige Rückstand 
kristallisierte nach Anreiben mit Diisopropyläther. Das Rohprodukt (0,56 g) wurde aus 10 ml 
Essigester umkristallisiert: 0,45 g, Schmp. 210—211 °C; [®]d =  + 1 5 8  (c =  0,5).

C30H40N2O2 (460,64). Вег. C 78,22; H 8,75 ; N 6,08. Gef. C 78,46; H 8 ,98; N 6,44%.

3ß- Hydroxy-5-androsten-17S-spiro-6,-[3’-(a-phenyläthyliinino)-4,-methyl-perhydro-l,2,4- 
oxathiazin] (4a; R =  a-Phenyläthyl) und 3/S-Hydroxy-5-andro8ten-17S-spiro-5’-[2’-(a- 
phenyläthylimino)-3’-methyl-oxazolidin) (5a ; R =  a-Phenyläthyl)

2,20 g (4,5 mmol) 3a (R =  a-Phenyläthyl) wurde auf die unter D (4a) beschriebene 
Weise umgesetzt. Der Unterschied war, daß der Ansatz in eine eiskalte wäßrige 0,1 N  Natrium
hydroxid-Lösung gegossen wurde. Das abgesaugte Rohprodukt (2,14 g) wurde in 40 ml Iso
propanol gelöst, und nach Zugabe von 50 ml Äther konnte eine ausgefallene Substanz durch 
Absaugen isoliert werden. Diese Substanz ergab nach Umkristallisieren aus Isopropanol 0,08 
g 5a-Hydrojodid (R =  a-Phenyläthyl), Schmp. 191 —194 °C.

C30H43IN2O2 (590,58). Вег. C 61,01; H 7 ,34; N  4,74. Gef. C 61,15; H 7 ,85; N 4,65%.
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Der Rückstand, der beim Eindampfen der vorstehend beschriebenen Isopropanol- 
Äther-Lösung erhalten wurde, wurde mit Äther verrieben und gewaschen. Das Rohprodukt 
(0,50 g) wurde aus Methanol umkristallisiert, wobei 0,24 g (11%) 4a (R =  a-Phenyläthyl) als 
farblose Kristalle erhalten wurden. Schmp. 192 —195 °C ; [а]2ц =  + 7 ,4 °  (c =  0,5).

C3nH42N 20 2S (494,73). Rer. C 72,83; H 8,56; N 5 ,66; S 6,48. Gef. C 72,23: H 9,11; 
N 5,60; S 5,97%.

Die letzte Mutterlauge (Behandlung mit Äther) wurde ebenfalls eingedampf und der 
Rückstand mit Hexan gewaschen. Nach zweimaligem Umkristallisieren des Rohprodukts aus 
Acetonitril wurden 0,23 g (11%) 5a (R =  a-Phenyläthyl) als farblose Kristalle erhalten. 
Schmp. 163 °C.

C30H42N2O2 (462,67). Вег. C 77,88; H 9,15; N 6,05. Gef. C 77,96; H 9,45; N 6,20%.

3jS-Hydroxy-5-androsten-17S-spiro-5,-(2’-methylimino-3’-methyl-oxazolidin) (5 a : R =M ethyl)

Bei der Umsetzung von 2,43 g (5,98 mmol) 3a auf die unter D (4a) beschriebene Weise 
wurden 2,23 g Rohprodukt erhalten, das aus Essigester umkristallisiert 1,67 g (75%) farblose 
Kristalle ergab. Schmp. 240—242 °C ; M d =  —59,5° (e =  1).

C23H36N20 2 (372,51). Вег. C 74,15; H 9,74; N  7,52. Gef. C 74,06; H 9,83; N 7,42%.

3/3-Hydroxy-5-androsten-17S-spiro-5’-(2 ,-benzylimino-3’-methyl-oxazolidin)
(5a ; R =  Benzyl)

7,0 g (14,6 mmol) 3a (R =  Benzyl) wurden wie unter D (4a) beschrieben umgesetzt, 
nur mit dem Unterschied, daß das Isolieren, nachdem der Ansatz in Lauge gegossen wurde, 
durch Extrahieren mit 5 X 300 ml Äther erfolgte. Der Äther-Extrakt wurde neutral gewaschen, 
getrocknet und eingedampft. Man erhielt 5,14 g (78%) Rohprodukt, das aus Acetonitril um 
kristallisiert wurde: 3,9 g (60%), Schmp. 170—173 °C ; M d =  —24,7° (c =  0,5).

C29H40N2O2 (448,66). Вег. C 77,63 ; H 8,49 ; N 6,24 ; Gef. C 77,55 ; H 9.05 : N 6,37%

3/3-Hydroxy-5-androsten-17S-spiro-6’-(3 ’-benzoylimino-4’-methyl-perhydro-l,2,4-oxathiazin)
(4a ; R =  Benzoyl)

a) Zu einer gerührten Lösung von 2,14 g (22 mmol) Kaliumrhodanid in 20 ml trocke
nem Aceton wurde bei Zimmertemp. 2,50 ml (21,8 mmol) Benzoylchlorid tropfenweise zu
gegeben. Anschließend wurde der Ansatz 40 Minuten zum Sieden erhitzt, dann abgekühlt 
und eine Suspension von 6,66 g (20 mmol) 2a in 150 ml Chloroform zugegeben. Die erhaltene 
gerührte Suspension wurde 4 h zum Sieden erwärmt. Nach Einengen wurde der Kristallbrei 
ins Wasser gegossen, abgesaugt und gründlich mit Wasser gewaschen. Das so erhaltene 3a 
(R =  Benzoyl) erwies sich (Schmp. 128—132 °C) dünnschichtchromatographisch als ein
heitlich, konnte aber durch Umkristallisieren nicht weiter gereinigt werden. Es wurde deshalb 
in Form des Rohprodukts weiter benutzt. (Befriedigende Analysenwerte wurden nur für N 
und S erhalten.)

b) 1,0 g (2,02 mmol) des vorstehend beschriebenen 3a (R =  Benzoyl) wurde in 5 ml 
trockenem Pyridin und 5 ml Äther gelöst. Unter Rühren und Kühlen auf 5 °C wurde eine Lö
sung von 0,54 g g (2,12 mmol) Jod in 10 ml Äthanol zugetropft (etwa 30 Minuten). Anschließend 
wurde der Ansatz 2,5 h weitergerührt, dann unter 30 °C im Vakuum auf etwa das halbe Volu
men eingeengt und in eine eiskalte 10 proz. wäßrige Kaliumcarbonat-Lösung gegossen. Die 
ausgeschiedenen Kristalle wurden abgesaugt, mit Wasser gewaschen und über Phosphor- 
pentoxid getrocknet. Das Rohprodukt (0,94 g) wurde in 150 ml Methanol warm gelöst, die 
Lösung filtriert und auf etwa das halbe Volumen eingeengt. Beim  Stehenlassen kristallisierten 
0,40 g farblose Kristalle. Schmp. 199 — 202 °C ; M d =  —53,7° (c =  0,5).

C,9H38N„03S (494,67). Вег. C 70,40; H 7,74 ; N  5,66 ; S 6,48. Gef. C 69,27 ; H 7,92 ; 
N 5,46 ; S 6,49.

MS : M  + ' =  494 (die Intensität nimmt schnell ab); (M —S) + t =  462; Schwefel; 
m /e: 113.

Der Eindampfrückstand der Mutterlauge wurde in D ioxan gelöst, 4 h zum Sieden er
hitzt, anschließend eingedampft, mit Petroläther verrieben und auf der Glasfritte gewaschen. 
Man kristallisierte die erhaltene Substanz (0,28 g) aus Methanol um und erhielt 0,14 g farblose 
Kristalle, die sich nach IR -, PMR-Spektrum und Mischschmelzpunkt-Bestimmung als 5a 
(R  =  Benzoyl) erwiesen (siehe weiter). Die Kristalle zeigen Polymorphie und folgende Schmelz
punkte konnten bei der Schmelzpunkt-Bestimmung erhalten werden: 120—122 °C. 178 — 
183 °C, 2 1 0 -2 1 2  °C.
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3/9-Hy<lroxy-5-antliosten-17S-spiro-5,-(2 ,-benzoylimino-3,-methyl-oxazolidin)
(5a ; R =  Benzoyl)

Zu einer gerührten Lösung von 1,44 g (2,92 mmol) 4a (R =  Benzoyl) in 20 ml trockenem 
Methylenchlorid wurde unter Stickstoff während 30 Minuten eine Lösung von 0,42 ml (2,92 
mmol) Tributylphosphin in 6 ml Methylenchlorid tropfenweise zugegeben. Nach 16 h wurde 
die Lösung nochmals mit 0,42 ml Tributylphosphin versetzt und nach weiteren 2 h einge
dampft. Der kristalline Rückstand wurde mit Petroläther gewaschen. Das so erhaltene fast 
reine Rohprodukt (1,36 g — 100% ; Schmp. 208 213 °C) ergab nach Umkristallisieren aus
14 ml Methanol 0,86 g farblose Kristalle, die bei 120—122 °C schmolzen. Bei weiterem Auf
heizen erstarrte die Schmelze zwischen 140—155 °C, und die entstandenen Kristalle schmolzen 
endgültig bei 2 1 2 -2 1 3  °C. |a ]2» =  + 37 ,4° (c =  0,5).

C^HagNjOa (462, 61). Вег. C 75,28; H 8,28; N 6,05. Gef. C 74,94; H 8,21; N 5,87%.
MS :M  + ' =  462 (100% ); m/e: 113 (81% ); 105 (56% ); 385 (16% ); 77 (16% ); 300 

(14% ); 314 (14%); 44 (12,4%).

E. Spiro-thiooxo-oxazolidine (6a, c, e, f, g) 
3^-Hydroxy-5-androsten-17S-spiro-5,-(2’-thiooxo-3’-methyl-oxazolidin) (6a)

a) Ein Gemisch aus 5,0 g (10 mmol) 3a (R =  Benzoyl) (siehe 4a ; R  =  Benzoyl, a 
3,5 g Kaliumhydrogencarbonat, 30 ml Wasser und 160 ml Äthanol wurde 2,5 h zum Sieden 
erhitzt. Die entstandene Lösung wurde nachher eingeengt und ins Wasser gegossen. Das aus
gefallene Produkt wurde abgesaugt und mit Wasser gewaschen. Das trockene Rohprodukt 
wurde zweimal aus Methanol umkristallisiert und ergab 2,31 g (60%) weisse Kristalle. Schmp. 
2 4 6 -2 4 7  °C ; [oc]$ =  - 8 4 °  (c =  0,5).

C22H33NO.,S (375,55). Вег. C 70,35 ; H 8,85; N 3,73 ; S 8,54. Gef. C 69,93; H 9,01; 
N 3,72 ; S 8,70%.

IR (K B r): rO H : 3600—3100, Thiourethan-Banden: 1520, 1330, 1300, 1190 c m -2.

PMR (CDC13) : (5CH3 (18,19) : 1,00 ppm, s (6H ); 0NCH3: 3,15 ppm, s (3H) ; <5CH2 (Spiro- 
R in g): 3,40 und 3,85 ppm, m (2H, AB-Spektrum, J ab — H z ); ООН: 3,45 ppm, s (1H); 
<5H-6 : 5,35 ppm, m (1H).

3-Acetat (hergestellt in Pyridin mit Essigsäureanhydrid): Schmp. 190 °C.
b) Zu einer Lösung von 3,33 g (10 mmol) 2a und 6 ml (43 mmol) Triäthylamin in 100 ml 

Tetrahydrofuran wurden 2,50 g (22 mmol) Thiophosgen mit 5 ml Tetrahydrofuran verdünnt 
zugetropft. Die erhaltene braune Lösung wurde 3 h bei Raumtemp. gerührt und anschließend 
eingedampft. Der Rückstand wurde in 5 proz. Natriumhydrogencarbonat-Lösung aufgenom
men. Das Produkt wurde m it Chloroform extrahiert, und die organische Phase neutral ge
waschen. Nach dem Eindampfen erhielt man ein Gemisch, das dünnschichtchromatographisch 
mehrere Produkte aufwies. Nach dreimaligem Umkristallisieren aus Methanol erhilt man 1,02 g 
(27%) einer reinen Substanz (Schmp. 246 °C), die mit der voranstehenden Substanz 6a iden
tisch war.

Androst-4-en-3-on-17S-spiro-5’-(2 ’-thiooxo-3’-methyl-oxazolidin) (6e)

Eine Lösung aus 1,88 g (5 mmol) 6a, 15,5 ml (0,15 mol) Cyclohexanon, 4,1 g (20 mmol) 
Aluminiumisopropylat und 50 ml trockenem Toluol wurde 4,5 h gerührt und zum Sieden erhitzt. 
Die Lösung wurde anschließend gekühlt und mit 2 x 2 5  ml einer 5 proz. Salzsäure-Lösung 
durchgeschüttelt. Die organische Phase wurde nacheinander mit 25 ml Wasser, 25 ml 10 proz. 
Natriumhydrogencarbonat-Lösung und erneut mit Wasser gewaschen, getrocknet und ein
gedampft. Der Rückstand wurde mit Diisopropyläther gewaschen und das Rohprodukt 
(1,11 g) aus 90 ml Methanol umkristallisiert. Ausbeute: 0,81 g (44% ); Schmp. 282 285 °C ;
[e]“  =  + 91 ,2°. (c =  1). UV Лта°Н: 243 m p  (e : 31700).

C22H31NO.,S (373,54). Вег. C 70,73; H 8,36; N 3,75 ; S 8,58. Gef. C 70,75 ; H 8,46; 
N 3,64; S 8,55%.

3-M cthoxy-l,3,5( 10)8-östratetraen- 17.S-spiro-5’-(2’-thioxo-3’-inethyl-oxazolidin) (6c)

Aus 3,27 g (10 mmol) 2c wurde zuerst 3c (R =  Benzoyl) hergestellt (nach der unter 
4a ; R =  Benzoyl, a) beschriebenen Methode,) und dann das erhaltene Rohprodukt analog 
zu 6a umgesetzt. Das Produkt wurde aus Äthanol umkristallisiert: 1,40 g (38% auf 2c berech
net). Schmp. 2 0 7 -2 1 0  °C ; [a]2,3= - 5 9 ,9 °  (c =  1).
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C22H2,N 0 2S (369,51). Вег. C 71,50; H 7,36; N 3,79; S 8,67. Gef. C 71,17; H 7,58; 
N 3,80 ; S 8,50%.

IR  (K B r): M ethoxy-Banden: 2835, 2800, 1250, 1035 cm - 1 ; Thiourethan: 1520, 1330, 
1320, 1300, 1190 cm - 1 ; aromatische Banden: 1610, 1565, 1490, 865, 795 cm -1.

PMR (CDCI3) : dCH3 (18): 1,00 ppm, s (3H ); <5NCH3 : 3,20 ppm, s (3 H ); <50CH3 : 
3,80 ppm , s (3 H ); ÖCH2 (Spiro-Ring) : 3,45 und 3,85 ppm, m (2H, AB-Spektrum, J^g =  11 Hz).

Östr-4-en-3-on-17S-spiro-5’-(2’-thiooxo-3’-methyl-oxazolidm) (6 f)

Zu einer gerührten und auf 5 °C gekühlten Lösung von 1,72 g (5,2 mmol) 2b und 2,10 ml 
(15 m m ol) Triäthylamin in 30 ml trockenem Methylenchlorid wurde eine Lösung von 0,67 g 
(5,8 mm ol) Thiophosgen in 5 ml Methylenchlorid zugetropft. Danach wurde die Lösung 1 h 
bei 5 °C und anschließend 2 h bei Raumtemp. gerührt und anschließend mit Wasser neutral 
gewaschen. Nach Trocknen und Eindampfen blieb ein öliger Rückstand zurück, der in Metha
nol gelöst und nach Zugabe einer Mischung von 0,80 ml konz. Salzsäure und 1,7 ml Wasser 
1,5 h bei 60 °C gerührt wurde. D ie Lösung wurde eingedampft und die ausgeschiedenen Kris
talle m it Wasser gewaschen. Das Rohprodukt (1,59 g) wurde in Äthanol gelöst, mit Aktiv
kohle geklärt und umkristallisiert. Ausbeute: 1,27 g (67%). Schmp. 217—219 °C; [x]2,‘j =  
=  + 4 2 ,5 °  ( c =  0,5).

C21H29N 0 2S (359,51). Вег. C 70,15; H 8,13; N 3,89; S 8,92. Gef. C 70,08; H 8,13; 
N  3 ,71; S 8,96%.

13/S-Äthyl-gon-4-en-3-on-17S-sj>iro-5’-(2 ’-thiooxo-3,-methyl-oxazolidin) (6g)

6g wurde aus 3,21 g (9,3 mmol) 2d analog 6f hergestellt. Das Produkt wurde aus Metha
nol umkristallisiert. Die Ausbeute betrug 1,83 g (53%). Schmp. 193 °C ; [x]2“ =  -{-38,9° 
(c =  0,5).

C2„H31N 0 2S (373,54). Вег. C 70,73 ; H 8,36; N 3,75 ; S 8,58. Gef. C 70,56; H 8,47; 
N 3 ,61; S 8,90%.

*

Für die bei der Auswertung der IR- und PMR-Spektren geleistete Hilfe sei Dr. P. 
S o h á r  und dr. G. T óth , für die Aufnahme und Deutung der Massenspektren Gy. H orváth  
und Gy. J e r k o v ic h  an dieser Stelle gedankt.
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EINBAU VON u-AMlNOOXYSÄUREN IN 
BIOLOGISCH AKTIVE PEPTIDE*

L. K i s f a l u d y , M. L ő w , I . S chon und О. N y é k i

(Chemische Fabrik Gedeon Richter AG, Budapest) 

Eingegangen am 23. Juni, 1978 

Zur Veröffentlichung angenommen am 17. August, 1978

Es wurde festgestellt, daß der Einbau von a-Aminooxysäuren in biologisch 
aktive Peptide eine wesentliche Wirkungsänderung herbeiführen kann, je nachdem, 
wo die Substitution durchgeführt wurde. Beim Pentagastrin Molekül konnte bei 
JV-terminale Substitution eine auch in praktischer Hinsicht wertvolle, qualitative 
Wirkungsänderung beobachtet werden : die Wirkung nimmt zu und ist auch bei jeju
naler Verabreichung ausgeprägt. Auch bei der A-terminalen Substitution des Angio- 
tensin-Il gelangten wir zu wertvollen Analogen mit antagonistischer Wirkung. Die 
C-terminale Substitution führte dagegen bei beiden Molekülen zu inaktiven Verbindun
gen. Beim ACTH-Molekül sind die durch verschiedene Substitutionen hervorgerufenen 
Wirkungsänderungen nicht so eindeutig. Die Änderung ist in hohem Maße von der 
Länge der peptidkette abhängig.

D er E in b au  e iner n ic h t-p ro te in o g en en  A m inosäu re  in  b io logisch  ak tive 
P e p tid e  zwecks g ü n s tig e re r  W irk u n g , U n te rsu ch u n g  des Z usam m enhangs 
zw ischen S tru k tu r  u n d  A k tiv itä t  usw . m ach t gegenw ärtig  e inen  w esentlichen  
Teil d er p ep tid ch em isch en  F o rsch u n g  aus. H äu fig  w ird  d ab e i au ch  das Ziel 
v e rfo lg t, die p ra k tisc h e  (k lin ische) V erw endung  der P e p tid e  d u rc h  V erlängern  
ih re r  kurzen  bio logischen  H a lb w e rtsz e it zu erm öglichen . D a  die chemischen 
E ig en sch aften  des M oleküls sow ohl im  T ran sp o rtm ech an ism u s  als au ch  hei der 
B in d u n g  an d er R ezep to r u n d  b e id e r A u sü b u n g  der W irk u n g  eine en tscheidende 
R olle spielen, m uß  m an  eine k la re  V o rste llung  ü b er den  ch em isch en  C harak ter 
d er e inzu b au en d en  A m in o säu re  h ab en . Die chem ischen  E ig e n sc h a fte n  eines 
b iologische ak tiv e n  P e p tid s  b e s tim m en  jedoch  auch dessen  K onform ation , die 
in den  o b en g en an n ten  V orgängen  ebenfalls eine w esen tliche  R o lle  sp ie lt.

D ie E rgebn isse  des sy s tem a tisch en  chem ischen, p h y sik o ch em isch en  und 
bio logischen U n te rsu c h u n g  [1] der a -A m inooxysäu ren  k ö n n e n  k u rz  fo lgender
m aß en  zu sam m en g efaß t w erden .

1. Die B a s iz itä t  der p rim ä re n  A m inogruppe d er a -A m inooxysäu ren  
(a-A O A ) is t um  e tw a  4 p K -W erte  geringer als die d er s tru k tu re l l  analogen 
A m inosäuren . D ennoch  sind  a-A O A  — n ach  IR -sp e k tro sk o p isc h e n  U n te r
suchungen  [2] — in  d e r festen  P h ase  aussch ließ lich  in  F o rm  v o n  Z w itterionen  
zugegen und  ih re  B e re itsc h a ft zu r A ssozia tion  is t sogar h ö h e r als die d er Amino-

* Teilweise vorgetragen am ersten »Rundtischgespräch in Memóriám Max Bergmann«, 
München. Dezember 1977.
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sä u re n . D ie  U rsache fü r  d iesen  B e fu n d  ist v e rm u tlich , d a ß  die s te risch  le ich te r 
zu g ä n g lic h e  A m inogruppe d as  E n ts te h e n  der d u rch  D ipo l-D ipo l-W echselw irk 
u n g  zu s tan d ek o m m en d en  M o le k ü lk e tte n  fö rd e rt. D ie  p rä p a ra t iv e  Folge der 
g e r in g e re n  B asiz itä t d er A m in o g ru p p e  is t ih re  lan g sam ere  A c y lie rb a rk e it; 
d ies k o n n te  e indeutig  d u rch  k in e tisc h e  U n te rsu ch u n g en  b e s tä t ig t  w erden  [3]. 
E in  w e ite re r  in te re ssa n te r  Z u g  d e r  p rim ären  A m in o g ru p p e  is t  ih re  hohe R e a k 
t io n s b e re its c h a f t  m it C a rb o n y lv e rb in d u n g en . M it A c e to n  oder ace to n h a ltig en  
L ö su n g sm itte ln  en ts teh en  z .B . so fo rt die en tsp ech en d en  Isop ropy liden -D eri- 
v a te .  E in e  in  p rä p a ra tiv e r  H in s ic h t  ebenfalls w ich tige  E ig e n sc h a ft der N —0 -  
B in d u n g  is t  ih re q u a n ti ta t iv e  S p a ltu n g  u n te r  d en  B e d in g u n g en  der k a ta ly t i 
sc h e n  H y d rie ru n g . S äu ren  g e g e n ü b e r is t diese B in d u n g  w en iger em pfind lich , 
sie w ird  z .B . durch  flü ssigen  F lu o rw asse rs to ff  n ic h t g e sp a lte t.

2. F ü r  die U n te rsu c h u n g  d e r E igenschaften  d e r C arb o x y lg ru p p e  der 
a -A O A  w urde  der S tic k s to ff  gesch ü tz t. D ie C a rb o n y lg ru p p e  d er Boc- 
a -A O A  is t  etw as p o la r is ie r te r  als die der e n tsp re c h e n d en  A m inosäuren . 
D ies w e is t  au f eine höhere  A cy lie ru n g sfäh ig k e it h in , d ie au ch  d u rch  k in e tische  
U n te rsu c h u n g e n  b e s tä tig t  w u rd e  [3].

3. D er erste S c h ritt  d e r  b io logischen U n te rsu c h u n g e n  b e s ta n d  in  der 
P rü fu n g  d e r E n zym resistenz . A u s d em  in  vitro-Ve rh a lte n  v o n  N -  u n d  C -term inal 
a -A O A  en th a lten d en  M o d e ll-T rip ep tid en  gegenüber ü b lich en  p ro te o ly ti
sch en  E n zy m en  gefolgert w e rd e n , daß  die E n zy m res is ten z  d er a-A O A  der 
v o n  D -A m inosäuren  e n ts p r ic h t [4]. D a ten  über die W irk u n g  v o n  spezifischen  
E n z y m e n  w urden  bei d er M e tab o lism u s-U n te rsu ch u n g  d e r  V erb in d u n g  O HA-5 
(iV -A m inooxyacetyl-iV ’-iso n ico tin o y lh y d raz id ) e rh a lte n  [5]. D an ach  geh t in  der 
L e b e r  v e rm u tlic h  die U m se tz u n g  H 2N 0 — *- HO- —*■ H 2N - v o r sich, d .h . e n ts te h t 
e ine  a -A m in o säu re  aus e iner a-A O A .

I n  K en n tn is  des G e sa g te n  k ö n n en  b es tim m te  p rä d ik tiv e  F o lgerungen  
gezo g en  w erden , w enn eine A m in o sä u re  eines b io log isch  a k tiv e n  P e p tid s  gegen 
eine  a -A O A  ausg e tau sch t w ird  :

a )  es is t  sicher daß  das V e rlä n g e rn  der P e p tid b a c k b o n e  u m  ein  S au ersto ff
a to m  e in e  derartige  K o n fo rm a tio n sä n d e ru n g  v e ru rsa c h t, die d u rch  das ak tiv e  
Z e n tru m  und /oder die B in d e s te lle  des M oleküls »em pfunden« w ird . D ie F rag e  
is t  in  w elchem  A usm aß ?

b)  b e i denjenigen P e p tid e n , be i denen die N  -term inale  A m inogruppe 
eine R o lle  bei der B ingung  a n  d e n  R ezep to r oder be i d e r G e s ta ltu n g  der sog. 
»ak tiv en «  K on fo rm atio n  sp ie lt, m u ß  w egen der g erin g eren  B a s iz itä t  der A m ino
g ru p p e  d e r  a-AOA m it e in e r  v e rm in d e rten  W irk u n g  g erech n e t w erden . 
D ies w ird  n u r  zum  T eil d u rc h  s te r isc h  le ich tere  Z u g ä n g lic h k e it ko m p en sie rt. 
E s  k a n n  sogar n ich t au sg esch lo ssen  w erden, d a  d ie  a-A O A  e n th a lte n d e n  
P e p t id e  im  V erlaufe ih re r  S to ffw echselp rozesse m it a k tiv e n  C arb o n y lv e rb in d u n 
gen  in  R e a k tio n  tre te n  u n d  d a d u rc h  sozusagen eine  »geschützte«  F ro m  a n 
n e h m e n .
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c)  beim  E in b a u  in  die C -term inale  L age  is t  w iederum  e n tsc h e id e n d , 
w elche R olle diese S telle  u rsp rü n g lich  im  A u sü b en  d er b io logischen W irk u n g  
sp ie lt.

d)  im  a llgem einen  k a n n  eine V erlän g e ru n g  d e r biologischen H a lb w e r tsz e it  
in fo lge der hohen  E n zy m resis ten z  d e r  oc-AOA e rw a r te t  w erden.

A u f G ru n d  d e r obigen Ü berleg u n g en  fü h r te n  w ir N -  u n d  C -te rm in a le  
S u b s titu tio n e n  be i P e n ta g a s tr in , A n g io te n s in -II  u n d  ACTH durch .

C h a rak te ris tisch  fü r  das G astrin-M oleküls  is t  die besonders h ohe  K o n z e n 
tr ie ru n g  der b io logischen  W irk u n g  im  C -te rm in a len  T e tra p e p tid -T e il [6 ]. D ie 
H ers te llu n g  zah lre ich er A nalogen [7] e rm ö g lich te  die W ahl von  P e p ta v lo n R 
(B oc-^-A la-T rp-M et-A sp-P he-N H 2) sow ie die K lä ru n g  v ieler Z u sa m m e n 
h än g e  zw ischen S tru k tu r  u n d  A k tiv i tä t .  U n te r  d en  neueren  U n te rsu c h u n g e n  
s ind  zwei — gew isserm aßen  e in a n d e r  w id ersp rech en d e  — F e s ts te llu n g e n  
e rw äh n u n g sw ert. N ach  H ig a k i  [8 ] e rfo lg t aus d e r zw eifachen S u b s t i tu t io n  des 
P e n ta p e p tid s  ein  in a k tiv e s  P r o d u k t ; n ach  L i n  [9] e n th ä lt das P e n ta p e p t id -  
M olekül ke inen  a b so lu t essen tie llen  T eil.

W ir s te llte n  n ahezu  40 P e n ta g a s tr in -A n a lo g e  h e r [10], d a r u n te r  so llen  
h ie r  jed o ch  n u r  je n e  b eh an d e lt w e rd en , die e ine  A n tw o rt a u f  u n se re  g ru n d 
legende F rag e  geben. A uch  h in s ich tlich  ih re r  S y n th ese  soll n u r  sov ie l gesag t 
w erden , daß  w ir n a c h  der stepw ise-M ethode u n te r  A nw endung v o n  A k tiv e s te r -

Tabelle I

Sekretorische Aktivität von a-Aminooxysäuren enthaltenden 
Pentagastrin-Analogen*

Analoge***
D:

Intravenös 
0,2 /Ltg/100 g

Intrajcjunal 
20 /xg/100 g

1. Boc-OGly-Trp-Met-Asp-Phe-NH2 142 51**

2. Boc-L-OAla-Trp-Met-Asp-Phe-NH, 66 59
3. Boc-OGly-Trp-Leu-Asp-Phe-NH2 124 0

4. Boc-D-OAla-Trp-Leu-Asp-Phe-NH2 140 35
5. Boc-D-OAla-Trp-Met-Asp-L-Phg-NbL 180 7

6. Boc-OGly-Trp-Met-Asp-L-Phg-NH2 10 50

7. Boc-D-OAla-Trp-Leu-Asp-L-Chg-NH2 50 —
8. Boc-D-OAla-Trp-Leu-Asp-L-Phg(4Cl)-NH2 50 —
9. Boc-OGly-Trp-Met-Asp-D-OPhe-NH2 0 0

10. Boc-D-OAla-Trp-Met-Asp-D-OPhe-NH2 0 0

11. Boc-L-OAla-Trp-Met-Asp-Phe-OGly-OlI 56 0

* K ontrolle: 0,2 ^tg/100 g Körpergewicht Peptavlon i.v. =  100;
** Dosis: 10 (Ug/100 g ; Phg =  Phenylglycin; Chg =  Cyklohexylglycin 

*** OGly, OAla, OPhe, OSer, OLys hießen anstatt der a-Aminosäuren Gly, Ala, Phe, 
usw., die entsprechenden a-Aminooxysäuren wie z. B. OGly =  Aminooxy-essigsäure.
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K u p p lu n g  a rb e ite ten . D ie  biologischen P rü fu n g e n  w urden  in  d er I .  In te rn e n  
K lin ik  der M edizin ischen U n iv e rs itä t Szeged (D ire k to r  : P ro f. V arr ó ) d u rch g e 
f ü h r t .  D ie E rgebnisse s in d  in  T ab. I z u sam m en g e faß t.

A us den V ersu ch serg eb n issen  können  fo lg en d e  Schlüsse gezogen w erden  :
a )  die JV -term inale oc-AOA e n th a lte n d e n  A nalogen (1., 3 ., 4 ., 5.) 

s te ig e rn  hei in tra v e n ö se r V erab re ich u n g  die sek re to risc h e  A k tiv itä t  u n d  n ä h e rn  
s ich  in  der A k tiv itä t d e m  G esam thorm on  an . D ie  dosisabhäng ige W irk u n g  der 
a k t iv s te n  V erb indungen  i s t  in  folgender A b b ild u n g  d a rg e s te l l t :

jag / 100 g

Abb. 1. Dosisabhängige sekretorische Aktivität von Pentagastrin Analogen verglichen mit
Peptavlon

b)  die B ed eu tu n g  d e r  auch  bei je ju n a le r  V erab re ich u n g  a k tiv e n  V erb in 
d u n g e n  (1., 2., 4., 6 .) b e s te h t  darin , daß au ch  e in e  pero ra le  W irk sam k e it n ich t 
ausgesch lossen  ist. D iese  s in d  unseres W issens n a c h  die ers ten  P e n ta g a s tr in -  
A n a lo g en , die auch je ju n a l  w irksam  sind. D a  d e r  U n tersch ied  zw ischen  P e p 
ta v lo n  u n d  dem A n alo g en  1. allein  darin  b e s te h t ,  d a ß  sich im  le tz te re n  an ste lle  
d e r  C H 2-G ruppe ein S a u e rs to ffa to m  b e fin d e t, P e p ta v lo n  aber se lb st in  hohen  
D o se n  n ic h t im  a k tiv e n  Z u s ta n d  aus dem  J e ju n u m  re so rb ie rt w ird  [11], s teh en  
w ir  e in em  b eac h te n sw e rte n  B efund  gegenüber. E s  k a n n  angenom m en w erden , 
d a ß  d e r  Boc-ß-Ala-Teil p ro teo litisch en  E n z y m e n  gegenüber ebenso re s is te n t 
i s t  w ie  der B oc-O G ly-T eil. D adurch  k a n n  also  die höhere u n d  spezifische  
W irk sa m k e it  n ich t e r k lä r t  w erd en . Es is t d a g e g e n  v o rs te llb a r , d aß  die je ju n a le  
S c h le im h a u t irgendein  spezifisches E nzym  e n th ä l t ,  das im stan d e  is t, e rs te res  
zu  s p a lte n , le tz teres d a g e g e n  — gerade w egen  des U tersch ieds C H 2 — О — 
n ic h t  sp a lten  kann . E in  B e isp ie l dafür is t  d ie  U n te rsu c h u n g  m it m a rk ie r te m
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B o c-G ly -T rp -M et-A sp-P he-N H 2, w obei B oc-G ly-O H  im  U rin  nachgew iesen  
w erd en  k o n n te  [12 ].

c)  die A nalogen  5 — 8 besitzen  — tro tz  d e r  P h e -S u b s titu tio n  — eine be
d eu te n d e  sek re tio n sste ig ern d e  W irk u n g , e inzelne  sind auch bei je ju n a le r  A d
m in is tra tio n  w irksam .

d ) die A nalogen 9. u n d  10. ü b en  w ed er eine agonistische n o ch  eine  a n ta 
gon istische  W irk u n g  aus. D ieser B efu n d  w eis t d a ra u f h in , d a ß  d ie  B in d u n g  
w en iger du rch  den C h a ra k te r  d er S e ite n k e tte n , sondern  eher in fo lge  d e r  durch  
die genaue S tru k tu r  der P e p tid b a c k b o n e  b e s tim m te n  K o n fo rm a tio n  b e e in flu ß t 
w ird .

e)  end lich  erfo lg t aus d er V erlän g eru n g  d e r P e p tid k e tte  m it e in e r ot-AOA 
(A nalog  11.) eine V erm in d eru n g  der sek re to risch en  W irkung  u m  n u r  etw a 
30 — 70% , doch k o n n te  keine je ju n a le  W irk sa m k e it b e o b a c h te t w erd en .

Die U n te rsu ch u n g  obiger A nalogen  is t  ein gutes B eisp ie l d a fü r , wie 
v o rs ich tig  m an bei V era llgem einerungen  v o rg eh en  m uß : auch zw eifach  su b s ti
tu ie r te  A nalogen (5., 7.. 8 .) w iesen eine b e d e u te n d e  sekre to rische  W irk u n g  auf, 
w äh ren d  der E in b au  eines einzigen S au e rs to ffa to m s in die P e p t id k e t te  zu völ
lig er In a k tiv ie ru n g  fü h rte  (9., 10).

I  nsere Z ie lse tzung  bei der S y n th ese  von  A ngio tensin-11 - A n a lo g en  w ar, 
au ch  bei su b k u ta n e r  A d m in is tra tio n  w irk sam e  A n tagon isten  h e rz u s te lle n . Der 
e rs te  k o m p e titiv e  In h ib ito r  des A n g io te n s in -II  w urde 1970 b esc h rie b e n  [13], 
u n d  se itdem  w erden  auch  w e itv e rb re ite t F o rschungen  zur H e rs te llu n g  solche 
A nalogen  d u rch g efü h rt, die fü r die D iag n o stiz ie ru n g  und  e v en tu e lle  th e ra p e u ti
sche B eh an d lu n g  re n in ab h än g ig e r H y p e rten s io n en  geeignet w ä ren  [14]. 
B e re its  beim  B eginn  der U n te rsu ch u n g en  s te llte  sich heraus, d a ß  d e r A u stausch  
des en d stän d ig en  P he  gegen eine A m in o säu re  m it a lip h a tisch e r S e ite n k e tte  zur 
p ra k tisc h e n  B ehebung  d er ag o n is tisch en  W irk u n g  fü h rt, w obei a b e r  die B in 
d u n g sfäh ig k e it des M oleküls zum  R e z e p to r  b le ib t, so daß  diese A n alogen  eine 
w esen tliche an tag o n is tisch e  W irk u n g  au sü b e n  [15]. Die W irk u n g  k a n n  noch 
g este ig e rt w erden , w enn z.B . in  S te llu n g  1 eine s tä rk e r b as isch e  A m inosäure 
(z .B . Sar) e in g eb au t w'ird. So k am  es zu r E in fü h ru n g  von  S a ra la s in H, dem 
[S a r1, A la8]-A n g io ten sin -II-A n alo g en  [16], das zw ar g eg en w ärtig  n ic h t m ehr 
d e r  beste , jed o ch  der zu r Z eit als S ta n d a rd  verw endete  k o m p e tit iv e  In h ib ito r  
is t . Im  V o rd erg ru n d  d er gegenw ärtigen  U n te rsu ch u n g en  s te h t  d ie  H erste llu n g  
v o n  A n tag o n is ten  ohne N eb en w irk u n g en  u n d  m it längeren b io lo g isch en  H a lb 
w ertsze iten  [17].

Bei den V ersuchen  w u rd en  se lb s tv e rs tä n d lic h  die b ish e rig en  E rfah ru n g en  
v e rw en d e t u n d  in  S te llu n g  8 von  v o rn h e re in  A m inosäuren m it a lip h a tisch e r 
S e ite n k e tte  e in g eb au t. A u f E in ze lh e iten  d e r Synthese soll au ch  h ie r n ich t 
e ingegangen , sondern  n u r  b e m e rk t w e rd en , d aß  unser V e rfa h ren , näm lich  die 
P en ta flu o rp h en y le s te r-T ech n ik  [18], es erm öglich te , z .B . d as  geschü tz te  
H e p ta p e p tid  B o c-A rg (T os)-V al-T yr(B zl)-Ile-H is(D np)-P ro -Ile-O N B  m it einer
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A u sb e u te  von  80%  h e rz u s te lle n , was einer A u sb e u te  von  96%  pro  S c h r i t t  
(K u p p lu n g  4- E n tfe rn u n g  d e r  Schu tzgruppe) e n ts p r ic h t .

D ie E rgebnisse  s in d  k u rz  in  T ab . I I  zu sam m en g e faß t.*

Tabelle II

Wirkung von a-Aminooxysäuren enthaltenden Angiotensin-II-Analogen auf den Blutdruck
bei Hypertensin-Infusion*

Analoge
D:

Blutdrucksenkung (mm Hg)

10 Mg/kg 20 fig/kg

1. [OGly1,Leu8]-Angiotensin-II — 33±3,6 —4 2 ± 4 ,2
2. [D-OAlal,Leu8]-Angiotensin-II - 3 0 ± 3 ,4 — 3 8 ± 3 ,8
3. [OGly1,Ile8]-Angiotensin-II — 28±2,0 — 40 ± 5 ,7
4. [L-OAla1,Ue8]-Angiotensin-II — 14±4,3 — 2 1 ± 3 ,4
5. [OGly1,L-OAla8]-Angiotensin-II inaktiv
6. [Sar1,L-OAla8]-Angiotensin-II inaktiv
7. Saralasin — 41±2,5 —

* Die Versuche wurden an narkotisierten Katern bei i.v. Verabreichung durchgeführt.

D ie  A nalogen 1 — 3 se n k e n  den e x p e rim en te ll hervo rgeru fenen  h o h e n  
B lu td ru c k  auch  bei s u b k u ta n e r  V erabre ichung  se lb s t n a c h  60 M inuten  s ig n if i
k a n t  (1 0 — 16 m m  H g).

A us d e r in  der T a b e lle  e rsich tlichen  W irk u n g  d e r  A nalogen k ö n n en  im  
w e se n tlic h e n  dieselben S ch lü sse , wie aus der W irk u n g  d e r P e n ta g a s tr in -A n a lo 
gen gezogen  w erden  :

a )  d ie iV -term inal x -А О A  e n th a lten d en  A n a lo g en  (1 — 3.) v errin g ern  die 
B in d u n g  an  der R ezep to r n ic h t ,  da  sie eine w esen tlich e  b lu td ru ck sen k en d e  
W irk u n g  ausüben . D ies b e d e u te t  zugleich, daß  eine  e rh ö h te  B asiz itä t d e r N -  
te rm in a le n  G ruppe n ic h t u n b e d in g t  nö tig  is t, u m  eine  g u te  B indung an  d en  
R e z e p to r  zu  erreichen.

b)  d e r  A ustausch  des in  d e r  an tag o n is tisch en  W irk u n g  eine so e n tsc h e i
d en d e  R o lle  sp ielenden C -te rm in a le n  A la gegen O A la (5., 6 .) fü h rt auch  h ie r  
p ra k tis c h  zu r A ufhebung  d e r  W irk sam k e it. D iese A nalogen  besitzen  w ed er 
eine agon is tisch e  noch eine  an tag o n is tisch e  W irk u n g  : e in  w eiteres B eispiel fü r  
die g ru n d leg en d e , b e s tim m e n d e  B ed eu tu n g  der P e p tid b a c k b o n e .

H in s ich tlich  des A C T H -M o le k ü ls  schein t es, d a ß  unsere  K en tn isse  in  
B ezug  a u f  »active site«, » b in d in g  site«, »recognition  site« h inreichend  sin d . 
E in ig e  n eu e re  B eo b ach tu n g en  s te llen  jedoch  diese K e n n tn isse  in  ein  neues 
L ic h t. B ish e r w urde z.B . d as  u n te r  die »sychnologischen« H orm one  e ingere ich te

* Die biologischen Versuche der Angiotensin-II sowie der ACTH-Analogen wurden 
in unserer pharmakologischen A bteilung (L eiter: Dr. S z p o r n y ) durchgeführt.
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A C TH  als ein  völlig  flex ib iles M olekül an g eseh en . N ach  unseren U n te rs u c h u n 
gen  [19] m üssen  w ir je d o c h  auch u n te r  physio lo g isch en  B ed ingungen  m it e iner 
b e s tim m te n  G eo rd n e th e it des M oleküls rech n en . D iese G eo rd n e th e it sp ie lt v e r 
m u tlic h  im  ganzen bio logischen L eb en  des A C TH -M oleküls eine ä u ß e rs t  w ich 
tig e  R o lle . A uch h a t  sich  h e rau sg es te llt, d a ß  nicht alle S u b s titu tio n e n  des in  
a k tiv e n  Z en tru m  b efin d lich en  T rp  zu  e in er d ra s tisc h e n  A bnahm e d e r  b io log i
schen  W irk u n g  fü h ren , da  z.B . das A naloge  m it t-b u ty lie rte m  T rp  e in e  w esen tli
che, 40 — 60% -ige A k tiv i tä t  b e s itz t [20].

A uch  am  A C TH -M olekül fü h r te n  w ir versch ied en e  N -  u n d  C -te rm in a le  
S u b s titu tio n e n  d u rc h , deren  W irk u n g  a u f  die b io logische A k tiv itä t  in  T a b . I I I  
gezeig t w ird .

Tabelle III

Biologische Aktivität verschiedener a-Aminooxysäuren enthaltender ACTH-Analogen

Analoge
Einheit en*  
mg Peptid

Relative 
Wirkung (%)

1. a h-ACTH-(l —32) 190
2. [D-OSer1]-ah-A C T H -(l-32) 153 80 2/1
3. a-ACTII-(l 19)-NH, 140
4. [D-OSer'l-a-ACTH-U— 19)-NH2 97 70 4/3
5. <x-ACTH-(l—18)-NH, 142
6. [ D-OSer1 ]-a-ACTH-(l — 18)NH2 73 52 6/5
7. [D-OSer1,Lys17,18]-a-ACTH-(l 18)-NH2 66
8. [D-OSer1,Lys17,D-OLys18]-a-ACTH-(l 18)-NH„ 27 41 8/7
9. [D-OSerbLys^OLys’ei-a-ACTH-O 18)-NH2 13 20 9/7

10. [D-OSer1,Lys17,18]-a-ACTH-(l- 19)-NH2 85
11. [D-OSer1,Lys17, 18,OGly19]-a-AC TH -(l- 19)-NH2 123 144 11/10

12. [D-OSer1,Lys17,18,D-OAla19]-a-ACTH-(l 19)-NH2 47 55 12/10

13. [D-OSer1,Lys,17,18,D-OI,ys19]-a-ACTH-(l — 19)-NH2 81 95 13/10

14. [D-OSer1 ,Lys17,18,OGly19]-a-ACTH-(l 19)-OBzl 106 125 14/10

* bestimmt nach USP X IX

D ie iV -term inal m it D-OSer s u b s ti tu ie r te n  A nalogen (2., 4 ., 6 .) besitzen  
eine u m  20 —5 0 %  v e rrin g e rte  in  v itto -A k tiv itä t. M it a n d e re n  a-A O A  N - 
te rm in a l su b s ti tu ie r te  A nalogen s in d  in  d e r  T ab e lle  n ich t a n g e fü h rt. B ei diesen 
w ar d ie  W irk u n g sab n ah m e noch  a u sg e p rä g te r , so daß  bei d er w e ite re n  A rb e it 
die D-OSer S u b s titu tio n  b e ib e h a lte n  w u rd e . D ie Folgen d er S u b s ti tu t io n  des 
C -te rm in a len  T eils (8 ., 9., 11.— 14.) s ind  s ta r k  v o n  der L änge d e r  P e p tid k e tte  
ab h än g ig . W ä h re n d  beim  S egm en t 1 —18 d ie  A k tiv itä t  um  60 — 8 0 %  ab n im m t 
(8 ., 9.) fü h rt d ieselbe S u b s titu tio n  b e im  S eg m en t 1 —19 kaum  zu e in e r  Ä nderung  
(13.). E s is t h e rv o rzu h eb en , d a ß  die S u b s ti tu t io n  m it O G ly19 (11.) eine sign ifi
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k a n te  E rh ö h u n g  der A k t iv i tä t  e rg ib t. D ie W irk u n g se rh ö h u n g  e rsc h e in t noch  
a u sg e p rä g te r , w enn diese V erb in d u n g  als das H y d ro x a m sä u re -D eriv a t des 
S e g m e n t 1 —18 b e tra c h te t  w ird  (1 1 .7 . =  1 8 7 % ). D ie V erb indung  14., am  
C -te rm in a l anstelle  v o n  S äu ream id  m it B e n z y le s te r  su b s titu ie rt is t ,  h a t  eine 
s ta rk  p ro tra h ie r te  W irk u n g . D er C orticostero l-S p iegel im  B lu t b e t r ä g t  noch  
n a c h  2 bzw . 3 S tu n d e n  88  bzw . 75%  des n ach  e in e r  S tunde e rre ic h ten  W ir
k u n g sm a x im u m s.

N a c h  den obigen A n g ab en  fü h r t  also die S u b s ti tu t io n  des A C T H -M oleküls 
am  iV -te rm ina len  T eil m it cc-AOA — w id er E rw m rtenen  — zu e in e r  A k ti
v i tä ts a b n a h m e . D ieser B efu n d  b e s tä tig t die f rü h e re  B eobach tung , d a ß  d ieser 
T eil e in e  w irk u n g sp o ten z ie ren d e  Rolle sp ie lt. D er C -term inale  T eil, w e lch er in  
d e r B in d u n g  die p rim äre  R o lle  sp ie lt, re a g ie rt e m p fin d lich e r au f die S u b s t i tu 
tio n . W esen tlich e  L n te rsc h ie d e  k o n n ten  bei den  S egm en ten  1 —18 u n d  1 — 19 
b e o b a c h te t  w erden . B eim  e rs te re n  v e ru rsa c h te  d e r  A ustausch  d e r le tz te n  
A m in o sä u re  eine w esen tliche  A bnahm e der A k tiv i tä t ,  w ährend  beim  le tz te re n  
ein ige A nalogen  eine e rh ö h te  bzw . p ro tra h ie r te  W irk u n g  im  V erg leich  zum  
M u tte rm o le k ü l aufw eisen.

Z u sam m en fassen d  k a n n  folgendes gesag t w erd en  : der E in b a u  v o n  a- 
AOA in  b io logisch  a k tiv e  P e p tid e  k an n  eine w esen tlich e  W irk u n g sän d e ru n g  
h e rb e ifü h re n , je  nach d em , w o die S u b s titu tio n  d u rc h g e fü h rt w ird. B eim  P en- 
ta g a s t r in  M olekül k o n n te  bei JV -term inale S u b s ti tu t io n  eine auch in  p r a k t i 
scher H in s ic h t w ertvo lle , q u a lita tiv e  W irk u n g sä n d e ru n g  b eo b ach te t w erden . 
D ie W irk u n g  n im m t zu u n d  is t  auch  bei je ju n a le r  V erab re ich u n g  d e u tlic h  v o r
h a n d e n . A u ch  bei der iV -term inalen  S u b s titu tio n  des A n g io ten sin -II g e lan g ten  
w ir zu  w ertv o llen  A nalogen  m it a n tag o n is tisch e r W irk u n g . Die C -te rm in a le  
S u b s t i tu t io n  fü h rte  dagegen  b e i be iden  M olekülen zu  in a k tiv e n  V erb in d u n g en , 
w o rau s d ie  W ich tig k e it d e r d u rc h  die B ackbone  des P e p tid s  b e s tim m ten  K on- 
fo rm a tio n  im  aktiv en Z e n tru m  ersich tlich  w ird . D ie  S u b s titu tio n  des A C TH - 
M olekül m it  D-OSer1 h a t  eine an d e re  W irk u n g  als z .B . die m it D-Ser1 zu r F o lge . 
Die A u sw irk u n g en  von  Ä n d e ru n g e n  im  C -te rm in a len  Teil sind in hohem  M aße 
von  d e r  L än g e  der P e p tid k e tte  ab h än g ig . E ine  s ig n if ik a n te  W irk u n g sste ig e ru n g  
u n d  e ine  p ro tra h ie r te  W irk u n g  k o n n te  bei d er O G ly19-V erb indung b e o b a c h te t 
w erd en . ^

W ir danken Herr Dr. J .  NÁFRÁDI für die biologischen Prüfungen der Pentagastrin- 
Analogen sowie Herrn Dr. E. K á r pá t i und Dr. Gy. H a jó s  für die Teste der Angiotensin-II- 
bzw. ACTH-Analogen.

LITERATUR

[1] K is f a l u d y , L., D a n c si, L.. P a t t h y , Á., F e k e t e . Gy ., Sza b ó , I.: Experientia, 27, 1055 
(1971); K is fa l u d y , L., Low, M., D a n c si, L., P a t t h y , Á ., N y é k i, О., Sá r k ö z i, M.: 
in Peptides 1972 (H. H a n s o n , H. D. J a k u b k e  eds.) North Holland Publ., Amsterdam, 
pp 409 (1973): K is f a l u d y , L., D a n c si, L., P a t t h y , Á ., K l u m pp , E.: Hung. Pat. 
165 117, 166 480, 166 481 (1971)

A c ta  C h im .  A c a d .  S e i .  H u n g .  1 0 0 . 1 9 7 9



KISFALUDY et ul.: EINBAU VON oc-AMINOOXYSÄl'REN 109

[2] S o h á b , P., D a n c s i, L., K is f a l u d y , L.: Acta Chim. Acad. Sei. Hung., 83, 391 (1974)
[3] K is fa l u d y , L., S ch ö n , I., G öbög , S.: Acta Chim. Acad. Sei. Hung.. 95, 315 (1977)
[4] K is fa l u d y . L., Low, М., D é v é n y i, Т.: Acta Biophvs. Biochim. Acad. Sei. H ung., 6,

393 (1971)
[5] Nicht veröffentliche Daten
[6] T ba cy , H. J., Gb e g o b y . R. A.: Nature, 204, 933 (1964)
[7] M o b l e y . J. S.: Proc. Roy. Soc., 170 B, 97 (1968)
[8] H ig a k i, K., Da n n o , T., M iy o s h i, M.: Parmacometrics, 8, 147 (1974)
[9] Lin , Т.-M., Sp b a y , G. F., S o u t h a b d , G. L.: Gastroenterology, 72, 566 (1977)

[10] K is fa l u d y , L.. Sc h ö n , L, N á f b á d i, J., Vabga , L., Va b b ó , V.: Hoppe Seyler’s Z. Physiol.
Chem., 359, 887, 897 (1978)

[11] V a bbó , V., N á f b á d i, J.: Acta Hepato-Gastroenter., 21, 441 (1974)
[12] V a bga , L., N á f b á d i, J . ,  Cs e b n a y , L., B a l á s p ib i, L., P e n k e , B ., Vabbó , V.: Orvostudo-

mány, 24, 13 (1973)
[13] Ma bsh a ll , G. R., V i n e , W., N e e d l e m a n , P.: Proc. Natl. Acad. Sei. USA, 67, 1624

(1970); K h a ib a l l a h , P. A., T o th , A., B u m pu s , F. M.: J. Med. Chem., 13, 181 (1970)
[14] Ga n t e n , D., Gb o ss , F.: Med. Klin., 71, 2043 (1976)
[15] K h osla , M. C., Sm e b y , R. R., B u m pu s , F. M.: Handbook Exp. Pharm., 37, 126 (1974)
[16] P a ls , D. T ., Ma su c c i, F . D ., D e n n in g , G. S., S ip o s , F ., F e s s l e b , D. C.: Circ. Res., 29,

673 (1971)
[17] K h osla , M. C., H a l l , M. M., Munoz-R a m ibez , H., K h a ib a l l a h , P. A., B u m p u s , F. J.,

Se e l y , J. H., T h om a s , A. M.: J. Med. Chem., 20, 253 (1977)
[18] K is f a l u d y , L., S ch ö n , L, Sz ib t e s , T., N y é k i , О., Löw, M.: Tetrahedron Letters, 1974,

1785
[19] Löw, M., K is f a l u d y , L., F e b m a n d jia n , S.: Acta Biochim. Biophys. Acad. Sei. Hung.,

10, 229 (1975); Gb e f f , D., T oma, F., F e b m a n d jia n , S., Lőw, M., K is f a l u d y , L.: 
Biochim. Biophys. Acta, 439, 219 (1976); T oma , F., G b e f f , D., F e b m a n d jia n , S., Lőw, 
M., K is f a l u d y , L.: in Peptides 1976 (L o f f e t , A. ed.) Editions de l’Université de 
Bruxelles pp 625 (1976); T oma , F., F e b m a n d jia n , S., Lőw, M., K is f a l u d y , L .: Bio
chim. Biophys. Acta, 534, 112 (1978)

[20] Lőw, M., K is f a l u d y , L., Sá b k ö zi, M.: Hoppe Seyler’s Z. Physiol. Chem. 360, 1 (1979)

L ajos K is f a l u d y  
M iklós Lőw  
I s tv á n  S chön 
O lga N y é k i

C hem ische F a b rik  G edeon R ic h te r  AG, H -1475 P L  27, 
B u d a p e s t

A c ta  C h im . A ca d  S e i.  H u n g .  1 0 0 , 1 9 7 9





Acta Chimica Academiae Scientiarum Hungaricae, Tomus 100 (1 — 4), pp. I l l -  119 (1979)

KINETICS OF HYDROGEN ATOM ABSTRACTION 
FROM n-BUTYRALDEHYDE BY n-PROPYL RADICALS

S. F ö r g e t e g , T . B é r c e s ,* F . M á r t a  and S. D o b é

(Central Research Institute for Chemistry o f the 
Hungarian Academy of Sciences, Budapest)

Received June 26, 1978 

Accepted for publication July 20, 1978

Hydrogen atom abstraction by n-propyl radicals from various positions of n- 
butyraldehyde was studied in the temperature range of 253 -5 2 9  K. The n-propyl 
radicals were produced by photolysis of n-C3H7CHO at 313 nm. With an estimated 
rate constant of 109'8 for n-propyl recombination, the expressions log kla =  (7.8 ±  
±  0.2) -  (6300 ±  300)/2.303 R T , log k ib =  (7.1 ±  0.2) -  (8100 ±  300)/2.303 R T  and 

log =  7.1 — 9000/2.303RT (assuming A lc =  A ^ )  were obtained (mol, dm 3, s units) 
for hydrogen abstraction from the formyl group, the a- and /9-carbon atom of the alkyl 
chain, respectively.

I. In tro d u c tio n

C o m p ara tiv e ly  few  sy s te m a tic  in v es tig a tio n s  dealing  w ith  h y d ro g e n  
a to m  a b s tra c tio n s  from  v a rio u s  p o sitions of a g iven  m olecule h av e  b e e n  ca rried  
o u t in  sp ite  of th e  im p o r ta n t  k in e tic  and  m ech an is tic  consequences t h a t  th e  
s im u ltan eo u s  occurrence o f such  reac tio n s m a y  h av e  in  th e  chain  d eco m p o sitio n  
o f  o rg an ic  m olecules. T h e  o ccu rrence  of a second o r even th ird  c o m p e titiv e  
h y d ro g e n  a b s trac tio n  re a c tio n  m ay  change o r leave  unch an g ed  th e  p ro d u c t 
d is tr ib u tio n  (depend ing  on th e  fa te  o f th e  ra d ic a l form ed), fu r th e rm o re , m ay  
in flu en ce  th e  chain  le n g th  a n d  b y  th is  m eans th e  k inetics o f th e  r e a c tio n  (de
p e n d in g  on  th e  re a c tiv itie s  o f th e  a lte rn a tiv e  ra d ic a l species). I n  a  p rev io u s 

s tu d y  [1,2] concerned  w ith  th e  reac tio n s b e tw een  C H 3 an d  C H 3C H O , w e have 
show n th a t  th e  k inetics an d  m echan ism  o f a ce ta ld eh y d e  decom p o sitio n  changes 
co n sid e rab ly  w ith  te m p e ra tu re  due  to  th e  v a ry in g  c o n tr ib u tio n  o f  h y d ro g en  
a to m  a b s tra c tio n s  from  th e  a lte rn a tiv e  ca rb o n  a to m s of th e  m o lecu le . As a 
c o n tin u a tio n  of th e  a ce ta ld eh y d e  stu d ies , in  th is  p a p e r we p resen t k in e tic  re su lts  
on h y d ro g en  a b s tra c tio n  b y  n -p ro p y l rad ica ls  from  th e  n -b u ty ra ld e h y d e  m ol
ecule w hich  possesses fo u r d iffe ren t ty p es o f h y d ro g en  atom s.

II . E xperim en ta l

A detailed description of materials, apparatus, experimental technique as w ell as iden
tification and analysis of the reaction products has been given in a previous publication [3].

The n-butyraldehyde (FLUKA), purified by precipitation and repeated vacuum  
distillation, contained 0.5% iso-butyraldehyde and traces of C3H8 and C2H4.

A c ta  C h im . A c a d . S e i .  H u n g .  1 0 0 ,  1 9 7 9



1 1 2 FÖRGETEG et al.: KINETICS OF HYDROGEN ATOM ABSTRACTION

Experiments were carried out in an all-glass apparatus equipped with greaseless Teflon 
valves. Butyraldehyde was introduced into the reaction vessel by expansion ; pressure measure
m ents were made with a spiral manometer used as a null-instrument.

The n-propyl radicals were produced by photolysis of n-C3H7CHO at 313 nm in a cy
lindrical quartz cell equipped w ith planparallel U LTRASIL windows (36 mm i.d. and 25 mm 
optical depth). Since investigations were carried out in a broad temperature range extending 
from 353 to 529 K, different equipments had to be used to provide a constant temperature. 
Experiments at 253 — 363 К  were carried out in a reaction vessel surrounded by a thermo- 
stating jacket, which was connected to a thermostat, and an electric oven was used at the two 
highest temperatures.

Irradiation was carried ou t by means of an OSRAM super pressure mercury arc. The 
parallel light beam filled the whole cross-section of the reaction vessel. A band in the 313 nm 
region was isolated using a filter combination [3].

Products were separated into two parts. The gases not condensable at liquid air tem
perature were introduced into the gas chromatograph by means of a sampling valve, while the 
condensable ones were dissolved in isooctane and injected as a solution. The products were 
separated on various columns [3] and were measured against internal standards.

Conversion in the experim ents described below was kept between 2 and 7%.

I I I .  Results and D iscu ssio n

T h e  n -propyl r a d ic a ls  m ay  a b s tra c t fo u r  d iffe ren t ty p es  o f h y d ro g en  
a to m s  from  th e  n -b u ty ra ld e h y d e  molecule :

C3H 7 +  C3H 7C H 0 -  c3H8 +  C3H 7CO (la )

C3H 7 +  C3H 7CHO — C3H 8 +  C H 3C H 2CHCHO (lb )

C3H 7 +  C3H 7CHO — C3H 8 +  C H 3C H C H 2CHO (lc )

C3H 7 +  C3H 7CHO — C3H 8 +  C H 2C H 2CH2CHO (Id )

I n  o rd e r  to  be able to  d e te rm in e  the ra te  c o n s ta n ts  fo r th ese  a b s tra c tio n  reac 
t io n s , th e  ra tes of fo rm a tio n  o f ch a rac te ris tic  re a c tio n  p ro d u c ts  h av e  to  be 

k n o w n  an d  a reference re a c t io n  suitable to  m o n ito r  th e  СЬН 7 rad ica l c o n c e n tra 
t io n  h a s  to  be found . T h e  co n cen tra tio n  o f n -p ro p y l rad ica ls  w ill be o b ta in e d  
fro m  th e  ra te  of re c o m b in a tio n

C3H 7 +  C3H 7 C6H 14. (2)

A lth o u g h  d irect d e te rm in a tio n s  of the k in e tic  p a ra m e te rs  for re a c tio n  (2) have  
n o t  b e e n  published , a  g o o d  estim a te  of log(k2/d m 3 m o l_ 1s _1) =  log A 2 =  9.8 
c a n  b e  g iven  on th e  b as is  o f  th e  ra te  co n stan t o b ta in e d  for e th y l reco m b in a tio n
[4] a n d  rep o rted  for e th y l  [5] an d  isopropyl [5] se lf-com bina tion .

R a te  m easu rem en ts w e re  carried ou t a t  s ix  te m p e ra tu re s  a t  2.3 X 1 0 - 10 
m o l-p h o to n  c m ^2 s _1 in c id e n t  lig h t in ten s ity . T h e  in it ia l  a ldehyde c o n c e n tra 
tio n s  w ere  10, 40 an d  100 T o rr  a t 253 K , 273 К  a n d  h igher te m p e ra tu re s , 
r e s p e c t iv e ly ; lower in i t ia l  p ressu res  a t 273 a n d  253 К  w ere due to  th e  lim ited  
v a p o u r  pressure  a t th e se  te m p e ra tu re s . M easu red  ra te s  o f fo rm a tio n  fo r th e  
h y d ro c a rb o n  p roducts a re  g iv e n  in  Table I.
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T h e m ajo r fe a tu re s  o f p ro d u c t fo rm ation  in  th e  p h o to ly s is  of n -b u ty ra l-  
d eh y d e  h av e  been o u tlin ed  in  a prev ious p u b lica tio n  [3] a n d  a m ore d e ta iled  
d iscussion  of th e  m echan ism  w ill be given [6 ]. In  th e  fo llow ing  we exam ine how  
th e  ra te s  o f reac tions ( la )  — ( Id )  can  be o b ta in ed  from  m easu red  ra te s  o f  fo rm a 
tio n  o f  reac tio n  p ro d u c ts . I n  m o st cases th e  fa te  o f  th e  free rad ica l fo rm ed  in  
th e  h y d ro g en  a b s tra c tio n  re a c tio n  has to  be con sid ered . S ince ex p erim en ta l 
re su lts  a re  availab le  a t  low  te m p e ra tu re s  (298 К  a n d  below ) w here rad ica l- 
ra d ic a l reac tions p re d o m in a te , as well as a t  h ig h er te m p e ra tu re s  (363 К  an d  
above) w here reac tio n s f i r s t  o rd e r w ith  respect to  ra d ic a l co n cen tra tio n s  p re 
v a il, a sep a ra te  d iscussion  o f  th e  “ low te m p e ra tu re ”  (253 — 298 K) an d  “ h ig h er 
te m p e ra tu re ”  (363 — 529 K ) re su lts  is desirable.

T h e  m ost im p o r ta n t  re a c tio n  betw een  th e  n -p ro p y l ra d ic a l an d  ra-butyral- 
d eh y d e  is th e  a b s tra c tio n  o f  th e  fo rm y l hyd rogen  a to m  due to  th e  low  s tre n g th

Table I

Rates of product formation  (10~9 mol dm~3 s -1) ; I a =  2 .3 x  10~l° mol-photon
cm-2 s -1

Number of experiments 3 5 13 7 3 3

T/K 253 273 298 363 426 529

103[C,H7CHOJ, 0.54 2.13 5.32 5.34 3.76 3.04

H* 0.021 0.099 0.214 0.412 1.97 4.31
CH4 0.0025 0.0037 0.0094 0.051 0.061 1.18
c 2H6 0.0014 0.0004 0.0028 0.0119 0.0207 0.144
C3He 0.032 0.097 0.36 0.28 0.17 1.09
C3H8 0.238 1.43 6.84 20.8 32.0 90.8

Л-С4Н10 0.0006 0.003 0.012 0.008 <0.001
n-C6H I4 0.16 0.50 1.81 1.14 0.26 0.14
C3H7CH(C2H5)CHO 0.0001 0.0023 0.039 0.41 0.78 0 .6 8

C,H4 0.216 1.11 3.10 3.24 1.96 1.89
CH3CHO 0.201 1.07 3.21 3.20 2.05 1 .8 6

o f  th e  fo rm yl C — H  b o n d . T h e  ra te  of reac tio n  ( la )  can  b es t be given b y  th e  
r a te  o f  p ro p an e  fo rm a tio n  a f te r  ap p ro p ria te  co rrec tio n s  fo r th e  C3H 8 o rig in a tin g  
fro m  o th e r sources.

A t h igher te m p e ra tu re s  th e  reaction  chains are  considerab le  an d  th e  ra te  

o f  C3H 8 fo rm a tio n  in  d isp ro p o rtio n a tio n  re a c tio n s  o f  C3H 7 rad ica ls  m a y  be 
neg lec ted  com pared  to  t h a t  in  hydrogen  a b s tra c tio n s  (see e.g. th e  h igh  C3H 8/ 
C3H e ra tio s  a t  h ig h er te m p e ra tu re s ) . T hus, a t  363, 426 an d  529 К  th e  r a te  o f 
re a c tio n  ( la )  w ill be g iven  b y

Hia — H c3He — Hib — Ric =  ^ia[C3H 7] [C3H 7C H O ], (3)
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w h e re  Дн> and  R lc m a y  be  o b ta in e d  accord ing  to  E q s (13) a n d  (19), respective ly . 
E x p re s s in g  th e  p ro p y l ra d ic a l c o n c e n tra tio n  w ith  th e  ra te  o f  n -h ex an e  fo rm a
t io n ,  i t  follows th a t

R C.H, — R lb Д, =  - £ М С 3Н 7С Н О ]. (4)
c.H ,

A t low te m p e ra tu re s , C3H g fo rm a tio n  in  d isp ro p o rtio n a tio n  reac tio n s

C3H 7 +  C3H 7 C3H 8 +  C3H 6 (5)

C3H 7 +  CH O  — C3H 8 +  CO (6 )

m a y  n o t  be neglected . T h e  c o n tr ib u tio n  to  C3H 8 from  re a c tio n  (5) can  be  tak en  
in to  ac c o u n t sim ply b y  th e  p ro p y len e  fo rm ed , since reac tio n  (5) is th e  only  m a
jo r  so u rce  of C3H 6 a t  low  te m p e ra tu re s . H ow ever, c o n tr ib u tio n  fro m  reac tio n
( 6 ) h a s  to  he ob ta ined  in  a n  in d ire c t w ay . C onsidering  re a c tio n s  (6 ), (2) an d  (7),

C H O  +  CH O  — H 2 +  2 C 0 ,

th e  r a te  o f propane fo rm a tio n  in  re a c tio n  (6 ) can  be ca lcu la ted  from k6
b l /2  1.1/ 2
П  > Я-7

( 7 )

X

X -Rc.h  R h* w ith  th e  k n o w n  v a lu e  of?l /2 k R
bH 2 1.1/2 л2

273 a n d  298 К  th e  r a te  o f re a c tio n  ( la )  w ill be g iven by

3.8 ^  0.5 [6 ]. T h u s , a t  253,

R la  =  ^ C .H , —  -Rc sH7CH(CsH 6)CHO —  Л С,Н,
г f  ^ 6  „ 1 / 2  p l / 2  / о \— Л е н — ЛС.Н..ЛН, =  (ö)

*"* к У 2 k i 2 ~ * "1‘

=  kla[C3H 7][C 3H 7C H O ],

w h e re  Д с ан с щ с 2н,)СН О  re p la c e s  R iь (see below ). H ence

-Rc.H, — Дс,Н,СН(СгН5)СНО — 7?сзН, кУ2кУ2
„ 1/2 „ 1/2

R c . h , R h ,

m H,4
=  w [ C sH 7C H O ]. (9)

л 2

E q u a t io n  (9) has been v e rif ie d  a t  298 К  w here  th e  in itia l a ld eh y d e  p re ssu re  was 
v a r ie d  fro m  10 to  100 T o rr. T h e  k ia/k]!~ ra tio  ca lcu la ted  acco rd in g  to  E q . (9) 
w as fo u n d  to  be in d e p e n d e n t o f  th e  ra -bu ty ra ldehyde  co n c e n tra tio n .

A n  A rrhenius p lo t o f th e  ra te  c o n s ta n t ra tio s  feia/k^2 c a lc u la te d  in  the  
“ lo w ”  a n d  “ higher”  te m p e ra tu re  ran g es fro m  E q s (9) an d  (4), re sp ec tiv e ly , 
is sh o w n  in  Fig. 1. F ro m  th e  s tra ig h t  lin e , d e te rm in ed  b y  th e  le a s t  square  
m e th o d , log  (к^/кЦ2) =  (2.9 i  0.2) — (6300 i  300)/2.303 R T .  H en ce , w ith  the  
a s su m e d  ra te  co n stan t fo r n -p ro p y l reco m b in a tio n , one o b ta in s

log  (fcla/dm 3 m o l- 1 s - 1) =  (7.8 ±  0.2) -  (6300 ±  3 0 0 )/2 .303R T  (10)
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in good  agreem en t w ith  th e  resu lts o f  K e r r  an d  T ro tm an-D ic k e n so n  [7 ].
H y d ro g en  a to m  a b s tra c tio n  from  th e  a -c a rb o n  a tom  o f th e  a lk y l ch a in  

y ields C H 3C H 2C H C H O  rad ica ls . A b s trac tio n  re a c tio n  ( lb )  can  be s tu d ie d  by  

considering  th e  fa te  o f  th e  C H 3CH2CH CH O  ra d ic a ls . T hese rad ica ls  m a y  e ith e r  

com bine w ith  n-C3H 7, th e  m ost a b u n d a n t ra d ic a l p re se n t in  th e  sy s tem , to  y ield
C3H 7CH(C2H 5)CHO

C H 3C H ,C H C H O  +  C3H 7 — C3H 7CH(C2H 5)CHO (11)

or decom pose b y  C H 3 e lim ina tion

C H 3C H 2CHCHO — C H 3 +  C H , : CHCHO (12)

No o th e r p ro d u c t o f  reactions o f C H 3C H 2CH C H O  could be d e te c te d . 
C3H 7CH(C2H 5)CH O  is fo rm ed  in  th e  w hole te m p e ra tu re  range, w hile d eco m p o 
sition  occurs on ly  a t  h ig h e r tem p era tu res . T h e  l a t te r  m anifests i ts e lf  in  a  con
siderab le  increase  o f  th e  r a te  of fo rm atio n  o f  m e th a n e  a t 363 К  a n d  ab o v e . (In  

th e  low  te m p e ra tu re  ran g e , th e  CH 3 rad ica ls  a re  form ed in  a p rim a ry  re a c tio n  
and th e  slow in crease  o f  C H 4 fo rm atio n  arises fro m  th e  change of th e  a ld eh y d e  
co n cen tra tio n .)

A t th e  h ig h er te m p e ra tu re s , th e  r a te  o f  re a c tio n  ( lb )  can  h e  g iv en  by  

th e  sum  o f th e  r a te  o f  fo rm atio n  of C3H 7CH (C 2H 6)CHO and  th a t  o f  C H 3 p ro 

d u c tio n  in  decom p o sitio n  reac tio n  (12). T h e  o n ly  o th e r source o f C H 3 rad ica ls  
in  th e  pho to ly sis  o f  re-bu ty raldehyde is th e  p r im a ry  decom position  o f  th e  a l. 

dehyde  in to  C H 3 an d  CH 2CH2CHO [6 ], h o w ever, in  th e  h igher te m p e ra tu re  ran g e , 

th e  r a te  o f  C H 3 fo rm a tio n  in  th e  p r im a ry  decom position  is sm all co m p ared  
w ith  th a t  in  re a c tio n  (12). (On th e  basis o f  th e  low  tem p e ra tu re  re su lts , th e  ra te  

o f C H 3 fo rm a tio n  in  th e  p rim ary  process can  b e  e s tim a ted  to  be  0.01 X 10 “9 
m ol d m - 3 s -1  a t  100 T o rr  a ldehyde p ressu re .)  T h u s , th e  ra te s  o f fo rm a tio n  of 

C H 4 (H -a b s tra c tio n  b y  C H r) and re-C4H 10 (C H 3 -)- C3H 7 com bin a tio n ) m a y  be
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t a k e n  — to  a f irs t a p p ro x im a tio n  — as a m easu re  o f CH 3CH2C H C H O  deco m 
p o s it io n . C onsequently , a t  363, 426 an d  529 K , th e  ra te  of reac tio n  ( lb )  w ill be 
g iv e n  b y

H e n c e
R i b  =  R c3H,CH(C!H,)CHO +  R c h , +  R c .H , , =  &ib[C3H 7][C 3H 7C H O ]. (13)

R c ,H ,CH (C!H s)CHO +  R c H ,  +  R c .  H „ -  [Cj H ;C h o ] . (14)
R & t , .

A t  low  tem p era tu res , C H 3C H 2CH C H O  rad ica l decom position  is s lo w ; 
p r a c t ic a l ly  all CH4 and  C4H 10 can  be a c c o u n te d  for b y  reac tions o f  p r im a ry  

C H 3 ra d ic a ls . T hus, th e  ra te  o f  re a c tio n  ( lb )  ca n  be given a t  253, 273 a n d  298 К  
s im p ly  b y

Rib =  R c ,H ,c H (c äH .)C H o =  M C 3H T][C3H7CHO]
a n d

R c . h_7c h (c , h .)c h o  =  кlb ГГНСН01
I? 1/2 1,1/2 L л  7 J

Л С .Н „  K2

A s r e q u ir e d  b y  E q . (16), th e  ra t io  í ?c sh ,c h (C2h 5)CHo / R c ,h „ [ C 3H 7C H O ]  w as show n 
to  b e  c o n s ta n t  and  in d e p e n d e n t o f th e  a ld eh y d e  c o n cen tra tio n  b e tw een  10  and  
100 T o r r  a t  298 K.

A n  A rrh en iu s  p lo t o f th e  ra te  c o n s ta n t ra tio  k 1 ь/&2 % ca lc u la ted  in  th e  
low  a n d  h ig h e r te m p e ra tu re  ran g es from  E q s  (16) and  (14), re sp ec tiv e ly , is 
sh o w n  in  F ig . 2. The s tra ig h t lin e , d raw n  b y  th e  le a s t squares m e th o d , y ields 
log (кхъ/кЦ2) =  (2.2 ^  0.2) — (8100 ^  300)/2.303 R T .  H ence, w ith  th e  assum ed  
v a lu e  fo r  th e  recom bina tion  r a te  c o n s ta n t, one o b ta in s

(15)

(16)

lo g  (A/jb/dm3 m o l- 1 s -1 ) =  (7.1 ±  0.2) — (8100 ±  300)/2.303 R T  . (17)

H y d ro g e n  a tom  a b s tra c tio n  b y  n-C3H 7 f ro m  th e  carbon  a to m  in  ^ -p o s i

t io n  to  th e  ca rb o n y l group re su lts  in  th e  fo rm a tio n  o f  C3H 8 and  C H 3C H C H 2C H O . 

A th o ro u g h  search  for th e  p ro d u c ts  o f  re a c tio n  o f th e  CH 3CH C H 2C H O  rad ica ls  

has b e e n  c a rrie d  ou t. I ts  c o m b in a tio n  w ith  C3H 7 does no t occur to  a n o ta b le  
e x te n t  s in ce  th e  expected  a ld eh y d e , C3H 7C H (C H 3)C H 2CHO, could n o t be  d e 
te c te d . T h is  in d ica tes  th a t  a t low  te m p e ra tu re s , w h ere  th e  cond itions fo r ra d ic a l-  
ra d ic a l  re a c tio n s  are fav o u rab le , re a c tio n  ( lc )  is o f  l i t t le  im p o rtan ce . H o w ev er, 
one c a n  d e te c t  /9-hydrogen a b s tra c t io n  a t th e  h ig h est te m p e ra tu re s  b y  th e  
e x tra  p ro p y le n e  form ed in  th e  deco m p o sitio n  re a c tio n

C H 3C H C H 2CH O  — C3H 6 +  CH O  . (18)

A t  lo w  tem p era tu res , p ro p y len e  is fo rm ed  v ia  d isp ro p o rtio n a tio n  re a c tio n s  
o f th e  га-p ro p y l rad ica l. In  th e  te m p e ra tu re  ra n g e  o f  253 — 298 K . th e  C3H 6/
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Fig. 2. Arrhenius plot of the rate constant ratio klb/k l12

Cf,H14 ra tio  w as fo u n d  to  be 0.19 i  0 .0 2 , in d e p e n d e n tly  o f th e  te m p e ra tu re  
an d  o th e r  ex p erim en ta l co n d itio n s. T h is va lu e  is close to  th e  d isp ro p o rtio n a- 
tio n /co m b in a tio n  ra tio  re p o rte d  fo r re-propyl rad ica ls  [8 ], in d ic a tin g  reac tio n
(5) to  be th e  m a jo r source o f p ro p y len e  a t  low  te m p e ra tu re s  w ith  m in o r c o n tr i

b u tio n s  from  o th e r  d isp ro p o rtio n a tio n  reac tio n s o f C3H 7. H ow ever, a t  426 and  
529 К  an  ad d itio n a l source  o f  C3H e th ro u g h  reac tio n s  ( lc )  an d  (18) is e v id e n t;  
th e  r a te  of fo rm atio n  o f  C3H 6 th ro u g h  th is  chan n e l can  be g iven  b y

Ric =  H c .H .  -  £  R c . H it =  M C 3H ,] [C3H 7CH O ] (19)
К  2

E x p ressin g  th e  re-C3H 7 c o n c e n tra tio n  w ith  th e  r a te  o f  reco m b in a tio n , one ob
ta in s

R c.h .
k 2

Ис.н ,
---------- = ^ [ C 3H 7CHO] ( 20)

The ra te  c o n s ta n t ra tio s  k i j k ^ 2 ca lcu la ted  acco rd ing  to  E q . (20) w ere 0.002
an d  0.030 dm 1'2 m ol_1/2 s~ 1/2 a t  426 an d  529 K , re sp ec tiv e ly . H ence log  (y!ic/d m 3

1/2m o l~ 1 s _1) =  8.1 and  E lc =  11.8 kcal m o l - 1. H o w ev er, th e  v a lu e  o f k^jk^  
o b ta in e d  a t 426 К  is n o t v e ry  a c cu ra te  since m o st o f th e  C3H 6 fo rm ed  a t th is  
te m p e ra tu re  com es from  d isp ro p o rtio n a tio n  an d  n o t  from  decom p o sitio n  (18). 
A n a lte rn a tiv e  d e riv a tio n  o f  k \c. can  be based  on th e  a c c u ra te  k ic/k]!2 va lu e  a t 
529 К  and  an  a ssu m p tio n  o f  A lc =  A \ь In  th is  w ay  one o b ta in s

log (fclc/d m 3 m o l-1  s -1 ) =  7.1 -  9000/2.303 R T  (21)

in  reasonable agreem en t w ith  th e  d a ta  o f  K e r r  and  T r o tm an-D ic k e n so n  [7] 
(reca lcu la ted  on  th e  b asis o f  th e  recom b in ation  ra te  c o e ffic ie n t  u sed  in  th is  
w ork).

H ydrogen  a to m  a b s tra c tio n  b y  C3H 7 from  th e  у-po sitio n  y ie ld s C3H 8 and 

C H 2CH 2CH2CHO rad ica l. I f  re a c tio n  (Id )  o ccu rred  to  an  ap p rec iab le  e x te n t,
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o n e  w o u ld  expect n-C6H 13C H O  an d  excess C2H 4 (com pared  to  th e  C H 3CHO) to  
be  fo rm e d  in  c o m b in a tio n  a n d  decom position  re a c tio n s , re sp ec tiv e ly , o f th e  

C H 2C H 2CH2CHO ra d ic a ls . (N o te  th a t  C2H 4 an d  C H 3CH O  are  fo rm ed  w ith  equal 
r a te s  in  th e  N o r r is h  ty p e  I I  p r im a ry  reac tio n  o f  re -b u ty ra ld eh y d e.) T he fo rm a
tio n  o f  these  p ro d u c ts  d id  n o t  exceed th e  lim its  o f d e tec tio n , in d ic a tin g  th a t  
r e a c t io n  (Id ) was slow  in  th e  w hole te m p e ra tu re  ran g e  s tu d ied .

T h e  ex p erim en ta l s tu d y  o f  h y d ro g en  a to m  a b s tra c tio n  b y  n -p ro p y l r a 
d ic a ls  fro m  th e  fo rm y l g ro u p  a n d  from  vario u s p o sitio n s o f th e  a lk y l g roup  of 
th e  a ld eh y d e  shows th e  seq u en ce  o f  reac tiv itie s  k ia ß> kib >  k ic >  feld.

W e have c a lcu la ted  A rrh e n iu s  p a ram e te rs  a n d  ra te  c o n s ta n ts  fo r reac tio n s 
( l a )  — ( lc )  b y  th e  B E B O  m e th o d  [9 ,1 0 ]. T he in p u t d a ta  u sed  in  th e  ca lcu la tions 
a re  g iv e n  in  T able I I .  T h ese  w ere  ta k e n  from  co m p ila tio n s o r w ere  e stim a ted  
u s in g  kn o w n  bond  p ro p e r tie s  o f  analogous com pounds. I t  h a s  b een  assum ed 
t h a t  D H % &(H - C H ( C 2H 5)C H O ) =  Я Н 298( Н - С Н ( С Н 3)С Н 2С Н О ), since th e  s ta 

b i l iz a t io n  energies o f  О =  C — C ty p e  rad ica ls  a re  b e liv ed  to  be  low  [11]. In  
o rd e r  to  o b ta in  A rrh en iu s  a c tiv a tio n  energies from  th e  p o te n tia l  energy  of 
a c t iv a t io n  and to  d erive  th e  p re e x p o n e n tia l fac to rs , force c o n s ta n ts  an d  v ib ra -

ТаЫе II

I n p u t  d a ta  u se d  in  the  B E B O  c a lc u la t io n s  ( u n i t s :  DH%aa, z p e  a n d  V °  i n  k c a l  m o l - 1 ; ß  i n  Á - 1  
F °  i n  m d y n e  Á - 1 ;  со i n  c m ~ l ; p  u n i t le s s )

C3H7—H C ,H ,C (0>-H
H—CH(C2Hs)CHO) 

and
H—CH(CH8)CH,CHO

C,H,C(0)—C3H7
C3H 7—CH(C2H6)CHO 

and
C,H7—CH(CH3)CH2CHO

D I I ? m 9 7 .7 8 6 .0 9 4 .7 8 0 .1 8 0 .4

CO 2 3 9 6 2 8 0 0 2 9 3 0 9 5 0 9 2 0

z p e 4 .2 4 .0 4 .2 1 .4 1 .3

v ° 1 0 1 .9 9 0 .0 9 8 .9 8 1 .5 8 1 .7

p 1 .0 8 2 1 .0 8 4 1 .0 8 2

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

R ° 1 .0 8 0 1 .1 1 4 1 .0 9 0 1 .5 2 5 1 .5 4 0

F ° 4 .6 9 4 .3 0 4 .6 3

t io n a l  frequencies w ere e v a lu a te d  fo r th e  tra n s it io n  com plexes u sin g  a five- 
m a s s -p o in t approach  a n d  s ta n d a rd  B E B O  p ro ced u re . T u n n e lin g  co rrec tions 
w ere  n o t  applied .

I n  T ab le  I I I ,  th e  re su lts  o f  ca lcu la tio n s are  g iv en  an d  a re  co m p ared  w ith  
th e  e x p e rim e n ta l d a ta . I n  th e  case o f fo rm yl h y d ro g en  a b s tra c tio n  (reac tio n  
( la ) )  a n d  /З-hydrogen a to m  a b s tra c t io n  (reaction  ( lc ) ) ,  th e  ag reem en t be tw een  
c a lc u la te d  an d  ex p e rim en ta l d a ta  is excellen t. H ow ever, th e  ca lc u la ted  ra te  
c o n s ta n t  fo r  reaction  ( lb )  is co n sid e rab ly  sm aller th a n  th e  e x p e rim e n ta l one.
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Table III

Comparison o f calculated kinetic properties with experimental data at 400 К  ( u n its: E  in kcal
mol-1, A in dm3 mol~l s~ l)

Я» '“6 Лц, log tja я,ь log Alb log кл я,0 log Ae log *10

Calculated 6.1 7.6 4.3 11.0 7.9 1.9 10.7 7.9 2.1

Experimental 6.3 7.8 4.4 8.1 7.1 2.7 9.0 7.1 2.2

I t  seem s th a t  th e  observed  “ h igh”  ra te  o f  a -h y d ro g en  a to m  a b s tra c tio n  
c an n o t be ex p la in ed  p ro p e rly  on th e  basis o f  th e  accep ted  h igh  bo n d  s tre n g th  

an d  th e  co rresp o n d in g  low  resonance  energ ies o f  О =  C —C ty p e  free rad ica ls  
[11 ]. N ev erth e less , i t  is to  be m en tio n ed  t h a t  o p in ions reg a rd in g  th e se  s ta b i
liza tio n  energ ies are  n o t unan im o u s (see e.g. [1 2 ]). I f  th e  s ta b iliz a tio n  energ ies 
o f О =  C— C ty p e  free rad ica ls  w ere co n sid e rab ly  sm alle r th a n  th o se  o f  th e  
a lly l rad ica ls , som e o th e r  h ith e r to  u n d isco v ered  reaso n  w ould  h av e  to  be  a s 
sum ed to  e x p la in  th e  h ig h er ra te  o f h y d ro g en  a b s tra c t io n  from  th e  a th a n  from  
th e  ß  position .
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Four cardo-diamine bisacryl- and bismethacrylamides have been synthesized 
and some important physical properties of the new compounds measured. The un
saturated monomers have been thermally polymerized and the solubility of the polymers 
determined. The polymerization of two compounds, the 9,9-bis(4’-acrylylaminophenyl) 
phthalide and the 9,9-bis(4’-acrylylaminophenyl)fluorene has been extensively studied 
by means of a Perkin—Elmer DSC-2 calorimeter. The thermomechanical behaviour 
of the two samples has also been investigated. The experiments revealed correlation 
between the physical properties o f the monomer (crystallinity, melting or softening), 
the polymerization process and the properties of the polymer formed.

Introduction

I t  is w ell know n  th a t  th e  r e a c tiv i ty  o f  m onom ers capab le  o f  th e rm a l p o ly 
m eriza tio n , co n ta in in g  u n sa tu ra te d  b o n d s  s tro n g ly  depends On th e  physica l 
p ro p ertie s  o f  th e  solid  o f m olten  p h a se , a n d  th e  chem ical process itse lf , th u s  th e  
fo rm a tio n  o f  th e  m acrom olecule is s tr ic t ly  re la te d  to  th e  m elting  o r so ften ing  
o f th e  m onom er. I t  is also know n t h a t  th e  so lid -phase  p o ly m eriza tio n  is s ig n ifi
c a n tly  in flu en ced  b y  th e  c ry sta l s t ru c tu re ,  as well. The m a jo rity  o f  au th o rs , 
how ever, use th e  p h y sica l change as in te rp re ta t io n  o f th e  k in e tic  p ro p e rtie s  
o f  th e  p o ly m eriza tio n  process, b u t  th e re  are  v e ry  few d irec t m e a su re m e n ts  to  
p rove  th e  co rre la tio n  o f th e  tw o p rocesses.

T he a im  o f th is  w ork  is to  s tu d y  th e  th e rm a l p o ly m eriza tio n  o f  tw o  u n 
s a tu ra te d  m onom ers, v e ry  d iffe ren t in  th e ir  ph y sica l p ro p ertie s , n a m e ly  9,9- 
b is(4 ’-acry ly lam in o p h en y l)flu o ren e  (an ilin e  flu o ren e-b isacry lam id e , h en ce fo rth  
I) an d  9 ,9 -b is(4 ’-acry ly lam in o p h en y l) p h th a lid e  (an ilin e -p h th a le in b isac ry l- 
am ide , h en cefo rth  II) by  th e  DSC m e th o d .

B o th  m onom ers are  c h a ra c te ris tic  re p re se n ta tiv e s  o f th e  so -ca lled  il'cardo'"- 
p o ly m er [1] fam ily . T h ey  can be c h a ra c te r iz e d  b y  com plica ted  cyclic  o r p o ly 
cyclic g roups in  th e  po lym er ch a in . T h e  d ifference re la tiv e  to  a sim p le  side- 
ch a in  s u b s titu tio n  is th a t  th e  cyclic g ro u p  is a t  th e  sam e tim e  p a r t  o f  th e  m ain  
chain  too . Such po lym ers genera lly  h a v e  h ig h  th e rm o s ta b ility , b u t  th e ir  so lu 

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 100 (1 — 4), pp. 121 — 134 (1979)
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b ili ty  in  o rg an ic  so lven ts is in c rea sed  as co m p ared  to  chains n o t co n ta in in g  
ca rd o -g ro u p s. B o th  p ro p e rtie s  are  v e ry  im p o r ta n t  in  p lastics a p p lica tio n s . 
B esid es , th e  cardo-group also in fluences s ig n if ic a n tly  th e  po lym er-physica l 
p ro p e r tie s  o f  th e  sy stem , as fo r  exam ple  th e  g la ssy  tra n sfo rm a tio n , so ften ing , 
e x te n t  o f  c ry s ta llin ity , etc. T h e  u n s a tu ra te d  am id es o f th e  cardo-diam ines 
seem ed  to  be  ad v an tag eo u s , b ecau se  th e  d ifferences in  th e  physica l p ro p e rtie s  
a lre a d y  e x is t  in  th e  m onom ers, n am ely  I  c ry s ta lliz e s  w ell, w hereas I I  o n ly  to  
a v e ry  sm a ll e x te n t. A t th e  sam e tim e , th e  p o ly m ers  a re  th e  f irs t  re p re se n ta tiv e s  
o f c ro ss -lin k e d  cardo-polym ers. T h e  tw o  co m p o u n d s s tu d ie d  are ty p ic a l exam ples 
o f a g ro u p  co n sis tin g  o f e ig h t re la te d  com p o u n d s. T h e  com pounds sy n th esized  
are  th e  fo llow ing  :

E xperim en ta l

Preparation of the compounds

The bisacrylamides of the cardo-diamines were prepared by low temperature (between  
273 and 243 K, in general from 253 to 243 K) in a polar aprotic solvent, by the condensation 
of the corresponding diamines and acrylic acid chloride. The acrylic acid chloride was added 
dropwise to the cooled solution of the diamine, then kept at the given temperature for 30 min, 
and for further 30—60 min at room temperature. The condensation of the acid chloride and 
diamine is preferably carried out at a mole ratio of 2 : 1 ,  and a diamine concentration of 
0.5—2 mol/1. iV,JV-dimethylacetamide or iV-methylpyrrolidone can be used as solvent. The un
saturated derivatives formed in the solution were precipitated and washed with water, then  
dried in vacuum  at 313—323 K. Under these conditions bisamides of high purity were obtained 
in a yield  o f about 100%. The bisamides of cardo-diamines are white powders, soluble in organic 
solvents.

Some data for I and II and the related compounds synthesized are listed in Table I. 
Figure I shows the thermomechanical curves of I and II. Apparently, the fact, that the cardo- 
group is sym metric or asymmetric seems to be the essential factor influencing the crystalliza
tion and solubility of the monomer molecule. Thus, e.g. the anthrone and fluorene derivatives 
crystallize well [2, 3] whereas the phthalides only to a very small extent [4, 5].

We also carried out thermal treatm ent with greater amounts of monomers under normal 
laboratory conditions. From these measurements it became apparent that monomers con-
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taining symmetrical cardo-groups, e.g. I soften only above 520 K, and their polymerization 
ability is less pronounced. Consequently, by their thermal treatment linear and slightly branch
ed oligomers and polymers are formed which completely dissolve upon extraction with hot 
DM FA for 10 hrs.

Asymmetric monomers, however, (e.g. П) polymerize in bulk easily, already at 420—470 
К with melting or softening. Upon continuing the thermal treatment at about 470 К  in air,

Table 1

Characteristics o f acryl- and methacrylamides o f cardo-diamines

No. Bisamide

Y
ie

ld
 %

Solubility Elemental analysis

Structure

D
M

FA

A
ce

to
ne

C
yc

lo
he

xa
no

ne

C
hl

or
of

or
m

Found Calcd.

l Anilinefluorene- 93 s s s I c 81.94 81.76 81.60
bisacrylamide H 5.39 5.48 5.45 crystalline

N 6.20 6.21 6.10

2 Anilinephthalein- 94 s s s I C 73.42 73.20 73.58 mostly
bisacrylamide H 4.81 4.87 4.71 amorphous

N 6.52 6.57 6.60

3 Anilineanthrone- 95 s s s s C 79.24 79.38 79.34
bisacrylamide H 5.15 5.15 4.96 crystalline

N 5.48 5.60 5.78

4 Anilinephthalein-
imidebisacrylamide 95 s s s I N 9.76 9.49 9.93 amorphous

5 Anilinefluorene- 93 s s s I C 81.98 81.96 81.82
bismethacrylamide H 5.78 5.83 5.78 crystalline

N 5.90 5.90 5.78

6 Anilinephthalein- 95 s s s I C 74.36 74.49 74.33
bismethacrylamide H 5.38 5.39 5.31 amorphous

N 6.22 6.35 6.20

7 Anilineanthrone-
bismethacrylamide 95 s s s s N 5.52 5.40 5.46 amorphous

8 Anilinephthalein-
imide-bismethacryl-
amide 90 s s s I — — —

S — Soluble 
I — Insoluble

complete cross-linking is achieved and the polymer does not change up to the beginning of 
thermal decomposition (see Table II).

In order to follow the process itself, the above polymerization was repeated with mg 
samples, whose behaviour reflects the chemical process rather than the physical properties 
of a large sample. Measurements were carried out in a Perkin—Elmer DSC-2 instrument under 
standard conditions.
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£(%)

300

Fig. 1. Thermomechanical curves of I and 1 1 (1 )  thermomechanical curve of I without thermal 
treatm ent, (2 )  thermomechanical curve of II w ithout thermal treatment, ( l a )  thermal 
treatm ent at 473 К for 5 hrs I (2a )  thermal treatment at 473 К for 5 hrs II; Heating rate 

150 deg/hr, Pressure on sample 0.8 kp/cm2

Table II

Insoluble fraction of polymers produced on the basis o f cardo bisacryl- and bismethacrylamides 
produced by thermal polymerization in air at 473 К  for  5 hrs*

Quantity of insoluble fraction

No. Bisamide
Extraction 

with DMFA
Extraction 

with acetone

l Anilinefluorenebisacrylamide 0 62

2 Anilinephthaleinbisacrylamide 63 85

3 Anilineanthronebisacrylamide 0 15

4 Anilinephthaleinimidebisacrylamide 68 96

5 Anilinefluorenebismethacrylamide 0 0

6 Anilinephthaleinbismethacrylamide 66 81

7 Anilineanthronebismethacrylamide 0 0

8 Anilmephthaleinimidebismethacryl-
amide 0 18

* The insoluble fraction has been determined by extracting the polymers with DMFA  
and acetone for 10 hrs in a Soxhlet apparatus.
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Results and Discussion

As i t  has been  show n the  m e ltin g  o f  c ry s ta llin e  and  th e  so fte n in g  o f  glassy 
sam ples occur s im u ltan eo u sly  w ith  p o ly m eriza tio n , i.e. th e  e x o th e rm ic  and 
en d o te rm ic  p rocesses overlap. B esides, m e ltin g , c rysta lliza tio n  a n d  p o ly m er
iza tio n  cause chan g es also in th e  specific  h e a t .  DSC m easures th e  r e s u lta n t  of 
all th e se  as a ch an g e  in  th e  en th a lp y . T h e  D SC m eth o d  has a lread y  b e e n  success
fu lly  app lied  fo r m easu ring  th e  p o ly m e riz a tio n  o f crystalline m o n o m ers  [6 ]. 
[6 ]. D ynam ic  m easu rem en ts  w ith  a sim p le  non -iso th erm al lin e a r  p ro g ra m  are 
n o t v e ry  in fo rm a tiv e  in  such cases : th e  m ech an ism  of the  process c a n  be b e tte r  
in v e s tig a te d  b y  com bin ing  iso th e rm a l a n d  non-iso th erm al se c tio n s , i.e. by 
c a rry in g  ou t so-ca lled  “ sem id y n am ic”  m easu rem en ts .

v
310 350  A00 4 5 0  5 0 0  550 6 0 0  T (K )

Fig. 2. DSC curve of II in an open crucible. Weight of sample 3.591 mg

T h e asy m m etric  com pound (II) w ill be  discussed f irs t. T h e  re su lts  are 
show n in  Figs 2 —10. F igure 2 show s th e  b e h a v io u r of II , w hen  h e a te d  a t a 
c o n s ta n t ra te  o f  5 deg/m in . The process b eg ins w ith  a c h a ra c te r is tic  e n d o th e r
m ic p e a k , w hich  la te r  tu rn s  sh a rp ly  in to  a n  exo therm ic  one. I I  b e in g  m ain ly  
X -ra y -a m o rp h o u s , th e  endo therm ic  p eak  co rresponds to  so ften in g  o r p a r tia l 
m e ltin g  w hile th e  exo te rm ic  one to  p o ly m e riz a tio n  and  p a r tly  to  re c ry s ta lliz a 
tio n . A t th e  end  o f  th e  th e rm a l t r e a tm e n t  th e  system  consists o f  s ta b le  and  
th e rm a lly  in ac tiv e  po lym er, as is seen  in  F ig . 3. T his curve show s th e  rep ea ted  
h e a tin g  o f  th e  sam p le  a fte r  p o ly m eriza tio n . T h e  curve  is sm ooth , n e i th e r  peaks, 
n o r s tep s  p o in tin g  to  a g lass-tran sfo rm a tio n  are  presen t, an d  th e  increasing
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310 500  5 5 0  600 T (K )

Fig. 3. DSC curve of former sample (Fig. 2) w ith  repeated heating

sec tio n  a f te r  th e  p o ly m eriza tio n  peak  in  F ig . 2 is th e  charac teris tic  specific  
h e a t fu n c tio n .

I n  F ig . 4 th e  re su lt o f a sim ilar dynam ic  e x p e r im e n t in  a tig h tly  closed  
c ru c ib le  is  show n. A p p a re n tly , th e  resu lts a re  id e n tic a l  w ith  those in  F ig . 2 
w hich  p ro v e  th a t  d u rin g  a n d  a fte r  m elting , c ry s ta lliz a tio n  and  p o ly m eriza -

F ig .  4. DSC curve of II in a closed crucible. Weight of sample 2.361 mg
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Fig. 5. Semidynamic curve of U  with isothermal treatment at 465 K. W egiht of sample
6.042 mg

tio n , no  ev ap o ra tio n  or o th e r  m ass tra n s fe r  occurs, i.e. th e  cu rves a re  co rrec tly  
in te rp re te d . In  su b seq u en t ex p erim en ts , th e  h ea tin g  w as s to p p ed  a t  d iffe ren t 
te m p e ra tu re s  o f th e  en d o th e rm ic  sec tio n , t h a t  is a sem idynam ic  h e a t  t r e a t 
m en t w as perfo rm ed . T h e  iso th e rm al te m p e ra tu re s  were 465 К  (F ig . 5), 476 К  
(F ig . 6 ) an d  479 К  (F ig . 7). T hese te m p e ra tu re s  w ere m a in ta in ed  u n t i l  no m ore 
changes o ccu rred  on th e  DSC cu rve . T h e re a f te r , th e  h ea tin g  w as c o n tin u e d . I f  
th e  m e ltin g  t f  th e  sam ple  occurs in  a w id e r te m p e ra tu re  range , th e n  a t  th e  iso-

..Л

F ig . 6 . Semidynamic curve of II with isothermal treatment at 476 K. Weight of sample
5.255 mg

A c ta  C h im . A c a d . S e i .  H u n g .  1 0 0 , 1 979



128 SZÉKELY et al.r POLYMERIZATION OF UNSATURATED cardo-DIAMIDES

th e r m a l  te m p e ra tu re  on ly  p a r t  o f  th e  m a te ria l m e lts  : u p o n  increasing  th e  te m 
p e r a tu r e  fu r th e r  th e  re m a in in g  m a te ria l also m e lts , g iv ing  an o th e r e n d o th e r 
m ic p e a k .  H ow ever, w hen  in te r ru p tin g  th e  m e ltin g  o f  II , in s tead  o f a sim p le  
s te p , a  la rg e , exo therm ic  ju m p  is o b ta in ed , w h ich  slow ly approaches a c o n 
s ta n t  v a lu e  w ith  a concave c u rv e  section.

A  s im ila r  curve w as o b ta in e d  b y  th e  sem id y n am ic  t r a tm e n t  of p o ly p ro p y 
len e , as  w ell [7]. U pon c o n tin u in g  th e  m e ltin g , a t  f i r s t  a sm all specific h e a t 
s te p  is  o b se rv ed , th e n  an  e n d o th e rm ic  d eflec tion  is a p p a re n t, follow ed b y  an  
e x o th e rm ic  peak . This la t te r  occu rs in  all th re e  cases a t  ab o u t th e  sam e te m 
p e r a tu r e .

Fig. 7. Semidynamic DSC curve of II with isothermal treatm ent at 479 K. Weight of sample
6.015 mg

T h e  concave section  o f  th e  cu rve  an d  th e  e x o th e rm ic  peak  co n n ec ted  
w ith  i t  sh o w  th a t  th e  la t te r  is th e  g rea te r, th e  h ig h e r  is th e  te m p e ra tu re  o f  th e  
is o th e rm a l  sec tion , th a t  is, th e  n e a re r  i t  is to  th e  te m p e ra tu re  of th e  ex o th e rm ic  
p e a k . C o n seq u en tly , th e  p o ly m e riz a tio n  a lre a d y  b eg in s  d u ring  th e  a p p a re n tly  
e n d o th e rm ic  process, an d  is to  be observed  u n t i l  th e  m olten  m o n o m er is 
“ c o n s u m e d ” . F u rth e r  p o ly m e riz a tio n  occurs o n ly  w h en  th e  rem ain ing  m o n o 
m er a lso  m e lts . This la t te r  is p re su m ab ly  th e  c ry s ta llin e  p a r t  em bedded  in to  
th e  g la s sy  phase , w hich n a tu ra l ly  m elts a t  a h ig h e r  te m p e ra tu re . T he m e ltin g  
a n d  su b s e q u e n t p o ly m eriza tio n  can  be co m p le te ly  s to p p e d  b y  th e  in se r tio n  o f 
an  is o th e rm a l  section. F o r p ro v in g  th is , we s to p p e d  th e  m elting  b y  in c lu d in g  
an  is o th e rm a l  section  b u t  b e fo re  con tin u in g  th e  th e rm a l p rog ram , cooled  th e  
sa m p le  to  ro o m  te m p e ra tu re  a n d  h ea ted  i t  up  a g a in . W e observed  (see F ig . 8 ) 
th a t ,  u p  to  th e  h ighest iso th e rm a l te m p e ra tu re  re a c h e d  b y  th e  f irs t h e a tin g , no 
e ffec t w a s  a p p a re n t. H o w ev er, th e  en d o th e rm ic  p e a k  (i.e. th e  co n tin u a tio n  o f 
m e ltin g )  a p p e a re d  a t  th e  sam e p lace  an d  in  th e  sam e  w ay  as if  th e  sam ple  h a d
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Fig. 8. Semidynamic and dynamic DSC curve of II with isothermal heat treatment at 476 K.
Weight of sample 5.490 mg

isotherm al

310 35tT 400 450 S h  500 T (K)

Fig. 9. Semidynamic DSC curve, repeated on the sample of Fig. 6, w ith isothermal heat 
treatment at 476 K. Weight of sample 5.255 mg

no t been cooled dow n an d  th e  a c tu a l s ta r tin g  te m p e ra tu re  o f  th e  endo therm ic  
p eak  h ad  n o t been  re a c h e d  u p o n  re p e a te d  h ea tin g . T h is m ean s  t h a t  th e  system  
in th e  n o n -iso th e rm al p rocess passes th ro u g h  b o th  th e  en d o th e rm ic  and  exo
th e rm ic  phase th ro u g h  qu asi-eq u ilib riu m  s ta te s .

C learly, th e  p a r t ia l  m e ltin g  occurs m ain ly  in  th e  am o rp h o u s  phase and  
th is  an d  th e  acco m p an y in g  po lym eriza tio n  h av e  c ry s ta lliz in g  effect on th e  
rem ain in g  m onom er, fo r a f te r  iso th e rm al cond itio n in g , b o th  p eak s , b u t m ain ly  
th e  endo therm ic  one, becom e sh a rp e r, th u s  m ore s im ila r to  th e  m elting  curve 
o f th e  c rysta lline  m a te r ia l o f h igh  p u rity . N a tu ra lly , d u r in g  th e  f irs t heating  
an d  iso th e rm al p e rio d , m ore and  m ore m a te ria l is p o ly m erized  due  to  th e  in 
creasing  te m p e ra tu re  o f th e  iso th e rm a l section , th u s  th e  fo llow ing exotherm ic

9 A c ta  C h im .  A c a d .  S e i .  H u n g .  100 , 1979



130 SZÉKELY et al.: POLYMERIZASATION OF UNTURATED cordo-DIAMIDES

p e a k  d ecreases . This proves t h a t  po lym eriza tio n  s ta r ts  s im u ltan eo u sly  w ith  
m e ltin g .

I n  o rd e r to  d em o n stra te  t h a t  w ith o u t p rio r h e a tin g  o n ly  th e  c o n s ta n t base 
lin e  c a n  b e  reached , b u t  no e x o th e rm ic  overshoot is to  be  e x p e c te d  on th e  basis 
o f  e i th e r  th e  specific h e a t fu n c tio n  o r  of o th e r p ro p e rtie s  o f  th e  p o lym er, one 
sa m p le  w as cooled dow n a f te r  p o ly m eriza tio n  an d  th e n  re p e a te d ly  h e a te d  up 
se m id y n a m ic a lly . I t  is seen in  F ig . 9 th a t  in  th is  case id e n tic a l ju m p s  ap p ear

isothermal

320 3 9 0  391 T (K )

F ig . 10. Semidynamic melting curve of tetraphenylsilane. Heating rate 5 deg/min

a t  th e  b eg in n in g  and end  o f  th e  iso th e rm a l section  w ith  a lin e a r  b ase  line b e 
tw e e n  th e m .

I n  o rd e r to  prove th a t  t h e  s to p p in g  o f the  m e ltin g  can  n o t cause an  over
s h o o t e i th e r  i f  th e  en d o th e rm ic  p ro cess  is n o t a cco m p an ied  b y  an  exo therm ic  
one , p o ly e th y le n e  and  te tra p h e n y ls i la n e  have been  s tu d ie d  in  th e  sam e sem i
d y n a m ic  w ay . A ccording to  F ig s  10 an d  11 a sm o o th  ch an g e  in  th e  base  lines 
o ccu rs  a n d  th e  ceased m eltin g  b e g in s  again  w ith  th e  h e a tin g , b u t  no overshoo t 
b e y o n d  th e  base line o f th e  is o th e rm a l  section is to  be seen .

T h u s , it  has been p ro v ed  r e l ia b ly  — an d  in  th is  case also  q u a n ti ta t iv e ly  — 
t h a t  e n d o th e rm ic  and  e x o th e rm ic  processes ta k e  p lace  s im u ltan eo u sly .

I n  F ig . 12 the  b eh av io u r o f  I  is illu s tra te d  in  a lin e a r  h e a t  p ro g ram , w here
as F ig . 13 shows th e  sam e in  a  c lo sed  crucible. B o th  d iffe r s ig n ifican tly  from  
th e  b e h a v io u r  of II  n o t o n ly  in  th e  te m p e ra tu re  o f th e  e x o th e rm ic  p eak , b u t

A c t a  C h i m .  A c a d .  S e i. H u n g . 1 0 0 , 1 9 7 9



SZÉKELY et al.: POLYMERIZATION OF UNSATURATED carrfo-DIAMIDES 131

500 507.5 5(36 T (K)

Fig. 11. Semidynamic melting curve of polyethylene (Hostalen GE). Heating rate 5 deg/min

also  in  th a t  h ere  a p p a re n tly  no m e ltin g  occurs, th o u g h  th e  m a te r ia l  is — 
acco rd in g  to  X -ra y  d iffrac tio n  m e a su re m e n t — crysta llin e . A lth o u g h  th e o re ti
ca lly  u n lik e ly , i t  c a n n o t he fu lly  ex c lu d ed  th a t  th e  tw o ev en ts  w ith  p o s itiv e  and  
n e g a tiv e  h e a t effec ts  overlap  in  tim e  a n d  te m p e ra tu re  to  such  a n  e x te n t  th a t  
we observe  on ly  th e  d ifference, w h ich  is ex o th e rm ic . I f  we do n o t  assum e solid

310 350 400 450 500 550 600 T (K)

F ig . 12. DSC curve of I in an open crucible. Weight of sample 4.723 mg

9 A d a  Chim. Acad. Sei. H ung. 100, 1979
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Fig. 13. DSC curve of I  in a closed crucible. W eight o f sample 3.888 mg

p h ase  th e rm a l p o ly m eriza tio n  w ith o u t m elting , th is  t o ta l  overlap  is im possib le , 
an d  th e  fo rm er a ssu m p tio n  is v e ry  un like ly . T h e  d y n a m ic  m easu rem en ts re 
v ea led  a v e ry  f la t, e x te n d e d  en d o th e rm ic  d eflec tion . T h e  above view  is s u p p o r t
ed  b y  th e rm o m e c h a n ica l (see F ig . 1) and  th e rm o o p tic a l (m icroscopic) in v e s tig a 
tio n s  as w ell.

Fig. 14. Semidynamic DSC curve of I with isothermal heat treatment at 540 K. Weight of
sample 5.739 mg
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Fig. 15. Semidynamic DSC curve of I with isothermal heat treatment at 558 K. Weight of
sample 5.850 mg

ЗЮ d o  570 571 62cT T (K)

Fig. 16. Semidynamic DSC curve of I with isothermal heat treatment at 705 K. Weight of 
,  sample 4.462 mg

A t p o in t A  a d e fin ite  so ften ing  is to  be observed . A t p o in t В  in spection  
th ro u g h  a m icroscope w ith  a h ea ted  sam ple  ho ld er show s in c ip ie n t m elting , 
en d in g  a t  C. In te rv a l D  m ark s  — accord ing  to  th e  th e rm o m e c h a n ica l cu rve  — 
th e  in ten siv e  m echan ica l change co nnec ted  w ith  p o ly m eriza tio n . F ig u re s  14, 
15 an d  16 show  th e  re su lts  o f sem idynam ic  m easu rem en ts  w ith  iso th e rm a l sec
tio n s  a t  540, 558 an d  570 K , resp ec tiv e ly . R esu lts  are q u a li ta t iv e ly  s im ila r to  
th o se  fo r II, w ith  q u a n ti ta t iv e  d ifferences, b u t  c learly , th e  ab o v e  a rg u m e n ta 
tio n  is also valid  fo r I. T h e reason  o f th e  d ifference  is th a t ,  th o u g h  I is c ry s ta l
line , due to  th e  la rge , sy m m etrica l an d  n o n p o la r  cordo-group, th e re  are  bu t 
w eak  in te rm o lecu la r forces, co rrespond ing  to  a sm all c ry s ta l en e rg y . W ith  II, 
th e  in te ra c tio n  o f th e  p o la r  cardo-groups h in d ers  th e  reg u la r  a rra n g e m e n t of

Acta Chim. Acad. Sei. H ung. 100,^1979
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th e  m o lecu les , h u t s tab ilizes  a  g lassy  s ta te  t h a t  re a d ily  leads to  th e  fo rm a tio n  
o f  c ro ss -lin k e d  polym ers.

A f te r  th e  iso th e rm al se c tio n , an  endo therm ic  d e flec tio n  ap p ears , w h ich  is 
m o re  p ro n o u n c e d  th a n  in  th e  s im p le  dynam ic m e a su re m e n ts . In  th is  case th e re  
e x is ts  a n  ea rly  period o f  m e ltin g  (see Fig. 12) w ith o u t ex o th e rm ic  ov ersh o o t, 
i.e . w i th  I, th e  liqu id  s ta te  p re c e d e s  p o ly m eriza tio n  m ore  m ark ed ly  th a n  w ith  
th e  g la s sy  an d  soften ing  II.

T h e  above stud ies w ill be  co n tin u ed  by  q u a n t i ta t iv e  ca lo rim etric  m easu re 
m e n ts , w h ich  are ren d e red  d if f ic u lt  b y  the  s tro n g  in flu e n c e  o f th e  specific  h e a t 
fu n c tio n s  on  th e  base lin e . T h e  investig a tio n s w ill h e  ex te n d e d  also to  o th e r  
re p re s e n ta t iv e s  of th is  g ro u p  o f  com pounds.

The authors are indebted to Dr. G. B odor for the X -ray diffraction investigation of the 
two m odel substances, and to F. Cs e r  for the thermooptical investigation of the polymeriza
tion o f  the two monomers.
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SPONTANEOUS PROCESSES ON METAL SURFACE 
INDUCED BY ITS OWN METAL IONS, III
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A method has been developed which allows us to determine the rate constants 
of the single steps o f processes spontaneously proceeding in the system M— MZl +—M*! + 
by measurement w ith  a rotating ring-disc electrode. The applicability of the method 
is demonstrated by results obtained for the system Cu —Cu + —Cu2+ in HC1 and HC10, 
solutions.

I n  an  ea rlie r co m m u n ica tio n  [1] th e  k in e tic s  o f processes proceed ing  
sp o n tan eo u sly  in  th e  s y s te m M —M2l + —M ~2 + has b een  discussed . R e la tio n sh ip s  
h a v e  b een  e stab lish ed  in  a few c h a ra c te r is tic  m a rg in a l cases fo r th e  dependence  
o f  th e  ra te  of th e  sp o n tan eo u s  processes, an d  o f  th e  s te a d y  s ta te  p o te n tia l  of 
m e ta l M on th e  c o n c e n tra tio n  of ions M‘2+, an d  M2l+ in  th e  so lu tio n  as w ell as 
o n  th e  h y d ro d y n am ica l cond itions o f  th e  e le c tro ly te  so lu tio n . O n th e  basis of 
th e  re la tionsh ips o b ta in e d , processes p roceed ing  sp o n tan eo u sly  in  th e  system  
C u —Cu + — Cu2+ in  aq u eo u s HC1 a n d  H C104 so lu tio n s could  be w ell in te rp re te d  

[2].
I n  th e  sy s tem  in v e s tig a te d  [1] th e  fo llow ing processes m ay  p ro c e e d :

M - — »: Мг‘+ +  sxe (I)

M2l+ ^ = 2 ■ M2a+ +  n.,e (П )
k̂2

w h ere  k 3j and (i =  1 , 2 ) are th e  r a te  c o n s ta n ts  d ep en d in g  e x p o n e n tia lly  on 
th e  e lec trode  p o te n tia l .

I t  is to  be sh o w n  in  th e  p re se n t co m m u n ica tio n  th a t  on th e  basis o f  th e  
in v e s tig a tio n  o f th e  sp o n tan eo u s p rocesses u sin g  ro ta t in g  ring -d isc  e lec trode  
in fo rm atio n s  m ay  b e  o b ta in ed  on th e  k in e tic  p a ra m e te rs  o f  th e  e lec tro d e  re a c 
tio n s  (I) and  (II)  b esid es  th e  m arg in a l cases d iscussed  ea rlie r [1] also in  tho se  
cases w hen  th e  r a te  c o n s ta n ts  are  o f  th e  sam e o rd e r o f m ag n itu d e .

I n  th e  sy s tem  M —Мг‘+ —M '2+ th e  sp o n ta n e o u s  reac tio n s  p roceed  u n d e r 
th e  follow ing c o n d itio n s  :
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136 KISS et al.: SPONTANEOUS PROCESSES ON METAL SURFACE

1. I f  th e  c o n c e n tra tio n  (c2) o f  th e  m e ta l ion  o f  charge  z2 is in c rea sed  as
c o m p a re d  to  th e  e q u ilib riu m  c o n c e n tra tio n  c2 (c2 c2). I n  th is  case , reac tio n
(I)  p ro c e e d s  m ain ly  in  th e  fo rw a rd  d irec tio n , w hile  re a c tio n  ( I I )  in  th e  
b a c k w a rd s  d irection . T h u s, m e ta l  M is d issolved a n d  MZ2+ is re d u ced  to  Mil+ .

2 . I f  th e  c o n cen tra tio n  (cx) o f  th e  m eta l ion w ith  charge  zx is su b s ta n tia lly  
in c re a se d  as com pared  to  th e  eq u ilib riu m  va lu e  cx (cx c x). In  th is  case, re 
a c tio n  (I)  proceeds m a in ly  in  th e  b ack w ard s  d irec tio n , w hile ( I I )  in  th e  fo rw ard  
d ire c t io n , i.e. th e  ion  M‘l~ d isp ro p o rtio n a te s , an d  m e ta l M an d  io n  MÍ8+ are 
fo rm e d .

ions form ed u n d e r  co n d itio n  1 a t  th e  disc e lec trode  m ad e  fro m  m eta l 
M c a n  b e  oxidized to  M‘2+ io n s a t  th e  in d iffe re n t rin g  e lec trode . U n d e r th e  
c o n d itio n s  given above, w h e n  no  ]VTl+ ions are  p re se n t in  th e  so lu tio n , (ci ^  °)> 
a n d  no  c u rre n t passes th ro u g h  th e  e lec trode , i.e. j  =  0 , th e  lim itin g  c u rre n t of 
o x id a tio n , J rj is th e  fo llow ing  acco rd in g  to  re la tio n sh ip s  g iven  ea rlie r [3] :

IR =fÍ3i n2X 1N -
Í

Zl X y -f

\

2>2 -X- 9 Cq

П2 Xo J
^k2 I

( 1 )

w h e re  is th e  rad ius o f th e  disc e lec trode , c2 th e  c o n c e n tra tio n  o f  th e  ions 
M2i+ in  th e  so lu tion , N  th e  g eo m e tric  fac to r  o f th e  ro ta tin g  ring-d isc  e lec trode , 
a n d  Х г a n d  X 2 are th e  d iffu sio n  ra te  c o n s ta n ts  o f ions ÄT1+ an d  ]VT2+, re sp ec 
t iv e ly .

X ,  =  0.62 F D -,2/3 v - J / 6
,1/2

f m  =  X \  • / •1/2
(2)

w h e re  F  is th e  F a ra d a y  c o n s ta n t , D  th e  d iffusion  coeffic ien t, v th e  k in em a tic  
v is c o s ity  o f th e  so lu tion , f  th e  re v o lu tio n  p e r m in u te  of th e  e lec trode .

O n  rea rran g in g  re la tio n sh ip  (1), th e  fo llow ing expression  is o b ta in e d  :

w h e re  :

«k2

A  =  -
Z2 r\ 71 N c2

1 R1

By
z i  X y z2 k a , j 1
Tlo -X-2 W2 ^ k 2 / -^ 1̂

(3)

(4)

Acta Chirn. Acad. Sei. Hung. 100, 1979

(5)



t KISS et al.: SPONTANEOUS PROCESSES ON METAL SURFACE 137

E ach  co m p o n en t in  te rm  A 1 is e ith e r  kn o w n  or m easu red . T o  determ ine  
th e  f Rl and  c2 va lu es  belong ing  to g e th e r, a t  c o n s ta n t e lec tro d e  p o te n tia l  J Rl 
an d  th e  p o te n tia l on th e  disc e lec trode  a t  d iffe ren t r .p .m . an d  a t  d iffe ren t con
c e n tra tio n  of c2 a re  to  b e  m easu red . U sing th e  J Rl an d  c2 va lu es  o b ta in e d  in  th is 
w ay , th e  values o f A x a re  ca lcu la ted . P lo tt in g  th e  A x va lu es  a t  c o n s ta n t elec
tro d e  p o te n tia l (c) as a fu n c tio n  o f th e  rec ip ro cal v a lu e  o f th e  sq u a re  ro o t of 
r .p .m . ( / ~ 1/2) a s tra ig h t line is o b ta in ed  (kk> an d  k af a re  e x p o n e n tia l functions 
o f  th e  electrode p o te n tia l  [1]). F ro m  th e  in te rc e p t o f th e  s tra ig h t  line  th e  re
c ip ro ca l of k k can  be ca lcu la ted . On th e  basis  o f  in te rc e p t b e lo n g in g  to  various 
p o te n tia ls  th e  fu n c tio n  F-lg k k can  be p lo tte d , w hich  m u st give a s tra ig h t  line,

2.303 R T
w ith  a slope v a lu e  o f -----------------, w here  a 2 is th e  tra n s fe r  co e ffic ien t o f the

(1 — a.,) n.,F
ano d ic  step  o f th e  e lec tro d e  process ( I I ) .

T he slope o f E q . (3) gives B x, from  th e  d ependence  o f  w h ich  on the  
e lec tro d e  p o te n tia l conclusions m ay  be d raw n  on  th e  v a lu e  o f  k a /k^ , since 
X J X 2 c* 1 (if th e  d iffu sion  coeffic ien ts o f ions M~lT an d  M‘s+ a re  a p p ro x im a te ly  
eq u a l).

a)  As can  be seen from  re la tio n sh ip  (5), i f  B 1 is in d e p e n d e n t o f  th e  elec
tro d e  p o te n tia l th e n

k a jk kt <  1 (6 )

an d  th e  value o f X 2 c an  be ca lcu la ted  from  B 1. A ccord ing  to  (6 ), in  th is  case 
k K >  к ,  i f  * ki ;s> 1, th e  s tra ig h t line g iven b y  E q . (3) s ta r ts  from  th e  origo, 
an d  s tra ig h t lines b e long ing  to  various p o te n tia ls  coincide.

b)  On th e  o th e r  h a n d , if

K J k k , >  1 (7)

B x changes w ith  th e  e lec tro d e  p o ten tia l.
As кцг an d  k k d ep en d  ex p o n en tia lly  on th e  e lec trode  p o te n tia l  e, the  

re la tio n sh ip  £-lg B x m u s t give in  th is  case a s tra ig h t  line , w ith  slope  value of
2.303 R T  

n.,F

c )  I f i n  B x th e  tw o  te rm s  in  b ra c k e t a re  o f  id en tica l o rd e r o f m ag n itu d e , 
th e n  th e  values o f k a an d  k ka w ill also be a p p ro x im a te ly  th e  sam e.

On th e  basis o f  th e  afo resa id , th e  k a an d  /ck ra te  c o n s ta n ts  a n d  th e  tra n s 
fe r coefficien t o f re a c tio n  ( I I )  can  be d e te rm in ed .

F rom  re la tio n sh ip  (1) and  from  E q . (2) in  co m m u n ica tio n  [3] [tak ing  
in to  considera tion  in  th e  use o f th is  la t te r  e q u a tio n  th a t  th e  p rocess is spon
ta n e o u s  (j =  0 ), and  0 ] th e  follow ing re la tio n sh ip  is o b ta in e d  b y  ap p ro 
p r ia te  re a rran g em en t :

A s =  -^- +  B .J-'12, (8)
ka,
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w h e re  :

A , =
z2r \ n X

B , *2 ^ki

«2 K ,

1

* i
( 10)

(9)

w h e re  th e  in te rp re ta tio n  o f  Х г is  g iven  b y  E q . (2).
A s c a n  he seen from  re la tio n sh ip s  (8) — (10), on  th e  basis  o f  th e  t r a in  of 

t h o u g h t  u sed  in  th e  d iscussion  o f  expression  (3) fc3l a n d  кк an d  th e ir  p o te n tia l  
d e p e n d e n c e  can  be d e te rm in e d .

I n  th e  second case m e n tio n e d  in  th e  in tro d u c tio n , w hen  th e  io n  M 2l+ is 
p re s e n t  in  h igh  c o n cen tra tio n  in  th e  so lu tion  as c o m p a re d  to  eq u ilib riu m  con
c e n tr a t io n ,  i t  will d isp ro p o r tio n a te  an d  m eta l M a n d  th e  ion  M 2j+ a re  fo rm ed . 
U n d e r  a p p ro p ria te  co n d itio n s , th e  ro ta tin g  rin g  d isc  e lec tro d e  m akes possib le 
a lso  in  th is  case to  d e te rm in e  a  few  k in e tic  p a ra m e te rs  o f  th e  process. T h u s , if  
th e  d isc  e lec trode  is p re p a re d  f ro m  m e ta l M an d  th e  r in g  e lec trode  from  a con
d u c to r  (e.g. carbon  p aste ) a t  w h ic h  th e  red u c tio n  o f  th e  ion  M '1+ p roceeds a t  
a  h ig h  o v erv o ltag e , th e  M ‘i+ io n s , fo rm ed b y  d isp ro p o rtio n in g  a t  th e  disc, 
c a n  b e  re d u c e d  to  M '1_r ions a t  th e  r in g  electrode. I f  c2 ^  0, an d  th e  process is 
sp o n ta n e o u s  (j =  0 ), a cco rd in g  to  th e  re la tio n sh ip  g iven  in  o u r ea rlie r co m m u 
n ic a t io n  [3], th e  lim itin g  c u r r e n t  — J r o f th e  re d u c tio n  is :

J r . =  r \ n n 2X 2N
К *1 * 1  U

&к2 ~Ь ге2* „ к я
( П )

* i * i

Th> JIl о

B y  a  su itab le  re a r ra n g e m e n t o f  E q . (11) th e  fo llow ing  exp ression  is ob 
ta in e d  :

А 3 =  ^ + В 3/ - ]'2,

w here

A % =

к

n 2ri7tNCi

1*2X 2 К  \ J _
1* 1 * 1  К  1 * 2

( 12)

(13)

(14)

R e la tio n sh ip  (12) can  b e  d iscu ssed  in  a s im ila r w a y  as E q . (3), t h a t  is to  
sa y , k n o w in g  J R and  v a lu e s  belong ing  to g e th e r  a t  c o n s ta n t e lec tro d e  po-
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te n tia l ,  as a fu n c tio n  o f th e  ro ta t io n  speed  o f  th e  electrode, к^  a n d  fea  ̂ c a n  be 
d e te rm in e d  a t  v a rio u s  p o te n tia ls , as w ell as th e  va lu e  o f a2.

I t  should  be m en tio n ed  t h a t  in  d isp ro p o rtio n a tio n  exp ression  analogous 
to  E q . (8 ) invo lves v a lu es  of k a , k a , as w ell as кk . T herefo re , o n  th e  basis 
o f  p a ra m e te rs  m easu rab le  a t  sp o n ta n e o u s  d isp ro p o rtio n a tio n  fc3i a n d  can  
n o t  be  d e te rm in ed  w ith  th e  m e th o d  d esc rib ed  above.

W ith  th e  m e th o d  described  in v e s tig a tio n s  h av e  been c a rrie d  o u t in  th e  
sy s tem  C u—Cu + — C u2 + . The k in e tic s  o f p rocesses proceeding  sp o n ta n e o u s ly  
h a v e  been  s tu d ied  in  1.0 m o l/dm 3 HC1 an d  in  3.0 m ol/dm 3 H C 104 so lu tio n s,

Fig. 1. Plot of A x against / -1/2 in 1.0 mol/dm3 of HC1 solution at different temperatures
(1): 10 °C; (2): 20 °C; (3): 30 °C

in  w h ich  th e  c o n c e n tra tio n  of co p p e r ( I I )  ions (ccu>+) w as m uch  h ig h e r  th a n  th e  
eq u ilib riu m  c o n c e n tra tio n  CcUi+, t h a t  is to  say , c2 c2 and  ccu+ ^  0 .

E q u ip m e n t a n d  m ethods u sed  in  th e  ex p e rim e n ts , an d  th e  q u a l i ty  o f  th e  
su b s ta n c e s  w ere th e  sam e as th o se  describ ed  in  an  earlie r w ork  [4]. M easu re
m e n ts  w ere ca rried  o u t in  oxygen-free  n itro g e n  a tm o sp h ere . E le c tro d e  p o te n 
tia ls  va lu es  re fe rred  to  th e  n o rm a l ca lom el e lec tro d e .

F igures 1 an d  2 show  th e  s t r a ig h t  lines A x — f ~ X̂  (Fig. 1) an d  ^42 — f ~ 112 
(F ig . 2) p lo tte d  on th e  basis o f e x p e rim e n ta l re su lts  o b ta in ed  in  1.0 m o l/d m 3 
HC1 so lu tio n  [See E q s  (3) and  (8 )]. T h e  th re e  s tra ig h t lines show n  in  F ig . 1 
b e lo n g  to  d iffe ren t te m p e ra tu re s  a n d  a ll th re e  s ta r t  from  th e  origo . O n th e  
o th e r  h a n d , p o in ts  belong ing  to  c o n s ta n t  te m p e ra tu re  b u t  d iffe ren t e lec tro d e  
p o te n tia ls  give th e  sam e s tra ig h t lin e , t h a t  is w h y  B x is n o t d e p e n d e n t on  th e  
e lec tro d e  p o te n tia l. T h e  fac t th a t  th e  s tr a ig h t  lines in te rsec t th e  o rd in a te  ax is 
a t  th e  origo m eans accord ing  to  th e  afo resa id  t h a t  k k 1 , w hile th e  in d e p e n 
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dence  o f  B 1 from  th e  e lec trode  p o te n tia l in d ic a te s  t h a t  k a k k <̂  1 , t h a t  is to  
sayfca2 <^fck„-This re su lt  is in  accordance w ith  th e  w ell know n experience  th a t  
in  h y d ro c h lo ric  ac id  so lu tio n  th e  anodic d isso lu tio n  o f  copper a t n o t to o  p o sitiv e  
p o te n tia ls  p roceeds b y  fo rm a tio n  of only cu p ro u s ions [5].

D a ta  show n in  F ig . 2 belong to  th re e  d iffe re n t e lectrode p o te n tia ls  a t  
20 °C. I t  w ill be n o te d  th a t  th e  p lo ttin g  o f  A 2 v a lu es  as a fu n c tio n  o f  /  1 2 
gives a s tr a ig h t  line , in  acco rdance  w ith  re la tio n sh ip  (8 ). The in te rc e p t p ro p o r
t io n a l to  k a , an d  B 2 o b ta in e d  from  th e  slope o f  th e  line  p ro p o rtio n a l to  k kJ k a . 
As i t  is ex p ec ted  th e  slope o f  th e  curves decreases w h en  th e  p o te n tia l becom es 
m ore  p o s itiv e .

Fig. 2. Plot of A . .  against/ “ 1'2 in 1.0 mol/dm3 of HC1 solution at different potentials.
(1): — 270 mV; (2): —260 mV; (3): — 250 mV

F ig u re s  3 an d  4 show s a t  d iffe ren t e lec tro d e  p o te n tia ls  th e  re la tio n sh ip  
A x — /  1/2, p lo tte d  on  th e  basis o f d a ta  m e a su re d  in  3.0 m o l/d m 3 H C 104 
so lu tio n  a t  10 °C (F ig . 3) a n d  a t  60 °C (F ig . 4). E x p e rim e n ta l p o in ts  belong ing  
to  th e  sam e p o te n tia l  y ie ld  a s tra ig h t line ag a in . T h e  ap p ro x im ate  v a lu e  (o rder 
of m a g n itu d e )  o f k k  ̂ c an  be estab lished  on th e  basis  o f th e  in te rc e p t o f th e  
s tr a ig h t  lines. I t  can  be  seen from  F igs 3 a n d  4 th a t  an  increase in  te m p e ra tu re  
b y  50 °C increases k k b y  a b o u t tw o orders o f  m a g n itu d e .

A s B 1 is chan g in g  wdth th e  electrode p o te n tia l ,  к а,г> к кг 1, i.e. k a  ̂ k k .̂ 
On th e  b as is  o f В г v a lu es  o b ta in ed  a t 10 a n d  60 °C, k a increases b y  a b o u t an  
o rd e r o f  m a g n itu d e  w h en  te m p e ra tu re  is in c rea sed  b y  50 °C.

F ig u re s  5 an d  6 show  a t  d ifferen t e lec tro d e  p o te n tia ls  th e  re la tio n sh ip  
A 2 — Г 112, in  3.0 m o l/d m 3 HClOj so lu tio n  a t  10 CC (Fig. 5) an d  a t  60 °C 
(F ig . 6 ). In  acco rd an ce  w ith  E q . (8 ) po in ts  b e lo n g in g  to  th e  sam e p o te n tia l  give
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Fig. 3. Plot of A x aga inst/ - ’/2 in 3.0 mol/dm3 of HC104 solution at 10 °C. (1): — 35 mV; 
(2): — 30 mV; (3): —25 mV; (4): — 20 mV

Fig. 4. Plot of A x against /  1,2 in 3.0 mol/dm3 of HC104 solution at 60 °C. (1): — 40 mV;
(2): —30 mV; (3): — 20 mV

a s tra ig h t fine. T h e  v a lu es  o f th e  anodic (fca ) a n d  ca th o d ic  ra te  c o n s ta n ts  (k ^ )  
e s tim a ted  on th e  basis  o f  d a ta  of F igures in d ic a te  th a t  b y  increasing  th e  te m 
p e ra tu re  b y  50 °C th e  каг increases b y  a b o u t o f  tw o  orders of m a g n itu d e , w hile 
k ^  grows on ly  b y  a b o u t one orders of m a g n itu d e . T hese ex p e rim en ta l re su lts  
p rove  th e  ex perience  acco rd ing  to  w hich th e  eq u ilib riu m  of th e  sy s te m  Cu — 
Cu(I) — C u(II) in  H C 104 so lu tio n  is sh ifting  to  th e  d irec tio n  of Cu(I) fo rm a tio n , 
w hen  increasing  th e  te m p e ra tu re .

I t  can  be e s tab lish ed  on th e  basis o f th e  ab o v e-sa id  th a t  th e  r a te  c o n s ta n ts  
of th e  single s tep s  o f  processes sp o n tan eo u sly  p roceed ing  in  th e  s y s te m  M — 
M2‘ — M2* can  be d e te rm in ed  b y  m e a su re m e n ts  w ith  ro ta tin g  r in g -d isc  
e lec trode .
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Fig. 5. P lot of A 2 against/ -172 in 3.0 mol/dm3 of HC104 solution at 10 °C. (1): — 35 mV; (2)
— 30 mV; (3): — 25 mV; (4): — 20 mV

Fig. 6. Plot of A 2 against/ -172 in 3.0 mol/dm3 o f HC104 solution at 60 °C. 
(1): —40 mV; (2); — 30 mV; (3): — 20 mV
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Reaction o f the haloamides la  and lb  with sodium m ethoxide in methanol 
furnishes, in addition to the normal product 2a, two cine products 3a and 3b. The ratio 
3b/3a does not depend on the nature of the halogen present in the starting haloamides, 
which indicates that formation of 3a and 3b is likely to take place either by the SRn1 
or the SnI/SnU  mechanisms (Charts 2 and 3). Independently generated radical 12 (one 
of the key intermediates of the conceivable Srn1 pathway) does not furnish even traces 
of 2a, 3a and 3b with methoxide in methanol, which rules out the SRj^l mechanism 
for the reaction in question. The products 2c, 3c and 4, obtained from the haloamide lc  
with methoxide in methanol, too, may be rationalized on the basis o f the operation 
of the SnI/Sn U  mechanism.

Reaction of the radicals 12 with pure methanol and methanolic hydrogen chlo
ride has also been stud ied; mechanisms for the formation of the products obtained 
from 12 under the various conditions are advanced.

R eaction  o f  th e  2 -halo -iV ,./V -d im ethy l-2 ,2 -d ipheny lacetam ides l a  and 
l b  w ith  excess so d iu m  m eth o x id e  in  m e th an o l a t  room  te m p e ra tu re  was 
re c e n tly  found  to  y ie ld , in  ad d itio n  to  th e  no rm al p ro d u c t 2a  (32 — 38% ), 
u n sep a rab le  m ix tu re s  o f  th e  tw o  cine su b s ti tu tio n  p ro d u c ts  3a a n d  3b* (to ta l 
y ie ld  43 — 53% )**, w hile  in  th e  absence  o f sodium  m e th o x id e  th e  norm al 
p ro d u c t 2a was fo rm ed  exclusively  [1, 2]***. T he re la te d  d i(p -ch lo ro ) deriv 
a tiv e  lc ,  w hen re flu x e d  w ith  excess m e thano lic  so d ium  m e th o x id e , sim i
la r ly  gave m ix tu re s  o f  th e  n o rm a l ( 2 c ; 50 — 58% ), th e  cine  m o n o su b stitu tio n  
(3 c ;  12 —15% ) an d  th e  an om alous d is u b s titu tio n  p ro d u c t 4 (3 — 1 1 % ) [1]. In  
2 ,2 -d im e th o x y p ro p an e  (D M P ) th e  b ro m o am id e  lb  w ith  excess so d iu m  rneth-

+ Present address: Faculty of Chemical Engineering, Technical U niversity, Budapest. 
* For the proof of structure of compounds 3a and 3b, see below.

** Small amounts of the normal hydrolysis product 2b were also isolated.
*** Similarly, hydrolysis o f compound la  under neutral conditions (DMSO/H.O) 

furnishes the normal hydrolysis product 2b exclusively [3].
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X Y Z w X Y Z YV

1 a H H H Cl 3c Cl MeO 01 H
lb 11 H H Br 4 MeO H Cl MeO
1 C 01 H Cl Br 5 11 H H H
2a H H MeO 6 H H Pli -  N H -  \  H
2 b H H H OH 7 .IT H I'll—X = x  -
2 c Cl H Cl MeO 8* I'll II H H
3 a Met) H 11 H 9 II II Ph
3b H MeO H H 10 H H -CTIaOH

* The isomeric o-biphenylyl structure (x and у  reversed) is not ruled out with complete 
certainty.

o x id e  fu rn ish ed  m ix tu res  c o n s is tin g  m ainly o f th e  re d u c e d  (5) and  th e  d im e r
ic p r o d u c t  (14) [1]. T h e  fo rm a tio n  of th e  d im eric  p ro d u c t b y  itse lf  su g 
g e s te d  th e  operation  o f  th e  rad ica l-an io n  ra d ic a l m echan ism  [4] (C h a rt 
1 ) w h ic h  w as su b s ta n tia te d  w i th  th e  aid of crossing  e x p e rim e n ts  [2 ].

I n  o rder to  get som e in s ig h t  in to  th e  m e c h a n ism  o f th e  reac tio n  o f th e  
h a lo a m id e s  l a  and  lb  w ith  so d iu m  m ethoxide in  m e th a n o l, th e  in fluence  of 
th e  n a tu r e  o f th e  halogen  a to m  o f  th e  s ta rtin g  c o m p o u n d  on th e  p ro d u c t co m 
p o s it io n  w as stud ied . A n a ly s is  o f  th e  p roduc t m ix tu re s  w ith  th e  aid of th e  P M R  
te c h n iq u e  has shown t h a t  w h ile  th e  ra tio  2 a /(3a  -j- 3b) o f  th e  am o u n t o f th e  
n o rm a l  p ro d u c t to  th e  su m  o f  th e  am ounts o f th e  tw o  cine  p roduc ts s tro n g ly  
d e p e n d s  on  th e  n a tu re  o f  th e  h a lo g en  p resen t in  th e  s ta r t in g  com pound, th e  
r a t io  o f  th e  tw o cine p ro d u c ts  does no t, the  cine p ro d u c t  m ix tu res  being m ad e  
u p  in  a ll cases of 91 —9 2 %  o f  t h e p -  (3a) an d  9 — 8 %  o f  th e  o -p roduc t (3b), in d e 
p e n d e n t ly  o f th e  n a tu re  o f  th e  halogen . This o b se rv a tio n  appeares to  ind ica te*  
th e  e x is te n c e  of a com m on , halogen-free in term ediate  on  th e  p a th w a y  lead in g  
to  th e  tw o  cine p roduc ts. T h e  sa m e  in te rm ed ia te  m a y , o f  course, be also one o f  
th e  p re c u rso rs  of th e  n o rm a l p ro d u c t, b u t a t  le a s t  one  a d d itio n a l p a th w a y , 
no t in v o lv in g  a halogen-free in te rm e d ia te , m u st e x is t  fo r  th e  fo rm atio n  o f th is  
c o m p o u n d .

* A  more definite statem ent m ust be postponed until the effect of various other leaving 
groups on the ratio of the two cine products has been studied.
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initiation
()

// •• e
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1 \-MH r  - N M i - i

/У
HhjC— <'  +  M e O -

H r N M r ,

I h LI

Pni/Mlfflltion

( 2 ) 11 Hr

\
NMei

12

(:iai i2 + a m ):'
/

PhiC— с  +  -CHjo: 

H NMet
- H  +

(3b) 12 +  Mi-OH --------- »- 5* +  *CHjOH

(4) lb +  --------* -  п + н г н о

Termination

(5) 2 12

(!) 12 +  AIcO- ---------■- Л* + HO HU

Chart 1. The radical-anion—radical mechanism of formation of compounds 5 and 14

* Compound 5 is not necessarily directly formed; its formation may as well involve the 
intermediacy and subsequent rearrangement of compound 15, cf. Ref. [5].
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In itiation
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( l i a )  1 8 a

Termination

(7) 12 +  M e i j - 2 a  +  1 8 a  +  1 8 b

Chan 2. The conceivable Srr 1 mechanism of formation of compounds 2a, 3a and 3b

T hese co n sid e ra tio n s im m ed ia te ly  lead  to  th e  q u es tio n  w h e th e r th e  fo r
m a tio n  of th e  cine p ro d u c ts  3a an d  3b involves som e so r t  o f  classical n u c leo 
ph ilic  su b s titu tio n , e.g. th e  in te rm ed iacy  o f th e  m esom eric  ca tio n  19 (see 
C h a rt 3), or, s im ila rly  to  th e  fo rm atio n  in  D M P o f  th e  red u ced  p ro d u c t 5 an d  
th e  d im er 14, th e  Sr n I  m ech an ism  w ith  th e  ra d ic a l 12 as th e  in te rm e d ia te  
(C h a rt 2)*. In  o rd e r to  c la rify  th is  po in t, th e  ra d ic a ls  12 w ere in d e p e n d e n tly  
g en era ted  by  re flu x in g  m e th an o lic  so lu tions o f  th e  azo  com pound  7 an d  sod ium  
m ethoxide**  ; com pounds 5 , 8  an  d 14*** w ere o b ta in e d  (seeT ab le  I) b u t  none o f 
com pounds 2a, 2b, 3a an d  3b. T his o b serva tion , b y  i ts e lf  does not ru le  o u t th e  
Sr r I m echanism  for th e  fo rm a tio n  of th e  la t te r  p ro d u c ts  from  th e  haloam ides 
an d  sodium  m eth o x id e  in  m eth an o l, because th e  fa ilu re  o f fo rm atio n  o f  th e  
m e th o x y  d e riv a tiv e s  from  th e  rad ica ls  12  could  be th e  re su lt o f th e  re v e rs ib il
i ty  o f  s tep  (3) o f C h a rt 2 [w hich  has to  be assu m ed  i f  s te p  (2) is considered  
re a l] , coupled  w ith  th e  absence  o f th e  e lectron  a c c e p to rs  l a  and  lb  u n d e r th e

* Most SrrI reactions are thought to take place by the chain mechanism [4] (depicted 
for the special case under discussion in Chart 2) but a non-chain sequence which, in the present 
case, would consist of steps (1), (2), (7), (6a) and (6b), would equally well be conceivable and 
has been proven in one case [6]. Furthermore, depending on whether step (2) takes place within 
the solvent cage in which the anion radical 11A had been originally formed or after its escape 
from this cage, step (7) may be either a cage or a non-cage process.

»’ The conditions of the two reactions are not strictly identical: the haloamides la  
and lb  were allowed to react with methanolic sodium methoxide at room temperature, whereas 
the radicals 12 were generated at the boiling point of the solvent methanol. However, the same 
products were obtained from the haloamides and methoxide at the boiling point of the solvent 
methanol.

*** Since 5 and 14 are the products of the haloamides la  and lb  with sodium methoxide 
in DMP [1], this may be regarded as an additional proof for the operation of the SrrI mechan
ism in DMP.
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c o n d itio n s  of th e  th e rm o ly se s . H o w ev er no  s ig n ifican t change in  th e  p ro d u c t 
c o m p o s itio n  was o b serv ed  w h en  th e rm o ly s is  o f com pound  7 w as c a rr ie d  ou t 
u n d e r  o therw ise id e n tic a l co n d itio n s  b u t  in  th e  presence o f  n itro b en zen e  
w h ic h  is know n [4b, 7] to  be  a p o te n t  e lec tro n  accep to r an d  w h ich , th e re fo re , 
sh o u ld  be  able to  rep lace  th e  h a lo am id es l a  an d  l b  in  steps (4), (5a) a n d  (5b) 
o f  C h a r t  2 ; in  p a r tic u la r , no  m e th o x y  d e riv a tiv e s  2a, 3a  an d  3b w ere  o b ta in ed  
e v e n  in  th e  presence o f  n itro b e n z e n e , w h ich  d e fin ite ly  rules out the chain  version  
o f  the  S rnjI  m echanism  fo r  the fo rm a tio n  o f  the m ethanoly sis products, 2 a , 3a and  
3b  f r o m  the haloamides 1 and  sod ium  m ethoxide in  methanol.

M oreover, th e  n o n -c h a in  — non -cag e  vers io n  of th e  S r n I  m ech an ism  is 
ru le d  o u t  b y  th e  fac t t h a t  n o  m e th o x y  co m pounds 2a, 3a and  3b w ere  fo rm ed  in  
th e  th e rm o ly s is  e x p e rim e n ts  ca rried  o u t in  th e  presence o f so d iu m  m eth o x id e  
w h ic h , as w ill be d iscussed  below  (p. 154), d em o n stra te s  t h a t  s te p  (7) o f th e  
n o n -c h a in  — non-cage seq u en ce , a n d  th e re fo re  th e  en tire  seq u en ce  as well, 
m u s t  a t  le a s t be in e ffic ien t* . F u r th e rm o re  com pound  6 , w hen  re f lu x e d  w ith  
so d iu m  m ethox ide  in  m e th a n o l, fu rn ish es  m ix tu re s  o f th e  re d u c e d  p ro d u c t 5 
a n d  th e  co rrespond ing  m e th y l  e s te r ( th e  fo rm a tio n  o f th e  l a t te r  b y  В д с 2 ty p e  
m e th a n o ly s is  being o b v io u s ly  in d e p e n d e n t o f  th e  red u c tio n  p ro cess), again  
w i th o u t  fo rm atio n  ev en  o f  tra c e s  o f th e  m e th o x y  com pounds 2a, 3 a  a n d  3b. I f  
r e a c t io n  6  —>■ 5 could  be show n  to  be analogous to  re a c tio n  l b  — 5 (w ith  
P h N H N H -  rep lacing  B r- in  C h a rt 1), th is  o b se rv a tio n  w ould p ro v id e  evidence 
fo r  th e  ineffic iency  o f  b o th  th e  cage a n d  th e  non-cage versions o f  s te p  (7) of 
C h a r t  2 an d  rule ou t th e  Sr n I  m ech an ism  fo r th e  fo rm atio n  o f  co m p o u n d s 2a, 
3 a  a n d  3b w ith  com plete  c e r ta in ty . H o w ev er, p ro b a b ly  as a re su lt  o f  i ts  know n 
in s ta b i l i ty  tow ards m e th a n o lic  sod ium  m e th o x id e  (d e m o n s tra te d  fu rth e rm o re  
in  a  s e p a ra te  ex p e rim en t), p h e n y lh y d ra z in e  could  n o t de d e te c te d  as a b y 
p ro d u c t  o f  reaction  6 —*- 5. T h e  an a lo g y  o f  th e  m echanism s o f th e  tw o  reac tio n s 
6  —v 5 a n d  lb  —► 5 is th e re fo re  n o t  y e t  e s tab lish ed . E x p e rim e n ts  to w a rd s  th is  
go a l a re  in  progress. In  a n y  case, some sort o f  the classical nucleophilic  substitu 
tio n , e .g . the mechanism depicted in  Chart 3, is left w ith a high degree o f  probab ility  
as the o n ly  mechanistic p o ss ib ility  fo r  the reaction o f  the haloam ides  l a  and  lb  
w ith  m e th o x id e  in  m e th a n o l.

I f  th e  cation  19 is a ssu m ed  to  be th e  in te rm e d ia te  le ad in g  to  th e  fo rm a
t io n  o f  com pounds 3a, 3b a n d  o f a p a r t  o f  com pound  2b (i.e. th e  com bined  
S r I"’ a n d  Sr I  m echanism s a re  assum ed  to  o p e ra te ), th e  so lven t d ep en d en ce  of 
th e  r e a c tio n  of th e  h a lo am id es  1 an d  sod iu m  m eth o x id e  m ay  easily  be  ra tio n a l
iz e d  b y  г o ting  th a t  fo rm a tio n  o f  th e  ca tio n  19 is possible in  th e  io n iz in g  so lvent 
m e th a n o i,  b u t is no t in  th e  non -io n iz in g  so lv en t D M P.

S ince  th e  reac tio n  o f  th e  ha lo am id es l a  an d  l b  w ith  so d ium  m e th o x id e  in 
m e th a n o l does no t ta k e  p lace  b y  th e  Sr n I  m echan ism , th is  a p p e a rs  even  less

* The same has already been shown to be the case in solvent DMP [2].
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О
(I) Ph2C— C

// ~Ч 1це.
\  (MoOH)

Hlg NMe-2
la, lb

© /?  
РЬгС—C

NMej
19

in— r y
Ph^ \ \ M e 2

(2a) 19 +  McO:'
/?

Ph2C c4 
OMe NMe2 
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(2b) 19 +  M eO:'

18a 18b

(3a) 18a

(3b) 18b Т Г foT. -,o
CH---- <

Pit' NMo2
3b

Chart 3. The SnI/Sn Î  mechanism of formation of compounds 2a, 3a and 3b

likely  to  be th e  case for th e ir  re a c tio n  w ith  m e th an o l alone, since th e  a b ility  
o f th e  la t te r  to  a c t as an  elec tron  d o n o r is m u c h  less pronounced  ; i.e. th e  ca tion  
19 shou ld  be th e  in te rm ed ia te  o f  th e  re a c tio n  o f  th e  h a loam ides w ith  pure 
m e th an o l as w ell. As a co ro llary , i t  m u st be  a ssu m ed  th a t  while w ith  m e th a n o l 
19 reac ts  o n ly  in  th e  а -position  (fu rn ish in g  th e re b y  2a as th e  sole p ro d u c t) , i t  
ex h ib its  a m b id e n t re a c tiv ity  to w a rd s  m e th o x id e  to  yield m ix tu re s  o f  com 
pounds 2a, 3a an d  3b. T he reason  for th e  d iffe re n t beh av io u r o f 19 to w a rd s  th e  
tw o  nucleoph iles is n o t c lear ; i t  m ay  p e rh a p s  be a consequence o f  th e  d ifferences 
in th e  h a rd n ess  an d  softness o f  th e  la t te r  ; o r  possib ly  o f th e  re v e rs ib il i ty  o f 
s tep  (2b) o f  C h a rt 3 an d  of th e  ana logous re a c tio n  o f 19 w ith  m e th a n o l, coupled  
w ith  th e  need  fo r th e  presence o f  a basic  c a ta ly s t  for steps (3a) a n d  (3b) o f
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Ar = pf ' MUHi

Chart 4. Mechanism of the reaction o f compound lc  w ith sodium methoxide in methanol

C h a rt 3 , as  w ell as fo r th e  an a lo g o u s re a rra n g e m e n ts  o f  th e  O -p ro to n a ted  fo rm s 
o f c o m p o u n d s  18a and  18b, to  occur.

T h e  fo rm a tio n  of co m p o u n d s 2c an d  3c on  t r e a tm e n t  of th e  d i(p -ch lo ro ) 
d e r iv a tiv e  l c  w ith  sodium  m e th o x id e  in  m e th a n o l m a y  be exp lained  (see C h a rt 
4) on  th e  sa m e  lines as th e  fo rm a tio n  o f co m pounds 2 a  an d  3b on sim ilar t r e a t 
m en t o f  co m p o u n d s  l a  or l b .  T h e  fo rm atio n  o f  c o m p o u n d  4 from  l c  o bv iously
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invo lves th e  in te rm e d ia te  20*, re la te d  to  th e  in te rm e d ia te  18a o f C h art 3; loss 
o f  ch lo ride an d  a d d itio n  o f  m e th o x id e , e ith e r  in  a stepw ise  (P a th  A) or in  a con
c e rte d  m an n er ( P a th  B) th e n  leads to  4.

Therm olysis of compound 7 in  m ethanol.
The effect o f  added sodium m ethoxide and hydrogen chloride

In  o rd er to  s tu d y  th e  effect o f th e  a c id ity  a n d  b a s ic ity  o f th e  m ed iu m  on 
th e  reac tio n  o f th e  ra d ic a l 12 w ith  m eth an o l, th e  azo com pound  7 w as fu r th e r 
m ore  th e rm o ly zed  b o th  in  p u re  m eth an o l a n d  in  m e th an o lic  hyd rogen  ch lo ride  
so lu tio n .

T he resu lts  a re  show n in T ab le  I.

Table I

Thermolyses of compound 7 in methanol

Added substances
Products und yields, %

2a 2b За-}-3b 5 8 9 10 14

NaOMe _ _ _ 74 2 _ 1.4

NaOMe +  P hN 02 — — — 74 1 < 1 — traces
— 24 27 traces 2 12 16

HC1 4—9 3 1 -2 6 — 22 2 0 14 -1 7

In  th e  th e rm o ly ses  ca rried  ou t in  p u re  m e th a n o l th e  on ly  p o ss ib ility  for 
th e  fo rm atio n  o f  c o m p o u n d  5 is hyd rogen  a b s tra c tio n  b y  th e  rad ica ls  12 from  
th e  so lven t (E q u a tio n  I) ; th e  re su ltin g  h y d ro x y m e th y l rad ica l shou ld  th e n  
lead  b y  reco m b in a tio n  w ith  a n o th e r rad ica l 12 to  com pound  10 (E q u a tio n  I I ) ,  
th e  second m ain  p ro d u c t iso la ted  u n d e r th e se  co n d itio n s.

(  . y °  \  У 0
Ph2 С - ( Г  ч - -> . • . +  CH3O H ------- >  Ph2C H -(T  +  • CH2OH (I)

V \N M e2 1 \N M e 2
12 5

/ °12 +  .CH2O H ------- ► Ph2C - ( T
^NM e,

CH2OH
10

12 +  CH30 :©  --------- 5 +  • CH20  :©

( П )

(III)

* In a separate experiment the formation of 4 has been shown not to involve 2c as an 
interm ediate; i.e. both the Sn and the S^^I reactions at aromatic carbon are ruled out as the 
mechanism of formation of 4.
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• CH2Ö :Q +  CHgOH < > • CH2OH +  CH3Ö :© (IV)

/ © y °  'j
12 +  CH30  :© --------э- Ph2C -C ^  -<------ • • • I +  CH30  • (V)

\ \N M e 2 )
21 +  H ©
I---- =-----------------* 5

I n  th e  th e rm o ly ses  ca rried  o u t in  th e  p resence  o f sodium  m eth o x id e  E q u a tio n  
I  is n o t  a likely  p a th w a y  fo r th e  fo rm a tio n  o f  com pound  5, since u n d e r  these  
c o n d itio n s  com pound 10 w as n o t  fo rm ed  as a b y -p ro d u c t. In s te a d , tw o  o th e r 
p o ss ib ilite s  have  to  be en v isag ed  fo r th e  fo rm a tio n  of 5 in  th e  presence  o f  m e th 
o x id e  : h y d ro g en  a b s tra c tio n  fro m  m eth o x id e  b y  th e  rad ica ls  12 (E q u a tio n  
I I I )  a n d  one-electron  re d u c tio n  o f th e  rad ica ls  b y  m eth o x id e  fo llow ed b y  p ro 
to n a t io n  o f  th e  re su ltin g  an ions 21 (E q u a tio n  Y). T he fo rm ald eh y d e  rad ica l-  
-a n io n s  g en era ted  accord ing  to p E q u atio n  I I I  a re  know n [7] to  re a c t rev e rs ib ly  
w ith  m e th a n o l accord ing  to  E q u a tio n  I Y ; a lth o u g h  th e  eq u ilib riu m  is sh ifted  
to  th e  le f t , h y d ro x y m e th y l ra d ic a ls  w ould  be p re se n t in  th e  re a c tio n  m ix tu re  
a n d  a g a in  should  lead  to  th e  fo rm a tio n  o f com p o u n d  10. T his leaves E q u a tio n  
V  as th e  on ly  possib ility  fo r th e  fo rm a tio n  o f  com p o u n d  5 in  th e  p resence  of 
m e th o x id e * ,* * .

P ro cess  Y is an  a b u n d a n t source o f  m e th o x y  rad ica ls  w hich , in  p rin c ip le , 
c o u ld  re a c t  w ith  u n ch an g ed  rad ica ls  12  to  fu rn ish  e ith e r  o f th e  m e th o x y  com 
p o u n d s  2 a , 3a and  3b. T h a t n o n e  o f th e se  p ro d u c ts  could be d e te c te d  in  th e  
th e rm o ly s is  m ix tu res  p roves t h a t  th e  non -cage  version  o f s tep  (7) o f  C h a rt 2 
m u s t  b e  r a th e r  ineffic ien t.

C om pounds 8 an d  9 are  c learly  th e  isom eric  reco m b in a tio n  p ro d u c ts  of 
tw o  u n lik e  rad ica ls  12 an d  P h - , w hile 14 is fo rm ed  b y  reco m b in a tio n  o f  tw o  like 
ra d ic a ls  12  o r, in  th e  th e rm o ly ses  ca rr ied  o u t in  th e  presence o f  h y d ro g en  ch lo 
r id e , p o ss ib ly  b y  reco m b in a tio n  o f  tw o p ro to n a te d  rad ica ls  1 2 , i.e . tw o  rad ica l-  
-c a tio n s  2 2 , or of a ra d ic a l 12  a n d  a ra d ic a l-ca tio n  2 2 , follow ed b y  p ro to tro p y  
a n d  loss o f  th e  a p p ro p ria te  n u m b e r  o f p ro to n s . Since th e  p ro to tro p y  s te p  m ay  
be  a ssu m e d  to  req u ire  th e  p resen ce  o f  an  acid  o r base  c a ta ly s t , i t  is n o t  su rp r is 
in g  t h a t  no  d im er 14 w as o b ta in e d  in  th e  th e rm o ly s is  ca rried  o u t in  p u re  m e th a 
no l.

I n  th e  therm o ly sis  ex p e rim en ts  c a rr ie d  o u t in  th e  presence  o f  h y d ro g en  
c h lo r id e  th e  y ields o f co m p o u n d  10  w ere m u ch  to o  low to  p e rm it th e  a ssu m p tio n

* The mechanism of formation of compound 5 in the thermolyses carried out in the 
presence of hydrogen chloride will be discussed below.

** Although the same radicals 12 are the intermediates of the reaction of lb  w ith meth
oxide in DMP (see Chart 1), considerable less (40%) of 5 and more (30%) of the dimer 14 are 
obtained under comparable conditions in the latter reaction [2] than in the thermolysis. This 
m ay indicate that process V is less efficient in DMP than in MeOH.
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th a t  th e  en tire  a m o u n t of com pound  5 is fo rm ed  by  th e  hyd rogen  a b s tra c t io n  
m ech an ism  (E q u a tio n  I) . A co n sid erab le  a m o u n t o f com pound 5 is p ro b a b ly  
fo rm ed  via  d isp ro p o rtio n a tio n  o f th e  ra d ic a l ca tio n s  22* as show n in  E q u a tio n s  
V I an d  V II . T he d isp ro p o rtio n a tio n  m ech an ism  exp la ins a t  th e  sam e  tim e  also 
th e  fo rm a tio n  o f com pound  2a (E q u a tio n s  V I an d  V II I )  w hich , as show n  by  a 
se p a ra te  ex p e rim e n t, is p a rtly  h y d ro liz e d  to  2b u n d er th e  co n d itio n s  o f  its  
fo rm a tio n  in  th e  course  o f th e  th e rm o ly s is  ex p e rim en t. (The w a te r , necessary  
fo r th e  h y d ro lysis  to  occur, a p p a re n tly  com es from  th e  m e ta th e s is  M eO H  -|- 
-f- HC1 —*■ H 20  -)- M eCl.) This h y p o th e s is  fo r  th e  fo rm atio n  o f co m p o u n d  2b is

I • / ^ ° H2 Ph2C - ( T  © -e----
\  'N M e,

22

©  .O il ) / © \
Ph,C —c r  © -<------ V • • • +  P h ,c  — c r  © 4------- >■ • ■ • (VI)

^ N M e, / \  4 ;NMe2 /
23 24

/ °
P h 2C H - < r (VII)

N v M e ,

—2 H ®
24 +  MeOH --------Ph,C-CT (VIII)

^ N M e ,
OMe
2a

s u b s ta n tia te d  b y  th e  observ a tio n  t h a t  th e  to ta l  am o u n ts  o f th e  co m p o u n d s 
2 a  a n d  2b o b ta in e d  in  th e  tw o th e rm o ly s is  ex p e rim en ts , carried  o u t  in  th e  p re s 
ence o f  h y d rogen  ch loride, are id e n tic a l.

Proofs of structure o f  som e reaction products

T h e s tru c tu re  assignm ents o f  th e  m e th an o ly s is  and  th e rm o ly s is  p ro d u c ts  
are  b ased  on th e i r  IR , PM R an d  m ass sp e c tra  an d , w hen possib le , w ere  su b 
s ta n t ia te d  b y  com p ariso n  w ith  a u th e n tic  sam ples.

T he s tru c tu re s  o f the  c o m p o n en ts  o f  th e  unsep arab le  m ix tu re  o f  com 
p o u n d s  3a an d  3b w ere proven b y  su b je c tin g  th e  m ix tu re  to  a c id  h y d ro ly sis  
to  o b ta in  m ix tu re s  o f com pounds 25** (from  3a) and  26 (from  3b) w h ich  were

* Disproportionations of radical cations are rather common see e.g. Ref. [8].
** In the preliminary communication [1] the formula of this product was erroneously 

depicted as the corresponding dimethylamide.
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se p a ra te d  b y  c h ro m a to g ra p h y  and  p ro v ed  id e n tic a l w ith  a u th en tic  sam ples 
[9]. H y d ro ly s is  of co m p o u n d  3c sim ilarly  fu rn ish e d  27 w hich also p ro v ed  id e n 
tic a l w ith  an  a u th e n tic  sam ple  [10 ].

T h e  MS o f co m p o u n d  10 does n o t e x h ib it a m o lecu la r ion p eak  ; th e  p e a k  
o f h ig h e s t m ass n u m b e r (m jz  239) co rresponds to  a frag m en t form ed b y  loss 
o f C H 20  fro m  M +•. C onsidering  th e  fu r th e r  f ra g m e n ta tio n  m odes o f th e  т / г  
239 fra g m e n t, i t  ap p ea rs  to  be an  isom er o f th e  m o lecu la r ion of com pound  5. 
I t  is p ro b a b ly  fo rm ed  b y  M cL afferty  re a rra n g e m e n t an d  loss of fo rm ald eh y d e  
from  th e  m o lecu la r ion  o f  10 an d  appears to  possess s tru c tu re  28. T rim e th y l-  
s ily la tio n  o f  10 by  B SA  (see e.g. [11]); fu rn ish ed  th e  O -trim eth y ls ily l d e riv a tiv e  
29 w hose MS ex h ib its  a n  a b u n d a n t m o lecu lar p e a k  an d  whose s tru c tu re  fo l
lows fro m  its  MS w h ich  c lea rly  d em o n stra te s  th e  fre q u e n t loss o f CONM e2 
from  th e  m o lecu la r ion . P ro o f  o f  th e  s tru c tu re  o f  th e  tr im e th y ls ily l d e riv a tiv e  
a t  th e  sam e tim e  s u b s ta n tia te s  th e  s tru c tu re  o f  th e  p a re n t com pound  1 0 , 
d e riv ed  fro m  th e  IR  a n d  P M R  sp ec tra  o f th e  la t te r .  A n o th e r a b u n d a n t f ra g 
m e n ta tio n  m ode o f th e  m o lecu la r ion of 29 co n sis ts  in  th e  loss of fo rm ald eh y d e  
w ith  a M cL affe rty  re a rra n g e m e n t invo lv ing  m ig ra tio n  o f th e  tr im e th y ls ily l 
g roup .

E xperim ental

IR  spectra were run on a Spektromom 2000 spectrometer (Hungarian Optical Works, 
Budapest) ; mass spectra obtained at 70 eV with an A EI MS-902, equipped with a direct inlet 
system ; the PMR spectra were recorded at 60 MHz with a Perkin—Elmer R-12 spectrometer, 
using TMS as internal reference. The quantitative analyses of the product mixtures obtained 
from the haloamides l a  and l b  with sodium methoxide in methanol were carried out with a 
JEOL PS-100 at 100 MHz, using TMS as internal reference.
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Reactions of the haloamides la  and lb  with sodium methoxide in methanol

(a) Compound la  [3] (1.0 g : 3.65 mmoles) was added to a solution of metallic sodium 
(0.34 g; 14.6 mmoles) in anhydrous methanol (10 ml) and the mixture kept, w ith occasional 
stirring, for 7 days* at room temperature. After acidification with cone, hydrochloric acid, 
the mixture was poured into water (40 ml) and extracted with three portions of dichloro- 
methane (30 ml, each). The combined organic solutions were worked up by chromatography 
on a column of silica (Kieselgel 60, Merck, Korngrösse 0.063 — 0.200 mm ; solvent: benzene 
with gradually added acetone to end up with a benzene-acetone 97: 3 mixture) to yield** 
32—34% of compound 2a m.p. and lit. [2] m.p. 127 °C, 1 — 4% of compound 2b, m.p. and lit. 
[3] m.p. 131—132 °C, and 51 — 53% of mixtures of the cine products 3a and 31i.

2a, IR (K Br): 1640, 760, 740, 700/690 c m -1. NMR(CDC13) : <5 2.95 bs, 6H, NMe.,; 
3.3 s, 3H, OMe; 7.05 7.45 m, 10H, Ph protons.

3a +  3b, C17H 19NO, (269.33). Calcd. C 75.81 ; H  7.11 ; N 5.20. Found C 76.08; H 7.28; 
N 5.36%. IR (K B r): 1640, 800, 740, 695 cm -1. NMR(CDC13) : <5 3.00 s, 6H, N M e,; 3.75 s with
sh at 3.78, 3H, OMe; 5.17 s, 1H. \ C - H ;  6 .8 - 7 .4  m. 9H, ArH’s.

(b) By allowing compound lb  [2] (1.0 g ; 3.14 mmoles) to react with freshly prepared 
anhydrous methanolic (10 ml) sodium methoxide (12.6 mmoles) for 5 days* at room tem
perature and work-up of the resulting mixture as described above, 33—38% of compound 2a, 
0.5—3% of compound 21i and 43 — 48% of mixtures of compounds 3a and 3b were obtained.

Proof of structure of compounds 3a and 3b

(a) The mixture of compounds За and 3b, obtained from compound la  (455 m g ; 
1.7 mmoles) as described above, was refluxed for 8 h with a mixture of acetic acid and cone . 
hydrobromic acid (5.7 ml, each) and evaporated to dryness in vacuum. The residue was taken 
up in water, the mixture extracted with ether, and the ethereal solution worked up by chro
matography on a column of silica (specification as ab ove; solvent: benzene w ith gradually 
added methanol to end up with a benzene-methanol 7 : 3 mixture) to obtain 202 mg (52%) 
of compound 25, m.p. (from toluene) and lit. [8b] m.p. 173 °C, from 3a. and 22.5 mg (6%) of 
compound 26, m.p. and lit. [8a] 113— 114 °C, from 3b.

25, IR(KBr) : 3500— 2800,1720, 820, 700 cm -1, identical with the spectrum of an authen
tic sample [8b],

26, IR (K B r): 1810, 760, 730, 700 with sh at 710 cm -1, identical with the spectrum of 
an authentic sample [8a].

(b) The mixture of compounds 3a and 3b, obtained from compound lb  (240 m g ; 0.9 
mmole) was treated with a mixture of acetic acid and co n e ,  hydrobromic acid (3 ml, each) and 
worked up as described above to obtain 115 mg (56%) of compound 25, m.p. 113—114 °C 
(from toluene), and 9.3 mg (5%) of compound 26, m.p. 173 °C.

Determination of the ratio of the products 2a, 2b, 3a and 3b

Mixtures of the haloamides la  or lb  (0.5 g), sodium methoxide and anhydrous meth
anol (molar ratio 1 : 4 :  100) were stirred for 7 and 5 days, respectively, at room temper
ature, acidified with cone, hydrochloric acid and poured into water (20 ml). The resulting 
mixtures were extracted with three portions of chloroform (30 ml, each), the chloroform solu
tions dried (MgSOj) and evaporated to dryness. The residues were dissolved in tetrachloro- 
methane and the proportion of the normal (2a) and the sum of the two cine products 
(За -f. 3b) was calculated by the formula

% of methoxy compound =  200 [MeO] 27 [Me3N]

where [MeO] and 27[Me2N] are the intensities of the appropriate methoxy signal (or signals) 
and of the total Me,N signal, respectively, in the PMR spectrum of the mixtures. The chemical 
shift difference of the methoxy signals of the two cine products was so small that the signal

* Recent observations indicate that much shorter reaction times would have been 
sufficient.

** Results of three identical runs.
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areas could not be accurately integrated separately. The ratio 3b : 3a was therefore determined 
by comparing the peak-heights of the methoxy signals. (This was permissible since the half
widths of the two methoxy signals were identical.) In case the total amount of the m ethoxy 
compounds 2a, 3a and 3b was found to be considerable lower than 100%, the difference was 
attributed to the presence of the hydrolysis product 2b.

The assignment of the individual signals to the three methoxy isomers was carried out 
on the basis of a comparison with the PMR spectra of authentic samples of compounds 2a and 
2b, and on the basis of the hydrolysis experiments described above, according to which the 
proportion of the p-isomer 3a in the mixtures was much higher than that of the o-isomer 3b. 
The result o f this assignment is in agreement with the expected downfield shift (0.42 ppm)
(caused by the o-methoxy group) of the — H signal o f 3b relative to the corresponding

signal o f 3a.

PM R spectra (CC14) :
2a : ö 2.88 s, 3H and 2.98 s, 3H, N M e,; 3.30 s, 3H, OMe ; 7 .0 -7 .3  m, 6H, and 7.53— 7.45 

m, 4H , ArH’s ;
2b: <5 2.85 bs, 6H, N M e,; 5.57 s, 1H, OH; 7.25 s, 10H, ArH’s;

3 a : 6 3.75 s, OMe; 5.01 )G—H ;

3b: <5 3.81 s, OMe; 5.43 s, - > C - H ;

3a -)- 3 b : Ö 2.97 s, and 2.99 s, N M e,; 6.71 d and 7.04 d (AA’BB’) and 7.1 — 7.2 m. in
tensity ratio 2 : 2 : 5 ,  ArH’s.

Product analyses gave the results shown in Table II.

Table II

Starting
compound

Relativ e amounts of products Product ratio

2a 2b 3a +  3b 3b : 3b

41% ~ 0 59% 8 92
la 41.5% < i % 57.2% 9 91

47.5% ~ 0 53.5% 8 92
42.3% < 1 % 56.7% 8 92

65% 35% 8 92
lb 50% 50% 8 92

65% 35.5% 8 92

74% 3% 23% 8 92

2-Bromo-2,2-(li(p-chlomphenyl)-A,A-ilimethylac<-tamidé ( lc )

1 )i(p-ehlorophenyl)acetic acid (20 g ; 71 mmoles) was refluxed for 1 h with thionyl 
chloride (80 ml) and the excess reagent distilled off. Bromine (5 m l; 90 mmoles) was added 
to the resulting oil, the flask was equipped with an efficient reflux condenser and the mixture 
heated for 4 h at 130 °C. The oily product was dissolved in dry dichloromethane (100 m l); 
an ethereal dimethyl amine solution was added by drops w ith ice-water cooling until the 
mixture was permanently alkaline. The solution was washed with water, 5% aqueous N aH C 03 
solution and water, dried (MgS04) and evaporated to dryness. When triturated with ether, 
the residue turned into 11.2 g (41%) of the crystalline title  compound, m.p. 118— 119 °C 
(from gasoline).
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C26H,4BrCl2NO (387.10). Calcd. total halogen, expressed as Cl 27.48 ; N  3.62. Found : 
total halogen, expressed as Cl 27.43; N 3.45%.

IR(KBr): 1650 c m -1.

Reaction of the haloamide lc  with sodium raethoxide in methanol

Mixtures of compound lc , sodium methoxide and methanol were refluxed for several 
hours (for the composition of the starting mixtures and the reaction times, see Table III) 
and evaporated to dryness. When triturated with water, the oily residues turned into mix
tures of crystalline products which were worked up by column chromatography as described 
for the analogous reaction of compound la . The inhomogeneous fractions were worked up by 
preparative TLC (Kieselgel PF254 + 3I.6; solvent: benzene-acetone, 9 : 1) to obtain the following 
products in the yields shown in Table III.

Compound 2c, m.p. 136—137 °C, identical with an authentic sample (see below);
compound 3c, m.p. 183—184 °C (from CHC13 — light petroleum; or methanol);
C17H17C1„N0„ (338.23). Calcd. Cl 20.94; N  4.14. Found Cl 20.78; N 3.96% ;
IR(KBr): 1630, 890, 850, 790 c m -1;

PMR(CDC13) : Ó 2.97 s, 6H, NMe»; 3.77 s, 3H, OMe ; 5.45 s, 1H, ^)CH ; 6 .7 -7 .2 5  m, 

7H, ArH’s;
MS (150 °C ); m/z (relative intensity): 339 (4.7%, i ) ; 337 (7.1%, M  + -) ;  267 (32%, i ) ; 

265 (47%, M CONMe„); 217 (1.5%, i ) ; 215 (3.8%, 265 -  [35C1 +  M e]); 165 (7.1%), 152 
(7.1% ); 127 (19%, i); 125 (61%, C6H»C10+); 72 (100%, CONMe»);

Table 111

Reaction of l c  with methoxide/methanol

Reagents Products and yields

1 sodium MeOH Reaction time 2c 3c 4c

g mmoles g mmoles ml g % g о//о g %

2.0 5.2 0.40 17.4 20 l h 0.90 51 0.22 12 0.12 7
5.0 12.9 1.19 51.6 50 4 h 2.17 50 0.66 15 0.46 11
5.0 12.9 1.19 51.6 50 4 h 2.54 58 0.64 15 0.14 3

compound 4, m.p. 101— 102 °C (from aqueous E tO H );
C1sH20C1NO3 (331,81). Calcd. C 64.76; H 6.04; N  4.19. Found C 64.46; H 5.84; N 

3.92% ;
IR (K B r): 1645, 815, sh at 830 cm - 1 ;
PMR(CDC13) : ö 2.95 bs, 6H, NMe.,; 3.28 s, 3H, aliphatic MeO ; 3.72 s, 3H, aromatic 

MeO ; 6.75 d, J  =  10 Hz, 2H, high field d of MeOC6H4 group ; 7.1 — 7.5 m, 6H, other ArH’s ;
MS (150 °C ); m/z (relative intensity): 263 (36%, i ) ; 261 (100%, M — CONMe»); 141 

(8%, i); 139 (27%, C1C6H4C 0 ); 135 (29%, МеОСсН4СО); 113 (2.8%, i ) ; 111 (8.4%, C1C„H4) ; 
72 (11%, CONMe»).

Proof of structure of compound 3c

A mixture of compound 3c (0.27 g ; 0.8 mmole), acetic acid and cone, hydrobromic 
acid (3 ml, each) was refluxed for 6 h, evaporated to dryness in vacuum and the residue worked 
up by chromatography on a column of silica (specification as above ; so lven t: benzene-cyclo
hexane 1 : 4 with gradually increased proportions of benzene, to end up with a 1 : 1 solvent 
mixture) to obtain 0.12 g (54%) of compound 27, m.p. 121 —122 °C (from EtOH), lit. [10] 
m.p. 119—121 °C, identical (mixed m.p., IR) with an authentic sample obtained according 
to Ref. [10].

IR (K B r): 1810, 845, 790 with sh at 800 c m -1.
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Methanolysis o f the haloamides la -c  in methanol

( a )  Methanolysis of compound lb  to give compound 2a has been described in Ref. [2]. 
M ethanolysis of compound la  was carried out similarly and furnished product 2a in practically 
the sam e yield.

( b )  Compound lc  (0.4 g ;  1 mmole) was refluxed for 2 h with anhydrous methanol 
(4 m l) to obtain 0.26 g (73%) of compound 2c in crystalline form, m.p. 136— 137 °C (from 
MeOH).

C17H 17CLNO. (338.23). Calcd. C 60.36 ; H 5.07 ; N 4.14. Found C 60.12 ; H 5.19 : N  3.87%.
IR (K Br): 1640, 800 c m -1.
PMR(CDC13) : <3 2.9 bs +  3.0 bs, total 6H, NMe„; 3.3 s, 3H, OM e: 7.20 +  7.42, AA’BB ’, 

J  =  9 Hz, 8H, ArH’s.
MS (150 °C); m/2 (relative in tensity): 267 (69%, i ) ; 265 (100%, M — CONMe2) : 141 

(15% , i) ;  139 (45%, C1C6H4C 0 ); 113 (5.4%, i); 111 (17%. ClCeH4) ; 72 (11%. CONMe,).

iV,iV-Dimethyl-2,2-diphenyl-2-(2-phenylhydrazino)-acetamide (6)

A mixture of compound la  (26.7 g ; 98 mmoles), phenylhydrazine (19.2 m l; 196 mmoles) 
and dry ether (270 ml) was stirred at room temperature for a total of 24 h, the stirring being 
interrupted overnight twice. The crystalline product was collected, and the filtrate evaporated 
to dryness in vacuum to obtain an oily product which was triturated with ethanol (100 ml). 
The ethanolic mixture was kept in a refrigerator to obtain a second crop of crystals. The com
bined crystalline product was taken up in 5% aqueous NaHCOs solution (200 ml), the mixture 
heated to its b.p. and rapidly cooled to room temperature. The resulting product was recrys
tallized from ethanol to yield 7.7 g (23%)* of the title compound, m.p. 145— 146 °C (dec.).

C22H23N30  (345.42). Calcd. C 76.49: H 6.71; N 12.17%. Found: C 76.29: H 6.58: 
N 12.25% .

NMR(CDC13) : 8 2.4 bs and 3.1 bs, 3H each. NM e,: 4.9 bs and 6.35 bs, exchangeable. 
N H ’s ; 6 .45—7.7 m, 15H, Ph’s.

MS (150 °C); m/г (relative in tensity): 345 (2%, M +-); 273 (12.4%, M — CONMe.,); 
239 (100% , M — PhNHNH +  H ) : 167 (9.6%, Ph„CH); 166 (6.4% ); 165 (9.6% , C13H + ); 
91 (30% ); 77 (9.2%); 72 (10.8% , CONMe2).

IV,]V»Dimethyl-2,2-diphenyl-2-phenylazoacetamide (7 )

A solution of compound 6 (5.0 g ; 14.5 mmoles) in dichloromethane (50 ml) was covered 
w ith 10% aqueous Na2C03 solution (50 ml). Iodine (3.7 g ; 14.5 mmoles) was added in portions 
w ithin about 0.5 h to the vigorously stirred solution. After addition of the last portion, the 
iodine colour of the reaction m ixture remained persistent. The mixture was decolorized by 
adding a few  of drops of aqueous N a H S 0 3 solution, the dichloromethane layer separated, washed 
w ith three portions of water (50 m l each) and evaporated to dryness in vacuum at room 
tem perature to obtain 4.75 g (95% ) of the practically pure title compound m.p. 131—132 °C 
(dec.) w hich did not change after recrystallization from ethanol.

C„2H„jN30  (343.41). Calcd. N  12.24. Found; N 12.00%.
IR (K B r): no NH bands.
PMR(CDC13): <5 2.25 bs and 3.0 bs, 6H, NMe,; 7.2 —7.6 m, 13H. and 7.75—8.0 m, 

2H, P h’s.
Since recrystallization from ethanol caused considerable losses, the crude product, 

which proved homogeneous according to TLC, IR and PMR, was used without further puri
fication.

Thermolyses o f  the azo compound 7 in methanol

(a) Compound 7 (2.0 g; 5.8 mmoles) was added to an anhydrous methanolic (15 ml) 
solution o f sodium (0.54 g ; 23.3 mmoles) and the mixture was refluxed for 5 h during which 
tim e the starting suspension turned into a clear solution. The mixture was acidified with cone. 
hydrochloric acid, evaporated to dryness, the residue triturated with water (40 ml) and ex
tracted w ith dichloromethane (three portions, 30 ml each). The dichloromethane solution 
was dried (MgS04), evaporated to dryness and the residue worked up by chromatography on

* One of the co-products o f this reaction was compound 5. Structure elucidation of the 
other coproducts is in progress.
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a column of silica (specification, see ab ove; solvent: benzene with gradually added acetone 
to end with benzene-acetone, 7 : 3 ) ;  the non-homogeneous fractions were subsequently worked 
tip by preparative TLC. The following products were isolated : 1.03 g (74%) of compound 5, 
identical (IR spectrum [2], m.p. and mixed m.p.) with an authentic sample obtained according 
to Ref. [12]; 23 mg (1.4%) of compound 14, identical (TLC, IR spectrum) with an authentic 
sample [2] ; and 37 mg (2%) of compound 8, m.p. 136—137 °C (crude product).

IR (K R r): 1635, 1490, 1400, 1130, 760, 740, 700 cm ’ 1.

PMR(CC14) : ó 3.08 s, and 3.09 s, total 6H, N M e,; 5.12 s, 1H, ^)C—H ; 7.05 — 7.38 m, 

10H, and 7 .3 8 -7 .5 5  m, 4H, ArH’s.
MS (150 °C ); m/z (relative iten s ity ): 315 (13%, M +'); 243 (100%, M — CONMe2) ; 

241 (5%, 243 -  H2) ; 239 (3.2% ); 228 (3.5%, 243 — Me); 165 (8%, 243 8); 115 (2.2% );
91 (3.5% ); 72 (32%, CONMe,T+).

Not even traces of compounds 2a, 3a, 3b and 10 could be detected by TLC in the product.
(b) When the above reaction was carried out in the presence of an equimolar amount 

of nitrobenzene (based on the amount of compound 7), the following products were obtained: 
1.03 g (74%) of compound 5, 15 mg (^ 1 % ) of compound 8, 12 mg (< 1% ) o f compound 9, 
identical (TLC, IR) with an authentic sample [2], and traces of compound 14.

(c) Compound 7 (2.0 g ; 5.8 mmoles) was refluxed for 7 h with anhydrous methanol 
(a clear solution formed after about 2 h) and evaporated to dryness. The residue was taken up 
in benzene (5 ml), the insoluble m aterial (55 mg) filtered off and the filtrate worked up by 
column chromatography followed, if necessary, by preparative TLC as described under (a) 
to obtain the following products : 0.37 g (26.6%) of compound 5, identical (IR spectrum, m.p. 
and mixed m.p.) with an authentic sample obtained according to Ref. [12] ; 0.26 g (16.5%) 
of compound 10, m.p. 1 61 -162  °C (from gasoline); 0.04 g (2%) of compound 9, identical 
(TLC, IR) with an authentic sample [?], and traces of compound 8.

Compound 10, C17H19N 0 2 (269.33). Calcd. N 5.20. Found: N 5.07%.
IR(K Rr): 3400, 1600, 1490, 1370, 1050, 1000, 750, 690 c m '1.
PMR(CDC13) : ő 2.4 bs and 3.0 bs, total 6H, NM e,; 4.15 s, 2H, CH2; 7.35 s, 10H, PITs.
MS (150 °C); m/z (relative intensity): 239 (100%, M CH20); 210 (4.2%); 194 (6.3%); 

167 (16%, 239 — CONMe2) ; 166 (13%) ; 165 (21%); 105 (11% ); 91 (50% ); 72 (26%, CONMe2'1+).
MS, after trimethylsilylation (120 °C): 341 (63%, ЛТ + -); 326 (32%, M - M e ) ;  311 

(100%, M * 30); 296 (16%, 311 * 15); 269 (16%, M -  72); 251 (33% ); 238 (3.6% , M 
Me3SiOCH,); 220 (10%, 311 * 91); 210 (14% ); 207 (34% ); 194 (6.6% ); 179 (14%, Ph„C2H ); 
178 (17% ); 177 (14%); 167 (8.4% , Ph,C H ); 166 (7.9% ); 165 (22% ); 148 (10% , 296_2+); 
140.5 (4.5%, 2 8 P + ); ЮЗ (26%, Me3SiŐ CH ,+); 73 (140%, Me3Si); 72 (31%, CONMe,T+).

In another, otherwise identical experiment the reaction mixture was refluxed for only 
4 h. The following compounds were obtained : 40 mg of the benzene-insoluble substance of un
known structure, 0.34 g (24.5%) of compound 5 and 0.18 g (11.5%) of compound 10.

In both runs several further minor products of unknown structures, with R j values lower 
than that of the dimer 14, were also obtained.

(d) Compound 7 (2.0 g; 5.8 mmoles) was refluxed (1) for 5, (2) for 3 h w ith methanol 
(20 ml) previously saturated at room temperature with dry HC1 (two runs). The resulting mix
tures were worked up as described under (c) to obtain the following products :

(1 )  : 0.06 g (4%) of compound 2a, identical (TLC, IR) with an authentic sample [3]; 
0.46 g (31%) of compound 2b, m.p. and lit. [3] m.p. 131— 132 °C, identical (TLC, IR ) with an 
authentic sample [3]; 0.31 g (22% ) of compound 5 contaminated, according to its PMR 
spectrum, with traces of a substance of unknown structure; 0.04 g (>=«2%) of compound 1 0 ; 
and 0.19 g (14%) of compound 14, identical (IR, PMR) with an authentic sample [2].

(2 )  : 0.14 g (9%) of compound 2a ; 0.39 g (26%) of compound 2b ; 0.31 g (22%) of com
pound 5 contaminated, according to its PMR spectrum with traces of a substance of unknown 
structure; and 0.23 g (17%) of compound 14.

Hydrolysis of compound 2a by refluxing in methanolic hydrogen chloride

Compound 2a was refluxed w ith anhydrous methanol which had been saturated with 
dry HC1 at room temperature; the reaction was followed by TLC. A considerable portion of 
2a was gradually converted into 2b.
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Reaction o f compound 6 with sodium mcthoxide/methanol

A mixture of compound 6 (0.5 g ; 1.45 mmoles), sodium methoxide (0.94 g ; 5.8 mmoles) 
and anhydrous methanol (5 ml) was refluxed for 8 h. The mixture was allowed to cool, acidified 
with cone, hydrochloric acid and poured into water (30 ml) to obtain a crystalline product 
(0.28 g) which, according to its IR  spectrum, proved to be a mixture of compound 5 and the 
corresponding methyl ester. The crude product was stirred for 1 h with a mixture of 1JV NaOH 
(6 ml) and ethanol (3 ml) at room temperature ot obtain 0.12 g (35 %) of compound 5, m.p. 
135— 136 °C, identical (IR, m ixed m.p.) with an authentic sample, as the insoluble product. 
The filtrate was acidified w ith cone, hydrochloric acid to obtain 0.10 g (33%) of 2,2-diphenyl- 
acetic acid, m.p. 144 145 °C, identical with an authentic sample.

Phenylhydrazine could not be detected (in the form of its iV-benzylidene derivative) 
in the filtrate of the original crude mixture of the amide 5 and the corresponding methyl ester, 
nor in a mixture of phenylhydrazine (1.45 mmoles), sodium methoxide (5.8 mmoles) and an
hydrous methanol (8 ml) after being refluxed for 8 h.

*

The authors are indebted to  Mrs. I. B a l o g h - B a t t a  and staff for the microanalyses, 
to Dr. P. K o l o n it s  and staff for part the PMR spectra and Dr. K. K i s s - E r o s  and staff for 
the IR  spectra.
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It was found that the fairly photo-resistent dye, Erioglaucin-A undergoes a 
considerable decolourisation when irradiated by photons of X <  360 nm in the presence 
of iron(III). It was disclosed that the fading is caused by OH radicals formed during 
the excitation of hydrolized iron(III) species [especially Fe(OH)2+ . aq], The fading 
has a maximum at pH 2.7 and increases with the increase of iron(III) and dye con
centrations. The decolourisation occur both in the presence and in the absence of dis
solved oxygen. When oxygen was removed ca. 12 moles of OH radicals were consumed 
per dye molecule and equivalent of ferrous iron was formed. In the presence of oxygen, 
however, about 8.5 times more dye was decolourised on the expense o f 0 2 without 
any formation o f ferrous iron.

The fading o f the dye is inhibited by halide (but chloride is ineffective) and 
pseudo-halide, copper(II), nitrite and arsenite ions.

A method based on photocatalytic effect o f iron(III) is recommended for the 
selective estimation of iron on micro scale in the presence of other transition metals.

An increasing  n u m b er of a u th o rs  are  n o w ad ay s  paying  m ore  a n d  m ore 
a t te n tio n  to  th e  u tiliz a tio n  of p h o to ch em ica l reac tio n s in  chem ical ana ly sis . 
R eview s have a lre a d y  appeared  on th e  re su lts  to  d a te  [1 — 3]. O f th e  p ro ced u re s  
b ased  on ph o to ch em ica l reactions, th e  p h o to c a ta ly tic  m ethod  a p p e a rs  to  offer 
th e  g re a te s t p rom ise.

P h o to c a ta ly s is  h as  so far been em ployed  in  tw o  w ays in chem ical an a ly s is . 
I t  w as observed  b y  A l m á ssy  and  K ovács [4] t h a t  c e rta in  reac tions w h ich  ta k e  
p lace sloxvly in th e  d a rk  can be acce le ra ted  i f  th e  reac tio n  m ix tu re  is il lu m in a te d  
in  th e  presence o f  a p h o to n -tra n sm ittin g  su b s ta n c e . F o r exam ple , so lu tio n s 
c o n ta in in g  ch ro m a te  can  be t i t r a te d  w ith  a m e th y l orange reag en t so lu tio n  if  
i r o n ( I I I )  oxa la te , as sensitizer, is ad d ed  to  th e  ch ro m a te  to  be d e te rm in e d , an d  
th e  m ix tu re  is illu m in a te d  w ith  a tu n g s te n  la m p . T his m ethod  has also  been  
used  fo r th e  in d ire c t d e te rm in a tio n  o f i ro n ( I I )  an d  hydrogen  p e ro x id e  via  
ch ro m a te  [5].

A n o th e r p o ss ib ility  for th e  a p p lic a tio n  o f  p h o to ca ta ly sis  w as p o in te d  
o u t b y  H arlam ov  et al.  [6 ], who d rew  conclusions on th e  q u a n tity  o f  th e  c a t 
a ly s t from  th e  e x te n t  o f p h o to -o x id a tio n  o f  m e th y l orange c a ta ly z e d  b y  
i ro n ( I I I ) .  The p h o to -o x id a tio n  w as fo llow ed b y  m easu rem en t o f th e  c o n c e n tra 
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t io n  o f  th e  dye via  th e  a b so rp tio n  b an d  a t  510 n m , an d  was found  to  o ccu r to  
th e  g re a te s t  e x te n t a t  p H  1.9 — 2.1 ; th e  a lk a lin e  fo rm  o f the  dye (a t a ro u n d  
p H  4) w as considered  p h o to re s is te n t.

W e h a v e  ca rried  o u t w o rk  w ith  th e  a im  o f  acq u irin g  a m ore th o ro u g h  
u n d e rs ta n d in g  o f  th e  n a tu re  o f th e  p h o to c a ta ly s is  an d  th e  o p tim u m  e x p e ri
m e n ta l  co n d itio n s fo r d e te rm in a tio n  o f i ro n ( I I I ) ,  a n d  in  th e  p resen t p a p e r  an  
a c c o u n t is g iven  o f th e  c a ta ly z ed  p h o to -o x id a tio n  o f  E rioglaucin-A . T h e  reaso n  
w h y  th is  dye  w as chosen  w as th a t ,  in  th e  absence  o f  a p h o to ca ta ly s t, i t  is m ore  
p h o to re s is te n t th a n  m e th y l o range. In  a d d itio n , E riog laucin -A  has a h ig h e r 
m o la r a b s o rp tiv ity  th a n  m e th y l orange, a n d  acco rd in g ly  i t  ap p eared  possib le  
b y  th is  m ean s to  a t ta in  a h ig h er sen s itiv ity  in  th e  d e te rm in a tio n  o f i ro n ( I I I ) .

E xperim en ta l

Chemicals used. The compounds employed in the measurements were of p.a. purity. 
Triply-distilled water was used to prepare the solutions. W ater distilled in the usual manner 
was first redistilled from alkaline permanganate, then boiled with 2 —4 g potassium peroxy- 
disulphate for 15 — 30 min and again redistilled.

Irradiation apparatus. In the apparatus used for irradiation (Fig. 1), the Osram HBO 
500 high-pressure mercury vapour lamp (1) was surrounded by a double-walled metal jacket 
(2). The quartz lens (3) was incorporated into the outer jacket. Behind this were the colour 
filters (4) and the metal screens serving to reduce the light intensity (5). Irradiation was 
performed in a normal 1-cm quartz cell (6) placed into a thermostatable cell-holder. A  carefully 
therm ostated УТН8 thermo-column (7) served to check the photo-emission of the lamp. 
The photo-emission was regulated by means of a voltage supply unit.

Measurements. Solutions of the appropriate composition were pre-thermostated at 
25° for 20 — 30 min, and in the meantime were saturated w ith pure 0 2 gas that had been bubbled 
through a water-filled washing system. Following this, solution was transferred to the cell 
and irradiated for a suitable period, in general for 10 min. After irradiation, the change in light 
absorption compared to the initial solution was determined.

The pH values of the solutions were measured by means of a Radiometer PHM 52 
pH-meter with a combined glass/calomel electrode. Spectrophotometric measurements were 
made on Beckman DBG and В instruments. In the recording of the difference spectra, solu
tion of appropriate composition and pH so that they had a concentration corresponding to that 
of the irradiated sample, and the spectrum of the irradiated solution was then recorded against 
this solution.

1 2

3 4 5 6 7

]

Fig. 1. Outline of apparatus used for the irradiation
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Results

E rio g lauc in -A  (iV .iV -d ie th y l-d ip -su lp h o b en zy lp -am in o -o -su lp h o fu ch so - 
n im onium  su lp h a te ) is a dye genera lly  av a ila b le  com m ercially  in  re d u c e d  form . 
I ts  p u re  aq u eo u s so lu tio n  is com ple te ly  r e s is ta n t  to  irra d ia tio n  fo r  10 m in. 
w ith  UY lig h t if 0 ,  w as expelled w ith  p u re  n itro g e n . In  th e  p resence  o f  oxygen 
a b leach ing  o f  cca. 2 %  o f th e  in itia l dye  c o n c e n tra tio n  w as observed  a t  o th e r
wise s im ila r ex p e rim en ta l cond itions.

In  th e  sp ec tru m  o f th e  reduced  fo rm  (F ig . 2), m ax im a are fo u n d  a t  634, 
410, 305 an d  260 nm , th e  heigh ts o f  th e se  v a ry in g  w ith  th e  p H  in  th e  pH  
in te rv a l o f  1 — 5 (F ig . 3). Isobestic  p o in ts  o ccu r a t  500, 320, 280 a n d  240 nm . 
O ur m easu rem en ts  gave a v a lue  o f (1.40 ^  0.1) • 10 ~ 3 mol ■ d m -3  fo r  th e  acid 
d issocia tion  c o n s ta n t, w hile for th e  m o la r  a b s o rp tiv i t ie s : £r h „ +  =  0 .0 0 , 
£rA =  79.000, 4 н Т  +  =  21,000 an d  p4rh  =  8 .500 d m 3 • m o l“ 1 • c m - 1.

F ig . 2 .  S p e c t r u m  o f  E r i o g l a u c i n - A  a n d  i t s  v a r i a t i o n  w i t h  t h e  p H  o f  t h e  s o l u t i o n .  ( 1 ) :  4  X 1 0  ~ 5 M  
E r i o g l a u c i n - A ,  p H  =  2 .0 ;  ( 2 ) :  4  X 1 0 ~ 5 M  E r i o g l a u c i n - A ,  p H  = 2 . 2 ;  ( 3 ) :  4  X 1 0 ~ 5 M  E r i o g l a u e i u -  

A ,  p H  =  2 .5 ;  ( 4 ) ;  4 x l 0 ~ 5 M  E r i o g l a u c i n - A ,  p H  =  2 .8

F ig .  3 .  V a r i a t i o n  o f  a b s o r b a n c e  o f  E r i o g l a u c i n - A  w i t h  t h e  p H  o f  t h e  s o l u t i o n .  D y e  c o n c e n t r a t i o n :  
2 x l 0 ~ 5 Л / . ' ( 1 ) :  a b s o r b a n c e  m e a s u r e d  a t  4 1 0  n m ;  ( 2 ) :  a b s o r b a n c e  m e a s u r e d  a t  6 3 4  n m
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I f  th e  E riog laucin -A  so lu tio n  is i r r a d ia te d  a t  its  410 nm  b a n d  a w eak  
f lu o re sc e n c e  w ith  a m a x im u m  a t  480 nm  is o b ta in e d  b o th  in  th e  p resen ce  an d  
in  th e  absence  o f d isso lved  oxygen . T he f lu o rescen ce  is n o t in flu en ced  b y  th e  
a d d i t io n  o f  iro n (I I I )  ions.

T h e re  is som e o p tic a l in te ra c tio n  b e tw een  th e  dye and  iro n ( I I I )  : th e  
p e a k  a t  634 nm  is so m ew h at reduced , w hile p e a k s  a t  410 and  260 n m  a re  in 
c re a se d  on  th e  effect o f  i r o n ( I I I )  a t  p H  =  2 .7 . T h e  spec trum  is in flu e n c e d  b y  
i r o n ( I I ) ,  to o , b u t  a t  634 a n d  310 nm  an  in c rea se  w hile a t 410 an d  260 n m  a 
d e c re a se  is caused b y  a d d in g  iro n (II)  ions a t  p H  =  2.7.

I n  o u r experience, o n ly  lig h t w ith  a w a v e le n g th  sh o rte r th a n  360 nm  
c au ses  fa d in g  in  th e  p resence  o f  th e  iro n ( I I I )  io n  ; p h o to n s w ith  low er energ ies 
a re  co m p le te ly  ineffec tive.

pH

F i g .  4 .  p H - d e p e n d e n c e  o f  i r o n ( I I I ) - c a t a l y z e d  p h o t o - o x i d a t i o n  o f  E r i o g l a u c i n - A .  8 x l 0 - 5  M  
E r i o g l a u c i n - A ,  8 . 1 4 x  1 0 ~ 5 M  F e ( C Í 0 4) 3. ( 1 ) :  a b s o r b a n c e  c h a n g e  m e a s u r e d  a t  4 1 0  n m ;  ( 2 ) :  
a b s o r b a n c e  c h a n g e  m e a s u r e d  a t  6 3 4  n m ;  ( 3 ) :  m o l a r  c o n c e n t r a t i o n  c h a n g e  c a l c u l a t e d  w i t h  t h e  

a i d  o f  t h e  a p p a r e n t  m o l a r  a b s o r p t i v i t y

F i g .  5 .  D e p e n d e n c e  o f  p h o t o - o x i d a t i o n  o f  E r i o g l a u c i n - A  o n  t h e  d y e  c o n c e n t r a t i o n .  4 . 0 7  x  1 0  _ 5 A f  
F e ( C 1 0 4) 3, p H  =  2 .5 ;  V a l u e s  m e a s u r e d  a t  l a y e r  t h i c k n e s s e s  o f  1 c m  ( a ) ,  2  m m  ( b )  a n d  1

m m  ( c ) ,  c o n v e r t e d  t o  1 c m
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In  th e  p resence  o f  iro n ( I I I )  ion , th e  p h o to -o x id a tio n  of E rio g lauc in -A  is 
s tro n g ly  d ep e n d e n t on  th e  p H . I t  is w o rth  to  n o te , how ever, th a t  no ch an g e  
in  pH  can be o bserved  d u rin g  th e  p h o to -o x id a tio n  o f  th e  dye. I f  th e  ab so rb an ce  
is m easured  a t  410 nm , th e  m ax im u m  in  th e  Л Е  vs. p H  curve  is to  be found  
a t  p H  2.4, w hile  i f  th e  change is m easured  a t  634 n m , th e  d eco lou riza tion  m a x 
im um  is o b ta in e d  a t  p H  2.94 (F ig . 4).

I f  th e  dye  co n cen tra tio n  is v a ried  a t c o n s ta n t  p H  an d  iro n (I I I )  c o n c e n tra 
tio n , th e  ab so rb an ce  change to  be seen in  F ig . 5 is o b ta in ed . U p to  a d y e  co n 
c e n tra tio n  o f 10 ~ 4 M ,  th e  d eco lou riza tion  in c reases  a lm o st lin ea rly , w hereas 
a t  h igher dye co n cen tra tio n s  sa tu ra tio n  o r a s lig h t decrease o f th e  d eco lo u r
iza tio n  ensue. O n s ta n d in g  fo r a fa irly  long  p e rio d , a dye  so lu tion  w ith  h igh  
co n cen tra tio n  ex h ib its  a s ligh t tu rb id ity .

On v a r ia tio n  o f th e  c o n cen tra tio n  o f  th e  p h o to c a ta ly s t , th e  e x te n t  o f 
deco louriza tion  o f  th e  dye also v aries . In  th e  case o f low er ir ra d ia tin g  lig h t 
in te n s ity  (3.8 X 1014 p h o to n  • s _1), th e  a b so rb an ce  decrease is d ire c tly  p ro 
p o rtio n a l to  th e  iro n ( I I I )  co n cen tra tio n , w hile  w ith  a h ig h er p h o to n  c u rre n t 
(1 .3 X 1015 p h o to n  • s _1) a s a tu ra t io n  cu rv e  is o b serv ed  even a t  low  c a ta ly s t  
c o n cen tra tio n , an d  on ly  a sh o rt sec tion  of th is  cu rv e  d isp lays a lin ea r c o rre la 
tio n  (F ig . 6 , cu rv es  a and  b). In  th e  la t te r  case, th e  ascending  b ra n c h  varies  
lin ea rly  w ith  th e  iro n ( I I I )  c o n cen tra tio n  o v e r a  la rg e r section  i f  o x y g en  is 
passed  th ro u g h  th e  so lu tio n  d u rin g  ir ra d ia tio n .

In  th e  course  o f th e  p h o to -o x id a tio n  o f  E riog laucin -A , th e  iro n ( I I I )  
c o n te n t o f th e  so lu tio n  does n o t change to  a d e te c ta b le  e x te n t. I f  th e  ir ra d ia tio n  
s carried  o u t on  an  oxygen-free dye  so lu tio n , a  d eco lou riza tion  is o b serv ed  

unchan g in g ly , b u t  in  th e  m ean tim e  th e  i ro n ( I I I )  also undergoes re d u c tio n .

F ig .  6 . D e p e n d e n c e  o f  p h o t o - o x i d a t i o n  o f  E r i o g l a u c i n - A  o n  i r o n ( I I I )  c o n c e n t r a t i o n ;  a :  4 . 0  X 
X 1 0 - 6 M  E r i o g l a u c i n - A ,  p H  =  2 .5 ,  3 . 8  X 1 0 14 p h o t o n / s ;  b :  4 . 0  X 1 0  “ 5 AT E r i o g l a u c i n - A ,  p H  =

=  2 .5 ,  1 .3  X l O 16 p h o t o n / s
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I n  th i s  case , i t  is found  th a t  on  av e rag e  12 m oles o f iro n (II)  are  fo rm ed  on  th e  
d e c o lo u riz a tio n  of 1 m ole o f d y e . D u rin g  th e  p h o to -o x id a tio n  o f  d y e  so lu tio n  
s a tu r a te d  w ith  oxygen, th e  fa d in g  is a cco m p an ied  b y  th e  re d u c tio n  o f  3.0  —3.5 
m o les  o f  oxygen .

T h e  iro n (III)-c a ta ly z e d  p h o to -o x id a tio n  o f E riog laucin-A  is p ra c tic a lly  
u n a f fe c te d  b y  certa in  o x id a n ts , such  as c h lo ra te , b ro m a te  or n i t r a te  (T ab le  I). 
I f  th e  ir ra d ia t io n  is p erfo rm ed  w ith  th e  exc lusion  o f oxygen, th e  d eco lo u riza tio n  
o f  th e  d y e  is com pletely  su p p ressed  in  th e  p resence  o f ch lo ra te  an d  b ro m a te .

T a b l e  1

E f f e c t s  o f  v a r io u s  io n s  o n  i r o n ( I I I ) - c a l a l y z e d  p h o to - o x id a t io n  o f  E r io g la u c in - A .  E x p e r im e n ta l  
c o n d i t i o n s  :  p H  =  2.50, 8.Ox 10-5 M  E r io g la u c in - Á ,  8.14 X 10~° M  F e (C l0 4)3, 1 .3 x  1015 p h o to n .

s - 1 , i r r a d ia t io n  t im e  1 0  m i n .

Cone. , Л Е " °
W v  i n s ----------------------- ------------------------ ------------------------- ;-----------------------------------Mx io5 cio3- BrO~ NOj- N02- CrO*- MoOJ- AsOJ- Cu2+

0.0 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.74

2.0 — — — — — — 0.73 0.72

4.0 0.82 0.69 — 0.62 0.73 0.54 — 0.74

8.0 0.72 0.69 0.74 0.50 0.59 0.58 — —
20.0 0.77 0.72 — — 0.54 0.23 0.68 0.73

30.0 0.80 0.67 — — 0.48 0.11 — —
40.0 0.75 0.71 — 0.46 0.34 0.05 0.58 —
80.0 — — 0.75 0.35 — — — —

200.0 — — — 0.19 — — — —
400.0 0.68 0.72 0.75 0.08 0.05 — 0.10 0.67
800.0 — — 0.77 0.05 — — — —

In  th e  case of th e  n i t r a te  ion , d eco lo u riza tio n  of th e  dye can  also  be ob
s e rv e d  in  th e  absence o f i r o n ( I I I )  ; th e  e x te n t  o f  th is  is p ro p o rtio n a l to  th e  con
c e n tr a t io n  o f the  n i tra te  io n . In  c o n tra s t  w ith  th e  fo rm er ions, n i t r i te  ion 
d e f in i te ly  decreases th e  p h o to -o x id a tio n . I n  th e  absence o f i ro n ( I I I ) ,  low  con
c e n tr a t io n s  of n itr ite  io n  s im ila rly  p ro m o te  p h o to -o x id a tio n  to  a s lig h t e x te n t, 
b u t  a la rg e r  q u a n tity  (f>  10 _s M )  d ec ided ly  in h ib its  d eco lou riza tion  o f th e  dye. 
I f  a lk a li  m e ta l ch rom ates a re  ad d ed , th e  e x te n t  of p h o to -o x id a tio n  decrease 
in  p ro p o r t io n  to  th e  in crease  o f  th e  c h ro m a te  c o n cen tra tio n . M o ly b d a te  d isp lays 
a  s im ila r , b u t  som ew hat s tro n g e r  in h ib ito ry  effect th a n  th a t  o f  ch ro m a te . 
A rs e n ite  ion  inh ib its  th e  p h o to -o x id a tio n  s tro n g ly , b u t c o p p e r(II)  io n  to  a 
m u c h  lo w er ex ten t.

T h e  p h o to -o x id a tio n  is a ffec ted  in  d iffe re n t w ays in  th e  p resence  o f  ha lide  
a n d  p seu d o h a lid e  ions. A n ap p rec iab le  decrease  can  be observed  in  th e  p resence
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o f  fluoride, b ro m id e , iod ide or th io c y a n a te  io n s. O n a d d itio n  o f azide io n , th e  
p h o to -o x id a tio n  decreases slig h tly , w hile ch lo rid e  ion , even in  h igh a m o u n ts , 
does no t in flu en ce  th e  d eco lou riza tion  o f th e  d y e  (T able  II) .

Table II

Photo-oxidation o f  Erioglaucin-A in presence of halide and pseudohalide ions. Conditions: 
8 . 0 x l 0 - 5 M  Erioglaucin-A, 8 .14X 10-5 M  Fe(ClOt )3, p H  =  2.5, irradiation time 10 min,

1 .3 X 1015 photon, s -1

Cone, of 
anion 

M x  10 ‘

AE*'°

F- ci- Ur I - SCN- N r

0.0 0.75 0.75 0.75 0.75 0.75 0.75
4.0 0.62 0.74 0.56 0.50 0.54 0.72
8.0 0.39 0.72 0.47 0.37 0.42 0.71

12.0 - 0.73 0.41 0.30 0.36 0.69
20.0 0.23 0.73 0.30 0.20 0.26 0.66
40.0 0.10 0.72 0.16 0.10 0.14 0.60
80.0 0.04 0.71 0.09 0.05 0.08 0.41

In  th e  p resence  o f hydrogen  pero x id e , ev en  w hen oxygen is ex c lu d ed , 
ca ta ly zed  p h o to -o x id a tio n  o f th e  dye is to  he  o b serv ed . In  th e  presence  o f  th is  
reag en t, how ever, a reac tio n  occurs in  th e  d a rk  too , w hich m akes e v a lu a tio n  
u n certa in .

I t  shou ld  b e  m en tio n ed  th a t  th e  p h o to -o x id a tio n  of E riog lauc in -A  w as 
also  carried  o u t in  th e  presence o f m eth y len e  b lu e  an d  fluorescein , in  aq u eo u s 
so lu tion  and in  a 4 : 1 benzene — m e th an o l so lv e n t m ix tu re . In  th e  absence  o f 
th e  iro n (III)  c a ta ly s t ,  these  ad d itiv es  did n o t g ive  rise to  a p ercep tib le  m easu re  
o f  deco louriza tion  in  an  o x y g en -sa tu ra ted  d y e  so lu tio n  of pH  2.5. In  th e  p re s 
ence of th e  i r o n ( I I I )  c a ta ly s t, th e  added  d y es  d id  n o t in fluence  th e  p h o to 
o x id a tio n  of E riog lauc in -A .

A tte m p ts  w ere  m ade to  es tab lish  th e  p ro d u c ts  of p h o to -o x id a tio n , b y  
sep a ra tin g  th e m  on  th in - la y e r  p la te s  o f silica gel (M erck Silica gel G) p re tre a te d  
in  various w ay s, w itji ru n n in g  m ix tu res  o f  b en zen e  an d  m eth an o l in  v a rio u s  
p roportions. Som e o f th e  o x id a tio n  p ro d u c ts  m ig ra te d  to g e th e r w ith  th e  so lv en t 
f ro n t, while o th e rs  scarce ly  m oved aw ay from  th e  s ta rt-lin e .

The d ifference  sp ec tra  recorded  in th e  v is ib le  an d  UV ranges d id  n o t offer 
convincing ev id en ces fo r id en tify in g  th e  p ro d u c ts  o f p h o to -o x id a tio n . Cyclic 
v o ltam m etric  cu rv es  recorded  a t  a carbon  p a s te  e lec trode  w ere s im ila r to  th o se  
o b ta in ed  b y  G a l u s  an d  A dam s  [7] d u rin g  th e  e lec tro -o x id atio n  o f  c ry s ta l 
v io le t and m a la c h ite  green.
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D iscussion

A cco rd in g  to  G o l l n i c k  [8 ], tw o m a in  m ech an ism  typ es m a y  be  assum ed  
fo r th e  in te rp re ta t io n  o f  p h o to ch em ica l o x id a tio n s . R ad icals an d  e x c ite d  m ol
ecules ta k e  p a r t  in  p h o to -o x id a tio n s  o f ty p e  I ,  an d  only  ex c ited  m olecu les in  
th o se  o f  ty p e  I I .  In  p h o to -o x id a tio n s  o f  th is  l a t te r  ty p e , i f  th e  s u b s tra te  
(a c c e p to r)  m olecule is a c tiv a te d , we sp eak  o f  accep to r ac tiv a tio n , w h ile  i f  it  
is th e  o x y g en  m olecule t h a t  is ex c ited , we sp eak  o f  an  o x y g en -ac tiv a tio n  m ech 
an ism . N a tu ra lly , in  b o th  cases th e  a c c e p to r or th e  oxygen m olecu le  m ay  
be  e x c ite d  d irec tly , b u t  th e  e x c ita tio n  m a y  be  b ro u g h t a b o u t in d ire c tly , b y  
th e  m e d ia tio n  o f som e p h o to n - tra n sm ittin g  sen sitize r.

U n d e r  th e  ex c ita tio n  co n d itio n s we em p lo y ed  (A >  250 nm ), d ire c t  o x y 
gen  a c tiv a tio n  can  n o t be reck o n ed  w ith . I n  p rin c ip le , oxygen could  be  a c t iv a te d  
as a  r e s u l t  o f E riog lauc in -A  a c tin g  as an  e n e rg y -tra n sm itte r , fo r th is  d y e  show s 
lu m in escen ce  w hen ex c ited  a t  i ts  410 n m  b a n d . H ow ever, only 2 %  p h o to -o x id a 
t io n  w as observed . F u r th e r , th e  e x te n t o f th e  p h o to -o x id a tio n  o f  E rio g lau c in -A  
d id  n o t  ch an g e  even w hen  th e  p h o to -o x id a tio n  w as carried  ou t u n d e r  aq u eo u s 
a n d  n o n -aq u eo u s  co n d itions in  th e  p resence  o f  fluorescein  or m e th y le n e  b lue. 
T hese  tw o  dyes are k n o w n  to  be effec tive  sensitize rs for th e  p ro d u c tio n  of 
s in g le t ox y g en , p a r tic u la r ly  in  non -aq u eo u s m ed iu m  (e.g. in  a benzene — m e th 
an o l so lv e n t m ix tu re ), in  w h ich  th e  life -tim e  o f sing le t oxygen is m u ch  longer 
th e n  in  w a te r  [9, 10]. S ince n o t  even th e se  sen sitize rs  b ro u g h t a b o u t a  change 
in  th e  p h o to -o x id a tio n  o f  E riog lauc in -A , we feel th a t  i t  m ay  be s ta te d  th a t  
s in g le t o x y g en  does n o t p a r tic ip a te  or has o n ly  a  su b o rd in a te  ro le in  th e  p h o to 
o x id a tio n . T his conclusion  is su p p o rte d  b y  th e  o b se rv a tio n  th a t  in  e v e ry  case 
E rio g lau c in -A  u n d e rw en t d e s tru c tiv e  o x id a tio n , th e  fo rm atio n  o f en d o p ero x id e  
or c a rb o n y l w as n o t d e te c ta b le  ; th e se  co m p o u n d s fre q u e n tly  a c c o m p a n y  th e  
re a c tio n s  o f  a rom atic  h y d ro c a rb o n  d e riv a tiv e s  w ith  sing le t oxygen .

I t  w as found  th a t  th e  iro n (I I I ) -c a ta ly z e d  p h o to -o x id a tio n s  o f th e  v a rio u s  
dyes e x h ib it  o p tim a  a t  d iffe re n t p H  va lu es  in  each  case (T able I I I ) .  O n  th is  
b asis  i t  ap p ea rs  obvious to  conclude th a t  a c c e p to r ac tiv a tio n  occurs in  these  
cases. H ow ever, i t  w as also o b served  th a t  fo r  c e r ta in  dyes th e  m a x im u m  in 
th e  d eco lo u riza tio n  vs. p H  fu n c tio n  depends on  th e  w av eleng th  a t  w h ich  th e  
v a r ia t io n  in  th e  a b so rp tio n  o f th e  dye is m easu red . F igu re  4 show s t h a t  in  th e  
case o f  E riog lauc in -A  th e  m ax im u m  is a t  p H  2.4 i f  th e  m easu rem en t is m ade 
a t  410 n m , b u t  a t  p H  2.94 i f  i t  is m ade a t  634 n m . S im ilar p h en o m en a  a re  found  
fo r m e th y l  o range an d  th y m o l b lue to o  (T ab le  I I I ) .  F rom  th is  o b se rv a tio n , 
th e  g e n e ra l conclusion m a y  be  d raw n  th a t  fo r  ev e ry  dye w ith  ac id  — base 
p ro p e r tie s , th e  acid ex p o n e n t o f w hich  is in  o r n ea r to  th e  p H  ra n g e  u n d e r 
e x a m in a tio n , th e  m ax im u m  in  th e  AE% vs. p H  cu rve  lies a t d iffe ren t po sitio n s 
i f  th e  r a t io  o f th e  m o lar a b so rp tiv ity  o f  th e  p ro to n a te d  an d  n o n -p ro to n a te d  
d y e  fo rm s changes a p p rec iab ly  w ith  th e  v a r ia t io n  o f th e  p H  (see F ig . 3 in  th e
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case o f E riog laucin-A ). H ow ever, i f  th e  deco lou riza tion  m easu red  a t  an  op tional 
w av e len g th  is c o n v e rte d  to  a m o la r c o n c e n tra tio n  change w ith  th e  aid o f the  
a p p a re n t m olar a b so rp tiv ity  va lu e  co rresp o n d in g  to  th e  a c tu a l p H , th e n  the  
m ax im u m  in th e  d eco lou riza tion  is fo u n d  u n ifo rm ly  a t  p H  2.7 fo r th e  iro n (III)-  
c a ta ly zed  p h o to -o x id a tio n s  o f th e  d iffe ren t dyes (F ig. 4 a n d  T ab le  I I I ) .  Ac
co rd ing ly , th e re fo re , th e  accep to r a c tiv a tio n  m echan ism  can  n o t be assum ed 
e ith e r  to  explain  th e  iro n (III)-c a ta ly z e d  p h o to -o x id a tio n s  o f  E riog laucin -A .

Table III

pH  optimum for iron(I I I)-catalyzed photo-oxidation of various dyes

Dye Placid A, nm
position of pH optimum

Reference
A В

Erioglaucin-A 2.85 RH.T • 410 2.40 2.70
■ Present work

RH : 634 2.94 2.70

Methyl orange 3.90 RHJ : 510 1 .9 -2 .1 2.70
Г61

RH : 520 2.40 2.70

Safranine-T RHÍ : 577 2.70 2.70
■ Unpublished results

RH
1

: 520 2.70 2.70

Thymol blue 1.6 R H Í : 552 1.50 2.70 I
Present work

RH : 435 2.90 2.70

A : AEx vs. pH curve 
В : A [dye] vs, pH curve

On the ab o v e  basis, it  is p ro b ab le  th a t  th e  c a ta ly s t  ions p la y  th e  deter- 
m in in g  role in  th e  n o n  dye-specific  p h o to -o x id a tio n s  o f th e  v a rio u s  dyes in  the  
p resence  of i ro n ( I I I ) .  In  th e  p H  ra n g e  in  q u es tio n , th e  i r o n ( I I I )  is p resen t in 
th e  form  of m o n o n u c lea r or p o ly n u c lea r  aq u a  an d  h y d ro x o  com plexes. The 
d a ta  o f  m any a u th o rs , b u t  p a r tic u la r ly  H e d str ö m  [11] a n d  B ie d e r m a n n  [12], 
in d ic a te  th a t  in  th e  absence of com plex -fo rm ing  ions i t  is n ecessa ry  to  ta k e  the  
fo llow ing eq u ilib ria  in to  consid era tio n  to  ch a rac te rize  iro n ( I I I )  so lu tions :

F e 3+ • aq  +  H 20  F e(O H )2+ • aq  +  H 30  + (1)

F e (O H )2+ • aq  +  H 20  F e (O H )2+ • aq  +  H ,0 ~  (2)

2 F e 3 + • aq  +  2 H 20  ̂  F e 2(O H )i+ • aq  +  2 H . ,0 -  (3)

3 F e 3+ • aq  +  8 H 20  ^  F e 3(O H )*+ • aq  +  4 H 30 +  (4)

W h en  th e  d a ta  o f  th e  above a u th o rs  ( K t == 8.91 X 1 0 _ 4 ; K 2 =  5 .4 9 x 1 0  4 ; 
К я =  1.22 X 10 _3 ; K x =  1.7 X 1 0 -e ) w ere u tiliz ed , th e  e q u ilib riu m  d is trib u tio n
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i l lu s t r a te d  in  Fig. 7 w as c a lc u la te d  u n d e r th e  e x p e rim e n ta l co n d itions we em 
p lo y e d . A ccordingly , in  8 X 1 0 ~ 5 M  iro n (I I I )  p e rch lo ra te  so lu tio n  a t  p H  ~  3.2, 
th e  c o n c e n tra tio n s  of th e  1 : 1 a n d  2 : 2 com plexes e x h ib it  m ax im a  ; a t  a low er 
p H  th e  a q u a  ion p re d o m in a te s , an d  a t a h igher p H  th e  d ih y d ro x o  com plex . 
T h e re  is  a  considerable d iffe ren ce  betw een  th e  ca lc u la ted  p H  va lu e  o f 3.2 and  
th e  ex p e rim en ta lly -fo u n d  v a lu e  o f  2.7. In  sp ite  o f th is , w e feel t h a t  o u r ob 
s e rv a tio n s  can be in te rp re te d  w ith  equilib ria  (1) — (4), a n d  th a t  th e  species 
F e (O H )2+ • aq  plays an  e sse n tia l ro le  in  th e  p h o to -o x id a tio n . O n th e  basis of 
th e  q u a n tu m  yield d a ta  to  be  fo u n d  in  th e  l i te ra tu re  [13], th e  follow ing p h o to 
a c t iv i ty  sequence can be e s ta b lish e d  :

F e H O a "  >  FeN g- >  F e (O H )2 + >  FeCl2+ >  F e 3 + ■ aq  >  FeSC N 2 +

T h e  d iffe rences in  th e  e x p e r im e n ta l conditions do n o t  p e rm it a m ore q u a n ti
ta t iv e  com parison .

Fig. 7. Distribution of iron(III) species occurring in 8 .14X 10-5 M  Fe(C104)3 solution, cal
culated on the basis of the data of H e d s t r ö m  [11] and B i e d e r m a n n  [12]. 1. Fe8+ . aq; 2.

Fe(OH)2+ . aq; 3. Fe(OH )f. aq; 4. F e ,(O H )|+. aq

F o r  b e tte r  o rien ta tio n  th e  q u a n tu m  yields of p h o to -re d u c tio n  o f iro n ( I I I )  
spec ies w ere  determ ined  a t  d if fe re n t pH  values u n d e r  e x c ita tio n  cond itions 
w e u s e d  :

9?pH=i.o =  0.02, (f>рн=2.7 =  0.13, <PpH=3.7 ~  0.05

T h e se  d a ta  convincingly d e m o n s tra te  th a t  th e  p h o to -a c tiv ity  o f th e  F e (O H )2 + 
io n  is h ig h e r  th a n  th o se  o f  th e  a q u a  and  th e  m ore co m p le te ly  h y d ro ly zed  
(p o ss ib ly  d inuclear and  p o ly n u c le a r)  iro n (III)  species, a n d  hence  p r im a rily  th e  
fo rm e r m u s t  be tak en  in to  a c c o u n t in  an  in te rp re ta tio n  o f th e  p h o to -o x id a tio n . 
In  a g re e m e n t w ith th is  co n c lu s io n  is th e  find ing  th a t  o n ly  th e  lig h t com ponen ts 
w ith  w av e len g th s  less th a n  360  n m  are effective, as th e  ab so rp tio n  b y  th e  
h y d ro ly z e d  iro n (III)  species c a n  be  observed in  th e  sam e ran g e .

T h e  in itia l steps in  th e  p h o to -o x id a tio n  are as follow s :

F e 3 + X -  - ^ F e 2+X

F e3 + X -

*
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F e 2 + X  —► F e2+ +  X  (6 )

F e2+ +  X  - ^ F e 2 + X .  ( - 6 )

T he q u a n tu m  y ield  is governed  b y  th e  e x te n ts  o f  th e  h ack -reac tio n s  ( — 5) and  
(— 6 ) an d  by  th e  p ro b a b ility  o f  th e  p h o to lysis  p ro d u c ts  (F e 2 + , X ) escaping 
from  th e  so lven t cage.

T he d eco lou riza tion  o f th e  dye  is conceived  to  occur in  th e  following 
m an n er. R ad ica l X  fo rm ed  in  re a c tio n  (6 ) (O H  in  p e rch lo ric  acid  solu tion) 

sp lits  an  H  a to m  o ff th e  dye m olecule (R H ) an d  a d y e  ra d ic a l R  is form ed :

R H  +  X  — R + H X .  (7)

T h e  dye rad ica l re a c ts  v e ry  ra p id ly  w ith  th e  o x y g en  p re se n t to  give a dye 

p e ro x id e  rad ica l R 0 2 :

R  +  0 2 R 0 2 (8 )

th e  fu r th e r  tra n s fo rm a tio n  o f w hich  y ields in a c tiv e  p ro d u c ts . Since th e  
fo rm a tio n  of iro n (II)  ions can  n o t  be observed  in  th e  course o f th e  photo lysis 
i f  su ffic ien t oxygen is p re sen t, i t  m u st be assum ed  th a t  th e  dye  p e rox ide  rad ica l 
oxidizes iro n (II)  to  iro n ( I I I )  :

R 0 2 +  F e 2+ -F H 30 +  — R O O H  +  F e 3+ +  H 20  . (9)

A role m ay also be  p lay ed  in  th e  reconversion  to  iro n ( I I I )  b y  th e  h y d ro p e r
oxide.

R eactions (5) — (9) agree w ell w ith  experience.
I f  th e  e x te n ts  o f  iro n (I I I ) -c a ta ly z e d  fad in g  o f  th e  dye b o th  in  th e  presence 

an d  in  th e  absence o f  oxygen  are  com pared , i t  ap p ea rs  th a t  oxy g en  has a deci
sive role in  th e  m u ltip lic a tiv e  s ta b iliz a tio n  o f  p r im a ry  o x id a tio n  p ro d u c t of 
E riog laucin -A  (see T ab le  IV).

Table IV

Effects o f experimental conditions and intensity o f irradiating light on photo-oxidation of Erio-
glaucin-A

Photon
current/

photon.9-1
Irradation
time/min. Fe(C104)3, M pH Erioglaucin-A,

M (je “ °)02 01©Si"3 (AE) Оз 
(AE) o2 = o

1 .5 x  1015 10 8 . 1 4 x l 0 - s 2.50 8 .0 x  1 0 - s 0.85 0.10 8.5

3 .8X  1014 10 4.07 x  1 0 - s 2.50 4 .0 x 1 0 - * 0.12 0.02 8.0

T he d eco lou riza tion  o f E riog laucin -A  can  s im ila rly  he  observed  in  th e  
absence of oxygen . In  th is  case th e  fad ing  o f 1 m ole o f dye is accom pan ied  by 
th e  fo rm atio n  o f 11 —13 m oles o f  iro n (II) . In  th e  p resence  o f su ffic ien t oxygen,
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h o w e v e r , iro n (II)  can  n o t be d e te c te d , b u t th e  oxygen  is consum ed : 3 .0 —3.5 
m oles o f  oxygen  are reduced  d u r in g  th e  deco louriza tion . T he oxy g en  co n su m p 
tio n  p ra c tic a l ly  agrees w ith  th e  a m o u n t of iro n (II)  fo rm ed  in  th e  absence of 
o x y g e n , a n d  i t  m ay th e re fo re  b e  s ta te d  th a t  th e  dye  is ox id ized  a t  th e  expense 
o f  th e  o x y g e n  p resen t b y  th e  m e d ia tio n  of th e  p h o to ch em ica lly -ex c ited  iro n (I I I )  
io n  ; t h a t  is , th e  iro n (I I I )  in  f a c t  p lay s  th e  role o f a p h o to c a ta ly s t .

T h e  p ap e r-ch ro m ato g rap h ic  ex am in a tio n s  show ed th a t  d u rin g  th e  p h o to 
o x id a tio n  o f  E rioglaucin-A  fra g m e n ts  w ith  low re la tiv e  m o lecu la r m asses are 
fo rm e d , w h ich  m igra te  to g e th e r  w ith  th e  so lven t f r o n t ; how ever, po lym eric  
spec ies w ith  high re la tiv e  m o lecu la r  m asses are  also  fo rm ed , w h ich  scarcely  
m ig ra te  a t  all. The p a p e r-c h ro m a to g ra p h ic  find ings a re  in  ag reem en t w ith  th e  
r e s u lts  o f  th e  v o ltam m etric  s tu d ie s  b y  G a lu s  an d  A d a m s  [7], w ho fo u n d  th a t ,  
on  a n o d ic  o x id a tio n  of dyes o f tr ip h e n y lm e th a n e  ty p e  analogous to  E riog laucin - 
A (c ry s ta l  v io le t, m alach ite  g reen ), th e  dye loses th e  c e n tra l (m e th y l)ca rb o n - 
p h e n y l u n i t ,  and  the  s u b s ti tu te d  p h e n y l rad ica ls th e n  re leased  com bine  to  y ield  
b e n z id in e  derivatives. D e s tru c tiv e  o x id a tio n  sim ila rly  occurs w ith  s trong  
o x id a n ts  [e.g. th e  cerium (IY ) io n ] [7].

T h e  s to ich iom etry  o f th e  p h o to -o x id a tio n  v a rie s  w ith  th e  in te n s i ty  of the  
e x c itin g  lig h t. The dye d e c o lo u riz a tio n  observed a t  a decreased  re d u ced  lig h t 
in te n s i ty  is d irec tly  p ro p o rtio n a l to  th e  q u a n tity  of c a ta ly s t  in  th e  h ig h er con
c e n tr a t io n  range, w hile a t  h ig h e r  in te n s ity  a cu rve  te n d in g  to  s a tu ra t io n  is 
o b ta in e d  ev en  a t a low er c a ta ly s t  co n cen tra tio n  (F ig . 6 ). T h e  cause  o f  th is 
l a t t e r  is  p re su m ab ly  th a t  a t  h ig h  in te n s itie s  th e  so lu tio n  m ay  becom e po o r as 
re g a rd s  ox y g en , for th e  ra te  o f  c o n su m p tio n  of oxygen  m a y  th e n  a p p ro x im a te  
to  i ts  r a t e  o f  dissolution.

T h e  deco lourization  v a r ie s  in  accordance w ith  a s a tu ra tio n  cu rv e  w ith  
th e  in c re a s e  of the  c o n c e n tra tio n  o f  th e  dye. This b e h a v io u r docs n o t  req u ire  
a n y  sp e c ia l ex p lana tion . H o w ev e r, i t  is necessary  to  ju s tify  th e  f in d in g  th a t  a 
s a tu r a t io n  curve  is o b ta in ed  o n ly  i f  th e  deco louriza tion  is d e te rm in ed  a t  a low 
la y e r  th ic k n e s s . I f  th e  la y e r  th ic k n e s s  is g rea te r, th e  w eak en in g  o f  th e  lig h t 
d u e  to  s c a tte r in g  from  th e  p o ly m eric  species form ed in  th e  m ore c o n c e n tra ted  
d y e  so lu tio n  and p re c ip ita te d  fro m  M ater m ay co m p en sa te  th e  a p p a re n t  a b 
so rb a n c e  decrease acco m p an y in g  th e  h igher e x te n t o f o x id a tio n  as th e  dye 
c o n c e n tra t io n  is increased , a n d  as a re su lt o f th is  a m ax im u m  cu rv e  is p roduced .

I t  em erges from  th e  d a ta  o f  T ab le  I th a t  from  th e  asp ec t o f th e  p h o to 
o x id a tio n , th e  oxygen m olecu le  can  p ra c tic a lly  n o t be rep laced  b y  o th e r  o x id 
a n ts . A lth o u g h  hydrogen  p e ro x id e  is capable  of ta k in g  over th e  ro le o f the  
o x y g e n , th e  system  becom es to o  co m p lica ted , for d eco lo u riza tio n  o f th e  dye 
can  a lso  be  b ro u g h t a b o u t b y  th e  rad ica ls  form ed in  th e  re a c tio n s  betw een  
h y d ro g e n  perox ide  and  i ro n ( I I )  o r iro n ( I I I )  in  th e  d a rk , an d  hence  e v a lu a tio n  
o f th e  p h o to -o x id a tio n  p re se n ts  g re a t d ifficu lty . In  a d d itio n , th e  re p ro d u c ib il
i ty  is p o o r.
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In  our ex p erien ce , ch lo ra te  and  b ro m a te  do no t induce  p h o to -o x id a tio n  
in  th e  absence o f o x y g en , an d  sim ila rly  th e  n i tra te  ion is n o t  a  sa tis fa c to ry  
o x id a n t e ith er. I t  is p a r tic u la r ly  su rp ris in g  th a t  ch rom ate  a n d  n i t r i t e  ions, 
w hich  re a c t v e ry  ra p id ly  w ith  iro n (II) , a re  n o t only unab le  to  t a k e  over the 
ro le o f  th e  o x id an t, b u t  e x e r t in h ib ito ry  e ffec ts  even in  th e  p re sen ce  o f  oxygen. 
T h is question  will be  re tu rn e d  to  la te r .

T he effects o f  th e  h a lid e  and  p seu d o h a lid e  ions can be e x p la in e d  p a r tly  
b y  th e  s ta b ility  an d  p h o to ch em ica l a c t iv i ty  o f  th e  com plex fo rm e d  w ith  the 
c a ta ly s t , and  p a r tly  b y  th e  redox  reac tio n s  b e tw een  th e  rad ica ls  a n d  th e se  ions. 
T he s ta b ili ty  c o n s ta n ts  o f  th e  F e 3+X ~  io n -p a ir  com plexes [15] a re  as follows :

F e 3 + F  : 105- 1 0 6 ; F e 3 + N 3 : 105- 1 0 ° ;  F e 3 + SCN~ : 102- 1 0 3 ; F e 3 + C l -  : 20 ;

F e 3 + B r _ : 10 ; F e 3 + I~  : 80

V ery  l i t t le  is know n o f th e  p h o to -a c tiv itie s  o f  th e  com plex ions fo rm e d  betw een  
iro n ( I I I )  and  flu o rid e , b u t  on th e  basis o f th e  h igh  e le c tro n e g a tiv ity  o f  fluorine 
i t  is p ro b ab le  th a t  th e se  a re  low er th a n  th a t  o f  F e (O H )2 + , an d  i t  c a n  b e  ascribed 
to  th is  th a t  th e  p h o to -o x id a tio n  v ir tu a lly  ceases in  th e  ev en t o f  a f lu o rid e  ion
excess.

A s trong  com plex  is form ed w ith  az id e  ion . F u rth e r , th e  q u a n tu m  yield 
o f  th e  F eN 3 + ion  is h ig h e r th a n  th a t  o f F e (O H )2 + , and  accord ing ly  a n  increasin g  
e x te n t of p h o to -o x id a tio n  wrould be e x p e c te d  w ith  an  increase  o f  th e  azide 
co n cen tra tio n . In s te a d  o f  th is , th e  p h o to -o x id a tio n  decreases, p re su m ab ly  
because  a fa s t red o x  re a c tio n  tak es  p lace b e tw een  O H  and  N~3, a n d  a lso  because 
th e  re a c tio n  b e tw een  th e  dye  and  th e  N 3 ra d ic a l is n o t fa s t en o u g h .

T he reasons w h y  th e  ch loride ion is ineffec tiv e , even in  a h ig h e r  excess, 
a re  th e  low  s ta b ili ty  o f  th e  chloro com plexes an d  th e  fac t th a t  th e  p h o to -a c 
t iv i ty  o f th e  species F eC l2+ is n ea rly  th e  sam e  as th a t  o f F e(O H )2 + . T h e  iodide, 
th io c y a n a te  and  b ro m id e  ions ex e rt s tro n g  in h ib ito ry  effects in  th e  sequence 
I~  S C N - >■ B r~ . A q u a n tu m  y ield  d a tu m  is know n only fo r th e  th io c y a n a te , 
acco rd ing  to  w hich F eS C N 2+ has a b o u t h a lf  th e  p h o to -a c tiv ity  o f  F e (O H )2 +
[13]. T hese ions re a c t a t  h igh  ra te  w ith  th e  O H  rad ica l, an d  th e re b y  in h ib it 
th e  ch a in -o x id a tio n  o f  th e  dye. T he seq u en ce  o f th e  ra te  c o n s ta n ts  o f th e ir  
reac tio n s  w ith  th e  O H  ra d ic a l coincides w ith  th e  in h ib itio n  seq u en ce  observed  
in  th e  p h o to -o x id a tio n .

In  h igher q u a n tit ie s , th e  ch ro m ate  a n d  m o ly b d a te  ions in h ib it  th e  p h o to 
o x id a tio n  of E riog lau c in -A . T he reason  w h y  th e se  ions decrease o r  in h ib it  the  
o x id a tio n  is th a t  th e y  fo rm  p h o to -in ac tiv e  com plexes w ith  th e  c a ta ly s t .  The 
s ta b il i ty  co n stan ts  o f  th e  io n -p a ir com plexes F e Q 0 4H are 7.2 X Ю7 fo r  m o ly b d a te  
an d  1.2 — 4 .2 x  10е fo r c h ro m a te  [15]. In  a m ed iu m  con ta in ing  s u lp h a te  io n  th e  
e x te n t  o f th e  p h o to -o x id a tio n  is low er, in  accordance  w ith  th e  f a c t  t h a t  th e  
s ta b il i ty  o f th e  su lp h a to  com plex  is low er to o  : К  ^  102 [15].
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T h e  in h ib ito ry  e ffec t o f  th e  arsenite  ion is c o n n e c te d  w ith  its re a d y  re a c 
t io n  w ith  th e  O H  r a d ic a l :

A s ( I I I )  +  O H  — As(IV) +  O H -  ( 11 )

T h e  A s(IY ) rad ica l ion  fo rm e d  m ay  oxidize i r o n ( I l ) ,  b u t  i t  m ay also red u ce  
o x y g e n . T he ra tio  o f th e  re a c tio n  rates / iA s ( iV ) + o a : ^ A s ( iv )+ F e (ii)  =  40 [14], 
a n d  th e re fo re  the  p re d o m in a n t reaction  will be

A s(IY ) +  0 2 +  H+ — As(V) +  H 0 2 . (12)

B y  re d u c in g  iro n (III) , H 0 2 fo rm e d  decreases th e  r a te  o f  in itia tio n  of th e  p h o to 
o x id a tio n .

In su ffic ien t in fo rm a tio n  is available fo r an  in te rp re ta t io n  of th e  w eak  
in h ib i to ry  effect of c o p p e r( I I )  ion .

T h e  decrease in  th e  d eco lou riza tion  o b se rv ed  in  th e  presence o f n i t r i te  
io n  m a y  be re la ted  to  th e  f a c t  th a t  n itrite  re a c ts  v e ry  rap id ly  w ith  th e  O H  
ra d ic a l.

I t  has been m e n tio n e d  t h a t  n itra te  ion  (in  a co n cen tra tio n  of 1 0 ~ 3 M )  
a n d  n i t r i te  ion (a t even  lo w e r concen tra tions : 1 0 - 5  M  < / [N O 2] <C 1 0 - 8  M )  
a re  a lso  able to  induce th e  p h o to -o x id a tio n  o f E rio g la u c in -A  in  th e  absence o f 
i r o n ( I I I ) .  The cause o f th is  in  a ll p robab ility  is t h a t  U V  photo lysis o f th e  n i t r a te  
a n d  n i t r i te  ions gives rise  to  low  yields of O H  ra d ic a l.

A naly tica l conclusions

I n  th e  absence o f  a  p h o to c a ta ly s t , E rio g lau c in -A  is sa tisfac to rily  p h o to - 
r e s is ta n t .  A ccordingly, i ts  l ig h t  absorp tion  does n o t  change during  a fa ir ly  
b r ie f  ir ra d ia tio n  of m o d e ra te  in te n s ity . H ow ever, i t  is  ra p id ly  decolourized  in  
th e  co u rse  of ir ra d ia tio n  in  th e  presence o f th e  p h o to c a ta ly s t  iro n ( I I I ) .  T h e  
d eco lo u riza tio n  depends on  th e  co n cen tra tion  o f  th e  d y e , on th e  oxygen c o n te n t 
o f  th e  so lu tion , on th e  p H , a n d  above all on  th e  co n c e n tra tio n  of i ro n ( I I I ) .  
A t lo w er in tensities of th e  i r r a d ia t in g  light, a lin e a r  c a lib ra tio n  curve is o b ta in e d  
in  th e  co n cen tra tio n  in te r v a l  o f  0.2 —5.0 /xg iro n /c m 3 ; a t  higher in te n s itie s , 
l in e a r i ty  is observed in  th e  ra n g e  of 0.1 —1.0 /xg iro n /c m 3. I t  is co n v en ien t to  
u se  th e  dye  in  a c o n c e n tra tio n  o f 5 X 10 5 M , fo r  in  th is  case association  o f  th e  
d y e  h a s  s till no t a t ta in e d  a  percep tib le  e x te n t . D eco lo u riza tio n  o f th e  d y e  
sh ow s an  optim um  a t  p H  2 .7 .

P rocedure : An a p p ro p r ia te  a liquo t of th e  sa m p le  to  be analyzed , in  w h ich  
2 — 25 /xg iron  is p re sen t, is m e a su re d  into a b e a k e r , a few  drops of c o n c e n tra te d  
p e rc h lo r ic  acid is ad d ed , a n d  th e  m ateria l is e v a p o ra te d  alm ost to  d ry n ess . 
I f  n ecessa ry , in  th e  in te r e s t  o f  m aking th e  c o n v e rs io n  to  pe rch lo ra te  to ta l ,  
f u r th e r  perchloric acid  is a d d e d  and  the  p rocess is  re p e a te d . The a lm o st d ry
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residue  is d isso lved  in  a sm all volum e o f w a te r  a n d  5 cm 3 10 ~3 M  E rio g lau c in -A  
dye so lu tion  is ad d e d . T hen , w ith  a sod ium  h y d ro g en  ca rb o n a te  o r  a d ilu te  
perch lo ric  acid  so lu tio n  th e  pH  is a d ju s te d  to  2 .7  on a glass e lec trode , a n d  th e  
vo lum e is m ade u p  to  25 cm 3. Some o f th is  so lu tio n  is tran sfe rred  in to  a q u a r tz  
cell, m a in ta in ed  a t  c o n s ta n t te m p e ra tu re , an d  i r r a d ia te d  for 10 m in w ith  a lig h t 
source of su ffic ie n tly  c o n s ta n t in te n s ity . A fte r  th is  irrad ia tio n , th e  d ec rea se  in 
th e  lig h t a b so rp tio n  a t  634 or 410 nm  is d e te rm in e d  com pared  to  th e  in it ia l  
so lu tion . T he re su ltin g  ab so rbance  d ifference is e v a lu a te d  b y  m eans o f  a c a l ib ra 
tio n  curve ta k e n  in  th e  described  m an n er. T h e  acc u ra cy  o f th e  iron  d e te rm in a 
tio n  depends ab o v e  all on how  successful i t  p ro v e s  to  m a in ta in  th e  em iss io n  of 
th e  lig h t source a t  a c o n s ta n t va lue . In  a fa v o u ra b le  case the  re p ro d u c ib ili ty  
can  be k e p t w ith in  i 2 % , b u t  even if  a s im p le r se t-u p  is em ployed a n  a c c u ra cy  
o f  i 5 %  can  be ach ieved .

T he m e th o d  described  is n o t d is tu rb e d  a t  a ll b y  tra n s itio n  m e ta l ion s in 
th e ir  low er o x id a tio n  s ta te s  an d  it  is th e re fo re  w ell app licab le  for th e  d e te rm in a 
tio n  o f th e  v e ry  low  iro n  co n ten ts  o f ce rta in  m e ta ls  such  as cobalt a n d  n ick e l, as 
well as alloys.
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Oxidation of a 2’-hydroxyisoflavone with silver carbonate in quinoline gave
the corresponding llH -benzofuro[2,3-6][l]benzopyran-ll-one.

A p lan n ed  sy n th esis  o f th e  d ia s te reo m eric  n a tu ra l p te ro c a rp a n  glucosides 
so p h o ra jap o n ic in  [(6 aS , l l a S ) - ]  [2] an d  tr ifo lrh iz in  [(6ai?, l la R )-3 -h y d ro x y -  
8 ,9 -m ethy len ed io x y p tero carp an -3 -0 -/? -D -g ly co p y ran o sid e] [3] re q u ire d  th e  
p re p a ra tio n  o f th e  iso flavone glucoside 1. F o r  th is  purpose th e  2% 7-dihydroxy- 
iso flav o n e  2 [4] w as coupled  w ith  acetob rom og lucose  in  q u in o lin e  in  th e  p re s 
ence o f  s ilver ca rb o n a te . T h is gave a m ix tu re  from  w hich b y  f ra c tio n a l c ry s
ta lliz a tio n  in stead  o f th e  ex p ec ted  iso flav o n e  te traace ty lg ly co sid e  3 a com 
p o u n d  o f m .p . 256 — 258 °C w as iso la ted  to  w hich  th e  p e n ta c y c lic  s tru c tu re  7 
w as assigned . T his w as based  on th e  fo llow ing  a rgum en ts :

T he p ro d u c t d id  no t change on a c e ty la tio n .
In  th e  1H -N M R  sp ec tru m  signals o f  th e  te traace ty lg lu co sy l m o ie ty  and  

o f  f iv e  a ro m a tic  p ro to n s could  be recogn ized  b u t  th e  c h a ra c te r is tic  s igna l of 
th e  C-2 p ro to n  in iso flavones ex p ec ted  a ro u n d  ö =  8 ppm  w as m issing .

H ydro ly sis  o f 7 y ie lded  th e  co rre sp o n d in g  aglycon (9) w h ich  gave  in  th e  
m ass sp ec tru m  a m olecu lar ion  a t  m/e 306.

S tru c tu re  7 ex p la ined  th e  d o w n fie ld  sh if t by  0.9 p p m  o f  th e  sig n a l of 
6 ’-H  co m p ared  w ith  th a t  in  6  caused  b y  th e  deshield ing effect o f  th e  n ea rb y  
c a rb o n y l group . T he sh ift o f  th e  c a rb o n y l ab so rp tio n  from  1645 c m -1  (in  6 ) 
to  1665 c m -1  in  7 w as also c h a ra c te r is tic .

A sim ilar o x id a tiv e  c y c liz a tio n  o f  a 2 ’-h y d ro x y iso fla v o n e  u s in g  K 3Fe(C N )e 
as o x id a n t  w as reported  b y  F a l sh a w  et a l . [5 ].

T h e req u ired  g lucoside could  la te r  co n v en ien tly  be p re p a re d  b y  th e  fol
low ing  sequence : th a l l iu m (I I I )  n i t r a te  o x id a tio n  o f  th e  chalcone a c e ta te  11 in 
m e th a n o l—trim e th y l o rth o fo rm a te  [1 ], fo llow ed by  sap o n ifica tio n  a n d  ring

* Part IX  of the series : “Oxidative rearrangement of chalcones by thallium(III)- 
nitrate” ; (for Part VIII, see Ref. [1]) and Part XV of the series “Synthesis of isoflavone glyco
sides” (for Part XIV, see Ref. [1]).

12* A c ta  C h im . A c a d .  S e i .  H u n g .  1 0 0 , 197 9



1 8 0 ANTUS, NÓGRÁDI: CONVERSION OF 2'-HYDROXYISOFLAVONES

closure  b y  sodium  m e th o x id e  [7] fu rn ished  th e  benzy liso flavone glucoside 4. 
D e b en zy la tio n  of th e  co rresp o n d in g  ace ta te  (5) a n d  sap o n ifica tio n  o f th e  p ro d 
u c t  (3) gave 1 c h a ra c te r iz e d  as th e  p e n ta a c e ta te  6 .

C onversion o f 1 in to  th e  desired  p te ro c a rp a n  glucosides is in  p rog ress.

10: R — (Hue, R H
II: R AcjGluc, R' CHjCO

Glue =  .l o-ghieopyranosyl; AejGluc =  tetra-O-aecdyl-jLu-ghjeopyranosyi

E xperim en ta l

M.p.’s were taken on a Kofler hot stage and are uncorrected. 111 — NMR spectra were 
obtained on a Varian XL 100 instrument with tetramethylsilane as internal standard.

3 -1 lvdrow-ii.9-m et hvlcnedioxy-11 / / - bru/oturo [ 2.3 - b ] [l]benzopyran-ll-one-3-0-tetra-0- 
acetyl-/?-.D-glucopyranoside (7 )

To a stirred solution of the isoflavone 2 (0.596 g ; 2 mmol) [4] in dry quinoline (5.0 ml) 
silver carbonate (0.90 g ; 3.3 mmol) was added. After stirring for 30 min a-acetobromoglucose 
(1.24 g ; 3.0 mmol) was added and stirring continued for 4 h. After dilution with CH2C12 (30 ml) 
quinoline was removed by extraction with 5% H„S04 and the solution was evaporated. Repeated 
recrystallization from acetone afforded 7 as colorless prisms (0.15 g ; 12%), m.p. 256—258 °C.

>H—NMR(CDC13):  <5 =  2.02, 2.04, 2.06 and 2.10 (s, 12H, 4 x O A c ) ,  4.00 (me, 1H). 
4.25 (me, 2H) and 5 .1 -5 .3  (m, 4H) (sugar protons), 6.02 (s, 2H, OCH.,0), 7.00 (s, 1H, 3’-H), 
7.20 (q, J 0 =  8.5, J m =  2.5 Hz, 1H, 6-H), 7.16 (d, J m =  2.5 Hz, 8-H), 7.63 (s, 1H, 6’-H), 
and 8.28 (d, J 0 =  8.5 Hz, 5-H).

C30H2e0 16 (626.5). Calcd. C 57.51; H 4.18. Found C 57.23 ; H 4.09%.
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3 -Hydroxy-8,9-methyleiiedioxy-llH-bciizofuro[2,3-b][l] benzopyran-ll-one-3-0-/?-ß- 
gluropyranoside (8)

Saponification of 7 with 0.1 N  sodium methoxide gave 8, m.p. 288 290 °C (from AcOH).
C22H180 „  (458.4). Calcd. C 57.65; H 3.96. Found C 57.74; H 4.36%.

3 -Hydroxy-8,9-m ethylenedioxy-lltí-benzofuro[2,3-b] [ 11 bcnzopyran-11 -one (9)

7 (72 mg) was boiled in ethanol (2.0 ml) containing hydrochloric acid (10%, 0.2 ml) 
for 5 h. On partial evaporation 9 (25 m g ; 70%) precipitated. Colourless needles (from AcOH), 
no melting or sublimation up to 360 °C.

CI8H80 6 (306.3). Calcd. C 62.74; H 5.92. Found C 62.88; H 5.64%.

2 -Benzy Ioxy-2'.4’-d i hyd roxy-4.5 - met hylencdioxyt'halcnne-4'-O-,'/-/ J-gluropyranoside (10)

To a hot solution of 2,4-dihydroxyacetophenone-4-0-tetra-0-acetyl-/?-Z)-glucopyrano- 
side (24.1 g; 0.05 mol) [6], and 2-benzyloxy-4,5-methylendioxybenzaldehvde (12.8 g; 0.05 
mol) [4] in ethanol (250 ml) aqueous potassium hydroxide (25%, 50 ml) was added in portions 
and boiling continued for 1 h. On acidification with acetic acid a precipitate formed which 
was separated and then boiled with methanol (200 ml) for 40 min. The residue (6.2 g; 21%) 
was sufficiently pure for acetylation. A sample was purified for analysis by recrystallization 
from dimethylformamide ethanol, orange needles, m.p. 238—242 °C.

Cj.HjgO,, (552.5). Calcd. C 63.04; H 5.11. Found C 62.83; H 5.24%.

Pentaacetate (11): Yellow needles, m.p. 214 216 °C (from CHC13—EtOH).
C39H.l80 16 (762.7). Calcd. C 61.42 ; H 5.02. Found C 61.08 ; H 5.04%.

2, -Benzyloxy-7-hydroxy-4,,5, -methylenedioxyisofIavone-7-0-/l-Il-glucopyraiioside (4)

11 (7.6 g ; 0.010 mol) was suspended in a mixture of CHC13 (100 ml) and CHX12 (50 ml). 
This was added dropwise to a solution of T1(N03)3-3H.,0 (7.05 g; 0.016 mol) in trimethyl 
orthoformate (50 ml) and MeOH (50 ml). After 135 min, 1JV NaOMe (34 ml) was added followed 
by evaporation. The residue was distributed between water and CH2C12, the latter evaporated 
and the residue dissolved in warm methanol (100 ml). Precipitated T120 3 was filtered off, and 
liV NaOMe (5 ml) was added to the solution which was then boiled for 20 min. The solution, 
acidified with acetic acid, was evaporated to a small volume.

The precipitated product was separated (3.7 g; 67%). 4 could be reprecipitated from 
hot ethanol, but remained amorphous.

C29H26On • 2H20  (586.7). Calcd. C 59.38; H 5.15. Found C 59.77 ; H 5.43%.

Tetraacetate (5): Colourless crystals, m.p. 156— 158 °C (from EtOH).
C3,H MOi5 (718.7). Calcd. C 61.84; H 4.77. Found C 61.49; H 4.75%.

2%7-Dihyilroxy-4’,5, -methylenedioxyisofIavonc-7-0-tetra-0-acetyl-/?-il-glucopyranoside (3)

Debenzylation of 5 (3.1 g) by catalytic hydrogenation in acetone gave after elution of 
the precipitated product with CH2C12 and evaporation 6 (2.6 g ; 96%), m.p. 212 -2 1 4  °C, un
changed on recrystallization from EtOH.

C30H28OI5 (628.5). Calcd. C 57.33 ; H 4.49. Found C 57.65 ; H 4.78%.

Pentaacetate (6 ) Colourless; needles, m.p. 174— 176 °C (from MeOH).

HI NMR(CDC13): 0 =  2.04, 2.06 2.08 (15H, 5xO A c), 3.96 (me, 1H), 4.24 (me,
2H), 5.1 5.4 (m, 4H) (sugar protons), 6.01 (s, 2H, OCH..O), 6.70 and 6.78 (s, 1 1H, 3’,6’-H),
6.96 7.12 (m, 2H, 6,8-H), 7.92 (s, 1H, 2-H), 8.22 (d, J 0 =  9 Hz, 5-H).

C32H30O16 (670.6) Calcd. C 57.32; H 4.51. Found C 57.51; H 4.40%.
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2,,7-Dihydroxy-4’,5’-methylenedioxyisoflavone-7-0-/?-.D-glucopyranoside (1)

Saponification of 3 afforded 1 as pale yellow needles, m.p. 221— 223 °C (from dimethyl- 
form am ide—ethanol).

Wo — 27.4° (c =  2.3, dimethylformamide).
C22H30On (460.4). Calcd. C 57.39; H  4.38. Found C 57.23 ; H  4.89%.

*

W e are indebted to Drs. E. G á cs-B a itz  and L. R adios for NMR spectra and to Mr. 
Z. N a g y  for technical assistance.
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A method based on faradaic distortion is presented for the study of the kinetics 
of corrosion processes for the case when the current-voltage characteristics of both 
the anodic and the cathodic reactions can be expressed by Tafel’s equation. The har
monic components of the current flowing through the electrode under the effect of a 
sinusoidal alternating voltage superimposed on the polarizing direct voltage are ex
amined as functions of the time-average value of the polarizing direct voltage and the 
amplitude of the alternating voltage. The corrosion current and the Tafel slopes of the 
anodic and cathodic reactions can be determined by measuring the first, second and 
third harmonic components of the faradaic current at one potential in each of the anodic 
and cathodic Tafel ranges. The evaluation of the corrosion current and of the Tafel’s 
slopes from the harmonic component of the current measured at the corrosion potential 
is also presented. Simple relationships are obtained if the amplitude of the alternating 
voltage is small.

Introduction

T he c u rre n t-v o lta g e  c h a rac te ris tic s  o f  e lec tro d e-so lu tio n  in te rface  i.e. 
th e  p o la riza tio n  cu rv e  is g en era lly  n o n lin ea r m ain ly  as a co n seq u en ce  of the 
n o n lin e a rity  o f  th e  fa ra d a ic  im pedance . (The n o n lin ea rity  i.e . th e  po ten tia l 
dependence  o f  th e  c a p a c ity  o f  th e  d o u b le-layer is an  a d d itio n a l cause of 
th e  above effect.) I t  follow s fro m  th e  above  fac t t h a t  c u r re n t rec tifica tio n  
is observed  w hen th e  e lec trode  is po larized  b y  a n o n d is to r te d  sinusoidal 
a lte rn a tin g  v o ltag e  an d  th e  c u rre n t is d is to r te d  as co m p ared  to  th e  applied 
vo ltag e  i.e. th e  c u rre n t c o n ta in s  h igher h a rm o n ic  co m p o n en ts  in  a d d itio n  to  
th e  one h av in g  th e  sam e freq u en cy  as th e  po la riz ing  v o lta g e . T he la tte r  
phenom enon  is te rm e d  fa ra d a ic  d is to rtio n  w hile th e  fo rm er is th e  faradaic  
rec tific a tio n . C onsider as an  exam ple  o f  th is  p h enom enon  a cu rren tv o ltag e  
ch a rac te ris tic s  g iven  b y  an  expression  o f second  order

/  =  A U  +  B U *  (1)

su b s titu tin g  v o ltag e  U  b y  U 0 sin  cot (w here U 0 is th e  a m p litu d e  an d  со the  
a n g u la r  freq u en cy  o f th e  a lte rn a tin g  vo ltag e) c u rre n t I  w ill be  g iven  b y  the  
fo llow ing fo rm ula  :

n r / 2  TUT2
I  =  A  U 0 sin cot -f- В  Uo s in 2 cot = ------ -|- A  U 0 sin  cot -|----- cos 2cot. (2)
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T h u s , in  a d d itio n  to  th e  c o m p o n e n t hav ing  freq u en cy  w  th e  c u rre n t is com posed
B U 2

o f a d .c . co m p o n en t ——  a n d  a seco n d  harm onic c o m p o n e n t h av in g  freq u en cy

B U 2
2со a n d  a m p li tu d e ------ . B o th  re c tif ic a tio n  and  d is to r tio n  o rig in a te  from  te rm

В  U 2 c o n ta in in g  the  second p o w e r  o f  U  and cau sin g  th e  n o n lin ea rity . W h en  
th e  c u rre n t-v o lta g e  c h a ra c te r is tic s  is described b y  a n  expression  co n ta in in g  
h ig h e r  p o w ers  of U (e.g. b y  a tra n s c e n d e n t in teg e r fu n c tio n  defined  b y  a pow er 
series) th e  cu rren t also c o n ta in s  h igher harm o n ic  co m p o n en ts  o f freq u en cy  
кш  (к  =  1, 2, 3 . . . ) .  T he  p a ra m e te rs  of th e  c u rre n t-v o lta g e  c h a rac te ris tic s  
(A  a n d  В  in  th e  above ex am p le )  a p p e a r  in th e  a m p litu d e s  o f b o th  th e  rec tif ied  
c u r re n t  a n d  th e  harm onic c o m p o n e n ts  co nsequen tly  th e se  p a ra m e te rs  can  be 
e v a lu a te d  i f  th e  am plitu d es a re  k n o w n .

T h e  above co n sid era tio n s also  apply  to  th e  case  o f th e  p o la riza tio n  b y  
a l te r n a t in g  cu rren t of an  e le c tro d e  hav in g  a n o n lin e a r c u rre n t-v o lta g e  c h a ra c 
te r is t ic s . I n  th is  case th e  p o te n t ia l  o f th e  electrode e x h ib its  fa rad a ic  d is to rtio n  
an d  fa ra d a ic  rec tification .

A  s im ila r  approach  is v a l id  fo r  th e  case w h en  an  a lte rn a tin g  v o ltag e  or 
a l te r n a t in g  cu rren t is su p e rim p o se d  on the  d ire c t v o lta g e  or d irec t c u rre n t, 
re s p e c tiv e ly , polarizing th e  e le c tro d e . In  th is  case th e  d .c. p o la riza tio n  cu rve  
o b se rv e d  in  th e  absence o f a .c . c u r re n t  is m odified b y  th e  fa ra d a ic  re c tif ic a tio n  
c o m p o n e n t, and  the  h arm o n ic  co m p o n en ts  of th e  c u r re n t  or tho se  of th e  p o te n 
t ia l  c a n  b e  s tud ied  as a fu n c tio n  o f  th e  po larizing d ire c t v o ltag e  or d irec t c u r
re n t ,  re sp e c tiv e ly . Thus v a lu a b le  in fo rm atio n  is o b ta in e d  on th e  k inetics o f  th e  
e le c tro d e  reac tio n .

F a ra d a ic  rec tifica tio n  h a s  b e e n  stud ied  f ir s t  b y  D o ss  an d  A g a r w a l  [1, 
2] in  th e  aud io -frequency  ra n g e . T hese  au tho rs a p p lie d  th e  above m e th o d  fo r 
th e  s tu d y  o f  th e  k inetics o f  re d o x  processes n e a r  th e  reversib le  p o te n tia l. 
B a r k e r  [3, 4, 5] em ployed  rad io -freq u en cy  signals  fo r th e  in v e s tig a tio n  o f 
r a p id  e le c tro d e  processes. L a te r  sev e ra l au tho rs s tu d ie d  th e  de ta ils  o f th e  m e th 
od. D e l a h a y  et al. [6 ] s tu d ie d  th e  rec tifica tio n  a n d  d is to r tio n  effects caused  
b y  th e  n o n lin e a r  c u rre n t-v o lta g e  ch a rac te ris tic s  o f  re d o x  processes in  th e  case 
o f s im u lta n e o u s  diffusion a n d  c h a rg e  tran sfe r p o la r iz a tio n s  in  th e  v ic in ity  of 
th e  re v e rs ib le  po ten tia l.

V a n  Ca k e n r e r g h e  [7] h a s  suggested  th e  u se  o f  th e  second h a rm o n ic  
c o m p o n e n t genera ted  by  fa ra d a ic  d is to rtio n  for th e  d e te rm in a tio n  o f th e  t r a n s 
fer c o e ff ic ie n t. This m eth o d  h a s  b e e n  developed f u r th e r  b y  B a u e r  an d  E l v i n g

[8 ]. S e v e ra l au tho rs have d e r iv e d  expressions fo r d iffu sio n  an d  charge  tra n s fe r  
p o la r iz a t io n  [9, 10, 11]. T h e  p o te n tia l  dependence o f  th e  second h a rm o n ic  
c u r re n t  co m p o n en t was m a in ly  s tu d ie d  from  a p o la ro g ra p h ic  p o in t o f  view  
a im in g  a t  k in e tic  in v es tig a tio n s  [12 th ro u g h  19] or a t  a n a ly tic a l d e te rm in a tio n s  
[11, 20 , 21 ].

A c t a  C h i m .  A c a d .  S e i.  H u n g . 1 0 0 , 1 9 7 9



DÉVAY, MÉSZÁROS: STUDY OF THE RATE OF CORROSION OF METALS 185

A n e x trem e ly  luc id  su m m ary  o f th e  e ffec t re la te d  to  fa rad a ic  im p ed an ce , 
fa rad a ic  re c tif ic a tio n  an d  d is to rtio n  has b een  p re sen ted  b y  D e v a n a t h a n  [22] 
fo r th e  case o f  red o x  reac tio n s in  th e  v ic in ity  o f th e  reversib le  p o te n tia l. 
D e v a n a t h a n  el al. [23] d e te rm in ed  th e  k in e tic  p a ra m e te rs  o f som e red o x  
reac tio n s b y  th e  m easu rem en t o f fa rad a ic  d is to r tio n  a t  rad io -freq u en cy  signals 
(100 k H z  to  1 M H z).

R a n g a r a ja n  [24, 25 ,26] has developed  an  o p e ra to r  m e th o d  for th e  m a th e 
m a tica l e v a lu a tio n  o f th e  non -lin ear response  o f th e  fa rad a ic  im p ed an ce . T his 
m eth o d  is ap p licab le  in  th e  case o f an y  c u r re n t or v o ltag e  p e r tu rb a tio n s .

In  recen t y ea rs  som e a tte m p ts  h av e  b een  p re sen ted  reg a rd in g  th e  use of 
fa rad a ic  re c tif ic a tio n  an d  d is to rtio n  in  th e  s tu d y  o f corrosion processes. 
Sa n  thy* a r a  YANA [27, 28] de te rm in ed  th e  r a te  o f corrosion  b y  fa rad a ic  re c t i
f ic a tio n  m easu rem en t a t  th e  electrode p o la rized  b y  sinuso idal a lte rn a tin g  
v o ltag e  in  th e  v ic in ity  o f th e  corrosion p o te n tia l . T h is m eth o d  can  o n ly  be 
app lied  i f  th e  T afe l slope o f a t  leas t one o f  th e  p a r t ia l  processes is know n. 
Sa n t h y a r a y a n a  a n d  S r in iv a s a n  [29] h a v e  d eriv ed  a re la tio n  for th e  d e te r 
m in a tio n  o f th e  co rrosion  c u rre n t from  th e  p o te n tia l  sh if t caused  by  fa rad a ic  
re c tif ic a tio n  fo r such  cases w hen  th e  co rrosion  p o te n tia l  does n o t con sid erab ly  
d iffer from  th e  rev e rsib le  p o te n tia l o f th e  m e ta l e lec trode . T he T afel slopes of 
th e  p a r tia l  e lec tro d e  processes m u st be k n o w n  also in  th is  case. E x p e rim e n ta l 
ev idence o f th e  ab o v e  m en tio n ed  re la tio n sh ip  has also been p re sen ted  [30]. 
P r a b h a k a r a  R ao  an d  M isr a  [31] h av e  s tu d ie d  th e  p o te n tia l d ependence  of 
th e  f irs t  an d  second  h a rm o n ic  a.c. and  th a t  o f th e  in te rm o d u la tio n  c u rre n t 
com ponen ts g e n e ra te d  b y  a sm all a m p litu d e  a lte rn a tin g  v o ltag e  superim posed  
on th e  d irec t v o ltag e . T hese au th o rs  con fined  th e ir  s tu d y  to  th e  v ic in ity  o f th e  
corrosion p o te n tia l  assum ing  th a t  th e  p o la riz a tio n  cu rve  could  be considered  
lin e a r  w ith  re sp ec t to  d .c. in  th is  p o te n tia l  ran g e  an d  th e y  s u b s titu te d  th e  
e x p o n en tia l exp ressions re la tin g  to  th e  a.c . co m p o n en t w ith  fo u rth  o rd e r T ay lo r 
po lynom ials. T h is m e th o d  p e rm its  th e  d e te rm in a tio n  o f th e  corrosion  c u rre n t 
an d  th a t  o f th e  T afe l slopes as well.

In  o u r p rev io u s w o rk  we h av e  considered  th e  effect o f a lte rn a tin g  c u rre n t 
on e lectrode reac tio n s  an d  corrosion p rocesses h av in g  v a rio u s c u rre n t-v o lta g e  
ch a rac te ris tic s  [32 th ro u g h  40]. I t  has been  show n th a t  th e  p o la riza tio n  cu rv e  
o f th e  e lec trode  an d  co n seq u en tly  th e  r a te  o f  corrosion  w ere a lte red  b y  a.c. 
to  an  e x te n t d ep en d in g  on th e  am p litu d e  an d  th e  freq u en cy  o f th e  la t te r .  T he 
effect o f th e  d o u b le -lay e r c a p ac ity  has also b een  considered .

In  th is  co m m u n ica tio n  a new  a.c. m e th o d  w ill be p re sen ted  for th e  d e te r 
m in a tio n  o f th e  e lec trochem ica l ra te  o f co rrosion  o f  m e ta ls . T he p o te n tia l d ep e n 
dence o f th e  h a rm o n ic  com ponen ts o f th e  c u r re n t is exam ined  in  th e  case o f  th e  
p o la riza tio n  o f th e  e lec tro d e  b y  an  a l te rn a tin g  v o ltag e  superim posed  on th e  
d irec t v o ltage  w hich  p e rm its  th e  e v a lu a tio n  o f  th e  k in e tic  p a ra m e te rs  (co r
rosion c u rre n t, T afe l slopes) o f th e  corrosion p rocess. I t  w as assum ed  th a t  b o th
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th e  c a th o d ic  and  th e  anod ic  re a c tio n s  o f th e  co rrosion  process can  be  re p re se n te d  
b y  a  T a fe l- ty p e  c u rre n t-v o lta g e  c h a ra c te ris tic s  a n d  th e  rev ersib le  p o te n tia l  of 
th e  tw o  p a r t ia l  processes su ff ic ie n tly  differ from  th e  corrosion  p o te n tia l.

Harmonic com ponents of the faradaic current

I n  th e  p resen t case th e  p o la riz a tio n  cu rv e  o f th e  e lec trode  is exp ressed  
b y  th e  fo llow ing e q u a tio n  :

A E  Л Е

j = } x ( eßa — e ßc) ’ (3)

w h e re  j  is th e  cu rren t d e n s ity , j/£ th e  co rrosion  c u rre n t d en sity , A E  =  E  — E/( 
is th e  p o la riz a tio n  i.e. th e  d iffe rence  of th e  a c tu a l p o te n tia l an d  th e  corrosion  
p o te n t ia l  w hile ßa an d  ß c a re  p a ra m e te rs  p ro p o rtio n a l to  T afe l slopes ba a n d  bc 
o f  th e  an o d ic  and  ca th o d ic  p rocesses, re sp ec tiv e ly  :

ßa =
In 10

m d  ß c
In 10

I f  th e  e lec tro d e  is po larized  b y  a s in u so ida l v o ltag e  h av in g  a n g u la r  f req u en cy  
со a n d  a m p litu d e  U 0 su p erim p o sed  on th e  d irec t v o ltag e  A E

A E  =  A E  +  U 0 sin  cot (4)

th e  c u r r e n t  d ensity  can be c a lc u la te d  by  th e  follow ing e q u a tio n

A E  4- U 0 sin o jt  A E  +  U 0 sin cot d(AE )

j =  j K (e ßa — e ß‘ ) +  c dt . ( 5 )

T h e  f i r s t  te rm  of eq u a tio n  (5) is fa ra d a ic  c u rre n t d e n s ity  j  w hile th e  second te rm  
r e p re s e n ts  th e  capac itive  c u r re n t  d en sity , C b e in g  th e  double  lay e r c a p a c ity  
r e fe r re d  to  th e  u n it a rea  o f th e  e lec trode . T he c a p a c ity  o f th e  doub le  la y e r  is 
a s su m e d  to  be in d ep en d en t o f  th e  freq u en cy  [41] an d  o f th e  p o te n tia l  in  th e  
p o te n t ia l  range  used in  th e  in v e s tig a tio n . T h e  resis tan ce  of th e  so lu tio n  b e tw een  
th e  w o rk in g  electrode an d  th e  re fe rence  e lec tro d e  is d isreg ard ed  in  th e  th e o re t
ic a l d e r iv a tio n . The effect o f  th e  n o n lin e a r ity  of th e  double  la y e r  c a p a c ity  
a n d  th e  in fluence  of th e  so lu tio n  res is tan ce  w ill be considered  in  a fu tu re  
p u b lic a t io n . N ote th a t  a m p litu d e  U 0 o f th e  a lte rn a tin g  v o ltag e  is n o t lim ite d  
e x c e p t  in  so fa r as i t  is a ssu m ed  th a t  in  th e  p o te n tia l  ran g e  A E  =  A E  -\- 
+  U 0s in  cat only  one c a th o d ic  re a c tio n  (e.g. H 2 evo lu tion ) ta k e s  p lace  in  a d d i
tio n  to  th e  anodic reac tio n  co n sis tin g  of m e ta l d isso lu tion .
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W e exam ine th e  fa ra d a ic  c u rre n t d en sity

AE+U0Sina)t AE+U0Sinu)t
} F = j K (e ß‘ — e ßc )•> (6)

th e  cap ac itiv e  c u r re n t d e n s ity

C =  coCU0cos cot (7)
df

w ill be considered  la te r .

T he ex p o n e n tia l te rm s  o f eq u a tio n  (6 ) can  he w ritte n  in  th e  form  of 
p ro d u c ts  and th u s  th e  fac to rs  d ep en d in g  on th e  tim e  av erag e  v a lu e  o f Д Е  are 
se p a ra te d  an d  th e  fo llow ing re la tio n  is o b ta in ed

Л Е  { /„s in со/ ЛЕ  {/„sin со/

} F = J K ( eß’ - e  ßa — e 0« - e  ß' ) ■ (8 )

T he fa ra d a ic  c u r re n t d e n s ity  has a d is to r te d  s in u so ida l fo rm  because of 
th e  no n -lin ear (ex p o n en tia l)  c h a rac te ris tic s  o f th e  anod ic  an d  ca th o d ic  charge 
tra n s fe r  reac tio n s a n d  th u s  in  ad d itio n  to  th e  fu n d a m e n ta l h a rm o n ic  hav ing  
freq u en cy  со, h ig h e r h arm o n ics  o f freq u en cy  kco (к — 1, 2, 3 . . .)  a re  also p resen t 
in  th e  cu rren t. T h e  h a rm o n ic  com p o n en ts  o f th e  c u rre n t d e n s ity  can  be o b ta ined  
by  developing  th e  ex p o n e n tia l te rm s

U csinm t U , sin cat

e ß‘ an d  e 0«
in  F o u rie r  series [37] 

J F =  J ki I.
Uo

ßa

\Uo
[ßc

+  2 £ (  1 ) 4 2k + i
k=0

— j s in (2fc -)- 1 ) cot 4 -
ßal

+  2 2 ( - l ) k I 2k
k=1

и  о

ßa
cos 2к cot

AE

- 2 ^ ( - l ) k / 2A + 1
k=0

2 ^ ( - 1) " / 2,
fc=i

Щ  sin (2 fe +  1) cot+
ßc

A E \
э ß c  (u n ~

0 cos 2k cot
ßc

(9 )

w here I n (n =  0, 1, 2 . . .)  are  m odified  Bessel fu n c tio n s  o f th e  f i r s t  k ind . H ow 
ever, i t  is su ff ic ie n t to  s u b s ti tu te  th e  fa rad a ic  c u rre n t d e n s ity  b y  a th ird  
o rd e r F o u rie r p o ly n o m ia l as th e  m easu rem en t o f h a rm o n ic  co m p o n en ts  h igher
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th a n  th e  th ird  one is b u rd e n e d  w ith  d ifficu lty  and  in a c c u ra cy . T he am p litu d es  
o f  th e  h ig h e r  harm onic c o m p o n e n ts  are  so sm all as to  be co m m en su rab le  w ith  
th e  n o ise  leve l of th e  m easu rin g  sy s te m . T hus, b y  re a rra n g in g  th e  te rm s  h av in g  
id e n tic a l  frequencies one o b ta in s

j  F =  j J / o
U,

ßa
еЛ  -

2j* h
U  о

2j * l jr2

ßa

Uc
\ßa

h

и  \ és.
°> -  I ,

U±

ß c . 

Uo 
ßc 

U 0

J E ,
C ^  I

ae
e A 1 sin  cot —

U,

2]k\ h \ f a ' eßa + h

ЛЕ
ßc)

U n

AE 1
e P' J cos cot

ßc .

ЛЕл
e ße 1 sin  3cot.

( 10)

T h e f i r s t  te rm  of e q u a tio n  (10) is th e  tim e average  o f  th e  c u rre n t d en sity , j  
(d .c . co m p o n en t)  w hile th e  seco n d , th i r d  and  fo u rth  te rm s  a re  th e  f ir s t ,  second 
a n d  th i r d  harm onic  c o m p o n en ts , re sp ec tiv e ly . The la t t e r  te rm s  can  be m easured  
b y  a f re q u e n c y  selective m e a su rin g  receiver. T hus th e  d.c. co m p o n en t is g iven 
b y  th e  fo llow ing  form ula

j  =  j fc U o
Uo
ßa

a  iu  ■ 
e ß‘ - V  ° (И)

w hile  th e  fa rad a ic  rec tific a io n  te rm  is

A i  = j f c U o
[Uo

AE
e ßa -  I 0 [Uo

AE 
e ße

\ßa ßc
- J  k \e

ЛЕ

=  jfc ( 12)

a n d  th e  a m p litu d es  of th e  h a rm o n ic  com ponen ts re la tin g  fro m  fa ra d a ic  d is to r
t io n  a re

Ji — 2j k { /,

h  =  2j л 

Js =  2 jk j I 3

I ,

Uo
ßa ,

<Uo
\ßa

u n

AE
e ß° + h Uo

AE

AE 
e ße

(U n)

ßa)

IU  o) AE 1
" ßc I

(13)

(14)

(15)
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N ote  th a t  th e  signs in  eq u a tio n  (10) w ere n eg lec ted  in  expression (14) a n d  (15), 
s im ila rly  th e  p h ase  rev e rsa l of th e  second  h a rm o n ic  is no t in d ic a te d  e ith e r  
because th e  a m p litu d e s  are  defined  as p o s itiv e  q u an titie s . T hus th e  fa rad a ic  
re c tif ic a tio n  c o m p o n en t an d  th e  a m p litu d e s  o f  th e  f irs t, second a n d  th ird  
h a rm o n ic  co m p o n en ts  g en era ted  h y  fa ra d a ic  d is to r tio n  are re la ted  to  th e  p o la r
iz ing  d irec t v o lta g e  an d  th e  am p litu d e  o f  th e  a lte rn a tin g  voltage b y  e q u a tio n s
(12) th ro u g h  (15).

T h e  ab o v e  re la tio n sh ip  do n o t c o n ta in  an y  restric tio n  re g a rd in g  th e  
a m p litu d e  o f  th e  a lte rn a tin g  vo ltage. H o w ev er, m uch sim pler ex p re ss io n s  can 
be o b ta in e d  i f  th e  a m p litu d e  of th e  a lte rn a tin g  v o ltage  is reduced  to  a n  e x te n t 
p e rm ittin g  th e  su b s ti tu t io n  of th e  B essel fu n c tio n s  b y  th e  f irs t  o r  f i r s t  and  
second te rm s  o f  th e ir  T ay lo r po lynom ials.

T h e  a p p ro x im a te  v a lu e  of th e  B essel fu n c tio n  used in th e  a b o v e  e q u a tio n  
are th e  fo llow ing

I 0(x) ш  1 + (16)

I.,(x) 1 l x
2 2

1 ^ 3
7з(*) “  T  6

x
9

(17)

(18) 

(19)

T he e rro r  cau sed  b y  th e  above a p p ro x im a tio n  w hen x  =
ß

1 am o u n ts

to  10 p e r  c e n t a p p ro x im a te ly  and  i t  c an  be  reduced  fu r th e r  b y  d ec reasin g  
a m p litu d e  U 0. T h e  e rro r  becom es neg lig ib le  as com pared  to  th e  in accu rac ie s  
o f th e  m easu rin g  m e th o d  w hen th e  a m p litu d e  is 5 to  10 mV. E q u a tio n s  (12) 
th ro u g h  (15) are  s im p lified  to  th e  fo llow ing  fo rm ulas b y  s u b s t i tu t in g  th e  
a p p ro x im a te  v a lu es  o f  th e  Bessel fu n c tio n s :

•j = É

Jl =  i k

h  =  h

.  J E  Л J E  

— e 0 « ------- e 0»
ßl ßi
1 J E  j  Л Е

—  е^в А----- е &е
ßa _  ß C

1 ^  1---e ßm--------е
ßi ßi

щ
4

U0,

— I U2fl. —1
! 4

1 —  1 гр

h = i > l r ’' + r " 24

( 20)

( 21)

( 22)

(23)
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F a ra d a ic  re c tif ic a tio n  c u r re n t co m p o n en t Aj  is rep resen ted  in  F ig . 1 as 
a fu n c t io n  o f  th e  tim e  av erag e  va lu e  o f p o la riz in g  v o ltag e  AE ,  w hile th e  p o te n 
tia l  d e p e n d en ce  o f th e  a m p litu d e  of th e  fu n d a m e n ta l  harm onic co m p o n e n t 
a n d  t h a t  o f  th e  h igher h a rm o n ic  com ponen ts g e n e ra te d  h y  fa rada ic  d is to r tio n  
a re  sh o w n  in  Figs 2 th ro u g h  4 , resp ec tiv e ly . T h e  cu rves show n in  th e  f ig u re s  
w ere  c a lc u la te d  accord ing  to  e q u a tio n s  (20 ) th ro u g h  (23) w ith  th e  follow ing p a ra m 
e te rs  : U 0 =  0.010 Y, ß a =  ß c =  0.050 Y an d  ß a =  0.025 V and  ßc =  0 .050 V, 
re sp e c tiv e ly . T he d ifference b e tw een  th e  d a ta  c a lc u la te d  w ith  ex ac t fo rm u la s  
(12) th ro u g h  (15) an d  a p p ro x im a te  eq u a tio n s (20) th ro u g h  (23), re sp e c tiv e ly , 
a re  sh o w n  in  F igs 5 th ro u g h  8 as functions o f  a m p litu d e  U 0 o f th e  a l te rn a tin g  
v o lta g e  fo r  th e  case w hen  A E  =  0 i.e. a t  th e  co rrosion  p o ten tia l w h ile  F igs 
9 th ro u g h  12 rep re sen t th e  sam e re la tio n sh ip  fo r th e  case of p o la r iz a tio n  
A E  =  0 .100  V. T he p a ra m e te rs  used in th is  c a lc u la tio n  were th e  fo llow ing  
ßa =  0 .025  an d  ßc =  0.050 V.

D eterm ination o f the corrosion current and o f the Tafel slopes

T h e  k in e tic  p a ra m e te rs  o f  th e  corrosion p ro cess  ( j;., ßa, ßc) can be e v a lu a te d  
fro m  d a t a  o b ta in e d  in  m easu rem en ts  m ade w ith  a n  electrode e ith e r  p o la rized  
in  th e  ra n g e  o f th e  v a lid ity  o f T a fe l’s eq u a tio n  o r m a in ta in ed  a t th e  co rro sio n  
p o te n t ia l  using  e ith e r  e x a c t eq u a tio n s (13) th ro u g h  (15) or a p p ro x im a te  
fo rm u la s  (21) th ro u g h  (23).

T h e  h a rm o n ic  co m p o n en ts  o f th e  fa rad a ic  c u r re n t  are given by  th e  fo llow 
in g  fo rm u la s  deduced  from  e q u a tio n s  (13) th ro u g h  (15) fo r th e  case o f m e a su re 
m e n ts  w ith  an  anod ica lly  p o la rized  electrode a t  a su ffic ien tly  large p o la r iz a tio n

in  th e  ran g e  o f th e  v a lid ity  of T afe l’s eq u a tio n .

h a “jfc-Tt (24)

h  a — 2jk/ 3 

J3a = UjL
ßa

JE,

J E ,
e

(25)

(26)

T h e  q u o tie n ts  o f th e  a m p litu d es  of th e  h a rm o n ic  com ponents m e a su re d  

a t  th e  sa m e  p o te n tia l A E n n am e ly

I ,
U  о

„ ■* 1
i l a  =  ___ ßa

J-'a I ,
U 0

ßa

( 2 7 )
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Fig. 1. Faradaic rectification component plotted as a function of polarization
4E ; U0 =  10 mV; a: ßa =  ßc =  50 mV; b: ßa — 25 mV, ßc =  50 mV

Fig. 2. Amplitude of the fundamental harmonic component plotted as a function of polar' 
ization. Ua - 10 mV; a: ßa =  ßc =  50 mV; b: ßa =  25 mV, ßc - 50 mV
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Fig. 3. Amplitude of the second harmonic current plotted as a function of polarization. U 0 =  
=  10 mV. a: ßa =  ßc =  50 mV; b: ßa =  25 mV; ßc =  50 mV

Fig. 4. Amplitude of the third harmonic component plotted as a function of polarization. 
U 0 =  10 mV. a: ßa =  ßc =  50 mV; b: ßa =  25 mV, ßc =  50 mV
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Fig. 5. Faradaic rectification component plotted as a function of amplitude U 0 o f the alternat
ing voltage at the corrosion potential AE  =  0; ßa =  25 mV, ßc =  50 mV. a: calculated 

with approximate formula (20); b: calculated with exact formula (12)

F i g .  6. Amplitude of the fundamental harmonic component plotted as a function of amplitude
U 0 of the alternating voltage at the corrosion potential A E  =  0, ßa —  25 mV, ß c =  50 mV.

a :  calculated with approximate formula (21), b:  calculated with exact formula (13)
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50 100
U0 (mV)

Fig. 7. Amplitude of the second harmonic component p lotted as a function of amplitude U 0 
of the alternating voltage at the corrosion potential AE  =  0; ßa =  25 mV, ßc =  50 mV; 

a: calculated with approximate formula (22); b: calculated with exact formula (14)

50 100
U0 (mV )

Fig. 8. A m plitude of the third harm onic com ponent p lo tted  as a function of am plitude U0
of the a lternating  voltage a t th e  corrosion potential AE  =  0; ßa — 25 mV, ßc =  50 mV.

a: ca lcu la ted  w ith approxim ate form ula (23); b: ca lcu lated  w ith  exact formula (15)
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Fig. 9. Faradaic rectification component plotted as a function of amplitude U 0 o f the alternat
ing voltage at anodic polarization AE =  100 mV. ßa =  20 mV. ßc =  50 mV. a: calculated 

with approximate formula (20); b: calculated with exact formula (19)

Fig. 10. Am plitude of the fundam ental harm onic com ponent plotted as a fu n ctio n  o f amplitude
U„ o f the alternating voltage at anodic polarization AE =  100 mV. ßa =  25 m V , ßc — 50 mV;

a: calculated w ith approxim ate form ula (21); b: calculated w ith  ex a ct form ula (13)
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Fig. 11. Amplitude of the second harmonic component plotted as a function of amplitude 
U 0 o f the alternating voltage at anodic polarization ЛЕ  =  100 mV. ßa =  25 mV, ßc =  50 mV. 

a: calculated with approxim ative formula (22); b: calculated with exact formula (14)

Fig. 12. A m plitude of the third harm onic  component p lo tted  as a fun ction  of am plitude U0
o f th e  alternating voltage at anod ic polarization ЛЕ =  100 m V. ßa =  25 mV, ßc = 5 0  mV.

a: ca lcu lated  w ith approxim ative form ula (23); b: ca lcu lated  w ith  exact formula (15)
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and

J2 a
12

'U  о

ßa
1з a

h
Up

ßa

(28)

re sp ec tiv e ly , p e rm it th e  e v a lu a tio n  o f  ß a b y  successive a p p ro x im a tio n  using 
m a th e m a tic a l ta b le s .

ß a can  be o b ta in e d  also b y  a s im p le r m e th o d  w ith o u t re so r tin g  to  succes
sive a p p ro x im a tio n s  i f  one em ploys recu rs io n  fo rm ulas [42] v a lid  fo r  m od ified  
B essel fu n c tio n s o f  th e  f i r s t  k ind .

—  I n(x) =  I n- 1( x ) - I n+1(x). (29)
X

E q u a tio n  (29) y ields for n =  2

- I 2(x) =  I l(x)  / , (* ) ,
X

U n
w hence one o b ta in s  b y  s u b s titu tio n  o f  x  =  — a nd  re a rra n g em e n t

ßa

Up
h

Up

ßa
h

[ U ° |
ßa 1

4
L.

Up I.. Up

\ßa ßa)

(30)

(31)

S u b s titu tio n  o f eq u a tio n s  (27) a n d  (28) in  eq u a tio n  (31) g ives

ßa =
Up Jla J3a
4 J2a

(32)

T hus p a ra m e te r  ßa can  be  d e te rm in e d  from  m easu rem en t d a ta  o f the  
am p litu d es  o f  th e  f irs t , second an d  th ird  h a rm o n ic  c u rren t c o m p o n e n t, respec

tiv e ly , a t  one p o te n tia l  zJEa in  th e  ra n g e  o f  v a lid ity  of T afel’s e q u a tio n .
W hen

J3a ^  Jla’

e q u a tio n  (32) can  be sim plified  to  y ie ld

4 J2a

P a ra m e te r  ß c re la tin g  to  th e  c a th o d ic  reaction  

o b ta in e d  b y  a s im ila r p rocedure .

A E r
> 1

(33) 

can  be
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N am ely

th u s

an d

J  l c  =

J ‘2C =  2 jk/ 2

J3c =  2jfc -T3

he

g o
ßc

I U 0

ßc)

U 0

ßc

AEC
e l3e , 

ÄK

AEe
e A ,

^ 0

f t
he

J2£

1зс

(U o
f t

C/o

f t
Uo

( f t

(34)

(35)

(36)

(37)

(38)

P a ra m e te r  ßc is given b y  th e  follow ing expressions fro m  equations (37) an d  (38) 
u s in g  recursion  fo rm u la  (29).

f t  =  -go jtt -  he  ̂ (39 )
4 J2c

or

f t  i l l ,  (40)
4 he

w h ere  j lc, j 2c and  j 3c a re  th e  am p litu d es  of th e  h a rm o n ic  com ponents m easu red  

a t  p o te n tia l  A E C co rre sp o n d in g  to  a cathod ic  p o la r iz a tio n  in  th e  range  o f  th e  
v a l id i ty  o fT a fe l’s e q u a tio m .

T h e  corrosion c u r re n t  d e n s ity  can be c a lc u la te d  using  anyone am ong  
e q u a tio n s  (24) th ro u g h  (26) a n d  equations (34) th ro u g h  (36) know ing ß a or ßc 
a n d  p o la riz a tio n  A E a a n d  A E C em ployed  d u rin g  th e  m easu rem en t of j la, j 2a an d  
1зa a s  w e l1  a s  J io  J2C an d  J ic . re sp ec tiv e ly .

AE,
ha ^ ft. ha 0 0. Jea

2/1 fC/fl 2 / .  f i i 2 E C/0|

f t A ß a f t )
AEC AEC A Ec

he e °r he .IE J3C ,. ßc
21, f t / 0 21. I Ü 2 J , fC/0

[ f t ] I f t J 1f t

A Eg
0  ßa ==

(41)
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T he above fo rm u las  can  be used  also w hen  a sm all a m p litu d e  a lte rn a tin g  
v o ltag e  ( U 0 10 mV) is superim posed  on th e  p o la riz ing  d ire c t v o lta g e , how 
ever, sim pler exp ressions can  be o b ta in ed  i f  one tak es  in to  acco u n t th e  ap p ro x i
m a te  fo rm ulas (17) th ro u g h  (19) derived  b y  develop ing  B esse l’s fu n c tio n s  in 
T ay lo r series. P a ra m e te rs  ßa an d  ßc can  be ca lcu la ted  u sing  th e  fo llow ing fo r
m ulas

Vo Jla у |c
s

1© Ha
4 J2a 6 Ha

_ U o Hc_
4 tec 6 Í3C

(42)

(43)

resp ec tiv e ly . E q u a tio n s  (42) an d  (43) w ere o b ta in ed  b y  s u b s ti tu t in g  equa tions
(17) th ro u g h  (19) in  eq u a tio n s  (27), (28) and  (37), (38). re sp ec tiv e ly . E q u a tio n s  
(41) re la tin g  to  th e  co rrosion  c u rre n t d e n s ity  can  also be re w ritte n  in  th e  sim pler 
form

в  -4Ё !
jfc = Jla Y j-  e ß‘  —  S ia

и  n
W  ~ 4 r- „ 24 ßle« =  I.. ----—  e ==

- ß c  IT J l c - ^ e ßt IJ u 0
Ф с

— Ha "
u 3

ЛЕ.
he - j ± e ß' = h (44)

W e n o te  th a t  p a ra m e te rs  ßa an d  ßc as w ell as corrosion  c u r re n t  j k can  also 
be e v a lu a te d  b y  th e  w ell-know n T afe l’s e x tra p o la tio n  m e th o d  i.e. b y  p lo ttin g  
th e  lo g a rith m  o f th e  h a rm o n ic  co m p o n en ts  o f th e  fa rad a ic  c u r re n t as a function  

o f p o la riza tio n  A E  acco rd in g  to  eq u a tio n s  (13) th ro u g h  (15) o r accord ing  to  
eq u a tio n s  (21) th ro u g h  (23) w hen  U 0 10 mV. H ow ever, th e  a d v a n ta g e  of 
o u r m eth o d  as co m p ared  to  T afe l’s e x tra p o la tio n  te c h n iq u e  consists  in  th e  
fa c t th a t  i t  is su ff ic ie n t to  m easu re  th e  a m p litu d e  o f th e  h a rm o n ic  com ponen ts 
a t  one p o te n tia l  e ith e r  A E a in  th e  anod ic  T afe l ran g e  or A E C in  th e  ca thod ic  
T afel ran g e  a n d  i t  is n o t  n ecessary  to  p lo t th e  com ple te  p o la r iz a tio n  curve.

P a ra m e te rs  ß a a n d  ßc as w ell as co rrosion  c u rre n t d e n s ity  j k can  also be 
e v a lu a te d  from  th e  d a ta  o f  h arm o n ic  com p o n en ts  j 10, j 20 a n d  j 30 m easu red  a t 

th e  corrosion  p o te n tia l  (A E  =  0). In  fa c t, su b s ti tu tin g  A E  =  0 in  equations
(13) th ro u g h  (15) one o b ta in s

Jio — 2jit 

Í20 = 2j ft 

Jao = 2j к

[/, Ш + I I l»"lll ß a  J [ ß c ) \

~ hl ß a ß c )

í í U a ( U n )+ hl ß a ß c  I

(45)

(46)

(47)
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a n d  corrosion  c u rre n t d e n s ity  can  be e v a lu a te d  i f  ß a an d  ßc are  a pr io r i  
k n o w n .

I t  is n o tew o rth y  t h a t  e q u a tio n  (46) is n o t ap p licab le  if  ß a =  ß c as in  th is  

case  j 20 =  0. F a ra d a ic  r e c tif ic a tio n  com ponen t A j 0 c a n  also be  em ployed  for 
th e  e v a lu a tio n  of th e  co rro sio n  c u rre n t d en sity  if  ß a ßc as eq u a tio n  (12 ) can  

b e  r e w r i t te n  in  th e  fo llow ing  fo rm  fo r th e  case w h en  A E  =  0.

^ jo  -- j к (48)

I t  is n o t e ssen tia l to  k n o w  p a ra m e te rs  ßa an d  ßc a p r io r i  fo r th e  e v a lu a tio n  
o f  th e  corrosion c u rre n t d e n s ity  i f  th ree  d a ta  am o n g  j 10, j 20, j 30 an d  A j 0 are  

s im u lta n e o u s ly  m easu red  a t  co rro sio n  p o te n tia l ZljE =  0 as an y  th ree  fo rm u las  
a m o n g  expressions (45) th ro u g h  (48) form  an  in d e p e n d e n t lin e a r  eq u a tio n  sy s
te m  fo r  th e  ev a lu a tio n  o f  ß a, ß c a n d  j ft. The e q u a tio n  sy s tem  can  be so lved  b y  
a s u ita b le  co m p u te r p ro g ra m .

A  m uch  sim pler se t o f e q u a tio n s  is o b ta in ed  w h en  a sm all a m p litu d e  a l te r 
n a t in g  v o ltag e  (U 0 <  10 m V) is  em ployed  in  th e  m easu rem en ts . In  th is  case 
e q u a t io n  (20) th ro u g h  (23) y ie ld  th e  follow ing exp ressions b y  s u b s titu tin g  

A E  =  0.

J i " ” i

jio  — j/c

J20 =  j  к

1  +  J } U“
J _  1 Я

4

(49)

(50)

(51)

J30 — jft - 1  +  - Ц - Й
Pa W  24

(52)

S o lv in g  se t  o f equa tions (50) th ro u g h  (52) th e  co rrosion  c u rre n t d en sity  can  
be  e v a lu a te d  according to  th e  fo llow ing  fo rm ula

jfc =
Jio

]/ 48 y 2 j10 j 30 j | 0
(53)

C o m p a rin g  equa tions (49) an d  (51) w e observe th a t

j1 o = ( / J j o ) 2, (54)

th u s  th e  second  harm on ic  a m p litu d e  in  e q u a tio n  (53) can  be  s u b s titu te d  b y  

fa ra d a ic  re c tif ic a tio n  A j0 w hence

j*
Jio

1/ 48  У2 J10J30 -  ( ^ jo )2
(55)
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ßa a n d  ßc can  be  ex p ressed  fro m  equ a tio n s (49) an d  (50) or (50) an d  (51) if 
co rrosion  c u rre n t d e n s ity  is know n.

T hus from  e q u a tio n s  (49) an d  (50)

or if  ßa >  ßc

1 1 JlO
ßa 2 U0 i jfc
1 1 j io

ßc 2 U 0 jfc

(50) an d  (51), i f  ßa

1 1 JlO

ßa 2 U 0 jk

1 1 JlO
ßc 2 U 0 }k

1 1 ho

ßa О
Ü

j*

1 1 J10

ßc 2 U0 jk

Л)о

JlO -

4jo
JlO

4
JlO

4 1 »  
JlO

4 J-°

+  4

J io

J2 0

JlO

(56)

(57)

(58)

(59)

(60) 

(61)

The sign o f  J j n p e rm its  to  decide w h e th e r  e q u a tio n s  (58) an d  (59) or 

eq u a tio n  (60) an d  (61) h av e  to  be used as / l j 0 0 in  th e  case o f ßa <C ß  (w hile 

J j 0 <C 0 in  th e  case o f  ßa >  ßc accord ing  to  e q u a tio n  (49); ßa =  ßc if  =  0 
(an d  in  th is  case j 20 =  0 ).

T hus th e  ab o v e  m e th o d  p e rm its  th e  d e te rm in a tio n  o f th e  corrosion  
c u r re n t d en sity  a n d  p a ra m e te rs  ßa and  ßc p ro p o rtio n a l to  th e  T afe l’s slope 
from  m easu rem en ts  m ad e  a t  th e  corrosion p o te n tia l  on ly . T h e  a d v a n ta g e  of 
th is  m ethod  as c o m p ared  to  th e  w ell-know n “ lin e a r p o la r iz a tio n ”  tech n iq u e  
an d  its  v a rious m o d ifica tio n s  [43] consists in  th e  fa c t t h a t  d .c . p o la riza tio n  
is n o t invo lved  a n d  th u s  a n y  sh ift in  th e  co rrosion  p o te n tia l  caused  b y  p o la 
r iz a tio n  can be av o id ed  o r a t  le a s t decreased. I t  is w ell-know n th a t  change in  
th e  corrosion p o te n tia l  can  considerab ly  a lte r  th e  slope o f th e  p o la riza tio n  
cu rv e  and  th u s  th e  co rrosion  c u rre n t d en sity  e v a lu a te d  from  th e  la t te r .

The re la tio n s  d e riv ed  in  th is  p ap e r re fe r to  th e  fa ra d a ic  c u rre n t com po
n en ts  only. T h e  e ffec t o f  th e  double  lay er c a p a c ity  co n n ec ted  p a ra lle lly  to  th e  
fa rad a ic  im p ed an ce  an d  th e  p o ssib ility  o f th e  e lim in a tio n  o f th e  cap ac itiv e  
c u rre n t will be d e a lt w ith  in  a su b seq u en t p a p e r  as w ell as th e  effect o f th e  
ohm ic drop on th e  so lu tio n  resistance  b e tw een  th e  w o rk in g  e lec trode  an d  th e  
reference e lec trode . T h e  ex p erim en ta l v e rif ic a tio n  o f th e  above th eo re tica l 
re la tio n s will also be  p re se n te d  in  th e  n e x t fu tu re .
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Conversions of six different diprimary, primary-secondary and disecondary 
diols (I—VI) were investigated on three different copper catalysts (Cu/Al, Cu, Cu/SiO,). 
An explanation is forwarded for the dependence of the characteristic processes (for
mation of saturated and unsaturated cyclic ethers and lactones) on the structure of the 
starting diols, the reactivity and stability of the intermediates, as well as on the in
dividual properties of the catalysts.

In tro d u c tio n

T he m a jo r ity  o f l i te ra tu re  d a ta  d ea lin g  w ith  conversions o f  o p en -cha in
1,4- an d  1,5-diols on m eta ls  (m ain ly  on v a rio u s  copper c a ta ly s ts )  (e.g., [1 — 5]) 
re p o r t  th e  tra n s fo rm a tio n s  of these  diols to  lac to n es. A ccording to  o th e r  papers, 
how ever, th e  fo rm a tio n  o f u n sa tu ra te d  [6  8 ] an d  sa tu ra te d  cyclic  e th e rs  [9,
10] w as o bserved  on d iffe ren t m e ta l c a ta ly s ts  (su p p o rted  a n d  R a n e y -ty p e  
ones).

T he above e x p e rim e n ta l re su lts , ow ing  to  th e  use o f severa l d iffe re n t c a ta 
ly s ts , do n o t allow  to  decide w hich  p ro p e rtie s  o f  th e  c a ta ly s ts  a re  responsib le  
fo r th e  v a rio u s c h a ra c te ris tic  reac tio n s , a n d  no  conclusions can  b e  d raw n  re 
g a rd in g  th e  re la tio n sh ip s  betw een  th e  s tru c tu re s  o f th e  s ta r tin g  c o m p o u n d s  and  
th e  d iffe ren t re a c tio n  p a th s . T herefo re , we lim ited  th e  p re sen t s tu d ie s  to  one 
single m e ta l, co p p er, using, how ever v a r io u s  copper c a ta ly s ts  w ith  d ifferen t 
specific  p ro p e rtie s  [R an ey -ty p e  (C u/A l), n o n -su p p o rted  (Cu) a n d  su p p o rted  
(C u /S i0 2) co p p er c a ta ly s ts ] . T his p ro v id e d  a possib ility  for th e  e s ta b lish m e n t of 
c h a ra c te ris tic  conversions b ro u g h t a b o u t b y  th e  specific p ro p e rtie s  o f  th e  c a ta 
ly s ts  an d  for th e  d e te rm in a tio n  o f  re la tio n sh ip s  betw een th e  s t ru c tu re  an d  the  
reac tio n  p a th  on a g iven  c a ta ly s t in th e  case o f  th e  diols I —V I ex am in ed .

* Part X L III : Acta Chim. Acad. Sei. llung. 95. 335 (1977).

Acta Chim. Acad. Set. Hung. 100, 1979



2 0 4 BARTÓK, MOLNÁR: CONVERSIONS OF DIOLS AND CYCLIC ETHERS

C H X H X H 2CH,
I I
O H  OH

I

C H 2CH 2CH 2C H C H 3 
I I

O H  OH

III

C H 3CH CH 2CH 2C H C H 3
I I

O H  O H

V*

C H 2C H 2C H 2CH 2CH2
I !

O H OH

II

C H 2C H 2CH2CH2C H C H 3 
I I

O H  OH

IV

C.H3CH CH 2CH 2C H 2C H C H 3
I '

O H  O H

VI*

E xperim ental

Preparation of the model compounds

Of the compounds used, I and II were commercial products (Fluka). Compound III was 
prepared from 5-hydroxy-2-pentanone by reduction w ith LiAlH4 (b.p. 92 — 96 °C/1 to rr ; 
b.p. [11] 104— 105 °C/7 torr). For the preparation of IV, 6-hydroxy-2 hexanone was synthesized  
from ethylacetoacetate and 1,3-dibromopropane, and this was reduced with LiAlH4 (b.p. 
94 °C/1 torr; b.p. [12] 85 — 91 °C/0.5 torr). Compound V was obtained by the reduction of 
2,5-hexanedione with Raney-nickel under elevated pressure (b.p. 90—91.5 °C/7 torr; b.p. 
[13] 114— 116 °C/10 torr). Finally, 2,6-heptanedione [14] was reduced with LiAlFI4 to obtain  
VI (b.p. 85— 86 °C/1 torr; b.p. [15] 101 °C/3 torr). The purity of the diols was checked by gas 
chromatography.

Experimental technique and catalysts

Description of the apparatus used and the methods of preparation of the Cu/Al and Cu 
catalysts has been given in our earlier papers [16, 17]. The supported copper catalyst (Cu/Si02) 
was prepared as described in the literature [18]; the support wras Kieselgur (Merck). A cti
vation was effected as follows ; the catalyst (7.5 ml, 0.63— 1 mm grain size) was reduced in a 
stream of hydrogen (10 ml/min) at 150 °C for 90 min, then treated further at 200 °C for 90 min 
in hydrogen (50 ml/min) ; finally the sample was kept at the temperature of the application 
for 30 m in. The bulk density of the catalyst obtained was 0.54 g • cm -3.

The surface area of the catalysts used was measured by the BET method, using nitrogen  
for the adsorption. The acid and basic centres of the catalysts were also determined according 
to the m ethod given in the literature [19]. The results obtained are shown in Table I.

Table I

Characteristic properties o f the catalysts employed

Catalyst Cu/Al Cu Cu/Si02

Specific surface (m2 • gcat - ’ ) 12.5 3.4 27.0
Acid centres (mequ • gCat-1 ) 0.083 0.013 0.198
B asic centres (mequ • gCat-1) 0.090 — 1.008

The products of the catalytic conversions were identified by gas chromatographic 
comparison w ith reference substances; IR and NMR spectra were also utilized.

* The isomers were not separated. The isomeric ratio ( i  :meso) was : V =  1: 1, VI =
2 : 1.
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Results

T he e x p e rim e n ta l re su lts  sum m arized  in T ables I I —Y II  h a v e  led  to  th e  
follow ing conclusions.

(1) On th e  C u/A l c a ta ly s t , th e  c h a ra c te r is tic  reac tio n  is th e  conversion  
in to  th e  co rrespond ing  cyclic e th e r.

(2) On th e  Cu c a ta ly s t ,  th e  m ain  re a c tio n  is th e  fo rm a tio n  o f  la c to n e s  in 
th e  case of I, II, III a n d  IV ( th a t  is, fo r d io ls com prising  a t  le a s t one  p rim ary  
h y d ro x y l g roup). I n  a d d itio n  to  th is , th e  conversion  o f IV is also  acco m p an ied  
b y  th e  fo rm atio n  o f  a  s ig n ifican t a m o u n t o f  u n sa tu ra te d  cyclic  e th e r , th u s  of 
th e  p rim ary -seco n d ary  diols th e  conversion  o f  III is m ore se lec tive . D iseco n d ary  
d io ls (V an d  VI) y ie ld  p rim a rily  u n s a tu ra te d  cyclic e th e rs  (a n d  a  re la tiv e ly  
h igh  am o u n t o f  oxo  co m p o u n d  is also fo rm ed  from  V).

(3) On C u /S i0 2 c a ta ly s t ,  com pounds I  — IV tran sfo rm  in  th e  sam e  m an n er 
as on  Cu c a ta ly s t. In  re sp ec t o f  se lec tiv ity , a s im ila r difference c a n  b e  observed  
also  here  in  th e  conversions o f  III an d  IV, t h a t  is, w ith  c o m p o u n d  IV th e  p ro 
cess lead ing  to  th e  fo rm a tio n  o f  th e  u n s a tu ra te d  cyclic e th e r  is a lso  s ign ifican t.

Table II

Directions of the conversion of I

Catalyst
Temperature (°C) 
Conversion (%)

Cu/Al
200
100

Cu
205
90

Cu/SiOj
205
100

T etrahy drofuran 100* l l

4-Butanolide — 95 99
Non-identified — 4(2)** —

* The values are given in mole %. The space velocity employed was 0.16 ml of liquid, 
catalyst m l-1h -1 .

** The figures in brackets given beside the mole % of the nonidentified compounds mean 
the number of the non-identified compounds.

Table III

Directions of the conversion of II

Catalyst
Temperature (°C) 
Conversion (%)

Cu/Al
225
100

Cu
250
100

Cu/Si08
225
100

T etrahydropyran 100 — —

5-Pentanolide — 98 99
Nonidentified — 2(2) 1(1)
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O n th is  c a ta ly s t, th e  c o n v e rs io n  of V is n o t  se lec tiv e  e ith e r  (sa tu ra te d  an d  
u n s a tu r a te d  cyclic e th e r , o xo - an d  dioxo co m p o u n d s  a re  form ed), w hile th e  
u n s a tu r a te d  cyclic e th e r  is th e  m ain  p ro d u c t fro m  V I.

Table IV

Directions of the conversion o f  III

Catalyst
Temperature (°C) 
Conversion (%)

Cu/Al
200
100

Cu
225
100

Cu/Si02
200
100

2-Methyltetrahydrofuran 95 —  . 12
5-Methyl-2,3-dihydrofuran _ _ 8
2-Pentanone 3 — —
4-Pentanolide — 85 80
5-Hydroxy-2-pentanone — 10 —
Non-identified 2(1) 5(2) —

Table V

Directions of the conversion of TV

Catalyst
Temperature (°C) 
Conversion (%)

Cu/Al
230
100

Cu
250
100

Cu/SiOj
200
100

2-Methyltetrahydropyran 94 — 2
6-Methyl-3,4-dihydro-2//-pyrari — 25 30
5-Hexanolide — 70 67
Non-identified 6(3) 5(2) 1(1)

Table VI

Directions of the conversion o f  V

Catalyst
Temperature (°C) 
Conversion (%)

Cu/Al
200
100

Cu
200
100

Cu/SiOj
200
85

eis-2,5-Di methyl tet rally drofuran 49 — 23
trans-2.5-Dimethyltetrahydrofuran 47 — 6
2,5-Dimethyl-2,3-dihydrofuran — 55 19
2-Hexanone 4 15 8
2-Hexanol — 5 1
2,5-Hexanedione — — 15
Non-identified — 25(3) 28(2)
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Table VII

Directions of the conversion o f  VI

Catalyst
Temperature (°C) 
Conversion (%)

Cu/Al
215
100

Cu
200
100

Cu/SiOj
200
100

cis-2,6-Dimethyltetrahydropyran 57 2 3
fra/is-2,6-Dimethyltetrahydropyran 35 1 l

2,6-Dimethyl-3,4-dihydro-2//-pyran — 61 73
Non-identified 8(2) 36(4) 23(4)

Discussion

Conversions on the C u /A l  catalyst

T he fo rm a tio n  o f  cyclic  e th e rs  on Cu/Al c a ta ly s t  can  be exp la ined  b y  th e  
m echan ism  su g g ested  b y  P i n e s  and  M a n a s s e n  [21] for th e  cyc liza tio n  of 
trans-1 ,4-cyclohexaned io l in  th e  presence o f  A120 3 (F ig . 1). A ccord ing ly , an  
in tra m o le c u la r  w a te r  e lim in a tio n  process ta k e s  p lace  on th e  com bined  effect 
o f th e  acid  an d  basic  c en tre s  o f th e  c a ta ly s t. As su g g ested  by  th e  above a u th o rs , 
an  a rra n g e m en t w ith in  a su ffic ien tly  sm all d is ta n c e  o f th e  acid  an d  basic  sites 
is n ecessary  fo r th e  a ch iev em en t o f th is  re a c tio n , a llow ing  in tram o lecu la r  con
c e rte d  ring  closure. T he C u/A l c a ta ly s t used b y  also co n ta in s  a lu m in iu m  oxide 
h y d ro x id es , ow ing to  th e  cond itions o f p re p a ra tio n  (a lkaline  e x trac tio n ) 
(T ab le  I). T he p resence  o f  these  com pounds causes th e  fo rm a tio n  o f cyclic 
e th e rs  w ith  th is  c a ta ly s t ,  to o . T his m echan ism , i.e. in tra m o le c u la r  rin g  c losure, 
is also su p p o rte d  b y  o u r ea rlie r experim en ts  e ffec ted  w ith  diols labelled  w ith  
d e u te riu m  [17, 20].

HsC
О

C H ,

C H j— O B A®Be

H 2C —
/

H , c

A®

•CH2 !
\  / 0 H
C B 2

H j C -
/

H iC
x o  

0  1 
B—

—H.O 
- A e B e

-CH2

.CHs

Fig. 1. Cyclization of 1,4-butanediol (I) on Cu/Al catalyst

Conversions on Си and C u /S i0 2 catalysts

L actones an d  u n s a tu ra te d  cyclic e th e rs  a re  fo rm ed  as a re su lt o f co rre 
la te d  processes. A sch em a tic  d iagram  of th e  co n v ersio n  is given fo r 1 ,4 -pen tane- 
d io l (III) in  F ig . 2. T h e  y -hydroxy-oxo  co m p o u n d s fo rm ed  b y  d eh y d ro g en a tio n
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Fig. 2. Directions of the conversion of 1,4-pentanediol (III) on Cu and C u/Si02 catalysts

are  c o n v e r te d  in to  cyclic h em iace ta ls , w h ich  lead  to  th e  en d -p ro d u c ts  th ro u g h  
f u r th e r  reac tio n s .

T h e  ace ta l Y II fo rm ed  fro m  th e  y -h y d ro x y a ld eh y d e  can  tra n s fo rm  in to  
th e  la c to n e  b y  fu r th e r  d e h y d ro g e n a tio n  (or th e  u n s a tu ra te d  cyclic  e th e r  is 
fo rm ed  b y  th e  e lim ina tion  o f w a te r) , w hile th e  a ce ta l Y II’ d eriv ed  fro m  th e  
y -h y d ro x y k e to n e  is capab le  o f th e  w a te r  e lim in a tio n  reac tio n  only . In  th e  case 
o f d ip r im a ry  diols (I, II) , o n ly  one ty p e  o f  th e  a ce ta l ( ty p e  V II) c an  be  fo rm ed , 
th u s  th e s e  diols show on ly  th e  d e h y d ro g e n a tio n  reac tio n  y ie ld ing  th e  lac to n e . 
O n th e  o th e r  han d , in th e  p rim a ry -se c o n d a ry  diols (III , IV), th e re  is a p o ss ib ility  
for th e  d ev e lo p m en t o f th e  k e to n e  h e m iace ta l o f ty p e  V IF , to o , a n d  its  c o n v e r
sion in to  th e  u n sa tu ra te d  cyclic e th e r  m a y  ta k e  place m ore read ily  th a n  t h a t  o f 
th e  iso m eric  com pounds V II.

T h e  correspond ing  lac to n es  are th e  m ain  p ro d u c ts  also in  th e  cases o f 
I I I  a n d  IV , in  sp ite  of th e  fa c t t h a t  d eh y d ro g en a tio n  in to  th e  h y d ro x y k e to n e  is 
a p ro cess  fa s te r  th a n  th e  fo rm a tio n  o f th e  h y d ro x y a ld eh y d e  (w[ > i c 1). L i te r 
a tu re  d a ta  in d ica te  [22 — 26], how ever, t h a t  in  th e  h y d ro x y a ld eh y d es  th e  e q u i
lib riu m  b e tw een  th e  o p en -cha in  a n d  cyclic  h em iace ta l fo rm  is sh if te d  to w a rd  
th e  la t t e r ,  w hile th e  h y d ro x y k e to n e s  e x is t m a in ly  in  th e  o p en -ch a in  fo rm  ; 
th u s  w2 >  m>2, an£l th is  is re sp o n sib le  fo r th e  p red o m in an ce  of lac to n e  fo rm a tio n  
as th e  m a in  d irec tion  of th e  con v ersio n  in  th e se  diols, too .
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T he d ifferences o b served  on th e  v a rio u s c a ta ly s ts  in  th e  re a c tio n  d irec 
tio n s  o f III an d  IY c a n  be a t tr ib u te d  to  th e  d ifferences in  th e  fo rm a tio n  and  
s ta b ili ty  o f th e  rig id  five- an d  th e  flex ib le  s ix -m em b ered  rings. T hese d ifferences 
m ay  give rise to  s ig n if ic a n t dev ia tio n s in  th e  fo rm a tio n  o f cyclic k e to n e  sem i
ace ta ls  (w hich is o th e rw ise  h indered ) in  th e  case o f 5 -h y d ro x y -2 -p en tan o n e  
an d  6 -h y d ro x y -2 -h ex an o n e . (In  R ef. [22], su ch  a d ifference can  be observed  
in  th e  num erica l d a ta  g iven  for h y d ro x y a ld e h y d e s , b u t  th e  n u m erica l va lues 
fo r k e to n e  h em iace ta ls  [24, 25] do n o t show  d ifferences o f a s im ila r e x te n t .  I t  
m u s t also be co n sid e red  th a t  th e  d a ta  in  th e  tw o  papers are c o n tro v e rsa ry , 
a n d  no m easu rem en ts  w ere m ade a t th e  te m p e ra tu re s  em ployed  b y  us.)

П1.П1.
/  \

CHsC'H СНСНз 
HO OH

OH-CHs/  \CHgC'H coils
Hb i f

CHiCHs / \ СНзСН V '
\ > / ч он

CHj c i t . c H

/  ^СНзСН ;cchs
\ /

Fig. 3. Formation of 2,5-dimethyl-2,3-dihydrofuran

F u rth e r  d iffe ren ces can  be es tab lish ed  in  th e  conversions o f  V a n d  VI. 
I n  these  co m p o u n d s th e re  is no p o ssib ility  fo r a  second d e h y d ro g en a tio n  step  
lead in g  to  th e  fo rm a tio n  o f lac tones, th u s  p r im a r ily  th e  d e h y d ra tio n  s te p  y ie ld 
in g  th e  u n s a tu ra te d  cyclic  e th e r  is ex p ec ted  (F ig . 3). In d eed , th e  m a in  process 
w as found  to  be th is  re a c tio n  in  VI, on b o th  c a ta ly s ts , i.e. fav o u red  fo rm atio n  
o f  th e  s ix -m em b ered  rin g  can  also be o b se rv ed  w ith  th is  co m p o u n d . In  th e  
conversion  of V s ig n if ic a n t side reac tio n s ta k e  p lace , w hich can  be ex p la in ed  
ju s t  b y  th e  h in d ra n c e  o f  rin g  closure. O w ing to  th is  th e re  is a p o ss ib ility  for 
o th e r  processes to  o ccu r, such  as d eh y d ro g e n a tio n  (to  give oxo- a n d  d ioxo  com 
p o unds) and  d e h y d ra tio n  (yield ing s a tu ra te d  cyclic e th e r). T he fo rm a tio n  of
2 -hexanone m a y  ta k e  p lace  in  th e  w ay  s u b s ta n tia te d  b y  us ea rlie r in  th e  case 
o f 1,3-diols : d e h y d ra tio n  o f  th e  h y d ro x y -o x o  in te rm e d ia te s  an d  h y d ro g e n a tio n  
o f  th e  u n s a tu ra te d  oxo com pound  by  h y d ro g en  tra n s fe r  [17, 20]. T h e  fo rm a tio n  
o f  2 ,5 -d im e th y lte tra h y d ro fu ra n  can n o t be ex p la in ed  u n am b ig u o u sly  on th e  
basis  o f th e  d a ta  av a ilab le  as y e t. K now ledge o f  th e  n u m b er o f  th e  ac id  and  
basic  cen tres does n o t p rov ide  su ffic ien t in fo rm a tio n  reg a rd in g  th e  t ru e  course 
o f  th e  reac tio n . I t  c a n  on ly  be s ta te d  th a t ,  in  v iew  o f th e  n u m b e r  o f  th e  acid 
an d  basic c en tre s  o f  th e  c a ta ly s t (T able I) , th e ir  presence m u s t be responsib le  
for th is  p rocess.

*

The authors’ thanks are due to Mr. F. N o t h e is z  and Mrs. Á. G r e g u s s -Z sig m o n d  for 
the surface area determinations, and to Mrs. G. B a r t ó k -B ozóki for the determination of the 
active centres.
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Sorption of hydrogen on an unsupported, sintered platinum catalyst has been 
studied by means of electrochemical, volumetric and thermodesorption (TPD) tech
niques. Specific hydrogen sorption has been shown to depend on the thermal conditions 
of adsorption. If saturation with hydrogen is carried out at 0 — 25 °C, the amount 
of adsorbed H2 corresponds to one hydrogen atom per surface Pt atom, in line with the 
usual findings. However, if the catalyst is cooled down gradually from a higher tem 
perature in H2 atmosphere, the amount of hydrogen is 4 5 times larger than in the
former case. On the basis of additional experiments, we have concluded that hydrogen 
sorbed via activated chemisorption is probably not on the surface of the P t catalyst.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 100 (1 —4), pp. 211 — 220 (1979)

In tro d u c tio n

Since th e  a d v e n t o f th e  th e rm o d e so rp tio n  tech n iq u e  [1, 2 ], espec ia lly  
te m p e ra tu re -p ro g ra m m e d  d eso rp tion , T P D , th e re  h av e  been n u m ero u s  re p o rts  
on th e  d e te rm in a tio n  o f th e  h y d rogen  so rp tio n  c a p ac ity  of P t  c a ta ly s ts  b y  
T P D , ra th e r  th a n  by  classical v o lu m etric  o r e lec trochem ical m ethods. H ow ever, 
only  a few c o m p a ra tiv e  s tu d ies  [3] are  a v a ila b le  on th e  resu lts  o f  th e  th re e  
a d so rp tio n  m eth o d s m en tio n ed . I t  is n o t c le a r  w h e th e r (i) th e y  g iv e  s im ila r 
re su lts , (ii) th e  possib le  differences can  be  u se d  to  in te rp re t th e  b e h a v io u r  of 
th e  p la tin u m -h y d ro g e n  system  or to  fo re c a s t th e  a c tiv ity  o f a P t  c a ta ly s t .  
T he an sw er to  th is  q u es tio n  is n o t obv ious, as n o t  on ly  th e  e x p e rim e n ta l te c h 
n iq u es b u t  also th e  c ircu m stan ces of a d so rp tio n  a re  s trong ly  d iffe ren t.

T h e  aim  o f th is  w ork  w as to  s tu d y  a n d  co m p are  th e  am o u n ts  o f  h y d ro g en  
so rb ed  on th e  sam e, u n su p p o rte d  P t  c a ta ly s t  b y  e lectrochem ical, v o lu m e tr ic  
an d  T P D  m eth o d s. C arry ing  o u t su ita b le  a d d itio n a l ex p erim en ts , w e w ished  
to  c la rify  tv h e th er o r n o t th e  chem isorbed  h y d ro g en  d e te rm ined  u n d e r  T P D  
co n d itio n s  is lo ca ted  d irec tly  on th e  P t  su rface .

E xperim en ta l

The unsupported Pt catalyst was prepared by reduction of a 0.16 mol/dm3 aqueous 
solution of H2PtCle with H2 under shaking. The fine P t powder obtained was calcined prior 
to the measurements in a stream of H2 (1 atm) at 650 °C for 2 hrs to avoid sintering on sub
sequent thermal treatments during adsorption.
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Hydrogen and nitrogen were obtained from cylinders. Hydrogen was purified by passing 
through a solution containing the Cr2+/Cr3+ redox system , and then, for drying, through a 
liquid N2 trap and a column filled with molecular sieve. To remove oxygen, N2 was diffused 
through copper contacts at 200 °C, then, for further purification and drying, through a trap 
cooled w ith dry ice-acetone and an adsorption column filled with molecular sieve.

In the electrochemical study of sorbed hydrogen the charging curves were recorded by 
means o f a 3-electrode cell, whose main compartment was bottomed with a polished P t plate. 
This p late ensured an electric contact with the catalyst particles placed on it. The other two, 
platinized platinum electrodes of the cell were immersed into the same electrolyte (0.2 mol/dm3 
HC1) as the main electrode. These electrodes served as auxiliary and reference electrodes. 
The central (main) electrode was connected with the reference and auxiliary electrode through 
uncreased stopcocks wetted with the common electro lyte; H2 and N2 gas inlets permitted 
saturation of the main electrode compartment with hydrogen and nitrogen (for removal o f 0 2). 
Polarization was performed at constant current, recording the potential of the main electrode 
(vs. the reference electrode) as a function of time curve. The measurements were made at room 
tem perature ( ~  25 °C).

In view  of the low adsorbed amounts to be measured, the volumetric adsorption appa
ratus was equipped with a McLeod manometer, which permitted adsorption measurements 
in the pressure range of 100 — 600 Pa. The quartz adsorption vessel was maintained at the re
quired temperature using a liquid thermostat and a temperature-controlled oven. Greaseless 
metal valves were employed. The adsorbent was pretreated in a high-vacuum apparatus 
equipped w ith a diffusion pump.

The TPD apparatus was the same as described earlier [4, 5] (inert gas : N2 ; detector: 
thermal conductivity c e ll; gas flow  rate : 16 cm3 STP/min ; heating rate : 15 °C/min). To remove 
impurities from the surface, the catalyst was kept alternately in a stream of 0 2 and H2 for 10 
min. Saturation with H2 was performed as follows : the catalyst was warmed gradually (in 
~  10 m in) to 350 °C and then pumped off to 10 ~2 Pa. Subsequently, the system was filled 

with H2 and the catalyst was cooled to room temperature according to a suitable program. 
After subjecting the catalyst to the above treatment, the TPD runs were reproducible to 
within an experimental error of ± 5 ° 0.

Results

A .  Electrochemical s tudy o f  adsorption

T h e  ch a rg in g  curves o f 1.985 g P t  po w d er reco rd ed  a t tw o d iffe re n t c u r 
re n t  in te n s it ie s  a re  show n in F ig . 1 (curves a an d  b). S ince th e  reference e lec tro d e  
is a h y d ro g e n  e lec trode  in  th e  sam e e lec tro ly te , th e  equ ilib rium  H , p re ssu re  
can  be  c a lc u la te d  from  th e  N e rn s t eq u a tio n  :

E  = 0.0285 log 1.013 x 105 
P ( 1 )

w here E  is th e  e lec trode  p o te n tia l  (V) and  P  is th e  pressure (Pa).
F ro m  th e  know n a m o u n t o f charge (Q) re q u ire d  for th e  reac tio n

PI2 ^  2 H + +  2 e - ( 2)

th e  a m o u n t o f  adso rbed  (desorbed) h y d ro g en  (n ') can  be ca lcu la ted  from  
F a ra d a y ’s e q u a tio n  :

E  1 Q 
2 F

w here F  is F a ra d a y ’s c o n s ta n t.

F  =  9.6489 X 1 0 4 C /g-equ

(3)

(4)
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Fig. 1. Charging curve of 1.985 g Pt catalyst; a : I  — 0.5 raA; b:I  =  0.25 mA; c: after covering
with Au, I  =  0.5 mA

Fig. 2. Specific amount of sorbed H2 vs. H 2 pressure; a: calculated from the charging curve, 
b: determined at 0 °C, saturated at 0 °C

Q w as d e te rm in ed  in  th e  following w ay . T h e  s teep , linear section  o f  th e  charg ing  
cu rv e , w here  th e  a m o u n t of charge  co n su m ed  is the  fu n c tio n  o f  th e  double 
la y e r  c a p a c itan c e  on ly , was e x tra p o la te d  to  th e  abscissa. P a ra lle ls  w ith  th e  
abscissa  passin g  th ro u g h  th e  req u ired  p o te n tia ls  w ere th en  d ra w n , w hose  in te r 
cep ts w ith  th e  ch a rg in g  curve an d  w ith  th e  s tra ig h t line co rre sp o n d in g  to  th e  
doub le  la y e r  sec tio n  p rovided  tho se  p o in ts  o f tim e (tE an d  tE, resp ec tiv e ly ) 
w hich  w ere u sed  to  ca lcu la te  th e  a m o u n t o f  charge in  E q . (3) fro m

Q =  I(t°B -  tE) [t] : s ; [ I ) :  A ,  (5)

w here I  is th e  c u rre n t in ten s ity  o f p o la r iz a tio n . The specific h y d ro g e n  so rp tion  
iso th e rm  d e te rm in e d  from  th e  ch a rg in g  c u rv e , as described ab o v e , is show n in 
F ig . 2 (cu rve  a).

In  o rd e r to  in v es tig a te  w h e th e r th e  so rbed  hydrogen d e te rm in e d  electro- 
chem ically  is on th e  surface of th e  P t  c a ta ly s t ,  th e  m easu rem en ts w ere  rep ea ted
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[6] -with a  go ld-covered  c a ta ly s t  (F ig. 1, cu rve  c). T h ese  experim en ts h a v e  sh o w n  
t h a t  th e  h y d ro g en  so rp tio n  c a p ac ity  o f th e  go ld -covered  ca ta ly s t (a t  le a s t  
u n d e r  th e  cond itions o f e lec trochem ica l m e a su re m e n ts )  is close to  zero.

B . T P D  s tudy  o f  adsorption

T h e  T P D  curve  of h y d ro g e n  on 2.15 g P t  c a ta ly s t  recorded as d e sc rib ed  
e a r lie r  is show n in  F ig . 3. A f te r  c a lib ra tio n  o f  th e  H 2 detec to r w ith  a k n o w n  
n u m b e r  o f  H 2 pulses, th e  a m o u n t of h y d ro g en  so rb e d  u n d er these  c o n d itio n s  
(n  ) c a n  be  ca lcu la ted  from  th e  T P D  peak  a re a  :

п Г ^  ljU m o l/g -P t. (6)

Fig. 3. TPD  curve of H 2 on 2.15 g platinum

A s in  th e  e lec tro ch em ica l in v estig a tio n s, th e  T P D  s tu d y  of th e  p la t in u m  
c a ta ly s t  covered  w ith  a d so rb ed  gold has also b e e n  ca rried  ou t. A ccord ing  to  
th e  m e a su re m e n ts , th e  sh ap e  o f  th e  T P D  cu rv e  w as p rac tica lly  id e n tic a l 
(w ith in  ^ 5 % )  w ith  th a t  o f th e  c a ta ly s t  n o t co v ered  w ith  Au. T hus, as o p p o sed  
to  th e  r e s u lts  o f th e  e lec tro ch em ica l s tu d y  of a d so rp tio n , th e  am ount o f so rb ed  
h y d ro g e n  d e te rm in ed  b y  th e  T P D  m ethod  is n o t  in flu e n c e d  b y  th e  coverage  
o f th e  su rfa c e  w ith  A u.

S o rp tio n  sa tu ra tio n  in  th e  T P D  m e a su re m e n ts  w as perform ed — as 
a lre a d y  m e n tio n e d  — b y  cooling  th e  c a ta ly s t in  a H 2 a tm osphere  from  350 °C 
to  ro o m  te m p e ra tu re  acco rd in g  to  a p rese t p ro g ra m . T h is  is necessary  b ecau se  
a t  ro o m  te m p e ra tu re  th e  c a ta ly s t  does n o t ad so rb , ev en  a fte r several h o u rs , 
the  a m o u n t  o f  hyd ro g en  w h ich  is adsorbed  in  a H 2 a tm o sp h ere  upon  coo ling  
dow n f ro m  350 °C.

C. Volum etric  adsorption measurements

T h e  T P D  m easu rem en ts  ca lled  a tte n tio n  to  th e  fa c t  th a t  H 2 so rp tio n  is 
a t  le a s t  p a r t ly  an  a c tiv a te d  p rocess, therefo re , th is  p ro b lem  was s e p a ra te ly  
in v e s tig a te d  in  th e  v o lu m etric  m easu rem en ts.
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To d e te rm in e  th e  so rp tio n  c a p a c ity  o f th e  P t  c a ta ly s t , th e  follow ing 
m easu rem en ts w ere  c a rr ie d  o u t. T he su rface  o f  P t  w as cleaned  b y  p lac ing  th e  
sam ple  a lte rn a te ly  in  H 2 an d  0 2, th e n  cooling i t  u n d e r v acu u m  to  0 CC. A t th is  
te m p e ra tu re  th e  a d so rp tio n  iso therm  w as reco rd ed  (n  , F ig . 2, cu rv e  b). F o r 
d e te rm in in g  th e  eq u ilib r iu m  p ressu re  co rresp o n d in g  to  th e  p o in ts  o f th e  iso
th e rm , we w a ited  (1 — 2 hours) u n til  th e  p re ssu re  d id  n o t change over a period  
o f  20 m in. T hus th e  a p p a re n t  ad so rp tio n  eq u ilib riu m  has been  reach ed . W hen  
a tte m p tin g  to  d e te rm in e  th e  deso rp tio n  b ra n c h  o f  th e  iso th e rm , w e h av e  found  
th a t  th is  lies a b o v e  th e  a d so rp tio n  b ra n c h , in d ic a tin g  th a t  no re a l ad so rp tio n  
equ ilib rium  ex ists .

Fig. 4. Specific sorbed amount of H 2 at 2.66 x  104 Pa; temperature starts from 550 °C, and the 
adsorbent is cooled gradually to 0 °C in a H 2 atmosphere

In  the  n e x t  series o f  exp erim en ts , a d so rp tio n  m easu rem en ts  w ere begun  
a t  550 °C and , a f te r  o b ta in in g  an  iso th e rm , th e  te m p e ra tu re  w as decreased  
an d  a new iso th e rm  reco rd ed  in  o rd er to  re a c h  a t  le a s t a p p a re n t  eq u ilib riu m . 
T h e  “ eq u ilib riu m ”  a d so rb ed  am o u n ts  a t  2.66 X Ю2 P a  H 2 p re ssu re  are  to  be 
seen in  Fig. 4. C heck ing  th e  presence o f  a rea l ad- an d  d e so rp tio n  equ ilib rium  
b y  m easuring  th e  d e so rp tio n  b ran ch , we h a v e  e s tab lish ed  th a t  o n ly  th e  iso therm  
dete rm in ed  a t  550 °C can  be considered as re fe rrin g  to  eq u ilib riu m .

To d e te rm in e  th e  am o u n t of so rb ed  H 2 n o t rem o v ab le  b y  p u m p in g  a t 
0 °C, we carried  o u t  th e  follow ing se t o f  m easu rem en ts . A fte r  th e  a m o u n t of 
so rb ed  hydrogen  (« 550) co rrespond ing  to  th e  g iv en  p ressu re  (2.66 X W 2 P a) had  
been  de te rm in ed , th e  c a ta ly s t  w as cooled slow ly  to  0 °C in  an  a tm o sp h e re  of 
H 2. A t th is  te m p e ra tu re , a f te r  reco rd ing  th e  a d so rp tio n  iso th e rm , th e  am o u n t 
o f  sorbed  h y d ro g en  ( щ )  co rrespond ing  to  th e  p ressu re  o f  2.66 X Ю2 P a  was 
again  de te rm in ed . F o llow ing  th is , th e  c a ta ly s t  w as p u m p ed  o ff to  ~  10-3 P a  
a t  0 °C by  a d iffu sio n  p u m p . A fte r closing th e  ad so rp tio n  vesse l an d  h ea tin g  
th e  ca ta ly s t to  550 °C, th e  above se t o f m easu rem en ts  w as re p e a te d . L e t 
n^o ап<1 Щ be, in  th is  second case, th e  a m o u n ts  o f  sorbed  h y d ro g en  correspond-
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in g  to  th e  hydrogen  p ressu re  o f  2.66 X 102 P a , th e n  th e  follow ing m ass b a lan ce  
e q u a tio n  can  be deduced  :

Y  __ V *V __ V *V
-Л- 0 ---  И550 re550 ---  n 0 —  n 0 •> ( ? )

w h ere  X 0 deno tes th e  a m o u n t o f  H 2 n o t rem o v ab le  u n d e r  these  co n d itio n s  a t  
0 °C. C a rry in g  ou t th e  ab o v e  se t  o f m easu rem en ts  once again , th e  re su lts  show n 
in  T a b le  I  w ere o b ta in ed .

W e dete rm in ed  th e  sp ec ific  su rface  a rea  o f th e  P t  c a ta ly s t  ap p lied  b y  
lo w -te m p e ra tu re  K r a d so rp tio n  (su rface  re q u ire m e n t o f  one K r  a to m  : 19.5 Á 2) 
a t  th e  b eg in n in g  ( ß 0) an d  a t  th e  en d  (Qv) o f th e  v o lu m etric  m e asu rem en t 
series in  o rd e r to  he ab le  to  re fe r  ca lcu la tio n s to  u n i t  su rface an d  to  check 
s u b s e q u e n t s in te ring  o f th e  c a ta ly s t .  T h e  follow ing va lu es  w ere o b ta in e d  :

ß 0 =  1 .3 9 X 1 0 3 cm 2/g P t  

Q v  =  1 .2 1 x 1 0 s cm 2/g P t .

R esu lts  an d  discussion

E x p e rim e n ta l re su lts  a re  su m m arized  in  T ab le  I . S ince th e  specific  su rface  
a re a  o f  th e  c a ta ly s t d e te rm in e d  b y  K r  a d so rp tio n , decreases from  th e  in it ia l  
v a lu e  o f  1.39 X 10s cm 2/g  P t  to  th e  f in a l value o f 1.21 X 10s cm 2/g P t ,  th e  specific  
su rface  a re a s  o b ta in ed  b y  v o lu m e tr ic  a d so rp tio n  m easu rem en ts  are  in te rp o la te d  
v a lu es  b e tw e e n  th e  in itia l a n d  f in a l su rface  area , co rrespond ing  to  th e  seria l 
n u m b e r  o f  th e  ex p erim en t.

C o lu m n  e in  T ab le  I  show s th a t  th e  a m o u n t o f  so rb ed  h y d ro g en  depends 
on w h e th e r  s a tu ra tio n  has b e e n  p erfo rm ed  a t  a low  (0 — 25 °C) te m p e ra tu re , 
o r b y  slow  cooling from  a h ig h e r te m p e ra tu re  (350 — 550 °C) in  H 2 a tm o sp h e re . 
T h e  4- to  5-fold d ifferences b e tw e e n  th e  so rbed  a m o u n ts  are to o  la rg e  to  be 
a sc r ib a b le  to  ex p e rim en ta l e rro rs .

T a k in g  in to  co n sid e ra tio n  th e  av erag e  d is tr ib u tio n  o f th e  d iffe ren t (100), 
(110) a n d  (111) c ry s ta l faces, th e  d e n s ity  of surface a to m s o f a p la tin u m  c a ta ly s t
[7] is  :

8.4 Á 2/a c tiv e  c e n te r  ^  0.12 х Ю 11 a to m /c m 2 P t  (8)

A ssu m in g  th a t  th e  so rb e d  h y d ro g en  is lo c a te d  on th e  su rface  o f  th e  
c a ta ly s t ,  a n d  th a t  th e  H /P t  a to m ic  ra tio  equals 1, th e  a m o u n t o f a d so rb ed  H 2 
sh o u ld  be

Q v =  1.21 X 10s cm 2/g P t : 1.20 pm ol/g  P t

Q 0 =  1.39 X 10s cm 2/g P t : 1.38 pm ol/g  P t  (9)

A c t a  C h im .  A c a d .  S e i.  H u n g  .1 0 0 , 1 9 7 9



NAGY et al.: H , SORPTION CAPACITY 217

Table I

Results obtained by different adsorption methods 
(ta : temperature of adsorption or desorption)

Method of 
measurements y° P ,

10* x Pa °c
n,

jumol/g Pt
t)

108cm*/g Pt Remarks

a b c d e / g

Electroche
mical

1 2.66 25 nE-. 1.27 1.21 Saturation with H2 at 
room temperature. 
Desorption measurements.

2.1 2.66 0 nV : 1.68 1.39 Saturation with Ho at
0 °C.

Volumetric
adsorption

2.2 2.66 a0 6.30 
n% : 6.06

1.30
1.26

Saturation in H2 atmo
sphere by slow cooling 
from 550 °C.

2.3 0 5.94 
X 0 : 5.40

1.30
1.26

Amount of H2 not re
movable by pumping to 
a dynamic vacuum after 
run 2.2.

TPD 3 2 5 -5 5 0 nT : 7.05 
5.62

1.39
1.21

Saturation in H2 atmo
sphere by slow cooling 
from 350 °C.
Desorption measurement.

T h e  e x p e rim e n ta l ad so rb ed  am o u n ts  lis te d  in  T ab le  1 show th a t  o n ly  th e  h y d ro 
gen so rp tio n s m easu red  e lec trochem ically  a n d  b y  low  te m p e ra tu re  v o lu m e tric  
a d so rp tio n  are  in  sa tis fa c to ry  ag reem en t w ith  th ese  values. S a tu ra t io n  w ith  
H 2 s ta r t in g  a t  h ig h e r te m p e ra tu re s  in  a H 2 a tm o sp h e re  gives m uch  h ig h e r H 2 
co n sum ptions.

As w as m en tio n ed  above, upon  co v erin g  th e  surface o f th e  c a ta ly s t  w ith  
ad so rb ed  A u, no h y d ro g en  is d e tec tab le  b y  e lec trochem ical m e th o d s , b u t  a t 
th e  sam e tim e  th e  a m o u n t o f h y d ro g en  d e te rm in e d  b y  T P D  does n o t  change. 
T h e  adso rbed  A u p re su m ab ly  rem ain s on th e  su rface  o f th e  p la tin u m , because  
th e  d ifference in  th e  a tom ic  ra d ii (dAu =  2 .88 A, d pt =  2.76 A) a n d  th e  
re la tiv e ly  low  te m p e ra tu re  ( ~  25 °C) ap p lied  exclude th e  p o ss ib ility  o f alloy 
fo rm a tio n . T he a m o u n t o f adso rbed  A u from  th e  exp erim en ta l re su lts  is (aAu) :

Q — 1.21 X 103 cm 2/g P t ; a Au =  155 X Ю 16 atom  A u/g P t  (10)

S upp o sin g  closest or te tra g o n a l p a c k in g  fo r th e  adsorbed  A u a to m s  and  
considering  th e  d ia m e te r  o f th e  A u a to m s, th e  su rface  req u irem en t o f  one Au 
a to m  is :

/ au =  7.2 Á 2/a to m  Au

/ Au =  8.3 Á 2/a to m  A u (11)

closest p ack in g  : 

te tra g o n a l p ack in g  :
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O n th e  b as is  o f  E qs (10) a n d  (11) th e  p la t in u m  surface “ occup ied”  b y  one 
a d so rb e d  A u a to m  (Q au) is :

c lo se s t p a c k in g  : Q Au =  1.14 X Ю3 c m 2/g  P t

te t r a g o n a l  p a c k in g : ß Au =  1 .2 9 Х Ю 3 c m 2/g P t  (12)

T h ese  v a lu e s  d iffer on ly  s lig h tly  from  th e  specific  su rface  area o f th e  P t  c a ta ly s t  
d e te rm in e d  b y  K r  ad so rp tio n  (Q  =  1.21 X Ю 3 c m 2/g  P t) .

I t  seem s from  th e  ab o v e  d a ta  th a t  th e  so rbed  hydrogen  d e te rm in e d  
e le c tro c h em ic a lly  or b y  lo w -tem p era tu re  a d so rp tio n  is ac tu a lly  lo c a te d  on  th e  
P t  su rfa c e  a n d  th e  assu m p tio n  o f H /P t  =  1 [7, 8] is n early  co rrec t.

T h e  q u es tio n  o f th e  lo ca tio n  o f th e  so rb ed  h y d ro g en  on P t  c a ta ly s ts  h av e  
to  b e  ra is e d  on th e  basis o f th e  follow ing tw o  e x p e rim e n ta l re su lts  a lre a d y  m en 
tio n e d  : (a) th e  a m o u n t o f so rb ed  H 2 is b y  a f a c to r  o f 3 to  4 la rg e r w h en  s a tu 
r a t io n  is  s ta r te d  a t  e lev a ted  te m p e ra tu re s , (b) th e  am o u n t of H 2 d e te c ta b le  b y  
T P D  is in d e p e n d e n t o f th e  A u coverage.

A  tr iv ia l  ex p lan a tio n  w ould  be to  a ssum e th e  fo rm ation  o f a se c o n d a ry  
po re  s y s te m  w hen th e  c a ta ly s t  is p rep a red  b y  s in te rin g  a fine ly  d isp e rsed  P t  
p o w d er. T h e  p e n e tra tio n  o f h y d ro g en  in to  th is  pore  system  e ith e r  b y  pore 
d iffu s io n , o r b y  d isso lu tion  a n d  diffusion th ro u g h  th e  pore w alls m a y  req u ire  
a c t iv a t io n  energy . T he a ssu m p tio n  of d iffu sio n -co n tro lled  ad so rp tio n  im p lies 
th a t  th e  p o res  a re  inaccessib le  fo r th e  K r a to m s.

A  m o re  likely  h y p o th es is  is th a t  th e  h y d ro g e n  atom s p e n e tra te  th e  f ir s t  
la t t ic e  la y e r  an d  reach  th e  P t  a to m s in  th e  seco n d  an d  th ird  lay ers . T o  check  
th e  r e a l i ty  o f  th is  hy p o th esis , le t  us e s tim a te  th e  size of pores in  th e  in d iv id u a l 
la y e rs , co n sid e rin g  th e  P t  a to m s in  th e  la tt ic e  as spheres (Table I I ) .

T h e  a to m ic  d iam ete rs  o f th e  ad so rp tiv es  u se d  are  given in  T ab le  I I I .
T h e  d a ta  in  T ab les  I I  a n d  I I I  show  t h a t  th e  A u and  K r a to m s a re  to o  

la rg e  to  p e n e tra te  th e  e x te rn a l la tt ic e  p lan e  ev en  i f  a P t  a tom  is m issing , i.e. a 
d e fec t s i te  is fo rm ed . C onsidering  its  size, a to m ic  h y d ro g en  can on ly  p e n e tra te  
th e  (110) face  or th e  defec t s ite s . H ow ever, h y d ro g e n  in  covalen t b o n d s  can  
p e n e tr a te  th e  su rface  o f th e  P t  c a ta ly s t — e x c e p t fo r areas b o u n d ed  b y  (111) 
faces — a n d  can  reach  P t  a to m s in  th e  second  o r ev en tu a lly  also in  th e  th ird  
la t t ic e  la y e r .

Table II

Diameter of holes in  the various lattice; faces o f platinum  
q':  (100) face ; q" : (110) face; q'" : (111) face

Symbol e ' 6 " q" ’

Q, A 1.20 2.02 0.43
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Table III

“ A to m ic ”  d ia m e te r s  o f  v a r io u s  s o r p tiv e s  ( d )

Symbol Pt Au Kr H, âtomic Hcovalent

d , Á 2.76 2.88 3.50 2.36 1.62* 0.74

* Estimated from the size of the molecule (dHl =  2.36 Ä) and from the H —H covalent 
bond length (d^ =  0.74 Á), using the equation : dH =  d^i — «ÍH

T he assu m p tio n  th a t  h y d ro g en  a to m s  can  p e n e tra te  th e  su rfa c e  a t  areas 
b o u n d ed  b y  (110) faces an d  th u s  reach  P t  a to m s in  th e  second  a n d  th i r d  layers, 
ex p la in s th e  d ifference b e tw een  so rp tio n s  a t  low and  e le v a te d  te m p e ra tu re s  
o n ly  i f  we suppose th a t  th e  p e n e tra tio n  o f hydrogen  a to m s is  a n  ac tiv a ted  
process. T h is m ay  be a co rrec t a ssu m p tio n , because th e  size o f  th e  H  atom  
given  in  T ab le  I I  is a r a th e r  c rude  e s tim a te .

T he m ost lik e ly  a ssu m p tio n  seem s to  be th e  fo rm a tio n  o f  a “ cova len t” 
com p o u n d  [9]

P tH x (13)

th e  e lem en ta ry  step s  o f th e  process b e in g

P t  ^  P t  (a)

* (H )ads. +  P t  P tH x , (b) (14)

*

w here  P t  is th e  a c tiv a te d  s ta te  of P t .
T h is w ould  ex p la in  w h y  th e  (H )sorb. to  (Pt)surf. r a t io  is  m u ch  greater 

th a n  u n ity , an d  is also co n sis ten t w ith  an  ac tiv a ted  s o rp tio n  process. The 
re a l i ty  o f  th e  fo rm a tio n  o f  th is  P t-H  co m p o u n d  is also su p p o r te d  b y  ou r earlier 
re su lts  [10], acco rd ing  to  w hich , th e  so rb ed  hydrogen  d e te c ta b le  b y  T P D  reacts 
b u t  v e ry  slow ly w ith  oxygen  from  th e  gas phase a t room  te m p e ra tu re .
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A microreactor with electrical heating was designed to investigate the details 
of the thermochemical processes, i .e .  evaporation and conversion processes, as well 
as thermal reactions occurring at temperatures up to 1350 °C. The vapour phase ob
tained under the heating period was introduced by an argon carrier gas into a radiation 
source of d.c. arc stabilized by external magnetic field. Emission intensity of a selected 
characteristic element was recorded as a function of the time, and temperature. 
The first part of the publication is concerned with the design of the apparata, as well 
as characteristics and function of the microreactor heating, the carrier gas stream, 
the external magnetic field, and the photoelectric detector and recorder system.

Iutroduction

In  the  sp ec tro sco p ic  em ission ra d ia tio n  sources, an d  in  a to m ic  abso rp tion  
c u v e tte s  th e  sam p le  to  be in v e s tig a te d  undergoes e v a p o ra tio n , a tom iza tion  
a n d  ex c ita tio n  processes, ou th e  effect o f th e rm a l, e lec tric  o r lase r energy. 
T h e  ra te  of th e  e v a p o ra tio n  an d  d isso c ia tio n  processes en h an ces  w ith  th e  in 
crease  o f th e  p o w er d e n s ity  of th e  energy  in tro d u ced , th u s  d im in ish in g  th e  role 
o f  th e  in te re le m e n t effects ; th e  en erg y  used  for sp li t t in g  la t t ic e  forces and 
chem ical bonds fo rm s on ly  a neglig ib le  p a r t  of th e  to ta l  p o w er o f  th e  source. 
H ow ever, a t  th e  sam e tim e , a n u m b e r o f  u n d esirab le  se c o n d a ry  processes and 
reac tio n s ta k e  p lace , e.g. th e  decrease o f  a tom ic  em ission o r  ab so rp tio n  as a 
consequence o f  th e  en h an ced  io n iza tio n , th e  increase o f b a c k g ro u n d  rad ia tio n  
caused  b y  e lec tro n  co n tin u u m , an d  th e  sh o rten in g  o f re s id en ce  tim e  of the  
e lem ents in  q u es tio n , because o f h igh ra te  o f  p artic le  m o tio n , ch em ica l reactions 
w ith  e lectrodes, etc. T herefo re , th e  in v e s tig a tio n  of th e rm o ch em ica l processes 
occurring  u n d e r  in flu en ce  o f energy  in tro d u c tio n  is o f  e x tre m e  im portance , 
a long  w ith  th e  m ore  d e ta iled  c learing -up  o f secondary  p rocesses [1]. Beside 
d .c . arc  ex c ita tio n , usefu l in fo rm atio n  can  be o b ta in ed  on th is  su b je c t w ith  the 
a id  of e le c tro th e rm a l a to m iza tio n  in  a to m ic  em ission an d  a b so rp tio n  spec tro 
m e try , as w ell as b y  th e  a p p lica tio n  o f  a laser source [2 — 10] ; th eo re tica l in 
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v e s tig a tio n  o f th e  e le c tro th e rm a l a to m iza tio n  p rocesses is c a rried  ou t recen tly  
in  a g re a t  n u m b er o f la b o ra to r ie s  [11]. H ow ever, a to m iz a tio n  processes occur 
in  th e  sources used w ith  a h ig h  r a te ,  i.e. th e  te m p e ra tu re  changes ab o u t 2000 К  
b e tw e e n  ro o m  te m p e ra tu re  a n d  v a p o u r  s ta te  o f th e  sam p le  so rap id ly  th a t  no 
in fo rm a tio n  is o b ta in ab le  on  f in e  d e ta ils  o f p rocesses o f  e v ap o ra tio n , severa l 
th e rm a l  reac tio n s and  d isso c ia tio n . To ob ta in  p ro p e r in fo rm a tio n , i.e. to  follow  
th e  e ffec ts  o f in tro d u c tio n  o f  th e rm a l  energy, a m ic ro re a c to r  w as co n stru c ted , 
in  th e  fo rm  o f a sm all-size o v e n  w ith  contro lled  h e a tin g  a n d  w ith  v e ry  l i t t le  
in e ffe c tiv e  volum e. T he em ission  signal of a kn o w n  e lem en t p resen t in  th e  
gaseous p ro d u c ts  o b ta in ed  w as  u se d  to  d e tec t th e  th e rm a l processes, b y  in tro 
d u c in g  th e  gaseous phase  fro m  th e  m icro reacto r d ire c tly  in to  a stab ilized  d.c. 
a rc  so u rc e  [12].

M icroreactor

T h e  design was b ased  f i r s t  in  a w idely a d o p te d  ty p e  o f a q u a rtz  (or in  
an  o th e r  v a r ia n t  sta in less s tee l)  tu b e  therm al re a c to r  w ith  ex te rn a l h ea tin g . 
B e t te r  h e a t  tra n sfe r  an d  te m p e ra tu re  contro l had  been ach iev ed  b y  a resistance- 
h e a te d  g ra p h ite - tu b e  fu rn ace  in  w h ich  a sam ple (or a m ix tu re  w ith  add itiv es) 
w as in tro d u c e d  in  a p la tin u m  b o a t ; th e  h ea ted  g ra p h ite  tu b e  w as p ro te c te d  
w ith  a rg o n  gas, s tream in g  in  a  q u a r tz  shell. V o la tile  co m p o n en ts  w ere p u rg ed

Fig. 1. Scheme of the microreactor, and crucibles; 1 — ceramic cylinder, 2 — resistor wire 
(PtR h, dia. 0.5 mm), 3 — nickel ring, 4 — thermocouple (P t— PtR h), 5 — platinum stack 
(wall thickness 0.3 mm), 6 — gas introducing tube (platinum, 0.3 mm thick), 7 — platinum  
crucible (0.3 mm wall thickness), 8 —  graphite crucible (1 mm wall thickness), 9 — water-

cooled base (bronze)
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a t  d iffe ren t te m p e ra tu re s  u n d e r  th e  h e a tin g  period  w ith  a slow a rg o n  s tream  
com ing  from  th e  fu rn ace  tu b e .

P ro b lem s w ere en co u n te red  w ith  tu b e  fu rnaces due to  th e i r  re la tiv e ly  
h igh th e rm a l in e r tia , g re a t ineffec tive  v o lu m e  an d  obviously h ig h  a n d  h a rd ly  
co n tro llab le  te m p e ra tu re  g ra d ie n t w ith in  th e  sam ple . To e lim in a te  th e s e  defects, 
a m ic ro reac to r  w ith  a p la tin u m  s ta c k  w as designed  (Fig. 1).

T h e  m ic ro reac to r, b u il t  on a w a te r-co o led  base, was f ix e d  o n  th e  arc 
s ta n d  o f a sp ec tro g rap h . Sam ples (in pg-s o r  mg-s) to  be in v e s tig a te d  in  solid 
s ta te  o r so lu tion  form  w ere w eighed in  a rin g -sh ap ed  p la tin u m  o r g rap h ite  
c rucib le , and  an  argon  c a rrie r  gas w as c o n d u c te d  th ro u g h  th e  a x ia l  b o re  o f the 
c rucib le . A te m p e ra tu re  o f 1350 °C w as a t ta in e d  in  th e  m icro fu rn ace  in  2.5 m in, 
a t  a m ax . pow er in p u t o f 12 У, 18 A on th e  h e a tin g  w ire (P tR h ). A p p ro x im a te  
te m p e ra tu re  of th e  sam ple  in  th e  c rucib le  w as m easured  b y  a th e rm o co u p le  
(P t-P tR h )  an d  a te m p e ra tu re -g ra d u a te d  m illiv o ltm e te r o r a lin e  reco rder. 
C rucibles are  tig h tly  f i t te d  to  th e  p la tin u m  s ta c k  (clearance b e in g  0.01 — 0.02 
m m ), and  th e  v o la tile  co m p o n en ts  o f th e  sam p le  are tak en  b y  th e  c a rr ie r  gas 
th ro u g h  th e  tu b e -e lec tro d e  d irec tly  in to  th e  ra d ia tio n  source.

Radiation source

H ig h -v o ltag e  sp a rk  d ischarge  y ie ld ed  su itab ly  rep ro d u c ib le  re su lts  b u t 
d e te c tio n  pow er o f th e  m e th o d  w as n o t su ffic ie n t to  de term ine  m ic ro -q u a n titie s  
o f  th e  v o la tile  co m p o n en ts . T he d.c. a rc  sou rce  o f high d e tec tio n  p o w er, on the 
o th e r  h a n d , show s su ffic ien t re p ro d u c ib ility  only  in th e  case o f  a n  effective 
s ta b iliz a tio n . F o r th e  sake  o f  s ta b iliz a tio n  a n u m b er of e x p e r im e n ts  were 
ca rr ied  o u t w ith  w ate r-co o led  discs, a n e u tra l  gas stream  or an  e x te rn a l  m ag n e t
ic f ie ld . T he use o f a w ate r-coo led  disc w ith  a d iam eter o f  2 o r  3 m m  axial 
bo re  n ecess ita ted  th e  a d o p tio n  o f a too  h ig h  e lec trode  gap, an d  fa ile d  to  achieve 
a su ffic ien t s ta b ili ty  in  itse lf, a t  th e  sam e  tim e  h indering  th e  a p p lic a tio n  of 
o th e r  m eth o d s o f s ta b iliz a tio n . T his is w h y  i t  w as scrapped . A rg o n  gas stream  
w as in tro d u c e d  a t  b o th  e lec trodes ax ia lly  b u t  no op tim al s tre a m in g  ra tio  was 
fo u n d  a t  w hich p la sm a  dynam ics w ould  n o t  be d is tu rb ed  ; th e re fo re , on ly  the 
c a rr ie r  gas s tream  o f th e  m ic ro reac to r w as ad o p ted , in tro d u c e d  a x ia lly  into 
th e  p la sm a  th ro u g h  th e  low er tu b e -e lec tro d e .

F o r  th e  p u rp o se  o f  m ag n e tic  s ta b iliz a tio n , b o th  w a te r-co o led  a lum in ium  
discs w ere p ro v id ed  w ith  m ag n etic  coils a t  f i r s t ; since th e  m a g n e tic  coils were 
series-connected , a hom ogeneous e x te rn a l m agnetic  field w as o b ta in e d . L a te r 
on, th e  low er m ag n e tic  coil w as e lim in a te d , because th e  w a te r-c o o led  disc of 
th e  coil low ered th e  te m p e ra tu re  o f  th e  p la tin u m  stack , be ing  in  c o n ta c t  w ith 
i t ,  as a  consequence o f w hich  several co m p o n en ts  o f the  v ap o u r p h a s e  deposited  
from  th e  ca rr ie r  gas on th e  s tack . S u p p ly in g  pow er th ro u g h  a  p la t in u m  wire
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Fig. 2. Structure of the radiation source; 1 — aluminium disk, 2 —  magnetic coil, 3 — water- 
cooled electrode holder, 4 —  conical graphite cathode, 5 —  graphite tube-electrode, 6 — con

nection to the anode (platinum  wire of dia. 0.7 m m ), 7 — platinum stack

0.7 m m  in  d iam eter, no  s ig n if ic a n t tem p e ra tu re  g ra d ie n t  was observable  along 
e i th e r  th e  p la tin u m  s ta c k  o r  th e  graphite  tu b e -e le c tro d e  ; th e  m agnetic  f ie ld  
tu r n e d  inhom ogeneous in  th i s  m anner is su ff ic ie n t to  stab ilize  th e  ra d ia tio n  
so u rc e . T h e  a rran g em en t o f  th e  rad ia tio n  source  is show n  on Fig. 2 : th is  w as 
fo u n d  to  be m ost su itab le  fo r  fu r th e r  tests.

R ad iation  detector and recorder

F o r  selecting th e  s p e c t r a l  line of th e  a n a ly s is  e lem en t a p lan e -g ra tin g  
sp e c tro g ra p h  was used. B y  reco rd in g  line in te n s it ie s  on a sp ec tra l p la te , o n ly  
a n  in te g ra te d  in fo rm atio n  o f  su itab ly  long tim e  in te rv a ls  could be o b ta in e d  
(for th e  g iven m icrosam ples an d  low c o n c e n tra tio n s  o f approx . 20 — 30 s 
p e r io d s ) . D etec ting  an d  re c o rd in g  spectral line  in te n s it ie s  on period ica lly  fo r
w a rd e d  sp ec tra l p lates, o n ly  co a rse  steps of th e rm a l processes could be fo llow ed, 
a n d , m oreover, the  r e p ro d u c ib il i ty  of th e  m e a su re m e n t was lim ited  b y  th e  
e m u ls io n  charac teris tics . A  s u ita b le  tim e-reso lu tio n  a n d  rep ro d u c ib ilitv  cou ld  
be  a c h ie v e d  only by  p h o to e le c tr ic  detection . F o r  th is  pu rpose , th e  c a sse tte  of 
sp e c tro g ra p h  was rep laced  b y  a n  ad ap te r, co n sis tin g  o f  an  ex it slit, h o riz o n ta lly  
s p li t  a t  th e  m iddle (slit b lo c k  o f  ТВ 3 sp ec tro scope  — w ith  th e  p erm ission  o f 
T. T ö r ök ), and  of tw o p h o to m u ltip lie rs , com plete  w ith  th e  necessary  s tab iliz ed  
su p p ly  u n its . The b o tto m  s e c tio n  of the  slit can  b e  sh if te d  off th e  to p  sec tio n  
a lo n g  th e  w avelength  ax is  b y  a  m icrom eter-screw , a n d  byr m eans of b o th  m u lt i 
p lie rs  d ire c tly  a b a c k g ro u n d -c o rre c te d  signal c an  b e  o b ta in e d .

System o f apparata and experim ental conditions

B lo ck  schem e of th e  s y s te m  consisting o f  th e  u n i ts  t re a te d  before is show n 
on  F ig . 3. E x p erim en ta l c o n d itio n s  estab lished  in  th e  course of th e  in v e s tig a 
tio n s , a n d  adop ted  for th e  f u r th e r  te s ts  are as fo llow s.
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Fig. 3. Block scheme of the apparata system; SU —  supply unit, MC —- magnetic coil, RS — 
radiation source, MR —- microreactor, Sp — spectrograph, A — photoelectric adapter, “ I

vs. l” and “ T vs. t” — recorders

Fig. 4. Spectral line intensity and temperature (T) records with determined identification
and peak temperatures

H ea tin g  ra te  o f  th e  m ic ro reac to r w as co n tro lled  m a n u a lly  so as to  a tta in  
a te m p e ra tu re  of 1000 °C in  ab o u t one m in u te . T h erm al p rocesses ta k in g  place 
d u rin g  th e  h ea tin g  can  be  id e n tif ie d  in  th is  case in  th e  fo rm  o f a p p a re n t  peaks 
or d is tin c t po in ts  on th e  em ission in te n s ity  signal reco rd ed  b y  m ean s o f a line 
reco rder. T em p era tu re  o f  th e  m ic ro reac to r w as also reco rd ed  a t  th e  sam e tim e 
(doub le-line  reco rder), as a p p a re n t from  F ig . 4. T e m p e ra tu re  m easu red  b y  the
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Fig. 5. Effect of the volume rate o f  the carrier gas streaming on the peak height (solution
of C dS04, platinum crucible)

b u i l t - in  therm ocoup le  w as c o n tro lle d  by  a second th e rm o co u p le  in tro d u ced  for 
th is  p u rp o se  in to  th e  c ru c ib le , as well as b y  re co rd ed  p eak s  o f w ell-know n 
m o d if ic a tio n  te m p e ra tu res , a n d  dev ia tions o f m ax . + 2 0  °C w ere observed .

T h e  ra te  of th e  c a rr ie r  g as  passing  th e  c ru c ib le  o f th e  m ic ro reac to r w as 
se le c te d  so as to  achieve o p tim a l em ission in te n s i ty  (F ig . 5), w ith o u t u p se ttin g  
p la s m a  dynam ics of th e  so u rc e  ; op tim um  v a lu e  o f  gas s tre a m  v e lo c ity  w as 
o b ta in e d  as 10 L/h*.

C harged  partic les o f a d .c . arc  p lasm a in  an  e x te rn a l m ag n etic  fie ld  are  
fo rc e d  to  ro ta te , th e re b y  so u rc e  s ta b ility  be ing  e n h an ced . A t th e  sam e tim e , 
re s id e n c e  tim e  of e m ittin g  p a r tic le s  is also p ro lo n g ed , an d  d e tec tio n  pow er 
im p ro v e d .

U n d e r  th e  in fluence o f  th e  sam ple m a te ria l in tro d u c e d  in to  th a  p lasm a 
th e  r a te  o f  ro ta tio n  changes [13] ; in  th e  case o f  in v e s tig a tio n  o f so lu tions, 
v a p o u rs  o f  w a te r and  acids le a v e  th e  reac to r a t  a te m p e ra tu re  betw een  60 — 
150 °C , a n d  p lasm a ro ta t io n  ta k e s  p lace a t a  low  v a lu e  of m ag n etic  in d u c tio n  
(1,2 m T ), m oreover, in  th is  p e r io d  of in tensive  e v a p o ra tio n , a t  h ig h er in d u c tio n  
v a lu e s  th e  arc  also b u rn s o u t. A cco rd ing  to  th is , in  o u r  in v es tig a tio n s  a t  th e  
lo w er te m p e ra tu re  in te rv a l a s u ita b le  low in d u c tio n  w as ap p lied  b u t  a f te r  th a t  
a m o re  co n v en ien t h igher in d u c t io n  value (12 m T) w as a d o p te d . In  th ese  con
d itio n s  th e  s ta b ility  o f th e  d .c . a rc  approaches t h a t  o f  a  m ercu ry  sp ec tra l lam p  
( in te n s i ty  flu c tu a tio n s  o f th e  s ta b iliz e d  d.c. a rc  w ere  a b o u t 1.5 tim es as h igh  
as th o s e  o f  a  m ercury  lam p ), a c c o rd in g  to  th e  u n d a m p e d  cu rves on F ig . 6.

A  p lan e -g ra tin g  s p e c tro g ra p h  (C. Zeiss, J e n a , ty p e  PG S 2) w as used  to  
se le c t th e  analysis line o f a c h a ra c te r is tic  e lem ent o f  v a p o u rs  vo la tilized  in  th e  
m ic ro re a c to r , and  exc ited  in  t h e  source. G ra tin g  c h a ra c te r is tic s  w ere : 651

* I t  can be noted that experim ents were carried out w ith periodically pulsed introduc
tion o f sam ple vapours but, in this case, an enhanced rate of passing the plasma resulted a 
reduction of residence time and therefore a decrease of detection power.
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Fig. 6. R ecorded em ission s ignal of th e  e v a p o ra tio n  process o f CdCl2, a) conden ser-d am p ed , 
and  b) u n d a m p e d ; c) signal o f a  m ercu ry  lam p , u n d a m p e d

grooves/m m , V-biaze =  5 .2 3 ° ,  rec ip rocal lin e a r  d ispersion  in  th e  u l tra v io le t  range 
( m =  1 ) 0 .7 6  nm  m m . R ad ia tio n  d e te c to r  consists o f tw o  p h o to m u ltip lie rs  
(E M I 6 2 5 6 S ) ,  on th e  w o rk ing  re s is to r  (8 M O hm ) of w hich , c o n n e c te d  in to  the 
an o d ic  c ircu it of b o th  m u ltip lie rs , a p p e a rs  a v o ltag e  signal w h ich  con tro ls  the 
g rid e  v o ltage  of an  e lec tro m etric  v a lv e  p lay in g  th e  role o f  im p e d a n c e  m atch ing  
b e tw een  th e  m u ltip lie r  an d  th e  tra n s is to r iz e d  tw o -step  d iffe re n tia l am plifier. 
B o th  valves are p ro v id e d  w ith  in d e p e n d e n t am p lifie r sy s tem s. B ackground- 
free  sp ec tra l line in te n s itie s  can  he  m easu red  d irec tly  b y  m ean s  o f  a recorder 
co n n ec ted  w ith  th e  o u tp u t  ho t p o in ts  o f th e  am plifiers  so as to  set up (by 
m ean s o f an oscilloscope) th e  fix ed  h a lf  of th e  o u tp u t s lit o f th e  a d a p te r  a t  the  
w av e len g th  of th e  se lec ted  sp ec tra l lin e , a d ju s tin g  th e  angle o f  th e  g ra tin g , and 
to  sh if t th e  m ovab le  h a lf  of th e  s lit  on to  th e  w av e len g th  o f  th e  background  
ra d ia tio n . A v o ltag e  div id er w as u sed  a t  one o f th e  o u tp u ts  to  ba lance  the  
d ifference betw een  b o th  m u ltip lie rs . To com pensate  f lu c tu a tio n s  o f th e  rad ia 
tio n s  o f  the  ra d ia tio n  source, th e  signal o b ta in ed  on th e  o u tp u ts  w as sm oothed 
b y  a condenser (C =  1 0 0 0  p F )  w hich  caused  only  a n eg lig ib le  d e lay ing  effect 
( it  re su lted  a re la x in g  tim e  T  =  j/R C  =  1 s, a t  an  o u tp u t  im p ed an cy  of 
1 kO hm ).
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Conclusions

B y  using th is  sy s te m  o f  a p p a ra ta , u n d e r th e  ex p e rim en ta l co n d itions 
e s ta b lis h e d  before, e v a p o ra tio n  an d  conversion p rocesses o r th e rm a l reac tio n s  
c a r r y in g  o u t a t d iffe ren t r a te s  in  th e  m ic ro reac to r cou ld  be follow ed on th e  
b a s e  o f  in te n s ity  changes o f  th e  em itting  e lem en t. E x p e rim e n ta l re su lts  o b 
ta in e d  w ith  several sam ple  ty p e s  w ill be d ea lt w ith  a n d  d iscussed  in  th e  second 
p a r t  o f  th e  publication .
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Views on the role o f strongly chemisorbed species in the electrooxidation of 
simple organic compounds were surveyed. Instead of methanol oxidation, oxidation 
of ethylene glycol and its oxidation products was proposed as model system  for the 
elucidation of the problems. It has been shown that in this case the chemisorption 
plays a subordinate role in comparison with the main oxidation reactions. Despite 
of this situation the shape of the initial section of the polarization curves is determined 
by the behaviour of the strongly chemisorbed species. The validity of mechanistic 
assumptions were supported by experimental results obtained by the use o f radiotracer 
adsorption method.

In  th e  la s t tw e n ty  y ea rs  severa l e ffo rts  h av e  been  m ad e  to  g iv e  a gener
a lized  p ic tu re  o f th e  ch em iso rp tio n  and  th e  e lec tro o x id a tio n  o f  s im p le  organic 
com pounds on p la tin u m  group  m eta ls  [1] — [3]. In  a recen t p a p e r  b y  B a g o tsk ii 
et at. [4] an  a t te m p t w as m ade to  exp la in  th e  fu n d a m e n ta l p h e n o m e n a  observed  
in  th e  course o f th e  ch em iso rp tio n  and  e lec tro o x id a tio n  o f sim ple  o rg an ic  com 
p o u n d s. A genera lized  schem e invo lv in g  b o th  ch em iso rp tion  a n d  o x id a tio n  
w as proposed fo r th e  com pounds c o n ta in in g  one carbon  a to m . T h e  d iffe ren t 
re a c tio n  p a th s  s ta r t in g  from  m e th an e , m e th a n o l, fo rm ald eh y d e , fo rm ic  acid 
w ere analysed . T he v a lid i ty  o f  th e  co n sid e ra tio n s w as assum ed  in  th e  case of 
m ore com plica ted  sy s tem s, too .

In  th e  case o f  th e  ch em iso rp tio n  an d  o x id a tio n  o f m eth an o l th e  co rresp o n d 
ing  p a r t  of th e  schem e given in  [4] is as follow s :

CH jOH — * CH2OH — > CHOH — ■* COH
*  *  *  *  *  *

1 I1
C H ,0  — >- CHO — * CO

i  1:
H C O O H  — * COOH

*
u
I;

c o 2
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F o r  th e  fo rm ation  o f fo rm a ld e h y d e  and  fo rm ic ac id  th e  follow ing e q u a tio n s  are 
g iv e n

C H 2O H  +  O H ads — > C H 20  +  H 20
*

C H O H  +  2 O H ads — > H C O O H  +  H 20 .
* *

I n  c o n n ec tio n  w ith  th e  sch em e  proposed som e re m a rk s  shou ld  be m ad e  as it 
is  a t  v a ria n c e  w ith  p re v io u s  considera tions a n d  e x p e rim e n ta l re su lts  [5 ]— [8]. 
I n  th e  w orks cited  i t  is a s s u m e d  th a t  th e  fo rm a tio n  o f  fo rm ald eh y d e  a n d  form ic 
a c id  occurs via w eakly  a d s o rb e d  species. I t  h as  b e e n  show n in  [9] th a t  fo rm a l
d e h y d e  found  in  th e  s o lu tio n  p h ase  is th e  m a in  p r im a ry  p ro d u c t o f th e  m e th a 
n o l o x id a tio n  a t  a sm o o th  p la t in u m  electrode. (T h e  c u rre n t effic iency  w ith  
r e s p e c t  to  CH20  w as 9 5 % .)  T h is m eans t h a t  th e  d e so rp tio n  o f C H 20  and  
H C O O H  should be ta k e n  in to  consideration . O n  th e  o th e r  h an d  i t  is a fa c t 
t h a t  fo rm ald eh y d e  an d  fo rm ic  acid  dissolved in  th e  b u lk  so lu tion  phase  adso rb  
a n d  chem iso rb  on th e  su rfa c e  o f  th e  electrode. T h u s  th e  ad so rp tio n  an d  d eso rp 
t io n  o f  b o th  species sh o u ld  b e  ta k e n  in to  acco u n t in  m ech an is tic  con sid era tio n s. 
T h e  ex is ten ce  of s im u lta n e o u s  adsorp tion  an d  d e so rp tio n  processes can  n o t, 
h o w e v e r , be explained w i th o u t  th e  assu m p tio n  o f  w eak ly  bo u n d ed  ad so rb ed  
sp ec ie s  as i t  is p o in ted  o u t  in  [5], [7]. A n o th e r p ro b lem  w ith  th e  m e th a n o l 
o x id a t io n  is th e  very  f a c t ,  t h a t  th e  stead y  s ta te  p o la r iz a tio n  curves p re sen ted  
in  th e  l i te ra tu re  are r e g u la r  T a fe l lines. T his o b se rv a tio n  is a t  v a rian ce  w ith  
d if fe re n t  m echanistic  c o n s id e ra tio n s  and o th e r  e x p e rim e n ta l re su lts . T h e  ex is
te n c e  o f  p ara lle l p a th s , th e  p o iso n in g  effect o f s tro n g ly  chem isorbed  species on 
th e  o x id a tio n  ra te , th e  p o te n t ia l  dependence o f  th e  p ro d u c t com position  c a n n o t 
b e  reco n c iled  w ith  a re g u la r  T afel-line, th u s  th e  o rig in  o f th e  ex p e rim en ta l 
T a fe l re la tio n sh ip  is n o t e a s ily  in te rp re ta b le  in  th e  case o f these  reac tio n s [1].

R eg ard in g  th e  p ro b le m s o u tlin e d  above i t  seem s to  us th a t  th e  ch em iso rp 
t io n  a n d  o x ida tion  of m e th a n o l, fo rm aldehyde a n d  fo rm ic  acid  can n o t be  co n 
s id e re d  as an  adequa te  m o d e l fo r  th e  gen era liza tio n  o f  chem iso rp tion  a n d  o x i
d a t io n  o f  sim ple organic co m p o u n d s .

I n  previous c o m m u n ic a tio n s  [10] — [14] r e s u lts  on th e  e lec trochem ical 
b e h a v io u r  o f  ethy lene g lyco l a n d  its  ox idative  d e r iv a tiv e s  w ere rep o rted . T he 
re s u l ts  o b ta in ed  suggest th e  a ssu m p tio n  th a t  th e  l in k  o f ch em iso rp tion  and  
o x id a tio n  is more easily  in te rp re ta b le  in  th is  case  t h a t  in  th e  case o f th e  
m e th a n o l.

T h is  assum ption  is b a se d  o n  th e  following m a in  e x p e rim e n ta l o b serv a tio n s 
i )  N o  T a fe l lines were o b ta in e d  from  stead y  s ta te  p o la r iz a tio n  m easu rem en ts . 
i i j  C h an g es in  th e  co m p o sitio n  o f  th e  p roduc ts a re  re f le c te d  in  th e  shape  o f th e  
p o la r iz a t io n  curves.
i i i )  I n  c e r ta in  p o ten tia l ra n g e  th e  r a te  of th e  o x id a tio n  o f s tro n g ly  chem iso rbed
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E, mV

Fig. 1. Polarization curves: (1) glycolic acid, (2) glyoxalic acid, (3) glyoxal, (4) ethylene glycol

m olecules re su ltin g  in  C 0 2 m ay  be neg lec ted  in  com p ariso n  w ith  th e  r a te  o f  th e  
fo rm a tio n  o f in te rm e d ia te s  m ig ra tin g  in to  th e  so lu tio n  phase.

I n  T ab le  I  th e  m a in  p ro d u c ts  o f  th e  o x id a tio n  o f  th e  com pounds s tu d ie d  
a t  d iffe ren t p o te n tia ls  a re  ta b u la te d .

T h e  p o la riza tio n  cu rves are show n in  F ig . 1. T h e  chem iso rp tion  o f  th e se  
com pounds w as s tu d ie d  b y  several a u th o rs  [15] — [20]. F rom  th ese  s tu d ie s  i t  
is know n th a t  th e  coverage  w ith  re sp ec t to  s tro n g ly  chem isorbed m o lecu les is 
neglig ib le above 800 m V  (rhe). T hus i t  is th e  f i r s t  section  o f th e  p o la r iz a tio n  
curves w h ich  m ay  re f le c t th e  effect o f  ch em iso rb ed  m olecules on th e  o x id a tio n  
ra te . (B earin g  in  m ind  th e  resu lts  p re se n te d  in  T ab le  I  th e  second in c re a s in g  
section  o f th e  p o la riza tio n  curves m a y  be e x p la in e d  b y  th e  in c rea s in g  o f  th e  
fo rm a tio n  ra te  o f C 0 2.) I n  th e  p o te n tia l ra n g e  co rrespond ing  to  th e  f i r s t  sec tio n  
o f th e  p o la riza tio n  cu rv es th e re  are no  s ig n if ic a n t changes in  th e  co m p o s itio n  
o f  th e  p ro d u c ts  o f  th e  reac tio n . This m ean s t h a t  th e  p o te n tia l has no  e ffec t on 
th e  re la tiv e  ra te s  o f th e  d iffe ren t re a c tio n  s te p s  a t  le a s t in  th e  p o te n tia l  ran g e  
considered . A t th e  sam e tim e  th e re  is a p la te a u - lik e  section  fo llow ing th e  f ir s t  
increasing  p a r t  o f th e  p o la riza tio n  cu rves i.e. th e  r a te  of th e  o v era ll re a c tio n  
does n o t  d ep en d  s ig n ifican tly  on th e  p o te n tia l  in  th is  p o te n tia l reg io n . As 
th e  f ir s t  in creasin g  sec tion  on th e  p o la r iz a tio n  cu rv e  corresponds to  th e  po 
te n tia l  ra n g e  w here th e  decrease o f  th e  s te a d y  s ta te  coverage w ith  re sp ec t 
to  s tro n g ly  chem iso rbed  m olecules occurs i t  m a y  be assum ed t h a t  th e  shape 
o f th e  p o la riza tio n  cu rves m ay  be e x p la in e d  b y  th is  phenom enon  assu m in g  
th a t  th e  r a te  o f th e  m a in  reac tio n s re su ltin g  in  oxalic acid e n d -p ro d u c t does 
n o t d ep en d  on th e  p o te n tia l. On th e  b as is  o f  th e  above co n s id e ra tio n s  th e
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Table I

Compound Potential
(mV) Products (current efficiency)*

HOOC-COOH c o 2
700 mV 95% 5%

OHC COOH 800 mV 80% 20%
900 mV 45% 55%

1000 mV 5% 95%

HOOC-COOH CO,
600 mV 50% 8%

H O C H ,- COOH 700 mV 50% 5%
800 mV 40% 8%
900 mV 10% 30%

1000 mV 4% 45%

HOOC-COOH CO,
O H C -C H O 650 mV 50% 5%

900 mV 40% 20%
1000 mV 20%

HOCH, CHO

HOCH, CH,OH

6 0 0 -  
700 mV

575 mV 
625 mV 
675 mV

OHC-CHO
80-90%

HOCH2-C H O
85%

75%
60%

* Conversion of the primary compound is lower than 10%

CO,

5%
5%
5%

HOOC-COOH
1 — 2°/1 * /О

OHC-CHO

CO,

fo llo w in g  generalized  schem e m ay  be g iven  fo r  th e  o x id a tio n  o f e th y le n e  g ly 
col a n d  i t s  de riv a tiv es . T h e  schem e invo lves

a )  A d- and  d eso rp tio n  processes of w e a k ly  adso rbed  species
b)  T h e  strong ly  ch em iso rb ed  species a re  fo rm ed  from  th e  w e a k ly  a d 

so rb e d  ones
c )  T h e re  is no s tro n g  ch em iso rp tio n  in  th e  case of glycolic a n d  oxa lic  

ac id s . (T h e  rev e rsib ility  o f  th e  a d so rp tio n  o f  th e se  com pounds w as sh o w n  in  
[21], [22 ].)

d )  T h e  ox ida tio n  p ro cess  ta k e s  p lace  s tepw ise , v ia  w eak ly  ad so rb e d  
species.

I t  is  know n th a t  th e  s tro n g  c h em iso rp tio n  is  a d eh y d ro g en a tio n  (o x id a 
tio n  p ro cess ) . D uring  th e  ch em iso rp tio n  p rocess a n  ad so rp tio n  p ro d u c t o f  h ig h
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HO—CH2— CHj— OH

OHO— OHiiOH

OHO— OHO

HOOH2—OOOH

OHO—COOH

HOOO—OOOH

[HO CH 2—OH 2— OH)a -------- ► x  --------•> c o 2

T
[OHO— CH*OH]a X’ -------- ► 04>2

X" --------► COa

[OHO—COOHJa

[HOOO—OOOH ]„

C02

X '"------- *- o o 2

Scheme 1

degree of o x id a tio n  is o b ta in ed  [15]— [20]. I t  w ould  be im possib le to  observe  
all th e  in te rm e d ia te s  in  th e  so lu tion  p h ase  i f  th e  process occurred  v ia  s tro n g ly  
chem isorbed species. M ore d e ta iled  m ech an is tic  an d  k in e tic  co n sid e ra tio n s  in  
th e  case o f g lyoxa lic  acid a re  given in  [12]. T he schem e p resen ted  ab o v e  m ay  
be accep ted  as a f ir s t  ap p ro x im a tio n  o n ly , m ore  d e ta iled  stud ies are  n eed ed  in  
o rd e r to  h a v e  a deep er in sig h t in  th e  p rocesses. O ne o f th e  m ost im p o r ta n t  
problem s is to  ex am in e  th e  v a lid ity  o f  th e  assu m p tio n  th a t  th e  r a te  o f th e  
o x id a tio n  p rocess in  th e  p o te n tia l ran g e  co rresp o n d in g  to  th e  f i r s t  sec tio n  of 
th e  p o la riza tio n  cu rv es is governed  b y  th e  coverage  w ith  resp ec t to  th e  s tro n g ly  
chem isorbed  species. To th is  end a ra d io tra c e r  ad so rp tio n  m eth o d  w as used . 
T he resu lts  o f  th e se  s tu d ies  are  p re sen ted  in  th e  follow ing p a r t  o f  th e  p a p e r.
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In d irect radiotracer stud y o f  th e adsorption  o f  organic com p oun ds

I n  a previous co m m u n ica tio n  [23] i t  h as  been  show n th a t  th e  s tu d y  o f 
th e  a d so rp tio n  o f lab e lled  n o n -re a c tin g  species w hich  are  p re se n t in  low  con
c e n tr a t io n  m ay  fu rn ish  in fo rm a tio n s  co n cern in g  th e  processes ta k in g  p lace  on 
th e  su rfa c e  o f th e  e lec tro d e  in  th e  course o f  th e  e lec tro o x id a tio n  o f  o rgan ic  
c o m p o u n d s . As th e  s tu d y  o f  th e  a d so rp tio n  o f  th e  labelled  re a c tin g  species 
e n c o u n te rs  several p rob lem s th e  use o f th is  m e th o d  m ay  be sugg ested  fo r  th e  
in d ire c t  s tu d y  of th e  a d so rp tio n  o f th e  re a c tin g  organic com pounds. A nions 
(C l-  la b e lle d  w ith  Cl-36, H 2PO^" lab e lled  w ith  P-32) sim ple o rgan ic  co m pounds

A

C

В

X*

Scheme 2

Alt

oxidation

oxidation

Ba

Y*Aa

(u re a  la b e lle d  w ith  C-14) m a y  be  chosen  as lab e lled  p a rtn e rs . T h e  re v e rs ib ility  
o f  th e  a d so rp tio n  of th e se  species is a  v e ry  im p o r ta n t  c rite rio n  o f  th e  choice. 
F i r s t  o f  a ll i t  should  be ex am in ed  w h a t k in d  o f  re la tio n sh ip s  b e tw een  c o u n t 
r a te ,  t im e , c u rre n t m ay  be ex p ec ted  on th e  basis  o f  p rev ious c o n sid e ra tio n  in  a 
sy s te m  c o n ta in in g  labelled  n o n re a c tin g  species.

T o  th is  end  le t us consider a sim p lified  v e rs io n  o f th e  re a c tio n  schem e 
p ro p o se d  ab o v e  invo lv ing  a single m a in  re a c tio n  on ly  (for in s tan ce  th e  c o n v e r
sion  o f  g ly o x y lic  acid to  oxalic  acid).

I n  S chem e 2 A is th e  co m p o u n d  s tu d ie d , C is th e  p ro d u c t o f  th e  m a in  
re a c tio n . B y  A k is d en o ted  th e  s tro n g ly  ch em iso rb ed  fo rm  o f A a n d  В is th e  
o x id a tio n  p ro d u c t o f A k, A a, Ca, B a are  th e  w eak ly  adso rbed  fo rm s o f  th e  sp e 
cies c o n s id e red . X * is th e  lab e lled  n o n re a c tin g  species added  to  th e  sy s te m  
fo r th e  s tu d y  of th e  ad so rp tio n  p h en o m en a .
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A ssum ing L a n g m u ir  equ ilib riu m  c o n d itio n s  w ith  respect to  А , В, C and  
X * th e  follow ing e q u a tio n s  m ay be  g iv en

fc,c,(i -  s o , -  ek -  e*) =  kdöt (l)

fc*c*(l -  270, -  0ft -  0*) =  k*á 0* (2)

w h ere  i =  А, В , C, 0/-s are  th e  co v erag e  v a lu e s  w ith  respect to  th e  A , В a n d  C 
co m p o n en ts , 0А a n d  0* refe r to  ch em iso rb ed  a n d  labelled  species, re sp e c tiv e ly . 
B y  c is deno ted  th e  co n cen tra tio n .

F ro m  eqs (1) a n d  (2) it  follow s th a t

w here
et =  a,-0*,

k d k( C[ 
k ‘dk*c*  '

(3 )

F o r в и th e  follow ing re la tio n sh ip  is o b ta in e d  :

w here
6fc =  1 — ß d *,

ß  = 2, ос,- +  1 + k [1 a,-1
ki Ci!

(4 )

A cco rd in g  to  th e  schem e proposed th e  s tro n g ly  chem isorbed species a re  form ed 
fro m  w eak ly  ad so rb e d  ones. On th e  o th e r  h a n d  th e  ox idation  r a te  o f  th e  che
m iso rbed  m olecules is  p ro p o rtio n a l to  6k ( a t  a g iven p o ten tia l) . A cco rd in g  to  
th is

A t s te a d y  s ta te  co n d itio n s

ddk = к о л -  M i . . .
di

d0ft

(If
=  0

( 5 )

0 =  e*
К

(6)

T h e  a tta in m e n t o f  th e  stead y  s ta te  w ith  re sp e c t to  Qk an d  c u r r e n t  a f te r  a 
p o te n tia l  change is , generally , a slow  process an d  using eq. (5) th e re  is a pos
s ib ility  to  s tu d y  th e  tra n s ie n t p h en o m en a .

F ro m  eq. (5) w e ob ta in

( 7 )

w h ere  A  — В  — k 0 -\-
kxi

T ’
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S o lv in g  eq . (7) assu m in g  t h a t  a t  t =  0, 0* ^  0 (6k ^  1)

is o b ta in e d .

0*  =  — (1 
В

o  B t \
( 8 )

F o r  th e  ra te  (i) o f  th e  A —*■ C tra n s fo rm a tio n  th e  following e q u a tio n  m ay  
be g iv en  :

i =  k r вА =  к г х А в*  (9)

T he ra d ia t io n  m easu red  ( I )  is p ro p o rtio n a l to  0* (0* =  p i )  and  eqs (8), (9) 
ta k e  th e  follow ing form

I  =  J - ( l - e - B') (10)
B p

i =  k r y.Ap I  (11)

S u m m a riz in g  ou r co n s id e ra tio n s  th e  fo llow ing fe a tu re s  betw een c o u n t r a te  
tim e  a n d  c u rre n t m ay  be  ex p ec ted  a t a g iven  p o te n t i a l :

i. I n  tra n s ie n t m e a su re m e n ts  s ta r tin g  from  6k ~  1 th e  v a lid ity  o f  eq . (10) 
sh o u ld  be  found .

i i .  L in e a r ity  shou ld  be found  betw een  th e  c o u n t ra te  and  th e  c u r re n t  
m easu red .

T h e  e x p e rim e n ta l re su lts  ob ta in ed  w ith  d iffe re n t system s a re  in  good 
ac c o rd a n ce  w ith  th ese  e x p ec ta tio n s .

T h e  ex p e rim en ts  w ere  c a rr ie d  o u t u sing  Cl-36 lab e lled  HC1, P-32 lab e lled  
p h o sp h o ric  acid  an d  C-14 lab e lled  u rea.

T h e  ex p e rim en ta l p ro ced u re  w as th e  sam e d esc rib ed  in p rev ious p u b li
c a tio n s  [21] — [25]. T he lab e lled  species w ere u sed  in  low  co n cen tra tio n  ( <  1 0 ~3 
M ).  A ll m easu rem en ts  w ere  ca rried  o u t in  M  H C 104 su p p o rtin g  e lec tro ly te .

I n  th e  f ir s t  ru n  o f  ex p e rim en ts  th e  t r a n s i t io n  phenom ena w ere s tu d ie d  
sw itc h in g  th e  p o te n tia l from  a va lu e  w here no  o x id a tio n  occurs to  a g iv en  v a lu e  
w here  a m easu rab le  s te a d y -s ta te  o x ida tion  r a te  m a y  be  expected . T h is m eans 
th a t  a t  th e  in itia l co n d itio n s  th e  surface of th e  e le c tro d e  is occupied b y  ch em i
so rb ed  p a r tic le s  an d  th e  coverage  (coun t ra te )  w ith  resp ec t to  th e  la b e lled  
co m p o u n d  is v e ry  low . A fte r  th e  sw itch ing  b o th  c o u n t ra te  and  c u rren t in c rease  
s im u lta n e o u s ly  as i t  is show n in  F ig . 2.

I t  is easy  to  show  th a t  th e re  ex ists a p ro p o r t io n a li ty  betw een  th e  m ea 
su red  i a n d  co u n t r a te  v a lu e s , i.e. th e  ex p ec ta tio n s  co rrespond ing  to  eq. (9) are  
fu lfilled . T h is  is show n in  F ig . 3.

In  o rd e r to  an a ly se  m ore  easily  th e  tim e  d ep en d en ce  of th e  c o u n t- ra te  
eq. (10) sh o u ld  be tra n s fo rm e d  in to  th e  form

A I  = —  e~B4 1  (12)
B p
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Fig. 2. Simultaneous measurement of the adsorption of Cl -  ions (2) and current (1) in the course 
of the electrooxidation of glyoxalic acid E  =  600 mV, eHCi =  10-4; Co|Voxalicacid =  Ю-1

mol dm -3

Fig. 3. Count rate — current relationship in the case presented in Fig. 2

w here

A I  =  I ( t2) -  I ( h )

A t =  t2 — .

P lo tt in g  th e  lo g a rith m  o f A I  values belo n g in g  to  an  a rb itra ry  chosen  At =  con
s ta n t  ag a in s t th e  t2 v a lues a lin ea r  re la tio n sh ip  should  be found  in  th e  case of 
th e  v a lid ity  o f eq. (10). Som e curves o b ta in e d  from  th e  e x p e rim e n ta l resu lts  
a re  show n in  F ig . 4. L in e a rity  m ay  he o b se rv ed  accord ing  to  th e  e x p e c ta tio n s .

T he a d so rp tio n  co m p e titio n  o f w eak ly  adso rbed  species a n d  an io n s  m ay 
he  show n in  th e  case o f  oxalic  acid . O xalic  ac id  form s w eakly  a d so rb e d  species, 
o n ly  in  th e  p o te n tia l  ran g e  o f its  o x id a tio n  [21], [24]. In  th e  e x p e rim e n ts  w ith  
oxalic  acid labelled  phosphoric  acid  w as u sed  fo r th e  in d irec t a d so rp tio n  stud ies.
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Fig. 4. lg A I—t curves [according to the eq. (12)]; (1) Glyoxal 10 1 mol dm 3, (2) Ethylene 
glycol 0.3 mol dm -3, Сца =  Ю-4 mol dm -3

I n  F ig . 5 th e  p o te n tia l  dependence of p h o sp h o ric  acid  ad so rp tio n  is show n 
in  th e  p resence  of oxalic  acid  a t  d iffe ren t o x a lic  acid  co n cen tra tio n s . T h e  
m a x im u m  observed  in  th e  p resence of p u re  s u p p o r tin g  e lec tro ly te , i.e. th e  
d ec rea se  o f  th e  a d so rp tio n  above 800 mV is a r e s u l t  o f  th e  oxygen a d so rp tio n . 
In  th e  p resen ce  of oxalic  acid  th e  position  o f th e  m ax im u m  sh ifts to  m ore  p o s
it iv e  p o te n tia ls . T his p h en o m en o n  is co nnec ted  w ith  th e  ex istence of s im u lta 
n eo u s p rocesses :

a )  ch em iso rp tio n  o f oxygen ,
b)  a d so rp tio n  o f oxalic  ac id  and  p h osphoric  ac id  on  th e  sites n o t occup ied  

b y  a d so rb e d  oxygen , an d
c)  o x id a tio n  o f a d so rb ed  oxalic  acid.

T h e re  is a co m p e titio n  b e tw een  p h o sphoric  a n d  oxalic  acids fo r th e  sites 
n o t o ccu p ied  b y  oxygen .

A s th e  a d so rb a b ility  o f oxalic  acid  is g re a te r  th a n  th a t  o f p h o sp h o ric  
ac id  a  s ig n if ic a n t p a r t  o f  th e  la t te r  is d isp laced  b y  th e  fo rm er even a t  low  o xalic  
ac id  c o n c e n tra tio n . W ith  in creasin g  p o te n tia l th e  o x id a tio n  ra te  o f oxalic  ac id  
in c rea se s . I t  has been  show n in  a p rev ious co m m u n ica tio n  [24] th a t  th e  r a te  
o f th e  o x id a tio n  of oxalic  ac id  (i ) obeys th e  fo llow ing  e q u a tio n  :

i =  kaeaio bE, (13)
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Fig. 5. The potential dependence of the adsorption of labelled phosphoric acid; cH pg, =  
— 5 X lO -4 mol dm -*. eCtHao, : (1) 0; (2) 5.8 x  10-6; (3) 1.7 X 10-4 ; (4) 7.3 X 10-4 ; (5) 2.6 X 10-3

mol dm -3

Fig. 6. Simultaneous measurement of the adsorption of labelled phosphoric acid (c =  5 X 10“ 4 
mol dm -3) and the oxidation rate of oxalic acid (c =  2.6 X l O -3 mol dm -3); (1) count rate,

(2) current

w here  k a and  b a re  c o n s ta n ts , da is th e  coverage  w ith  re sp ec t to  th e  oxalic  acid , 
E  is th e  p o te n tia l.

In  Fig. 6. th e  i  an d  / h.po, v -s • p o te n tia l cu rv es  are  p re sen ted  a t  a g iven 
H 3P 0 4 and  H 2C20 4 co n cen tra tio n . As th e  c o n c e n tra tio n  o f oxalic  acid  is low, 
a lim itin g  d iffu sion  c u rre n t is o b ta in e d  w ith  in c reas in g  p o te n tia l. A ccord ing  
to  eq. (13) в a sh o u ld  decrease in  th e  p o te n tia l  ra n g e  co rrespond ing  to  th e  lim itin g  
c u rre n t (i =  co n st) . T h is m eans t h a t  th e  n u m b e r o f  th e  sites av a ilab le  fo r th e
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Fig. 7. Simultaneous potential and urea adsorption oscillation in the course of the galvano- 
static electrooxidation of glyoxal; (1) Cg|y0xai =  2 .5X 10-2 mol dm -3; curea =  6.8 X 10~5 
mol d m -3 ; i  =  7.5 mA. (2) Cglyoxai =  10-1 mol dm -3 ; curea =  4.5 X 10-6 mol dm -3 ; i — 5 mA

a d s o rp tio n  of labelled  p h o sp h o ric  ac id  shou ld  increase . T his is re fle c ted  b y  th e  
in c re a se  o f  th e  coun t r a te  w ith  increasin g  p o te n tia l  as i t  is show n in  F ig . 6. 
T h e  d ec rease  follow ing th e  m a x im u m  is co n n ec ted  w ith  th e  o x y g en  chem i
s o rp tio n . As Qa w ith  in c rea s in g  p o te n tia l te n d s  to  zero , th e  T h .po , — E  cu rves 
ta k e n  in  th e  presence o f  o x a lic  ac id  ap p ro ach  to  th e  cu rve  ta k e n  w ith o u t 
a d d it io n  o f  oxalic acid  an d  th e y  coincide w ith  th e  la t te r  a t  p o te n tia ls  w here  
th e  s ta t io n a ry  coverage w ith  re sp ec t to  oxalic  ac id  is p ra c tic a lly  zero . T h is 
co in c id en ce  m ay  be seen in  th e  case o f  th e  cu rves 2, 3, 4 an d  5 o f F ig . 5. P re 
v io u s  ex p e rim en ts  w ith  lab e lled  oxalic  acid  [24] are  in  ag reem en t w ith  these  
s ta te m e n ts .

A n o th e r  in te re s tin g  fe a tu re  sh o u ld  be m en tio n ed  here . I t  is k n o w n  from  
th e  l i te r a tu r e  th a t  p o te n tia l  o sc illa tions a re  p ro d u ced  in  th e  cou rse  o f  th e  
g a lv a n o s ta tic  ox ida tio n  o f  d iffe re n t fuels [26]. T h is phenom enon  p re su m a b ly  
m a y  b e  a t tr ib u te d  to  th e  in h ib itin g  effect o f chem iso rbed  m olecules a n d  to  
th e  ex is te n c e  of p ara lle l re a c tio n  p a th s . I n  th is  re sp ec t to o  e th y le n e  glycol 
a n d  i ts  d e riv a tiv es  b e h av e  s im ila rly  to  th e  o th e r  com pounds s tu d ie d  in  th e  
l i te r a tu r e .  T he ra d io tra c e r  m e th o d  used  here  offers som e p o ss ib ility  to  gain  
m ore  in s ig h t  in to  th e  a d so rp tio n  p h en o m en a  occu rrin g  in  th e  course o f  p o te n tia l  
o sc illa tio n s . Some p re lim in a ry  re su lts  w ere p re sen ted  in  a p rev ious com m uni-

1'. t
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Fig. 8. Potential oscillations and periodical changes in the count rate in the course of electro- 
oxidation of ethylene glycol under galvanostatic experimental conditions i =  2 mA; ethylene 

glycol concentration =  0.3 mol dm -3; c^ci =  Ю-4 mol d m -3

c a tio n  [23]. In  th is  p a p e r  i t  has been  show n th a t  th e  p o te n tia l  o sc illa tions are 
acco m p an ied  b y  period ica l changes in  th e  ad so rp tio n  o f th e  n o n -re a c tin g  labelled 
species. I n  th e  case s tu d ie d  labelled  C l-  ions w ere used. S im ila r  re su lts  were 
o b ta in e d  using  C-14 lab e lled  u rea  as i t  is show n in  F ig . 7.

O n th e  basis o f th e  co n sid e ra tio n s  o u tlin ed  above i t  w o u ld  b e  v e ry  easy 
to  assum e th a t  th e  p e rio d ica l changes o b serv ed  in  th e  a d so rp tio n  o f  th e  w eakly 
a d so rb ed  com ponen t re f le c t th e  changes in  th e  n u m b er o f  su rfa c e  sites freed 
from  s tro n g ly  chem iso rbed  species. I t  sh o u ld , how ever, be  t a k e n  in to  account 
th a t  th e  e x te n t o f th e  a d so rp tio n  o f  th e  labelled  p a r tn e r  d ep en d s  o n  th e  p o ten 
tia l, an d  th e  sh arp  d ecrease  o f th e  a d so rp tio n  follow ing th e  d ec rease  of the 
p o te n tia l  m ay  be co n n ec ted  n o t o n ly  w ith  th e  increase o f  th e  coverage  w ith 
re sp ec t to  th e  chem iso rbed  m olecules, b u t  w ith  th e  decrease  o f  th e  po ten tia l, 
to o . T h u s  th e  in te rp re ta t io n  o f th e  e x p e rim e n ta l resu lts  co n sid e rin g  th e  decrease 
o f  th e  ad so rp tio n  e n co u n te rs  d ifficu ltie s . In  c o n tra s t to  th is  th e  increasing 
sec tio n  o f  th e  ad so rp tio n  — tim e  cu rv e  m ay  be exp la ined  w ith  th e  ox idation  
o f  chem iso rbed  species.

F o r  exam ple in  th e  case o f e th y le n e  glycol th e  a d s o rp tio n  o f  Cl~ ions 
co n tin u es  to  increase w h ile  th e  p o te n tia l  does n o t change as i t  is show n in Fig. 
8. T h e  slow increase in  th e  ad so rp tio n  m a y  re flec t th e  slow  e lim in a tio n  o f chem i
so rbed  p artic les . F in a lly , th is  p rocess re su lts  in  th e  increase  o f  th e  “ a c tiv ity ” 
(m ore av a ilab le  sites fo r  a reac tio n ) o f  th e  electrode w ith  re s p e c t  to  th e  main 
re a c tio n  p roceeding  via  w eak ly  a d so rb ed  species. As th e re  a re  ga lv an o sta tic
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e x p e r im e n ta l conditions th e  in c re a se  of “ a c tiv ity ”  sh o u ld  re su lt in  th e  decrease 
o f  th e  p o ten tia l. I t  shou ld  b e  m e n tio n e d  here t h a t  th e  d e so rp tio n  of anions w ith  
d e c re a s in g  po ten tia l m a y  a c c e le ra te  the a c tiv a tio n  p rocess re su ltin g  in  m ore  
a n d  m o re  free sites. I t  is p o ss ib le  th a t  the  sh a rp  d ec rease  o f th e  p o te n tia l is 
c o n n e c te d  w ith  th is  p h e n o m e n o n .

T h e re  is no p o ss ib ility  to  g ive  an unam bigous e x p la n a tio n  of th e  p h e n o m 
e n a , b u t  w hatever th e  e x p la n a tio n  m ay be i t  fo llow s fro m  th e  ex p e rim en ta l 
r e s u l ts  t h a t  the  p o te n tia l o sc illa tio n s  occur a b o u t th e  p o te n tia l  values w here  
s ig n if ic a n t  changes in  th e  co v e ra g e  w ith  re sp ec t to  th e  chem isorbed  species 
m a y  b e  expected .
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Systematic investigations were carried out for a more thorough understanding of 
the behaviour of solution systems of type MC1X H20  and MC1X~HC1 H20  on the basis 
of the experimental results and the functions of activation (AH*, AHJj, А Н  ̂  АН л), 
as well as on some other useful functions (Л_, у.г - A  -  ft) calculated from them. 
Conclusions have been drawn for the mutual connection of the electric conductance 
and the viscosity and for its dependence on the concentration. It was attem pted also 
to interpret and to reconcile the results with the structural changes occurring by the 
change of concentration in the solution systems investigated.

W ith in  th e  scope o f our in v e s tig a tio n s  co n n ec ted  w ith  th e  aq u e o u s  and  
acid ic so lu tions o f s tro n g  e lec tro ly tes th e  a u th o rs  in v estig a ted  som e p h y sico 
chem ical p ro p e rtie s  o f  th e ’system s o f ty p e s  MC1X—H 20  and  MC1X— HC1 H 20 .  
T hese sy stem s can  be well m easu red , th e y  a re  sensitive to  ch an g es  in  the 
s tru c tu re , an d  im p o r ta n t  also for th e  p rac tice . T he m ain  aim  o f th e  in v e s tig a 
tio n s w as to  get a deep er insigh t in to  th e  s tru c tu ra l  cond itions m a in ly  o f  th e  
c o n c e n tra ted  so lu tions on th e  basis  o f  th e  in te rp re ta t io n  and possib le  th e o re t
ical gen era liza tio n  o f  th e  ex p erim en ta l d a ta  o b ta in e d .

I t  w as considered  th a t  besides th e  p re se n t s ta te  o f research  on th e  s tru c 
tu re  o f  te rn a ry  so lu tions th e  b es t po ssib ilities  a re  p rov ided  b y  s u ita b le , com 
p a ra tiv e  e x am in a tio n s  p e rm ittin g  a un ifo rm  sy s tem a tiza tio n  on a f ix e d  e x p e ri
m e n ta l basis.

A t th e  sam e tim e , th e  s tu d y  o f  te rn a ry  so lu tions was t r e a te d  b y  us as a 
m e th o d  o f o b ta in in g  m ore d e ta iled  in fo rm a tio n  on th e  s tru c tu re  o f  th e  con
s t i tu e n t  b in a ry  sy stem s on the  b as is  how  th e  ad d itio n  of a th ird  co m p o n en t 
a ffec ts  th e  p ro p ertie s  o f th e  orig inal b in a ry  sy s tem .

T h e  in v e s tig a te d  p roperties w ere  th e  fo llow ing : th e  tw o m a in  tr a n s p o r t  
p ro p e rtie s , th e  v isco s ity  and th e  e lec tric  c o n d u c tiv ity  (and  th e  a d e q u a te  
th e rm o d y n am ic  fu n c tio n s  of a c tiv a tio n  ca lc u la ted  on th e ir  basis), th e  d en sity  
(an d  th e  m olar an d  excess vo lum e c a lc u la ted  from  th e  d en sity ), th e  v ap o r 
p ressu re  co n d itio n s, in  som e sy stem s th e  d ie lec tric  p roperties m e a su re d  in  the  
m icrow aw e region, th e  so lubilities o f  th e  a p p ro p ria te  salts, as w ell as th e ir  
c o n c e n tra tio n  an d  te m p e ra tu re  d ep en d en ce  in  th e  te m p e ra tu re  ran g e  of
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1 0 — 55 °C, an d  in  th e  s a tu ra te d  and  u n s a tu r a te d  solu tions s ta b le  a t  g iven  
te m p e ra tu re s  (ex cep t th e  co n cen tra tio n  ra n g e  o f  d ilu te  so lu tions m  <Z 0 .02). 
D u r in g  o u r p rev ious w o rk  w e exam ined  a n d  s tu d ie d  in  d e ta il th e  a lk a lin e  an d  
a lk a lin e  e a r th  m e ta l c h lo r id e —HC1—H 20 ,  th e  L aC l3—HC1—H ,0 ,  a n d  th e  
M nC l2— H 20  system s.

I n  our p re se n t p a p e r  w e are  dealing  o n ly  w ith  th e  electric  c o n d u c tiv ity  
a n d  v isco s ity  o f th e  b in a ry  an d  te rn a ry  c h lo r id e  system s u n d e r iso th e rm ic  
c o n d itio n s , on th is  basis  w ith  th e ir  in te r re la tio n , an d  w ith  th e ir  d ependence  
on  th e  s tru c tu re .

I n  o rder to  s tu d y  th e  in te rre la tio n  b e tw e e n  th e  electric  c o n d u c tiv ity  
a n d  v isc o s ity  in  th e  b in a ry  a n d  te rn a ry  so lu tio n s  o f  m e ta l chlorides in  th e  f ir s t  
p la c e  w e have to  k n o w  th e  genera l line o f th e i r  iso th e rm a l c o n c e n tra tio n  de
p e n d e n c e . W e are re fe rr in g  to  our earlier p a p e rs  in  reg a rd  to  th is , in  w h ich  we 
h a v e  p ro v e d  th a t  th e  v isc o s ity  vs. m o la lity  c u rv e s  o f b in a ry  aqueous m e ta l 
c h lo r id e  so lu tions e x h ib it sev e ra l bands [1]. T h e  p o sitio n  of th e  b an d s  is d e te r 
m in e d  b y  th e  charge  o f  c a tio n s , w ith in  th e  b a n d s  th e  sequence o f th e  cu rv es  is 
d e te rm in e d  b y  th e  size o f  th e  cations. S im ila rly  i t  w as show n [2] th a t  th e  iso 
th e rm ic  te m p e ra tu re  d ep en d en ce  o f th e  e lec tr ic  co n d u c tan ce  in  th e  so lu tions 
o f  b in a r y  aqueous m e ta l ch lo rid es  differs fro m  e ach  o th e r, as w ell as fro m  th a t  
o f  th e  HC1, and  i t  p o in te d  to  th e  d ifferen t b e h a v io u r  o f th e  chlorides o f  t r a n s i 
t io n  m e ta ls  w ith  d -e lec tro n s  concerning th e  d ep en d en ce  o f th e  co n d u c tan ce  
on  th e  co n cen tra tio n .

N am e ly , w hile th e  e x te n t  and  the  w id th  o f  b a n d s  o f specific c o n d u c tiv ity  
a n d  th e  slope an d  th e  w id th  o f  bands o f m o la r  c o n d u c tiv ity  are  th e  fu n c tio n  
o f  th e  c a tio n  charge w ith in  th e  b an d s acco rd ing  to  th e  d ifferen t c a tio n  charges 
th e  l in e s  o f  th e  cu rves o f specific  co n d u c tiv ity  vs .  m o la lity  do n o t co rresp o n d  
to  th e  a d e q u a te  ion ic  size. T h e  line o f cu rv es  ap p ro ach es  to  th a t  o f  ch arg ed  
c a tio n s  a t  sm aller m o la litie s  a n d  to  th a t  o f  t r ip ly  charged  ca tions a t  g re a te r  
m o la litie s . C onsequen tly , th e  cu rve  of M nCl2 d e v ia te s  p rac tica lly  fro m  th e  
a d e q u a te  b an d , in  sp ite  o f th e  fa c t th a t  th e  size o f  th e  ca tion  is b e tw een  th a t  
o f  th e  M g2+ an d  Ca2 + .

I n  th e  te rn a ry  so lu tio n s  i t  was show n t h a t  th e  v iscosity  vs. m o la lity  
d ia g ra m s  o f th e  sy stem s o f ty p e  MC1X—HC1— H 20  can  be classified  in  th re e  
c h a ra c te r is t ic  ty p es  acco rd in g  to  th e  ca tio n s o f  m e ta l chlorides h y d ra tin g  
w e e k ly  p o sitiv e ly  (N a+ ), s tro n g ly  p o sitiv e ly  (L i+ , M g2+, Ca2 + , L a 3 + ) an d  
n e g a tiv e ly  ( K +, R b +, Cs + ).

A t  th e  sam e tim e  th e  specific  c o n d u c tiv ity  vs.  m o la lity  d iag ram s can  be 
c la ss if ie d  in  tw o c h a ra c te r is tic  ty p es  ; in  th e  case  o f  b o th  ty p es occurs a so- 
ca lled  iso th e rm a l in v e rs io n  a c id  co n cen tra tio n  (тн с !* )- These d a ta  a n d  o th e r  
ones re fe r r in g  to  th is  p h en o m en o n  (the  ca tio n  ra d iu s  th e  «-values b e long ing  to  
th e  in v e rs io n  acid c o n c e n tra tio n , th e  e x te n t o f  th e  lin e  тнс!'* =  c o n s ta n t, th e  
h y d ra t io n  en tha lp ies g iv in g  in fo rm a tio n  a b o u t th e  effectiveness o f th e  h y d ra 
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tio n  o f ions [3]) can  be  seen  in  T ab le  I. A cco rd ing  to  th e  d a ta  o f T ab le  I  th e  
in v ersio n  acid c o n c e n tra tio n  increases w ith  in c rea s in g  c a tio n  size a t  id e n tic a l 
ca tio n  charge , an d  its  v a lu e  can  give in fo rm a tio n  a b o u t th e  re la tiv e  h y d ra tio n  
pow er o f  th e  ca tio n s o f  th e  sa lt, like  th e  h y d ra tio n  e n th a lp ie s .

O n th e  s tru c tu ra l  re la tio n s  developed  in  ternary  so lu tions and  d e te rm in e d  
decisively  b y  ion-ion  a n d  io n -so lven t in te ra c tio n s , a n d  on th e  changes o f  th ese  
re la tio n s  as a fu n c tio n  o f  co n cen tra tio n , a c e r ta in  in fo rm a tio n  m ay  be o b ta in e d  
also from  th e  m easu re  a n d  d irec tio n  o f th e  sh if t o f  th e  m ax im u m  c o n d u c tiv ity  
v a lu e  Pimax found  fo r b in a ry  HC1—H 20  so lu tio n s, caused  in  te rn a ry  so lu tio n

Table I

Some characteristic data of aqueous metal chloride solutions

MCI* LiCl NaCl KC1 NH4C1 CeCl MgCl, CeCl, LaCl,

rcatioir n m 0.060 0.095 0.133 0.143 0.169 0.065 0.099 0.115

minv,x 9 ^  °C  
m HCl ’ ^ 1.0 1.5 3.4 3.5 3.8 0.6 0.9 0.98

*fn°v.’S cm_1 0.30 0.45 0.72 0.73 0.75 0.18 0.30 0.31

mHCÍ* =  c o n s t - 2.5 1.0 0.5 1.3 1.5 1.5 1.2 0.75
msalt

CJ

11 507 410 335 331 264 1968 1570 3215

m25° C "‘salt, sat. 19.8 6.1 4.9 8.0 11.5 5.8 6.8 3.3

b y  th e  ac tio n  o f v a rio u s  s a lt com ponen ts, a n d  fro m  th e  shape  an d  fe a tu re s  of 
th e  cu rves re p re se n tin g  th e  course o f th e  x -m ax im u m  in  te rn a ry  sy stem s [2].

I t  is ev id en t fro m  th e  curves th a t  b o th  th e  sh ap e  a n d  d irec tio n  o f  th e  
slope o f  th e  cu rves, co rresp o n d in g  to  ca tio n s w ith  d iffe ren t h y d ra tio n  c h a ra c te r , 
are  v e ry  d iffe ren t. M oreover, th e  curve is sec tio n ed  s im ila rly  as h as  b een  found
[4] in  th e  in v e s tig a tio n  o f  th e  c o n cen tra tio n  d ep en d en ce  o f v a rio u s p ro p e rtie s  
m easu red  an d  c a lc u la ted  (th e rm o d y n am ic  fu n c tio n s  o f  a c tiv a tio n , m o la r vo l
um e, etc.) of th e  co rresp o n d in g  b in a ry  s a lt  so lu tio n s. O n th e  basis  o f co m p a ra 
tiv e  e v a lu a tio n  o f th e se  p h enom ena  we h a v e  conc luded  th a t  th e  change o f  th e  
s tru c tu re  o f b in a ry  aq u eo u s  sa lt so lu tion  is n o t  m on o to n o u s, n o t u n ifo rm  even 
on ad d in g  th e  s a lt to  th e  so lu tions u n ifo rm ly , a n d  in  each  co n cen tra tio n  in te rv a l 
o f th e  n ea rly  lin e a r  sec tio n s o f th e  cu rves d iffe re n t d o m in a tin g  s t ru c tu ra l  ty p es  
ex is t, w hich  tu rn  in to  one a n o th e r in  th e  n a rro w  su rro u n d in g s o f  g iven  values 
o f co n cen tra tio n . N am e ly , th e  s tru c tu re  does n o t  change m on o to n o u sly  in  th e  
fu n c tio n  o f c o n c e n tra tio n .

In  th e  case o f  e lec tro ly te  so lu tions — c e rta in ly  also in  th e  case o f so lu
tio n s  o f o th e r  ty p e  — th e  close in te rc o n n e c tio n  o f  e lec tric  c o n d u c tiv ity  and
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t h e  v is c o s ity  is abso lu te ly  e v id e n t being  th e  m echan ism  o f d isp lacem en t o f  th e  
m o v in g  u n i t  (in th e  case o f  e le c tro ly te  so lu tio n s th ese  can  be sim p le  or aqua- 
c o m p le x  ions, or m ore c o m p lic a te d  fo rm a tio n s  su rro u n d ed  w ith  so lv e n t shell) 
s im i la r  in  th e  case o f b o th  t r a n s p o r t  processes [5].

I n  one o f th e  cases th e  e lec tr ic  fie ld  in  th e  o th e r case th e  m ech an ica l, and 
g r a v i ta t io n a l  one, re sp ec tiv e ly , is th a t ,  w h ich  m akes th e  m ov ing  u n i t  to  leave 
i t s  p la c e  th ro u g h  series o f  tra n s it io n s  fro m  one equ ilib riu m  p o sitio n  to  th e  
o th e r  in  a m easure  d ep en d in g  on  i ts  free e n th a lp y  o f a c tiv a tio n  d e te rm in e d  b y  
th e  s t r u c tu r e  of th e  so lu tio n . C learly , th e  m o v in g  u n its  w ith  o p p o site  changes 
m o v e  to  opposite  d irections a p p ly in g  e lec tric  f ie ld , b u t  m eanw hile , th e  v isco s ity  
a lw a y s  co u n te rac ts  th e  d isp la c e m e n t o f th e  m ov ing  u n its . B u t in  th e  case o f 
t h e  d isp la c e m e n t, caused b y  th e  in flu en ce  o f  m echan ica l or g ra v ita tio n a l fie ld  
o n ly  (w h en  th e  m oving u n its  w ith  opposite  charges m ove to  th e  sam e d irec tio n ) 
e le c tr ic  fo rce  reac tin g  a g a in s t th e  d isp lacem en t does n o t arise  (we can  neg lec t 
th e  e lec tro v isco u s effect in  th e  e lec tro ly te  so lu tions), th e  v isco s ity  c a n  he 
r e g a rd e d  as an  in d ep en d en t v a r ia b le .

P ro p e r ly , even th e  F a lk e n h a g e n  an d  W ishaw -S tokes eq u a tio n s  deve loped  
fo r  t h e  e lec tric  c o n d u c tiv ity  o n  th e  s tre n g th  o f  D ebye-H iickel th e o ry  d en o te  
th e  v isco s ity -e lec tr ic  c o n d u c tiv ity  re la tio n , b ecau se  th e  v isco sity  ap p e a rs  in  it  
e x p l ic i t ly .  B u t th e  given e q u a tio n s  are  v a lid  on ly  fo r d ilu te  so lu tions, th e re fo re  
s e v e ra l em p irica l equations w ere  also developed  w hich  are v a lid  m ore o r less up  
to  h ig h  co n cen tra tio n s  [8].

I n  th e  course of ou r s tu d ie s  d irec ted  to  rev ea l th e  re la tio n  to w a rd  th e  
b e tw e e n  v isco sity  and  e lec tric  c o n d u c tiv ity  w e cam e to  th e  conclusion  t h a t  th e  
c o u p lin g  o f  th e  v iscosity  an d  th e  specific  e lec tric  c o n d u c tiv ity  can  be  m ad e  w ith  
m o re  re a s o n  th a n  th a t  o f th e  v isc o s ity  an d  m o la r e lec tric  c o n d u c tiv ity , because  
th e  fo rm e rs  are  b o th  specific  p ro p e rtie s . A t th e  sam e tim e  th e  m o la r e lec tric

w
c o n d u c t iv i ty  can be coup led  m ore  p ro f ita b ly  w ith  a — =  #  m o la r fu n c tio n

c
in t ro d u c e d  b y  us th e  so-called  m o la r  v isco sity  [9].

O u r  id ea  to  app ly  th e  p ro d u c t  o f  specific  co n d u c tiv ity  an d  v isc o s ity  has 
b e e n  s t im u la te d  b y  th e  fa c t e s ta b lish e d  b y  us t h a t  th e  sh ap e  o f  th e  m o la r 
c o n d u c t iv i ty  — te rn a ry  m o la li ty  surface is re la tiv e ly  co m p lica ted , an d  for 
th is  r e a s o n  its  in te rp re ta tio n  is  d ifficu lt. T h e  shap es of th e  specific  c o n d u c tiv 
i t y  — te r n a r y  m o la lity  su rface  a re  m uch  m ore  sim ple, i ts  in te rp re ta t io n  is 
m u c h  e a s ie r  w hich m ade p ossib le  to  o b ta in  th e  in te rco n n ec tio n  b e tw een  th e  
tw o  t r a n s p o r t  p roperties an d  to  p re d ic t th e  n u m erica l values o f e lec tric  c o n 
d u c t iv i ty  a n d  v iscosity  in  th e  te rn a ry  sy stem  from  th e  su itab le  d a ta  o f b o th  
c o n s t i tu e n t  b in a ry  system s.

I t  c a n  be seen from  F ig . 1 d e m o n s tra tin g  th e  c o n cen tra tio n  d ep en d en ce  
o f s e v e ra l  m e ta l chloride sy s tem s  an d  h y d ro g en  ch loride th a t  th e  specific  
e le c tr ic  c o n d u c tiv ity —v isco sity  p ro d u c t changes p ra c tic a lly  lin e a rly  u n d e r

A c t a  C h i m .  A c a d .  S e i.  H u n g . 1 0 0 , 1 9 7 9



BERECZ, BÁDER: ELECTRIC CONDUCTIVITY AND VISCOSITY 247

Z.--------------i----------------1---------------- .-----------------i-----------------!----------------- i---------------- ;----------------;--------------- i---------------1—

0 2 4 6 8 10 12 14 16 18 20
m.mol kg'1

Fig. 1. xry-product o f b in a ry  aqueous m e ta l  ch lo ride  so lu tions in  th e  d ep en d en ce  o n  th e  com 
p o s itio n

th e  in fluence  o f  th e  c o n c e n tra tio n  in  th e  case of aqueous so lu tio n s  o f  m eta l 
ch lo rides c o n ta in in g  stro n g ly  p o s itiv e ly  h y d ra tin g  ca tions, m a in ly  in  th e  case 
o f  MgCl2, C.aCl2 an d  LaCL, h u t  p ra c tic a l ly  also in  th e  case o f  L iC l, co n tra s te d  
w ith  th e  so lu tions o f m eta l ch lo rid es  c o n ta in in g  negative ly , o r s l ig h tly  positive ly  
h id ra tin g  ca tio n s  (e.g. N a + ), a n d  m u ch  m ore  co n tra s ted  w ith  t h a t  o f  th e  h y d ro 
gen  ch loride. T h e  lines of cu rves o f  th e  la t t e r  system s show  n e g a tiv e  dev ia tio n  
from  th e  lin e a rly  e x tra p o la te d  s t r a ig h t  lin e  o f  d ilu te  so lu tions in c re a s in g  w ith  
th e  increase o f  c o n cen tra tio n .

T he line  o f  th e  curves o f  F ig . 1 is re fe rrin g  to  th e  fa c t,  t h a t  th e  role of 
th e  v iscosity  in  th e  d e te rm in a tio n  o f  th e  elec tric  co n d u c tan ce  beco m es more 
an d  m ore considerab le  w ith  th e  in c rea se  o f  th e  co n cen tra tio n . I t  seem s th a t  the  
increase  of ion-ion  in te rac tio n s  h a s  a re la tiv e ly  g rea te r effect o n  th e  v iscosity  
th a n  on th e  conduc tance. E sp e c ia lly , th e  s itu a tio n  is s im ila r in  th e  case of 
m e ta l ch lorides con ta in ing  s tro n g ly  p o s itiv e ly  h y d ra tin g , m a in ly  d o u b le  and 
tr ip ly  charged  ca tions, w here th e  cu rv es  accord ing  to  th e  sp ec ific  c o n d u c tiv ity  
an d  v iscosity  p ro d u c t s tra ig h te n  o u t p ra c tic a lly  com plete ly . T h e  s itu a tio n  is 
n ea rly  s im ila r also in  th e  case o f  th e  m e ta l chlorides c o n ta in in g  c a tio n s  w ith  
opposite  h y d ra tin g  p roperties.

T he ana ly ses  of Fig. 2 show s v e ry  w ell, th a t  the  c o n c e n tra tio n  dependence 
o f  th e  lines accord ing  to  th e  Лг] p ro d u c t, as well as to  th e  A H $ o f  v isco u s flow, 
resp ec tiv e ly , a re  v e ry  sim ilar in  th e  g iven  b in a ry  system s. I t  seem s to  support 
th a t  — on one h an d  — th e  v isc o s ity  ta k e s  th e  dom in a tin g  e ffe c t on  th e  con-
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Fig. 2. y l# ,/ li7-products and the AH*- and ZlSj.-values of binary aqueous metal chloride solu
tions in the dependence on the com position
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d u c ta n c e  in  th e  given sy stem  an d  in  th e  case o f  g iven  ex te rn a l e lec tr ic  fie ld  
— on th e  o th e r h a n d  — th e  p ro d u c t o f  m o la r  co n d u c tiv ity  an d  v isc o s ity  is 
likew ise c h a ra c te ris tic  o f th e  s tru c tu re  re sp e c tiv e ly  th e  o rdering  as th e  e n tro p y  
o f  a c tiv a tio n  is c h a ra c te ris tic  o f  th a t .  B ecause  th e  v iscosity  is d e te rm in e d  b y  
th e  s tru c tu re  arising  m ain ly  as th e  re su lt o f ion -ion  an d  ion-so lven t in te ra c tio n s , 
th u s  th e  s tru c tu re  effects th e  elec tric  c o n d u c tiv ity  p rac tica lly  th ro u g h  th e  
v isc o s ity  in  th e  case o f  a  g iven  n u m b e r o f c h a rg ed  p artic les .

I t  can  be seen from  F ig . 2 th a t  th e  Л д  vs. com position  cu rves h a v e  less 
specific  lines th a n  th e  Лг) vs. com position  lines, an d  also its  d ep en d en ce  on  th e  
ty p e  o f sa lts  is less c h a ra c te ris tic . N am ely , th e  d iv ision  w ith  c m ak es th e  co n 
c e n tra tio n  dependence  o f th e  c o n d u c tiv ity —v isco sity  p ro d u c t so to  say  u n i
fo rm  in  each  m e ta l ch lo rid e—w a te r  sy stem .

T h e  Л — ft d iag ram s y ie ld  th e  m o st re m a rk a b le  re la tio n  to  th e  in te r 
co n n ec tio n  of th e  c o n d u c tiv ity  an d  v isco s ity  b o th  in  b in a ry  an d  te r n a r y  sy s
tem s.

F ig u re  3 d em o n s tra te s  com prehensive ly  th e  m o la r v iscosity  v a lu es  belong ing  
to  th e  m o la r c o n d u c tiv ity  ones in  th e  v a rio u s  b in a ry  system s. T h e  v a lu es  of 
b o th  m o la r p ro p ertie s  decrease w ith  in c reas in g  c o n cen tra tio n  o f th e  so lu tion . 
B u t th e  in fluence  o f ion-ion  in te ra c tio n  in c rea s in g  th e  v iscosity  becom es m ore 
a n d  m ore  d o m in an t in  m ore co n c e n tra ted  so lu tio n s , th a n  th a t  d ec reas in g  th e  
specific  c o n d u c tiv ity . C onsequen tly  th e  cu rv e  tu rn  back .
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Fig. 3. Molar conductivity of binary aqueous electrolyte solutions in the dependence on the
molar viscosity
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So th e  dependence  o f  Л  on  d  can  be g iv en  b y  a fu n c tio n  o f  ty p e

A  =  A  y F + B  +  C .

F o r  m e ta l ch lo rides, w here  th e  effect in c re a s in g  th e  v isco sity  becom es 
p ro p e r ly  g re a t, th e  v a lu es  o f  th e  c o n s ta n ts  a re  g iv en  in  T able I I .

Table II

The values o f the constants В and C o f the equation for different aqueous metal chloride solutions

Electrolyte В c

LiCl — 0.350 33
MgCl, -0 .9 5 5 74
CaCl2 — 0.815 82
SrCl2 -0 .7 9 0 83
LaCl3 -1 .5 9 0 123
MnCL, — 0.920 51

T h e  sep a ra tio n  o f cu rves accord ing  to  th e  v a le n c y  o f cations can  b e  w ell 
o b se rv e d  from  th e  d e v ia tio n  in to  th e  ^ -d ire c tio n  o f  th e  curves ( th e  co effic ien t 
В  o f  th e  eq u a tio n  is c h a ra c te r is tic  o f th is  p h en o m en o n ), as well as th e  d e p e n 
dence  on  th e  size o f ca tio n s w ith in  th is . T he co e ffic ien t C o f th e  eq u a tio n  (th is  
is th e  .Л-v a lu e  belong ing  to  th e  cusp o f th e  c u rv es , i.e. to  th e  m in im u m  o f ff) 
in c rea se s  s lig h tly  w ith  an  in c rease  o f th e  c a tio n  size a t  a given c a tio n  ch arg e , 
as a  p ro o f  th a t  th e  in flu en ce  o f  th e  increase  o f  v isc o s ity  decreasing  th e  co n 
d u c t iv i ty  p red o m in a te  m ore s tro n g e r even a t  re la tiv e ly  g rea te r c o n d u c tiv ity  
(in  th e  m o re  d ilu te  so lu tio n s).

T h e  cu rve  of HC1 se p a ra te s  from  th e  se t o f  cu rv es  ev id en tly  v e ry  re m a rk 
ab ly . T h is  is th e  re su lt o f th e  p ro to n ic  co n d u c ta n c e  an d  th e  tu rn in g  b a c k  can  
n o t o c c u r  even  in  c o n c e n tra te d  so lu tions. T h e  re a so n  fo r th is  is th a t  th e  ro le  o f 
v is c o s ity  in flu en c in g  th e  co n d u c tan ce  is m u ch  sm a lle r  th a n  in  th e  case o f  ions 
c o n d u c tin g  b y  h y d ro d y n am ic  m ig ra tio n .

T h e  d iag ram  d e m o n s tra te s , th a t  th e  slope o f  th e  cu rve  of th e  M nCl2 differs 
from  t h a t  o f  o th e r m e ta l ch lo rides in v e s tig a te d . A lth o u g h  th e  $ -v a lu e  a t  th e  
cusp  co rre sp o n d s  to  th e  series d e te rm in ed  b y  th e  c a tio n  size, b u t  th e  v a lu e  in  
th e  .Л-d ire c tio n  is sm alle r th a n  th a t  req u ired  b y  th e  io n  size. This refers also  to  
th e  f a c t ,  t h a t  th e  M n2 + -ion w ith  an  e lec tron  c o n fig u ra tio n  of [Ar] (3d)5 affec ts  
th e  c o n d u c tiv i ty  in  a n o th e r  w a y  an d  m ore s tro n g e r , th a n  an  ion  w ith  th e  sam e 
size b u t  w ith  an  e lec tro n  c o n fig u ra tio n  o f s2p 6.

E v e n  a re la tiv e ly  sm all q u a n t i ty  of HC1 a d d e d  to  th e  b in a ry  m e ta l ch lo 
rid e  s o lu tio n  has a g re a t in flu en ce  on th e  slope o f  th e  m olar c o n d u c tiv ity  vs. 
m o la r v is c o s ity  cu rves, cusp  o f  th e  curves is sh if te d  to w a rd  h igher m o la r con-
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Fig. 4. Molar conductivity of the MgCl2— HC1— H 20  system in the dependence on the molar
viscosity

Fig. 5. Molar conductivity of the LaCla— HC1— H ,0  system in the dependence on the molar
viscosity

d u c tiv ity  v a lu es , m oreover, th e  cusp  d isap p ears  i f  m ore HC1 is ad d ed . This 
ph en o m en o n  can  be seen v e ry  w ell on  F ig s  4 and  5 re fe r r in g  to  MgCl2 and 
LaCl3, re sp ec tiv e ly . T he d ia g ra m s show  th a t  th e  m in im um  o f  #  d isap p ears  at 
sm aller am o u n ts  o f HC1 in  th e  case o f  L aC l3, th a n  in  th e  case  o f  MgCl., and 
th e  cu rv e  in d ica tin g  th e  p a th  o f  th e  s h if t  o f th e  m in im um  is less steep  in the 
case o f L aC l3.

In  th e  course o f o u r fu r th e r  in v es tig a tio n s  in  th e  sy s te m s  m entioned 
above we h av e  tr ied  to  co m p are  th e  c o n c e n tra tio n  dependence  o f  th e  enthalpies 
o f a c tiv a tio n  of viscous flow s (F ig . 6) an d  th a t  of e lectric  c o n d u c tio n  (Fig. 7) 
as w ell as th a t  o f th e ir  ra t io  in  o rd e r to  get fu rth e r  in fo rm a tio n s  from  a new
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nrij mol kg"1

Fig. 6. zlíí*-values of binary aqueous solutions of some chlorides in the dependence on the
composition

Fig. 7. d ifjpvalues of binary aqueous solution of some chlorides in  the dependence on the
composition

side a b o u t  th e  in te rco n n ec tio n  o f  tw o tra n sp o rt p ro cesse s  an d  ab o u t th e ir  
c o n c e n tra t io n  dependence.

F ro m  th e  d iagram  o f e n th a lp y  of ac tiv a tio n  o f  th e  v iscous flow i t  can  be 
e s ta b lish e d  th a t
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— th e  e n th a lp y  o f a c tiv a tio n  decreases com pared  to  th a t  o f  th e  p u re  
w a te r  in  th e  co n cen tra tio n  ran g e  o f  d ilu te  so lu tio n s, excep t in  th e  case  o f  th e  
MgCl2— H 20  sy stem , w here th e  e n th a lp y  o f  a c tiv a tio n  of th e  d ilu te  so lu tions 
eq u a ls  p ra c tic a lly  to  th a t  o f  th e  w a te r . T h e  cause o f th is  can  be sea rch ed  in  
th e  s tro n g  effect o f th e  M g-ions h y d ra tin g  v e ry  positive ly  ;

— in  th e  case o f g iven  v a len cy  o f  c a tio n s  an d  a t given c o n c e n tra tio n  th e  
e n th a lp y  o f  a c tiv a tio n  decreases m o n o to n o u s ly  w ith  th e  increase o f  th e  size of 
th e  ca tio n s . T h is s ta te m e n t is v a lid  also  fo r M nCl2, w here th e  e le c tro n  co n fig u 
ra t io n  o f  th e  c a tio n  is no o f th e  s2p e ty p e . I n  th is  case th e  cu rv e  o f  e n th a lp y  of  
a c tiv a tio n  falls be tw een  th o se  o f M gCl2 a n d  CaCl2 sim ilar to  th e  case o f  the  
Г)—m cu rves.

T h e  lin e  o f  curves an d  th e ir  m u tu a l p o s itio n  is d ifferen t in  th e  case  o f  the  
e n th a lp y  o f  a c tiv a tio n  o f  e lec tric  co n d u c tio n . F igure  7 show s t h a t  fo r all 
m e ta l ch lo rides th e  e n th a lp y  o f a c tiv a tio n  va lu es  decrease c o m p a re d  to  those  
in  th e  in f in ite ly  d ilu te  so lu tions (w hich  occur because o f  th e  in creasin g  
n u m b e r o f  ch arg ed  p artic les), b u t  n e ith e r  w ith  u n iv a len t n o r w ith  bi- and 
tr iv a le n t  c a tio n s th e  in te rc o n n e c tio n  is n o t  unequ ivocal b e tw e e n  th e  ionic 
size a n d  th e  p o sitio n  o f th e  e n th a lp y  o f  a c tiv a tio n  curves. A m ong  th e  a lka line  
m e ta l ch lo rides KC1 excels w ith  i ts  v e ry  sm a ll req u irem en t o f  e n th a lp y  o f a c ti
v a tio n . A m ong th e  m e ta l ch lorides c o n ta in in g  b iv a le n t c a tio n  M nC l2 is re m a rk 
ab le , th e  cu rv e  o f w hich falls in to  th e  p ro p e r  place co rresp o n d in g  to  th e  size 
o f  th e  M n2+-ion on ly  in  th e  c o n c e n tra te d  so lu tions. In  d ilu te  so lu tio n s  th e  po
s itio n  o f th e  A H ^-cu rv e  o f  th e  M nClj does n o t correspond to  th e  size o f  the  
M n2 + , like  in  th e  case o f th e  A ' —m  a n d  к —m  curves.

F ig u re  8 d em o n stra te s  th e  ch an g e  in  th e  A H * / A H ^  r a tio  w ith  th e  con
c e n tra tio n  u n d e r  iso th e rm a l co n d itio n s  (25 °C) in  th e  case o f HC1 a n d  m etal 
ch lo rides co n ta in in g  sing le-charged  ca tio n s , as well as in  th e  case  o f  m etal 
ch lo rides c o n ta in in g  double- an d  tr ip ly -c h a rg e d  ones, re sp ec tiv e ly .

F ig u re  8 shows, th a t  va lues o f  A H * / A H \  ra tio  re la tin g  to  m e ta l  chloride 
so lu tio n s co n ta in in g  double- an d  tr ip ly  ch arg ed  cations fall in to  a re la tiv e ly  
n a rro w  in te rv a l, th e  A H * ! A H \  v a lu es  o f  th e  m eta l ch loride so lu tio n s  c o n ta in 
in g  sing le-charged  ca tions fa ll also in  a n a rro w  in te rv a l, b u t o n ly  in  c o n c e n tra ted  
so lu tio n s. C onsequen tly , th e  A H ^ j A H ^  v a lu es  are  close to  each  o th e r  s u p p o r t
in g  also o u r op in ion  th a t  th e  tw o  t r a n s p o r t  m echanism s are  s im ila r , essen tia lly  
th e  sam e. T here  are tw o ex cep tio n s. F ro m  th e  figure  i t  c an  be  seen , t h a t  the  
AH*/  A H \- v a lu e s  o f th e  KC1—H 20  sy s te m  are  m uch g rea te r  th a n  th o se  in  the  
so lu tio n s o f  th e  o th e r m e ta l ch lo rides. A t th e  sam e tim e  also th e  A H * I A H jj — 
v a lu es  re fe rrin g  to  th e  HC1—H 20  sy s tem  are  also som ew hat g re a te r  th a n  those 
o f  th e  m e ta l ch lo ride so lu tions (ex cep t KC1).

In  th e  case o f  th e  HC1—H 20  sy s tem  th is  fac t cau  be in te rp re te d  b y  the  
m u ch  sm alle r d em an d  o f e n th a lp y  o f  a c tiv a tio n  o f th e  p ro to n ic  co n d u c tio n  
th a n  th a t  o f  th e  h y d ro d y n am ic  one, a t  th e  sam e tim e  from  th e  p o in t o f view
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Fig. 8. Values of the J/iy/zlH ^-ratio of binary aqueous solutions of some chlorides in the de
pendence on the composition

o f th e  v isco sity  th e  H 30  + -ion behaves like a sim p le  c a tio n  w ith  com m on p ro p 
e rtie s  [1].

F o r  th e  v e ry  d iffe re n t b eh av io u r of KC1 w e co u ld  n o t fin d  a su itab le  in te r 
p re ta t io n  so far.

T h e  curves o f F ig . 8 can  be d iv ided  in to  l in e a r  sections w ith  d iffe ren t 
slopes, w h ich  su p p o rt o u r  o p in ion  m en tioned  e a r lie r  on  th e  non-m ono tonous 
ch an g e  o f  th e  s tru c tu re .

T h e  m ore d e ta iled  an a ly s is  o f th e  d ependence  o n  th e  s tru c tu re  from  th e  
line o f  th e  curves is v e ry  d iff ic u lt because of th e  v e ry  com plex  in te rac tio n s  an d  
i t  re q u ire s  fu r th e r  s tu d ie s . B u t som e s ta te m e n ts  can  b e  m ade a t  p resen t.

T h e  curves o f F ig . 8 d e m o n s tra te , th a t  th e  v a lu e  o f  th e  A H ^ /A H ^  ra tio  
in creases  in  th e  d ilu te  so lu tio n s  com pared  to  th o se  re fe rrin g  to  th e  in f in ite  
d ilu te  so lu tio n s. O b v iously , th is  is caused b y  th e  d ecrease  of th e  e n th a lp y  o f 
a c tiv a tio n  o f  th e  e lec tric  co n d u c tio n  occurring  b ecau se  of th e  g e ttin g  o f th e  
ions in to  th e  so lu tion .

T h e  beg inn ing  in c re a s in g  sec tion  of th e  cu rv es  co n tin u es  u n til m  ^  1.5 
in  th e  case  o f NaCl an d  CsCl, th e n  i t  decreases to  a  v a lu e  o f ab o u t 1.

In  th e  case of th e  2 : 1 m e ta l chlorides i t  in c rea se s  u n til  m  ^  2.5 th e n  
th e  e x te n t  o f  th e  decrease  is sm aller. In  th e  case o f  th e  3 : 1 ty p e  LaC la th e  
decrease  c a n  n o t be o b se rv ed .

I t  is c h a ra c te ris tic  t h a t  in  th e  case of CsCl h y d ra t in g  v e ry  n eg a tiv e ly  th e  
А Н Ц А Н \  - ra tio  is sm aller th a n  1, and  p ra c tic a lly  in d e p e n d e n t on th e  con-
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c e n tra tio n . T his m eans, th a t  th e  A H ^  d ec reasin g  w ith  th e  c o n c e n tra tio n  will 
b e  g re a te r  th ro u g h o u t in  id en tica l deg ree  as th e  A H * decreasing also  w ith  th e  
co n c e n tra tio n . T h u s  a th ird  sec tio n  ap p ea rs  on  th e  curve c o n tin u in g  u n til  
s a tu ra tio n , an d  in d ic a tin g  th a t  th e  s t ru c tu ra l  cond itions h a rd ly  c h an g e  here . 
In  th is  in te rv a l on ly  th e  successive an d  m ono to n o u s d e h y d ra tio n  a n d  th e  
re d is tr ib u tio n  o f th e  w a te r m olecules a ro u n d  th e  en te rin g  ions occu r as a re su lt 
o f  th e  increasing  sa lt co n cen tra tio n .

In  th e  case o f  MgCl2 th e  e x te n ts  o f th e  th re e  co n cen tra tio n  in te rv a ls  are 
d iffe ren t from  th o se  of th e  CsCl. I n  th e  f i r s t  sec tion  AH*  inc reases s tro n g ly , 
b u t  АН*Л decreases. In  th e  second sec tio n  A H *  increases because o f  th e  s tro n g  
d e s tru c tio n  o f w a te r  and  bu ild in g  o f  its  ow n s tru c tu re . The va lu e  o f  АН*Л does 
n o t  decrease an y  m ore b u t rem ain s p ra c tic a lly  c o n s ta n t. This sec tio n  c o n tin u es  
u n ti l  th e  c o n c e n tra tio n  is so m ew hat above th e  b o u n d a ry  of com ple te  h y d ra tio n . 
B u t beg inn ing  fro m  th is  as a re s u lt  o f th e  s tro n g e r increase o f  io n -io n  in te r 
ac tio n s  due to  th e  double  charged  M g2 + -ions a n d  to  double q u a n t i ty  o f  Cl -ions 
th e  v a lu e  o f . 1Л* begins to  in crease  s tro n g e r th a n  th e  v alue  o f A H \ .  (T he va lu e  
o f  AH*  increases to  a lesser degree , since th e  in fluence  of th e  d ec rea se  o f  th e  
m easu re  of ions decreasing  AH*  as a re su lt o f  successive d e h y d ra tio n  c o u n te r 
a c ts  th e  in flu en ce  o f ion-ion in te ra c tio n s  in c rea s in g  th e  v iscosity  a n d  th e  v a lu e  
o f  AH*.)  T hus a f te r  all th e  АН*/АН*Л ra tio  h as a d im inishing te n d e n c y  as long 
as a new section  appears w ith  o th e r  slope n e a r  th e  sa tu ra tio n , like  th e  case of 
th e  Km-curves a lread y  observed  b y  us [11].

In  th e  course  o f th e  s tu d y  o f  m o la r v o lu m e, th e  fu n c tio n s o f  a c tiv a tio n  
a n d  th e  so lub ilities  th e  s tru c tu ra l  co n d itio n s in  th e  so lu tion  fo r  th is  sec tion  
w ere in te rp re te d  in  o u t ea rlie r p a p e r  [11] as th e  fo rm atio n  o f  a p re o rd e rin g  
in  th e  so lu tio n  te n d in g  to w ard s th e  s tru c tu re  o f th e  solid p h ase  b e in g  in e q u i
lib riu m  w ith  th e  s a tu ra te d  so lu tio n . I t  seem s, th is  tra n s fo rm a tio n  in  th e  so lu 
t io n  is su p p o rte d  b y  th e  lines o f  cu rv es  d u e  to  th e  co n cen tra tio n  d ep en d en ce  
o f  th e  AH*/AIlJi  ra tio .

In  th e  case o f  th e  ch loride o f  la n th a n u m  ion  hav ing  a g re a te r  ch a rg e  an d  
n ea rly  tw o tim es  g rea te r size th a n  th e  M g2 + -ion th e  АН*/АН*л  r a t io  increases 
a lm o st u n til  to  sa tu ra tio n . T h is is co n n ec ted  doub tless w ith  th e  p e rm a n e n t 
increase  o f th e  AH*  due to  th e  b ig  ch arg e  o f  ca tio n  and  to  th e  b ig g e r n u m b e r 
o f  ions co m p ared  to  o th e r m e ta l ch lo rides w ith  single an d  d o u b le  charged  
ca tio n s, w hich  excel th e  increase  o f  th e  v a lu e  o f  АН*Л th ro u g h o u t. T h e  reg res
sion  o f th e  cu rv e  o f  th e  A H * / A H \  ra tio  o ccu rrin g  n ear th e  s a tu ra t io n  can  be 
in te rp re te d  also w ith  th e  fo rm a tio n  o f u n ch a rg ed  ion pa irs , w h ich  increases 
s tro n g ly  th e  v a lu e  o f A H *a , th u s  th e  increase  o f  th e  A H ' j A H ^  r a t io  w ill lessen.

In  th e  IIC1— II20  sy stem  th e  line o f  th e  curve of th e  A H ^ / A H ^  ra tio  
can  be in te rp re te d  b y  th e  rep ress io n  o f th e  p ro to n ic  co n d u c tan ce  in  th e  de
pendence  on th e  co n cen tra tio n , i.e. i t  is c h a ra c te ris tic  o f th e  la t te r .  B u t  th e  
lin e  o f th e  cu rv e  show also, t h a t  th e  rep ressio n  of th e  p ro to n ic  c o n d u c tan ce
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w ith  increasing  c o n c e n tra tio n  begins s till a t  c o n cen tra tio n s  m nci 1? an d  
in c rea se s  slowly. T h e  seco n d  decreasing sec tio n  o f  th e  cu rve  referring  to  th is  fa c t 
c o n tin u e s  to  th e  c o n c e n tra tio n  o f iwhci ^ 8 — 9, w h ere  th e  value o f  A H * t A H \  
o f  th e  HC1—H 20  so lu tio n  reaches th e  h ig h e s t v a lu e  o f A H ^ / A H ^  я« 1.2 p o s
sib le  a t  m e ta l ch lo ride  so lu tio n s  co n d u c tin g  w ith  h y d ro d y n am ic  m ig ra tio n . 
B u t  c o n tra s te d  w ith  th e  b e h av io u r of th e  m e ta l  ch lo rides in  th e  case o f  th e  
HC1— H 20  system  th e  v a lu e  of th e  A H * / A H j  r a t io  is never less th a n  1.2 
f u r th e r  i t  begins to  in c re a se  again  as a re su lt  o f  a s lig h t increase in  A H ' ,  an d  
th e  p ra c tic a l c o n s ta n t v a lu e  o f  A H \ .  T h is l a t t e r  ph en o m en o n  in d ic a te s  th a t  
— i t  seem s — th e  p ro to n ic  conduc tance  does n o t  cease to  ex ist e n tire ly  even  
in  th e  m o st c o n c e n tra ted  so lu tio n s, a lth o u g h  i t  w ill be  rep ressed  s tro n g ly .
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End-group substitutions were carried out on polyethylene glycols. The complex- 
ing power of the polyoxyethylene compounds was found to depend on the nature of the 
end-group and on the average chain length.

Introduction

In  a p rev io u s p a p e r  we re p o rte d  o u r  ex p erim en ts  on th e  co m p lex in g  
a b ili ty  o f  p o ly e th y len e  glycols an d  th e ir  d e r iv a tiv e s  to w ard  sod ium  io n . I t  has 
b een  show n th a t  th e  com plexing  pow er d ep en d s  up o n  th e  av e rag e  m o lecu la r 
w e ig h t o f th e  p o ly e th e rs  an d  th e  n a tu re  o f  th e  end -groups a tta c h e d  to  th e  chains; 
ev idence  has b een  g iven  fo r th e  p o te n tia l u se  o f  th e se  m ateria ls  in  p h a se - tra n s fe r  
c a ta ly t ic  reac tio n s  [1].

P a p e rs  d ea lin g  w ith  th e  com plex ing  p o w er o f noncyclic co m p o u n d s  are 
k n o w n  in  th e  l i te ra tu re  [2 —12], b u t  m o st o f  th e m  re p o rt only  on h o m ogeneous 
com pounds o f a low  m olecular w e igh t. N o d e ta ile d  ex am in a tio n s  h a v e  been  
p u b lish ed  on th e  re la tio n sh ip  betw een  th e  co m plex ing  ab ility  an d  th e  av erag e  
m o lecu la r w e ig h t o f p o ly e th e rs  ; th u s  we d ec id ed  to  con tinue  ou r re se a rc h es  in  
th is  fie ld .

Results and D iscussion

Polyethylene glycols

U sing th e  m e th o d  described  earlie r [1] w e ca lcu la ted  th e  co m p lex  s ta b ili ty  
c o n s ta n ts  (Kj )  o f th e  sam ples show n in  T a b le  I.

A s tab le  1 : 1 com plexing  s to ic h io m e try  w as found to  ex is t b e tw e e n  th e  
p o ly e th e rs  an d  sod ium  ion.

17 A c ta  C h im . A c a d . S e i .  H u n g .  1 0 0 , 1 9 7 9
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Table 1

Logarithms o f  the stability constants o f polyethyleneglycol —N a+ complexes

Average molecular 
weight l g * .

200 1.64
300 2.02
400 2.26
600 2.59

1000 2.88
1500 3.09
2000 3.28

A n  in te re s tin g  cu rv e  can  be o b ta in ed  in  а  К г vs. M  d iag ram  (F ig . 1) 
w here  n  =  th e  av e rag e  n  n u m b e r o f CH2C H 20  u n i ts ,  M  =  th e  average  m o lec 
u la r  w e ig h t o f th e  sam p le .

T h e  co m plex ing  a b ili ty  pro  u n it  in c reases  s te e p ly  in  th e  ran g e  o f  low  
av e rag e  m o lecu la r w e ig h ts , la te r  th e  slope o f  th e  c u rv e  dim inishes.

O b v io u sly , th e  con fo rm er needed  fo r co m p le x a tio n  can be p ro d u c e d  
easier i f  th e  ch a in  is longer.

Fig. 1. Stability constants calculated per — CH2CH20 — units as a function of the average
molecular weight

Derivatives o f  polyethylene glycols

T o in v e s tig a te  th e  effect o f  th e  end -g roups o n  th e  beh av io u r of th e  p o ly 
m ers, a  n u m b e r o f  d e r iv a tiv e s  w ere p rep a red  b y  su b s titu tin g  th e  h y d ro x y l 
g roups a t  b o th  ends o f  th e  p o ly e th y len e  glycols. T h e  s ta b ili ty  co n stan ts  o f  th e  
d e r iv a tiv e s  th u s  o b ta in e d  are  l is te d  in  T ab le  I I .

T h e  va lu es  o f th e  s ta b il i ty  co n stan ts  c a lc u la te d  fo r one — CH gC H ^O -unit

—— are  p lo tte d  a g a in s t th e  m o lecu lar w eigh t o f  th e  p o ly e th y len e  glycols u sed

for th e  p re p a ra tio n  (F ig s  2 — 5).
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Table II
Logarithms o f the stability constants o f N a + complexes of polyoxyethylene compounds*

M*

ig к,

I : | |3( I- C a H .i< > - (6) О
200 0.50
300 1.55 1.25 1.05 1.16
400 1.49 1.51
600 2.09 1.99 1.87

1000 2.55 2.48 2 37 2.46
1500 2.86 2.80 2.68
2000 3.08 3.05 2.81 3.08

* The columns M  of this and the next tables show the average molecular weight of the 
polyethylene glycol used for the preparation.

Fig. 2. Stability constants calculated per — CH2CH„0— units as a function of the average
molecular weight

Fig. 3. Stability constants calculated per — CH2CH20 — units as a function of the average
molecular weight
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Fig. 4. Stability constants calculated per — CH2CH20 —- units as a function of the average
molecular weight

Fig. 5. Stability constants calculated per — CH2CH20 — units as a function of the average
molecular weight

I t  is  seen  th a t  each  d e riv a tiv e  p re p a re d  h e re  h a s  a low er К г v a lu e  th a n  th e  
p o ly e th y le n e  glycol s ta r tin g  m a te ria l. I f  th e  s ta r t in g  sections of th e  d iag ram s in  
F igs 1 — 5 is e x tra p o la te d , an  in te rsec tio n  is fo rm ed  a t  an  M  va lu e  o f  a b o u t 
150—200 (ex cep t fo r th e  m e th y le th e rs  o f th e  p o ly e th y le n e  glycols), w h ich  can  
be in te rp re te d  as th e  m in im al m olecular w eigh t re q u ire d  for com plex  fo rm a 
tio n . I t  g ives a coo rd in a tio n  n u m b e r o f four.

— II >  — CH3 >  — C a l l s  >

N o ta b ly , th e  s ta b ili ty  c o n s ta n ts  decrease in  th e  follow ing o rd e r o f  th e  
en d -g ro u p s  show ing  th a t  th e  e lec tron ic  effect o f th e  end-groups in  su ch  a  long  
ch a in  does n o t  p la y  a decisive ro le in  th e  com plex  fo rm a tio n  process. T h e  sam e 
re su lt w as  o b ta in e d  in  m easu rem en ts  on d e r iv a tiv e s  w ith  r in g -su b s titu te d  
p h e n o x y  en d -g ro u p s (T able I I I ) .
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Table III

Logarithms of the stability constants o f N a + complexes o f  symmetrically substituted M  =  300
polyoxyethylene compounds

Experimental

The stability measurements were carried out as described previously [1]. The solvent

was 96% aqueous ethanol, the temperature 25 CC. The stability constants are given i n ---- r—.mole
Calculated error of logarithms =  ± 0 .08  logarithmic units.

The polyethylene glycol samples were commercial products supplied by Fluka, dried 
over P ,06.

The derivatives were prepared as described below.
N otes: (a) All preparations and evaporations were carried out in N2 atmosphere.

(b) When referring to any average molecular weight in this paper, we always mean the 
average molecular weight of the polyethylene glycol starting material.

(c) Each product was analyzed by atomic absorption spectrometry and their Na con
tent was found to be less than 0.1 mole percent.
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Preparation of a, co-dichloropolyoxyethylenes

Into а 100 cm3 flask fitted  with a stirrer, thermometer, reflux condenser, dropping 
funnel, gas inlet and outlet, 30 g (0.015—0.15 moles) of polyethylene glycol and 0.1 ml of 
pyridine were placed.

W hen using solid polyethylene glycols, the temperature was raised above the melting 
p o in t ; otherwise at room temperature, with stirring, freshly distilled S0C12 (3 moles) was added 
to 1 m ole of polyethylene glycol in small portions. After the addition had been completed, 
the reaction mixture was heated to 90 °C and stirred at this temperature for 2 h.

The unchanged S0C12 was then removed in vacuum. Suction was continued until the 
product became free of S 0 2.

The quality of the product was checked by determining the total chlorine content. 
W e used only the products with chlorine contents o f 98 — 102% of the theoretical.

Preparation of a, co-bis-(iV-piperidyl)-polyoxyethylenes

U sing а 250 cm3 flask fitted  with a stirrer, reflux condenser, thermometer, gas inlet 
and outlet, 30 g (0.015 -  0.13 moles) of a, co-dichloropolyoxyethylene was dissolved in dry 
acetonitrile. The quantity of solvent depended upon the average molecular weight of the inter
m ediate. In the case of M  =  200 70 cm3, whereas for M  =  2000 only 10 cm3 of acetonitrile 
was used. To the solution 0.1 cm3 of methyl iodide, and for 1 mole of polyether 6 moles of dry- 
piperidine were added.

The reaction mixture was stirred at 85 — 90 °C for 8 h. The solvent was removed in va
cuo and the residue dissolved in 80 cm3 of benzene. The precipitate was filtered off and 
washed w ith 20 cm3 of benzene. The workup of the benzene solution depended upon the average 
molecular weight of the product.

Purification of a , co-bis-(JV-piperidyl)-polyoxyethylenes 
(M  =  300—1000)

The benzene solution of the product (100 cm3) was extracted with 3 x 2 0  cm3 portions 
of distilled water and the organic phase was evaporated in vacuum.

The residue was dried in a vacuum desiccator over solid paraffin, cone. H2S 0 4 and P20 5

Purification of a, a)-bis-(]V-piperidyl)-poIyoxyethylenes 
(M  =  1500— 2000)

The benzene solution of the product (100 cm3) was extracted with 3 x 3 0  cm3 porti о n 
of distilled water.

Table IV

Refractive indices of polyethylene glycols and a, o>-bis-(N-piperidyl)-polyoxyethylenes

M

n • 0D

н о - О
200 1.4461 1.4639
300 1.4510 1.4620
400 1.4529
600 1.4544 1.4612

1000 1.4562 1.4600
1500 1.4570
2000 1.4572 1.4594
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The combined aqueous solution was mixed with 30 cm3 of n-butanol and successively 
extracted with 15 cm3 of benzene and 15 cm3 of 1,2-dichloroethane. The combined organic 
extracts were evaporated in vacuum and the residue was dried in a vacuum desiccator over 
P20 5, H2S 04 and solid paraffin. The product was characterized by acid titration. The amine 
content of a satisfactory product was 95 —105%.

The refractive indices of materials together with those of the starting polyethylene 
glycols are listed in Table IV.

Preparation of a, ft)-bis-(alkoxy)-polyoxyethy!enes

Into a 250 cm3 flask fitted with a stirrer, thermometer, reflux condenser, gas inlet 
and outlet, 50 cm3 of the appropriate dry alcohol, corresponding to the desired end-group, 
was placed. For 1 mole of the polyether 2 moles of sodium was added. After the sodium had 
dissolved, the mixture was cooled to 25 °C and 0.5 g of dry N al and 30 g of dichloropolyoxy- 
ethylene were added. The mixture was stirred for 1 h at 25 °C and 8h at reflux temperature.

The alcohol was evaporated, and the residue taken up in 80 cm3 of freshly distilled, 
phosgene-free chloroform. The solid was filtered off and washed with 20 cm3 o f chloroform. 
The combined chloroform solutions were successively extracted with 10 cm3 portions of water 
until the last extract was free of chloride ions and neutral. The chloroform solution was then 
evaporated and the residue dried in a vacuum  desiccator over solid paraffin and P20 6.

The alkoxy products could be characterized by determining their OH end-group im
purities. The conversion was established by determining the hydroxide and chloride ion 
contents of the solid and the collected washing water. The refractive indices of the alkoxyl 
products are listed in Table V.

Table V

Refractive indices o f  a,co-bis-(alkoxy)polyoxyethylenes

M
nS*

D

С И ,— 0 — CjH j — 0 —

300 1.4334 1.4319
600 1.4461 1.4445

1000 1.4505 1.4496
1500 1.4536 1.4532
2000 1.4561 1.4540

Preparation of a , m-bis-(phenoxy)-poIyoxyethylenes

In а 250 cm3 flask fitted with a stirrer, reflux condenser, thermometer, gas inlet and out
let, 2 moles of sodium for 1 mole of polyether was dissolved in 50 cm3 of dry ethanol, then 2 
moles of phenol and 0.5 g of N al were added.

Dichloropolyoxyethylene (30 g ;  0.015 — 0.13 moles) was added to the mixture and it 
was stirred for 1 h at 25 °C and 8 h at reflux temperature.

The solvent was evaporated, the residue taken up in 80 cm3 of benzene, the solid fil
tered off and washed with 20 cm3 of benzene.

The product dissolved in benzene was purified in a way depending upon the chain
length.

Purification of a , co-bis-(phenoxy)-polyoxyethylenes
( M  =  200—600)

The benzene solution (100 cm 3) was successively extracted with 10 cm3 portions of 
water until the last extract contained no chloride ion, and was neutral. The organic solution 
was evaporated to dryness and the residue dried in a vacuum desiccator over NaOH, solid 
paraffin and P2Os.
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Purification o f a , tu-bis-(phenoxy)-polyoxyethylenes
(M  =  1000—2000)

T h e  s o l v e n t  f r o m  t h e  b e n z e n e  s o l u t i o n  w a s  e v a p o r a t e d ,  t h e  r e s i d u e  d i s s o l v e d  i n  1 0 0  c m 3 
o f p h o s g e n e - f r e e  c h l o r o f o r m ,  a n d  w o r k e d  u p  a s  d e s c r i b e d  e a r l i e r .

C h a r a c t e r i z a t i o n  o f  t h e  p r o d u c t s  w a s  d o n e  s i m i l a r l y  t o  t h a t  o f  t h e  a l k o x y  c o m p o u n d s .  
T h e  r e f r a c t i v e  i n d i c e s  o f  t h e  p r o d u c t s  a r e  l i s t e d  i n  T a b l e  V I .

Table VI
Refractive indices o f a,co-bis-(phenoxy)polyoxyethylenes

м nD

2 0 0 1 .5 0 7 0

3 0 0 1 .5 0 1 2

4 0 0 1 .4 9 5 2

6 0 0 1 .4 8 6 9

1 0 0 0 1 .4 7 0 0

1 5 0 0 1 .4 6 8 6

2 0 0 0 1 .4 6 5 1

Preparation of a ,  (o-bis(ring substituted phenoxy)-polyoxyethylenes

I n  t h e  p r e p a r a t i o n  o f  t o l y l o x y  a n d  c h l o r o p h e n o x y - s u b s t i t u t e d  p r o d u c t s  t h e  s a m e  
m e t h o d  w a s  u s e d  a s  d e s c r i b e d  f o r  t h e  p h e n o x y  c o m p o u n d s .  F o r  t h e  p r e p a r a t i o n  o f  n i t r o p h e n -  
o x y - s u b s t i t u t e d  p r o d u c t s  t h e  f o l l o w i n g  p r o c e d u r e  i s  s u g g e s t e d .

I n  a  1 0 0  c m 3 f l a s k ,  f i t t e d  w i t h  a  s t i r r e r ,  t h e r m o m e t e r ,  r e f l u x  c o n d e n s e r ,  g a s  i n l e t  a n d  
o u t l e t ,  3 0  g  o f  a , a ) - d i c h l o r o p o l y o x y e t h y l e n e  w a s  a l l o w e d  t o  r e a c t  w i t h  s o l i d  s o d i u m  n i t r o p h e n o -  
l a t e  ( 2  m o l e s  f o r  1 m o l e  o f  p o l y e t h e r )  a t  9 0  °C  f o r  8  h .
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CHARACTERIZATION AND CHROMATOGRAPHIC 
REHAYIOUR OF CYCLODEXTRIN POLYMERS

B. Z s a d o n ,* M. S z il a si, K . H . Ot t a , F . T ü d ő s , É . F e n y v e s i1 and J .  S z e j t l i1

(Eötvös Loránd University, Department o f Chemical Technology, Budapest 
1 Biochemical Laboratory of Chinoin Pharmaceutical and Chemical Works, Budapest)

R e c e i v e d  J u l y  5 ,  1 9 7 8

A c c e p t e d  f o r  p u b l i c a t i o n  S e p t e m b e r  2 7 ,  1 9 7 8

C y c l o d e x t r i n  p o l y m e r s  ( a - C D P ,  /S - C D P  a n d  y - C D P )  h a v e  b e e n  p r e p a r e d  i n  t h e  
f o r m  o f  r e g u l a r  b e a d s  b y  c r o s s - l i n k i n g  c y c l o d e x t r i n s  ( а -C D ,  ß -C D  a n d  y - C D )  ; t h e  p r o d 
u c t s  w e r e  c h a r a c t e r i z e d ,  b e s i d e s  b y  t h e i r  c h e m i c a l  c o m p o s i t i o n ,  o n  t h e  b a s i s  o f  t h e i r  
s w e l l i n g  p r o p e r t i e s  a n d  g r a i n  s i z e .  C y c l o d e x t r i n  p o l y m e r s  w i t h  m e d i u m  s w e l l i n g  
c a p a c i t y  a n d  w e l l  d e f i n e d  c o m p o s i t i o n  p r o v e d  t o  b e  u s e f u l  c o l u m n  p a c k i n g s  f o r  i n c l u 
s i o n  c h r o m a t o g r a p h y .  T h e y  s w e l l  r a p i d l y ,  r e t a i n  t h e i r  f o r m  a n d  a r e  e l a s t i c  ; t h e y  c a n  b e  
s t o r e d  e v e n  i n  t h e  s w e l l e d  s t a t e  f o r  a  l o n g  t i m e  w i t h o u t  d e c o m p o s i t i o n ,  a n d  m a i n 
t a i n  t h e i r  o r i g i n a l  p r o p e r t i e s  a f t e r  r e p e a t e d  r e g e n e r a t i o n s .  C h r o m a t o g r a m s  o b t a i n e d  o n  
t h e  s w e l l e d  C D P  g e l s  c a n  b e  r e a d i l y  r e p r o d u c e d .

U s i n g  2 0  n a t u r a l  a m i n o  a c i d s  a s  m o d e l  s u b s t a n c e s ,  t h e  c h r o m a t o g r a p h i c  b e 
h a v i o u r  o f  a - C D P ,  / ? - C D P  a n d  y - C D P ,  t h e  r e s o l u t i o n  a n d  i t s  d e p e n d e n c e  o n  t h e  e x 
p e r i m e n t a l  c o n d i t i o n s  h a v e  b e e n  s t u d i e d .  R e t e n t i o n  d a t a  o f  t h e  a m i n o  a c i d s  a n d  s e v e r a l  
d a t a  o n  t h e  h e i g h t  e q u i v a l e n t  o f  a  t h e o r e t i c a l  p l a t e  ( П Е Т Р )  a r e  g i v e n .  I n v e s t i g a t i o n s  
s h o w e d  t h a t  a  g o o d  s e p a r a t i o n  o f  a r o m a t i c  a m i n o  a c i d s  f r o m  o n e  a n o t h e r  a n d  f r o m  o t h e r  
a m i n o  a c i d s  c a n  b e  a c h i e v e d  p r i m a r i l y  o n  a  c o l u m n  p a c k e d  w i t h  / J - C D P .  I n  t h e  c a s e  o f  
t r y p t o p h a n  a - C D P  g a v e  t h e  b e s t  s e p a r a t i o n .

A n in te re s tin g  fie ld  of ap p lica tio n  o f po lym ers p rep a red  b y  cross-lin k in g  
cy c lo d ex trin s  (CD) [1, 2] is th e  inc lusion  ch ro m a to g rap h y  [3]. I n  c y c lo d e x tr in  
po ly m ers  (C D P) th e  a b ility  o f  cy c lo d ex tr in s  to  form  inclu sio n  co m p lex es is 
com bined  w ith  th e  c h a ra c te ris tic  p ro p e rtie s  of a cross-linked  p o ly m eric  
s tru c tu re . U sed as stvelled gels, th e se  p o ly m ers  reversib ly  b in d  fro m  so lu tio n s 
c e r ta in  su b stan ces  in  th e  form  o f inc lu sio n  com plexes, an d  re te n t io n  d u rin g  
ch ro m a to g rap h ic  sep a ra tio n  is d e te rm in e d , besides o th e r  e ffec ts  ( e . g .  gel 
p e rm ea tio n , ad so rp tio n ), b y  th e  com plex  fo rm a tio n . T hus, e . g . ,  sim p le  a ro m a tic  
isom ers [1, 3], try p to p h a n  an d  p h e n y la la n in e  [1], or try p to p h a n  a n d  ty ro s in e
[3] could  be se p a ra te d  from  one a n o th e r.

W e re p o rte d  re c e n tly  [5] th a t  using  bead-fo rm  /З-c y c lo d ex trin  p o lym er 
(/3-CDP) as co lum n p ack in g , sev era l n a tu ra l  am ino acids cou ld  b e  s e p a ra te d . 
T herefo re  am ino  acids w ere th o u g h t to  be  su itab le  m odel co m p o u n d s  fo r a 
c o m p a ra tiv e  in v e s tig a tio n  of th e  ch ro m a to g rap h ic  b eh av io u r o f  C D P  colum n 
p ack in g s. In  th e  follow ing th e  re su lts  o f re le v a n t sy stem atic  in v e s tig a tio n s  are 
re p o rte d , com p lem en ted  b y  a b r ie f  d e sc rip tio n  of m ethods fo r th e  c h a ra c te r iz a 
tio n  o f th ese  po lym ers.

A c ta  C h im . A c a d .  S e i .  H u n g .  1 0 0 , 1 9 7 9



266 ZSADON e t al.: CHARACTERIZATION OP CYCLODEXTRIN POLYMERS

M aterials

F o r th e  p r e p a ra t io n  o f the  p o ly m ers , c ry s ta llin e  cyclodex trin s, m a n u 
fa c tu re d  b y  C hino in , w e re  used. T heir m a in  c h a ra c te r is tic s  are  su m m arized  in  
T ab le  I.

Table I

C h a r a c te r is t ic s  o f  th e  c y c lo d e x tr in s  u s e d  f o r  th e  p r e p a r a t io n  o f  th e  p o ly m e r s

b ib '

a - C y c l o d e x t r i n  ( a - C D ) +  1 5 0  +  2 °  ( i n  w a t e r )

/З- C y c l o d e x t r i n  ( /3 - C D ) +  1 6 3  +  2 °  ( i n  w a t e r )

y - C y c l o d e x t r i n  ( y - C D ) +  1 7 7  +  2 °  ( i n  w a t e r )

a - C D - a c e t a t e +  1 0 8 °  ( i n  c h l o r o f o r m )

ß -  C D - a c e t a t e +  1 2 4 °  ( i n  c h l o r o f o r m )

y - C D - a c e t a t e - j - 1 3 8 °  ( i n  c h l o r o f o r m )

In  th e  c h ro m a to g ra p h ic  in v estig a tio n s s ta n d a rd  am ino acids m a rk e te d  
b y  M erck Co. w ere em p lo y ed .

C h a rac te riza tio n  of the cyclodex trin  polym ers

T he cy c lo d ex trin  p o ly m ers  for c h ro m a to g ra p h ic  pu rposes were p re p a re d  
in  th e  presence o f p o ly v in y l ace ta te , acco rd in g  to  o u r process developed  re 
c e n tly  [6] ; а -CD, ß- C D  a n d  у -CD w ere c ro ss-lin k ed  w ith  ethy leneg lyco l- 
d i(e p o x y p ro p y l)-e th er, to  o b ta in  regu lar b ead s  (F ig . 1).

F ig .  1 .  M i c r o s c o p i c  p i c t u r e  o f  /З- c y e l o d e x t r i n  p o l y m e r  ( / 3 - C D P )  p r e p a r e d  i n  t h e  f o r m  o f  b e a d s
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These p o ly m ers  are  w e ll-charac te rized  b y  th e ir  CD co n ten t, p o ly v in y l 
a lcoho l (PYA) c o n te n t , b y  th e  so lv en t r e te n tio n  o f  th e  sw elled p o ly m er an d  
th e  volum e o f th e  gel bed  o b ta in ab le  b y  se d im e n ta tio n , fu r th e r  b y  th e  average  
g ra in  size or g ra in  size d is tr ib u tio n .

The CD c o n te n t  w as d e te rm in ed  e ssen tia lly  b y  th e  m e th o d  recom m ended  
b y  W ie d e n h o f  [7] : th e  po lym er sam ple  w as h y d ro ly z e d  b y  boiling  in  I N  h y d ro 
ch lo ric  acid fo r 2 h . T he lib e ra te d  red u c in g  su g a rs  w ere d e te rm in ed  b y  iodo- 
m e try  accord ing  to  W ills tä tte r . C yclo d ex trin  w as u sed  fo r ca lib ra tio n .

For th e  d e te rm in a tio n  o f th e  PY A  c o n te n t, th e  po lym er sam ple  was 
hydro lyzed  b y  b o ilin g  in  11V h y d ro ch lo ric  ac id  fo r 2 h . T he h y d ro ly z a te  w as 
th e n  n eu tra lized  a n d  th e  PV A  c o n te n t d e te rm in e d  b y  th e  m eth o d  o f F in l e y  
[8] : boric ac id  a n d  iod ine so lu tio n  c o n ta in in g  p o ta ss iu m  iodide w ere ad d e d  to  
th e  solution, a n d  th e  colour in te n s i ty  o f th e  co m p lex  fo rm ed  b y  PV A  w ith  iod ine 
w as m easured  a t  690 nm . PV A  w as used  fo r c a lib ra tio n .

F o r th e  d e te rm in a tio n  o f  so lv en t re te n tio n , th e  po lym er sam ple  w as 
sw elled in th e  so lv e n t (in our p re se n t in v e s tig a tio n s  in  w ate r), th e  sw elled gel 
partic les  w ere f i l te re d  off w ith  m ild  su c tio n  o n  a s in te red  glass f i l te r  G 4, an d  
a n y  residual so lv e n t adh erin g  to  th e  su rface  w as rem oved  b y  cen trifu g in g . 
T h e  cen trifuged  sam p le  was w eighed , th e  re m a in in g  so lven t w as rem o v ed  b y  
d ry ing , and  th e  d ried  sam ple w as w eighed a g a in . T h e  difference o f th e  tw o  
w eighings is th e  so lv en t re te n tio n , w hich is g iv en  in  u n its  o f g so lven t p e r  g d ry  
polim er.

F or th e  d e te rm in a tio n  o f  th e  gel b ed  v o lu m e , th e  w eighed d ry  p o ly m er 
w as placed in to  a  m easu ring  cy lin d er, so lv en t w as ad d e d  in  excess, a n d  p e rio d i
ca lly  shak ing  th e  cy linder, th e  gel w as allow ed to  sw ell. T he gel phase w as th e n  
sed im ented  a n d  a f te r  th e  sw elling  e q u ilib riu m  h a d  been  a tta in e d , th e  vo lum e 
o f  th e  gel b ed  w as read , and  g iven  in  m l p e r  g d ry  po lym er.

A verage g ra in  size an d  g ra in  size d is tr ib u tio n  w ere d e te rm in ed  b y  sieve 
analysis o r (in  th e  case of sm all q u a n titie s )  b y  m icroscopic analysis.

F o r c h ro m a to g ra p h y , m ed iu m  sw elling  cy c lo d ex trin  po lym ers o f 90 — 
200 m icron g ra in  size w ere u sed  : th e  m a in  c h a ra c te r is tic s  are  su m m arized  in  
T ab le  I I .

Table II

M ain characteristics o f  the polymers used for chromatography

a-CDP /3-CDP y-CDP

C D - c o n t e n t ,  % 4 6 4 8 5 0

P V A - c o n t e n t ,  % 0 .3 0 .4 0 .4

W a t e r  r e t e n t i o n , *  g /g 1 .8 1 .7 1 .6

G e l  b e d  v o l u m e ,*  m l / g 4 .0 4 .2 4 .1

* M e a s u r e d  a t  r o o m  t e m p e r a t u r e
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C hrom atog raph ic  procedure

I n  th e  p resen t e x p e rim e n ts  cy c lo d e x tr in  po lym ers w ere a llow ed  to  swell 
in  a q u e o u s  p h o sp h a te  b u ffe r  so lu tio n s (p H  5 — 6), an d  p ack ed  in to  c h ro m a to 
g ra p h ic  co lum ns o f 1.6 cm  d ia m e te r  an d  100 cm  len g th  (P h a rm a c ia  К  16/100), 
e q u ip p e d  w ith  a d a p te r  an d  th e rm o s ta tin g  ja c k e t.

T h e  schem atic  d iag ram  o f o u r c h ro m a to g rap h ic  e q u ip m e n t is show n in  
F ig . 2 . T h e  so lu tion  o f th e  sam p le  (A) an d  th e  e lu en t (B) w ere sucked  in  th ro u g h  
a d is t r ib u to r  valve (C) b y  a p e r is ta lt ic  p u m p  (D) and  fed  in to  th e  ch ro m a to g ra p h -

. r * - E

О о _ A _

F ig .  2 .  S c h e m a t i c  d i a g r a m  o f  t h e  c h r o m a t o g r a p h i c  e q u i p m e n t .  A :  s a m p l e ;  B :  e l u e n t ;  C : 
d i s t r i b u t i o n  v a l v e ;  D :  p e r i s t a l t i c  p u m p ;  E :  c h r o m a t o g r a p h i c  c o l u m n ;  F :  t h e r m o s t a t ;  G : 

U v i c o r d  I I I  U V  a b s o r p t i o m e t e r ;  H :  r e c o r d e r ;  I :  a u t o m a t i c  f r a c t i o n  c o l l e c t o r

ic c o lu m n  (E). The te m p e ra tu re  o f th e  la t te r  teas co n tro lled  b y  a c irc u la tin g  
th e r m o s ta t  (F). The c o n c e n tra tio n  of th e  am ino  acids in  th e  e lu a te  w as  co n 
tin u o u s ly  m easu red  a g a in s t th e  e lu e n t on  th e  basis  o f th e  lig h t a b so rp tio n  a t  
206 n m , u s in g  an  L K B  U v ic o rd  I I I  a b so rp tio m e te r  (G). T he ch an g e  in  con
c e n tra t io n  w as con tin u o u sly  re c o rd e d  (H ), an d  frac tio n s  w ere ta k e n  w ith  an  
a u to m a tic  fra c tio n  co llec to r (I).

D iscussion

C y c lo d e x trin  po lym ers o f  m ed iu m  sw elling  c a p ac ity  an d  w ell d e fin ed  
co m p o sitio n , p rep ared  in  th e  fo rm  o f re g u la r  b ead s , p ro v ed  a d v a n ta g e o u s  as 
p ack in g s  fo r  ch ro m ato g rap h ic  co lum ns. T h ey  sw ell ra p id ly  (in  40 — 60 m in) 
even  a t  ro o m  te m p e ra tu re , a n d  c a n  be  re a d ily  p ack ed  an d  se ttled . T h e  sw elled  
p a rtic le s  do  n o t  deform  an d  a re  e las tic . T h ey  re ta in  th e ir  o rig in a l fo rm , d i
m ensions a n d  p ro p erties  even  a f te r  re p e a te d  d ry in g  (a t 105 °C) a n d  sw elling . 
T hey  h a v e  th e  fu r th e r  a d v a n ta g e  o f  b e ing  re s is te n t to  dam age b y  m ic ro o rg a n 
ism s ev en  w h e n  m oist, th u s  th e y  can  also be  s to re d  fo r a long p e rio d  w ith o u t 
d eco m p o sitio n  w hen swelled in  w^ater.
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F o r a s tu d y  o f  th e  p ro p e rtie s  o f cy c lo d ex trin  p o ly m ers  as pack ings for 
ch ro m ato g rap h ic  co lum ns, sy s te m a tic  in v es tig a tio n s  w ere m ad e  usin g  20 n a tu 
ra l am ino acids as m odel su b stan ces. A ccording to  ou r p re lim in a ry  exp erim en ts , 
ch ro m ato g ram s easy  to  e v a lu a te  an d  rep ro d u ce  cou ld  be  o b ta in e d  in  w eakly  
acid  so lu tions. T h erefo re , o u r in v es tig a tio n s  w ere ca rr ied  o u t in  w eak ly  acid 
(p H  b e tw een  5 a n d  6) p h o sp h a te  b u ffe r  so lu tions.

T he s ta tis t ic a lly  e v a lu a te d  re la tiv e  e lu tion  vo lum es ( V e/V t )  o f 20 n a tu ra l 
am ino acids m easu red  on co lum ns p ack ed  w ith  th e  d iffe ren t cy c lodex trin  
po lym ers (a-C D P , ß-CDF  an d  y-C D P) a t  room  te m p e ra tu re , u sing  an  elu tion  
ra te  o f 40 m l/h  b e tw een  p H  5 an d  6, a re  sum m arized  in  T ab le  I I I .  (T here was 
no s ig n ifican t d ifference  in  th e  v a lu es  m easu red  a t  p H  5 o r 6.)

O n th e  basis  o f  th e  d ifferences in  th e  re la tiv e  e lu tio n  vo lum es, th e  ß- 
cy c lo d ex trin  p o ly m er (/J-CDP) p ro v ed  to  be th e  m ost su ita b le  fo r th e  sep ara tio n  
o f am ino acids. In  th is  case, th e  re te n tio n s  o f th e  a ro m a tic  am ino  acids con
sid e rab ly  d iffer from  one a n o th e r, w hile on th e  o th e r h a n d  th e y  are  c h a ra c te r
is tica lly  la rg e r th a n  th e  re te n tio n s  o f th e  n o n -a ro m a tic  am ino  acids. O f the  
la t te r ,  ly sine h as  th e  sm allest v a lu e . O f a ro m atic  am ino  ac ids, th e  difference 
in  re te n tio n  b e tw een  try p to p h a n  an d  all th e  o th e r am ino  ac ids is th e  g rea test 
in  th e  case o f a-C D P .

T he d ifferences in  th e  re te n tio n s  o f am ino  acids a re  even  easier to  discern
V,  — V„

by  a com parison  o f  th e  v o lu m e tric  p a r ti t io n  coeffic ien ts  \ K av =
V,

Table III

Relative elution volumes (Кс/Р () o f amino acids on columns packed with CDP gels 
(room temperature, pH 5 — 6, elution flow velocity 40 ml/h, column packing 1.6 X 88 cm)

V .IV ,
Ammo acids --------------- ---------------

ß-CD P a-CDP y-CDP

Tryptophan 1.90±0.10 2.20±0.10 1.35±0.05
Tyrosine 1.15±0.05 1.05±0.05 0.95±0.05

Phenylalanine 0.95±0.05 1.0S±0.05 0.85±0.05

Alanine 0.74±0.02 0.77±0.02 0.72±0.02

Further 11 amino acids* 0.75±0.05
Aspartic acid 0.69±0.02
Glutamic acid 0.69±0.02
Arginine 0.69±0.02

Histidine 0.69±0.02
Lysine 0.63±0.02 0.72 ± 0 .02 0.68±0.02

* Cysteine, Glycine, Leucine, Isoleucine, Methionine, Proline, Serine, Threonine, Valine 
as well as Asparagine and Glutamine
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T a b le  IV  con ta in s th e  v a lu e s  c a lc u la ted  from  d a ta  m easu red  fo r a few am ino 
a c id s  o n  a colum n p ack ed  w ith  ß-C D P. T he vo id  v o lu m e  o f th e  co lum n 
w a s , d e te rm in e d  w ith  w a te r-so lu b le  p ro te in s  o f  h ig h  m o lecu la r w eigh t. 
{ V o / V t —  0.38.)

Table IV

Volumetric partition coefficients (K ac) o f a few amino acids on columns packed with ß-CDP  
(room temperature, pH 5—6, elution flow velocity 40 ml/min, column packing 1.6 X 88 cm)

t. v . — v ,  
av~  v t - v ,

Tryptophan 2.45±0.15
Tyrosine 1.25±0.10
Phenylalanine 0.92±0.10
Alanine 0.58±0.04
Lysine 0.40±0.03

T h e  reso lu tion  o f a c h ro m a to g ra p h ic  co lum n is d e te rm in ed , besides th e  
d iffe ren ce  in  re ten tio n , also  b y  th e  efficiency o f sep a ra tio n . F o r  th e  c h a ra c te r
iz a t io n  o f  th e  la tte r , th e  h e ig h t e q u iv a le n t of a th e o re tic a l p la te  (H E T P ) was 
d e te rm in e d  for a colum n p a c k e d  w ith  /1-CDP w ith  a few  am ino  acids u n d e r 
d if fe re n t cond itions. I t  can  b e  seen  from  th e  d a ta  su m m arized  in  T ab le  V 
t h a t  o n  a co lum n p ack ed  w ith  /3-CDP, sep ara tio n  a t  ro o m  te m p e ra tu re  is m ost 
e ff ic ie n t a t  an  elu tion  ra te  o f 10 — 20 m l/h.

Table V

Change o f  the height equivalent o f a theoretical plate with the elution flow  velocity (room tempera
ture, pH 5—6, column packing 1 .6 x 8 8  cm)

Height of a theoretical plate (HETP), mm

10 ml/h 20 ml/h 40 ml/h 80 ml/h

Tryptophan (0.2 mg) 0.7—0.8 0.7—0.8 1.7— 1.9 w d 1 w is»

Tyrosine (0.1 mg) 0.7—0.8 0.7—0.8 1.0 —1.2 2.0—2.2
Phenylalanine (0.1 mg) 0.7 —0.8 0.7—0.8 1 .3 -1 .5 2 .1 -2 .3
Alanine (2 mg) 0 .4— 0.5 0.4 —0.5

COÖ1d

T h e  H E T P  depends to  a co n sid e rab le  e x te n t also on  th e  te m p e ra tu re . 
As c a n  b e  seen  from  Fig. 3, th e  m o s t e ffic ien t sep a ra tio n  ( th e  sm a lle s t th e o re t
ical p la te  h e ig h t) is to  be e x p e c te d  a t  room  te m p e ra tu re . O n th e  basis  o f th e  
d a ta  o b ta in e d  for a ro m atic  am in o  ac ids a t  room  te m p e ra tu re  a n d  a t  an  e lu tion  
ra te  o f  10 — 20 m l/h , th e  ex p ec ted  n u m b e r  of th eo re tica l p la te s  o f  a 1 m  co lum n 
p ack ed  w ith  /S-CDP is 1200 to  1400.
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Fig. 3. Dependence of the height equivalent of a theoretical plate (HETP) on the temperature 
(1 .6 x 8 8  cm column packing, pH 5—6, elution rate 40 ml/h.)

Fib. 4. Separation of amino acids on a column packed with yS-CDP. (1 .6 x 8 8  cm, pH 5 - 6 ,  
elution rate 10 ml/h, room temperature.)

B y  w ay  o f exam ple , th e  ch ro m a to g rap h ic  se p a ra tio n  o f  try p to p h a n , 
ty ro s in e , p h en y la lan in e , a la n in e  an d  lysine is show n on co lum ns p ack ed  w ith  
/1-CDP (F ig . 4), a -C D P  (F ig . 5) an d  y-C D P (F ig . 6). As w as to  be  expected , 
th e  b e s t re so lu tio n  (com plete  sep a ra tio n ) could  be  ach ieved  on  a co lum n  packed  
w ith  £-C D P.

F o r com parison , a m ix tu re  o f th e  above 5 am ino  acids w as ch ro m ato 
g rap h ed  un d e r id e n tic a l co n d itio n s  on a co lum n p a ck ed  w ith  S ep h ad ex  G-25 gel, 
w hich  b inds th e  am ino  acids b y  ad so rp tio n  acco rd in g  to  d a ta  in  th e  lite ra tu re
[9]. As can be  seen from  th e  ch ro m a to g ram  show n in  F ig . 7, th e  sequence of 
e lu tio n  is th e  sam e as th a t  o b ta in e d  on co lum ns p ack ed  w ith  C D P , b u t  reso lu
tio n  is poorer th a n  on th e  co lu m n  packed  w ith  Д-C D P, or (in  th e  case o f try p -
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Fig. 5. Separation of amino acids on a column packed with a-CDP. (1 .6 x 8 8  cm, pH 5—65 
elution rate 10 ml/h, room temperature.)

Fig. 6. Separation of amino acids on a column packed with y-CDP. (1 .6 x 8 8  cm, pH 5—6, 
. elution rate 10 ml/h, room temperature.)

to p h a n )  w ith  a-CD P. T h e  re la t iv e  e lu tio n  volum es ( V ej V t ) o f th e  c h ro m a to 
g ra p h ic  p e a k s  on th e  co lum n p a c k e d  w ith  S ep h ad ex  G-25 gel are  1.56, 1.08,
1.02, 0 .8 6  a n d  0.83.

T h e  resu lts  described  a b o v e  a re  co nsisten t w ith  th e  co n cep tio n  th a t  in  
th e  s e p a ra t io n  of th e  am ino  ac id s  d iscussed, a t  le a s t in  th e  cases o f  /3-CDP an d  
a -C D P , th e  fo rm ation  o f  in c lu s io n  com plexes has also  p lay ed  a ro le  besides 
a d s o rp tio n . I t  seems ju s tif ie d  to  assu m e th a t  th e  co n siderab le  in crease  in  r e te n 
tio n  o f  m a in ly  try p to p h a n  a n d  ty ro s in e  on /1-CDP gel, an d  o f t r y p to p h a n  on 
a -C D P  g e l, as com pared w ith  th e i r  re te n tio n  on S ep h ad ex  G-25 gel, is d u e  to  
co m p lex  fo rm a tio n . (This s ta te m e n t  is consisten t w ith  ea rlie r ch ro m a to g rap h ic
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Fig. 7. Separation of amino acids on a column packed with Sephadex G-25 gel. (1 .6 x 8 8  cm 
pH 5— 6, elution rate 10 ml/h, room temperature.)

o b se rv a tio n s  [1, 3, 4] an d  w ith  th e  ex p erien ce  th a t  from  so lu tio n s  p rim a rily  
th o se  a ro m atic  co m p o u n d s can  be b o u n d  w ith  cyclodex trin  p o ly m e rs , w hich  
d em o n s tra b ly  fo rm  inc lusion  com plexes w ith  th e  respective  cy c lo d ex trin s .)  
M oreover, i t  sh o u ld  be  ad d ed  th a t  in  th e  case of n o n -a ro m atic  am in o  acids 
(in  th e  p resen t case , a lan in e  an d  lysine) com plex  fo rm a tio n  is less to  be  ex 
p e c te d , and  in d eed , re te n tio n  based  on  a d so rp tio n  is so m ew h at p o o re r  th a n  
o n  Sephedex  G-25 d e x tra n  gel.
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A method has been developed for the simultaneous determination of the protona
tion constants characteristic of the single functional groups and of pairs of groups 
forming hydrogen bonds, and of the number of hydrogen bonds in systems of over
lapping protonation equilibria. The group and structural constants of the polyfunctional 
ligands, ACTH,_4 and ACTHj_ 32 polypeptides in 50% propylene glycol solution have 
been determined by the method, and from the constants conclusions are drawn con
cerning the interaction of the functional groups with one another and with the solvent.

In tro d u c tio n

T he in te rp re ta t io n  of th e  p ro to n a tio n  e q u ilib ria  o f  lig an d s co n ta in in g  
sev era l donor g ro u p s  o f  sim ilar b a s ic ity  is m ade r a th e r  d iff ic u lt b y  overlap p in g  
processes. No e v a lu a tio n  m ethod  w as e lab o ra ted  so fa r  su ita b le  fo r c h a ra c te riz 
in g  th e  single fu n c tio n a l groups in  system s show ing  th e  o v erlap  o f m ore th a n  
tw o  p ro to n a tio n  s te p s . This is r a th e r  su rp ris in g  as th e  basic  re la tio n sh ip s  
b e tw een  m ac ro co n stan ts , c h a ra c te r is tic  o f th e  s tepw ise  p ro to n a tio n  of th e  
m olecule, and m ic ro co n stan ts , d escrib in g  th e  p ro to n a tio n  o f a c e r ta in  group  
o f  th e  m olecule in  a given s ta te  o f p ro to n a tio n , w ere e s tab lish ed  by  Niels 
B je r r u m  in his c lass ica l w ork as e a r ly  as 1923 fo r sy stem s c o n ta in in g  m olecules 
o f  tw o  and th re e  g ro u p s w ith o u t h y d ro g en  b o n d in g  [1]. S ince t h a t  tim e  th e  
l i te ra tu re  on m e th o d s  for th e  d e te rm in a tio n  o f  m a c ro c o n s ta n ts  has v a s tly  
e x p an d ed  [2 —4] a n d  th e  accu m u la ted  resu lts  f ill sev e ra l vo lum es [5]. T h is 
m u ch  less applies to  m ic ro co n stan ts , because in  sp ite  o f th e  fa c t th a t  severa l 
com plex  m easu rin g  m ethods in c lu d in g  UV, R a m a n , N M R  sp ec tro scopy , etc. 
a n d  m ethods o f  e v a lu a tio n  are k n o w n  [6  —10], th e  p e rfo rm an ce  o f  th ese  m e th 
ods is lim ited  to  fo u r  m ic ro co n stan ts  c h a ra c te r is tic  o f  tw o  g roups, or to  tw o 
tim e s  tw o groups co n ta in ed  in  th e  m olecule, th u s  to  e ig h t m ic ro co n stan ts  [11]. 
T h is  is to  be a t t r ib u te d  p rim arily  to  th e  fa c t th a t  th e  n u m b e r o f b o th  th e  pos
sib le species o f d iffe re n t p ro to n a tio n  and  th e  m ic ro c o n s ta n ts  c h a ra c te ris tic  o f
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th e s e  p a rtic le s  increases ra p id ly  w ith  an  increasing  n u m b e r o f fu n c tio n a l groups, 
c a u s in g  d ifficu lties in  e v a lu a tio n , in su rm o u n ta b le  so fa r.

P o ly fu n c tio n a l b io lig an d s, p la y in g  an  im p o r ta n t  ro le  in  v i ta l  processes, 
c a n  e x e r t  th e ir  ac tio n  o n ly  a t  a su ita b le  p ro to n a tio n  o f th e ir  g ro u p s. T herefore, 
th e  know ledge of th e  p ro to n a tio n  c o n s ta n ts  o f th e se  g roups is v e ry  im p o r ta n t 
a lso  f ro m  th e  aspec t o f  th e  u n d e rs ta n d in g  and  in flu en c in g  b io log ica l system s. 
I n  th e  follow ing th e  re su lts  o f  a w o rk  a re  su m m arized , th e  o b je c t o f  w hich  was 
th e  e la b o ra tio n  o f a  m e th o d  p e rm ittin g  in  p rinc ip le  th e  s im u ltan eo u s  d e te rm i
n a t io n  o f  th e  p ro to n a tio n  c o n s ta n ts  o f th e  fu n c tio n a l g roups a n d  o f th e  n u m b er 
o f  h y d ro g e n  bonds b e tw een  th e se  g roups. T he m e th o d  is i l lu s tra te d  on th e  
e x a m p le  o f a p ro to n a tio n  s tu d y  o f  tw o  frag m en ts  o f  th e  c o rtic o tro p in e  (ACTH) 
m o lecu le  in  p ropy lene  g ly co l—w a te r  m ix tu re , w here  th e  effect o f  in te ra c tio n  
o f  th e  fu n c tio n a l g roups w ith  one a n o th e r  an d  w ith  th e  so lv en t on  th e  group 
p ro to n a t io n  co n stan ts  can  b e  observ ed .

P rin c ip les  o f th e  M ethod

A  m olecule c o n ta in in g  tw o  fu n c tio n a l g roups, in  w h ich  th e  sites of 
c o o rd in a tio n  are n o t e q u iv a le n t, is ch a rac te rized  b y  th e  p ro to n a tio n  equ ilib ria  
sh o w n  in  F ig . 1.

Fig. 1. Protonation equilibria of molecules containing two groups, without formation of hydro
gen bonds

T h e  m icro co n stan ts  re le v a n t  to  th is  sy stem  are  :

K A = [Eo+ ]

K B

[H+] [[g] 
[ft]

[ft]
[ Н + ][Го+ ]

К й = [f t]
( 2)

[H + ][[°] [H +] [ f t ]

w h ere  th e  u p p er in d ex  d en o te s  th e  g roup  being  p ro to n a te d  in  th e  process, 
w hile  th e  low er index  th e  a lre a d y  p ro to n a te d  group .
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M ateria l b a lan ces  can  be -w ritten as

Cl =  [lo] +  [1Í] +  [[+] +  [l + ] (3)

CH =  [H  + ] +  [[0+] +  [[“+] + 2[[ + ] ,

w here  Cl is th e  to ta l  lig an d  c o n c e n tra tio n  and  Ch th e  to ta l  h y d ro g e n  ion 
c o n cen tra tio n .

R ea rra n g e m en t o f E q s  (2) an d  th e ir  s u b s titu tio n  in to  E q . (3) g ives;

CL =  [lo] +  (K A +  K B)[10][H + ] +  K a ^ [ [ " ] [ H  + ]2 =

=  [lo] +  ( K A +  K B) [ l ő ] [ H  + ] +  K b k £ [ 1 0 ] [ H + ] 2

CH =  [H + ] +  ( K A +  X B)[10][H + ] +  2 K aK a [H  + ]2[lo] =

=  [H  + ] +  (K A +  K B)[lő ][H + ] +  2X b ÍCb [H  + ] 2[|Ő] . (4)

I t  can  be seen fro m  E q s  (4) th a t  on th e  basis  of th e  m a te r ia l b a la n c e  w ritte n  
fo r an y  o f  th e  to ta l  c o n cen tra tio n s , th e  c o n s ta n t to  be o b ta in e d  fro m  p o ten tio - 
m e tric  d a ta  b y  th e  v a rio u s  k n o w n  e v a lu a tio n  m eth o d s as th e  co effic ien t of 
h y d ro g en  ion a c tiv ity , is th e  sum  o f m ic ro co n stan ts  c h a ra c te riz in g  th e  d iffe ren t 
fu n c tio n a l g roups, w hile th e  c o n s ta n t o b ta in e d  as th e  coeffic ien t o f  th e  square  
o f  hyd rogen  ion  a c tiv i ty  is th e  p ro d u c t o f  co rrespond ing  m ic ro c o n s ta n ts  (one 
o f th em  is, how ever, d iffe ren t from  th e  fo rm er m ic ro co n stan ts) :

ßx =  K A +  K li

ß2 = K A K% =  K BK % ,  (5)

w here ß x an d  ß2 a re  com plex  p ro d u c ts  o b ta in ab le  b y  th e  u su a l ev a lu a tio n  
m ethods.

T he sam e ty p e  o f  re la tio n sh ip  fo r a  system  c o n ta in in g  m olecules w ith  
th re e  groups is :

ßx =  K A +  K B +  K c

ß2 = K A K B +  K A К  a  +  K DK CB =  K b K b +  K c K c  +  K c k E

ß3 =  K A K a  K Ca в =  K B K b KÜc =  K c K B K%c ■ (7)

T he co rresp o n d in g  eq u ilib ria  a re  show n in  F ig . 2.
M odels show n in  F igs 1 an d  2, a n d  re la tio n sh ip s  (5) an d  (7) w h ich  can 

be derived  from  th e m , are  c h a ra c te r is tic  o f th e  p ro to n a tio n  p rocesses o f m ole
cules, in  w hich  th e  fu n c tio n a l g roups do n o t form  in tra m o le c u la r  H -b o n d s  w ith  
one a n o th e r, an d  in flu en ce  one a n o th e r’s p ro to n a tio n  processes o n ly  b y  in d u c
tiv e  an d  m esom eric  effects, or possib ly  b y  h y d ro p h o b ic  in te ra c tio n .

Two fu n c tio n a l g roups (A an d  B) fo rm  an  I l-b o n d  on ly  i f  th is  is en e rg e ti
ca lly  fav o u rab le  fo r th e  sy stem . Since th e  I l-b o n d  b e tw een  A a n d  В rep resen ts
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Fig. 2. Protonation equilibria of molecules containing three groups, without formation of
hydrogen bonds

Г  " Kf \
H

J
K„

— 0

Fig. 3. Protonation equilibria of molecules containing two groups in the case of hydrogen
bond formation

th e  s in g ly  p ro to n a te d  s ta te  o f  th e  low est energy  lev e l, th e  H -b o n d  is fo rm ed  
re g a rd le ss  o f w h e th e r th e  p ro to n  approaches th e  m olecu le  fro m  group A or B. 
T h is red u ces  th e  possib le n u m b e r  o f partic les o ccu rrin g  in  th e  system  (Fig. 3). 
I n  th is  case

ß i  — K j ; ß2 =  K f  • K d , (9)

w h e re  K f  is th e  m icro- an d  a t  th e  sam e tim e  g roup  c o n s ta n t (to  be in tro d u c e d  
in  th e  follow ing), c h a ra c te r is tic  o f  hydrogen  b o n d  fo rm a tio n , w hile K d t h a t  
c h a ra c te r is tic  of its  ru p tu re  a n d  th e  u p tak e  o f th e  second  p ro to n .

F o r  m olecules c o n ta in in g  th re e  fu n c tio n a l g ro u p s (A, В a n d  C), th e  schem e 
o f p ro to n a tio n  in  th e  case o f  H -b o n d  fo rm atio n  b e tw een  g ro u p s  A and  В is
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Fig. 4. Protonation equilibria of molecules containing three groups in the case of hydrogen
bond formation

show n in Fig. 4 [w here th e  sym bols accord ing  to  E q s (16) are  in d ica ted  in  a 
sim plified  fo rm ]. F ro m  th is  th e  follow ing re la tio n sh ip s  a re  o b ta in e d :

ß 1 =  K / +  K c

ß 2 =  K f K f  +  K f K /  =  K c K fc  +  K f K j

ß 3 =  K f K j  K j c  =  к с  K Jc  K f c  =  K J K f  K % .  ( 11)

Tables I an d  I I  show  th e  re la tio n sh ip s  b e tw een  th e  n u m b e r o f g roups (n ) 
to  be found  in  th e  m olecu le , th e  n u m b er o f  h y d ro g en  bon d s (к ) lin k in g  th e  
g roups, and  th e  n u m b e r  o f  species and  m ic ro c o n s ta n ts , re sp ec tiv e ly .

I t  becom es e v id e n t from  a com parison  o f  E q s  (5) an d  (9) as w ell as (7) 
an d  (11) th e  p ro to n a tio n  schem es (6) an d  (10) a n d  d a ta  in  T ab le  I ,  t h a t  in  th e  
case o f h y d ro g en  b o n d  fo rm a tio n  th e  n u m b e r o f  species fo rm ed  is less th a n  
w ith o u t H -b o n d  fo rm a tio n , a n d  th u s , th e  n u m b e r  o f  m ic ro co n stan ts  needed  
for th e  c h a ra c te r iz a tio n  o f  th e  w hole e q u ilib riu m  sy s tem  is also in v ers ly  p ro 
p o rtio n a l to  th e  n u m b e r  o f  h y d ro g en  bonds (T ab le  I I ) .

Table I

Number of species in the system as a function of the number o f groups (n) contained in the molecule, 
and o f the number of hydrogen bonds (к) linking the groups

'.\  ̂  n
к l 2 3 4 5 6

0 2 4 8 16 32 64
1 — 3 6 12 24 46
2 — — — 9 18 35
3 — — — — — 27
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Table II

Number o f  microconstants serving fo r the complete equilibrium characterization of the system as a 
function o f  the number of groups (n) contained in the molecule and of the number of hydrogen bonds

(k) linking the groups

n
к 1 2

3
4 5 6

0 1 4 12 32 80 192

1 — 2 7 20 52 128
2 — — — 12 33 84

3 — — — — — 54

O n  com parison  o f th e  sy s te m  o f  E q s (5) an d  (9), as w ell as (7) a n d  (11), 
i t  is re m a rk a b le  and  o f basic  im p o r ta n c e  fo r th e  d e te rm in a tio n  o f th e  n u m b er 
o f h y d ro g e n  bonds to  be d e sc rib e d  la te r ,  t h a t  fo r an y  o f th e  sy stem s th e  n u m b er 
o f  t e r m s  in  th e  i- th  ß  c o n s ta n t  is e q u a l to  th e  n u m b e r o f i- tim es  p ro to n a te d  
spec ies p re s e n t in  th e  so lu tio n .

T h e  difference b e tw een  th e  m ic ro co n stan ts  re le v a n t to  th e  sam e group 
in  d if fe re n t  su rround ings can  b e  tra c e d  b a c k  to  tw o basic  fa c to rs . O ne o f  th ese  
is th e  e le c tro n -a ttra c tin g , (i.e. b a s ic ity -red u c in g ) effect, occu ring  on  p ro to n a 
tio n  o f  th e  a d jacen t g roup , a n d  p e rc e p tib le  also on th e  se lec ted  g roup . T h is ef
fe c t is  o p e ra tiv e  w hen th e  a d ja c e n t  g roup  is se p a ra te d  b y  an  a d e q u a te ly  low 
n u m b e r  o f  ca rbon  (or o th e r) a to m s  fro m  th e  g roup  in  q u es tio n , i.e. th e  s ta tic  
in d u c tiv e  effect ac tu a lly  reach es  th e  g iven  fu n c tio n a l g roup .

T h e  o th e r  essential e ffec t to  be  ta k e n  in to  acco u n t is th e  s te ric  p ro x im ity  
e s ta b lis h e d  b y  th e  p ro to n a tio n  m ore  o ften  o f th e  a d ja c e n t a n d  m ore  seldom  
o f th e  m o re  d is ta n t fu n c tio n a l g ro u p , causing  changes in  ro ta t io n a l  energy  
leve ls , w h ic h  resu lts in  th e  fo rm a tio n  o f a h y d ro g en  b o n d , e n su rin g  a low er 
en e rg y  le v e l  fo r th e  system .

I n  th e  case of m olecules h a v in g  u n k n o w n  s tru c tu re  in  th e  so lu tio n , th e  
f i r s t  e f fe c t c an n o t be in v e s tig a te d  s e p a ra te ly  from  th e  second effect b y  th e  
p o te n tio m e tr ic  m ethod , b e cau se  th e  change o f th e  p ro to n a tio n  c o n s ta n t ob 
se rv ed  c a n n o t  be sep a ra ted  in to  s ta t ic  in d u c tiv e  effect an d  H -b o n d  fo rm a tio n . 
T h e re fo re , in d ep en d en t e x p e rim e n ta l d a ta  are  n eeded  to  e s tab lish  e lec tro n  
a t t r a c t io n  a n d  electron re lease  th ro u g h  th e  cha in . D a ta  o f th is  k in d  are  fu rn ish 
ed b y  th e  p ro to n  resonance m e a su re m e n ts  o f S u d m e ie r  an d  R e il l e y  [12]. 
T hese a u th o r s  have found th a t  th e  ch an g e  in  chem ical sh if t occu rrin g  on  p ro to 
n a tio n  o f  th e  p rim ary  am ino  g ro u p  can  s till be perce ived  a t  th e  th i r d  (у ) 
c a rb o n  a to m  from  th e  am ino  g ro u p , b u t  n o t a t  m ore d is ta n t  a to m s. In  th e  
case o f  c a rb o x y la te  th e  e ffec t c a n n o t b e  m easu red  an y  m ore a t  th e  th i r d  (y) 
c a rb o n  a to m . This m eans th a t ,  w ith  th e  ex cep tio n  o f c o n ju g a te d  sy s tem s, 
e le c tro n  a t t r a c t io n  occurring  on  p ro to n a tio n  o f  group  В (or e lec tro n  d o n a tio n  
on loss o f  a  p ro to n ) w ill cause a  p e rc e p tib le  change in  th e  e lec tro n  d e n s ity  o f
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group  A only  i f  n o t m ore th a n  2 a to m s a re  lo c a te d  betw een th e  tw o  fu n c tio n a l 
g roups. In  p ep tid e s  th is  occurs o n ly  in  th e  single case w hen  th e  C -te rm in a l 
am ino  ac id  is a sp a r tic  acid. In  th e  case o f  C -te rm in a l g lu tam ic  ac id  th e  n u m b e r 
o f in te rm e d ia te  ca rb o n  a to m s is a lre a d y  th re e , w hile in  th e  n e x t in te rc h a in  case, 
w hen  th e  — A sp — A sp sequence is p re se n t, th e  n u m b er o f in te rm e d ia te  
a to m s is a lread y  six .

T h u s , d isreg ard in g  tho se  p ep tid e s  th e  C -te rm ina l am ino g ro u p  o f w hich  
is a sp a r tic  acid , o r to  be on th e  safe side , g lu tam ic  acid, i t  can  b e  e s tab lish ed  
th a t  th e  b a s ic ity  o f  th e  fu n c tio n a l g ro u p s in  th e  side chain  of p e p tid e s  occu rrin g  
in  p ra c tic e , an d  th u s  th e  v a lu e  o f th e  p ro to n a tio n  m ic ro co n stan ts  o f  th e  said  
fu n c tio n a l g roups c an n o t be a ffec ted  b y  e lec tro n  sh ifts th ro u g h  th e  c h a in  even 
due to  th e  n e a re s t fu n c tio n a l g roup . T h is  m ean s th a t  m ic ro c o n s ta n ts  re le v a n t 
to  id e n tic a l g roups a re  to  be considered  as id e n tic a l, in d e p e n d e n tly  o f  th e  p ro 
to n a tio n  o f th e  m olecule in  th e  e n v iro n m e n t o f  th e  group. A cco rd in g ly , in  the  
case o f a m olecule w ith  tw o g roups i t  follow s from  E qs (2) th a t

K A =  K b =  K A

K B =  K A — K B (12)

a n d  su b s ti tu t in g  E q s (12) in to  E q . (Б) :

ßi — K A +  K B

ß2 =  K A K B . (13)

In  an  analogous w ay , in  a m olecule c o n ta in in g  th ree  groups, in  th e  absence  of 
H -b o n d s:

TV-A |V-A 1T-A -jnrA ТГA  =  A ß  =  A c  =  A bc - z a  a
В j f B  jv 'B  jv-

A =  AA =  Ac =  Аде =  Aß

К с =  К СА =  K g  =  К Ав  =  K e  (14)

an d  u p o n  su b s titu tio n  of E qs (14) in to  E q s  (7 ) :

ß ^ K A  +  Ka +  Kc
ßi =  K A K B +  K A K c +  K b  K c

ß 3 =  K A K B K c . (15)

In  th e  case o f H -bond  fo rm a tio n  in  a m olecule co n ta in in g  tw o  groups 
th e  red u c tio n s  are  n o t feasib le.

In  th e  case o f H -bond  fo rm a tio n  in  a m olecule co n ta in in g  th r e e  g roups :

K f  =  K JC =  K j

K c =  K f  =  K %  =  K c

K f  =  K f c =  K d , (16)
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w h ere  К ^ is a c o n s ta n t c h a ra c te r is tic  of h y d ro g e n  b o n d  fo rm ation , K d a co n 
s ta n t  c h a ra c te r is tic  o f  th e  ru p tu re  of th e  sam e b y  p ro to n a tio n ; u p o n  s u b s ti
tu t in g  E q s  (16) in to  (11) one ob ta in s

ß ^ K f + K c

ß2 =  K j K c +  K j K d

ß a =  K } K c K d. (17)

I n  g e n e ra l fo rm u la tio n  fo r th e  case o f n g roups a n d  к  hyd ro g en  bonds:

n - k
ßx =  2  K <1=0

n - k
n—k —l b к

ß * =  2  П К ‘ +  2 K s K s + n - k
a=0 i=a s= 0

b=a+ 1

n - k
n —k —l n—k

ßz =  П~2 Ú  K < + 2 K s K s + n -k  2  K t 
a = 0 i=a s= 0 i=0

b=d~\~\ i = s + l
c=b + \

ß n =  I I  K t ,  (18)
i=i

w here  K t an d  K s a re  g ro u p  c o n s ta n ts  ca rry in g  th e  sym bo ls of c u rre n t in d ex es  
i a n d  s. C o n stan ts  d e n o te d  fro m  K x t i l l  K k a re  th e  s t r u c tu r a l  co n stan ts  c h a ra c te r 
iz in g  th e  fo rm atio n  o f  H -b o n d s , those  from  K k+1 t i l l  K n_k are th e  p ro to n a tio n  
c o n s ta n ts  o f g roups w ith o u t H -bond  fo rm atio n , w h ile  co n stan ts  from  K n_k+1 
t i l l  K n re fe r  to  ru p tu re  o f  H -b o n d s  b y  p ro to n a tio n .

I t  c an  he seen fro m  eq u a tio n s  (13), (15) a n d  (16) th a t  th e  n u m b e r o f 
u n k n o w n  group  c o n s ta n ts  (К a , K q, K q) an d  t h a t  o f  th e  group -f- s t ru c tu ra l  
c o n s ta n ts  (Kj ,  K d), re sp e c tiv e ly , is equal to  t h a t  o f  th e  know n m ac ro co n stan ts  
(ß v  ß v  Дз) t0  8e d e te rm in e d  from  p o ten tio m e tric  d a ta .  T hus, know ing th e  H - 
b o n d  fo rm in g  p ro p e rtie s  o f th e  m olecule, p ro to n a tio n  co n stan ts  c h a ra c te r is tic  
o f  th e  g roups and  o f th e  s t ru c tu ra l  e lem ents can  be  determ ined .*

* I t  should be noted that the simplifying reductions in systems of equation (12), (14) 
and (16) can be performed only in the case of adequately distant groups, because otherwise 
incorrect results (like those described in Ref. [14]) will be obtained.
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S im ultaneous d e te rm ina tion  o f g roup  constan ts  and  th e  n u m b er 
of hydrogen  bonds from  p ro to n a tio n  n iacro co n stan ts

I f  th e  n u m b e r o f h y d rogen  bon d s in  th e  m olecule in v e s tig a te d  is know n, 
from  re la tio n sh ip s  (13), (15) or (16), th o u g h  th e y  can n o t be  m ad e  exp lic ite  
b o th  fo r g roup  a n d  s tru c tu ra l c o n s ta n ts , th e  values o f K a , К в ,  K e , K j, K d 
c an  b e  o b ta in ed .

H ow ever, in  th e  m a jo rity  o f  cases, p a r tic u la r ly  for c o m p lic a te d  m olecules, 
th e  n u m b e r o f H -b o n d s in  u n k n o w n .

As becom es ev id en t from  th e  co m p ariso n  o f eq u a tio n s (9) a n d  (12) as 
w ell as (15) a n d  (17) an d  from  th e  in te rp re ta t io n  of (18), th e  co rrespond ing  
com plex  p ro d u c ts  (ß ) a re  d e te rm in ed  b y  th e  g roup  co n stan ts  a n d  b y  th e  n u m b er 
o f  species (w hich depends, besides th e  k n o w n  n u m b er of fu n c tio n a l g roups, on 
th e  u su a lly  u n k n o w n  n u m b er o f h y d ro g en  bon d s ; see also T a b le  I) . T h is offers 
a t  th e  sam e tim e  a possib ility  fo r th e  s im u ltan eo u s  d e te rm in a tio n  o f th e  group 
c o n s ta n ts  an d  th e  n u m b er of h y d ro g en  b o n d s, w hen th e  ß  v a lu e s  are  know n.

I t  can  be seen th a t  from  th e  n com plex  p ro d u c ts  of a m olecu le  con ta in in g  
n  g roups, th e  n g roup  or s tru c tu ra l  c o n s ta n ts  can  be o b ta in e d  in  a n y  case as 
th e  ro o ts  of th e  sy s tem  o f eq u a tio n s  b y  a su ita b le  m a th e m a tic a l (e.g. N ew ton  — 
R ap h so n  ite ra tio n )  m eth o d , w h ich ev er re la tio n sh ip  is used. N a tu ra l ly , rea lity  
is co rrec tly  re fle c ted  on ly  b y  th o se  g roup  an d  s tru c tu ra l c o n s ta n ts , in  the  
c a lcu la tio n  o f w h ich  th e  n u m b e r o f th e  assu m ed  H -bonds has b e e n  th e  sam e as 
in  re a lity .

I f  th e  chem ical m odel is n o t  co rrec t (incorrec t n u m b e r o f  H -bridges) 
som e o f th e  ro o ts  o f th e  eq u a tio n  sy s tem  m ay  be com plex or n e g a tiv e . In  view 
o f th e  fac t th a t  a p ro to n a tio n  c o n s ta n t is a lw ays a rea l p o s itiv e  n u m b e r, th is  
in  i ts e lf  w ould be  su ffic ien t p ro o f  o f th e  incorrec tness o f th e  m odel, if  the  
m a c ro c o n s ta n ts  o b ta in e d  from  m easu red  d a ta  w ere n o t su b je c t to  ra n d o m  er
ro rs , w hich  a re  s im ila rly  sources o f  d is to r tio n  in  th e  ty p e  a n d  p a r tic u la r ly  in 
th e  v a lu e  of th e  ro o ts  o b ta in ed . T h u s , th e  m o st su itab le  m e th o d  o f d e te rm in a 
tio n  o f  th e  g roup  (or s tru c tu ra l)  c o n s ta n ts  o f  a m olecule c o n ta in in g  an  unknow n  
n u m b e r  o f h y d ro g en  bonds, a n d  o f th e  n u m b e r of h y d ro g en  b o n d s  in  real 
sy s tem s is th e  follow ing.

F rom  th e  d ifference of th e  com plex  p ro d u c ts , o b ta in ed  fro m  d a ta  m ea
su red , and  from  th e  group  c o n s ta n t co m b in a tio n s  yield ing th e  sa m e , a q u a d ra tic  
e rro r  fu n c tio n  is g en era ted  in  each  m em b er o f th e  eq u a tio n  sy s te m . C onstan ts 
o b ta in e d  a t  zero  va lu e  (w hich is th e  m in im u m  of th e  e rro r fu n c tio n ) o f the  
p a r t ia l  d e riv a tiv e s  w ith  resp ec t to  a ll th e  g roup  co n stan ts  o f a ll th e  m em bers 
o f  th e  eq u a tio n  sy s tem  xvill g ive th e  g ro u p  o r s tru c tu ra l c o n s ta n ts  w ith  the 
b e s t f i t  to  the  d a ta .
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F o r  ex am p le , for a m olecu le  w ith  th ree  g roups a n d  no H -bond  th e  e rro r  
fu n c tio n s  are:

=  [ß, -  (K A +  K i  +  K c ) ] 2 

Z 2 =  [ß2 -  (K A К в +  К А К с +  К в К с)]2 

Z 3 = . [ / ? з - ( К АК в К с)]2 (18)

T he q u a d r a tic  m a trix  o b ta in a b le  from  th e  p a r t ia l  d e r iv a tiv e s  is:

6Zj =  0; 0ZX
=  0;

0Z4
=  0 K A

9Ka 9 K B д к с

9Z2
=  0;

0Z2 n- a z2
=  0 K B

9 K A 9K B
— o,

9 K c

9 Z3 
9Ka

=  0;
9Z3 

9 K B
=  0;

9Z3
9K C

=  0 K c

A  p ro o f  of th e  v a lid i ty  o f  th e  m odel re flec tin g  th e  equ ilib rium  c o n s ta n ts  
an d  th e  n u m b e r  of H -b o n d s th u s  ca lcu la ted  is a good ag reem en t b e tw een  th e  
e x p e r im e n ta l ß values a n d  th o se  ca lcu la ted  from  th e  g roup  co n stan ts  ; th e  
m easu re  o f  th is  ag reem en t ca n  b e  ch a rac te rized  b y  th e  m ean  q u a d ra tic  e rro r. 
A n o th e r  p o ss ib ility  for th e  se lec tio n  o f th e  m odels a n d  th u s  o f th e  n u m b e r of 
h y d ro g e n  b o n d s  is to  follow  th e  p ro to n a tio n  o f  one o f  th e  fu n c tio n a l g roups b y  
se lec tiv e  sp ec tro scopy . I f  th e  c o n s ta n t ca lcu la ted  in  th is  w ay  is in  exclusive  
a g re e m e n t (w h ith in  th e  lim its  o f  erro r) w ith  one o f th e  g roup  co n stan ts  o f  one 
of th e  m o d e ls , th is  is also p ro o f  o f  th e  correctness o f  th e  g iven  H -bond  n u m b e r.

T h e  ap p licab ility  in  p ra c tic e  of th e  e v a lu a tio n  m e th o d  described ab o v e  
is sh o w n  o n  th e  exam ple o f  th e  p ro to n a tio n  eq u ilib ria  o f  c o rtico tro p in  fra g m e n ts  
c o n s is tin g  o f  32 am ino ac ids (h en cefo rth  A CTH ^gg) a n d  its  IV -term inal te t r a -  
p e p tid e  f ra g m e n t (A C TH 1_4), m easu red  in  50 vol. %  p ro p y len e  glycol.

E xperim ental

T h e  i V - t e r m i n a l  f r a g m e n t  o f  t h e  a d r e n o c o r t i c o t r o p i c  h o r m o n e  c o n s i s t i n g  o f  3 2  
a m i n o  a c i d s  ( A C T H j _ 32) ,  a n d  A C T I I 1_ 4 c o n s i s t i n g  o f  t h e  I V - t e r m i n a l  f o u r  a m i n o  a c i d s  o f  t h i s  
h o r m o n e  w e r e  t w i c e  l y o p h i l i z e d ,  p e r p r o t o n a t e d  p r e p a r a t i o n s  o f  G . R i c h t e r  C h e m i c a l  W o r k s  
( B u d a p e s t ) .  T h e  s o l v e n t  m i x t u r e  w a s  a  h o m o g e n o u s  5 0  v o l .  %  m i x t u r e  o f  d i s t i l l e d  p r o p y l e n e  
g l y c o l  a n d  w a t e r ,  i n  w h i c h  t h e  i o n i c  s t r e n g t h  h a s  b e e n  a d j u s t e d  w i t h  N a C 1 0 4 t o  0 .3  M .  D e v i c e s  
u s e d  f o r  t h e  m e a s u r e m e n t s  : d i g i t a l  p H - m e t e r  M o d e l  R a d i o m e t e r  P H M  6 4  ( p r e c i s i o n  o f  d i s 
p l a y  +  0 . 1  m V ) ,  a u t o m a t i c  b u r e t t e  M o d e l  R a d i o m e t e r  A B U  1 2  ( p r e c i s i o n  o f  r e a d i n g  0 .0 0 1  
m l )  ; m e a s u r i n g  e l e c t r o d e  : g l a s s  e l e c t r o d e  R a d i o m e t e r  G 2 0 2 B ,  r e f e r e n c e  e l e c t r o d e  : A g  e l e c 
t r o d e  M o d e l  R a d i o m e t e r  P  4 0 1 ,  w h i c h  w a s  i m m e r s e d  i n t o  0 .0 1  M  A g N 0 3 s o l u t i o n  ( i o n i c  
s t r e n g t h  a d j u s t e d  w i t h  N a C 1 0 4 t o  0 . 3  M )  a n d  w a s  c o n n e c t e d  t h r o u g h  0 .3  M  N a C 1 0 4 d i s s o l v e d  
i n  5 0 %  p r o p y l e n e  g l y c o l  w i t h  t h e  m e a s u r i n g  c e l l .

T h e  m a c r o c o n s t a n t s  (ß  c o m p l e x  p r o d u c t s )  w e r e  c a l c u l a t e d  b y  t h e  w e l l  k n o w n  c o m p u t e r 
i z e d  e v a l u a t i o n .  F o r  t h e  c h e c k i n g  o f  t h e  a c c u r a c y  o f  t h e  c o n s t a n t s ,  t h e  e x p e r i m e n t a l  m V  v s .  
c m 3 0 .0 1  M  N a O H  c u r v e s  w e r e  r e c a l c u l a t e d  w i t h  t h e i r  a i d .  T h e  g o o d  f i t  o f  t h e  e x p e r i m e n t a l
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p o i n t s  t o  t h e  c a l c u l a t e d  c u r v e s  w a s  c o n s i d e r e d  a s  p r o o f  o f  t h e  r e l i a b i l i t y  o f  t h e  d a t a .  F r o m  t h e  
m a c r o c o n s t a n t s  o b t a i n e d  i n  t h i s  w a y  t h e  g r o u p  c o n s t a n t s  a n d  s t r u c t u r a l  c o n s t a n t s  c h a r a c 
t e r i s t i c  o f  t h e  s i n g l e  f u n c t i o n a l  g r o u p s  h a v e  b e e n  c a l c u l a t e d  w i t h  t h e  e v a l u a t i o n  m e t h o d  d e 
s c r i b e d  a b o v e .

R esu lts  an d  discussion

C onstan ts  o b ta in e d  in  th e  p ro to n a tio n  in v es tig a tio n  o f  A C T H 1_4, a 
S er-T yr-Ser-M et te tra p e p tid e , a re  su m m arized  in  T ab le  I I I .  T h e  p ro to n a tio n

Table III

Protonation constants o f the tetrapeptide А СТН г- А in a 50% mixture of 1,2-propylene glycol and
water

Complex product Macroconstant Group constant

Tf<ОÖ11̂J5ß l g K l =  1 0 .0 4

ОÖII<XЫ)

Ig &  =  1 6 .9 1 l g k '2 =  6 .8 7 lg  K B =  6 .8 7

l g &  =  2 0 .7 5 I g K 3 =  3 .8 4 lg  K c  =  3 .8 4

m acro co n stan ts  ( K v  K 2, K 3) b e long ing  to  th e  te tra p e p tid e  a n d  th e  values of 
th e  g roup  co n s ta n ts  o b ta in a b le  from  th e m  are  th e  sam e. T h e  re a so n  fo r th is  is 
t h a t  b e tw een  th e  m a c ro c o n s ta n ts  th e re  is a difference o f a t  le a s t  3 orders of 
m ag n itu d e , w hich  a t  an  accu racy  o f  ^ 0 .0 6  lg  К  in  th e  a lk a lin e  ra n g e  and  of 
iO -0 4  lg К  in  th e  acid  ran g e  does n o t p e rm it a d is tin c tio n  b e tw e e n  th e  n u m eri
cal values o f th e  m ac ro co n stan ts  a n d  o f  th e  group c o n s ta n ts . M oreover, the  
o v erlap  of such  d is ta n t  eq u ilib ria  is also too  sm all fo r s ig n if ic a n tly  changing 
th e  co n stan ts .

W hen  th e  va lu es  o f  th e  p ro to n a tio n  co n stan ts  o f  th e  fu n c tio n a l groups 
(pheno lic  h y d ro x y , te rm in a l am in o , te rm in a l ca rboxy) o b ta in e d  in  th e  given 
so lv en t are  co m p ared  w ith  va lu es  o b ta in e d  in  aqueous s o lu tio n  [13], con
clusions can  be d raw n  on so lv en t — so lu te  in te rac tio n s .

E v id e n tly , th e  v a lu e  o f  lg  K q =  3.84 can  be assigned  to  th e  te rm in a l 
c a rb o x y la te  g roup . As co m p ared  to  th e  v alue  of lg  К  =  3 .20 m easu red  in 
w a te r , here p rim a rily  a decrease  in  p e rm itt iv i ty  (e =  59), fa v o u ra b le  fo r the 
fo rm a tio n  of n e u tra l  p a rtic le s , ex e rts  i ts  ac tion .

T he lg  K B =  6.87 v a lu e , be lo n g in g  to  th e  te rm in a l a m in o  group , is 
so m ew h at decreased , as co m p ared  to  th e  respective  c o n s ta n ts  m easu red  in 
w a te r  (lg К  =  7.17), w h ich  can  be a t t r ib u te d  to  th e  specific  so lv a tio n  of the 
u n p ro to n a te d  am ino  g roup . In  th e  v a lu e  o f  lg  К д  =  10.4 to  b e  assig n ed  to  the 
p heno lic  h y d ro x y  g roup  (o f low er v a lu e  th a n  th a t  fo u n d  in  w a te r ) ,  m ost dif
fe re n t ty p e  o f  forces p la y  a ro le , o f w h ich  th e  in te ra c tio n  b e tw e e n  propylene 
g lycol an d  p h en o la te  oxygen , le ad in g  p ro b a b ly  to  th e  fo rm a tio n  o f  an  H- 
b o n d ed  ch ela te  is d o m in a n t.
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Table IV

V a r io u s  p r o to n a t io n  c o n s ta n ts  o b ta in ed  in  50% 1 ,2 - p r o p y le n e  g ly c o l

Macroconstant
Group constants

k = 0 1 2 3

№ =  1 0 .2 7 h K A 9 .7 0 9 .7 5 9 .8 5 9 .8 4

№ =  1 0 .1 3 №  в 9 .7 0 9 .7 5 9 .8 4 9 .8 4

№ =  9 .8 9 № c 9 .7 0 9 .7 5 9 .8 3 9 .8 4

№ =  9 .5 0 ) g * D 9 .7 0 9 .7 4 9 .7 5 9 .8 4

№ =  9 .2 8 i g * E 9 .7 0 9 .7 3 9 .7 1 9 .7 3

№ =  8 .5 8 № 9 .2 0 8 .8 8 8 .8 0 8 .5 6

№ =  6 .9 0 ‘g * G 6 .8 1 6 .8 1 6 .8 0 6 .8 2

№ =  6 .1 1 h K H 6 .0 9 6 .0 6 6 .1 7 6 .0 6

№ =  5 .4 1 № , 5 .1 5 5 .2 9 5 .1 6 5 .2 9

№  о =  4 .9 8 № j 5 .0 0 5 .0 0 5 .0 6 5 .0 2

№ . =  4 .6 1 № K 4 .6 8 4 .4 6 4 .4 5 4 .4 6

№ 2 =  4 .0 7 lg * L 4 .0 7 4 .2 1 4 .4 0 4 .2 1

№ =  3 .9 5 Jg * M 4 .0 0 4 .0 7 4 .0 0 4 .0 0

\ > H 0 .1 0 7 0 .0 9 1 0 .0 4 2 0 .0 4 3

frH 0 .0 5 7 0 .0 4 5 0 .0 4 3 0 .0 4 4

w h e r e  Í q h  a n d  d e n o t e  t h e  m e a n s  o f  t h e  a b s o l u t e  e r r o r  i n  s o l u t i o n s  o f  p H  >  7 .5  a n d  
p H  <  8 . 0 ,  r e s p e c t i v e l y .

T h e  resu lts  of th e  in v e s t ig a tio n  o f ACTH-^gg p ro to n a tio n  are  sum m arized  
in  T a b le  IV . The f ir s t  c o lu m n  o f  T able  IV  c o n ta in s  th e  m acro co n stan ts  of 
s te p w ise  p ro to n a tio n , w hile  th e  o th e r  colum ns th e  g ro u p  a n d  s tru c tu ra l co n 
s ta n t s ,  u n d e r  th e  a ssu m p tio n  o f  к  =  0, 1, 2, 3 H -b o n d s  b o th  in  th e  ac id  and  
a lk a lin e  reg ions, d iv ided  b y  a  b ro k e n  line. The m ean s  o f  th e  ab so lu te  e rro r (h) 
o f  re c a lc u la tio n  are g iven  b e lo w  th ese  colum ns. T h e  d iv is io n  o f  th e  com plete  
p ro to n a t io n  pH -range in to  tw o  p a r ts  was m ad e  b e c a u se  o f co m p u ta tio n a l 
c o n s id e ra tio n s . The d iv is io n  in to  co n stan t series b e lo w  K-j an d  above K e is 
m a d e  possib le  b y  th e  fa c t  t h a t  th e  difference b e tw e e n  th e  lo g arith m s o f these  
tw o  c o n s ta n ts  is 1.68, ow ing  to  w h ich  there  is o n ly  a n  o v erlap  of a b o u t 2°/0 
b e tw e e n  th e  tw o p ro to n a tio n  processes. D ifferences b e tw een  th e  lo g arith m s 
o f th e  m acro co n stan ts  v a ry  b e tw e e n  0.12 and  1.68, so t h a t  th e ir  v a lue  exceeds 
in  a ll th e  cases th e  lim its  o f  e r ro r . I t  can be seen a t  th e  sam e tim e  th a t  g roup  
a n d  s t ru c tu ra l  co n stan ts , p a r t ic u la r ly  in  th e  a lk a lin e  reg io n , are v e ry  sim ilar 
w h ic h e v e r  model is u sed  fo r  th e i r  calcu lation . T h e  b e s t  ag reem en t, b o th  in  th e  
a lk a lin e  a n d  acid regions c a n  b e  observed  w hen c a lc u la tin g  w ith  tw o an d  th ree  
h y d ro g e n  bonds. The d iffe ren ce  b e tw een  these l a t t e r  tw o  c a n n o t be considered
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s ig n if ic a n t any  m ore. T h is is due p a r t ly  to  th e  fa c t th a t  as y e t th e  a c c u ra c y  of 
m easu rem en ts  does n o t  m ake possib le  th e  d e te rm in a tio n  of e q u ilib r iu m  con
s ta n ts ,  co rrec t to  3 —4 decim al lo g a rith m ic  u n its . O n th e  o th e r h a n d , in  th e  
ac id  reg io n  th e re  a re  d ifferences even  o f an  o rd e r of m ag n itu d e  b e tw e e n  th e  
v a rio u s  c o n s tan ts , so th a t  th e ir  sum  re fle c ts  m ain ly  the  v a lu e  o f  th e  la rg e r 
c o n s ta n t. N ev erth e less , b o th  in  th e  ac id  a n d  a lka line  regions th e  m o d e l w ith  
tw o  h y d ro g en  b o n d s reveals th e  sm alle s t ( th o u g h  n o t s ig n if ican tly  sm allest) 
e rro r , an d  th e  a p p ro p ria te n ess  o f th is  v a r ia n t  is su p p o rted  also b y  chem ical 
ev idences.

Chemical conclusions to be draw n on the basis o f  the к  =  2 m odel

T h e m ethod  o f ca lcu la tio n  p re se n te d  h e re  does n o t give d ire c t in fo rm a tio n  
on th e  assig n m en t o f  th e  in d iv id u a l c o n s ta n ts  to  th e  fu n c tio n a l g ro u p s , and  
even  less so on th e  lo ca tio n  o f th e  h y d ro g e n  bon d s in  th e  p e p tid e  sequence. 
H o w ev er, th e  m e th o d  y ields th e  n u m b e r o f h y d ro g en  bonds b e tw een  th e  fu n c 
tio n a l g roups, an d  th e  co n stan ts  c h a ra c te r iz in g  th e  s tru c tu ra l e lem en ts  fo rm ing  
h y d ro g e n  bonds w ith  one a n o th e r. T he p a r tic ip a tio n  in  o th e r  in tra m o le c u la r  
h y d ro g e n  bonds (or possib ly  in  h y d ro p h o b ic  in te ra c tio n ) of th o se  g ro u p s  fo rm 
in g  no  h y d ro g en  b o n d s  w ith  one a n o th e r  b u t  h av in g  c o n s ta n ts  d iffe re n t from  
th a t  ex p ec ted  fo r th e  fu n c tio n a l g roup , is h ig h ly  likely .

T h e  c o n s ta n ts  re fe rrin g  to  th e  fo rm a tio n  an d  ru p tu re  o f h y d ro g e n  bonds 
b e tw een  th e  a p p ro p r ia te  pa irs o f g roups in  th e  alkaline region fo r  к  =  2 are 
9.85 an d  9.71, an d  9.84 and  9.75, re sp ec tiv e ly . In  view  of th e  f a c t  t h a t  th e re  
is a g ro u p  in  th e  sam e  reg ion  w hich  does n o t  p a rtic ip a te  in  a h y d ro g e n  bond 
a n d  h as  a c o n s ta n t o f  9.83, i t  can  be e s ta b lish e d  th a t  all th e  h y d ro g e n  bonds 
fo rm ed  a re  v e ry  w eak , and  th e ir  fo rm a tio n  m eans only a s ligh t g a in  in  energy  
fo r th e  system . S ince  th e  d e p ro to n a tio n  o f  th e  phenolic h y d ro x y  g ro u p  and  
o f  th e  e -am m onium  g roup  of lysine p roceeds in  a v e ry  close p H -ra n g e , th e  above 
c o n s ta n ts  c an n o t be  e x a c tly  assigned to  g ro u p s  an d  pairs o f g roups.

T he s tru c tu ra l  c o n s ta n t o f 8.80, s im ila rly  in  th e  a lkaline re g io n , h as  no 
h y d ro g en  bon d in g  p a ir  in  th is  reg ion . H o w ev er, its  un u su a lly  low  v a lu e , as 
co m p ared  to  b o th  th e  phenolic  h y d ro x y  a n d  th e  e-am ino group , in d ic a te s  th a t  
th e  d e p ro to n a te d  fo rm  o f one o f th e  g ro u p s (p resu m ab ly  of th e  e -am in o  group 
o f lysine) form s a s tro n g  hydrogen  b o n d  w ith  a g roup  (e.g. th e  a lcoho lic  h y d ro x y  
g ro u p  o f serine o r th e  guan id ino  g roup  o f a rg in in e ), th e  d e p ro to n a tio n  o f  w hich 
p ro ceed s on ly  a t  v e ry  h igh p H -v a lu es .

T h e  lg  К  v a lu es  in  th e  acidic reg ion  in  th e  absence of h y d ro g e n  bond ing  
a re  : 6.80, 6.17 an d  4.00. These can  be sa fe ly  assigned to  te rm in a l a m in o , h is t i
d ine  im idazo le  a n d  te rm in a l ca rb o x y  g ro u p , respective ly . T h e ir v a lu e s  re flec t 
th e  sam e effects t h a t  have  been o bserved  (w ith  th e  excep tion  o f  im idazole) 
also in  th e  case o f  th e  te tra p e p tid e .
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T h e  s tru c tu ra l  c o n s ta n ts  o f  fo rm atio n  a n d  ru p tu re  of h y d ro g en  b o n d s  
b e lo n g in g  to g e th e r  a re  : 5.16 an d  4.40, an d  5 .06 a n d  4.45, resp ec tiv e ly . S ince 
th e  so lv e n t m ix tu re  (s im ila rly  as in  th e  case o f  th e  te tra p e p tid e )  in creases  th e  
p ro to n a tio n  c o n s ta n ts  o f  th e  ca rb o x y la te  g ro u p  b y  a b o u t 0.7 lg  u n its  as co m 
p a re d  to  t h a t  in  w a te r  [13], i t  can  be e s ta b lish e d  t h a t  each of th ese  H -b o n d s  
has a s p a r t ic  ac id -g lu tam ic  ac id  ca rb o x y la te  b r id g e h e a d  groups. I n  5 0 %  p ro 
p y le n e  g lyco l-w ater g lu ta m ic  acid  y -ca rb o x y la te  sh o u ld  have a p ro to n a tio n  
g ro u p  c o n s ta n t o f a b o u t lg  К  =  4.95, w hile t h a t  o f  a sp a rtic  acid is a p p ro x i
m a te ly  lg  К  ----- 4.60. T h e  d ifferences of ~  ^ 0 .2 0  a n d  ~  ^ 0 .1 5  lg К  u n its  from  
th e se  v a lu e s  are p ro p o r tio n a l to  th e  gain in  e n e rg y  b y  H -bond  fo rm a tio n  an d  
to  th e  loss in  energy  b y  H -b o n d  ru p tu re , re sp e c tiv e ly .

*
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The usefulness [of the isotherm transformation according to ~ Хг, =  —-------1—
S n \fi ^  n2,0

in connection with dilute solutions of strongly adsorbed solutes is demonstrated. In favour
able cases it provides means for a more reliable estimate of the adsorption capac
ity  than the isotherms in their usual form and it is in general more informative 
concerning solute —solid interactions and the nature of the adsorbed layer. The following 
systems were stud ied : stearic acid from cyclohexane on carbon b la ck ; benzoic acid 
and n-butanol from water, and anthracene from cyclohexane on different activated 
carbons.

Introduction

I t  is w ell kn o w n  th a t  ad so rp tiv e  e n rich m en t of one or m o re  m olecu lar 
species a t  th e  su rface  or in  th e  pores o f  an  ad so rb en t can  be  ch a ra c te riz e d  
o p era tio n a lly , t h a t  is b y  re ly in g  o n ly  on d ire c tly  m easu rab le  q u a n ti t ie s , in  an 
u n am b ig u o u s q u a n ti ta t iv e  w ay  on ly  th ro u g h  su ita b ly  d e fin ed  su rface  excess 
am o u n ts . In  con n ec tio n  w ith  S/L  in te rfaces , th e  m o stly  u sed  su ch  q u a n t i ty  is 
th e  so-called red u ced  su rface  excess a m o u n t, An^n\  th e  d e fin itio n  o f  w hich  is 

[1 ] :
A n\n  ̂ =  n t — n x \ , (1)

w here n is th e  to ta l  a m o u n t o f liq u id  in  c o n ta c t w ith  th e  so lid  a d so rb e n t of 
m ass m a, n, th e  a m o u n t o f co m p o n en t i p re se n t in  it, an d  x\ th e  m ole frac tio n  
o f th is  com ponen t in  th e  b u lk  liq u id  w hen  a d so rp tio n  eq u ilib riu m  is es tab lish ed . 
T he values of An\'^  a re  u su a lly  d e te rm in ed  b y  im m ersion  e x p e rim e n ts  in  w hich 
an  a m o u n t n o f liq u id  m ix tu re  or so lu tio n  w ith  m ole frac tio n  x'\ o f  co m p o n en t i 
in  i t  is b ro u g h t in to  c o n ta c t w ith  th e  a d so rb e n t. T he d e fin itio n  (1) tran sfo rm s 
th e n  in to

A n\n* =  n (x l — x\) =  n A x I (2)

Axj is th e  a p p a re n t d ep le tio n  of co m p o n en t i in  th e  so lu tio n , cau sed  b y  ad 
so rp tio n  (in th e  case o f n eg a tiv e  a d so rp tio n , i.e. d isp lacem en t o f  i b y  an o th e r
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m o re  s tro n g ly  adsorb ing  c o m p o n e n t, A xt will be n e g a tiv e  an d  correspond ing  to  
a n  a p p a r e n t  en richm ent).

I n  o rd er to  get in te rc o m p a ra b le  d a ta , i t  is u su a l to  re fe r An'P'> to  u n it  
m ass  o f  th e  ad so rb en t (specific  red u ced  surface excess am o u n ts) :

n°(") =  А п\п^/та — nA x[lm a (3)

( th e  su p e rsc r ip t a is u sed  to  d e s ig n a te  excess q u a n tit ie s ) .  T he fu n c tio n  r if  n\ x lj) 
a t  c o n s ta n t  te m p e ra tu re  a n d  p re ssu re  is th e  re d u c e d  su rface  excess iso th e rm  
(in  m u ltic o m p o n e n t sy stem s th is  function  is u n iv a lu e d  o n ly  w hen th e  ra tio s  
o f  th e  m ole frac tions of th e  co m p o n en ts  o th e r th a n  i a re  k e p t co n stan t).

T h e  reduced  su rface  ex cess  iso therm s can  b e  d e fin ed , in  th e  absence of 
c h e m ic a l reac tions, b y  th e  sa m e  rig h t in  te rm s  o f  m asses an d  m ass frac tio n s  
in s te a d  o f  am ounts an d  m ole fra c tio n s , by  sim ple re p la c e m en ts  in  E qs (1) — (3) 
(fo r th e  re le v a n t conversion  fo rm u la e , see e.g. [2]).

A n y  a tte m p ts  a t  th e  in te rp re ta t io n  of e x p e rim e n ta lly  d e te rm in ed  su rface  
excess iso th e rm s are b ased  on  th e  idea th a t  th e  to ta l  a m o u n t of liqu id  p re sen t 
in  th e  equ ilib riu m  sy stem  c a n  be  sp lit in to  tw o  p a r ts  : n  =  n s -f- n  , w here  
n s =  £ n Sj is th e  am o u n t c o n ta in e d  in  th e  a d so rp tio n  space  ( th e  lay e r ad jo in in g  
th e  so lid  surface or e v e n tu a lly  th e  to ta l vo lum e o f th e  n arro w er pores o f th e  
a d s o rb e n t)  in  w hich th e  l iq u id  is sub jec ted  to  th e  fo rce  fie ld  o f th e  a d s o r b e n t ; 
th e  re m a in in g  p a r t, n =  H n \  c o n s titu te s  th e  h o m ogeneous b u lk  liqu id .

I n  th e  following, w e s h a ll  concern ou rse lves o n ly  w ith  d ilu te  b in a ry  
so lu tio n s , an d  designate  b y  i =  1 th e  so lvent, a n d  b y  i — 2  th e  so lu te . W e can  
w r ite  in  th is  case for E q . (1) :

A n ^  =  n2 — ПХ2 =  n2 — (nx -j- П2)х2 =  n2x[ — пгх2 (4)

a n d  b y  su b tra c tin g  th e  id e n t i ty  0 =  щ х х — n [x2, w e g e t th e  w ell-know n e q u a 
t io n  o f  O stw ald  and  I z a g u ir r e  [3] :

A n i'j) =  щ х [  — 111*2. (5)

E v id e n tly , if  th e  r e la t iv e  accu m u la tio n  b y  a d so rp tio n  o f 2  is considerab le  
e n o u g h , th e n  a t  su ff ic ien tly  low  equ ilib rium  c o n c e n tra tio n s , x l2, th e  second 
te rm  o n  th e  rig h t h a n d  side o f  E q . (5) m ay  beco m e n eg lig ib ly  sm all so th a t ,  
b e c a u se  o f  х± ^  1, A n 2̂  c a n  b e  a p p ro x im a te ly  e q u a te d  w ith  ra|, th e  a m o u n t of 
2  b o u n d  b y  adso rp tion . N o th in g  can  be s ta te d , h o w ev er, concern ing  n{, th e  
a m o u n t  o f  so lvent p re se n t a t  th e  sam e tim e  in  th e  a d so rp tio n  space, w ith o u t 
r e c u r r in g  to  m ore or less w e ll-fo u n d ed  m odel a s su m p tio n s . In  p rac tice  we are  
in te r e s te d  in  th e  m ax im u m  v a lu e  o f n |, th e  a d so rp tio n  c a p a c ity  of th e  ad so r
b e n t  fo r  th e  given so lu te . I n  cases of s trong  p re fe re n tia l  a d so rp tio n , th e  iso 
th e rm s  o ften  ap p ear to  re a c h  a  p la te a u  a lread y  a t  v e ry  low  values of x l2, an d  
i t  is  u s u a l  to  id en tify  th e  h e ig h t  o f th is  p la te a u  w ith  th e  a d so rp tio n  c a p ac ity . 
T h is  is in  fa c t ju s tif ied  in  so m e in s tan ces  (an  ex am p le  is th e  system  stea ric  acid
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— cyclohexane — S p h ero n  4, exam ined  b y  K ip l in g  and W r ig h t  [8 ], see in  
th e  ex p e rim en ta l sec tion ), b u t  th e  p la te a u  m ig h t o ften  correspond in  r e a l i ty  to  
a p ro tra c te d  m a x im u m  w hich  w ould  be fo llow ed  b y  a decrease i f  th e  m e a su re 
m e n ts  w ere (or cou ld  be, if  th e  so lub iliy  l im it  allow ed it)  ex ten d ed  to  h ig h er 
c o n cen tra tio n s . I n  th is  case th e  a p p a re n t p la te a u  does n o t re p re se n t th e  tru e  
a d so rp tio n  c a p a c ity . I n  h is book “ A d so rp tio n  fro m  Solutions o f N o n -E le c tro 
ly te s”  [4 ], K ip l in g  q u o tes  severa l exam ples c o rro b o ra tin g  th is  s ta te m e n t ,  b u t  
we m ay  also re fe r  to  S c h a y  — N a g y  ty p e  I I  iso th e rm s  [5] of co m p le te ly  m is
cib le liq u id  p a irs , th e  analysis  o f w hich  show s conclusively  th a t  th e  m a x im u m  
o f th is  ty p e  o f iso th e rm s  occurs a t  a v a lu e  sm a lle r  th a n  th e  tru e  a d so rp tio n  
c a p a c ity  for a n y  s tro n g ly  p re fe rred  c o m p o n en t o f  th e  m ix tu re .

W e p ropose  in  th e  follow ing a m ode o f  e v a lu a tio n  of th e  iso th e rm s  of 
s tro n g ly  ad so rb in g  so lu tes w hich ensures a m o re  re liab le  e s tim a tio n  o f  a d so rp 
tio n  capac ities .

Theoretical considerations

Two m ain  assu m p tio n s  are c u rre n tly  u se d  as m odels for th e  s t ru c tu re  of 
liq u id  ad so rp tio n  lay e rs  : a)  th e  lay e r m odel, ap p licab le  if  the  co n cep t o f  su rface  
a rea  can  be g iv en  a c lear an d  m ore or less u n a m b ig u o u s  m eaning , a n d  b)  th e  
pore  filling  m odel fo r a d so rb en ts  w ith  n a rro w , m a in ly  m icropores, in  th e  case 
o f  w hich  th e  n o tio n  o f su rface a rea  as re le v a n t to  ad so rp tio n  becom es b lu rre d .

a ) L ayer m odel [6]. In  connection  w ith  th is  m odel i t  m ay  b e  assu m ed  
th a t  th e  a d so rp tio n  space con ta in s t lay ers  o f  m olecules (th is is e v id e n tly  a m ore 
or less c rude  id e a liz a tio n  because no d isc re te  m o lecu la r layers c a n  b e  d is t in 
guished in  rea l, n o n -c ry s ta llin e  liqu ids). T h e  co n d itio n  th a t  th e  accessib le  su r
face of th e  solid is a lw ays com plete ly  covered  ca n  be expressed th e n  as

n ía j  - f  «2«2 =  A s , (6)

w here  A s is th e  su rface  a rea  o f th e  a d so rb e n t, w h ile  a x and  a2 are th e  re sp e c tiv e  
p a r tia l m o lar a rea s  in  th e  surface l a y e r ; th e y  are  ap p ro x im a te ly  e q u a l to  
aj/t and  a y t, w h ere  a? an d  a” are th e  m o la r e q u iv a le n ts  o f th e  c ro ss-sec tio n a l 
areas o f th e  m olecules. I t  has to  be em p h asized , how ever, th a t  in  th e  case of 
m olecules o f m a rk e d ly  asy m m etrica l sh ap e , th e se  effective c ro ss-sec tio n a l 
areas w ill depend  on th e  o r ien ta tio n  o f th e  m olecu les w ith  respect to  th e  su rface  
(e.g. ly ing  f la t  o r s ta n d in g  erect) and  th is  o rie n ta tio n  m ay v a ry  a lo n g  an  
iso th e rm  so th a t  th e  va lu es  o f a, an d  о" shou ld  n o t  necessarily  rem ain  c o n s ta n t, 
an d  even th e  c o n s ta n c y  o f t m ay  n o t be w a rra n te d .

T he a d so rp tio n  capac ities , щ 0 and  n | 0, fo r th e  tw o com ponen ts a re  th e  
values o f n \ an d  nS e x tra p o la te d  to  th e  s ta te  w h ere  th e  ad so rp tio n  sp ace  con
ta in s  th e  re sp ec tiv e  p u re  com ponen t, in  th e  m o lecu la r a rra n g e m en t co rre 
spond ing  to  th e  s t ru c tu re  o f th e  ad so rp tio n  la y e r . E v id e n tly

nlo  =  A j / a "  (7)
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so t h a t  E q . (6) can  be tra n s fo rm e d  in to
SI S I Si S t

» i / « i , o  +  n 2 / n 2 o  =  1 ( 8 )

a  fo rm  w h ic h  can be retraced  to  W illiam s  [4 ].
A  w id e ly  used  a ssu m p tio n  is th a t  o f t =  1, i.e. o f  m onolayer a d so rp tio n . 

T h e re  a re  s tro n g  a rg u m e n ts , how ever, p a r t ly  in tu it iv e , h u t  m ore p rec ise ly  
b ased  o n  co n sid era tio n s of th e rm o d y n am ic  s ta b i l i ty ,  sup p o rtin g  th e  v iew  th a t  
in  g e n e ra l th e re  m u s t be  a g rad u a l tr a n s it io n  in  com position  from  th e  f i r s t  
la y e r  a d jo in in g  th e  solid su rface  tow ards th e  b u lk  equ ilib rium  liq u id . A c tu a l 
th e o re t ic a l  ca lcu la tio n s show  th a t  a t  leas t tw o  la y e rs  m ay  be in v o lved  [6], b u t  
in  m a n y  cases, m a in ly  w ith  m ark ed  p re fe re n tia l a d so rp tio n  of one o f  th e  co m 
p o n e n ts , th e  m ono layer m odel seem s a q u ite  s a t is fa c to ry  a p p ro x im a tio n .

M u lti la y e r  ad so rp tio n  m a y  be c h a ra c te r iz e d  b y  m ean m ole fra c tio n s , 
a c c o rd in g  to  th e  follow ing re la tio n s  :

t t

J- 1 j = 1

a n d  E q . (6) can  be tra n s fo rm e d  th e n  in to

n ( x s1a 1 -f- x s2a2)

—S Si SXj =  Rijn (9)

A s (10)
w hile  E q .  (8) rem ains u n ch an g ed . I t  has to  b e  n o te d  th a t  n s is n o t  c o n s ta n t  
e i th e r  in  th e  m ono layer o r in  th e  m u ltila y e r  case , i f  th e  co m p o n en ts  a re  of 
m a rk e d ly  d iffe ren t size.

C o m b in a tio n  o f E q s (5) an d  (8) allow s to  d e riv e  :

4,0(4,o4 — л 4n)) _s __ 4,o(4,04 + ̂ 4n))
—  ------------------------- - ^ —  — — — — -------------------------------------------------- •

nie 4 + «Í.0 4 raI,o 4 + 4,o 44 ( i i )

I t  m a y  be b o rn  in  m in d  th a t ,  ow ing to  po ssib le  changes in  o r ie n ta tio n , 
4 o  a n d  n |  0 are n o t n ecessarily  c o n s ta n t a long  th e  w hole range of an  iso th e rm .

T h e  se p a ra tio n  o f th e  com ponen ts b ro u g h t a b o u t by  ad so rp tio n  ca n  be 
c h a ra c te r iz e d  (sim ilarly  as in  connection  w ith  th e  sep ara tio n  o f liq u id s  b y  
d is ti l la tio n )  b y  a se p a ra tio n  fa c to r  S, defined  as

s  =  * | 4 = 4 4  (12)

44 44
(S  >  1 m ean s p re fe ren tia l a d so rp tio n  of 2). U p o n  sim ple re a rra n g em e n t :

= '  <13>l fb +  4/4
w h ic h  is  fo rm a lly  an  ex p ressio n  of th e  L a n g m u ir  ty p e , w ith  th e  v a r ia b le  4 / 4  
go ing  f ro m  zero to  in f in ity  o v er th e  w hole co m p o sitio n  range. In  th e  d o m a in  o f 
v e ry  d ilu te  so lu tions, w here  x[ ^  1, E q  (13) s im p lifie s  to

4
1 is + 4

(14)
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H o w ev er, th ese  e q u a tio n s  w ould  re p re se n t a real L an g m u ir  iso th e rm  only 
w hen  S could  be assum ed  to  be e q u iv a le n t to  a tru e  eq u ilib riu m  c o n s ta n t. W ith  
th e  ex cep tio n  p e rh ap s  o f  p ra c tic a lly  id ea l liq u id  m ix tu res , co m posed  o f  m ole
cules o f n ea rly  equal size, an d  o f  a d so rb e n ts  w hose surface is su ff ic ie n tly  hom o
geneous from  th e  en erg e tic  p o in t o f v iew , S  is in  genera l c e r ta in ly  n o t an 
eq u ilib riu m  c o n s ta n t an d  even  n o t c o n s ta n t a t  a l l : in  th e  case o f  p re fe ren tia l 
a d so rp tio n  o f 2, S  u su a lly  decreases d ec ided ly  w ith  in c reas in g  x 2. In  th e  fol
low ing  we shall re s tr ic t  o u r co n sid e ra tio n s  to  h igh ly  an d  c o n se q u e n tly  ideally  
d ilu te  so lu tions, an d  in  th is  case i t  is th e  energetic  h e te ro g en e ity  o f  th e  ad so r
b e n t  w h ich  is responsib le  fo r th e  decrease o f S . T his is w ell k n o w n  now adays 
fro m  th e  experience a c c u m u la ted  in  th e  p rac tice  of H P L C  (fo r d e ta ils , cf. the  
m o n o g rap h y  o f S n y d e r  [7]).

B y  co m b in a tio n  o f  E q s  (12) a n d  (11) an d  re a rra n g em e n t, w e c a n  derive 
(see E v e r e t t  [6 ]) :

* 'i 4
A nin)

4
+

SxL
(15)

( S - l ) » 5 i0 (S —  1) « 2,0

M ultip lied  on b o th  sides b y  m a, th e  m ass o f ad so rb en t used , th is  e q u a tio n  will 
re fer to  specific q u a n tit ie s  : =  A n 2 '1 ;т а an d  th e  re sp ec tiv e , specific  ad 
so rp tio n  cap ac ities , n l 0/m a an d  Ti2,ojma■ I t  m a y  be n o ted  fu r th e r  t h a t  th e  n u 
m erica l v a lu e  o f  S  rem ain s u n ch an g ed  w hen  we use m asses a n d  m ass frac tio n s 
in s te a d  o f  am o u n ts  o f su b s ta n c e  an d  m ole frac tio n s so t h a t  E q . (13) is valid  
also w hen  we rep lace  th e  x t b y  ic,- an d  th e  n t b y  th e  co rresp o n d in g  m t.

E q u a tio n  (15) can  be u sed  fo r th e  c o m p u ta tio n  o f n^o, th e  adsorption  
capacity  o f  th e  a d so rb e n t fo r 2, i f  th e  ad so rp tio n  o f th e  la t te r  is s tro n g ly  p re fe rred  
so t h a t  S  1 an d  fu r th e r  «i 0 is g re a te r  (or a t  leas t n o t s u b s ta n tia l ly  sm aller) 
th e n  7i2,o* In  th is  case S /(S  — 1) 1 an d  1 /(S  — l)n i,o  l /n | ,0, a n d  in  the
d o m a in  o f  h igh d ilu tio n s %  я« 1 so th a t  E q . (13) sim plifies to

* i' 4, —  +  —  . (16)
Л п(2п) S n s10 4 ,0

T h is  m eans th a t  th e  g rap h  o f th e  le f t-h a n d  side ag a in st x 2 is a s t r a ig h t  line  the 
slope o f  w hich  gives th e  a b so lu te  v a lu e  o f th e  recip rocal o f  n20. S  h a s  n o t to  
be s tr ic t ly  c o n s ta n t, on ly  g re a t enough  th ro u g h o u t th e  ra n g e  o f  co m positions 
considered , because in  th is  case an  e v e n tu a l m o d era te  v a r ia tio n  o f  S  w ill no t 
im p a ir  th e  lin e a r ity  w ith in  th e  e rro r lim its  o f  th e  ex p e rim en ta l d e te rm in a tio n  
o f  th e  excess iso th e rm . T h e  c rite r io n  fo r th e  fu lfillm en t o f th is  re q u ire m e n t is 
t h a t  th e  ra tio  o f  th e  in te rc e p t o f  th e  p ra c tic a lly  s tra ig h t line  w ith  th e  o rd in a te  
a t  x 2 =  0 to  i ts  slope sh o u ld  be v e ry  sm all, less th a n  say  1 0 ~ 2. A n  ex am p le  of 
th is  k in d  o f  co m p u ta tio n , ta k e n  from  th e  l i te ra tu re , is show n in  F ig . 1 w hich 
re fe rs  to  th e  a d so rp tio n  o f  s te a ric  acid  from  cyclohexane so lu tio n  o n  S pheron  
6 th e  su rface  o f w hich is fa ir ly  hom ogeneous. T he g raph  is c o n s tru c te d  from
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Fig. 1. Adsorption of stearic acid (2 )  from cyclohexane (1 )  on Spheron 6 (see Ref. [8]). Inter
cept: 1.3 X lO -3 g/m m ol; slope: 14.8 g/mmol; n | 0 =  67.6 ^mol/g

d a ta  o f  K i p l i n g  an d  W r i g h t  [8] : th e  in te rc e p t  o f  th e  s tra ig h t line d raw n  
th ro u g h  th e  ex p e rim en ta l p o in ts  is 1.3 X lO -3  g m m o l-1 , w hereas its  slope 
14.8 g  m m o l-1 . The l a t t e r  v a lu e  corresponds to  n |  0 == 67.6 jumol g -1 , w hich  
is, a cc o rd in g  to  K i p l i n g , c o m p a tib le  w ith  th e  p ic tu re  o f  a com pact m ono layer 
o f  h y d ro g en -b o n d ed  d im eric  s te a r ic  acid m olecules ly in g  f la t  on th e  su rface  o f 
th e  a d so rb e n t. K i p l i n g  cam e  to  th is  conclusion b y  considering  th e  p la te a u  of 
th e  excess iso therm  its e lf  w h ic h  begins ju s t  a t  th e  la s t  v a lu es  show n in  h is F ig . 
1 in  [4] p . 98. E v id e n tly , th e  c o m p u ta tio n  acco rd in g  to  E q . (16) is a m ore 
re lia b le  p rocedure, b ecau se  i t  m akes use o f m u c h  m o re  ex p erim en ta l p o in ts .

I t  m u st be n o ted , h o w e v e r, th a t  th e  above a rg u m e n ts  have to  be som e
w h a t  m od ified  in  cases o f  s tro n g  surface h e te ro g e n e ity .

T h e  la t te r  is m o s tly  o f  a  ch a ra c te r  t h a t  th e  su rface  con ta in s a c o m p a ra 
t iv e ly  sm all am o u n t o f v e ry  a c tiv e  sites, th e  re s t  b e in g  m u ch  nearer to  u n ifo r
m ity . T h is  en tails a sh a rp  d ro p  o f S  a t  the  v e ry  b e g in n in g  an d  con seq u en tly  an  
in i t ia l  increase of th e  f i r s t  te r m  on th e  r ig h t-h a n d  side o f  E q . (16). T h is m ay  
b eco m e ostensib le on th e  g ra p h  b y  a d ep a rtu re  f ro m  p ra c tic a l lin e a rity  a t  th e  
lo w e s t co n cen tra tio n s. I t  goes w ith o u t say ing  t h a t  in  su ch  cases on ly  th e  su b 
s e q u e n t p rac tica lly  lin e a r  p a r t  o f  th e  re p re se n ta tio n  is re le v a n t for th e  co m p u 
ta t io n  o f  An ex am p le  o f  su ch  b ehav iou r is sh o w n  in  F ig . 6.

b)  Pore f i l l in g  m odel. I n  th e  case o f  a d so rb e n ts  w ith  narrow  pores, 
e sp ec ia lly  m icropores, w h e re  th e  clear m ean ing  o f  th e  co n cep t of su rface area 
o f  th e  pores and  th e  p ic tu re  o f  a m onolayer o r  m u lti la y e r  coverage becom e
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p ro b lem atic  o r ev en  m ean ing less, i t  seem s m ore a p p ro p ria te  to  co n sid e r the 
p o re  volum e V s as th e  ad so rp tio n  space. E q u a tio n  (6) has th e n  to  be  re p la c e d  by

n iP Í  +  n lV l  =  Vs (17)

w here  F í  an d  F |  a re  th e  p a r t ia l  m o la r vo lu m es o f th e  c o m p o n en ts  in  th e  ad 
so rb ed  p o rtio n  o f th e  so lu tion . I t  m a y  be re m a rk e d  th a t  in  th is  p ic tu re  eq u ilib 
r iu m  bu lk  liq u id  is n o t  supposed  to  be p re se n t w ith in , b u t  o n ly  o u ts id e  the 
pores, a c ircu m stan ce  w hich  does n o t a ffec t, how ever, th e  p h en om eno log ica l 
d e fin itio n  of th e  re d u c e d  excess b y  E q . (1). S ince th e  com p o sitio n  o f  th e  liqu id  
co n ta in ed  in  so m e w h a t w ider pores m a y  n o t  be un iform  th ro u g h o u t th e  whole 
vo lum e o f th e  p o re  a n d  th e  av erag e  com p o sitio n  m ay  d ep en d  on  p o re  w id th , 
m ole frac tions c h a ra c te riz in g  th e  a m o u n ts  co n ta in ed  in  th e  a d s o rp tio n  space 
are  to  be consid ered  as m ean  v a lu es , m u ch  in  th e  sam e w ay  as e x p la in e d  in 
connec tion  w ith  th e  la y e r  m odel.

C onsidering t h a t

* V * i = n ! , 0 a n d  V s/V i  =  n |>0 (18)

E q . (17) is e q u iv a le n t to  E q . (8). I t  follow s th e n  th a t  all th e  co n c lu sio n s arriv ed  
a t  b y  co m b in a tio n  o f  E q s (5) an d  (8) a n d  b y  m aking  use o f th e  d e fin itio n  of 
th e  sep ara tio n  fa c to r  S  are  v a lid  also fo r  th e  pore filling  m odel. I t  appears, 
th e re fo re , th a t  th e  p o ssb ility  o f a re liab le  c o m p u ta tio n  of п!,<ь th e  ad so rp tio n  
c a p a c ity  of th e  a d so rb e n t fo r a s tro n g ly  p re fe rred  co m p o n en t is in d e p e n d e n t 
o f  an y  d e ta iled  m o d e l concep tion .

Some exam ples o f application and discussion of the results

Experim ental

Excess adsorption isotherms were determined at 25 °C according to the considerations 
and measuring principles described previously [2]. Each measurement was performed on a 
separate sample taken from the same batch of the adsorbent in question.

Adsorbents were four kinds of Hungarian active carbon prepared from nutshell: 
N uxit A I, Nuxit A III , N uxit A1 III and N uxit LBS. According to the manufacturers, the 
specific surface areas were, as determined by the B E T  method from nitrogen isotherms, equal 
to 620, 840, 860 and 510 m2/g. Our own determinations by the method of N a g y  and S chay  
[2, 5, 6, 9, 10] from excess isotherms of ethanol-benzene mixtures gave satisfactory agreement, 
viz. 590, 870, 850 and 530 m2/g, respectively.

The adsorbent for the determination of the excess isotherm of anthracene in cyclohexane 
was the commercial activated carbon Chemviron Type CAL, designed for sugar refinery and 
similar purposes, w ith a specific surface area (B E T , N2) of 1000 — 1100 m2/g and a total pore 
volume of 0.94 cms/g, and the pore size distribution shown in Fig. 7, according to the specifi
cation of the producing firm. Our own measurements with methanol—benzene and ethanol — 
benzene mixtures gave 900 — 1000 m2/g for the specific surface area, again in  fair agreement 
with the specification.

The chemicals used were of analytical grade; anthracene was of scintillator grade 
purity. The active carbons were pretreated each tim e by extraction with the respective solvent 
for six hours in a Soxhlet apparatus, then dried at 110 —120 °C for twelve hours in a vacuum 
desiccator. The time for equilibration in the adsorption experiments was 24 hours under shaking 
the amount of adsorbent sample used for each experiment between 0.2 and 1 g, w ith an L/S 
weight ratio between 10 and 30 (30 — 300 in the case of Chemviron Type CAL).
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Results

A s can  be seen fro m  T a b le s  I  and I I ,  th e  excess iso th e rm s of benzoic acid  
in  w a te r  level off a f te r  a s h a rp  increase an d  a p p e a r  th e n  to  te n d  to w a rd s  a 
l im it in g  va lue , b u t  e v id e n tly  d o  n o t reach w h a t co u ld  be  called a p la te a u , so 
t h a t  in  th e ir  orig inal fo rm  th e y  are no t su ited  fo r  e s tim a tin g  the  a d so rp tio n

Table I

Adsorption of benzoic acid {2) from  water (1) on Nuxit L B S  at 25 °C (as, g£-p =  510 m2/g), compare
Fig. 2

* Jx l0 ‘ 1.10 2.30 4.38 9.20 18.01 23.00 39.90

ji2°^n\m m ol/g) 1.55 1.79 1.87 2.01 2.13 2.20 2.31

Table II

A dsorption of benzoic acid (2) from  water (1) on Nuxit A l I I I  at 25 °C (as, b e t  =  860 ni2jg),
compare Fig. 3

* 'x lo 5 1.02 2.14 4.30 8.81 17.82 24.20 40.01

n2a<n̂ (mmol/g) 1.96 2.28 2.66 2.70 2.80 2.91 3.04

Fig. 2. Adsorption of benzoic acid  (2)  from water (1)  on Nuxit LSB  type activated carbon.
Intercept: 5 . 0 x l 0 ~ 6 g /m m ol; slope: 0.425 g /m m ol; n | 0 =  2.36 m m ol/g
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capac ities 0. T h e  tra n s fo rm a tio n s  accord ing  to  E q . (16) reveal, on th e  o th e r  
h an d , v e ry  sa tis fa c to ry  l in e a r ity , as show n b y  F ig s  2 and  3. T he s tr a ig h t  line 
in  Fig. 2 has a slope o f  0.425 g/m m ol, to  w h ich  co rresponds a v a lue  o f n 2>o =  
=  2.36 m m ol/g. I f  re fe rred  to  th e  specific su rfa c e  a rea  o f 510 m 2/g o f  N u x it  
L B S ,  a 2 =  216 m 2/m m o l benzoic acid re su lts  (0,36 n m 2/m olecule), an d  th is  is a 
reasonab le  v a lu e  w hen  w e ta k e  in to  acco u n t t h a t  su rface  area  d e te rm in a tio n s  
accord ing  to  th e  m e th o d  o f N a g y  and  S c h a y  g ive  good ag reem en t w ith  B E T  
N2 surface areas w hen  using  a value of —  0 ,30 n m 2/m olecule for benzene .

A sim ila r ca lcu la tio n  from  th e  g raph  sh o w n  in  F ig . 3 gives, h o w ever, on 
th e  basis o f th e  slope 0.325 g/m m ol in  th is  case , an  a p p a re n t va lue  o f  280 m 2/ 
m m ol (0,47 n m 2/m olecu le) fo r benzoic acid , a v a lu e  m ark ed ly  h ig h er th a n  th e  
fo rm er one. T he e x p la n a tio n  fo r th is fin d in g  m ig h t be soug h t in  th e  fa c t  t h a t  
N u x it  A l  I I I  h as  a h ig h e r specific surface a re a , 860 m 2/g, an d  c o n seq u en tly  
co n ta in s  a h ig h er p ro p o rtio n  o f m icropores, accessib le  only  to  th e  sm all w a te r  
m olecules, b u t  n o t to  th o se  o f benzoic acid. T h u s , i f  th e  m ax im ally  ad so rb ab le  
a m o u n t o f th e  la t te r  is re fe rred  to  th e  to ta l  su rface  a rea  and  n o t on ly  to  th e  
accessible p a r t  o f i t ,  th e  a rea  p er m olecule w ill be  o v erestim a ted . A q u a n t i ta 
tiv e  d escrip tion  o f  th is  e ffec t m igh t be a t te m p te d  in  th e  follow ing w ay .

Fig. 3. Adsorption of benzoic acid (2)  from water (1) on Nuxit Al III  type activated  carbon.
Intercept: 3 .5 x l0 _e g/m m ol; slope: 0.325 g /m m ol; n | 0 =  3.08 m m ol/g
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L e t  u s  reserve th e  su p e rsc r ip t s fo r t h a t  p a r t  o f th e  su rface  w h ich  is 
e q u a lly  accessib le  for b o th  co m p o n en ts , a n d  d esig n a te  b y  su p e rsc r ip t p  th e  
a m o u n t  o f  m a tte r  co n ta in ed  in  th e  m icropores. W e have th en  to  w rite  in s te a d  
o f  E q . (5) :

Zb»2n) =  n\x[ — («1 +  n[) x l (19)

a n d  fo r  th e  sep ara tio n  fa c to r  S  in s te a d  o f  E q . (1 2 ):

s _ raj 4
(n f +  n %) х 1г

w h ile  E q .  (8) rem ains u n ch an g ed . F ro m  th e se  re la tio n s  th e re  follow s th e n

Sxjn{ 0_______4 4 „Ix l
+

M n) (S -  1) « о  +  ) (S  -  1) n l 0(n{i0 +  n f )

in s te a d  o f  E q . (15) and

1 4

( 20)

( 21)

~i r ix i x 2
+

A 4 n) S ( 4 t0 - f  n{) n% о (1 -f- n f / n f i0)
( 22)

in s te a d  o f  E q . (16). T h is re s u lt  is so m ew h at su rp rising , because  i t  in d ic a te s  
t h a t  t h e  ev a lu a tio n  of n |>0 fro m  th e  slope o f  th e  g rap h  leads to  a  m o re  o r less 
o v e re s t im a te d  value, a p p a re n tly  c o n tra d ic tin g  th e  a rg u m en t o f  th e  fo rego ing  
p a r a g r a p h .  T he e x p lan a tio n  m ig h t be t h a t  th e  “ segregation”  o f  n 1 h a s  th e  
e ffe c t as i f  a reference a m o u n t o f  so lu tio n  w h ich  is rich e r in  c o m p o n e n t 2  w ere 
c o n s id e re d  so th a t  an y  m easu red  p o in t o f  th e  iso th e rm  corresponds to  a  h ig h er 
f ic t iv e  x 2. S ince, how ever, th e  su rface  a rea  to  p o re  vo lum e ra tio  in c rea se s  w ith  
d e c re a s in g  pore w id th , th e  o v e ra ll effect o f  th e  in accessib ility  o f th e  m icropores 
fo r th e  so lu te  m olecules w ill m an ife s t i ts e lf  in  an  a p p a re n tly  in c re a se d  value  
o f  th e  su rfa c e  area p er m olecu le  if  th e  m a x im a l adso rbed  a m o u n t is re fe rred  
to  th e  t o t a l  surface area  o f  th e  a d so rb e n t (0,47 ag a in s t 0,36 n m 2 in  o u r  case).

A s c a n  be ju d g ed  from  T ab le s  I I I  a n d  IV , an d  F igs. 4 an d  5, re sp e c tiv e ly , 
th e  is o th e rm s  of b u ta n o l in  w a te r  a n d  th e  re p re se n ta tio n  o f x ^ x Á jn ^  a re  o f a 
s im ila r  c h a ra c te r  as fo r ben zo ic  acid . T h e  slope o f th e  s tra ig h t line  show n  in  
F ig . 4  is  0 .29  g/m m ol, c o rre sp o n d in g  to  a v a lu e  o f  n |  0 =  3.45 m m ol/g . I f  re fe r
re d  to  th e  specific surface a re a  o f  620 m 2/g  o f  N u x it  A I ,  a2 =  179 m 2/m m ol

Table III

A dsorption  o f  n-butanol (2) from  water (1) on Nuxit A  I, at 25 °C (as, =  620 m2/g), compare
Fig. 4

* ' X 103 0.31 1.49 3.71 5.48 9.27 11.18 12.99 15.66

1.40 1.77 2.44 2.88 2.93 3.03 3.05 3.18
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Fig. 4. Adsorption of n-butanol (2) from water (1 )  on Nuxil A  I  type activated carbon. 
Intercept: 4.0 X lO -1 g/mmol; slope: 0.29 g/mmol; п |>0 =  3.45 m m ol/g

Fig. 5. A dsorption o f n-butanol (2) from  w ater (1)  on Nuxit A III  typ e  a c tiv a ted  carbon.
Intercept: 2.0 X lO -4 g/m m ol; slope: 0 .244 g/m m ol; n* 0 =  4.1 m m ol/g
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Table IV

A dsorption o f n-bulanol (2) from  water (1) on Nuxit A I I I , at 25 °C (as, BET =  840 m2/g), compare
Fig. 5

x£ x 103 1 0.60 1.84 5.33 6.21 11.08 12.23 16.17

n^H^m m ol/g) 2.16 2.50 3.17 3.56 3.74 3.78 3.83

(0 ,30 n m 2/m olecule) re su lts , a g a in  a reasonab le  v a lu e . T he correspond ing  v a lu e s  
w h ich  c a n  be deduced  fro m  F ig . 5 are : slope =  0 .244  g /m m o l; 0 = 4 .1  m m o l/g  ;
a!! =  204 m 2/m m ol (0,34 n m 2/m olecule), i f  re fe rre d  to  840 m 2/g as th e  specific  
su rfa c e  a re a  o f N u x it A  I I I .  T h e  difference b e tw e e n  0,30 and  0,34 n m 2 is o n ly  
s lig h t ( i t  m ig h t be considered  even  as ly ing  w ith in  th e  lim its of e x p e rim e n ta l 
e rro r) , in d ic a tin g  th a t  th e  less vo lum inous a n d  m ore  flexible m olecules o f 
n -b u ta n o l  are  n o t m ark ed ly  ex c luded  from  th e  m icro p o res , so th a t  th e  v a lu e  
o f re| 0 re p re se n ts  in  th is  case fa ir ly  well th e  t r u e  a d so rp tio n  cap ac ity  also fo r 
th e  p a r t ly  m icroporous a c t iv a te d  carbon.

T h e  la s t  exam ple we show  here refers to  th e  a d so rp tio n  of an th ra c e n e  ( 2 )  
f ro m  cy c lo h ex an e  ( 1 )  as th e  so lv en t, on g ra n u la te d  a c tiv a ted  ca rb o n  Chem- 
viron T y p  C A L . The iso th e rm  p o in ts  lis ted  in  T a b le  V  (inciden ta lly , th e se  d a ta  
re f le c t th e  som ew hat po o r acc u ra cy , ^ 1 0 % ,  o f th e  flu o ro m etric  c o n c e n tra tio n  
d e te rm in a tio n s  in  th is  reg ion  o f  h igh d ilu tions) c a n  be  rep resen ted  fa ir ly  w ell 
b y  a F reund lich  ty p e  e q u a tio n  u p  to  ab o u t =  75 mg/g, b u t  th e n  th e
is o th e rm  levels off an d  te n d s  a p p a re n tly  to w ard s a p la te a u . W ith  th e  e x c e p tio n

Table V

Adsorption o f  anthracene (2) from cyclohexane (1) on Chemviron Typ CAL at 25 °C (a„ RpT =
1 0 0 0 -1 1 0 0  m2/g), compare Fig. 6 *^

m l m a (g/g) wJxlO* <<“> (mg/g)

30 0.21 5.34
30 0.65 11.1
75 1.43 13.1
30 4.42 27.9
75 6.23 27.5
30 30.3 60.2

300 45.5 76.8
75 70.1 65.1
75 519 118

130 519 128
38 1720 133
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Fig. 6. Adsorption of anthracene (2 )  from cyclohexane (1) on Chemviron type CAL  activated 
carbon, а) т^т  plotted vs. tv{. b) w!jm pm> plotted vs. w',; intercept: 0.5 x lO -6 g/mg; slope:

7.2 X 10 _3 g/mg; т* 0 =  139 mg/g
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Fig. 7. Cumulative pore size distribution of Chemviron type CAL  from data sheet supplied
by the manufacturer firm

o f i t s  v e ry  f irs t  p a r t ,  th e  p lo t  o f w ' j m l ^  vs. w 2 (F ig . 6) is fa irly  lin ea r  ; tlic  
s t r a ig h t  line d raw n in  th e  fig u re  has an  in te rc e p t  o f 0 .5 х Ю _в g/'mg a n d  a 
slope  o f  7.2 x l 0 ~ 3 g /m g, th e  la t te r  co rresp o n d in g  to  m | 0 =  139 m g/g =  0.78 
m m ol/g . I f  re ferred  to  th e  specific  surface a re a  o f  a b o u t 1000 m 2/g o f th e  a d 
so rb e n t, th is  value o f m 2 0 w o u ld  correspond to  a m o la r  su rface  area  of a n tra c e n e  
aö =  1280 m 2/m m ol, a  q u ite  u n reasonab le  v a lu e , since 440 n r /m m o l w ould  be 
th e  m a x im u m  value  fo r  a close-packed la y e r  o f  a n th ra c e n e  m olecules ly ing  
f l a t  on  th e  surface. T h is  g re a t  d iscrepancy  b e tw e e n  th e  tw o values c a n n o t be 
e x p la in e d  by  th e  ex c lu sio n  o f  th e  an th racen e  m olecu les from  m icropores, as 
in  th e  case of benzoic ac id  on N u x it  A l  I I I , b e cau se  on th e  one h an d , acco rd ing  
to  F ig . 7, Chemviron C A L  does n o t con ta in  a n y  co n sid e rab le  am oun ts of n a rro w  
m ic ro p o res  and , on th e  o th e r  h an d , w ith  cy c lo h ex an e  as th e  so lven t th e re  is 
n o t su ch  a g rea t d ifference  in  size betw een so lv e n t a n d  so lu te  m olecules.

In  o rd er to  ex p la in  o u r resu lts  we m a y  su sp e c t th a t  th e  a d so rp tio n  of 
a n th ra c e n e  is of m a in ly  th e  p o re  filling  ty p e  in  th is  case. As can  be seen in  
F ig . 7, a decisive p a r t  o f  th e  pores of Chem viron C A L  h as  a size a ro u n d  2 nm , 
a p o re  vo lum e of a b o u t 0.3  cm 3/g in  th is  size reg io n . T he adso rp tio n  v a lu e  лее 
h a v e  fo u n d , 139 nig/g, co rre sp o n d s  to  a vo lum e o f 0.111 cm 3 of solid a n th ra c e n e  
(d e n s ity  1.25 g/'em3). I f  w e a d o p t th e  pore f illin g  m odel, th e n  i t  is ev id en t th a t  
in  th e  pores, w hich h a v e  c e r ta in ly  irreg u ar sh ap es , th e  pack ing  of th e  a n th r a 
cene m olecules c an n o t be  b y  fa r  so regu lar as in  th e  solid  s ta te  so th a t  we h av e  
to  re c k o n  w ith  a tw o to  th re e  tim es g rea te r  e ffec tiv e  vo lum e and  th is  co rre 
sp o n d s to  th a t  o f th e  p o res  o f  a ro u n d  2 nm  size, in  w h ich  s trong  a d so rp tio n  of 
a n th ra c e n e  is to  be e x p e c te d . O n in spec tion  o f  F ig . 6 one can see th a t  a t  its  
v e ry  b eg in n in g  th e  p lo t  d e v ia te s  m arked ly  fro m  lin e a r ity . A ccording to  th e  
a rg u m e n t in  th e  la s t  p a ra g ra p h  under a )  in  th e  fo rego ing  section , such  a b e 
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h a v io u r  po in ts to  a  sh a rp  in itia l d ec rease  o f  th e  sep ara tio n  fa c to r  S .  N ow , 
e v id e n tly , th e  a d so rp tio n  of a n th ra c e n e  m olecules w ill be th e  s tro n g e s t i f  th e y  
can  lie  f la t  on th e  su rface . Such a p o s itio n  req u ire s , how ever, in  v iew  o f  the 
size an d  r ig id ity  o f  th e  an th racen e  m olecu les, a p o rtio n  o f ab o u t 0 ,80  n m 2 of 
sm o o th  surface. E v id e n tly  the  su rface  o f  th e  a c tiv a te d  carbon  w ill n o t  co n ta in  
m a n y  sm oo th  s ites o f  such ex tension  so th a t  o n ly  a sm all p a r t  o f th e  a n th ra c e n e  
m olecu les will a d so rb  in  th is  w ay , w h ile  th e  m a in  p a r t  will be b o u n d  b y  pore 
f illin g . T his is th e  o n ly  exp lan a tio n  w e can  im ag in e  for th e  b e h a v io u r  w e h av e  
fo u n d , h u t  in  sp ite  o f  th e  u n c e r ta in ty  o f  th e  in te rp re ta tio n , we th in k  t h a t  th e  
v a lu e  deduced  fro m  th e  graph  of F ig . 6 is a re liab le  e s tim a te  o f th e  a d so rp tio n  
c a p a c ity .

C oncluding re m a rk s

In  our o p in io n , th e  exam ples show n above prove in  an  in c o n te s ta b le  
w ay  th e  usefu lness o f th e  iso th e rm  tra n s fo rm a tio n  accord ing  to  E q . (16), in 
co n n ec tio n  w ith  d ilu te  so lutions o f  s tro n g ly  adso rbed  so lu tes. I n  fav o u rab le  
cases i t  p rov ides m ean s for a m ore re liab le  e s tim a te  o f th e  a d so rp tio n  c a p ac ity  
th a n  th e  iso th e rm s in  th e ir  usual fo rm  an d  is in  general m ore in fo rm a tiv e  con
c e rn in g  so lu te-so lid  in te rac tio n s a n d  th e  n a tu re  o f th e  adso rbed  la y e r . O n th e  
o th e r  h an d  h ow ever, an y  m echan ica l ap p lic a tio n  w ith o u t due c r itic ism  m igh t 
le a d  to  erroneous conclusions. S uch  a c ritic ism  has to  rely  m ostly  a lso  on  fu r th e r  
re le v a n t  d a ta  concern ing  the  sy s te m  u n d e r  q uestion .
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CONTINUOUS ELECTROLYSIS OF ORGANIC 
COMPOUNDS

G .  K o r á n y i , L .  R é d e y  a n d  E . G a g y i  P á l f f y

( D e p a r tm e n t  o f  A p p l i e d  C h e m is tr y ,
T e c h n ic a l  U n iv e r s i t y ,  B u d a p e s t )

R e c e i v e d  J u l y  5 ,  1 9 7 8  

A c c e p t e d  f o r  p u b l i c a t i o n  J u l y  3 1 ,  1 9 7 8

A  f i l t e r p r e s s - t y p e  m u l t i - p u r p o s e  e l e c t r o l y s i s  e q u i p m e n t  h a s  b e e n  c o n s t r u c t e d  
t o  p e r f o r m  e l e c t r o l y t i c  r e a c t i o n s  o f  o r g a n i c  c o m p o u n d s  i n  a  c o n t i n u o u s  p r o c e s s .  T e s t s  
w i t h  r e d u c t i o n  o f  b e n z o i c  a c i d  t o  b e n z y l  a l c o h o l  s h o w e d  t h a t  t h e  p r o c e s s  c a n  b e  p e r 
f o r m e d  c o n t i n u o u s l y  w i t h  a p p r o p r i a t e  e f f i c i e n c i e s  o f  r e d u c t i o n  a n d  c u r r e n t .

I

T h eo re tica l an d  p rac tica l research  in  e lec tro ch em istry  o f o rg an ic  com 
p o u n d s in c reased  in  th e  p a s t 10 years an d  in  a few cases th e  m ethods d ev e lo p ed  
has been  in tro d u c e d  to  large scale m a n u fa c tu rin g . P ub lica tio n s in  th is  fie ld  
inc lude  m ain ly  d escrip tions of e x p e rim e n ts  d iscussing o x id a tio n -re d u c tio n  
reac tio n s  as w ell as d iffe ren t ty p es o f cells [1 — 9].

Scaling  up  o f processes depends on th e  ap p lica tio n  o f a d e q u a te  cell 
co n stru c tio n  an d  soon a fte r  th e  f ir s t  tr ia ls  on  p ilo t scale i t  becam e obv ious 
th a t  in  o rd e r to  o b ta in  sa tis fac to ry  y ie ld s, cells have  to  w ork c o n tin u o u s ly .

U tiliz a tio n  o f e lectrochem ical sy n th es is  m eth o d s to  m a n u fa c tu re  o rgan ic  
com pounds is considered  m ost ad v an ta g e o u s  to  cover m edium  v o lu m e  (1 — 100 
t /у ) needs o f re la tiv e ly  h igh  p riced  p ro d u c ts . A m ulti-p u rp o se  c o n tin u o u s  cell 
c o n s tru c tio n  w ould  p rov ide  th e  o p p o r tu n ity  to  t r e a t  d iffe ren t m a te r ia ls  and  
o b ta in  d iffe ren t p ro d u c ts  in  the sam e a p p a ra tu s . T herefo re  c o n s tru c tin g  a single 
e q u ip m e n t w ith  exchangeab le  e lectrodes a n d  con tro ls , p ro d u c tio n  c a p a c ity  for 
d iffe ren t p ro d u c ts  could  be estab lished .

T h e  ta s k  o f  th e  w ork  done w as to  c re a te  a m odel for a m u lti-p u rp o se  con
tin u o u s  e lec tro lysis eq u ip m en t.

T he c lassical e lectro lysis eq u ip m en t co n sis ted  o f a ta n k , w here  th e  m o tio n  
o f  th e  e le c tro ly te  has been  su sta in ed  b y  p u m p in g , m ixig or u s in g  a ro ta t in g  
ca th o d e . T e m p e ra tu re  con tro l needed  th e  a p p lica tio n  of h ea tin g  o f  re f r ig e ra t
in g  coils. T he ta n k  ty p e  cells how ever cou ld  n o t p rov ide h igh  p ro d u c tiv i ty  
because  o f d ifficu lties  in  con tro lling  tran sp o rt-p ro cesse s .

Good re su lts  h av e  been re p o rte d  in  u s in g  f ilte rp ress  ty p e  cells. T h is  ty p e  
o f eq u ip m en t is u tilized  to  th e  large scale p ro d u c tio n  of a d ip o n itry le  b y  h y d ro 
d im eriza tio n  o f  ac ry lo n itrile  [10 —12], p e rio d ic  acid [10], cy an o g en  b rom ide  
[13] and  te tra e th y la m m o n iu m  h y d ro x id e  [14].

2 0 A c ta  C h im . A c a d . S e i .  I i u n g .  1 0 0 , 197 9



3 0 6 KORÁNYI et al.: CONTINUOUS ELECTROLYSIS

I I

T h e  m u lti-p u rp o se , co n tin u o u s f ilte rp re s s - ty p e  la b o ra to ry  e lec tro lysis  
e q u ip m e n t ensures th e  in v e s tig a tio n  of d iffe re n t electrochem ical o x id a tio n - 
r e d u c tio n  reac tio n s , o p tim iz a tio n  o f yields a n d  e v a lu a tio n  of tro u b les  t h a t  m ay  
a r ise  in  la rg e  scale m an u fa c tu rin g . A nodes, c a th o d e s  and  d iap h rag m as can  be 
e x c h a n g e d  an d  th u s  d iffe ren t ty p es  o f m a te r ia ls  c an  be te s ted . Space ve loc ities 
o f  a n o ly te  and  c a th o ly te  c a n  be v a ried  as w ell as vo ltage  in p u t an d  p a t te rn .  
T h e  n u m b e r  o f th e  cells c an  be  m odified  a n d  th e y  can  be sw itched  to  cascad e  
o r p a ra lle l  ex p lo ita tio n . V olum es o f gases g e n e ra tin g  during  th e  p rocess can  
be  m e a su re d . E le c tro ly te  te m p e ra tu re s  can  sm o o th ly  be reg u la ted  an d  ow ing 
to  sm all d is tan ce  b e tw een  th e  electrodes no p ro b le m  arises in  keep ing  te m p e ra 
tu r e s  c o n s ta n t.

T h e  cell sy stem  is show n in  F ig . 1. T h e  e lec trode  p la te s  are  s e p a ra te d  
b y  p la s t ic  fram es. A no ly te  a n d  c a th o ly te  are s tre a m in g  in  th e  space enclosed  
b y  th e  fram es. B etw een  an o d e  an d  ca th o d e  tw o  fram es are  p laced  w h ich  ho ld  
th e  d ia p h ra g m . In  case of necessity , each cell m a y  be h ea ted  or cooled in se r tin g  
a n e ig h b o u rin g  e m p ty  space, b u ilt  o f th e  sam e fram e  elem ents, w here cooling  
or h e a t in g  liq u id  can  be c ircu la ted , ensu ring  d ire c t c o n ta c t w ith  th e  n o n -w o rk 
in g  s id e  o f  th e  elec trode .

A cco rd in g  to  th e  n u m b e r of cells an d  co o lin g /h ea tin g  spaces, th e  sy s tem  
is c o u p le d  an d  com pressed  b y  lo n g itu d in a l b o lts  o f  v a ry in g  leng th .

A d d itio n a l e q u ip m e n t o f  th e  cell sy s te m  consists o f v o ltag e  in p u t, 
e le c tro ly te  p u m p s, h ea tin g /co o lin g  e q u ip m e n t, degasifiers, e lec tro ly te  re se r
v o irs , as show n in  F ig . 2.

T h e  use of v a riab le  speed  p e ris ta ltic  p u m p  en su red  th e  v a ria tio n  p o ssib il
i ty  in  e le c tro ly te  velocities (5). To se p a ra te  a n d  m easu re  gases le av in g  th e

Fig. 1. Multi-purpose filterpress-type electrolysis cell; (1) Covering heads, (2) cooling/heating 
space, (3) cathode, (4) cathode space, (5) diaphragm, (6) anode space, (7) anode, (8) fittings,

(9) bolts
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new
anolyte

Fig. 2. Working scheme of the continuous laboratory-scale electrolysis; (1) filterpress cell, 
(2) tank for catholyte, (3) tank for anolyte, (4) gasholder, (5) pump, (6) voltage regulator, (7) 

rectifyer, (8) coulombmeter, (9) refrigeration equipment, (10) cooling liquid

Fig. 3. Filterpress-type electrolysis cells
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cells , c a lib ra te d  tu b e s  h av e  been in se rted  (4) d ire c tly  to  th e  ce ll-in te rio r. T he 
a n o ly te  an d  c a th o ly te , a f te r  leav ing  th e  ce ll is p u m p ed  in to  ta n k s  (2) a n d  (3) 
f ro m  w h ere  th e y  can  be rec ircu la ted  or e x t r a c te d  from  th e  sy stem . I n  c o n t in 
u o u s  e lec tro lysis  new  e lec tro ly te  can be a d d e d  to  th e  system  in  re p la c e m en t 
o f  th e  ex h au sted  an d  e x tra c te d  e lec tro ly te .

T h e  h ea ting /coo ling  liq u id  c ircu la tes in  a n  in d ep en d en t sy s tem  th ro u g h  
th e  a p p ro p r ia te  ch am b ers  a d ja c e n t to  th e  cells (10).

T h e  f ilte rp re ss -ty p e  cell a rran g em en t is show n  in Fig. 3.

I l l

I n  te s tin g  th e  e q u ip m e n t, th e  e le c tro ly tic  red u c tio n  of benzoic ac id  to  
b e n z y l alcohol has been  in v es tig a ted . T h is p ro cess  has th ro ro u g h ly  b een  in 
v e s t ig a te d  b y  K . N a t a r a j a n  and  al. [15], so th e  p resen t w ork  ex c lu siv e ly  
a im s d e te rm in in g  th e  a p p licab ility  o f th e  f ilte rp re s s - ty p e  e q u ip m en t to  p e r 
fo rm  th is  k in d  o f processes.

I n  th e  chem ical p rocess benzy l alcohol is p ro d u ced  b y  th e  h y d ro ly s is  o f 
b e n z o y l ch lo rid e  an d  th e  re su ltin g  alcohol n eed s  p u rifica tio n . A d v a n ta g e  of 
th e  e lec tro ch em ica l re d u c tio n  is th a t  th e  en d  p ro d u c t is free o f  ch lo rin e . 
B esid e  b en zy l alcohol h y d ro g e n  is g en era ted  on  th e  ca th o d e  :

COOH CH.OH

T h e  g e n e ra tio n  o f h y d ro g en  is in fluenced  b y  th e  co n cen tra tio n  of benzoic  ac id  
a n d  b e n z y l alcohol in  th e  c a th o ly te , th e  te m p e ra tu re  of th e  ca th o ly te , a n d  th e  
c u r re n t  d e n s ity . T he a p p ro p r ia te  selection  o f  th e  ca th o d e  m a te ria l h a v in g  a 
h y d ro g e n  o v ervo ltage , p re v e n ts  th e  h y d ro g en  g en e ra tio n  and  p ro m o tes  r e 
d u c tio n  o f  th e  benzoic acid . C o n tam in a tin g  m e ta ls  in  th e  ca th o d e  m a te r ia l  o r 
on th e  su rfa c e  of th e  ca th o d e  in fluence  also h y d ro g e n  genera tion , th e ir  p resen ce  
m ay  in c re a se  hyd rogen  g en e ra tio n  and  decrease c u r re n t yield. H y d ro g en  v o l
u m e m e a su re m e n t th e re fo re  is an  im p o r ta n t in d ic a tio n  in  con tro lling  c a th o d ic  
p rocesses.

B ecau se  of oxygen  ev o lu tio n  on th e  an o d e , to  p re v e n t its  o x id a tio n , a n  
in d if fe re n t  m e ta l w ith  a low  oxy g en  o v erv o ltag e  h as  to  be app lied . T he p u r i ty  
of th e  a n o d e  is equ a lly  im p o r ta n t  as ev e n tu a l m e ta llic  co n tam in a tio n s m a y  be 
d is so lu te d  in to  th e  a n o ly te , an d  passing  th ro u g h  th e  d iap h rag m  m ay  c o n ta m i
n a te  th e  su rface  o f th e  ca th o d e .
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A d iap h rag m  w ith  ion-exchange p ro p e rtie s  h as  been used  in  th e  e le c tro ly t
ic red u c tio n  e x p e rim e n ts . I ts  se lec tiv ity  
re a c tio n  co rresp o n d in g  to  th e  equa tion

c o o n

su p p o r te d  to  a t ta in  th e  o v era ll n e t

CM.OH

B ased  on th e  p rev io u s  consid era tio n s an d  on experiences gained  in  fo rm er s tu 
dies [15] lead  a n o d e  an d  ca th o d e  of 9 9 .99%  p u r i ty  has been  used . A 10%  
su lp h u ric  acid a n o ly te  in c lu d ed  a d d itio n  o f som e e th y l alcohol in  o rd e r to  in 
crease th e  so lu b ility  o f  th e  benzy l alcohol. T h e  cells and  th e  v o ltag e  h as  been  
sw itched  in  series.

1 l ite r  2 .5 %  benzoic  acid so lu tion  w as e lec tro lysed  d u rin g  80 m in u te s  
u sin g  a c u rre n t d e n s ity  o f 40 А/d m 2 and  an  e le c tro ly te  v e lo c ity  o f 0.8 1/min. 
T h e  necessary  c u r re n t a m o u n t w as m easu red  b y  using  a co u lo m b m eter. Solid 
benzoic acid has c o n tin u o u s ly  been  added  to  th e  e lec tro ly te  in  o rd er to  rep lace  
consum ed  q u a n tit ie s , th u s  th e  benzoic acid  c o n c e n tra tio n  could  be k e p t  con
s ta n t  th ro u g h o u t th e  ex p erim en t. A fte r th is  p e rio d  electro lysis has b een  con
tin u e d  for a n o th e r  60 m in u te s  p u ttin g  aside 800 m l o f th e  used e lec tro ly te  an d  
ad d in g  th e  sam e a m o u n t of fresh  c a th o ly te  in to  th e  system .

M ain ta in in g  a te m p e ra tu re  o f 35 °C c u r re n t  efficiency w as 48 %  an d  th e  
y ie ld  70% . G as m easu rem en ts  show ed h y d ro g e n  evo lu tion  co rresp o n d in g  to  
th e  c u rren t effic iency . B y  increasing  th e  y ie ld , c u rre n t efficiency d ecreased . 
T h e  o p tim a l co n d itio n s  fo r th e  e lec trochem ical red u c tio n  process can  be d e te r 
m ined  b y  ta k in g  in to  acco u n t prices o f th e  raw  m a te ria l, e le tro ly te , p ro d u c t 
an d  c u rren t.

T he e x p e rim e n t d e m o n s tra te d  th a t  a co n tin u o u s  red u c tio n  o f benzoic  
acid  to  ben zy l a lcohol can  be realized  in  th e  f i lte rp re ss -ty p e  e lec tro ly se r 
eq u ip m en t w ith  th e  sam e c u rre n t and  re d u c tio n  efficiences as in  n o n -co n tin u o u s  
electro lysis.
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Benzylidene-bis-piperidine (2a) effects the nuclear aminoalkylation of 2’,4’- 
dihydroxy- ( l a )  and 2’,4’,6’-trihydroxyacetophenone ( lb )  to give the 3’- (3a) and 
3’,5’-(phenyl-l-piperidinomethyl) (3b) derivatives, respectively. Similarly, l a  with 
methylene-bis-piperidine (2b) gives 2’,4’-dihydroxy-3’-(l-piperidinomethyl)acetophenone 
(3c). Reduction of the aminomethyl derivatives offers a selective route to C-benzyl- 
and C-methyl-acetophenones.

A m inals, th e  condensation  p ro d u c ts  o f  a ldehydes w ith  tw o  m oles o f  a 
seco n d ary  am ine , a re  know n to  r e a c t  w ith  th e  a c tiv a te d  h y d ro g e n  a to m s of 
o rgan ic  com pounds. T here  are se v e ra l re p o r ts  in  th e  l ite ra tu re  on  th e  use of, 
e.g., iVjiV’-h enzy lidene-b is-p iperid ine  [1 —4] an d  m e th y len e-b is-p ip e rid in e  
[5 — 7] in  sy n th eses  o f  th e  K n o ev en ag e l, L e u c k a rt — W allach  a n d  M annich  
ty p e s .

V ery  often  th e  sam e p ro d u c ts  a re  o b ta in e d  w hen th e  am in a l is u sed  in  a 
reac tio n  in s tead  o f  th e  co rrespond ing  a ld eh y d e  an d  secondary  am in e  c a ta ly s t . 
T h is suggested  q u estio n in g  o f th e  a c tu a l c a ta ly tic  function  o f  th e  am in e  [1].

O ur ex p e rim en ts  have show n t h a t  am in a ls  a c t, in  g enera l, m o re  p o w er
fu lly  th a n  th e  co m p o n en ts  from  w h ich  th e y  a re  derived  [8]. T h is is ev idenced  
b y  b e tte r  yields, o r sh o rte r  reac tio n  tim es , o r in  th e  p ra c tic a b ility  o f  a reac tio n  
o therw ise  failing  to  occur. In  co n seq u en ce  o f  th is  h igher a c tiv ity , co m pounds 
c o n ta in in g  less a c tiv a te d  h y d ro g en  a to m s can  also be b ro u g h t in to  reac tio n . 
T h e  exam ples h e re in  rep o rted  are  th e  in te ra c tio n  o f 2’,4’-d ih y d ro x y ace to p h e- 
nono (resace tophenone) w ith  N^iV’-b enzy lidene-b is-p iperid ine  a n d  m eth y len e- 
b is-p iperid ine , a n d  th e  reaction  o f  2 ’,4 ’,6’-tr ih y d ro x y a c e to p h en o n e  (p h lo race to - 
p h en o n e) w ith  th e  fo rm er am inal.

T re a tm e n t o f  re sace to p h en o n e  ( la )  in  e th a n o l or benzene so lu tio n  w ith  
an  equ im olar q u a n t i ty  of b en zy lid en e-b is-p ip erid in e  (2a) o r m e th y len e-b is- 
p ip erid in e  (2b) gives 2 ’,4,-d ih y d ro x y -3 ,-(p h en y l-l-p ip e rid in o m eth y l)ace to p h e -

*,For a preliminary communication, see Ref. [8].
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n o n e  (3a) an d  2’,4 ,-d ih y d ro x y -3 ’-( l-p ip e rid in o m e th y l)ace to p h en o n e  (3c), re 
sp e c tiv e ly , in  good y ie ld s.

T h e  co rresp o n d in g  p ro d u c t from  2’,4 ’,6 ,-trih y d ro x y a c e to p h en o n e  (lb )  
an d  2a is 2 ’,4 , ,6’-tr ih y d ro x y -3 , ,5 ,-d i(p h en y l-l-p ip e rid in o m eth y l)ace to p h en o n e  
(3b).

T h e fa c t t h a t  n u c lea r  am in o a lk y la tio n  h a d  occurred  se lec tive ly  w as 
p ro v ed  b y  IR . N M R  an d  MS in v es tig a tio n s  an d  chem ical reac tio n s o f th e  
p ro d u c ts .

T h e  I R  sp ec tra  o f  3 a —3c show ed th e  p resen ce  o f p iperid ine an d  th e  c a r 
b o n y l g ro u p  in  h y d ro g en  b ridge . N M R  rev ea led  th e  ace ty l-m eth y l g roup  (ex 
c lu d in g  a co n d en sa tio n  o f th e  Claisen — S ch m id t ty p e )  an d  th a t  th e  a c e to p h e 
none r in g  co n ta in ed  on ly  tw o , ne ighbouring  p ro to n s  in 3a and 3c an d  n one  in 
3b. T h e  p resence  o f tw o  p ip e rid in e -co n ta in in g  su b s ti tu e n ts  in 3b w as ev id e n t. 
T he tn ass  sp ec tru m  o f 3a (see E x p e rim en ta l)  gave th e  co rrec t m o lecu lar w eig h t 
fo r C20H 23N O 3.

T h e  f ra g m e n ta tio n  p a th w a y s  of th e  m o lecu la r ions o f 3a lead ing  to  a b u n 
d a n t  p e a k s  in  th e  m ass sp e c tru m  are co n n ec ted  w ith  th e  presence of th e  p ip e r i
d ine p a r t  in  th e  m olecule : loss o f  a H  a to m  an d  a n e u tra l  p iperid ine  m olecule 
(re su ltin g  in  a p eak  a t  m/e 2 3 9 ); fo rm a tio n  o f  p ip e rid in e  m olecular ion  (m/e 
85) a n d  i ts  (M — H ) + io n  (m/e 8 4 ); fu r th e rm o re , ions a t  m/e 282 are  a t  le a s t 
p a r t ly  d u e  to  e lim in a tio n  o f  a C3H 7 rad ica l fro m  th e  p iperid ine  m o ie ty .

T h e  m ass sp e c tru m  o f 3b (see E x p e rim e n ta l)  ex h ib its  ions a t tr ib u ta b le  
to  a gas p h ase  m ix tu re  o f  p ip erid in e  m olecules a n d  a com pound  w ith  th e  m olec
u la r  w e ig h t o f 344. C hem ical com position  o f  th e  la t t e r  can be deduced  from  
3b b y  s u b s tra c tio n  o f  tw o  p ip erid ine  m olecules.
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T he ap p e a ra n ce  o f  these  co m pounds in  th e  ion source u n d e r  th e  e x p e ri
m e n ta l con d itio n s ap p lied  is a t tr ib u te d  to  th e rm a l decom position  o f  3b tak in g  
p lace d u rin g  th e  sam ple  ev ap o riza tio n .

3 -(P heny l-iV -p ip erid in o m eth y l)resace to p h en o n e  (3a) gives a p h en y lh y - 
d razone  (4). M ild a c e ty la tio n  resu lts  in  th e  rem o v a l of th e  p ip erid ine  m o ie ty  and  
th e  p ro d u c t is 2 ,-h y d ro x y -3 ,-(p h en y lace to x y m e th y l)-4 ’-ace to x y ace to p h en o n e
(5). M ethano lysis  o f  th is  p ro d u c t in  th e  p resence  of d ilu te  h y d ro ch lo ric  acid 
y ields 2’,4’-d ih y d ro x y -3 ,-(p h en y lm eth o x y m eth y l)ace to p h en o n e  (6), w h ich  com 
p o und  has also been  p rep ared  by  re f lu x in g  3a in  a 1 : 1 m ix tu re  o f  m e th an o l 
an d  acetic  ac id , or b y  its  hyd ro lysis  in  1 %  m ethano lic  sod ium  h y d ro x id e .

A d d itio n a l a n d  f in a l chem ical p ro o f  o f  th e  s tru c tu re s  has b een  o b ta in e d  
b y  th e  h y d ro g e n a tio n  o f 3a and  3c in  th e  presence of p a llad iu m -o n -ca rb o n  
c a ta ly s t  w h ich  gives 2 , ,4’-d ih y d ro x y -3 ’-b en zy laceto p h en o n e  a n d  2 ’,4 ’-d ihy- 
d ro x y -3 ’-m eth y lace to p h en o n e , re sp ec tiv e ly .

In s te a d  o f  c a ta ly tic  h y d ro g en a tio n , te tra l in e  in  th e  presence o f  p a llad iu m - 
o n -carbon  h as  also  successfully  been  u sed  as th e  source of h y d ro g en .

T hese h y d ro g en a tio n s  com plete  a  re a c tio n  ro u te  afford ing  n o w  a new  
m eth o d  o f c o n v en ien t selective n u c lea r  a lk y la tio n  or a ra lk y la tio n  o f  pheno lic  
com pounds, w h ich  reac tio n s are know n  to  be  n o to rio u sly  d ifficu lt to  accom plish  
o therw ise  [9, 10] because  o f th e  fo rm a tio n  o f  a m ix tu re  o f th e  p a r t ia l  o r com 
p le te  O -alkyl or -a ra lk y l e thers.
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T h e  s tru c tu re s  o f a ll p ro d u c ts  have  been  co n firm e d  b y  IR , N M R  a n d  ele
m e n ta l  an a ly s is . 3 -B en zy lresace tophenone  [11] a n d  3 -m eth y lresaceto p h en o n e  
[12] h a v e  been  re p o rte d  in  th e  l i te ra tu re , p re p a re d  b y  th e  u su a l m e th o d s .

A c tiv a tio n  o f th e  h y d ro g en  a to m  in  re sa ce to p h en o n e  m u st be c lea rly  d u e  
to  a  re so n a n c e  s tru c tu re  [9] w h ich  undergoes re -a ro m a tiz a tio n  a fte r  th e  re a c 
t io n  w i th  th e  am ina l.

T h e  reso rc ino l an d  ph lo rog lucino l h y d ro x y la tio n  p a tte rn  is th u s  s in g u 
la r ly  s u ita b le  fo r re a c tio n  w ith  am ina ls. As m a n y  n a tu ra l ly  occurring  flav o n o id s  
c o n ta in  j u s t  th is  p a t te rn  an d  6- or 8- or 6,8- C -m e th y l g roups, a co n v en ien t 
sy n th e s is  o f  such  su b stan ces  also  seems to  be  n o w  accessible b y  th e  re a c tio n  
o f th e  p a re n t  f lav o n o id  w ith  m e th y len e -b is-p ip e rid in e  an d  su b seq u en t re d u c 
tio n  [8].

T h e  scope o f th e  re a c tio n s  o f  various am in a ls  w ith  su itab ly  h y d ro x y la te d  
a c e to p h e n o n es , flav o n o id s  a n d  o th e r co m pounds co n ta in in g  a c tiv a te d  h y d ro 
gen a to m s  is u n d e r in v e s tig a tio n  in  o u r la b o ra to ry  an d  th e  re su lts  w ill be r e 
p o r te d  in  th e  fu tu re .

E xperim en ta l

A ll m .p.’s are uncorrected. NMR spectra were obtained at 100 MHz on a Varian XL-100  
spectrometer; chemical shifts are given in <5 ppm. Infrared spectra were measured on a Perkin— 
Elmer 577 instrument and mass spectra were taken and the exact mass measurements were 
carried out using an AEI MS-902 double focussing mass spectrometer operating at 70 eV 
ionizing electron energy. The samples were introduced via  a direct inlet system.

Benzylidene-bis-piperidine

Analogously to literature methods [2,3], this starting material was synthesized by  
m ixing a solution of piperidine (170 g) in ethanol (100 ml) w ith benzaldehyde (106 g) in ethanol 
(200 ml). The mixture was allowed to stand at room temperature for 6 h, then in a refrigerator 
overnight. The crystalline mass was broken up, filtered off, washed with ethanol (4 X  60 ml), 
and dried over CaCl2 to obtain 210 g of chromatographically homogeneous benzylidene-bis- 
piperidine, m.p. 80—81 °C (lit. [2] m.p. 80.5 — 81 °C).

Methylene-bis-piperidine

Essentially following the literature method [5], this aminal was prepared by adding 
paraformaldehyde (30 g) in small portions to piperidine (170 g), maintining the temperature 
between 60 and 80 °C. When dissolution was complete, the mixture was filtered from any solid 
im purity, the water formed was separated, and the crude product dried over Na2S 0 4. D istill
ation in  vacuum gave, after a short forerun, methylene-bis-piperidine (b.p. 107— 108° at 
about 16 torr) in 90—95% yield; п $  1.4835 (lit. ii'q 5 1.4830).
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2’,4’,-Dihydroxy-3’-(phenyl-l-piperidinomethyl)acetophenone (3a)

2’,4’-Dihydroxyacetophenone (la ) (19.2 g ; 0.127 mole) in 63 ml of ethanol was mixed 
with a hot solution of 33.6 g (0.130 mole) o f benzylidene-bis-piperidine (2a) in 130 ml of ethanol. 
The solution was refluxed for 4 h and then allowed to stand overnight. The yellow  crystals 
which precipitated were filtered off, washed with ethanol and dried (P20 5) to obtain 27.7 g 
of the crude product, m.p. 162—166 °C. Recrystallization from methanol (45 ml MeOH/g) 
gave 23.4 g of 3a; m.p. 168—171 °C.

IR  (KBr): 2980 (CH), 2940, 2860, 2830 (piperidine), ~ 1 6 2 0  cm - 1 (CO).
PMR (CDCl3/Mc4S i) : <5 6.39(1H, d, C5-H), 7.48(1 H,d,J6 e =  9 Hz, C6-H ), 4.90(lH ,s, 

C3-CH), 2.40(3H,s,Cl-COCHs), 13.08(lH,s,C2-OH), 7 .2 -7 .5 5 (’5H,m,Ph), 1.58 - f  2.42(10H, 
m, piperidine).

MS (source temperature: 120 °C) m/e (% ): 325.1680 (24, C20H,3NO3, lVf+ ; 324 (6.3); 
308 (1.5); 282 (10); 239 (23); 221 (10); 197 (5.0); 115 (4.7); 85 (32);' 84 (100).

C20H28NO8 (325.41). Calcd. C 73.8; H  7.12; N  4.30. Found C 73.7; H 7 .2 ; N  4.4%.
The same product was obtained in similar yields when effecting the reaction in benzene 

instead of ethanol.

2’,4,,6’-Trihydroxy-3\5,-di(phenyl-l-piperidiiiometyl)acetophenoiie (3b)

2’,4’,6’-Trihydroxyacetophenone (lb ) (1.68 g ; 0.01 mole) was dissolved in 35 ml of etha
nol, filtered and mixed with a solution of 2.58 g (0.01 mole) of benzylidene-bis-piperidine (2a) 
in 35 ml of ethanol. W ithin 3 min the deposition of glistening pale yellow crystals started at 
room temperature. The mixture was allowed to stand overnight, the product was filtered off, 
washed with ethanol and dried (P20 5) to obtain 2 g of 3 b ; m.p. 241—243 °C. A small sample 
recrystallized from ethyl acetate had m.p. 248 °C.

IR  (KBr): 2970 (CH), 2940, 2858, 2830 (piperidine), 1623 cm “ 1 (CO).
PMR (CDCl3/Me4S i) : <5 7.06 (5H, bs, Ph), 7 .2 -7 .5  (5H, m, Ph), 4.82 (1H , s, C5-CH), 

4.90 (1H, s, C3-CH), 2.62 (3H, s, Cl-COCH3), 14.15 (1H, s, C2-OH), 1.58 +  2.38 (20H, m, 
piperidine).

MS (source tem perature: 160 °C) m/e (%) : 344.1045 (84, C22H 160 4, M-2 x 85); 343 
(81); 325 (8.8); 162 (10); 85 (90); 84 (100); 70 (16).

C32H38N20 4 (514.74). Calcd. C 74.67 ; H 7.44 ; N 5.44 ; 0  12.43. Found C 74.43 ; H 7.25 ; 
N 5.62; Ö (direct) 13.37%.

2’,4’-Dihydroxy-3, -(phenyl-l-piperidinomethyl)acetophenone phenylhydrazone (4 )

A solution of 3a (975 mg; 0.003 mole) in 40 ml of methanol was refluxed for 8 h with 
0.6 ml (0.006 mmole) of phenylhydrazine. The product which separated after concentrating 
the solution was recrystallized from 1 : 6 CHCl3/EtO H  to obtain 460 mg of the phenylhydrazone 
(6) ;  m.p. 21 4 -2 1 7  °C.

IR (KBr): 3345 (NH), 2940, 2930, 2860, 2830 cm - 1 (piperidine).
C,eH29N20 2 (415.54). Calcd. C 75.2; H  7.0 ; N 10.1. Found C 75.5; H  6 .9 ; N  10.1%

2’- Hydroxy-3’-(phenylacetoxymethyl) -4’-acetoxyacetophenone (5 )

A mixture of 3a (1.95 g), acetic anhydride (1 ml) and sodium acetate (222 mg) was re
fluxed for 10 h, then poured into water (100 ml) and the benzene phase was separated, dried 
over Na2S04, and concentrated to give a deposit of crystals on standing; these were washed 
w ith cold benzene and recrystallized from the same solvent to obtain 400 mg of the acetyl 
derivative 5, m.p. 1 7 6 —178 °C.

IR  (KBr): 1770, 1740 (CO (Ac)); 1620 cm - 1 (CO).
PMR (CDCl3/Me4S i) : <5 6.63 (1H, d, C5-H), 7.72 (1H, d, J6 e =  9 Hz, C6-H ), 7.30 (5H, 

bs, Ph), 2.58 (3H, s, Cl-COCH3), 2.10 (3H , s, OCOCH3), 2.21 (ЗЙ, s, OCOCH3), 7.51 (1H, s, 
C3-CH), 13.05 (1H, s, C2-OH).

C19H180 6 (342.35). Calcd. C 66.7 ; H  5.27. Found C 67.0; H 5.3%.

2’,4’-Dihydroxy-3’-(phenyliiiethoxymethyl)acetophenoiie (6 )

This compound was prepared in three ways. The acetyl derivative 5 (98 mg) was dissolved 
in methanol (3.5 ml), cone, hydrochloric acid (0.7 ml) was added, and the mixture refluxed for 
1.5 h. On the addition of water, the product crystallized, m.p. 83 85 °C.
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The same compound was obtained when 3.25 g of 3a was refluxed in a mixture of metha
nol and acetic acid (50 ml each) for 24 h, and the hot reaction mixture was diluted with hot 
water (150 ml). Recrystallization from methanol (2.5 ml MeOH/g) gave 1.4 g of 6, m.p. 84.5— 
86 °C.

IR  (K B r): 2830 (OCH3), 1620 cm “ 1 (CO).
PMR (CDCl3/Me4S i) : 6 6.44 (1H, d, C5-H), 7.59 (1H , d, Jä,6 =  9 Hz, C6-H), 7 .2 -7 .5 5  

(5H, m, Ph), 3.49 (3H, s, OCH3), 5.94 (Ш , s, C3-CH), 2.49 (3H, s, Cl-COCH3), 13.12 (1H, 
s, C2-OH).

C16H 160 4 (272.30). Calcd. C 70.5 : H 5.9. Found C 70.0 ; 5.8%.
The compound was also isolated in a low yield from the hydrolysis (4 h at about 80 °C) 

of За (1 g) in MeOH (50 ml) and 1% NaOH solution (20 m l); m.p. 81 — 82 °C ; identification  
was made by IR.

2,,4’-Dihydroxy-3,-benzylacetophenone

A suspension of 0.5 g o f 10% palladium-on-carbon catalyst suspended in 25 ml of acetic 
acid was prehydrogenated ; then 650 mg (0.002 mole) of the phenylpiperidinomethylresaceto- 
phenone 3a in 30 ml of acetic acid was added and hydrogenation continued. After the absorp
tion of 0.002 mole of hydrogen the rate of hydrogenation became very slow. The catalyst was 
filtered off, and the solution was diluted with 100 ml of hot water; on cooling white crystals 
separated (331 mg), m.p. 207 — 208 °C (slight sublimation started at 180 °C) (lit. [11] m.p. 
1 9 5 -1 9 7  °C).

IR  (K Br): 1620 cm - 1 (CO).
PMR (CDCl3/Me4S i) : <5 6.49 (1H, d, C5-H), 7.49 (1H. d, J 5 6 =  9 Hz, C6-H), 7.0 7.40

(5H, m. Ph), 3.99 (2H, s, C3-CH2), 2.49 (3H, s, Cl-C,OCH3), 12.98 (1H, s, C2-OH).
C15H l40 3 (242.27). Calcd. C 74.36; H 5.8. Found C 74.4 ; H 5.9%.
An alternative route of reduction consisted in heating 3a (650 mg) and palladium-on- 

carbon (300 mg) in tetraline (10 ml) between 140° and 150 °C for 8 h. The reaction mixture was 
then extracted with cold 5% NaOH solution (3 x  10 m l); the extracts were immediately acidi
fied w ith 1 : 1 HC1. The product which precipitated was filtered off and dried to obtain 278 
mg of 3-benzylresacetophenone, m.p. 197—202 °C. Reerystallization from aqueous EtOH  
raised the m.p. to 207—209 °C.

2’,4’-Dihydroxy-3"-(l-piperidinomethyl)acetophenone (3c)

To 12.2 g (0.08 mole) of 2’,4’-dihydroxyacetophenone (la ) in 40 ml of ethanol was 
added a solution of 14.6 g (0.08 mole) of methylene-bis-piperidine (2h) in 20 ml of ethanol. 
Refluxing for 1 h followed by cooling overnight in a refrigerator gave the almost pure product, 
which was recrystallized from ethanol to obtain 14.2 g of pure 3b, m.p. 98.5 —100 °C.

IR  (K Br): 2950, 2930, 2855, 2830 cm “ 1 (piperidine), — 1620 (CO).
PMR (CDCl3/Me4S i) : ö 6.32 (1H, d, C5-H), 7.53 (1H. d, J5.„ =  9 Hz. C6-H), 3.82 (2H, 

s, C3-CH,), 2.49 (3H, s, Cl-COCH3), 12.60 (1H, s, C2-OH), 1.60 +  2.60 (10H, m, piperidine).
C14H 19N 0 3 (249.34). Calcd C 67.4; H 7.5; N 5.6. Found C 67.5; H 7.5 ; N 5.5%.

2%4’-Dihydroxy-3’-methyIacetophenonc

The piperidinomethylresacetophenone 3c (2.5 g; 0.01 mole) was hydrogenated in the 
presence o f prehydrogenated 10% palladium-on-carbon catalyst (1.0 g) in a total of 80 ml of 
methanol until the absorption of hydrogen stopped (uptake of about 0.01 mole of H.,). The 
catalyst was filtered off, the solution was adjusted to pH 3 w ith 15% HC1 and concentrated 
to about 15 ml. Dilution with water (100 ml) induced the precipitation of white needles (1.1 g ; 
65%), m.p. 1 5 7 -1 5 8  °C (lit. [12] m.p. 1 5 6 -1 5 7  °C).

IR  (K Br): 1620 cm - 1 (CO).
PMR (CDCl3/Me4S i) : <5 2.09 (3H, s, C3-CH3), 2.50 (3H , s, Cl-COCH3), 6.45 (1H, d, 

C5-H), 7.45 (1H, d, J 56 =  9 Hz, C6-H), 12.92 (1H, s, C2-OH).
CaH 10O3 (166.18). Calcd. C 65.05 ; H 6.0. Found C 64.5 ; H 6.2%.

*
The authors thank Mr. Kornél S z í j á r t ó  for his valuable help in the experiments.
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In the first paper of this series problems connected with photometric evaluation 
of spectrograms, first of all error sources of density measurements and terms of extend
ing measuring range are dealt with. When comparing various types of microdensito
meters it has been established that the density measuring range of traditional micro
densitometer type C. Zeiss Jena G II can be extended to about its twice, to S =  4, 
by building in a modern low-noise detection system linear in wide-range and by reducing 
simultaneously the scattered light in a considerable measure.

1. Introduction

In  th e  p a s t decade th e  d ev e lo p m e n t o f  an a ly tica l chem ica l m e th o d s  has 
re su lte d  in  th e  e lab o ra tio n  o f new  te c h n iq u e s  m eeting  th e  re q u ire m e n ts  of 
m o d ern  o p tica l em ission sp ec tra l a n a ly s is , to o . E specially  ra p id  p ro g ress  can 
h e  o bserved  in  th e  fie ld  o f sp ec tro ch em ica l ra d ia tio n  sources p r im a r i ly  due to  
th e  in tro d u c tio n  o f new  e x c ita tio n  m e th o d s  (e.g. ICP) [1, 2, 3, 4 ] . W ith  the  
h e lp  o f  novel sensors (e.g. chev ron  sh a p e d  e lec tron  m u ltip lie r, sem ico n d u c to r 
sensors) p ro m isin g  experim en ts  are  p e rfo rm e d  also in  th e  d o m a in  o f  spectro- 
m e tric  m e th o d s m easu ring  d irec tly  th e  ra d ia t io n  [5, 6]. T his p ro g re ss , as well 
as th e  w ide use o f  co m p u te riza tio n  m ad e  possib le  the  d ev e lo p m en t o f  a u to m a t
ic an a ly ze rs  o f  new  ty p es an d  h igh  p e rfo rm a n c e  [7].

H ow ever, th e  sp ec trog rap liic  m e th o d s  co n tin u e  to  be o f g re a t  im p o rta n c e , 
since  even  th e  m ost up  to  d a te  sp e c tro m e te rs  do no t have su ch  a g re a t  in fo r
m a tio n  f ix in g  an d  s to rin g  c a p ac ity  as th e  p h o to g rap h ic  em ulsion  m e th o d  does. 
C o m p u te riza tio n  an d  th e  in tro d u c tio n  o f  m o d e rn  au tom atic  m ic ro d en sito m e te rs  
h a v e  opened  up  new  possib ilities also in  sp ec tro g rap h y  [8]. W ith  th e i r  h e lp  th e  
b ig  a m o u n t o f  in fo rm a tio n  fixed  on sp ec tro g ram s can be b e t te r  u ti l iz e d  and
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th e  e v a lu a tio n  can  be  a u to m a te d . The a d v a n ta g e s  o ffered  by  m a th e m a tic a l 
s ta t is t ic a l  m ethods m a y  be  ex p lo ited  and th u s  th e  m o s t com plicated  c a lib ra 
tio n  a n d  co rrec tion  c a lc u la tio n s  do n o t cause a n y  p ro b lem . F u rth e r  on , w ith  
th e  m o d e rn iza tio n  o f m ic ro d en sito m ete rs , th e  m e a su rin g  ran g e  can be w id en ed  
an d  e rro rs  o f m easu rem en t c a n  be reduced , as w ell. H ow ever in su ffic ien t a t 
te n tio n  h as  been p a id  so f a r  to  th e  th eo re tica l a n d  p ra c tic a l results o f th e se  
a c h iev em en ts  in  a n a ly tic a l ch em is try .

O u r series, s ta r t in g  w ith  th is  paper, in te n d s  to  d e a l w ith  th e  d ev e lo p m en t 
o f sp ec tro g rap h ic  e v a lu a tio n  using  th e  above m e n tio n e d  possibilities. E r ro r  
sources o f  d en sity  m e a su re m e n ts , th e o re tic a l re q u ire m e n ts  and p ra c tic a l 
a sp ec ts  o f  th e  in s tru m e n ta l  tech n ica l rea liza tio n  o f  in creasin g  th e  m easu red  
ra n g e  w ill be tre a te d . R e la tio n sh ip s  betw een  p h o to g ra p h ic  and p h o to m e tric  
fa c to rs  in flu en c in g  th e  sh a p e  o f  b lackening  c u rv e  a re  exam ined  in  d e ta il b y  
th e  h e lp  o f  co n v en tio n a l a n d  m odern  m ic ro d en s ito m e te rs  of wide m easu rin g  
ra n g e . T h e  a p p licab ility  a n d  p rec ision  of /- tra n s fo rm a tio n  in  th e  case of v a r io u s  
m ic ro d en sito m ete rs  a re  co m p ared . The in flu en ce  o f  th e  ch arac teris tics  of 
p h o to g ra p h ic  em ulsion a n d  t h a t  of th e  m ic ro d e n s ito m e te r  on the  shape  a n d  
p a ra m e te rs  o f th e  a n a ly tic a l  cu rv e  is d iscussed, to o . O u r m ain  aim w as to  e x 
p lo re  new  an a ly tica l ch em ica l possib ilities d e riv in g  fro m  th e  increased ra n g e  
o f d e n s ity  m easu rem en ts : to  increase th e  m e a su ra b le  co n cen tra tio n  ran g e , to  
im p ro v e  th e  precision , r e l ia b il i ty  and  pow er o f  d e te c tio n  in  analy tica l p ra c tic e .

2. Problems o f photographic evaluation o f em ission spectra
2.1 . Role of b lackening curve and b lackening transformation 

in  spectrographic evaluation

T h e m ain  aim  o f q u a n t i ta t iv e  spectra l a n a ly s is  is to  determ ine c o n c e n tra 
tio n  c from  th e  in te n s i ty  I  o f  sp ec tra l lines. T h e  p ra c tic a l  m ethods are b a se d  
on th e  em p irica l S c h e i b e  — L o m a k in  [9, 10] e q u a tio n , I  =  ac , w hich is u sed  
in  sp ec tro g rap h ic  an a ly sis  as follows [11, 12] :

x  r ~  A x  R +  B x  lg  cx  ,

w here  A Y x  R is th e  lo g a r ith m -in te n s ity  ra tio  o f  th e  p a ir  o f line, 
cx  is th e  c o n c e n tra t io n  of elem ent to  be  d e te rm in ed .
A x  R and  B x  a re  c o n s ta n ts  depend ing  on  e x p e rim e n ta l conditions.

I n  p rac tice  th e  ab o v e  co rre la tio n  was fo u n d  to  b e  lin ea r in ce rta in  c o n 
c e n tra t io n  lim its. A t low  co n cen tra tio n s  d is tu rb in g  effec ts  (background, b la n k  
v a lu e ) co m p arab le  to  th e  I x  in te n s ity , while a t  h ig h  co n cen tra tio n s  due to  se lf
a b so rp tio n  th e  slope o f  th e  cu rv e  decreases. Z lY ^ ^  v a lu es  are in fluenced  also  
b y  th e  p h o to g rap h ic  r a d ia t io n  m easuring  m e th o d . F ro m  th e  po in t o f v iew  o f 
p rec is io n  an d  re lia b ility  o f  an a ly sis  correct d e te rm in a tio n  of th e  c h a ra c te r is tic
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curve  o f p h o to g ra p h ic  em ulsion  [13, 14] ( th e  b lack en in g  curve) a n d  th e  precise 
lim its  o f  in te n s i ty  ran g e  to  be m easu red  p h o to g rap h ica lly  a re  o f  decisive 
sign ificance.

P h o to g ra p h ic  em ulsion is an  irre v e rs ib ly  o p e ra tin g  ra d ia tio n  d e te c to r . 
U pon ex p o su re  in  th e  s ilver-halogen ide  g ra in s  pho to lysis occurs in  a sm all 
degree w hich  is th e n  in  course o f th e  d ev e lo p m en t m ultip lied  b y  i ts  107— 108 
p ro d u c in g  a p h o to g rap h ic  im age. T h e  a m o u n t o f  silver form ed on  th e  exposed  
spo ts dep en d s on th e  energy  o f ra d ia tio n  E  fa llin g  on one surface u n i t  o f  p h o 
to g rap h ic  em ulsion , w hich  can  be g iven as th e  m ean  value o f in te n s i ty  I  of 
ra d ia tio n  d ep en d in g  on tim e  m u ltip lied  b y  th e  tim e  of exposure : E  =  I  • t. 
T he  a m o u n t o f  silver fo rm ed  d e te rm in es d e n s ity  S  :

S =  — lg T  =  lg -y-,

w here T  is tra n sm itta n c e ,

i 0 th e  in te n s ity  o f lig h t fa llin g  on th e  deve loped  p h o to g rap h ic  em ulsion , 
i th e  lig h t in te n s ity  tr a n s m itte d  th ro u g h  p h o tog raph ic  em u lsio n .

In te n s i ty  decrease o f in c id e n t lig h t is d u e  to  th e  ligh t a b so rp tio n , reflec
tio n  an d  sc a tte r in g  o f silver g rains.

In  sp e c tro g ra p h y  th e  lo g a r ith m -in te n s ity -ra tio  o f a n a ly tic a l lines is 
d e te rm in ed  in d ire c tly  on th e  basis o f d e n s ity  m easu rem en ts. F o r  th is  reaso n  
i t  is e ssen tia l to  es tab lish  th e  co rre la tio n  b e tw een  d en sity  an d  in te n s i ty  of 
exposing  lig h t (em ulsion ca lib ra tio n ). D e n s ity  is p lo tte d  against th e  lo g a rith m  
o f th e  a m o u n t o f ra d ia tio n , th u s  th e  c h a ra c te r is tic  curve o f p h o to g ra p h ic  
em ulsion, t h a t  is th e  b lacken ing  cu rve  is o b ta in e d  [13]. F o r sp e c tro g ra p h ic  
purposes th e  b lack en in g  curve  re la tin g  to  c o n s ta n t  exposure tim e  is  su ita b le  
(F ig . 1). F o r  sp ec tro g rap h ic  an a ly sis  on ly  th e  d ensities found in  th e  u n d e r
exposed  a n d  th e  s tra ig h t p a r t  c an  be u sed  re lia b ly . A n im p o r ta n t fe a tu re  of 
p h o to g ra p h ic  em ulsion  is th e  slope o f th e  s tr a ig h t  p a r t  th a t  is th e  y -v a lu e .

Fig. 1. The blackening curve relating to constant exposure time
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S p  is  th e  fog d en sity  d ev e lo p ed  w ith o u t e x p o su re , S L and S LL a re  v a lu es  
b e lo n g in g  to  th e  low er an d  u p p e r  lim its  of th e  l in e a r  section . S  ̂  is th e  h ig h e s t 
d e n s ity  to  be  reached , te rm e d  sa tu ra tio n  d e n s ity .

T h e  fu n d a m e n ta l p rocesses o f sp ec tro g rap h ic  ev a lu a tio n  can be  d em o n 
s t r a te d  as follows :

photographic emulsion 
(light sensor)

exposure (photochemical reaction) 
/(Л), t =  constant <------

latent image

development, fixing 
(chemical multiplication X 1 0 8 )

emulsion calibration

spectrogram
densitometry s x+u blackening

transformation
(selection of SR+U background
information) and other

s u corrections

A Ix ,r —  d Y  x ,r analytical
calibration

I n  th e  above d iag ram  S x+U and  S R+U, r e sp ., m ean  th e  com m on d e n s ity  
o f th e  lin e s  and  th e ir  b a c k g ro u n d , w hile m ean s  th e  density  only o f  th e  b a c k 
g ro u n d .

S in ce  sp ec tro g rap h ic  ev a lu tio n  is b a sed  on  th e  com plex processes of 
p h o to g ra p h ic  d e tec tio n , th e re fo re  th e  resu lts  o b ta in e d  are in fluenced  b y  th o se  
fa c to rs  w h ich  m ay  p lay  a ro le  in  form ing  th e  im ag e  an d  in  its  e v a lu a tio n , resp . 
B esid e  p h o to g rap h ic  an d  p h o to m e tric  p a ra m e te rs , th e  re liab ility  an d  accu racy  
o f c a lc u la tio n s  of em ulsion  c a lib ra tio n  (e.g. b la c k e n in g  tran sfo rm a tio n ) p la y  a 
ro le  in  th e  ev a lu a tio n  [15]. L a te r  on, these  p a ra m e te rs  and th e ir  ro le in  spec
t ro g ra p h ic  ev a lu a tio n  w ill be  su rveyed , w ith o u t a n y  claim  for co m pleteness. 
F ir s t  o f  a ll, how ever, th e  p ro b lem s of d en sity  m e a su rin g  will be d ea lt w ith , th e  
o th e r  q u es tio n s  will o n ly  be  t r e a te d  to  th e  e x te n t  as th ey  are n ecessa ry  from  
th e  p o in t  o f  view  o f th e  re la tio n sh ip s  in v e s tig a te d  in  our w ork.

2.2. Photographic em ulsion as a detector of spectrographic
photometry

T h e  shape o f th e  b lack en in g  curve, an d  th ro u g h  th is th e  in te n s i ty  ran g e  
to  b e  m easu red  sp ec tro g rap h ica lly , as well as th e  precision  an d  re lia b ili ty  of 
l ig h t in te n s i ty  m easu rem en ts  depend  p r im a rily  on  th e  p roperties o f th e  pho-
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to g rap h ic  em ulsion  an d  on  th e  cond itions o f  i ts  p rocessing . The th e o re tic a l 
d esc rip tio n  of b lack en in g  cu rv e  on th e  basis  o f  em ulsion  p ro p ertie s  is q u ite  
d ifficu lt and  u su a lly  i t  is possib le  only b y  m a k in g  use  o f sim plify ing  a ssu m p 
tio n s. M ost th eo ries  d esc rib in g  th e  p ro p e rtie s  o f  p h o to g ra p h ic  em ulsion in te r 
p re t th e  c h a ra c te ris tic s  o f  p rac tica l em ulsions b y  d escrib ing  th e  th in  lay e rs  
c o n ta in in g  s ilv e r-h a lid e  c ry s ta ls  o f sim ilar size an d  ta k in g  in to  consid era tio n  
th e  size d is tr ib u tio n  an d  superposing  of lay e rs  [16, 17].

F o r sp ec tro g rap h ic  purposes f in e -g ra in ed , a n ti-h a la tio n  em ulsions o f 
a p p ro p ria te  у-v a lu e , h a v in g  su itab le  s e n s itiv ity  [18, 19] in  th e  w av e-len g th  
ran g e  to  be m easured  sh o u ld  be used [20]. T h e  la y e r  th ick n ess  o f sp ec tro g rap h ic  
em ulsions is g re a t co m p ared  to  gra in  sizes, th u s  th e ir  usefu l exposure ran g e  is 
also q u ite  w ide. T he p ro p e rtie s  o f spectra l p la te s  are  g iven  fo r th e  em ployers b y  
m an u fac tu re rs , an d  u n fo r tu n a te ly  these  d a y s  th e  a sso rtm e n t is re g re tta b ly  

narrow . R ecen tly , h o w ever, fru itfu l ex p e rim en ts  h av e  been  perfo rm ed  fo r th e  
sp ec tro g rap h ic  a p p lic a tio n  o f  ho lographic em ulsions [21]. T he q u a lity  o f  th e  
p ro d u c t changes d u rin g  s to rag e  owing to  in te rn a l  s tru c tu ra l  re a rra n g em e n t 
(ageing) an d  to  e x te rn a l chem ical effects (A g -cen tre  fo rm ing) as well. T he fog 
d e n s ity  increases, th e  у -v a lu e  decreases a n d  th e  u n ifo rm ity  o f em ulsion 
p ro p e rtie s  d e te rio ra te s  [22, 23].

T he m ost im p o r ta n t  a d v a n ta g e  o f p h o to g ra p h ic  em ulsion over p h o to 
elec tric  lig h t d e te c to rs  lies in  its  high reso lv ing  p ow er an d , due  to  th is , i ts  huge 
in fo rm a tio n  f ix in g  an d  s to rin g  cap ac ity . So, e.g. th e  in fo rm a tio n  c a p a c ity  of 
d iffe ren t ty p es o f  sp e c tra l p la te s  produced  b y  O R W O  is a b o u t 104 b it/m m 2 
[24]. T he p h o to g rap h ic  em ulsion  fixes th e  sp e c tru m  in  th e  w hole w av e-len g th  
range  o f th e  sp e c tro g ra p h  app lied , th u s  en ab lin g  th e  com parison  an d  su rv ey  
o f  spec tro g ram s an d  m ak in g  possible th e  u ti l iz a tio n  o f  an y  useful in fo rm a tio n  
for an a ly tica l p u rposes. P h o to e lec tric  m eth o d s do n o t  y e t  ensure  th is  p o ssib ility , 
m easu rem en ts  can  o n ly  be  ca rried  ou t a t  p re v io u s ly  selected  an d  p rec ise ly  
d e te rm in ed  w av e-len g th s . In  ad d itio n , th e  sp e c tro g ra m  m ay  be reg a rd ed  as a 
d o cu m en t th a t  c an  be s to re d  as long as desired  a n d  a t  a n y  tim e  i t  can  be  e v a l
u a te d  from  new  p o in ts  o f  v iew . P h o to g rap h ic  d e te c tio n  possesses a n o th e r  
s ig n ifican t a d v a n ta g e , n a m e ly  th a t  th e  d e n s ity  is d ep e n d e n t on th e  av e rag e  
v a lu e  o f exposing  lig h t in te n s i ty  (averag ing  e ffec t).

2.3 . Exposure, formation o f latent im age

D u rin g  exposu re  an  abso rbed  q u an tu m  ra ise s  an  e lec tro n  to  th e  co n d u c
tio n  b a n d  o f th e  s ilv e r-h a lid e  c ry s ta l, th e n  th is  e lec tro n  is t ra p p e d  a t a F ren k e l 
Ag + -ion s itu a te d  in  a d e fec t cen tre . D uring  th e  fo llow ing  diffusion period  th is  
silver a to m  a t t r a c ts  a n o th e r  F ren k e l Ag + -ion. T h is  process is rep ea ted  several
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t im e s  a n d  th u s  th e  dev e lo p ab le  s ilv e r cen tre s  c o n s titu tin g  th e  la te n t  im age 
[25, 26] a re  form ed.

T h is  m echanism  p ro v id es  a t  le a s t a q u a lita tiv e  ex p la n a tio n  fo r th e  effects 
c o n n e c te d  w ith  th e  v a ria tio n s  o f  ex p o su re  tim e . B ecause o f  th e  d e v ia tio n  from  
th e  la w  o f  rec ip roc ity  e q u a lity  o f  l ig h t q u a n tit ie s  a t  tw o d iffe ren t exposu res 
I lt 1 =  I 2t2 does n o t m ean  e q u a li ty  o f  th e  p h o to ch em ica l effect (d e n s ity ) . T h ere  
a re  q u i te  sign ifican t d ifferences b o th  in  th e  ran g es o f low an d  h ig h  in te n s itie s , 
w h e n  e x p o su re  tim e  is to o  s h o r t  o r  too  long  fo r th e  u n d is tu rb e d  o p e ra tio n  of 
th e  m e c h a n ism  of la te n t  im ag e  fo rm a tio n . T h e  above d ifference can  b e  ta k e n  
in to  c o n s id e ra tio n  b y  a p p ly in g  th e  S c h w a r z s c h i l d  fo rm u la  [27] E  =  I  ■ tp . 
O n th is  b a s is  one can  see t h a t  th e  slope o f  tim e-sca le  an d  th a t  o f  in te n s i ty  scale 
b la c k e n in g  curve  are d if f e r e n t : y y =  p y t. A ccord ing  to  Z i m m e r ’s in v e s tig a tio n s , 
i f  sp e c tro g ra m s  are m ade u s in g  a s te p  f il te r , an  in ten s ity -sca le  b lack en in g  
c u rv e  c a n  be p lo tted  also b y  v a ry in g  th e  ex posu re  tim e  [28]. T h e  in te rm itta n c e  
e ffe c t c a n  sim ilarly  be in te rp re te d , w h ich  m eans th a t  con tin u o u s or in te r ru p te d  
e x p o su re s  re su lt in  d iffe ren t p h o to c h e m ic a l effect [29]. T he co n n ec tio n  b e tw een  
th e  a b o v e  tw o  effects is e v id e n t ; b y  th e  use o f ro ta tin g  sec to r th e  in te rm itta n c e  
e f fe c t m a y  equalize in  som e cases th e  S c h w a r z s c h i l d  effect o f  o p p o sed  sign 
o c c u r r in g  s im u ltaneously  [29, 30, 31].

T h e  e x p lan a tio n  o f th e  s e n s it iv i ty  in c reas in g  effect o f th e  so-ca lled  su p p le 
m e n ta r y  exposu re  is sim ilar to  t h a t  o f  in te rm itta n c e  effect. T h is su p p le m e n ta ry  
e x p o s u re  h as  successfully b e e n  em ployed  in  sp ec tro g rap h y  fo r dec reasin g  de
te c t io n  l im it  [32]. G rains t h a t  h a v e  b een  exposed  a lread y , a re  m u c h  m ore 
s e n s it iv e  to  th e  effect o f r e p e a te d  exp o su re , since th e  n u m b e r a n d  sizes o f 
c r y s ta l  defec ts  have in c reased . A cco rd in g  to  D e n i s o f f  [33] su p p le m e n ta ry  
e x p o s u re  is m ost effective w h en  done s im u ltan eo u sly  w ith  th e  m a in  exp o su re . 
As a  m a t te r  of fac t, th e  p h o to g ra p h ic  effect o f b ack g ro u n d  ra d ia tio n  c a n  also 
be  e x p la in e d  w ith  th e  above, i f  i t  is re g a rd e d  as su p p le m e n ta ry  e x p o su re  an d  
th e  l in e  p ro v id in g  an a ly tic a l in fo rm a tio n  as m a in  exposure. B o th  su p p lem en 
t a r y  e x p o su re  and b a c k g ro u n d  ra d ia t io n  decrease th e  у-value  o f  th e  p h o to 
g ra p h ic  em ulsion , because th e  slope o f th e  b lacken ing  cu rv e  o f  c o n tin u o u s  
s p e c t r a  is  alw ays less th a n  t h a t  o f  line  sp e c tra  [34, 35].

T h e  shape of th e  b la c k e n in g  cu rv e  is in fluenced  b y  th e  c o n d itio n s  o f 
e x p o su re  o f  spectrum . So, e.g. th e  slope o f  a b lack en in g  cu rv e  p lo tte d  on  the  
b a s is  o f  spec trog ram s m ade w ith  p rism  sp ec tro g rap h  is less th a n  th a t  o b ta in e d  
w ith  g ra tin g  spec trog raphs. T h e  ang le  o f incidence of th e  ra d ia tio n  on  th e  
s p e c t r a l  p la te , as well as th e  sh a p e  o f th e  lines are  d iffe ren t in  th e  tw o  cases 
[36, 37 , 38]. W ith  a g iven sp e c tro g ra p h  th e  у-value  is also in flu e n c e d  b y  slit 
w id th  [34, 36, 39]. у -values a lso  d ep en d  on th e  m eth o d  o f c o n s tru c tin g  th e  
b la c k e n in g  curve, w h e th e r i t  is  m ad e  b y  tw o -s tep , m u lti-s tep  o r o th e r  ra d ia tio n  
v a r y in g  m eth o d  [11].
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2.4. Developm ent

E venness o f  d ev e lo p m en t h ig h ly  in fluences th e  p rec is io n  a n d  re liab ility  
o f  l ig h t in te n s ity  m easu rem en t. A g ita t io n  o f th e  developer b y  ro c k in g  the  dish 
w h ich  is s till q u ite  w id e ly  used h a s  a  r a th e r  g rea t m ac ro -e rro r  — i.e. th e  s ta n 
d a rd  dev ia tio n  o f  d e n s ity  o f th e  p h o to g ra p h ic  em ulsion ex p o se d  un ifo rm ly  is 
re la tiv e ly  high [40, 4 1 ]. W ith  s t r ic t  observance  o f th e  c o m p o s itio n  o f the  de
v e lo p er, th e  tim e  p e rio d  an d  te m p e ra tu re  o f deve lopm en t, th e  tu rb u le n t  in te r
ru p te d  m ixing o f th e  developing  so lu tio n  gives a s ig n if ic a n t im p ro v em en t in 
th is  fie ld . These p ro b lem s have  b e e n  d ea lt w ith  in  d e ta il b y  T Ö R Ö K  and  co
w o rk ers , and  d ev e lo p in g  m eth o d s o f  p ra c tic a l a p p lic a b ility  h a v e  also been 
re p o r te d  b y  th em  [42, 43, 44, 45].

2.5. D ensity  measurement

2 .5 .1 . General considerations

W ith  m icro d en sito m eters  d e n s ity  is m easured  in  s p e c tra lly  com plex  ligh t 
d e te rm in e d  by  th e  l ig h t  source o f  th e  a p p a ra tu s  an d  n o t  in  m onochrom atic  
lig h t. In  sp ec tro g rap h y  densities o f  v e ry  sm all areas (s p e c tra l  lines), in  the  
o rd e r  o f  10 ~2 m m 2, a re  be  m easu red . I n  th ese  cond itions th e  r e s u lts  o f  m easure
m e n ts  are equally  in flu en ced  b y  th e  geom etry  of th e  m e a su rin g  system , the  
g ra n u la r i ty  of th e  em ulsion  to  be m e a su re d  an d  th e  c h a ra c te r  (line  or con ti
n u o u s  spectrum ) a n d  su rro u n d in g s  o f  th e  im age p a r t  to  b e  exam in ed . The 
s ta n d a rd  dev ia tions o f  m easu ring  re s u lts  are  also due to  d if fe re n t causes ; one 
h as  to  d istingu ish  b e tw een  s ta n d a rd  d ev ia tio n  caused b y  th e  g ra n u la r ity  of 
th e  developed  p h o to g ra p h ic  lay e r ( f lu c tu a tio n  noise) a n d  th e  o th e r  noises 
a ris in g  in  th e  m easu rin g  system . In  th e  case of a given in s tru m e n t ,  o f  course, 
th e  com bined  effects o f  th ese  ab o v e  fa c to rs  de term ine  th e  s ta n d a r d  deviation  
o f  th e  m easured  d e n s ity .

A p p ara tu ses  deve loped  for d e n s ity  m easu rem en ts can  m e a su re  — accord
in g  to  th e ir  g eom etry  — specu lar, d iffu se  and  doub le-d iffuse  d en sitie s . In  the 
f i r s t  tw o  cases, th e  p h o to g rap h ic  em u lsio n  is illu m in a ted  b y  ra d ia t io n  beam  
from  a sm all a n g u la r  a p e r tu re  an d  o f  n o rm a l incidence (a p p ro x im a te ly  p a ra l
lel). D iffuse d en sity  is m easured  b y  d e te c tin g  th e  to ta l  a m o u n t  tra n sm itte d , 
w h ile  i f  we m easure  o n ly  th e  lig h t t ra n s m it te d  no rm ally , sp e c u la r  d ensity  is 
o b ta in e d . D oub le-d iffuse d en sity  is o b ta in e d  b y  m easu ring  th e  to ta l  q u a n tity  
o f  lig h t  t ra n sm itte d  th ro u g h  a p h o to g ra p h ic  em ulsion il lu m in a te d  w ith  diffuse 
l ig h t  [46]. M icrodensitom eters m a n u fa c tu re d  for sp e c tro g ra p h ic  pu rposes are 
c o n s tru c te d  to  m easu re  specu lar d e n s ity . H ow ever, th e  g e o m e tric  conditions 
o f  th is  are  only p a r t ia l ly  m e t b y  th e  d iffe re n t ty p es  of in s tru m e n ts .  T h e  differ
ence b e tw een  th e  tw o  k in d s of d e n s itie s  can  be exp la ined  b y  l ig h t  sca tte rin g  
on th e  gra ins of th e  deve loped  p h o to g ra p h ic  em ulsion. A cco rd in g  to  Ca l l i e r ’s 
[46] in v es tig a tio n s , d isreg a rd in g  th e  ra n g e  o f sm all den sities , th e  ra t io  o f spec
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u la r  a n d  diffuse densities S sp a n d  Sd is co nstan t :

Sd
Q is a  n u m b e r  dependen t on  g ra in  size. As a co n seq u en ce  o f  th is , th e  ra tio s  of 
d e n s it ie s  m easured  w ith  tw o  a p p a ra tu s e s  of d iffe ren t c o n s tru c tio n , are th e o re ti
c a lly  c o n s ta n ts . The v alue  o f  f lu c tu a t io n  noise cau sed  b y  th e  g ra n u la r ity  o f th e  
p h o to g ra p h ic  em ulsion is a lso  d e p e n d e n t upon th e  c o n s tru c tio n  an d  a d ju s tm e n t 
o f  th e  a p p a ra tu s . The sm a lle r  th e  a re a  m easured, th e  g re a te r  th e  p a r t  o f s ta n 
d a rd  d e v ia tio n  caused b y  g r a n u la r i ty  [47]. T he re la tio n s h ip  o f noises com ing 
f ro m  th e  m easuring  sy stem  a n d  f lu c tu a tio n  noises h a v e  b e e n  th o ro u g h ly  d ea lt 
w ith  b y  B u r g u d j i e v  an d  c o w o rk e rs  [48, 49, 50, 51] ; co n sid e rin g  th e  ty p e  of 
p h o to g ra p h ic  em ulsion, th e  a r e a  m easured  and  v a lu e  o f  m ean  d ensity . T h ey  
h a v e  fo u n d  th a t  from  th e  p o in t  o f  view  of signal-no ise  ra t io  th e  op tim a l a rea  
is 0 .0 1 0 0  — 0.0125 m m 2 in  th e  case  o f  com m only u se d  m ic ro d en sito m ete rs  e.g. 
Z eiss G  I I .  On th is basis, ta k in g  in to  account e n la rg e m e n t o f  th e  m icrodensito 
m e te r ,  th e  value of o p tim a l s l i t  w id th  of th e  m ic ro d e n s ito m e te r  and  th e  co r
re s p o n d in g  s lit w id th  o f th e  sp e c tro g ra p h , re sp ec tiv e ly , c an  be ca lcu la ted . In  
p r a c t ic e ,  how ever, th e  s lit w id th  o f  th e  sp ec tro g rap h  is u su a lly  given, and  th e  
s l i t  w id th  o f  th e  m ic ro d e n s ito m e te r  is ad ju sted  so, as to  co v er 1/2 — 2/3 o f th e  
s p e c t r a l  lin e  w id th  [39]. H o w e v e r , th e  above re q u ire m e n t can  generally  be 
fu lf i l le d , consequently  f lu c tu a t io n  noise is n o t s ig n if ic a n t. T herefore in  th e  
fo llo w in g  only  noises p ro d u c e d  in  th e  m easuring sy s te m  w ill be discussed.

I n  ph o to m etric  e v a lu a tio n  o f  spectrogram s i t  is im p o r ta n t  to  process th e  
g r e a t  a m o u n t of in fo rm a tio n  a v a ila b le  on th e  p h o to g ra p h ic  em ulsion and  to  
e x t r a c t  fro m  it  th e  usefu l in fo rm a tio n . W ith  t r a d i t io n a l  m icrodensitom eters 
in fo rm a tio n  selection an d  f in d in g  o f  spectral lines a re  to  be  done by  th e  o p e ra 
to r  o f  th e  ap p a ra tu s . F o r a n  e x p e rie n c ed  o pera to r i t  does n o t  m ean  any  prob lem , 
a l th o u g h  th e  m easu rem en t is  s low  an d  tiring , th u s  th e  a m o u n t o f in fo rm a tio n  
t h a t  c a n  be  processed is h ig h ly  lim ite d .

T h e  Zeiss S c h n e llp h o to m e te r  generally  used  in  E u ro p e  is able to  m easure  
d e n s i ty  in  a range of 0 — 2.0 a n d  th e  narrow  m easu rin g  ra n g e  also decreases th e  
e f f ic ie n c y  o f in fo rm ation  a c q u is i t io n . In  m odern  m ic ro d en sito m e te rs , how ever, 
in fo rm a tio n  u tiliza tion  h as  b e e n  increased  by  a u to m a tin g  th e  m easu rem en t 
a n d  b y  com puteriz ing  c o n tro l a n d  d a ta  processing [8, 52, 53, 54, 55]. T o ta l 
a u to m a t io n  would req u ire , h o w e v e r , ex trem ely  d e lic a te  so lu tio n  o f th e  m ech an 
ic a l s y s te m  and in  a d d itio n  to  th is  the  selection  a n d  id e n tif ic a tio n  of lines 
d e m a n d s  v e ry  com plicated  p ro g ra m m in g . T herefo re  th e s e  in s tru m e n ts  are  s till 
h ig h ly  com plica ted  an d  e x p e n s iv e , th e ir  ap p lica tio n  is m o s tly  n o t w o rth  th e  
c o s ts . A t  p resen t in  m ost la b o ra to r ie s  it  is ex p ed ien t to  em p lo y  sem i-au tom atic  
s y s te m s  w hich, supplied  w i th  u p - to -d a te  d ig ita l m e a su rin g  system s an d  d a ta  
f ix in g  a n d  storing  fac ilities , f a c i l i ta te  the  o p e ra to r’s w o rk  [56, 57, 58, 59].
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A n o th e r fie ld  o f  in fo rm a tio n  u tiliz a tio n  s till b a re ly  e x p lo ite d  is th e  ex
pansion  o f th e  range  o f d e n s ity  m easu rem en t. B ecause o f  th e  n a rro w  m easu ring  
ran g e  o f  tra d itio n a l m ic ro d en sito m ete rs , in  th e  p rac tice  o f sp e c tro g ra p h y  the  
fo rm a tio n  o f  h igh d en sities is e lim in a ted  b y  s te p -filte r  ra d ia tio n  w eaken ing . 
T h is process is, how ever, q u ite  d ifficu lt to  p erfo rm , since th e  sh a p e  o f  the  
b lack en in g  cu rv e  dep en d s also on th e  n u m b e r o f f ilte r-s tep s . B eside  th is , due 
to  th e  g re a te r  p lace  d em an d  o f sp ec tru m  th e  process is u n eco n o m ica l [11]. 
A t th e  sam e tim e , V e c s e r n y é s  an d  Z á r a y  [60, 61] h av e  re c e n tly  p o in te d  ou t 
th a t  m odern  w ide-range  m icro d en sito m eters  e.g. Jo y ce -L o eb l M K  I I I  CS 
p roduce  a m uch  longer lin e a r  sec tion  o f th e  b lack en in g  cu rve  o f  th e  sp ec tra l 
p la te  in  th e  d irec tio n  o f h igh  densities (fre q u e n tly  to  d en sity 4 .0 )  th a n  tra d i t io n 
al m icro d en sito m ete rs  do. In  th e  la t te r  case, in c lin a tio n  o f c u rv e  a t  g rea t 
densities is due to  th e  sc a tte re d  lig h t p roduced  in  th e  a p p a ra tu s  cau sin g  sy s tem 
a tic  e rro r an d  n o t to  th e  s a tu ra tio n  exposu re  o f th e  p h o to g ra p h ic  em ulsion 
[62, 63, 64, 65, 66, 67]. T h e  above ex p erim en ts  p ro v e  th a t  a t  p re se n t th e  useful 
exposu re  ran g e  o f sp e c tra l p la te s  is re s tr ic te d  n o t by  th e  p h o to g ra p h ic  em ul
sion, b u t  b y  th e  p ro p e rtie s  o f  th e  m icro d en sito m eter.

E ffic iency  o f  in fo rm a tio n  u tiliz a tio n  is in fluenced  b y  th e  s lit w id th  of 
th e  m ic ro d en sito m ete r, to o . A n a ly tica l in fo rm a tio n  co n ta in ed  b y  th e  sh ap e  of 
sp ec tra l lines is n o t ex p lo ited  a t  all, because  o f th e  g re a t s lit w id th  t h a t  is 
n ecessary  to  red u ce  th e  f lu c tu a tio n  noise. In  th is  fie ld  fu r th e r  p ro g ress  can  be 
ex p ec ted  from  th e  m easu rin g  o f  th e  area  below  th e  cu rve  o r o f  th e  line w id th  
[ 68 ] .

T he resu lts  o f  d e n s ity  m easu rem en t, th e  shape  o f th e  b la c k e n in g  curve 
an d  th e  effic iency  o f  in fo rm a tio n  u tiliz a tio n  are  g rea tly  in flu en ced  b y  th e  p ro p 
ertie s  o f th e  m ic ro d en sito m ete r. In  th e  fo llow ing e rro r sources o f  d e n s ity  m ea
su rem en t w ill be d e a lt w ith , p rim a rily  from  th e  p o in t o f  view  o f in c rea s in g  the  
m easu rin g  range  o f tra d it io n a l  m ic ro d en sito m ete rs . T ab le  I  b rie fly  sum m arizes 
th e  req u irem en ts  se t up  for th e  m ain  p a r ts  o f  m ic ro d en sito m ete rs , an d  th e ir  
role in  s ta n d a rd  d ev ia tio n  an d  sy s tem atic  e rro r  o f m easu rem en ts  as w ell. The 
ta b le  an d  th e  fu r th e r  d iscussion  re la te  to  th e  sing le-beam  a p p a ra tu se s  in  gen
e ra l use.

2.5.2. Statistical errors of density measurem ent

T ra n sm itta n c e  is expressed  by  th e  re la tio n  T  =  — , w here j 0 is th e  electric
Jo

signal (m o stly  c u rre n t)  caused  by  lig h t o f i 0 in te n s ity  t r a n s m itte d  th ro u g h  an 
un ex p o sed  p a r t  o f p h o to g ra p h ic  em ulsion , w hile j  is th e  e lec tric  s ig n a l caused 
b y  w eakened  lig h t h av in g  in te n s ity  i tra n s m itte d  th ro u g h  th e  b la c k e n in g  to  
be m easu red . T ra n sm itta n c e  f lu c tu a tio n  oT o bserved  in  th e  m e a su rin g  system  
is caused  b y  a d d itio n  o f  noises o rig in a tin g  from  d iffe ren t sources acco rd in g  to  
th e  e rro r p ro p a g a tio n  law . In  th e  aT value noises com ing  from  th e  l ig h t source

A c ta  C h im . A c a d .  S e i .  H u n g .  1 0 0 , 197 9



328 ZIMMER, HELTAI: INFLUENCE OF PHOTOGRAPHIC AND PHOTOMETRIC EFFECTS

a n d  d e te c tio n  system  a re  a d d e d , th u s  i t  expresses th e  degree o f  s ta b ili ty  o f th e  
m e a s u r in g  system . as  d e n s ity  dev ia tions b e lo n g in g  to  d iffe ren t aT s ta b il i ty  
le v e ls  h a v e  been ca lc u la ted  in  th e  function  o f  d e n s ity  on th e  basis o f th e  co r

r e la t io n  do =  °T • 106 co n sid e rin g  th e  lo g a rith m ic  tra n s fo rm a tio n . T h e  re- 
s In 10 в в

s u i ts  o f  th ese  ca lcu la tions a re  p resen ted  in  T ab le  I I .

Table II

Values of density deviation belonging to different O7- transmittance fluctuations

s
VS

a j I =  0 . 1 cTj> =  0 . 0 1 о?  =  0 . 0 0 1 cr j < =  0 . 0 0 0 1 erj! =  0 . 0 0 0 0 1

0.010 0 . 0 4 5 0 . 0 0 4 5 0 . 0 0 0 4 5 0 . 0 0 0 0 4 5 0 . 0 0 0 0 0 4 5

0 . 0 5 0 0 . 0 5 0 0 . 0 0 5 0 0 . 0 0 0 5 0 0 . 0 0 0 0 5 0 0 . 0 0 0 0 0 5 0

0 . 4 3 4 0.120 0.0120 0.00120 0.000120 0.0000120
1.000 0 . 4 3 4 0 . 0 4 3 4 0 . 0 0 4 3 4 0 . 0 0 0 4 3 4 0 . 0 0 0 0 4 3 4

2.000 4 . 3 4 0 0 . 4 3 4 0 0 . 0 4 3 4 0 0 . 0 0 4 3 4 0 0 . 0 0 0 4 3 4 0

3 . 0 0 0 4 3 . 4 0 0 4 . 3 4 0 0 0 . 4 3 4 0 0 . 0 4 3 4 0 0 0 . 0 0 4 3 4 0 0

4 . 0 0 0 4 3 4 . 0 0 0 4 3 . 4 0 0 0 4 . 3 4 0 0 0 . 4 3 4 0 0 0 0 . 0 4 3 4 0 0 0

F ro m  th e  tab le  i t  can  b e  seen th a t  th e  s ta b i l i ty  o f  th e  system  d e te rm in es 
a lso  th e  u p p er lim it o f  m e a su re m e n t in  a d d itio n  to  th e  s ta n d a rd  d e v ia tio n  of 
d e n s i ty  m easu rem en t. I n  m e a su rin g  d en sity  2.0 th e  p e rm itte d  m ax im al t r a n s 
m it ta n c e  f lu c tu a tio n  is + 0 .0 0 1 ,  w hile in  th e  case  o f  d e n s ity  4.0, th is  value 
is o n ly  + 0 .0 0 0 0 1 .

F ro m  th e  p o in t o f  v iew  o f in s tru m e n ta tio n  i t  m u st be ta k e n  in to  consid 
e r a t io n  th a t  t ra n s m itta n c e  f lu c tu a tio n  cau sed  b y  pow er f lu c tu a tio n s  o f th e  
l ig h t  source  alw ays re a c h e s  th e  de tec to r w eak en ed  acco rd in g  to  th e  t r a n s m it
ta n c e  to  be m easured, th u s  h e re  less s tr ic t s ta b i l i ty  re q u ire m e n ts  are  needed . 
A  s ta b i l i ty  aT =  0.01 o f  th e  l ig h t  source m akes n a m e ly  possib le th e  su ffic ien tly  
p re c ise  m easu rem en t o f  sm a ll densities, an d  a t  th e  sam e tim e  a t  a d e n s ity  2.0 
i t  c a u se s  only tra n s m itta n c e  f lu c tu a tio n  + 0 .0 0 0 1 . N oise com ing from  it ,  does n o t 
d is tu r b  th e  m easu rem en t o f  h ig h  densities. O n th e  o th e r  h a n d , th e  ab o v e  s tr ic t 
d e m a n d s  are va lid  fo r n o ises  occurring  in  th e  d e te c tio n  system  an d  fo r th e  
a c c u ra c y  of d isplay , since  th e y  d irec tly  in flu en ce  th e  aT v a lu e . F o r tr a d itio n a l 
m ic ro d en sito m e te rs  s ig n a l s ta b i l i ty  aT =  0.001 co rre sp o n d in g  to  d e n s ity  2.0 
( th e  u p p e r  m easuring  lim it)  shou ld  be re d u ced  to  aT =  0.00001 in  o rd e r to  
e x te n d  th e  m easuring  ra n g e  to  d ensity  4 .0 . I n  tra n s m itta n c e  m easu rem en t 
th is  t a s k  requires e x tre m e ly  g rea t scale e x te n s io n , an d  in  d ig ita l in d ica tio n  
a t  le a s t  six digits a re  re q u ire d , w hich causes a lre a d y  tech n ica l d ifficu lties.
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Table I

The error sources of density measurement

Unit Task — R etirem en t Source of systematic errors Source of random standard deviation

Light source To ensure a stable, low noise light 
intensity ( i0) by keeping the heating 
filament at constant temperature.

During long operation the one-way 
change (usually decrease) of light 
intensity causes displacement of zero- 
point. All density values are either 
increased or reduced. It can be eli
minated by frequent zero control.

Due to unsufficient current and voltage 
stability the value of i0 fluctuates 
which causes considerable standard 
deviation at small densities, as this 
effect appears indirectly in the noise 
level of the signal on the detector.

Focussing system To let the light of light source get to 
the detector through the surface to 
be measured of photographic emul
sion. The correct and sharp focussing 
and elimination of scattered light 
should be ensured. In usual micro
densitometers preslit on photographic 
emulsion and the latter on the en
trance slit of light detection system 
is focussed.

Scattered light coming from defective, 
diffusely reflecting surfaces or opti
cal elements may reach the detector 
without getting through the surface 
to be measured. Its intensity is added 
to the intensity to be measured and 
reduces the density value measured. 
Its effect increases with density. Def
lection of plate, displacement and 
play of mechanical parts may weaken 
sharpness of focussing which results in 
reducing the value of line blackenings.

Detection — 
(Amplifying) — 
Display System

The light sensitive detector has to 
produce an electric signal strictly pro
portional to its illumination. When 
this is amplified and logarithmized, 
the density value is obtained. Impor
tant demands are: linearity of char
acteristics of sensor and amplifier, 
correctness of logarithmation and low 
noise level and inertia, as well.

Linearity faults of detector and ampli
fier influence the density values in 
the whole measuring range. Values 
and signs of deflections can vary de
pending on density.

Noises produced in detection and elec
tric system, resp., exert direct influence 
on standard deviation of density mea
surement. It is important that accu
racy of reading should be in accordance 
with noise level.

CO
8

ZIM
M

ER
, H

E
L

T
A

I: IN
FL

U
E

N
C

E
 O

F PH
O

TO
G

R
A

PH
IC

 A
N

D
 PH

O
T

O
M

E
T

R
IC

 E
FFE

C
T

S



H o w e v e r , w ith  logarithm ic  tra n s fo rm a tio n  four d ig its  a re  su ffic ien t for th e  
d is p la y  o f  d en sity  values w h ic h  considerab ly  s im p lifies also  th e  d ig ita l system  
n eed ed .*  T h e  pow er su p p ly  u n i t  connected  to  Zeiss G  I I  m icro d en sito m eter 
h as  a  v o lta g e  stab ility  ^ 3 % ,  w h ic h  does no t a lw ays e n su re  th e  necessary  r a 
d ia n t  p o w e r s tab ility . A t th e  s a m e  tim e  tra n sm itta n c e  ca n  n o t be read  w ith  a 
p re c is io n  h ig h er th a n  0.001, t h u s  d en sity  m easu rem en ts  above 2.0 — due to  
th is  la c k  o f  precision — are  n o t  re liab le .

W ith  a double-beam  s o lu tio n , in  the  case ev en  o f  low er s ta b ility , densi
tie s  a b o v e  2.0 can re liab ly  b e  m easu red  w ith  th e  c o m p e n sa tio n  m ethod . So, 
e.g. t h e  m easu rin g  range o f  Jo y c e -L o e b l MK I I I  CS m ic ro d en sito m e te r using  
d o u b le -b e a m , n eu tra l w edge o p tic a l com pensa tion  is ex cep tiona lly  w ide 
{0 — 6 .0 ). H ow ever, in  sp ite  o f  i t s  advan tages th e  d o u b le -b e a m  m ethod  was 
n o t g e n e ra lly  ad ap ted  b e cau se  ex trem e ly  delicate  o p tic a l  an d  m echanical in 
s t r u m e n ta t io n  is requ ired .
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2 .5 .3 . System atic errors of d en sity  measurement

T h e  sy stem atic  erro rs in  d e n s ity  m easurem ent a re  p re sen ted  in  dev ia tio n  
fro m  lin e a r i ty . These are  o r ig in a te d  p a rtly  from  o p tic a l  sources, p a r tly  from  
th e  l in e a r i ty  defects of d e te c tio n  system .

I n  th e  case of c o n v e n tio n a l m icrodensitom eters th e  m o st im p o rta n t e rro r 
so u rce  is th e  sca tte red  l ig h t [46 , 62]. The in te n s ity  i s o f  th e  sca tte red  lig h t is 
a d d e d  to  in te n s ity  i, c o n s e q u e n tly  th e  value o f t r a n s m it ta n c e  is found  to  be 
h ig h e r , w h ile  th a t  of b la c k e n in g  to  be sm aller th a n  th e  a c tu a l value :

rr  _ 1 ls c _ I „ *о
x measured . ^measured 1ь  . . •

«о I +  b

F ro m  these eq u a tio n s i t  c a n  be seen th a t  th e  d is tu rb in g  effect becom es 
s ig n if ic a n t  if  in ten sity  is o f  s c a t te re d  ligh t is c o m p a ra b le  w ith  in te n s ity  i. 
I n  o rd e r  to  decrease th e  in te n s i ty  o f sca tte red  lig h t a  p re s l i t  used  to  be app lied  
in  m icro d en sito m ete rs . A c c o rd in g  to  K a n t o r ’s [63] in v e s tig a tio n s  perfo rm ed  
on  Z eiss G I I  m ic ro d en sito m e te r, th e  green glass p re s l i t  b u ilt  in to  th e  device 
s c a rc e ly  decreases the  a m o u n t o f  sca tte red  ligh t, o w in g  to  w hich  th is sc a tte re d  
lig h t cau ses  qu ite  sign ifican t n e g a tiv e  system atic  e r ro r  in  d e n s ity  m easu rem en t. 
N u m e ric a l d a ta  are also g iv en  to  e rro r  correction. H e  ex ch a n g e d  th e  jaw s o f th e  
g re e n  g lass  p reslit w ith  m e ta l p la te s ,  th u s  be succeeded  in  decreasing  th e  am o u n t 
o f  s c a t te r e d  ligh t. M ost fa v o u ra b le  re su lt can be a c h ie v e d  i f  th e  im age of p re s lit 
a p p e a r in g  on pho to g rap h ic  e m u ls io n  covers th e  m a rg in  o f  sp ec tra l lines. 
S im ila r ly  fo r correction  o f s c a t te r e d  ligh t occurring  in  Z eiss G I I  m icrodensito-

* In practice below density 2.0 three decimals, above it two decimals are satisfactory 
for the precision of the display of density values.
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m e te r  ca lcu la tio n  an d  o th e r  m e th o d s  h av e  been  pub lished  b y  TÖRÖK and 
H á f e n s c h e r  [64]. I t  has been  s ta te d  t h a t  th e  d en sity  m e a su re m e n t above 
1.4 is s tro n g ly  d is tu rb e d  b y  sc a tte re d  l ig h t in  co n v en tiona l o p e ra tio n , and 
th e re fo re  th e  u p p e r sec tion  o f th e  b lack en in g  curve is d is to r te d . In  Joyce- 
L oebl M K  I I I  CS m ic ro d en sito m ete rs  a p p ly in g  co m p lem en ta ry  f i l t ra t io n  the 
b lack en in g  curve  is lin ea r  even  u p  to  4 .0 . F o r th e  b lue s e n s itiv e  de tec to r 
(p h o to e lec tro n  m u ltip lie r) th e  o range  g lass s lit is opaque, so th e  am o u n t of 
s c a tte re d  lig h t is v e ry  low. A t th e  sam e tim e  th e  p reslit does n o t  h in d e r the 
o r ie n ta tio n  on th e  sp e c tru m  [55]. T h e  d e n s ity  range m e a su ra b le  w ith o u t 
d is tu rb a n c e  can be increased  b y  c o m p le m e n ta ry  f iltra tio n  a n d  b y  app ly ing  
o p a q u e  p re s lit also a t  Zeiss G I I  m ic ro d en sito m ete rs .

In  th e  above ca lcu la tio n s i t  w as p resu m ed  th a t  in te n s ity  is o f  sca tte red  
lig h t is c o n s ta n t in  d iffe ren t e x p e rim e n ta l conditions. H o tvever, i t  does not 
e x is t s tr ic tly , since th e  o th e r  p a ra m e te rs  o f  m easu rem en t (slit w id th , m ag n ifi
c a tio n , d eposit o f ae ria l d u s t in  su rface  o f op tica l e lem ents), fu r th e r  on the 
c h a ra c te r  o f th e  im age p a r t  to  be m easu red  (line, con tin u o u s sp e c tru m , line 
sp e c tru m  w ith  sign ifican t b ack g ro u n d  d en sity ) m ay  influence th e  in te n s ity  of 
s c a tte re d  lig h t fa lling  on th e  d e tec to r . C o nsequen tly , these k in d s  o f  corrections 
a re  n o t com m only  app licab le  even in  th e  case o f an  in s tru m e n t. F ro m  th e  point 
o f  v iew  o f increasing  th e  m easu rin g  ran g e  a b e tte r  m ethod  is su g g e s te d  also by  
ab o v e  a u th o rs , th a t  is th e  m eth o d s decreasin g  th e  am o u n t o f  s c a tte re d  ligh t. 
As a m a tte r  o f fac t, th e  in te n s ity  o f sc a tte re d  lig h t o p tica lly  d e te rm in e s  — as 
seen ea rlie r — th e  d en sity  ran g e  to  be  m easu red  w ith o u t d is tu rb a n c e  an d  the 
u p p e r  lim it o f m easu rem en t, as well. T h e  lea s t m easu rab le  t r a n s m itta n c e  is

T min =  — , th e  m ax im al d e n s ity  is S max =  lg — .
h> ' h

I n  d e n s ity  m easu rem en ts  o th e r  e rro rs  o f op tica l orig ine* m a y  also play  
ro le . So, i t  is v e ry  im p o r ta n t  — espec ia lly  in  au to m a tic  d e n s ito m e try  — e.g. 
to  focus sh a rp ly  th e  w hole su rface  ra n g e  to  be exam ined  o f  p h o to g rap h ic  
em ulsion  o n to  th e  en tra n c e  s lit o f  d e te c tio n  system . G en e ra lly  i t  does not 
ag ree  w ith  th e  v isual f in e s t focussing. T h is requ ires a very  p rec ise  m a n u fa c tu r
ing  o f th e  m echan ical sy stem  se rv ing  fo r fix in g  and m oving o f  sp e c tra l  p late . 
A t c o n v en tio n a l m icro d en sito m eters  b en d in g  of sp ec tra l p la te  fix ed  hor
iz o n ta lly  can  n o t be e lim in a ted . A n  u p - to -d a te  in s tru m e n t so lu tio n  fillin g  the 
re q u ire m e n ts  o f a u to m a tio n  is re p o rte d  b y  W i t m e r  and  co -w o rk ers  [53 ] and 
K o v a l j e v  an d  K o n o n o v  [ 70 ] .

T he d e tec tio n  sy stem  has to  p ro v id e  fo r lin ea r d a ta  up  to  th e  u p p e r  lim it 
o f  d e n s ity  m easu rem en t, w hich  is d e te rm in e d  b y  sca tte red  l ig h t . T h e  p rim ary

* Those nonlinearity errors of optical origin, however, are not dealt w ith, which come 
from the comparison of the size of examined part of image with wave-length o f light. Namely 
in practical spectral analysis the measured surface elements are greater than that [48, 49, 
50, 51, 69].
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sou rce  o f  n o n -lin ea rity  is  th e  f a c t  th a t  th e  e lec tric  s ig n a l p roduced  on th e  l ig h t 
sen s itiv e  d e te c to r  is n o t  s t r ic t ly  lin ea r  w ith  th e  in te n s i ty  o f th e  fa lling  l ig h t. 
T hese  d ifferences d ep en d  on  th e  ty p e  of d e te c to r  (p h o to e lec tric  cell, p h o to 
v o lta ic  cell, p h o to m u ltip lie r , p h o to d io d e , etc.) on i t s  ch a rac te ris tic s  an d  f re 
q u e n tly  on  its  age, to o , a n d  a lso  num erous o th e r  e x p e rim e n ta l cond itions, so 
th e ir  c o rre c tio n  w ould  o n ly  b e  possib le if  re p e a te d ly  checked . H ow ever, in  th is  
case, to o , th e  ap p lic a tio n  o f  a  d e te c to r  hav in g  o p tim a l p ro p erties  is th e  m o st 
e x p e d ie n t. T h e  lin e a r ity  o f  th e  am plify ing  sy stem  a n d  t h a t  of th e  d isp lay  m ay  
p la y  a ro le , too . L in e a r ity  e rro rs  o f th e  d e tec tio n  sy s te m  m ay  in fluence  th e  
m e a su re m e n t re su lts  in  th e  w ho le  m easuring  ran g e , a n d  th e  differences cau sed  
v a ry  d e p en d in g  on d e n s ity . A cco rd in g  to  K a n t o r ’s in v e s tig a tio n s  th e  l in e a r ity  
e rro r  o f  d e tec tio n  sy s tem  co n sis tin g  of selenium  p h o to v o lta ic  cell and  g a lv an o 
m e te r  o f  th e  Zeiss G I I  m ic ro d e n s ito m e te r  causes p o s it iv e  differences in c reas in g  
w ith  d e n s ity  [63].

3 3 2  ZIMMER, HELTAI: INFLUENCE OF PHOTOGRAPHIC AND PHOTOMETRIC EFFECTS

2 .6 . Conversion o f density data to Y-values, density transformation

T h e  fu n d a m e n ta l d a ta  o f  spec trog raph ic  e v a lu a tio n  are den sity  v a lu es . 
In  th e  p ra c tic e  from  th e se  a re  gained  th e  Y -va lues b y  d ifferen t b lack en in g - 
tra n s fo rm a tio n s . T he re l ia b il i ty  o f these c a lcu la tio n s  h ig h ly  depends on th e  
v a lid i ty  o f  equ a tio n s a p p lie d  a n d  on th e  co rrec t d e te rm in a tio n  of p a ra m e te rs  
c o n ta in e d  in  them . In  o rd e r to  o b ta in  more re liab le  d a ta ,  com pu terized  d a ta  
p ro cess in g  should  be u sed  fo r  th e  ev a lu a tio n  o f th e  g re a t  am o u n t o f d a ta  b y  
re p la c in g  th e  c o n v en tio n a l d e n s ito m e try  w ith  m o d e rn  au to m a ted  or sem i- 
a u to m a te d  m easu rem en t. P e r fe c t den sity  tra n s fo rm a tio n  fu lfilling  all d em an d s 
is n o t  k n o w n  y e t. T he a p p ro x im a tio n  of the  b la c k e n in g  curve  w ith  po lynom s 
does n o t  seem  feasib le, since  th e se  m ethods do n o t  h a v e  physical m ean in g , 
th e y  a re  in e v ita b ly  c o m p lic a te d  an d  requ ire  f re q u e n t ca lib ra tio n . C onsidering  
th e  m a n y  k in d s of fa c to rs  in flu e n c in g  the  p rec is io n  o f  d en sity  m easu rem en t, 
i t  is e v id e n t, th a t  w ith in  th e  p rec is io n  lim its d e te rm in e d  b y  th em  a n u m b e r of 
d iffe re n t fu n c tio n s can  be  f i t t e d  to  th e  b lacken ing  c u rv e  [8]. H ow ever, th e se  
do n o t  p ro d u c e  b e tte r  re su lts  th a n  th e  com m only u se d  d e n s ity  tra n sfo rm a tio n s , 
e x c e p t som e special cases. W e h av e  decided on th e  ap p lic a tio n  of th e  /- tr a n s 
fo rm a tio n  [15] ta k in g  in to  a c c o u n t th e  ab o v e -m en tio n ed  ad v an tag es, and  also 
w ith  a v iew  to  th e  p o ss ib ility  o f  com puterized  e v a lu a tio n  [71].

3. Influence o f the type of m ierodensitonieter on the results 
o f density measurement

F ro m  th e  p o in t o f  v iew  o f  errors of d en sity  m e a su re m e n t and  ex ten s io n  
o f m e a su rin g  range, th e  c o n v e n tio n a l and  m o d ern ized  Zeiss G I I  m ic ro d en sito 
m e te rs  h a v e  been co m p ared . M odern iza tion  o f th e  in s tru m e n t  was done in  th e
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R esearch  I n s t i tu te  of T ech n ica l P h y sics  o f th e  H u n g a rian  A cad em y  o f  Sciences 
[58, 65]. T he lig h t d e tec tio n  sy s te m  co n sis tin g  o f selen ium  p h o to v o lta ic  cell 
a n d  g a lv an o m ete r was co m p le te ly  ch an g ed . D en sity  v alues a re  o b ta in e d  by  
am p lifie r o f lo g a rith m ic  c h a ra c te r is tic  an d  d ig ita l d isp lay  from  th e  sig n a l of 
silicon pho to -d io d e  d e tec to r , som etim es re a d y  for d a ta  p ro cessin g  (recorded  
on  p u n ch ed  ta p e ). To red u ce  th e  sc a tte re d  lig h t, th e  green glass ja w s  o f  th e  
p re s lit h av e  been  rep laced  b y  m e ta l p la te s . D e ta iled  d esc rip tio n  o f  th e  a p p a ra 
tu s  w ill be g iven  in  ou r n e x t p a p e r . In  th e  follow ing (in F ig u re s  a n d  T ables) 
th is  in s tru m e n t w ill be re fe rred  to  as G I I -M F K I. In  som e cases co m p ariso n  
w as also m ade w ith  o th e r Zeiss G  I I ,  co n v en tio n a l M F 2 and  th e  m o d e rn  Joyce- 
L oebl M K I I I  C S-type m ic ro d en sito m ete rs .

3.1. Statistical errors

W ith  th e  help  of a d e u te r iu m  lam p  a n d  a Q 24 sp e c tro g ra p h  a  series of 
con tin u o u s sp ec tro g ram s h av e  been  m ade b y  v a ry in g  th e  ex p o su re  tim e. 
S pec trog ram s h av e  been p h o to m e tr ie d  8 tim es  a t  a w av e-len g th  300 n m  w ith  
m icro d en sito m eters  of th e  Zeiss G I I  an d  G II-M F K I ty p e  resp . T h e  re la tiv e  
s ta n d a rd  d ev ia tio n  of d e n s ity  v a lu es  (cfs/S )  has been p lo tte d  in  th e  fu n c tio n  of

Fig. 2. The relative standard deviation values (<*s/S) in the function of mean density in the case
of Zeiss G II microdensitometer
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m ean  d e n s ity  S (Figs 2 a n d  3). C alcu lated  ch an g es o f  cfs/S  values belong ing  
to  d if fe re n t aT s ta b ility  leve ls  a re  also p resen ted  in  th e  F igu res.

F ro m  th e  F igures th e  s ta n d a rd  d ev ia tio n  o f  m easu rem en ts  seem  to  be 
1 0 ~ 3 <C Ot  <C 10 2 in  th e  case  o f  low densities (S  <[ 1.0) using  m ic ro d en sito 
m e te rs  o f  th e  Zeiss G I I  a n d  G  II -M F K I ty p e s . H o w ev er, th e  v alue  o f 10 _3 is 
b e t te r  ap p ro ach ed  b y  aT i f  th e  G I I-M F K I m ic ro d en s ito m e te r  is em ployed . 
As d esc rib ed  above, th is  show s a pow er f lu c tu a tio n  in  th e  lig h t source. A t h igh 
d en s itie s  th e  follow ing v a lu e s  a re  o b ta in ed  : w ith  th e  Zeiss G I I  in s tru m e n t 
1 0 ~ 4 <C oT <  10~3 ; w ith  th e  G II-M F K I a p p a ra tu s  aT ^  10~5. T hese d a ta  
in d ic a te  th e  precision o f  re a d in g  an d  s ta b ility  o f th e  m easu rin g  system , resp . 
R e g a rd in g  s ta b ility , th e  u p p e r  m easuring  lim it o f  th e  tra d itio n a l in s tru m e n t 
lies b e tw e e n  th e  d en sity  v a lu e  2 an d  3, w hile th e  G I I -M F K I  m ic ro d en sito m ete r 
is ab le  to  m easure d e n s ity  ev en  up  to  4.0.

3 3 4  ZIMMER, HELTAI: INFLUENCE OF PHOTOGRAPHIC AND PHOTOMETRIC EFFECTS

F ig . 3 . The relative standard deviation values (a^ / S)  in the function of mean density in the case
of G II—MFKI microdensitometer

3 .2 . System atic e rro rs

T h e  in te n s ity  of s c a t te re d  lig h t failing  on th e  d e te c to r  o f a given m ic ro 
d e n s ito m e te r  can n o t be d e te rm in e d  u n am b ig u o u sly . As follow s from  th e  ab o v e , 
its  a m o u n t depends u p o n  th e  s l i t  w id th  an d  also on  th e  c h a ra c te r  o f th e  m ea 
su red  im ag e . F o r co m p ariso n  o f  th e  in te n s ity  o f  s c a tte re d  lig h t th e  a p p a re n t
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d e n s ity  o f a th in  w ire  o f th eo re tica lly  in f in ite  d e n s ity  is m easured  [72]. I t  w as 
experienced  th a t  w ith in  ce rta in  lim its  th e  w id th  of th e  en tra n c e  s l i t  s i tu a te d  
before  th e  d e te c to r , d id  n o t in fluence  th e  re su lts  ob ta ined  i f  i t  w as sm alle r 
th a n  th e  w id th  o f  w ire im age p ro d u ced  on i t .  O n th e  c o n tra ry , a d ju s tm e n t  of 
p re s lit h ad  s ig n ifican t in fluence [63]. R e d u c in g  its  w id th , th e  d e n s ity  o f  w ire 
in c reased  u n til  th e  im age o f th e  p re s lit  co v ered  th e  tw o m arg ins o f  th e  w ire 
im age. T h is o b se rv a tio n  confirm s t h a t  th e  m a jo r  p a r t  of sc a tte re d  l ig h t gets 
o n to  th e  d e te c to r  from  th e  d irec t n e ig h b o u rh o o d  of the  sp ec tra l lin e  [62]. 
T herefo re , in  p h o to m e try in g  sp ec tra  th e  m arg in s  o f lines should  be  ex c lu d ed . 
W ire d ensities S max m easu red  in  th e  ab o v e  w ay  w ith  d ifferen t a p p a ra tu s e s  are 
sum m arized  in  T ab le  I I I .  M easuring ra n g e s  given b y  th e  m a n u fa c tu re r  are 
also d e m o n s tra te d  in  T ab le  I I I .

Table III

Apparent density Smax o f a tungsten wire of 40 fim diam. in the case of various types o f micro
densitometers, and the measuring range o f apparatuses

Type of microdensitometer Measuring
range ‘Snnx

Zeiss G II 0 1 JO о 2.0—2.2
MF 2 о JO 1.5 1.8
G I I —MFKI with green glass preslit — ~ 3 .0
G II —MFKI with metal preslit — ~ 4 .0
Joyce-L oeb l MK III CS

оsd1о

~ 4 .0

F ro m  th e  ta b le  i t  can  be seen th a t  th e  a m o u n t of sca tte red  l ig h t  is d e te r 
m ined  f ir s t  o f all b y  th e  ty p e  o f a p p a ra tu s . H a v in g  exam ined sev era l a p p a ra tu s 
es o f sam e Zeiss G I I  and  M F 2 ty p e s , re sp ec tiv e ly , i t  has been  s ta te d  th a t  
m easu rin g  re su lts  — a lth o u g h  in  a sm alle r deg ree  — are also in flu en ced  b y  th e  
co n d itio n  of in s tru m e n t. In  these  cases th e  ex trem e  values o f S max o b ta in e d  
w ith  severa l a p p a ra tu se s  have been p re se n te d .

A bove d a ta  re p re se n t such lim its , a b o v e  w hich d ensity  m e a su re m e n t is 
u n reaso n ab le  w ith  m ic ro d en sito m ete r in  q u e s tio n , and  even in  i ts  v ic in ity  one 
has to  co u n t w ith  sig n ifican t n o n lin e a rity . I t  is also visible th a t  d e n s ity  v a lu e  
S max co rresp o n d in g  to  th e  sc a tte re d  l ig h t is to  be found  near th e  u p p e r  d e n s ity  
lim it g iven  b y  m a n u fa c tu re r .

In  th e  know ledge o f above lim its  l in e a r i ty  o f  de tec tion  sy s tem s h as  been  
co n tro lled , to o , a t  m icro d en sito m eters  Z eiss G I I ,  M F 2 an d  G I I -M F K I . 
W e h a d  no o p p o r tu n ity  to  do th e  sam e w ith  Jo y ce-L o eb l M K I I I  CS in s tru m e n t. 
A ccord ing  to  p ro d u c e r’s d a ta  lin e a r ity  e r ro r  o f  th e  in s tru m e n t in  d e n s ity  
m easu rem en t is n o t h ig h er th a n  1%  [55]. M easu rem en ts have  b een  p e rfo rm ed
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b y  v a ry in g  th e  e n tra n c e  s lit o f  th e  d e tec tio n  sy s te m  tran s illu m in a ted  ev en ly .

T h e  th e o re tic a lly  c o rre c t d e n s ity  is g iven b y  Stheor =  lg  ; w here d 0 is th e
a

in itia l, a n d  d  is th e  a c tu a l s lit w id th . T h e  d iffe ren ce  /dS =  .S theo r —  S meas is 
p lo tte d  in  fu n c tio n  o f  Stheor d en sity  (F ig. 4). T h e  fig u re  clearly  show s th a t

~Hheor

F ig . 4. The difference A S  =  Smeasure(j — t̂heoretical *n the function of theoretical density

in  th e  case o f c o n v e n tio n a l Zeiss G I I  a n d  M F  2 m ic ro d en sito m ete rs  a 
m in im u m  or m a x im u m  curve  has been  o b ta in e d  ow ing  to  endpo in t c a lib ra tio n  
(T  =  0.000 a n d  T  =  1.000 ad ju s tin g ). T h e  h ig h e s t dev ia tions got b y  Zeiss 
G I I  —0.017 a n d  b y  M F 2 + 0 .0 3 3  are  b y  no  m ean s  values to  be n eg lec ted . 
T hese  v a lu es  are  c h a ra c te r is tic  of a p p a ra tu se s  ex am in ed , th e  num erica l v a lu e s  
o f d e v ia tio n s  in  th e  case of o th e r  a p p a ra tu se s  o f  th e  sam e ty p e  differ, a lth o u g h  
th e  c h a ra c te r  o f  th e  cu rv e  rem ains u n ch an g ed . W ith  G II-M F K I in s tru m e n t 
th e  sig n  o f  d ev ia tio n s  is changing , in  d e n s ity  ra n g e  0 — 2.0 i t  does n o t  re a c h  
th e  v a lu e  0.003, a n d  o n ly  a t d en sity  h igher th a n  3.0 is m ore th a n  0.005. L in e a r 
i ty  e rro r  o f d e te c tio n  sy s tem  scarcely  exceeds 0 .1 % .
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3.3. Conclusions, p reconditions o f extending; m easu ring  ra n g e

C om prehensively  i t  can  be s ta te d  t h a t  th e  m easurab le d e n s i ty  ran g e  is 
d e te rm in e d  by  th e  p ro p e rtie s  (s ta b ili ty , s c a tte re d  ligh t, l in e a r i ty )  o f  m icro
d e n s ito m e te r . In  o rd e r to  ex ten d , t h a t  is to  doub le  the  d e n s ity  ra n g e  to  0 —4.0 
o f  co n v en tio n a l, s ing le-beam  m ic ro d e n s ito m e te r  Zeiss G I I  i t  w as  n ecessa ry  to  
b u ild  in  a m odern d e te c tio n  system  bein g  l in e a r  in  w ide-range a n d  o f  low  noise- 
leve l an d  to  reduce  s im u ltan eo u sly  th e  in te n s i ty  of sca tte red  l ig h t  in  a signif
ic a n t  m easure. A t th e  sam e tim e  b o th  sy s te m a tic  error and  s ta n d a r d  d ev ia tio n  
o f  m easu rem en t can  co n sid e rab ly  be d ec reased .

G eneralized  fo rego ing  experiences one  can  s ta te  th a t  th e  m easu ring  
ra n g e  lim ited  b y  o p tic a l sy stem  o f m ic ro d en sito m e te r can  be  u ti l iz e d , w hen 
th e  no ise  level o f th e  d e tec tio n  sy s tem  o’r  is low er or equal to  tra n s m itta n c e

T min =  — co rresp o n d in g  to  in te n s ity  is o f  sc a tte re d  l i g h t :
'o

ßT ^min —

D etec tio n  sy s tem  is req u ired  to  d isp o se  su itab le  lin e a r ity  u p  to  den sity  
S max =  — lg T , c o r r e s p o n d i n g  to  tra n s m it ta n c e  T mi„. T hese  p reco n d itio n s  
a re  fu lfilled  in  th e  case o f b o th  Zeiss G I I  a n d  G II-M F K I m ic ro d en sito m e te rs .
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Concentration-time signal curves developed by coulometric as well as manual 
injection into a continuous carrier stream of a serial analysis’ setup, are described 
mathematically. The effects of the design parameters on the validity of the mathematical 
models derived are discussed in the case of potentiometric detection.

In tro d u c tio n

T h e  te c h n iq u e  o f in jec tio n  o f  sam p les  in to  a  flow ing so lu tio n  w ith  th e  
a im  o f d ire c t analy sis  has been  deve loped  a n d  th e  princip le o f th e  m e th o d  has 
been  describ ed  b y  P u n g o r  an d  cow orkers in  1969 [1]. T h e ir m e a su r in g  se tu p  
w as th e  f i r s t  co n tin u o u s  an a ly s is ’ design  w h ich  allowed to  c a r ry  o u t  ra p id  
seria l an a ly ses  o f sam ples in  sm all v o lu m es b y  using  con tin u o u s c a r r ie r  flow . 
T he new  a n a ly tic a l m e th o d , called  in je c tio n  tech n iq u es, w as u sed  in  i t s  f ir s t  
a p p lic a tio n s  in  co m b in a tio n  w ith  v o lta m m e tr ic  de tec tio n  [1, 2 ]. L a te r ,  B e r g - 
m e y e r  a n d  H a g e n  h av e  used  th e  sam e te c h n iq u e  in  co m bina tion  w ith  sp ec tro - 
p h o to m e tr ic  d e tec tio n  an d  re a g e n t c irc u la tio n  [3]. T hen  some new  v o lta m m e tr ic  
[4 — 7], a n d  p o te n tio m e tric  [8 —10] a p p lic a tio n s  using  ion-se lec tive  e lec tro d es 
fo r d e te c tio n  have  follow ed. L a te r  on , M o t t o l a  et al. developed a  f lo w -th ro u g h  
m easu rin g  se tu p  in  w hich  th e  in je c tio n  w as done d irec tly  in to  th e  d e te c to r  
cell [11]. W hile  in  m ost o f  th e  w orks c ite d  ab o v e  a m ixing u n i t  w as u se d  for 
th e  h o m o g en iza tio n  o f th e  in je c te d  sam p le  in  th e  d irection  p e rp e n d ic u la r  to  
th a t  o f  th e  ca rr ie r  s tream  [1, 2, 4 —11], R etzicka and  cow orkers c o n s tru c te d  
a flow  in je c tio n  system  w ith o u t m ix ing  c h a m b e r  [12, 13].

I n  th e  la s t few  y ea rs  a n u m b e r o f  fu r th e r  p u b lica tio n s h av e  b e e n  re p o r te d  
on th e  in je c tio n  tech n iq u es  u sing  a w ide v a r ie ty  o f in jec to rs, flow  p a t te r n s  and  
d e te c to r  cells [14—20], th e  p erfo rm an ces o f  w h ich  proved  th e  h ig h  a n a ly tic a l 
v a lu e  o f  th e  in jec tio n  p rin c ip le , i.e. th e  p rin c ip le  o f d irect sam ple in je c t io n  in to  
a c o n tin u o u s  ca rr ie r  flow  [1].

T h e  b lock  d iag ram  o f a m easu rin g  se tu p  used  in th is  w ork  fo r  c a rry in g  
o u t in je c tio n  analysis  is show n in  F ig . 1. S m all vo lum es of th e  sam p le  so lu tio n s
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Fig. 1. Schematic diagram o f the measuring system w ith manual injection together with the 
indication of the local shape of the concentration profile along the flow way. I: indicator 
electrode; R: reference electrode; x :  length coordinate; 0: outlet (For the other sym bols see

the text.)

Fig. 2. Measured and calculated potentiometric signal at volumetric manual injection (thick  
line: measured, thin line: calculated shape) C0 =  10 -4  M  K I, M =  3■ 10~c mole K I, S =  

=  58 mV (For the other data see the Experim ental in the text)

a re  in je c te d  in to  th e  c a r r ie r  so lu tion  s tre a m in g  a t  a  c o n s ta n t ra te . T he sam p le  
in je c te d  is th en  m ixed  w ith  th e  flow ing so lu tio n  a n d  a f te r  a hom ogen ization  in  
th e  m ix in g  cham ber, i t  is c a rr ie d  in to  th e  d e te c to r  cell.

E v e ry  in jec ted  so lu tio n  portion , p assin g  th ro u g h  th e  de tec to r cell p ro 
d u ces a  p eak -ty p e  d y n a m ic  signal-tim e cu rve . S u ch  a cu rv e  is show n in  F ig . 2 if  
p o te n tio m e tr ic  d e te c to r  ce ll is used. The a rea  as w ell as th e  height o f su ch  p eak s 
w ere  u sed  earlier as th e  an a ly tic a l re a d o u t o f  in je c tio n  m easu rem en ts [1, 2, 
4 - 1 0 ] .

I n  th e  p re sen t w o rk  po ten tio m etric  d e te c tio n  involving ion -se lec tiv e  
e lec tro d es  is used. H e n c e , ow ing to  th e  n o n lin e a r  response  of th e  sen so r, th e  
s ig n a l o b ta in ed  d ep en d s  o n  th e  co n cen tra tio n  o f  th e  ap p ro p ria te  m a te r ia l  in  
b o th  th e  in jec ted  a n d  th e  ca rrie r so lu tion . T h e re fo re , th e  p o ten tio m e tric  in 
je c t io n  m ethod  is ab le  to  an a ly ze  no t only in je c te d  sam ples, b u t also th e  c a rr ie r  
flo w  [19].

A  fu r th e r  v a r ie ty  o f  an a ly tica l te ch n iq u es  c a n  be  achieved if  a ch em ica l 
re a c tio n  betw een th e  in je c te d  sam ple an d  th e  c o n s titu e n ts  of th e  c a rr ie r  flow  
is superim posed  on th e  s im p le  d ilu tion  o f  th e  in je c te d  m ateria l [2, 18. 19]. 
I n  th is  case e ith er th e  a p p ro p r ia te  species o f  th e  c a r r ie r  s tream  is m easu red  a n d
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hen ce  a n eg a tiv e  peak  can  be d e te c te d , o r th e  in jec ted  re a g e n t is m easu red  
g iv in g  a p ositive  peak . In  th is  w ay  also b o th  in jec ted  and  c a rr ie r  so lu tio n s  can 
be ana lyzed .

In  th e  fo rm er, m ore im p o r ta n t  case, w hen  in jec ted  sam p les  a re  ana lyzed , 
th e  ca rr ie r  so lu tion  genera lly  c o n ta in s  a c e rta in , re la tiv e ly  sm a ll a m o u n t of 
p r im a ry  ion , in  o rd er to  ensu re  a s ta b le  b ase lin e , while i f  th e  c a r r ie r  s tre a m  is 
to  b e  analyzed , s ta n d a rd  am o u n ts  o f  th e  p r im a ry  ion or a re a g e n t a re  in jec ted .

T he s ta n d a rd  or reag en t in je c tio n  i ts e lf  can  be done e i th e r  v o lu m e tric a lly  
o r cou lom etrica lly .

V o lum etric  in jec tio n  can  be ca rr ied  o u t e.g. m anually , u s in g  a H am ilto n  
sy rin g e  as show n in F ig . 1 [1, 2, 4 — 10], h u t  also in  a m ech an ized  w ay  w ith  an 
a p p ro p r ia te  in je c to r  (see e.g. [14, 20]).

A cou lom etric  in jec tio n  sy stem , th e  signals o f w hich  a re  u sed  in  th is  
w o rk  is described  in  [18].

T he u n d e rs ta n d in g  o f  th e  re su ltin g  d e te c ta b le  signals re q u ire s  th e  m a th e 
m a tic a l m odelling  o f th e  flow  in jec tio n  sy s tem  em ployed. T h is  u n d e rs ta n d in g  
is, how ever, necessary , if  th e  in je c tio n  m easu rin g  se tu p  is used  to  so lve  d iffe ren t 
a n a ly tic a l p rob lem s. B y  ap p ly in g  th e  v o lu m e tric  m anual or th e  cou lom etric  
s ta n d a rd  or reag en t in jec tio n  te c h n iq u e  com bined  w ith  p o te n tio m e tr ic  sensors, 
a la rg e  v a r ie ty  o f ad v an tag eo u s  a n a ly tic a l p rocedures could  [5 , 19], an d  can 
c e r ta in ly  be w orked  ou t in  th e  fu tu re . T h ere fo re , th e  best u n d e rs ta n d in g  o f the  
d e te c te d  signals is im p o r ta n t.

I f  a sim ple d ilu tio n  or a d ilu tio n  co m b in ed  w ith  an in s ta n ta n e o u s  chem ical 
re a c tio n  o f th e  in jec ted  species occurs, th e n  th e  co n cen tra tio n  a t  th e  d e tec to r 
in  fu n c tio n  o f tim e  can be described  on  th e  basis o f th e  fo llow ing  d iffe ren tia l 
e q u a tio n  (1) considering  th e  m ass b a lan ce  in  th e  m ix ing  c h a m b e r  :

dzlc(t) V  r . . . . ,
=  H c s(t) Ac(t) ] , 

dt W
(1)

w here Acs(t) =  “ - if  tL < t  < , t L -\- Г
V T

( 2 )

an  d dcs(t) =  0 if  t <_ tL o r Í >  tL +  T . (3)

H ere

t is tim e  (sec) t =  0 ,  . . .

Ac(t) is equal to  c(t) — c0 (M )
c(t) is th e  ac tu a l co n c e n tra tio n  a t  th e  d e te c to r  (M )
Acs(t) is th e  co n c e n tra tio n  change d u e  to  th e  in jec ted  “ p lu g ” , 

en tran ce  o f  th e  m ix ing  u n i t  (M )
ju s t  a t  the

is th e  c o n cen tra tio n  o f th e  flow ing  c a rrie r  so lu tion  (M )
V is v o lu m etric  flow  ra te  (m l/sec)

Acta Chim. Acad. Sei. H ung. 100, 1979



3 4 4 GRATZL et al.: DESCRIPTION OF TRANSIENT POTENTIOMETRIC SIGNALS

W  is  th e  volum e o f th e  m ix in g  cham ber (m l)
M  is  th e  in jec ted  a m o u n t (m ole)
tL is  th e  tim e d elay  b e tw e e n  in jec tion  an d  d e te c tio n  due to  th e  f in ite  flow  

r a te  of th e  ca rr ie r  s tre a m  : a tim e  tL is re q u ire d  b y  th e  in jec ted  “ p lu g ”  
to  reach  th e  d e te c to r  (tL =  L qlV ,  w here L  is th e  le n g th  and  q is th e  cross 
sec tio n  area o f th e  co n n ec tin g  tu b e , see F ig . 1). 

r  is th e  tim e re q u ire d  b y  th e  solu tion  “ p lu g ”  c o n ta in in g  th e  in jec ted  m a 
te r ia l  to  pass th e  e n tra n c e  section of th e  m ix in g  cham ber. I f  th e  d isp e r
s io n  is negligible th e n  т is equal to  th e  tim e  o f  in jec tio n , T(n;.
I t  h as  been s ta te d  [1, 18] th a t  eq u a tio n s (1) a n d  (3) are v a lid  u n d e r  

id e a l co n d itio n s i.e. if
1. no  co n cen tra tio n  g ra d ie n t is form ed in  th e  d ire c tio n  of flow in sid e  th e  

“ p lu g ”  o f  liqu id  c o n ta in in g  th e  in jec ted  m a te ria l, an d
2. th e  m ixing o f  th e  so lu tio n  in  th e  s tir re r  is in s ta n ta n e o u s .
B y  su b s titu tin g  th e  so lu tio n  Ac(t) o f e q u a tio n s  (1 — 3) in to  th e  signal- 

c o n c e n tra tio n  re la tio n sh ip  c h a ra c te ris tic  fo r th e  sen so r, th e  s ignal-tim e r e 
la tio n s h ip  i.e. th e  m a th e m a tic a l  descrip tion  of th e  d e te c te d  peak  can be o b ta in 
ed. A s in  th e  p resen t w o rk  p o ten tio m e tric  d e te c tio n  is d e a lt w ith , th e  a p p ro 
p r ia te  sig n a l tra n s fo rm a tio n  e q u a tio n  is :

A E ( t ) = S - i n 1 + Ac(t)
(4)

a ssu m in g  th a t  only u n iv a le n t  ions tak e  p a r t  in  th e  e lec tro d e  reaction , a n d  n eg 
le c tin g  th e  effects o f th e  in te r fe r in g  ions. H ere  S  is th e  slope of th e  e lec tro d e  
c a lib ra t io n  g raph , an d  A E ( t)  is  th e  p o ten tia l ch an g e  in  tim e  as an  effect o f  th e  
in je c tio n .

I n  th e  p resen t p a p e r  th e  v a lid ity  of th e  sim p le  p e a k -ty p e  m odel d e riv ed  
e a rlie r  on  th e  basis o f e q u a tio n s  (1 — 4) shall be  e x a m in e d  in  fu nc tion  o f  th e  
tim e  o f  in jec tio n  in  th e  case  o f  coulom etric in je c tio n , a n d  a new m odel w ill be 
d e r iv e d  a n d  checked fo r d esc rib in g  th e  peaks o b ta in e d  b y  v o lum etric  m a n u a l 
in je c tio n  u n d e r ce rta in  co n d itio n s . In  b o th  cases p o te n tio m e tric  d e te c tio n  
[e q u a tio n  (4)] w ill be  co n sid e red . F u rth e rm o re , th e  ap p lic a tio n  of th e  m odels 
fo r a n a ly tic a l purposes w ill b e  o u tlined .

Experim ental

Apparatus

a) Volumetric manual injection system (see Fig. 1)
The carrier solution is streamed at a constant volum etric flow rate (0.13 ml/sec) w ith  

the help of a peristaltic pump (LK B Varioperplex Type 12000). One section of the flow-through 
channel, made of a silicone rubber tube of a diameter of 2.5 mm  and length of about 20 cm  
(L =  20 cm on Fig. 1), was specially prepared for injection. The injection was done w ith a 
syringe (e.g. Hamilton 710) into this section. Small volumes of sample were injected (30 — 50 
(U.1) in every 3 — 4 min.
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A flow-through mixing unit of volume 2.7 ml between the place of injection and the 
detector cell serves for delivering into the detector cell a solution homogeneous in the cross 
section of the tube.

The flow-through detector cell involved the potentiometric indicator electrode (e.g. 
a semi-micro iodide selective electrode, prepared in our Laboratory) and a calomel reference 
electrode (Radelkis Type OP-8302) which was placed far downstream from the indicator 
electrode.

For potential measurements a Keithley differential electrometer, Type 604, while for 
recording a Radelkis potentiometric strip chart recorder (Type OH-814/1) have been employed. 
For fitting the dynamic model, a H ew lett-P ackard  calculator (Type 9100 B) equipped with 
a digital plotter was used.

b) Coulometric injection system
The coulometric injection system, the signals of which are used in this work, is de

scribed in paper [18].

Chemicals

All reag en ts  used  w ere of a n a ly tic a l g rad e . T he stream in g  c a rr ie r  so lu tio n  
c o n ta in e d  in  ad d itio n  to  th e  p r im a ry  ion , a n  ion ic  s tren g th  a d ju s tin g  s a l t  e.g. 
K N 0 3 in  1 0 -1 M  c o n c e n tra tio n . T h e  in je c te d  sam ples in  th e  case o f  v o lu m e tric  
m a n u a l in jec tio n  w ere p re p a re d  sim ilarly .

R esu lts  and  D iscussion

a )  Description o f  the signals obtained in  the coulometric injection system

C oulom etric in je c tio n  can  be  done w ith  precisely  d e te rm in ed  in je c tio n  
tim es  u n d e r  well co n tro llab le  co n d itions. T here fo re , th e  signals o f  a  co u lo m etric  
in je c tio n  system  are  fav o u rab le  fo r s tu d y in g  th e  v a lid ity  o f th e  re la tiv e ly  
sim p le  p eak  m odel d eriv ed  earlie r an d  im p lic ity  given b y  e q u a tio n s  (1 —4).

T h e  so lu tion  o f e q u a tio n s  (1 —4) is as follow s :

if  0 t tL, th en

A E (t)  0

i f  tL <  t < ; tL +  Tinj, th en

A E (t)  =  S -  lg 1 +
M

F tinj Lo (1 vv ^ *L\

an d  if  tL +  Tinj <  th e n

(5 )

( b )

A E ( t)  =  S - \ g 1 + F tinJ c o

-  VV T«aj У w ( t - tL- T  inj)
(7 )

A lth o u g h  in  th e  case o f cou lom etric  in je c tio n  th e  in jec tio n  is done  d irec tly  
in to  th e  m ix ing  ch am b er an d  th e  on ly  c o n n ec tin g  tu b e  being in  th e  sy s te m  is 
p laced  a f te r  th e  m ix ing  u n it ,  eq u a tio n s  (5 — 7) give a reaso n ab ly  good a p p ro ach  
to  th e  descrip tio n  o f  th e  signals developed  b ecau se  only one tu b e  p ro cess , i.e.
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a  tim e  d e lay  is in v o lv ed  in  equations (5 — 7) fo r  w h ich  th e  place o f  th e  co n 
n e c tin g  tu b e  (before o r a f te r  th e  s tirre r) is in d if fe re n t. I f  in jec to r, s t i r r e r  an d  
d e te c to r  are  p laced  v e ry  n e a r  to  each o th e r , th e n  tl  =  0, and  e q u a tio n  (5) 
ex p re ss in g  th e  d e lay  c a n  be  even  neglected .

F ig u re  3 show s som e p eak -ty p e  curves c a lc u la te d  w ith  eq u a tio n s (5 — 7) 
w h en  th e  tim e  o f in je c tio n  is re la tiv e ly  large (Tjnj =  33 sec). I t  can  be o b serv ed  
t h a t  th e  ca lcu la ted  a n d  ex p e rim en ta l peaks co in c id e  v e ry  well n o t o n ly  in  
sh a p e  b u t  also n u m erica lly .

Fig. 3. Detected and calculated potentiometric signal at coulometric injection (thick line: 
calculated, thin line: measured shape) т =  33 sec, for the other parameters see [18]

Fig. 4. Detected signal and calculated signal fitted to the measured one with respect to the 
mixing volume, W (coulometric injection, potentiometric detection) т =  33 sec, for the other

parameters see [18]

T h e  re la tiv e ly  sim p le  m odel expressed b y  e q u a tio n s  (5 — 7), how ever, can  
o ffe r a n  even  m ore a c c u ra te  descrip tion  of th e  p e a k s  as com pared  w ith  th a t  
sh o w n  in  F ig . 3, if  th e  v a lu e  o f  th e  s tirre r  v o lu m e , IF  is co rrec ted  b y  th e  a d d i
tio n a l vo lum es o f th e  sm all m ix ing  room s w h ich  a p p e a r  u n av o id ab ly  a t  th e  
tu b e  connec tions being  a f te r  th e  ou tle t o f th e  m ix in g  cham ber. As these  vo lu m e 
in c re m e n ts  w ould be d iff ic u lt to  m easure, su ch  a co rrec tio n  can  be done m o st 
ea s ily  b y  f i t t in g  th e  m odel to  th e  ex p erim en ta l p e a k s  w ith  respect to  IF . S uch  
a f i t t in g  can  be done b y  v a ry in g  th e  value o f W  u n t i l  b e s t coincidence is o b ta in 
ed . F ig u re  4 shows th e  p eak s  ca lcu la ted  a fte r  th e  a p p ro p r ia te  co rrec tion  o f  IF, 
a n d  p ro v es  a p erfec t co incidence  of the  m easu red  a n d  ca lcu la ted  signals, th o u g h  
th e  v a lu e  o f  IF  h a d  to  be  co rrec ted  only  b y  12 p e r  c en t.

I f  th e  m odel is in te n d e d  to  be used fo r q u a n t i ta t iv e  an a ly tica l p u rp o ses , 
i t  is a lw ays w orth -w hile  to  c a r ry  ou t its  f i t t in g , a n d  to  com pu te  th e  p e a k -ty p e
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cu rves w ith  th e  such  o b ta in ed  e ffec tiv e  v a lu e  of the  m ixer v o lu m e , IPeff‘, 
in s te a d  o f its  n o m in a l va lue , W . O nce IF eff is de term ined  for a g iv e n  in jec tio n  
se tu p , th e  m odel expressed  b y  e q u a tio n s  (5 — 7) nicely follows th e  chan g es of 
th e  o th e r  p a ra m e te rs  such  as S , c0 an d  M ,  accord ing  to  our ex p erien ces .

I f  th e  tim e  o f cou lom etric  in je c tio n , T jnj is large enough, th e  d ispersion  
o f  th e  in je c te d  m a te ria l in  th e  c o n n e c tin g  tu b e  sections b e tw een  th e  p lace  of 
in jec tio n  an d  th e  d e te c to r  cell is r e la tiv e ly  sm all as com pared  w ith  th e  len g th

t
Fig. 5. Dispersion of the injected material at large injection time (a) and at small injection 
time (b), T inj (thick line represents the injected material “ plug”, and thin line illustrates its

dispersion)

o f  th e  “ p lu g ”  (see Fig. 5). H ence, th e  in je c te d  substance  en te rs  th e  m ix in g  u n it 
show n in  F ig . 1 u n d er a tim e  p erio d , r  b e in g  ap p ro x im ate ly  e q u a l to  th e  tim e 
o f in jec tio n , T jnj . *  In  ad d itio n , th e  co u lo m etric  in jection  c a n  b e  c a rr ie d  ou t 
a c c u ra te ly  a t  a v e ry  c o n s ta n t ra te , w h ich  re su lts  in  the  fac t t h a t  in  th e  in jec ted  
“ p lu g ”  p ra c tic a lly  no c o n cen tra tio n  g ra d ie n t occurs. T he o n ly  p rocess tak in g  
p lace  in  th e  con n ec tin g  tu b e  sec tio n s w h ich  can n o t be n eg lec ted  is th e  tim e 
de lay , <l b e tw een  in jec tio n  and  d e te c tio n , d u e  to  the  f in ite  flow' r a te .

T h u s, as th e  basic a ssu m p tio n s d e riv ed  earlier [1] are  v a lid , eq u a tio n s 
(1 — 4) give a good ap p ro ach  to  th e  d e sc rip tio n  o f the  signals o f  th e  cou lom etric  
in jec tio n  sy stem . T his fac t is i l lu s tra te d  b y  th e  resu lts t r e a te d  so fa r  (F ig . 4).

* It must be mentioned that in the setup generally used the interconnecting tube 
length between the stirrer and detector is longer than it is between the place of injection and 
the stirrer. Just the opposite is shown in Fig. 1. However, this does not affect the derivation 
given.
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t
T=7.5 sec.

Fig. 6. Detected and calculated signals at various injection times: (a) tjnj =  19 sec, (b) r inj =
=  1 2  sec, (c) r i n j  =  7 . 5  sec. (Coulometric injection, potentiometric detection)

If , how ever, th e  t im e  o f in jec tio n , tinj is d ec rea sed , th e  dispersion o f th e  
in je c te d  su b stan ce  re la tiv e ly  increases and  a g ra d ie n t is  fo rm ed , as i t  is i l lu s t r a t 
ed b y  F ig . 5. H ence, b y  decreasing  Tjnj, th e  m o d e l d iscussed  so fa r g ra d u a lly  
loses i ts  v a lid ity . I t  is th e n  im p o r ta n t to  know  fo r a g iv en  in jec tion  se tu p  a n d  
flow  r a te ,  th e  m in im um  tim e  o f in jec tio n  a t w h ich  th e  m odel still rem ains v a lid .

F ig u re  6 show s th e  in flu e n c e  of th e  decreasing  Tinj v a lu es  on th e  m easu red  
an d  c a lc u la ted  signals. O n  th e  basis of these  cu rv es  i t  c an  be concluded th a t  
u n d e r  th e  ex p e rim en ta l co n d itio n s  exam ined  (see [18]) th e  perfo rm ance o f  
e q u a tio n s  (5 — 7) is s till  go o d  a t  Tjnj =  19 sec, w h ile  a t  Tjnj =  12 sec i t  becom es 
less a c c u ra te , and  a t  Tjnj =  7.5 sec i t  is no lo n g er a ccep tab le .

T h is ten d en cy  o f  d e v a lu a tio n  o f th e  m odel (5 — 7) by  decreasing Tjnj, 
how ever, does n o t occu r i f  th e  len g th  o f th e  c o n n e c tin g  tu b e s , L , is v e ry  sm all 
because  in  th is  case no  co n sid e rab le  d ispersion  ca n  o ccu r in  th e  sh o rt tu b e  
sec tions invo lved . T h u s, in  th is  case of sh o rt c o n n e c tin g  tu b e s  th e  sim ple m odel 
d iscussed  so fa r [1] c a n  re m a in  va lid  even i f  a n  im p u lse  ty p e  (v o lu m etric  
m an u a l) in je c tio n  is d o n e , as i t  h as  been s ta te d  e a r lie r  [1 ,9 ] . In  th is  case, h o w 
ever, th e  f i t t in g  of th e  m o d e l has to  be ca rr ied  o u t  w ith  respect to  n o t o n ly  
th e  v o lu m e  o f th e  m ix in g  c h a m b e r , W , b u t  in  g en era l a lso  th e  tim e  of in je c tio n ,
Tinj [9].
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b) D escription o f  the signals obtained in  the volumetric m a n u a l in jec tion  system

I f  th e  v o lu m etric  in je c tio n  is c a rried  o u t m an u a lly  w ith  a sy rin g e  (see 
F ig . 1), th e  in jec tio n  m u s t be done in  a v e ry  sh o rt tim e  period  in  o rd e r  to  ensure 
th e  r a te  o f in jec tio n  to  be c o n s ta n t an d  hence, th e  re p ro d u c ib ility  o f  th e  signals. 
T h is  m eans th a t  i f  th e  p e a k -ty p e  signals o b ta in ed  b y  m a n u a l in je c tio n  should 
be described  m a th e m a tic a lly , an  im pu lse  ty p e  in jec tio n  m u s t be  considered
( t ln j  0 ) .

In  th is  case, as i t  h as  b een  sa id  befo re , th e  m odel ex p ressed  b y  equa tions 
(5 — 7) can  be used  only i f  sh o r t co n n ec tin g  tu b es are in c o rp o ra te d  in  th e  m ea
su rin g  system  [1, 9]. If , how ever, th e  le n g th  o f  th e  connec ting  tu b e s  is re la tiv e ly  
la rg e  (see E x p e rim en ta l) , a new  m a th e m a tic a l m odel m ay  d esc rib e  th e  experi
m e n ta l t ra n s ie n t signal m ore  ac c u ra te ly  th a n  th e  m odel (5 — 7) does.

F o r th is , o u r d e riv a tio n  can  be s ta r te d  from  th e  sam e e q u a tio n s  as in  the 
fo rm er case, i.e. from  e q u a tio n s  (1—4). O nly  th e  g e n e ra to r  fu n c tio n  o f  the  
d iffe ren tia l e q u a tio n  (1), A e f t ) ,  g iven  in  th e  case o f co u lo m etric  in je c tio n  or of 
v o lu m etric  m anual in je c tio n  w ith  sm all tu b e  len g th  b y  e q u a tio n s  (2, 3), 
sh o u ld  be su b s titu te d  b y  a m ore co m p lica ted  one. T his new  fu n c tio n , /le s(f) 
sh o u ld  describe n o t on ly  th e  tim e  d elay  e lapsed  betw een  in je c tio n  a n d  detec tion , 
b u t  also th e  d ispersion  o f  th e  in jec ted  m a te r ia l “ p lug”  an d  th e  fo rm a tio n  of a 
co n c e n tra tio n  g ra d ie n t in  th e  co n n ec tin g  tu b es .

Since these  p h en o m en a  c a n n o t be d u e  solely to  th e  m o lecu la r  d iffusion  of 
th e  in jec ted  species, b u t  also to  th e  lo n g itu d in a l m ix ing  o f  th e  sam p le  “ p lug” 
in  th e  analysis ch an n e l because  o f th e  n ea rly  lam in a r c a r r ie r  flo w , th u s  the 
fu n c tio n  A cs(t) w hich expresses th e  co n c e n tra tio n  peak  c o n s ti tu t in g  th e  in p u t 
s ig n a l o f  th e  m ix ing  ch a m b e r c a n n o t be derived  d irec tly  on  th e  b as is  o f F ick ’s 
second  law . T his law , how ever, can  be em ployed  if  an  e ffec tive  d iffu sio n  coef
f ic ie n t, D eff, is in se rted  in s te a d  o f  th e  re sp ec tiv e  ionic or m o lecu la r  one. (This 
is a v e ry  com m on p ra c tic e  in  m odelling  chem ical p la n t u n its ,  see e.g. [21].)

I f  th e  co n c e n tra tio n  im pu lse  is assum ed  to  be co n fined  to  a n  in fin ite ly  
th in  cross section  la y e r  a t  th e  p o in t o f in jec tio n , th e n  from  F ic k ’s second  equa
tio n  th e re  follows (see e.g. [22]) :

A cs(t)
M 1 L v T t 2"

2 q (n D e t r tyi* 4 D eff V* я
( 8 )

T hus, th e  new  m odel p rop o sed  for describ ing  v o lu m etric  m a n u a l in jec tion  
p eak s  developed  a t  la rg e r tu b e  len g th  consists  o f eq u a tio n s  (1) a n d  (8) ; th u s , 
i t  follow s t h a t :

dzJc(t) V M 1 L V][ t
- Z l c ( t ) j

d t W 2g ( jrD e f f t )1'2 P 4 D eff 1 t q
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E q u a t io n  (9) canno t be so lv e d  d irec tly  for zlc(t) b y  th e  s ta n d a rd  m eth o d s o f 
m a th e m a tic a l  analysis, b u t  a n u m b e r  of a p p ro p r ia te  n u m erica l m ethods ex is t 
fo r i t s  co m p u ta tio n a l so lu tio n . T h e  m ost sim ple in te g ra t io n  p rocedure , th e  so 
c a lle d  E u le r  in teg ra tio n  sc h e m e  (23) w hich fo r e x a m p le  can  be used  fo r th is  
p u rp o s e , is  as follows :

M * o )  =  M h )  =  0 ,  ( 10)
w h ile  fo r  i  =  2 ,3 ,  . . . ,  n :

Л c{ti) = —— А  С5(<г_!) -j- [ i - i q A
W

Zlt, ( И )

w h e re  A tt =  t,- — h _ i, a n d  t h e  fu n c tio n  Acs(t) is d e f in e d  b y  eq u a tio n  (9) 
A t t — tn, Ac(tn) ш  0, w h ich  m e a n s  th a t  th e  p e a k - ty p e  cu rv e  ca lcu la ted  com es 
to  i t s  e n d  b y  reaching a g a in  th e  baseline.

T h u s , th e  function  zlc(t) c a n  be  o b ta ined , an d  b y  in se r tin g  i t  in to  eq u a tio n
(4), th e  p o ten tia l-tim e  c u rv e  i.e . th e  d e tec ted  p e a k - ty p e  cu rv e  can be n u m e ri
c a lly  co m p u te d .

I n  u sin g  the  above m o d e l, how ever, a p ro b lem  a p p e a rs  concern ing  th e  
v a lu e  o f  th e  model p a ra m e te rs .  N am ely , th e  e ffec tiv e  d iffusion  coeffic ien t, 
D eff is  n o t  a simple p h y sica l c o n s ta n t  defined b y  a  sing le  process, b u t  an  effec
t iv e  p a ra m e te r  w hich d e sc rib e s  th e  effect o f sev e ra l s im u ltan eo u s  processes 
su ch  as m olecular d iffusion  a n d  convective m ix in g . T h u s , i t  depends on th e  
d ia m e te r  o f  th e  analysis c h a n n e l  an d  on th e  flow  r a te  am o n g  o thers, m o stly  
m ic ro sco p ic  properties o f  th e  s tre a m in g  and in je c te d  so lu tio n . H ence, th e  m o st 
s im p le  a n d  s tra ig h tfo rw ard  w a y  o f de term in ing  H eff is t h a t  o f f i t t in g  th e  m odel 
r e p re s e n te d  b y  equation  (9) to  som e ex p erim en ta lly  re c o rd e d  p eak -ty p e  cu rv e . 
H o w e v e r , as th e  m odel is in te n d e d  to  use for q u a n t i ta t iv e  analysis, th e  o th e r  
m o d e l p a ra m e te rs  are also w o r th y  o f being v a ried  u n t i l  b e s t f i t t in g  is o b ta in ed . 
I n  th is  w a y  th e  best possib le  d e sc rip tio n  of th e  p e a k - ty p e  curves d e tec ted  can  
be  a c h ie v e d  (ju st as well as a lso  in  th e  case o f th e  fo rm e r sim ple m odel).

T h e  f i t t in g  p rocedure  h a s  b een  carried  ou t w ith  re sp e c t to  four in d e p e n 
d e n t  m o d e l p aram eters , n a m e ly  th e  effective d iffu sio n  coeffic ien t H efb th e  
v o lu m e  o f  th e  m ixing c h a m b e r  W , th e  flow  ra te  V , a n d  th e  tu b e  d iam e te r d ; 
th e  f i t t i n g  w as done b y  a s im p le  “ tr ia l and  e rro r”  m e th o d  [23].

O n ce  th e  f ittin g  h as  b e e n  c a rrie d  ou t, th e  m odel rep re se n te d  b y  eq u a tio n
(9) fo llow s th e  v a ria tio n s in  t h e  d e tec to r e lec trode  slope , S ,  ca rrie r flow  co n 
c e n tr a t io n ,  c0, and in je c te d  a m o u n t,  M .

F o r  g iven values o f  S ,  c 0 an d  M  a p e a k - ty p e  s ig n a l d e tec ted  an d  i ts  
c o m p u te d  version are show n in  F ig . 2. I t  can  be seen  in  th is  fig u re  th a t  sh ap e  
o f  th e  s ig n a l calcu lated  w ith  t h e  m odel and  th a t  re c o rd e d  coincide v e ry  w ell, 
e x c e p t a t  th e  rising p a r t  o f  th e  s igna l w here th e  f i t  is n o t  so sa tisfac to ry .

T h is  m ay  be due to  th e  f a c t  th a t  the  e lec tro n ic  d e te c to r  n e tw o rk  w h ich  
in c o rp o ra te s  an ion-selective e le c tro d e  as a sensor does n o t  respond  in s ta n ta 
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neously  to  th e  su d d en  rise  o f co n c e n tra tio n  w h ich  is caused  by  th e  a r r iv a l o f 
th e  fo re -p a rt o f  th e  in je c te d  “ p lu g ”  to  th e  d e te c to r  cell. T his response d e lay  is, 
how ever, ig n o red  in  th e  m odel [see e q u a tio n  (4)], and  th is  fa c t m a y  acco u n t 
for th e  sm all d e v ia tio n  occurring  a t  th e  f i r s t  seconds betw een  m easu red  and  
co m p u ted  signals.

Conclusion

As i t  has been  show n, th e  m odel o f co u lo m etric  in jec tio n  peak s o r p eak s 
developed  a t  m a n u a l in jec tio n  in to  a sy s te m  w ith  sh o rt co n n ec tin g  tu b e s  
eq u a tio n s (5 — 7) gives good resu lts  i f  e ith e r  th e  tim e  o f in jec tio n , T|nj, is la rge  
enough (tjnj >  15 sec in  th e  ex p erim en ta l s e tu p  described  in  [18]), o r th e  co n 
n ec tin g  tu b es  a re  sh o rt enough [1, 9 ], w hile  th e  m odel derived  f i r s t  o f  all for 
an  im pulse ty p e  v o lu m e tric  m an u a l in je c tio n  [equa tions (9 —11) g ives good 
p erfo rm ance  in  th e  opposite  case, i.e. if  th e  in je c tio n  is done su d d en ly  Tinj — 0],  
and  th e  len g th  o f  th e  connec ting  tu b es is considerab le .

B o th  m odels can  be used  fo r th e  fo llow ing  purposes :

1. T he  c h a ra c te r is tic s  o f th e  tra n s ie n t  signals d e tec ted  can be o p tim ized  
w ith  re sp ec t to  th e  p a ra m e te rs  o f th e  m easu rin g  se tu p  on th e  b as is  o f  th e  
m odels d iscussed , in  o rd e r to  solve g iven a n a ly tic a l p rob lem s in  th e  b e s t w ay .

2. New n u m erica l m eth o d s o f in je c tio n  analysis can  be d ev e lo p ed  b y  
using  th e  m odels re p o rte d .

3. T he  lin e a r  ran g e  o f th e  ca lib ra tio n  g ra p h s  can  be enhanced  b y  co n sid e r
ing  th e  m odels, i f  th e  analysis is ca rried  o u t  b y  using  ca lib ra tio n  g ra p h s  in 
s tead  o f n u m erica l m e th o d s [1, 2, 4 — 10, 18 — 20].

T hese ap p lica tio n s  w ill be re p o rte d  in  a fo llow ing  p ap er.
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By approximating the electrostriction of the dielectric around an ion, an equation 
can be deduced for the electrostatic solvation free enthalpy which explicitely contains 
the density dependence of the relative perm ittivity of the solvent. For liquids with 
non-linear relationship between relative perm ittivity and mass density (i.e. anomalous 
with respect to their electrical equation of state), the Born charging up integral for ions 
immersed in the dielectric is multiplied by a factor d In e/d In g where g is mass density. 
The combination of this result with the Grahame equation, which accounts for di
electric “saturation effects” , indicates that the above factor gives the greatest correc
tion in the high field region around the ion where the relative perm ittivity is reduced 
to the square of the internal refraction index, n2. Calculations of the density dependence 
of n2 based on molar refraction data show that most polar solvents behave anomalously. 
Numerical calculations for alkali halides in dimethylformainide, 1-propanol, and water 
are in fair agreement with experimental data.

1. In tro d u c tio n

Since th e  tim e  i t  has go t know n th a t  th e  ap p lica tio n  of th e  B o r n  eq u a tio n
[1] w ith  th e  a ssu m p tio n  of f ie ld -in d ep en d en t re la tiv e  p e rm itt iv i ty  gives an  
o v e re s tim a te  o f th e  so lva tio n  free e n th a lp ie s  o f  ions, a very  la rg e  n u m b e r  of 
p ap ers  h av e  a p p e a re d  in  w hich a t te m p ts  w ere  m ad e  to  im prove th e  m odel and  
to  o b ta in  b e t te r  ag reem en t w ith  e x p e rim e n ts  [2]. These m o d ifica tio n s  are  
cen te red  a ro u n d  th re e  problem s : (i) th e  liq u id  is m olecularly  “ g ra n u la te d ”  
an d  its  s tru c tu re  m ay  change u n d e r th e  e ffec t o f th e  high f ie ld  a n d /o r  n o n 
f i t t in g  size o f th e  ions, w hereas th e  m odel is a co n tin u u m  a p p ro a c h  ; (ii) th e  
rea l so lu tio n  ra d ii o f  ions are u n k now n , a n d  th e re  are m any  so lv en ts  in  w hich  
th e  d ipole c e n tre  an d  th e  m ass cen te r  o f th e  m olecules do n o t co inc ide , th u s  
th e re  is a g rea t v a r ie ty  of possible b u t  m ore o r less u n ju stified  co rrec tio n s  for 
all ra d ii or ev en  d iffe ren t co rrec tions fo r c a tio n s  and  an ions ; (iii) no  e x a c t 
th e o re tic a l so lu tio n  is know n for th e  n o n -lin ea r “ sa tu ra tio n ”  effec ts  in  d ielec
tr ic s  u n d e r h igh  fie ld , an d  no e x p e rim e n ta l re su lts  are availab le  fo r  n o n lin ea r 
effects u n d e r v e ry  h igh  fields stich as th o se  in  th e  close v ic in ity  o f  re la tiv e ly
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sm all io n s, th u s  th e re  are  a lm o st a rb itra ry  choices o f con tinuous or d is c o n ti
n u o u s m odels fo r d ie lec tric  s a tu ra tio n  effects.

C onsidering  th e se  possib ilities of, in  som e cases q u ite  o p tio n a l, in  som e 
o th e rs  m ore  or less ju s tif ie d  co rrec tions, one can  conclude  th a t  ag reem en t w ith  
e x p e rim e n ts  m u st n o t be th e  sole c rite r io n  fo r th e  accep tance o f  a m odel. 
I t  is th e  p re se n t a u th o rs ’ op in ion  th a t  th e  se lf-consistence  of a t r e a tm e n t shou ld  
a t  le a s t  he  one o f th e  ad d itio n a l c r ite r ia  in  th e  sense th a t ,  if, say , classical 
m acro sco p ic  e le c tro s ta tic s  is in te n d e d  for use , i t  is to  be applied  th ro u g h o u t 
w ith  no  a rb i t r a ry  m an ip u la tio n s  w ith  ionic ra d ii, re fra c tio n  index , or w ith  th e  
b re a k d o w n  o f th e  so lv a tio n  free e n th a lp y  o f s a lts  in to  single ion q u a n tit ie s . 
H en ce , th e  m odel o u tlin ed  in  th e  p re sen t p a p e r  — although  a p p ro x im a te  — 
is b a se d  on classical e lec tro s ta tic s , and  is sem iem p irica l in  th a t  i t  uses (i) th e  
em p irica l d e n s ity  d ependence  of th e  re la tiv e  p e rm itt iv i ty  and  re fra c tio n  in d ex  
as q u a n ti t ie s  re flec tin g  s tru c tu ra l effects in  so lv en ts , (ii) c ry s ta llo g rap h ic  
G o u r a r y  —  A d r i a n  rad ii [ 3 ]  w hich h av e  m ore  ex p e rim en ta l ju s tif ic a tio n s  as 
opposed  to  th e  P a u lin g  or G o ldschm id t ra d ii, a n d  (iii) th e  G r a h a m e  e q u a tio n
[4] fo r n o n -lin ea r effects u n d e r high fields w ith  em p irica l (and m acroscop ic) 
n o n -lin e a r ity  coeffic ien ts .

2. Calculation o f the “ experimental”  value o f the electrostatic 
free enthalpy of solvation

T h e  v a rio u s  p o rtio n s  o f  th e  to ta l  free  e n th a lp y  o f ionic so lv a tio n  th a t  
m u st b e  d is tin g u ish ed  se p a ra te ly  h av e  been  d iscussed  recen tly  by  A b r a h a m  

an d  L isz i [5]. B y  an a lo g y  to  th e ir  an d  N o y e s ’ t r e a tm e n t  [6], th e  n o n e lec tro - 
s ta tic  free  e n th a lp y  o f so lv a tio n  can be a p p ro x im a te d  b y  ex tra - or in te rp o la tin g  
th e  free  e n th a lp y  o f  d isso lu tio n  of noble gases a n d  sim ple h y d ro ca rb o n s . In  
F igs 1 — 3 th e  sum  o f th e  e lec tro s ta tic  free en erg y  o f  so lvation  of b o th  ions o f 
a lkali h a lid e s  is p lo tte d  as a fu n c tio n  o f th e  sum  o f th e ir  reciprocal G o u ra ry — 
A drian  ra d ii. E x c e p t flu o rid es  in  w a te r, all v a lu es  fa ll on s tra ig h t lines. (The 
d e v ia tio n  o f  f lu o rid es  m ay  be due p a r tly  to  a sy s te m a tic  error in  th e  ra d iu s  
o f th e  f lu o rid e  ion  [3], an d  p a r t ly  to  th e  p ro n o u n ced  hydrogen  bo n d in g  a b ili ty  
o f th is  io n  w ith  w a te r .)  I f  N oyes’ single ion  h y d ra tio n  free en thalp ies a re  u sed , 
a f te r  a c o rre c tio n  fo r th e  n o n e lec tro s ta tic  p a r t ,  th e  po in ts  co rrespond ing  to  
an ions a n d  ca tio n s  also lie on th e  sam e s tra ig h t  lin e  w ith  an  in te rc e p t h a lf  o f 
th a t  in  F ig . 3. S ince th e  d ifferences b e tw een  P a u lin g  and  G o u ra ry —A d ria n  
rad ii a re  a lm o st th e  sam e as th e  co rrec tion  used  b y  M i s h c h e n k o  et al. [2b], 
th e  co inc idence  o f th e  ca tio n  an d  anion curves is q u ite  ev iden t.

I n  som e p ap ers  [2] th e  co rrec tion  o f P a u lin g  ra d ii is th o u g h t to  be j u s t i 
fied  b y  th e  a rg u m e n t th a t ,  even  if  c ry s ta llo g rap h ic  a n d  solu tion  rad ii a re  eq u a l, 
th e re  is a n  ex p an sio n  o f  th e  ions in  gas p h ase , a n d , — since th e  gas p h a se  
e le c tro s ta tic  en erg y  o f th e  ion  is th e  m a jo r te rm  in  th e  so lv a tio n  free e n th a lp y  —
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Fig. 1. Dependence of the electrostatic free enthalpy of solvation of alkali halides in  dimethyl- 
formamide on the sum of the reciprocal Gourary—Adrian radii of ions

Fig. 2. Dependence of the electrostatic free enthalpy of solvation of alkali halides in 1-propanol 
on the sum of the reciprocal Gourary—Adrian radii of ions
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a  re la tiv e ly  sm all p o s itiv e  co rrec tio n  for th e  gas p h ase  rad ii w ould su fficen tly  
re d u c e  th e  erro r o f th e  B o rn  equation . O n th e  g ro u n d  o f th e  B orn  —H a b e r  
cy c le  in  F ig . 4, how ever, i t  seem s th a t  no su ch  c o rre c tio n  is ju s tif ied , ow ing to  
th e  f a c t  th a t ,  a fte r th e  e x p a n s io n  of th e  ionic c ry s ta l  la tt ic e  to  in fin ity  w hich

Fig. 3. Dependence of the electrostatic free enthalpy of solvation of alkali halides in water 
on the sum of the reciprocal Gourary— Adrian radii of ions

Fig. 4. The Born—Haber cycle o f solvation showing the breakdown of the solvation free 
enthalpy into electrostatic and non-electrostatic parts
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req u ire s  th e  su p p ly  o f  th e  la tt ic e  energy , one ends u p  w ith  a f ic tiv e  gas o f ions 
p rese rv in g  th e ir  o rig in a l size. E v e n  i f  th e  co rrespond ing  e n tro p y  o f  a mono- 
a to m ic  gas is ad d e d  w h ich  accoun ts fo r th e  ran d o m iz a tio n  o f  th e  in fin ite ly  
ex p a n d e d  la ttic e , s till no  allow ance is m ade fo r th e  ex p an sio n  o f  th e  electron  
shell o f  ions. T h en , in  th e  d isso lu tion  s tep , th e  ions possessing s till th e ir  c ry s ta l
lo g rap h ic  size a re  im m ersed  in to  th e  so lven t. In  ad d itio n , i f  i t  is ta k e n  in to  
co n sid e ra tio n  t h a t  la tt ic e  energies can  be ca lcu la ted  w ith o u t th e  assu m p tio n  
o f la rg e r gas p h ase  ions in  v e ry  good ag reem en t w ith  B o rn —H a b e r  cycles 
in v o lv in g  io n iza tio n  p o te n tia ls  an d  s ta n d a rd  e le m e n ta ry  s ta te s , th e re  seem s to  
be no re a l reason  fo r ra d iu s  co rrec tions.

W hile  i t  is d o u b tle ss  th a t  th e  s tep  acco u n tin g  for n o n -e le c tro s ta tic  effects, 
lab e lled  b y  .dGh, n o b le  gas? is to  be in tro d u c e d  in to  th e  cycle, th e  a d d itiv ity  of 
th is  te rm  and  th e  e le c tro s ta tic  one w ill only  a p p ly , w hen  specific  in te rac tio n s  
su ch  as h y d rogen  b o n d in g  or co o rd in a tio n  b o n d s b e tw een  th e  so lv e n t and  th e  
ions do n o t in te rfe re . T hese specific forces a re  c e rta in ly  in a c tiv e  betw een  
nob le  gas or a h y d ro c a rb o n  an d  th e  so lven t, an d  th u s  th e y  do n o t  a l te r  th e  own 
s tru c tu re  o f th e  so lv en t in  th e  sam e w ay  as w ould  “ u n ch a rg ed  a lk a li o r halide 
ions” . T h e  co rrec t te rm  on th e  u p p er le ft h an d  side o f  th e  cycle sh o u ld  be the  
free e n th a lp y  ch an g e  d u e  to  th e  a p p ro p ria te  hole fo rm a tio n  in  th e  so lvent 
w ith  a so lven t s tru c tu re  a ro u n d  i t  th a t  co rresponds to  th e  so lv a te  o f  th e  ion. 
A lth o u g h  th e  e rro r  co m m itte d  b y  ap p ro x im a tin g  th is  q u a n t i ty  b y  th e  free 
e n th a lp y  of d isso lu tio n  o f  n e u tra l  m olecules m ay  be o n ly  a few  kcal/m ol, it 
c an  be com m en su rab le  w ith  / lG excess and , th u s , re su lt in  a p p re c ia b le  e rro r in 
p re d ic tin g  th e  c o n c e n tra tio n  o f  s a tu ra te d  so lu tions.

T he s tra ig h t lines in  F igs 1 — 3 correspond  to  th e  fo llow ing eq u a tio n :

1 1 1
------ 1------?

«с /

w here  aa and  a c a re  th e  rad iu s  o f th e  an ion  an d  c a tio n , re sp e c tiv e ly , m easured  
in  Á , an d  th e  n u m erica l va lues o f th e  c o n s ta n ts  are  g iven fo r kca l/m o l u n its  as 
follow s : A  - 20, 10, an d  13, В  =  100, 108 an d  110 for d im eth y lfo rm am id e ,
1 -p ropano l, an d  w a te r , resp ec tiv e ly .

AG h e — — A  ~  В

3. Calculation o f solvation free enthalpies via the volum e  
force acting on a dielectric

T he basic e q u a tio n  u su a lly  app lied  in  th e  ca lcu la tio n  o f  th e  e lec tro sta tic  
free  e n th a lp y  o f  so lv a tio n  is:

iv = ---- - f E  • D d r  ,
8 n  J

( 2)
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w h e re  E  is th e  electric  f ie ld  v e c to r , D the  d ie lec tric  d isp lacem en t, an d  d r  is an  
in f in i te s im a l volum e e lem en t. I f  a single ion im m ersed  in  a d ie lec tric  w ith  con
s t a n t  (i.e . fie ld  in d ep en d en t)  re la t iv e  p e rm ittiv ity  e 0 is considered , th e  in te 
g ra t io n  lead s to  the  fo llow ing  e q u a tio n :

(*>)* •)
— £q flj

(3 )

w h e re  ze  is th e  charge o f th e  io n , an d  a; is its  rad iu s .
O n  th e  o ther h an d , w  c a n  be  ca lcu la ted  also b y  th e  e q u a tio n :

Őw =  — I" FT • dxdu , (4)

w h e re  F T is th e  volum e fo rce  a c tin g  on u n it vo lum e an d  6x is th e  v a r ia tio n  of 
th e  p o s it io n  coord inates o f  th e  vo lum e elem ent du. B y  u tiliz in g  th e  h y d ro d y 
n a m ic  eq u a tio n s  o f c o n tin u ity  i t  can  be show n [8] t h a t  E q . (4) is e q u iv a le n t to  
E q . (2 ), i f  F T has th e  fo rm :

FT =  pE ------— E 2 Ve +  —  V
8л: 8 л

E 2
de

ding (5 )

w h e re  q is th e  charge d e n s ity  a n d  g  th e  m ass d e n s ity . A gain , assum ing  th a t  th e  
r e la t iv e  p e rm ittiv ity  e is f ie ld -in d e p e n d en t b u t  n o t in d e p e n d e n t o f position  
c o o rd in a te s , due to  changes in  so lv en t d en sity  th ro u g h  e lec tro s tr ic tio n , and  
c o n s id e r in g  th e  case o f a c h a rg e d  sphere  o f rad iu s  a,, fro m  E q s. (4) an d  (5) we 
a r r iv e  a t  th e  resu lt:

m ;=  d l n ^  (6)
d i n g  2e0a|

w h ic h  tra n s fo rm s  in to  E q . (3) i f  d i n  e0/d ln g  =  1, i.e. i f  th e  d ie lec tric  behaves 
“ n o rm a lly ”  hav ing  a lin ea r  re la t iv e  p e rm ittiv ity  d ep en d en ce  on m ass den sity . 
T h e  a d v a n ta g e o u s  fea tu re  o f  E q s . (4) —(5) as o p posed  to  E q . (2) is th a t  it 
e x p lic i te ly  involves th e  te rm  co n ta in in g  th e  d e n s ity  d ependence  o f re la tiv e  
p e r m it t iv i ty .  W hen o b ta in in g  E q . (6), we assum ed  th a t  d l n e 0/d l n g  is con
s ta n t .

F o r  liqu ids whose re la t iv e  p e rm ittiv ity  follow s th e  O nsager eq u a tio n , 
th e  d  In  £0/d  ln g  fac to r is u n i ty ,  since  i t  im plies th e  a ssu m p tio n  th a t  th e  dipole 
d e n s ity  increases linearly  w ith  m ass d en sity . T his is also ju s tif ie d  b y  ex p erim en 
ta l  r e s u l ts  on th e  p ressure  d ep en d en ce  of re la tiv e  p e rm it t iv i ty  an d  th a t  of 
d e n s ity , w h ich  run  in  p a ra lle l [9 ], g iv ing  th e  fo llow ing a p p ro x im a te  co rre la tio n  
v a lid  fo r  m a n y  organic liq u id s :

d  In £0 

d i n g
1.8g2 . (? )

I f  g  is a ro u n d  0.75 g/cm 3, th e  r ig h t  h a n d  side o f E q . (7) is a b o u t u n ity .
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L iquids w ith  n o n -u n ity  K irkw ood  fa c to r  m ay  o r m ay  n o t be anom alous 
from  th e  p o in t o f  v iew  o f th e  d en sity  d ep en d en ce  o f re la tiv e  p e rm itt iv i ty . I f  
th e re  are  s tru c tu ra l  e ffects th a t  m ake th e  O n sag er eq u a tio n  in v a lid , b u t  th is  
s tru c tu re  is n o t b ro k en  dow n b y  increasing  th e  p ressu re  in  th e  reg ion  a ro u n d  
1 a tm , th e  d e n s ity  d ependence  m ay  be lin e a r . If , how ever, s tru c tu ra l changes 
occur due to  th e  change in  d en sity , th e  d l n e 0/ d l n g  fa c to r  m ay  be less th e n  
u n ity  — w hen th e  h ig h er d e n s ity  s tru c tu re  h as  a low er K irkw ood  g -fa c to r  — 
or g rea te r  th a n  u n ity  in  th e  opposite  case. O f th e  so lv en ts  we will discuss below , 
1-p ropano l b eh av es n o rm a lly  [10], w hile w a te r  seem s to  h av e  a d l n e 0/ d l n g  
fa c to r  low er th a n  u n ity . ( I t  m u st be s ta te d  co n d itio n a lly , since from  th e  p o ly 
n om ia l given b y  S i l v e s t e r  an d  P i t z e r  [11 ] a v a lu e  o f  0.707 can  be ca lc u la ted  
fo r 25 °C, b u t  th e  c o n s ta n ts  o f th is  eq u a tio n  are  m isp rin ted  som eplace, because  
i t  y ields only  70.8 fo r e0 a t  25 °C in s tead  o f 78.54. In  th e  d e riv a tiv e  w ith  re sp ec t 
to  d en sity , th e  c o n s ta n ts  o f  th e  te rm s n o t c o n ta in in g  th e  d en sity  cancel o u t. 
T hus, if  th e  m isp rin t h ap p en s  to  be am ong th o se  c o n s ta n ts , th e  d e r iv a tiv e  can  
s till  be ca lcu la ted  co rrec tly .)

In  th e  close v ic in ity  o f th e  ions th e  v e ry  h igh  elec tric  fie ld  affects th e  
d ie lec tric  so th a t  th e  re la tiv e  p e rm ittiv ity  is red u ced  to  i ts  h igh freq u en cy  va lu e . 
I n  th is  reg ion  th e  c h a rg in g  up  in teg ra l w ill ta k e  a s im ila r form  as th a t  in  E q .
(6) w ith  n 2 in  p lace  o f  e0. T h u s we h av e  to  e s tim a te  th e  d en sity  d ependence  of 
th e  in te rn a l re fra c tio n  in d ex  too . F o r th is  p u rp o se  we can  use th e  exp ression  
o f m olar re frac tio n :

—
n2 -  1 M

n2 +  2 g
% b ( 8 )

w here M  is th e  m o lecu la r w eigh t an d  R m  is th e  so-called  m olar re frac tio n  w hich  
is s tr ic tly  in d e p e n d e n t o f d en sity  so th a t  ev en  p h ase  changes leave i t  u n a lte re d . 
T he d iffe ren tia tio n  o f  eq. 8 yields:

d l n n 2 =  3R M M / g  '
d i n g  ( ß M - M / g ) 2 n 2 ‘

M any p o la r liq u id s  have  d l n n 2/ d l n g  va lu es  low er th a n  u n ity , w hile 
m ost n o n p o la r ones show  “ n o rm al”  b eh av io u r. F o r  exam ple  E q . (9) gives
0.685 fo r d im e th y lfo rm am id e , 0.672 fo r 1 -p ropano l, an d  0.556 for w a te r , w hile 
1.02 for ca rb o n  d isu lfid e  a t  25 °C. ( I t  seem s in te re s tin g  to  n o te  here  th a t  E q . 
(9) w ould y ie ld  u n ity  fo r w a te r, if  its  d e n s ity  w ere 1.84 g /cm 3 w hich  w ould  be 
th e  d en sity  o f b o d y -cen te red  close-packed w a te r  w ith  a m olecular d ia m e te r  o f
2.76 Á.)
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4. Calculation o f nonlinear effects

T h e  e lec tro sta tic  free e n th a lp y  o f so lv a tio n  is:

AGbt  =  w - ^ t ,  ( 10)

■where th e  second te rm  is th e  free  e n th a lp y  o f th e  g a s e o u s io n .l t  can  be seen on 
th e  b a s is  o f th e  foregoing sec tio n  th a t  c a lcu la tio n s  using  a f ie ld -in d ep en d en t 
r e la t iv e  p e rm ittiv ity  w ould  g ive no a p p rec iab ly  d iffe ren t re su lts  fo r e ith e r  E q .
( 4 )  o r E q . ( 3 )  — an d  large  o v e re s tim a te s  in  b o th  cases —, since w  w o u ld  be 
v e ry  sm a ll in  com parison  w ith  th e  second te rm  above. N o n lin ea r d ie lec tric  
e ffe c ts , how ever, w ould  in c rease  tv due  to  th e  fa c t th a t  som e low er re la tiv e  p e r
m i t t iv i ty  regions w ould  com e in to  acco u n t in  th e  close v ic in ity  o f  ions.

A cco rd in g  to  th e  G h a h a m e  e q u a tio n  [ 4 ] ,  w hich  can  be reg a rd ed  as an  
a p p ro x im a tio n  to  th e  th e o re tic a lly  m ore a d e q u a te  b u t  m a th e m a tic a lly  less 
c o n v e n ie n t  B o o t h  eq u a tio n  [12], th e  re la tiv e  p e rm itt iv i ty  can  be ca lcu la ted  
fro m  th e  follow ing tw o e q u a tio n s :

a n d

£ =  n 2 +
1 +  b W

( 11)

2
D =  re2 E  +  - °— a r c t a n  E  1/ b ,

E f b  V
( 12)

w h ere  b is th e  n o n lin ea rity  co e ffic ien t d e te rm in e d  ex p e rim en ta lly  o r — for 
r e g u la r  so lv en ts  for w hich th e  O nsager m odel is co rrec t — i t  can  be c a lc u la ted  
as fo llo w s:

fi2(n2 +  2)2

60k2 T 2 ’
( 1 3 )

w h e re  /a is th e  gas phase  d ipole m o m en t.
E q u a tio n s  (11) — (12) c a n  be u sed  to  ca lcu la te  th e  dependence  o f re la tiv e  

p e r m i t t iv i ty  as a fu n c tio n  o f th e  d is tan ce  from  th e  cen tre  o f an  ion . T h e  u su a l 
re s u lt  is t h a t  th e  re la tiv e  p e rm itt iv i ty  is p ra c tic a lly  equal to  re2 o f th e  so lv e n t up  
to  a r a d iu s  a , th en  i t  increases m o n o to n o u sly  to  th e  b u lk  va lu e  e0. I t  seem s to  
be a v e ry  good ap p ro x im a tio n , i f  one assum es th a t  a t  d istances la rg e r th a n  or 
e q u a l to  a th e  n 2E te rm  in  E q . (12) can  be neg lec ted  in  com parison  w ith  th e  
a r c ta n  te rm  w hich enables us to  w rite  th e  fo llow ing exp lic ite  e q u a tio n  fo r e :

£ =  £0 — (e0 — re2) sin2 ------------(for r  >  a) (14)
e0 — re2

an d

E — n 2 (for r <  a) . (15)
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In  th is  w ay  we can  se p a ra te  w in to  tw o  te rm s: one is a s im p le  c h a rg in g  
up  in te g ra l for a m ed ium  w ith  re la tiv e  p e rm itt iv i ty  n 2 in th e  sp h e ric a l lay e r 
from  th e  rad iu s  o f  th e  ion  <ij to  a :

d In n 2 I 1 _1_ (ze)2
d i n g  \a ,  a j  2n2

(16)

w hich can be obtained by analogy to th e  reactive field  approxim ation  used 
by A braham  and L iszi [5], w hile another term  will be in d ep en d en t o f  the  
radius and represents on ly  the non-linear characteristics of th e  so lven t:

u>2 =  — 4л  I г2 I F„ dr d r ' ,
a r'

(17)

w here  F v is g iven  now  fo r th e  ra d ia lly  sy m m etrica l case o f a c h a rg e d  sphere 
in to  w hich E q . (14) a n d  th e  co rresp o n d in g  e q u a tio n  for th e  fie ld :

E  =
1 D lfb

—  tg  —— -—  
\  b e0 — n 2

a re  to  be in se rted .
T he fin a l eq u a tio n  for e le c tro s ta tic  free  e n th a lp y  of so lv a tio n  is :

(18)

AGh e =  ui.
d In n 2 

d i n g
M 2
2 a n 2

d I n  n 2 1 I (ze)2 

d i n g  n2 1 2 a (
(19)

I t can  be seen th a t  th e  f irs t  tw o te rm s are  in d ep en d en t of ionic ra d iu s , p r o v id e d  

th a t  n o n e  o f  th e  io n ic  r a d i i  c o n s id e r e d  e x c e e d  th e  v a lu e  o f  a , an d  th u s  E q . (19) 
lead s to  th e  ty p e  o f lin e a r  re la tio n sh ip  w r itte n  in  E q . (1).

5. N um erical calcu la tions

W e h av e  chosen  th re e  so lven ts fo r w hich  th e  te s t o f  E q . (19) could  he 
ca rried  o u t : d im e th y l fo rm am id e  w hich  conform s well w ith  th e  O n sag e r m odel 
an d  in  w hich th e re  a re  p ro b a b ly  no specific  in te rac tio n s  b e tw een  th e  m olecules 
th a t  w ould m ake th e  n o n lin e a rity  coeffic ien t [E q . (13)] d iffer fro m  th e o re t ic a l ; 
1-p ropano l w hich  does n o t conform  wi t h  t he  O nsager m odel, a n d  i ts  nonli
n e a r ity  coeffic ien t is anom alous [13] ; an d  w a te r w hich is a n o m a lo u s  in  all 
a sp ec ts  considered  h ere  [14].

The m ost im p o r ta n t  q u a n titie s  o f  th e  co m p u ta tio n s a re  sh o w n  in  Table
I . T ak in g  in to  acco u n t th a t  th e  ca lcu la tio n s  are less precise in  th e  in te rc e p t, 
th e  ag reem en t w ith  e x p e rim en t is q u ite  good w ith  one ex cep tio n , v iz . th e  slope 
for d im eth y l fo rm am ide .

I t  is in te re s tin g  to  n o te  th a t  th e  in d iv id u a l c h a ra c te ris tic s  o f  th e  solvent 
are  m ain ly  re p re se n te d  by  th e  e0, 6, an d  a  values, still a so r t o f  in n e r  com pen-
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T a b l e  I

Comparison of calculated and observed electrostatic free energies o f solvation of alkali halides in 
dimethylformamide, 1-propanol and water

Quantity ----------------------
j Dimethylformamide 1-Propanol Water

«0 36.71 20 .45 78.54

n 2 2.15 2.01 1.78
d In £0
d In g 1* 1** 0.707

d In ri-
d In g 0.685 0 .672 0.556

6/(el.st.u.)2 2.51 x  10~s 1 .34  x  1 0 ~ 8 1 .1 4 x  1 0 - 8

a/A*** 2.4 2.3 2.2

w;2/kcal • mol-1 13.9 19.7 14.5

^calcd'/kcal • mol“1 18.3 8 .8 18.0

A eXpi./kcal • mol-1 20 10 13.0

B calcd-/kcal m o l-1 110 110 113.9

B exp|-/kcal m o l-1 100 108 109.3

* Assumed.
** Approximated by the assumption that the density dependence parallels those of 

other organic liquids [9] and using experimental data [10] for the pressure dependence of rela
tive permittivity.

*** The parameter a was chosen in such a way that this distance correspond to £ 2n2.

sa tion  m ake the w 2 values rather uniform. Sim ilar inner com pensation results in 
the fact that, if  electrostriction  is calculated through  a com putation of inner  
pressure as a function o f  th e  distance from the cen tre o f  the ion — which was 
done for 1-propanol and w ater  — , the final results w ere practically the sam e, 
since th e  electrostriction effect is smoothed out in  w 2 and the increase in  n 2 is 
com pensated  by an increase in  d ln n 2/d ln g .
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The preparation of nineteen new 7-[(heteroaryl-thio)-acetamido]-3-deacetoxy- 
cephalosporanic acids (IVa —t) via the nucleophilic substitution of 7-chloroacetamido- 
3-deacetoxycephalosporanic acid (II) with various mercapto-heteroaryl compounds 
( in  t) is described. A new convenient method, including the acylation o f 7-ADCA 
with the chemically “ active” 8-quinolyl esters of heteroaryl-thioacetic acids (prepared 
in situ in the reaction mixture) has been elaborated for the synthesis of these compounds. 
The transformation reactions of XIIIe,p,r obtained from 6-chloroacetamidopeni- 
cillanic acid-sulfoxide (XI) — into the corresponding dihydrothiazine ester derivatives 
(XVe,p,r) have also been studied.

In both in vitro and in vivo experim ents, the synthesized compounds showed 
antibiotic activity only against Gram-positive bacteria. Compound IVn proved to be 
more effective than cephalexin, whereas FVd exhibiting a significant in vitro biological 
activity — was found to be ineffective in experiments on mice infected by Mycobact. 
tuberculosis typ. bovinus (RAVENEL).

S em isy n th e tic  penicillin  d e r iv a tiv e s  w ith  su lfu r-co n ta in in g  side chain  
h av e  been long knoxvn in th e  l i te ra tu re  [1, 2, 3]. Therefore i t  is n o t  su rp rising  
t h a t  efforts h a v e  been  m ade to  sy n th e s iz e  th e  co rrespond ing  cepha lo sp o rin  
analogues, as well.

In  th e  case o f  som e n a tu ra l c ep h a lo sp o rin s  b o th  th e  ex ch an g e  o f  th e  C-3 
ac e to x y  g roup  an d  th e  su b s titu tio n  o f  th e  7-X -acy lam ido  side  ch a in  w ith  
m ercap to a lk y l-, m ercap to a ry l- o r m e rc a p to -h e te ro a ry l g roups h a v e  been ac
com plished  [4 — 8]. In  several cases th e  analogues con ta in  th e  su lfu r  a to m  of 
th e  side ch a in  in  th e  form  of a su lfo x id e  o r sulfone [9, 10].

R ecen tly  an  increasing  n u m b er o f  sem isy n th e tic  cep h a lo sp o rin  d e riv a tiv es  
co n ta in in g  a s im ila r s tru c tu ra l e lem en t (C ephap irin , C ep h aza flu r, Cefazolin, 
C ephanone) h a v e  been  app lied  in  th e  c lin ica l p rac tice  [6, 11].

D uring  th e  p a s t few years M i S i E K e t o l .  [12 ,13] have re p o r te d  th e  bio log
ica l in v e s tig a tio n  o f  m ore th a n  s ix  h u n d re d  7 -[(2 -S -su b stitu ted -th io )ace ta -  
m id o ]cep h a lo sp o ran ic  acid d e riv a tiv e s . T h e  m ost ac tive  c o m p o u n d , 7-[(2,6- 
d ich lo ro p y rid -4 -y l-th io )ace tam id o ]cep h a lo sp o ran ic  acid, in h ib ite d  th e  in  vitro  
rep ro d u c tio n  o f  Mycobact. tbc. a t  a c o n c e n tra tio n  of 1.4 fj,g /m l.
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I n  th e  p re se n t co m m u n ica tio n  we describe  th e  sy n th esis  and  b io log ica l 
in v e s t ig a tio n  o f several 7 -[(h e te ro a ry l- th io )ace tam id o ]-3 -d eace to x y cep h a lo - 
sp o ra n ic  ac id  d e riv a tiv es . F o r  th e  p re p a ra tio n  o f  th e se  com pounds th e  m e th o d  
e la b o ra te d  in  o u r la b o ra to ry  [14], inc lud ing  a c y la tio n  w ith  8 -h y d ro x y q u in o lin e  
“ a c t iv e ’4 e s te rs , has been ap p lied .

Synthesis

T h e  s ta r t in g  m a te ria l o f one  o f th e  sy n th e tic  ro u te s  (F ig . 1, ro u te  A) w as 
7 -ch lo ro ace tam id o -3 -d eace to x y cep h a lo sp o ran ic  ac id  (II) w hich was p re p a re d  
by  th e  a c y la tio n  of 7 -am in o -3 -d eace to x y -cep h a lo sp o ran ic  acid (I, 7-A D CA ) 
w ith  th e  8 -h y d ro x y q u in o ly l e s te r  o f ch lo roacetic  ac id  [14]. I t  is to  be re fe rred  
th a t  H o  [15] also successfully  ap p lied  8 -acy lo x y q u in o lin es  for th e  se lec tive  
iV -acy la tio n  o f  severa l sim ple am in o  com pounds. N ucleoph ilic  su b s titu tio n  of 
ch lo ro  a to m  o f II b y  various m e rc a p to -h e te ro a ry l co m p o u n d s  (I lia  — t) in  N ,N -  
d im e th y lfo rm a m id e  in  th e  p resen ce  o f tr ie th y la m in e  (20 °C, 12 h) re su lte d  in  
th e  c o rre sp o n d in g  7 -[(h e te ro ary l-th io )ace tam id o ]-3 -d eace to x y -3 -cep h em -4 -ca r- 
boxy lic  ac id s  (IYa — t, T able I) . F o r  th e  sy n th esis  o f  C ephap irin  and its  a n a 
logues, C r a s t  el al. [8] m ade 7 -b ro m o ace tam id o cep h a lo sp o ran ic  acid to  re a c t 
w ith  m c rc a p to  com pounds in  c h lo r in a te d  h y d ro c a rb o n s  or in  aqueous m ed iu m . 
O ur c o m p o u n d  II, how ever, d id  n o t  re a c t w ith  m e rc a p to  com pounds in  c h lo r i
n a te d  h y d ro c a rb o n s  or alcohols ev en  in h o t so lu tio n . T h e  ap p lica tio n  of aq u eo u s 
m ed iu m  is s tro n g ly  lim ited  due to  th e  low  so lu b ility  o f  th e  m ercap to  com pounds. 
On th e  o th e r  h a n d , th e  reac tio n s  re a d ily  o ccu rred  in  iV ,iV -dim ethylform am ide 
a t ro o m  te m p e ra tu re .  T his le tte r  o b se rv a tio n  can  be ex p la in ed  b y  th e  d iffe ren t 
r e a c tiv i ty  o f  th e  halogen a to m s in  p ro tic  an d  d ip o la r  ap ro tic  so lvents. T he 
d e ta ils  o f  th e  p re p a ra tio n  an d  c ry s ta lliz a tio n  o f  s y n th e tic  IV a—t, as well as 
th e  m e a s u re d  p h y sica l d a ta  (m .p ., a n a ly tic a l d a ta  a n d  y ie lds) are sum m arized  
in T ab le  I .  T h e  rC =  0  (/3-lactam ) b a n d  o f all p ro d u c ts  w as observed b e tw een  
1 7 6 7 - 1 7 8 0  c m '1 (K B r).

T h e  p re p a ra t io n  of th e  p ro d u c ts  m en tio n ed  a b o v e  w as also effected  in  
a n o th e r  w a y  (see F ig . 1). H e te ro a ry lth io ac e tic  ac id  8 -q u in o ly l esters (VIIIc, 1, p) 
were p r e p a re d  e ith e r  from  a h e te ro a ry l- th io a c e tic  ac id  (VI) an d  8 -h y d ro x y 
q u ino line  (VI) in  d ich lo ro m eth an e  (20 °C ; 1 h) in th e  p resence  o f iV,IV’-dicyelo- 
h e x y lc a rb o d iim id e , or from  ch lo ro ace tic  acid 8 -q u in o ly l e s te r (VII) and  th e  
co rre sp o n d in g  h e te ro a ry l-m erc a p to  com pound  ( l i l e ,  I, p) in  iV ,iV-dim ethylfor- 
m am ide (20 °C, 3 h). T hus as a v a r ia t io n  of th e  m e th o d  rep re sen ted  by  ro u te  A, 
th e  d e s ire d  a n tib io tic  analogues (IVc, 1. p) w ere also o b ta in e d  b y  syn thesiz ing  
f irs t th e  s id e  ch a in , followed by  th e  reac tio n  o f th e  re su ltin g  esters (VIIIc, 1, p) 
w ith  7-A D C A  in  iV ,iV -dim ethylform am ide (20 °C, 12 h) in  th e  presence o f  t r i 
e th y la m in e  (ro u te  B ). The p h y sica l d a ta  (IR  sp e c tru m , m .p ., m ixed m .p . and
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Table I

Physical data of semisynthetic deacetoxycephalosporanic acids

Analysis

ga9
a9О D

ec
. p

oi
nt Formula

M
et

ho
d

Yield
% Crystallization Calcd.

s % 1 N % 1

Four

s%

id.

N%

IVe 195 Ci4H150 4N 3S3 A 42 CH3OH 24.95 10.90 24.69 10.80
24.65 1 1 .0 0

IVb 160 CigH170 4N3S3 A 76 EtOAc 21.48 9.38 21.04 9.33
petroleum 20.74 9.29
ether

IVe 208 c ,7h 15o 4n 3s 3 A 99 DMFA-H.O 22.80 9.96 22.72 9.82
в 95 22.67 10.02

IVd 195 c17h 14o4n 3s 3ci A 43 DMFA-H.,0 21.08 9.21 21.09 9.31
21.03 9.50

IVe 211 c17h 15o5n 3s 2 A 80 DMFA-HjO 15.80 10.35 15.76 10.40
15.74 10.16

IVf 204 c16h 18o4n 4s 2 A 60 DMFA-H.,0 16.26 14.20 16.06 14.07
16,00 14.37

IVg 185 C19H170 4S2C1 A 43 DMFA-H.,0 13.79 12.04 13.74 12.21
13.49 12.37

IVh 193 CisH170 4N5S2 A 46 acetone 14.85 16.23 14.86 16.21
14.73 16.32

IVi 207 СмНиОДОь A 80 DMFA-H..O 15.21 16.62 15.35 16.68
15.66 16.56

IVj 181 Cj jH j jO .N sS , A 80 EtOAc 12.63 13.80 12.66 13.76
12.46 13.52

IVk 195 c17h 16o4n 6s 2 A 42 EtOAc 14.82 19.43 14.87 19.76
15.01 19.95

IVI 185 C18H1s0 4N6S2 A 76 CH3OH 14.38 18.85 14.35 19.02
в 45 14.68 19.03

IVm 175 C17HI50 4N,S2Br A 47 EtOAc-petro- 12.54 16.43 12.24 16.39
leum ether 12.62 16.12

IVn 172 ^18Hi804NeS2 A 50 EtOAc-petro- 14.38 18.85 14.27 18.84
letum ether 14.19 18.55

IVo 205 c18h 18o 5n 6s 2 A 30 CH.,011 13.88 18.20 13.88 17.83
13.97 17.53

IVp 185 c17h 15o 4n ,s 2ci A 51.5 CH3OH 13.73 18.00 13.68 17.81
В 45.0
c 35.39 13.49 17.79

IVr 178 ^18^1805^6^2 A 56.5 CH3OH 13.88 18.20 13.85 18.18
C 28.13 13.79 18.05

IVs 173 c12h 14o 4n 8s2 A 35 ether 17.31 22.69 17.38 22.22
17.20 22.16

IVt 165 Ci8H180 5NeS2 A 50 CH3OH 13.88 18.20 13.73 18.08
13.66 18.06
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c h ro m a to g ra p h ic  m obility ) o f  th e  p ro d u c ts  IVc, 1, p sy n th esized  in  th e  tw o  d if
fe r e n t  w ay s  were id en tica l. T h e  y ie ld s o b ta in ed  b y  ro u te s  A an d  В w ere also 
a lm o s t id en tica l (51 — 99%  a n d  45 — 9 9 % , resp ec tiv e ly , ca lcu la ted  fo r th e  pure  
p ro d u c ts ) .

M oreover, m ethod  В co u ld  be sim p lified  by  e lab o ra tin g  a o ne-po t process 
fo r  s te p s  VII — VIIIc, I —► IV c, 1. a n d  on ly  th e  en d -p ro d u c ts  w ere iso la ted . 
T h is  s im p lific a tio n  had  no e ffec t on th e  o vera ll yields.

T h e  rin g  expansion  m e th o d  e la b o ra te d  b y  M o r i n  et al. [16] o ffered  a 
p o s s ib il i ty  for syn thesizing  n ew  7 -[(h e te ro ary l-th io )ace tam id o ]-3 -d eace to x y - 
c e p h a lo sp o ra n ic  acid d e r iv a tiv e s  (F ig . 2) s ta r tin g  from  6-am inopen ic illan ic  
a c id  (IX , 6-A PA ). A cy la tion  o f  6 -A P A  w ith  th e  8 -qu ino ly l e s te r  of ch lo roace tic  
ac id  le d  to  6 -ch lo roacetam idopen ic illan ic  acid  (X) w hich  w as o x id ized  w ith  
p o ta s s iu m  periodate  in  aq u eo u s  so lu tio n  (20 °€ , 2.5 h) to  o b ta in  th e  co rre 
sp o n d in g  S-sulfoxide (XI). P re c e d e n tia l  o x id a tio n  o f th e  su lfu r a to m  o f th e  
th ia z o lid in e  ring  was n ecessa ry  to  avo id  th e  s im u ltaneous o x id a tio n  o f  th e  
s u lfu r  a to m  o f th e  side chain  to  be coup led  in  th e  follow ing s tep . N ucleoph ilic  
s u b s t i tu t io n  of the  chlorine a to m  o f X I b y  H ie  gave th e  su lfox ide o f 6 -[(ben- 
zo x azo le -2 -y l-th io )ace tam id o ]-p en ic illan ic  acid  (XIHe) in  a good y ie ld .

T o  av o id  th e  non -desired  d e c a rb o x y la tio n  o f X lle  u n d e r th e  co n d itio n s  
o f  th e  r in g  en largem ent re a c tio n , i t  w as este rified  w ith  b ro m o m eth y l a c e ta te  
in  iV ,7V -dim ethylform am ide in  th e  p resence  o f tr ie th y la m in e , w h ereu p o n  th e  
su lfo x id e -a c e to x y m e th y l e s te r  (X IH e) w as o b ta in ed . T he tr ic h lo ro e th y l e s te r 
p ro te c t in g  g roup  has also b een  successfu lly  app lied  for th is  pu rpose .

C om pounds XIIIp. r w ere also  sy n th es ized  by  perfo rm ing  f irs t th e  e s te r i
f ic a t io n  w ith  trich lo ro e th an o l, fo llow ed b y  th e  nucleophilic  d isp lacem en t o f  th e  
re s u lt in g  e s te r  (XIV).

R in g  en largem ent o f c o m p o u n d s  X IH e, p. r was effec ted  (F ig . 2, ro u te  
C) in  b o ilin g  abs. d ioxane u sin g  a po lyp h o sp h o ric  ac id -p y rid in e-ca lc iu m  oxide 
c a ta ly s t  [17]. The p ro d u c t, 7 -[(b en zo x azo le -2 -y l-th io )ace tam id o ]-3 -d eace to x y - 
3 -cep h em -4 -ca rb o x y lic  acid a c e to x y m e th y l e s te r (XVe), w as iso la ted  a f te r  th e  
e v a p o ra tio n  o f th e  reac tio n  m ix tu re , follow ed b y  p u rif ic a tio n  on a K ieselgel 
G c o lu m n  u sin g  a 7 : 3 b en z e n e -e th y l a c e ta te  m ix tu re  as th e  e lu a n t. T h e  s t ru c 
tu re  o f  th e  p ro d u c t was co n firm ed  b y  co m p arin g  its  p h y sica l d a ta  w ith  those 
o f  c o m p o u n d  XVe prepared  from  IVe w ith  b ro m o m e th y l a c e ta te  in  iV ,iV -dim eth- 
y lfo rm a m id e  (20 °C, 1 h).

T h e  tr ich lo ro e th y l es te r p ro te c tin g  g roup  o f XVp, r — o b ta in ed  b y  a n a lo 
gous r in g  en la rg em en t reac tio n s  — w as rem oved  w ith  zinc d u st in  ]V ,iV-dim eth- 
y lfo rm a m id e -a ce tic  acid (0 °C, 1.5 h ). T he p ro d u c ts  IVp. r w ere co m p le te ly  
id e n tic a l w ith  those o b ta in ed  b y  ro u te  A. T he to ta l  y ie ld  o f th e  successive ring  
e x p a n s io n  a n d  de-esterifica tion  re a c tio n  was 28 36% .
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Biological activities

The in  vi.ro  antibacterial activ ities o f  com pounds IV a-o were tested  by  
the serial agar dilution technique using C ephalexin and K anam ycin su lfate  as 
reference com pounds. The m inim al inhibitory;>eoncentrations (MIC) against a 
v a rie ty  o f G ram -positive and G ram -negative bacteria and M ycobact. tbc. are 
show n in Table II . From the data in T able II  it is apparent that the com pounds  
are inactive  against G ram -negative organism s, but significant a c tiv itie s  against 
G ram -positive bacteria were observed. In particular, 7 -[(m -m ethylphenyltetra- 
zole-5-yl-th io)acetam ido]-3-deacetoxycephalosporanic acid (FVn) w as not only  
as active  as Cephalexin, but it was superior to  the latter in m ost cases. Com
pounds IVc, IV e, IV f and IVg were more active  against the penicillin -resistant 
Staphylococcus aureus 1100 and Staphylococcus aureus 53 than  th e  reference 
com pounds. It is interesting th a t 7- [(4-chlorobenzthiazole-2-yl-th io)acetam ido]- 
3-deacetoxycephalosporanic acid (IVd) possessed a MIC o f 3.1 p g /m l against 
M ycobact. tbc. H MR V, but it was less active against other bacteria .

The antibacterial activ ities o f  th e  products were investigated  in  in  vivo 
experim ents on m ice, as well. The in  vitro  data summarized in T ab le I I  are in 
good agreem ent w ith  those obtained in the in  vivo  experim ents on m ice infected  
i .p .  b y  Staphylococcus aureus S M I T H  and Proteus vu lg a ris-X L . A t the same 
tim e , num erous com pounds w ith  a large structural variety, in clu d in g  IVd 
possessing sign ificant in  vitro  a ctiv ity , were found to be in active  (Table III) 
in experim ents on mice infected by M ycobact. tuberculosis ty p . bovinus  (RAVE-
N E L ).

Experim ental

M.p.’s were determined by the capillary tube method, and are uncorrected. The IR 
spectra were obtained in KBr pellets with a UNICAM SP 200 G instrument. Thin-layer chro
matographic investigations were made on 0.4 mm thick Kieselgel G layer on glass in benzene- 
ethyl acetate (7 : 3) (system A), or in benzene-ethyl acetate-acetic acid ( 7 : 3 : 1 )  (system B); 
the spots were visualized by means of iodine vapour.

8-Quinolyl ester of ehloroacetic acid (VII)

A solution of 8-hydroxyquinoline (2.17 g ; 0.015 mole), ehloroacetic acid (1.4 g ; 0.015 
mole) and JV,JV’-dicyclohexylcarbodiimide (3.1 g : 0.015 mole) in dichloromethane (50 ml) 
was allowed to stand at room temperature for 1 h. The JV.iV’-dicyclohexylurea which precipitat
ed was filtered off and the filtrate evaporated to dryness. The residue was crystallized from 
isopropyl ether to obtain 1.9 g (58.3%) of VII, m.p. 77 — 78 °C.

Си НвСШС1 (221.62). Calcd. Cl 16.02 ; N 6.32. Found Cl 16.36, 16.37 ; N 6.29, 6.24%.

Indian authors [18] prepared the hydrochloride of VII (m.p. 127 °C) by the reaction 
of chloroacetyl chloride and 8-hydroxyquinoline in boiling chloroform. However, the structural 
formula and data of analysis were given for VII.

24 A c ta  C h im . A c a d .  S e i .  H u n g .  1 0 0 , 1979
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Table II

In  vitro antibacterial activities o f

Microorganisms
MIC Gug/ml) IV

a b C d e f g h

Bordetella bronchiseptica 
E. Coli K 12 
E. Coli 6 R 
E. Coli polirez. 
Klebsielle
Proteus vulgaris XL  
Proteus morgani 
Pseudomonas pyocyanea

500 500
• i0:

500 500 500 500 500 500

Pseudomonas seruginosa 
X T C T
Salmonella tiphimurium  
Shigella sonnai 500 500 500 500 500 500 500 500
Bacillus subtilis ATCC 
6 6 3 3 0.15 0.15 0.15 1.2 0.6 1.2 2.5 2.5
Staph, aureus 1 1 1 0  pen. 
rez. 500 250 62.5 250 125 10.0 5.0 500
Staph, aur. 5 3  pen. rez. 5.0 1.2 1.2 250 2.5 10.0 5.0 5.0
Staph, aur. SM ITH 0.6 0.15 0.3 1.2 0.3 5.0 1.2 2.5
Staph, epiderm. ATCC 
12  2 2 8 0.3 0.3 0.6 0.6 0.6 5.0 1.2 2.5
Streptococcus foecalis 500 500 125 250 125 — — 500
Strept. haemolylicus A 
1 1 7 3.1 0.7 0.7 2.5 1.5 0.6 1.2 1.2
Strept. haemolylicus Ал 
11 8 6.2 0.7 0.7 1.2 0.7 0.6 0.6 1.2
Pneumococcus 1 .2 0.7 0.3 2.5 0.7 1.2 0.6 1.2
Mycobact. tuberculosis 
HgjRy 50.0 25.0 25.0 3.1 25.0 25.0 25.0 100

7-Chloroacetamido-3-deacetoxy-3-cephem-4-carboxylic acid (II)

A mixture of VII (1.1 g ; 0.005 mole), 7-amino-3-deacetoxy-3-cephem-4-carboxylic 
acid (1.07 g ; 0.005 mole) and sodium hydrogen carbonate (0.5 g) in tetrahydrofuran (60 ml) 
and water (15 ml) was stirred at room temperature for 12 h. The solution was then diluted with  
50 ml of 2% aqueous sodium hydrogen carbonate and extracted w ith ethyl acetate (2X 20 ml). 
The pH of the aqueous layer was adjusted to 2 with dilute hydrochloric acid and extracted  
again w ith ethyl acetate. The resulting organic layer was dried over MgS04 and evaporated 
to dryness. The residue was crystallized from acetone-petroleum ether to yield 0.8 g (55.5%) 
of II, m.p. 174 °C (dec.);

Rf (B) =  0.41; [a]o° +  127° ( c =  1, DMFA). Lit. [19] [a]b° +  127° (c =  0.96, DMFA).
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semisynthetic deacetoxycephalosporanic acids

MIC (/íg/ml) IV
Cephalexin Kanamycin

i j к 1 m О P

500 500 500 500 500 500 500 500 500 
32 

. 16 
500 

16 

500 
500 
500

16
16

500 500 500 500 500 500 500 500 16

10.0 0.6 0.6 0.6 0.15 0.07 0.6 0.12 0.6

500 500 500 500 500 50.0 500 500 250.0
500 500 5 2.5 2.5 5.0 5.0 0.15 12.5

5.0 2.5 0.3 0.6 0.6 0.6 0.6 0.3 0.6
5.0 5.0 0.6 0.6 0.3 0.6 1.2 0.12 0.3

500 — 125 250 50.0 100 100 — 250.0
2.5 0.3 0.3 0.15 10.0 0.6 2.5 50.0 2.5

2.5 0.6 0.3 0.15 10.0 0.15 0.07 25.0 5.0
2.5 0.3 0.6 0.07 10.0 0.15 0.07 25.0 1.2

100 25.0 25.0 50.0 50.0 50.0 12.5 25.0 12.5 0.5

According to TLC, m.p. and IR investigations, the product was identical w ith an authen
tic sample prepared by acylation with the corresponding acyl chloride (64%).

Ci0H „ N A S C l (291.0). Calcd. S 11.01; N 9 .62; Cl 12.19. Found S 11.05, 11.23 ; N  9.51, 
9.40 • Cl 12.22 12.44°/ .

IR  (K Br): vNH(amide) 3301; v C = 0  (,0-lactam) 1765; p C = 0  (amide I) 1679; v C = 0  
(COOH) 1710 cm -'.

8-Quinolyl esters of (heteroaryl-thio)acetic acids (VIIIc,l,p)
(a )  A solution of VII (1.1 g; 0.005 mole), the appropriate mercapto compound ID  

(0.005 mole) and triethylamine (0.7 ml) in !V,lV-dimethylformamide (15 ml) was allowed to 
stand at room temperature for 3 h. The reaction mixture was diluted to 60 ml with water and

J
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Table III

In  vivo anlituberculotic activities o f  semisynthetic deacetoxycephalosporanic acids on mice infected 
i.v. by Mycobacterium tuberculosis (R A  VENEL)

Compound Dose Average survival (days)

m » 12.5 18 (1 5 -2 2 )
50.0 19.5 (17—22)

0 22.0 (16 .5 -30 )

IV d 10 23.0 (21—25)
50 23.0 (2 1 -2 5 )

200 18.0 (1 7 -1 9 )
0 20.0 (17—23)

IV h 25 18.5 (1 7 -2 0 .5 )
100 20.5 (18 .5 -2 3 )

0 22.0 (16 .5 -30 )

IV i 10 20 (17—23)
50 23 (2 1 -2 5 )

200 23 (21—25)
0 20 (1 7 -2 3 )

IV j 25 19.0 (1 5 -2 3 )
100 20.5 (17 .5 -2 4 )

0 22.0 (16 .5 -30 )

IV k 25 20 (1 7 -2 3 .5 )
100 17 (1 5 -1 9 .5 )

0 22 (1 6 .5 -3 0 )

Cefaloridin 50 21.5 (2 0 -2 4 )
200 19.5 (1 8 -2 2 )

0 21.0 (1 9 -2 5 )

Kanamycinsulfate 2 27 (2 2 -3 4 )
10 34 (2 0 -4 1 )
50 43 (3 4 -5 2 )

0 22 (20—24)

extracted w ith ethyl acetate. The organic layer was washed with water, dried over MgSO, 
and evaporated to dryness. In the case of VIIIc the residue was crystallized from ether-petro
leum ether and in the case of VIIIl,p from ether.

V IIIc: 1.37 g (78.5%), m.p. 1 0 0 -1 0 2  °C.
C18H 12N20 2S2 (352.43). Calcd. S 18.21; N 7.96. Found S 18.18, 18.20; N  7.64. 8.13%.
V im  : 1.25 g (63.3%), m.p. 130°C.
C19H 1sN60 2S (377.35). Calcd. S 8.49; N 18.57. Found S 8.49, 8.46; N 18.10, 18.06%.
VIIIp : 1.65 g (83.1%), m.p. 133 °C.
Ci8H 12N 50 2SC1 (397.87). Calcd. S 8.05 ; N 17.61 ; Cl 8.91. Found S 7.99; 7.83 ; N  17.23, 

16.99; Cl 8.98, 9.01%.

(b )  A  solution of VI (0.005 m ole), 8-hydroxyquinoline (0.73 g) and lV,IV’-dicyclohexyl- 
carbodiimide (1.06 g) in dichloromethane (30 ml) was allowed to stand at room temperature 
for 1 h. A fter removal of !V,lV’-dicyclohexylurea by filtration, the filtrate was evaporated and 
the residue recrystallized as described above (method a).

V i l l i : 1.65 g (87.7%), m.p. 130 °C, mixed m.p. 130 °C.
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7-[(Heteroaryl-thio)acetamido)-3-deacetoxy-3-cephem-carboxylic acids (lVa-t)

Method A

To a solution of II (1.45 g ; 0.005 mole) and triethylam ine (0.7 ml) in JV,JV-dimethyl- 
formamide (10 ml) a solution of I l ia —t (0.005 mole) in iV,]V-dimethylformamide (10 ml) and 
triethylamine (0.7 ml) were added. After standing at room temperature for 12 h, the reaction 
mixture was diluted with water to 100 ml and acidified w ith 5% hydrochloric acid to pH  2. 
The solid product which precipitated was isolated by filtration. In the cases when no precipitate 
was formed, the mixture was extracted with ethyl acetate.

Method В

To a solution of 7-ADCA (1.07 g; 0.005 mole) and triethylamine (0.7 ml) in N ,N -  
dimethylformamide (20 ml) 0.005 mole of the 8-quinolyl ester of the heteroaryl-thioacetic 
acid (VIIIc,l,p) was added and the mixture allowed to stand at room temperature for 12 h. 
Work-up of the resulting mixture was carried out as described above (method A).

In the IR spectra of compounds IVa—t the following bands were assigned: 1>C=0 
(/S-lactam) 1 7 6 7 -1 7 8 0 ; r C = 0  (amide I) 1660-1681  ; v C = 0  (COOH) 1712—1730; vNH  
(amide) 3260 3300 cm -1 . The yields and physical data of the products are summarized in
Table I.

When both the preparation of esters VIIIc, 1 and the acylation of 7-ADCA with the form
er compounds was effected as a one-spot process w ithout the isolation of the crystalline esters, 
the yields of IVc and IV1 were 70 and 45%, respectively.

Potassium salt of 6-chloroacetamidopenicillanic acid (X)

A solution of VII (1.1 g ; 0.005 mole), 6-APA (1.09 g ;  0.005 mole) and triethylamine 
(0.67 ml) in dichloromethane (20 ml) was stirred at room temperature for 12 h. The reaction 
mixture was then extracted with water and the aqueous layer acidified with 2JV HC1 to pH 2 
at 0— + 3  °C. The resulting penicillin derivative was extracted with ether. The combined 
organic layer was dried over M gS04 and the potassium salt X was isolated after the addition 
of a-ethylcapronic acid potassium salt. Y ield : 0.63 g (39% ); m.p. 203 °C (dec.);

Rj(B) =  0.37. According to TLC, m.p. and IR  examination, the product was identical 
with those prepared by acylation with an acyl chloride (62%).

Ci0H i,N„O4SC1K (330.5). Calcd. S 9.70; N 8.47; Cl 10.73. Found S 9.57, 9.56; N 8.51, 
8.27; Cl 10.74," 10.54%.

6-Chloroacetamidopenicillanic acid-S-sulfoxide (XI)

To a solution of X (3.7 g ; 0.011 mole) in water (50 ml) 3 g of potassium periodate was 
added (pH 6.5—6.7), and the mixture was stirred at room temperature for 2.5 h. The reaction 
mixture was acidified to pH 2 and extracted with ether to remove the colouring, and starting 
materials. The aqueous layer was extracted with ethyl acetate, the organic layer dried over 
MgS04 and evaporated to dryness. The residue was crystallized from acetone-petroleum ether 
to obtain XI (1.7 g ; 47.2%), m.p. 157 °C (dec.).

C10H ,sN2C1S (308.84). Calcd. S 10.37; Cl 11.48. Found S 10.29, 10.22; Cl 11.70, 11.75%.
[a]b° -r 238° (c =  0.5, CHC13).
IR (K B r): v C = 0  (^-lactam); 1800 v C = 0  (amide 1) 1693; v C = 0  (COOH) 1750; 

rNH(amide) 3360 cm -1 , v(S -»■ 0) 1078 cm -1.
Earlier E n e b ä c k  and N o p o n e n  [20] described the preparation of XI by the oxidation  

of X with peracetic acid. However, their reported data correspond to those calculated for an 
incorrect formula which does not contain sulfur, and the m.p. is not given. Nevertheless, the 
reported value of optical rotation [a]?? - f  244° (c =  0.5, CHC13) is in good agreement with 
that observed by us for XI.

6-[(Benzoxazole-2-yl-thio)acetamido]-penieillanic arid-sulfoxide (XHe)

XUe was synthesized from XI (3.08 g ; 0.01 mole) and 2-mercaptobenzoxazole (1.51 g; 
0.01 mole) according to the procedure described above for the preparation of VIIIc, 1, p.
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The crude product was recrystallized from acetone-petroleum ether to give 3.5 g (82.9%) of 
ХПе, m .p. 170 °C (dec.).

C17H leN3OsS2 (422.45). Calcd. S 15.14; N  9.91. Found S 15.06, 14.99; N  9.47, 9.42%*

6-[(Benzoxazole-2-yl-thio)acetamido]peiiicillanic 
acid-sulfoxide acetoxymethyl ester (X llle )

A  solution of X lle (1.26 g ; 0.003 mole), bromomethyl acetate (0.42 ml) and triethylamine 
(0.42 m l) in iV,iV-dimethylformamide (10 ml) was allowed to stand at room temperature for 2. 
The reaction mixture was then diluted with water and extracted several times w ith ethyl 
acetate. The combined organic layer was dried over M gS04 and evaporated to dryness. The 
residue was purified by column chromatography on Kieselgel G using the eluant svstem  A. 
Y ield : 0.75 g (51%). КДА) =  0.2.

7-[(Benzoxazole-2-yl-thio)acetamido]-3-deacetoxy-3- 
cephein-4-carboxylic acid acetoxymethyl ester (XVe)

A mixture of X llle  (2.0 g ; 0.004 mole), polyphosphoric acid (0.5 g), pyridine (0.5 ml) 
and calcium oxide (1 g) in abs. dioxane (60 ml) was refluxed for 12 h. The mixture was filtered 
and the filtrate evaporated to dryness. The residue was chromatographed on a Kieselgel G 
colum n using the eluant system A. Fractions containing XVe were combined and petroleum  
ether w as added until turbidity appeared. The resulting crystals were filtered off to obtain 
pure XVe (0.3 g; 15.8%), m.p. 170 °C. The physical data (Ry, m.p., and IR spectrum) of the 
product was completely identical with that of XVe synthesized by the direct esterification of 
iVe (29.4% ).

C20H 19]Nt30 ,S 2 (477.5). Calcd. S 13.43; 8.80. Found S 13.47, 13.55 ; N  8.45, 8.33°„.
IR  (K B r): t>C=0 (/S-lactam) 1770; r C = 0  (amide I) 1675 ; r C = 0  (ester) 1730; vNH- 

(am ide) 3260 cm -1.

6-Chloroacetamidopenicillanic acid-sulfoxide trichloroethyl ester (XIV)

A solution of XI (3.08; 0.01 mole), trichloroethanol (1.5 g), pyridine (0.9 ml) and 
lV,lV’-dicyclohexylcarbodiimide (2.06 g) in dichloromethane (100 ml) was allowed to stand at 
room temperature for 12 h. After removal of iV.ÍV’-dicyelohexylurea, the filtrate was washed 
w ith 5% aqueous sodium hydrogen carbonate and then with water. After drying over M gS04, 
the solution was evaporated to dryness and the residue was crystallized from acetone-water 
to obtain  3.6 g (81.8%) of XTV, m.p. 173—174 °C.

C12H 140 5N„SC1 (440.14). Calcd. S 7.28; N  6 .36; Cl 32.22%. Found S 7.39, 7.49; N  
6.36, 6.40 ; Cl 32.23, 32.63%.

IR  (K Br): i>C=0 (/S-lactam) 1800; r C = 0  (amide I) 1685; r C = 0  (ester) 1770; vNH 
(am ide) 3360 ; r(S 0) 1090 cm -1 .

6-[(Heteroarvl-thio)acetamido]penicillanic acid-sulfoxide trichloroethyl esters
(XIIIp,r)

Preparation of XIIIp, r from XIV (3.3 g; 0.0075 mole) and the corresponding mercapto 
compounds (IIIp, r) was effected as described above for the synthesis of VlIIc, 1, p. The re
action m ixture was diluted with water to 100 ml, the precipitate was filtered off and washed 
with w ater. Crystallization from acetone-ether gave crystalline XIIIp, whereas XHIr was 
isolated as an amorphous powder.

XIIIp : 3.4 g (73.53), m.p. 165 °C.
CwH 18N60 5S2C14 (616.34). Calcd. S 10.40; N  13.63; Cl 23.01. Found S 10.00, 9.95; 

N 13.62, 13.72; Cl 23.57, 23.68%.
IR  (K B r): r C = 0  (/S-lactam) 1800; r C = 0  (amide I) 1685; r C = 0  (ester) 1770; rNH  

(amide) 3360 ; v(S —- 0) 1015 cm -1.
XHIr : 4.5 g (97.9%), m.p. 85 °C (melting). 140 °C (dec.).
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C20H2iN6O0S2C13 (611.91). Calcd. S 10.48; N  13.73. Found S 10.57, 10.70; N 13.67, 
13.82%.

IR (K B r): p C = 0  (/?-lactam) 1800; v C = 0  (amide I) 1685; vC—О (ester) 1770; vlNH 
(amide) 3350; j'(S -— 0) 1060 cm -1.

7-Chloroacetamido-3-deaeetoxycephalosporanic acid trichloroethyl ester (XVI)

A solution of 7-ADCA-trichloroethyl ester (3.81 g; 0.01 mole), triethylam ine (1.4 ml), 
chloroacetic acid (0.95 g) and iV,JV’-dicycíohexylcarbodiimide (2.06 g) in dichloroethane (100 
ml) was allowed to stand at room temperature for 2 li. The precipitated ]V,JV’-dicyclohexylurea 
was filtered off and the filtrate was washed with water. The organic layer was dried over 
M gS04 and evaporated to dryness. The residue was crystallized from ether to give 2.4 g 
(57.14%) of XVI, m.p. 120 °C.

C12H 12N„04SC14 (422.13). Calcd. S 7.59 ; N 6.63 ; Cl 33.60%. Found S 7.82, 7.97 ; N  6.59, 
6.70 • Cl 33.89" 34.10°/ .

IR (KBr): r C = 0  (/?-lactam) 1780; r C = 0  (amide I) 1680; r C = 0  (ester) 1735 ; vNH 
(amide) 3300 cm -1 .

7-(l-p-ChlorophenyltetrazoIe-5-yl-thio)acetamido-3-deacetoxycephalosporanic 
acid trichloroethyl ester (XVp)

Compound XVp was prepared from 1.05 g (0.0025 mole) of XVI according to the pro
cedure described above for the preparation of VIIIc, 1, p. After dilution of the reaction mixture 
with water 1.0 g (67.1%) of amorphous XVp was obtained, m.p. non-characteristic, R/(A) 0.80.

The product was identical (TLC) with the main product of the ring enlargement react 
on of XIIp.

Ring enlargement and de-esterification of XIIIp and XHIr (Method C)

The ring enlargement reaction of XIIIp, r (0.005 mole) was effected by means of the pro
cedure given for the preparation of XVe. The residue obtained on evaporation was dissolved 
in iV,JV-dimethyIformamide (45 ml) and treated with zinc dust (3 g) and acetic acid (9 ml), 
with stirring, for 1.5 h at 0 °C. The reaction mixture was then filtered, the filtrate diluted with 
water and extracted with ethyl acetate. The combined organic layer was washed with water, 
dried over MgS04 and evaporated to dryness. Crystallization of the residue from methanol 
gave the pure product.

IVp : 0.82 g (35.4%), m.p. 185 °C (dec.), R ,(B) 0.28.
lVr: 0.65 g (28.13%,), m.p. 178 °C (dec.) R;(B) 0.27.
On TLC examination both IVp and IVr proved to be identical w ith the compounds 

prepared from Up and Hr, respectively.

In vitro and in vivo antibacterial investigations

The susceptibility (MIC) of the microorganisms to the antibiotic analogues IVa —p, 
shown in Table II, was determined by a 2-fold broth dilution method using PENASSAY  
BROTH (DIFCO B-243) liquid medium. In the experiments with strains belonging to the 
Pneumococcus and Streptococcus groups, the medium was completed with 0.1 ml of defibrinated 
cow blood per 3 ml of the medium. The inoculed amount of bacteria from a 18 h culture was 
10-1 ml per 3 ml of medium.

The MIC values are expressed in /ig/ml and denote the antibiotic concentration in
hibiting the reproduction of the microorganisms after incubation at 37 °C for 72 h. In the 
experiments with Mycobact. tuberculosis strain a DUBOIS liquid medium [21] was used, and 
the inoculed amount of the bacteria from a 14-day Dubois-culture was 0.01 ml per 5 ml of 
broth in 15 X 150 mm test tubes. The MIC of the products was determined after incubation 
at 37 °C for 14 days.

The in vivo antituberculotic activities of the antibiotic analogues were determined 
in mice. To groups of mice, consisting of 10 animals, there was administered ( i.v .) a 0.2 ml 
portion of a ten-fold diluted Dubois-culture of Mycobact. tuberculosis typ. bovinus (RAVENEL) 
incubated for seven days. Comparison of the average survival of mice belonging to the same
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group (Table III) was made according to the method of D o n o v ic k  [22]. The freshly prepared 
aqueous solutions of the antibiotics were administered after a 48-h period as of the infection. 
The solutions of the antibiotic analogues were administered 10 times, with a break of 2 days 
after the 5th day. The number of the killed animals was recorded every day.

The authors are indebted to Dr. István K o c z k a  and Dr. Gábor K u l c s á r  for the micro
biological investigations, to the Hungarian Academy of Sciences, as well as to the Chinoin 
Pharmaceutical and Chemical Works (Budapest) and Biogal Pharmaceutical Works (Debre
cen) for support of this research.
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During the reduction of norethisterone acetate by complex m etal hydrides, 
in addition to the main reduction product (4-ene-3/?-hydroxy derivative), two by
products are formed (4-ene-3a-hydroxy and 4,5-dihydro-3/?-hydroxy derivatives). 
The epimers were determined by high performance liquid chromatography, and the 
determination of the saturated derivative was carried out by gas chromatography 
after the transformation of the thermally unstable unsaturated derivatives to 3,5- 
dienes. The use of other analytical techniques (volumetry, thin-layer chromatography 
and UV spectrophotometry) is also discussed.

R eduction of the 4-ene-3-keto group in steroid horm ones and their inter
m ediates w ith com plex m etal hydrides is a very im portant reaction  [1]. This 
is a basic reaction in preparation o f the pharm aceutically im p ortan t 4-ene-3/3- 
h ydroxy steroids, and the difference spectrophotom etric determ ination  of
4-ene-3-keto steroids [2. 3, 4 ], as well as the spectrophotom etric determ ination  
o f traces o f oestrogens in  the la tter [5, 6, 7], is also based on th is  process.

As shown in Schem e 1 the m ain reduction product is a 4-ene-3/3-hydroxy  
derivative, which is accom panied b y  its  За-epim er and the 4 ,5 -d ih yd ro  deriva
tiv e . The yield o f the preparation o f the main reaction product is  determ ined  
b y  the ratio of the m ain reaction and the side reactions, the la tter  b ein g  a func
tion  o f  the com position o f  the reducing agent, solvent, add itives, tem perature, 
etc. R apid and reliable analytical m ethods were required for th e  sim ultaneous 
determ ination of the three products in order to permit optim alization  o f the 
reduction.

This paper reports an approach to  solving this analytica l problem  by 
m eans of chrom atographic techniques. The model com pound chosen  was nor
ethisterone acetate (17czj-ethynyl-17-hydroxy-4-oestrene-3-one a ceta te  — NA); 
th e  reduction product was 17a-ethynyl-4-oestrene-3/?,17-diol 17-acetate-(/l- 
EO D A ) accom panied by its  За-epim er (a-EO DA) and 17a-ethynyl-oestran-3/l, 
17-diol 17-acetate (dihydro-EO D A ).

* Part X X X II : Analyst 104, 196 (1979).
** Presented at Euroanalysis III, Dublin, August, 1978.
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Experim ental

Crude reduction products of NA were investigated.

High performance liquid chromatography

A Hewlett Packard 1010B instrum ent was used, equipped with H P 1030 variable 
wavelength UV detector set to 210 nm and H P 3380 digital integrator. Column: 30 cm X 4 mm 
jU-Bondapak C18 (Waters). Eluent: 7 : 3 mixture o f methanol and water at a flow rate of 
1.0 ml/min. Temperature: ambient.

25 ,ul of the methanolic test solution containing about 25 fig of reduced NA was injected 
into the chromatograph using a Valeo loop injector.

The relative quantities of ß  and a-EODA were calculated from their integrator readings 
related to the total area, taking into account that the signal of /3-EODA at 210 nm is 1.15 
times greater than that of the a-epimer. When necessary, the absolute quantity of ^-EODA 
was calculated from its integrator reading using a calibration graph prepared by the external 
standard technique.

Gas chromatography

A H ew lett-P ackard  5750 instrument was used, equipped with FID  and HP 3380 
digital integrator. Column: a 1.8 m X 2 nun glass column packed with 4% UCC-W-982 on 
Anachrom ABS 90/100 mesh. Temperatures: column 220 °C, injector 24Ó °C, FID  250 °C. 
Nitrogen flow rate: 30 ml/min.

Reduced NA (0.02 g) was dissolved in 2 ml of ethanol. A freshly prepared mixture 
(2 ml) of equal volumes of ethanol and cone, hydrochloric acid was added. The mixture was 
allowed to stand at room temperature for 15 min. Water (15 ml) was added, and the steroids 
were extracted w ith two 2-ml portions of chloroform. Two-/d aliquots of the extract were in
jected into the chromatograph.

Gas chromatography — mass spectrometry

A Micromass 12 FIA mass spectrometer was used coupled with a Pye 104 gas chromato
graph. Ionizing voltage: 20 eV; current: 10 fiA; accelerating voltage: 3 kV; temperature 
o f E l source: 200 °C: carrier gas: helium.

R esults and Discussion

Figure 1 shows the high perform ance liquid chrom atogram  o f reduced 
N A . The chrom atographic system  is a sligh tly  modified version o f th e  system  
used in this laboratory for the separation  o f the 3ß  and 3a epim ers o f  ethyno- 
dioldiacetate [8]. The separation o f  the epim ers is excellent, but it  is notew orthy  
th a t the elution  sequence is here ß , a w hereas in  the case of ethynod io ld iacetate  
an a, ß  sequence was found.

Since dihydro-EO DA has no iso la ted  double bond, it could not be detected  
b y  the UV detector under the g iven  experim ental conditions ; on ly  indirect 
evidence could be found for the presence o f  the saturated d erivative. N am ely, 
th e  quantity  o f  to ta l steroids as determ ined by the argento-acidim etric titra
tion  o f  the e th y n y l group [9] w as a lw ays higher than the sum o f  the quantities  
o f EO DA epim ers determined either b y  HPLC as described above, or by  
spectrophotom etry at 236 nm  after transform ation hy hydrochloric acid 
cata lysis to th e  spectrophotom etrically  active  3,5-diene d erivative [10, 11],
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2

Fig. 1. H igh performance liquid chromatogram of reduced NA. 1: NA; 2: /5-EODA; 3: ot-
EODA

(see T ab le I). The difference betw een  these resu lts has been attributed to  th e  
presence o f  dihydro-EO D A . D irect evidence for the presence of the saturated  
d erivative  w as provided b y  gas chrom atography com bined with mass spectro
m etry. Gas chrom atography is suitable to furnish q u antitative data for th e  
concentration  of the saturated  by-product.

D irect injection o f th e  solution  of reduced N T  w ould lead to chrom ato
grams o f  poor quality, because 4-ene-3-hydroxy derivatives are therm ally  
un stab le [12]. For this reason, th e  above m entioned hydrochloric acid catalyzed  
transform ation  of the E O D A  epim ers to 3,5-diene derivatives (see Schem e 1) 
w as carried out prior to  gas chrom atography. A s show n in Fig. 2, the 3,5-diene  
d eriva tive  gives a sharp peak  in  the chrom atogram . T he peak with the longer  
reten tion  tim e was presum ed to  be due to d ihydro-E O D A , which is not affected  
by th e  treatm ent w ith hydrochloric acid, as proved b y  GC-MS. The base peak  
is th a t  o f  the molecular ion  (m /e  344), which is u su a lly  the case w ith 3-OH  
steroids having saturated skeleton , at low ion ization  electron voltages. The  
m ain fragm entation  peaks at m /e  329, 270, 268 and 267 can also be derived  
from th e  structure of d ihydro-E O D A  by the loss o f  th e  angular m ethyl and 
a ceto x y  groups, as well as w ater.

T he GC-MS in vestiga tion  o f the small peak elu ted  before the main peak  
show ed th a t it  was 17a-ethynyl-3 ,5-oestradiene-17-ol, an artefact form ed b y  
h yd ro ly tic  deacetylation  during the treatm ent o f  th e  sam ple with hydrochloric  
acid. F or th is reason, th e  in tegrator reading o f  th is peak was added to  th ose  
of th e  other two peaks w hen th e  quantity o f  d ihydro-E O D A  was calculated  
by rela tin g  its peak area to  th a t o f the main reduction  product. Although ow ing  
to th e  lack  of standard dihydro-EO D A  the difference between the rela tive
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Fig. 2. Gas chromatogram of reduced NA after treatment with hydrochloric acid. 1: 17a- 
ethynyl-3,5-oestradiene-17-ol; 2: 17a-ethynyl-3,5-oegtradiene-17-ol acetate; 3: Dihydro-

EODA

detector responses had to be neglected, th e  results obtained b y  d irect gas 
chrom atography for dihydro-EO DA are in  good agreement w ith  th e  indirect 
results (see T able I).

Table I

Analytical results of some typical reduced N T  samples

Sample
100 • a - EODA, 
a +  ß - EODA, % 

(HPLC)

а +  ß 4- Dihvdro- 
-EODA, %

Titration (T)

a +  ß - EODA, % Dihydro-EODA, %

Spectrophotometry
(S) indirect

(T -S )
direct
(GC)

Std. 0 99.8 100.0 _ 0
l 10.4 97.6 67.3 30.3 26.8
2 8.7 98.2 82.6 15.6 14.0
3 11.2 96.5 90.2 6.3 6.5
4 9.6 97.1 96.0 1.1 1.3
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T he principle described above has also proved  useful in the th in -layer  
chrom atographic detection  o f dihydro-EO D A / U sin g  silica gel layer and a 8 : 2 
m ixture o f  benzene and acetone, no separation o f  th e  epimers o f E O D A  and  
dihydro-E O D A  could be achieved. On treatm en t o f  the sample w ith  h yd ro
chloric acid  the EO D A  epimers were dehydrated and the resulting 3,5-d iene  
m igrated m uch faster than  the parent com pounds, w hile the R j  o f th e  u n 
changed dihydro-E O D A  rem ained unaltered p erm ittin g  detection.

*

The authors thank Mrs. M. E g e r v á r i  and Mrs. M. M e l e g h  for technical assistance.
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The molar volumes of benzene, cyclohexane and of their completely deuterated 
analogues have been measured between 15 and 70 °C. The isotope effect on the molar 
volume of benzene may be expressed by the equation

(VH ^  VD)IVH =  2 .687X 10-3 -- Ш 4 Х 1 0 - Ч -  6 .0 5 x l0 - s i2

and that for cyclohexane by

( VH -  VD)/V H =  2.954 x  10 ~3 ^  2.408 x  10~51 -  1 .6 2 x l0 ~ 7 i2
■ M Г Hi

Results are compared with earlier measurements.

Introduction

Condensed phase isotope effects have received considerable a tten tio n  in 
the la st decade w ith  the m ost ex ten sive  stud ies being carried ou t in  th e  field  
o f vapour pressure isotope effects [1 — 3]. I t  is xvell established th a t properly  
evaluated  potentia l functions to a good approxim ation are in d ep en d en t of 
isotop ic  su bstitu tion , so m easured isotop e effects can serve as probes in  in v es
tiga tion  o f certain details o f the nature o f  a given potential energy surface. 
The theoretical interpretation  o f experim ental isotope effects is m ain ly  based on 
B i g e l e i s e n ’s form alism  [4] ; th is author, b y  introducing the so-called  “ reduced  
partition  function  ratios” , related the condensed phase isotope effects to  ex ter
nal and internal m olecular vibrational frequencies.

R ecently , w ith in  the fram ework o f a collaboration project w ith  th e  Chem
istry  D epartm ent, U niversity  o f  T enessee, w e carried out a com prehensive  
vapour pressure isotope effect in vestigation  on different deuterobenzenes, 
deuterocyclohexane and on their m ixtures [5]. The m easurem ents on the  
CeH„—Cr>D 6 and CeH j2—C0D 12 m ixtures have proved that even iso top ic  m ixtures  
shoxv deviations from  the ideal behaviour. From  the excess vapour pressure 
iso top e effect o f  th e  m ixtures, both the excess free energy and th e  excess free 
en th alp y  o f m ixing could he evaluated  and th e  theoretical analysis show ed th at  
the m olar volum e isotope effect p lays an im portant role in the in terp retation  
of th e  above properties [6, 7].
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Since the few data  on th e  molar volum e iso top e effect o f benzenes and  
cycloh exan es available in  th e  literature show  a Large scatter both in their  
m agn itu des and tem perature dependences, we decided  to  carry out new  m ea
surem ents.

Experimental

Materials: Benzene and cyclohexane were analytical reagents. The deuterated com
pounds were obtained from Merck and Co., Canada.

The supplied mass-spectral analysis gave for the deuterium content of benzene-d, 
99.5% and for cyclohexane-dt2 99.0% . All samples were dried over freshly cut sodium, then 
subjected to purification by preparative scale gas-liquid chromatography. The column was 
packed with chromosorb-supported didecyl phthalate (30 wt.% ).

Apparatus and Procedure: For the density determination an Anton Paar oscillating 
tube density meter was used with an external measuring cell, type DMA 601. This instrument 
includes a small (1 cm3) U-tube oscillator which contains the investigated liquid at atmospheric 
pressure. Its frequency is measured with a 6-digit frequency meter. The tube is thermostated 
by the water-circuit of an ultra thermostate, its temperature is measured to iO.OI °C w ith a 
calibrated 100 ohm Pt resistance thermometer. Such types of density meters are suitable 
m ainly for relative density measurements because the frequency meter has to be calibrated 
with standard reference materials. In the temperature range 15 — 40 °C we used distilled water, 
w hereas between 45 — 70 °C toluene was used, the density of which was determined previously 
by the pycnometric method [8]. Although this procedure does not give such a high degree 
of accuracy of the absolute values of density as do some other methods (0.003% at 15 40 °C
and 0.01 % at 45 — 70 °C ): we preferred it because on the one hand, it requires but a small 
am ount of material, on the other hand, our main purpose was to determine the isotope effect 
and not the absolute densities (here most of the system atic errors cancel out).

Results and D iscussion

The density and m olar volum e data are presented  in Table I. In the case  
o f  C6D 6 and C6D 12 w e listed  the extrapolated va lu es for 100% deuteration . 
In  th e  extrapolation process, the molar volu m es o f  the actual sam ples (w ith  
incom plete deuteration) w ere calculated first and these were then extrapolated  
lin early . We note th is because in some cases in  th e  earlier literature not the  
m olar volum es but th e  densities were extrap ola ted  linearly, although in  an 
id ea l m ixture the m olar volu m e is the add itive property. The data in  T able I 
w ere least-squared to a 3 -constant equation, w hich  gave the following results:

Oc . h , 9 . 0 0 2 3 0  X l 0 2 -  1.0564f — 2 .0939  x  1 0 ~ 4 12 (1)

oc.d. =  9 .7 2 4 2 2  x l O 2 -  1.1447t — 2 .7043  x  1 0 - 4 12 (2)

е с , н „ =  7 .9 6 9 2 0  x  Ю 2 -  9.0612 x  10 - 4  — 5 . 6 1 0 5 x l 0 - 4 t2 (3 )

e c ,D lt =  9 . 1 3 9 6 6  x l O 2 -  1 .0 62 7 1 — 7 . 3 7 4 6 x  10 ~ 4 f2 (4)

I c ,h . =  8 . 6 7 8 3 9  x  101 +  1.0076 x  10 4  +  1 . 6 6 6 3 x l 0 ~ 4t2 (5 )

I  C,D, =  8 . 6 5 5 1 3  x  101 +  1.0071 X 10 - 4 -f  1.7281 x  1 0 _ 4 f2 (6)
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Table I

Densities and molar volumes of benzene and cyclohexane and of their deuterated analogues

T e m p era tu re
(°C)

ec.H,
(kg/™»)

C'C,D, (100% ) 
(k g /m 3) (kg/™ 3)

(’CtI>i, (100% ) 
(k g /m s)

Fc,H,
(em ’/m ol)

1'c.d. (1üü%)
(cm s/m ol)

‘ c.n,,
(em ’/m ol) (cm */m ol)

15 884.38 955.22 783.29 897.97 88.327 88.096 107.447 107.171

20 879.04 949.45 778.59 892.45 88.864 88.632 108.096 107.834

25 873.67 943.64 773.88 886.90 89.410 89.178 108.754 108.508

30 868.30 937.78 769.16 881.31 89.963 89.735 109.421 109.197

35 862.93 931.96 764.40 875.70 90.523 90.295 110.103 109.896

40 857.62 926.16 759.59 870.04 91.083 90.861 110.800 110.611

45 852.20 920.30 755.23 864.91 91.662 91.439 111.440 111.267

50 847.04 914.67 750.33 859.14 92.221 92.002 112.167 112.014

55 841.56 908.73 745.45 853.40 92.821 92.603 112.902 112.768

60 836.09 902.78 740.55 847.56 93.429 93.214 113.649 113.545

65 830.62 896.82 735.60 841.74 94.044 93.833 114.413 114.330

70 825.24 890.94 730.69 835.86 94.657 94.452 115.182 115.134
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Table II

Comparison of benzene and cyclohexane densities with the earlier literature

Co
8

ec,H ,(kg/m’) PCeHia (kg/m ")

T e m p era tu re

(°C)
T h is  w ork  

E q . (1)

L an d .-B o rn s . 
T a b . [17] 

(1971)

H a le s  [9] 
(1970)

Sh r a ib e r  
et al. [10]

(1965)

H a r r is  et al. [11] 
(1970)

B a r t e l l  el al. [12J
(1965)

Sa n n i et al. [13] 
(1971)

T h is  w ork
E q . (3)

L an d .- 
B o m s. 

T a b . [17] 
(1971)

1U PA C [8] 
(1976)

S a n n i et al. [13] 
(1971)

B a r t e l l  et al. [12] 
(1965)

15 884.34 883.91 783.20 783.45

20 879.02 878.54 878.98 878.88 879.01 778.57 778.68 778.58 778.55

25 873.69 873.18 873.63 873.68 873.40 773.92 773.92 773.90 774.30

30 868.35 867.81 868.20 868.23 769.23 769.16 769.17

35 863.00 862.45 764.52 764.39 764.41

40 857.64 857.08 857.47 857.47 857.30 759.78 759.63 759.62 760.10

45 852.27 851.72 755.01 754.86 754.81

50 846.89 846.35 846.66 846.67 750.21 750.10 749.96

55 841.50 840.99 745.39 745.34

60 836.09 835.62 835.78 835.72 835.60 740.53 740.57 740.60

65 830.68 830.26 735.65 735.81

70 825.26 824.89 824.77 824.71 730.74 731.04
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F C,H„ =  1.05633 x  1 0 2 +  1.1809 x  1 0 _1t +  2.5976 x  10 — 4 12 (7)

F c>Dií =  1.05323 x  102 +  1.2006 x  1 0 - 1 1 +  2.8375 x  1 0 - 4 12 . (8)

In  E qs (1) — (8) the variances o f  th e  f its  were as follows: 6 .3 0 X l 0 -3 , 
5.72 X 1 0 - 3, 1.52 x  1 0 - 2, 2.52 x  10~ 2, 7.11 X Ю -5, 6.92 x  10~ 5, 3.71 X Ю - 4, and 
4.77 X 10 ~ 4, respectively.

In  Table II  the density  data o f the norm al com pounds are com pared w ith  
som e from  the la test literature. T hey are in  reasonably good agreem ent except  
for the high tem perature (45—70 °C) benzene data, which m ight be 0 .0 4 — 
0.05%  high.

Figures 1 and 2 show the isotope effects on the molar volum es o f  benzene  
and cyclohexane together w ith  the available earlier data (where necessary, 
these w ere recalculated on the 12C atom ic w eight scale). Unlike the earlier data, 
the present m easurem ents establish the tem perature dependences for both  
system s satisfactorily . To represent the tem perature dependence o f  th e  m olar 
volum e isotope effect for benzene w e obtained

( F H -  F D) /F H =  2 .6 8 7 x l O - 3 - 3 .0 1 4 x l 0 - 6t - 6 .0 5 X l 0 - « t 2 (9)

and for cyclohexane

( F H -  F d) /F h =  2.954 x  1 0 ~ 3 -  2.408 x  1 0 ~ 5t -  1.62 X Ю "7*2 . (10)

The variances o f the fits  were 2 . 8 8 x l 0 -10 and 1 .3 9 x l 0 _e.
W e m entioned earlier that the above results were needed for m odel- 

calculations on the excess free energy o f benzene and cyclohexane isotopic

Fig. 1. Isotope effect on the molar volume of benzene. (1) this work; (2) Eq. (9); (3) D i x o n —  
S c h i e s s e r  [14]; (4) B a b t e l l — R o s k o s  [12]; (5) R a b i n o v i c h  [16]; (6) I n c o l d — R a i s i n  [15]
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Fig. 2. Isotope effect on the molar volume of cyclohexane. (1) this work; (2) Eq. (10); (3) 
D i x o n — S c h i e s s e r  [14]; (4) B a r t e l l — R o s k o s  [12]

m ixtures. This analysis [6] has shown th a t in  th e  nonideality  o f the isotopic  
m ixture the internal degrees o f freedom p lay  a m uch more im portant role 
than  th e  external translations and rotations.

So far the m olar volum e has received v ery  litt le  attention  in isotopic  
stu d ies, th e  theory o f  its  origin is b y  no m eans so w ell developed as, for exam ple, 
th a t o f  th e  vapour pressure isotope effect. A ll th e  available data show  th a t  
deuterated  com pounds have molar volum es w hich are lower than those o f the  
corresponding hydrocarbons. B a r t e l l  and R o s k o s , in connection w ith  their  
stu d y  o f  the molar volum e isotope effect o f benzene, cyclohexane and toluene  
[12], d iscussed the probable origins of the iso top e effects observed. T hey found  
th a t th eir  experim ental results, which were restricted  only to 20 °C, can be 
accounted  for q u an tita tive ly  by a simple steric effect having its origin in  the  
anharm onic zero-point m otions o f the C — H  bonds. I t  is clear from our data  
th at th is  sim ple m odel, w hich is actually  based on th e  fact that the C — H  bonds 
are longer than the C — D bonds by about 0.005 Á , w ould hot work at higher 
tem peratures. The difference betw een the m olar volum es o f isotopic benzenes 
and cyclohexanes decreases considerably, although the C — D and C — H  bond- 
length  v ary  little  w ith  tem perature. This also show s th a t more precise m easure
m ents over a wide tem perature range are needed to  understand the com plex  
nature o f  the molar volum e isotope effect. j
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The authors made an investigation of propane decomposition in an atmospheric 
pressure hydrogen plasma jet. It has been found that the product composition is a sole 
function of propane conversion, and that propane conversion in turn depends on the 
adiabatic mixing temperature of the hot hydrogen plasma with cold propane gas. 
Substituting pure deuterium for hydrogen, interaction of the plasma gas w ith the de
composition products was shown to occur. Based on deuterium content and distribution 
found in the products a dual mechanism for explaining the formation of different prod
ucts is suggested.

Introduction

A cetylene and ethylene are am ong the m ost im portant starting  m aterials 
for the petrochem ical industry. T hey are m anufactured m ainly b y  th e  therm al 
decom position o f  hydrocarbons. H ydrocarbon pyrolysis in the tem perature  
range o f 1000 —1200 К  in the presence o f  steam  is a w idely used process for 
the production o f ethylene and propylene. Its  basic m echanism  and kinetics  
have been studied ex te n s iv e ly ; ind ividual reactions are generally attributed  
to radical chain in itiation , propagation and term ination [1]. Several m odels 
have been developed for ethane and propane pyrolysis [2, 3, 4, 5, 6]. Under 
these conditions acetylene form ation is on ly  in  the range of a few  ten th s o f a 
per cent. In order to  attain high yields o f  acetylene tem peratures over 1400 К 
m ust be used. To reach these high tem peratures special techniques have been  
developed, such as partial oxydation  [7], recuperative use o f the heat content 
of alternately  heated refractories [8], use o f  high tem perature flu e  gases ob
tained by burning hydrocarbons in oxygen  [9], electric arc processes [10] and 
the use of the heat content o f electrically  heated reactive or non-reactive gases
[П,  12].

The present article reports on the pyrolysis of technical propane in a 
hydrogen plasm a jet.

Literature

In spite o f the fact that already B e r t h e l o t  [13] produced acety lene in 
1866 b y  passing a stream  o f hydrogen through an electric arc struck betw een  
carbon electrodes, only a surprisingly sm all am ount o f papers appeared on 
reactions o f  hydrocarbons at tem peratures higher than 1400 K.

Acta Chimica Acadcmiae Scientiarum Iiungaricae, Tomus 100 (1 — 4). pp. 391 — 408 (1979)
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Studies o f d ifferent reactions o f carbon and hydrogen have been m ade  
e .g .  b y  S za bó  [14] at 2 3 0 0  —  2 7 0 0  K, by B a d d o u r  et a l.  [ 1 5 ,  1 6 ]  at 3 5 0 0 — 4 0 0 0  

К  ; th e  former found m ethane, ethylene and acety lene to  be the main products, 
w hile th e  latter observed th e  form ation o f acety len e only, when high-speed  
cooling w as used. For an excellent review on hydrogen — graphite reactions  
see Cl a r k e ’s work [ 1 7 ] .

Several articles appeared on the pyrolysis o f  different hydrocarbons in  
plasm a je ts of argon or hydrogen (for a review  see V e n u g o p ALAN [ 1 8 ] ) ,  h ow 
ever, th e  behaviour o f  propane was studied b y  on ly  a few . M o g e l  and E r e m i n  

[19] investigated  the hydrogen plasma induced  pyrolysis o f propane in an  
in su la ted  cylindrical reactor m ade o f graphite, w hich  served also as the anode, 
b y  introducing propane tan gen tia lly  into the hydrogen plasm a jet. E xperim en
ta l resu lts were expressed em pirically, by p lo ttin g  electric power consum ption  
vs. propane conversion, and yields of products (acetylene, ethylene, m ethane, 
propylene) vs. specific pow er input related to  propane. A t zero conversion all 
th e  com pounds m entioned appeared sim ultaneously, w hile at higher conversion  
levels all hydrocarbon concentrations — w ith  the exception  of acetylene — 
decreased. No ethane has been detected. B ased  on observations the follow ing  
reaction  schem e was suggested  :

r  IT

c 3h 8—

G l a d i s c h  [ 1 1 ]  described the hydrogen p lasm a process developed at the  
Chem ische W erke H üls : f ir st, a high tem perature hydrogen plasma is produced, 
and m ixed w ith hydrocarbons to attain a tem perature of 1 4 0 0  — 1 7 0 0  K , 
fo llow ed by a fast quench to  freeze the reactions to  obtain as high acety lene  
concentration , as possib le. U sing propane as feed , 4 8  w t%  of acetylene and 
22 w t%  of ethylene w as produced ; the gases leav in g  the reactor contained  
1 3 . 7  vol%  of acetylene and 5 . 8  vol%  of eth y len e. E thylene was th ought to  
be produced m ainly during the quenching step . N o details w ith respect to  
the m echanism  o f product form ation were g iven .

D e  V y n c k  [20] stu d ied  the conversion o f propane in  an argon plasm a  
je t. E lectric power actu a lly  used was calcu lated  b y  m aking a heat balance  
around the reactor. P roducts found were acety len e, ethylene and m ethane.

A c ta  C h im .  A c a d .  Sei. H u n g .  1 0 0 , 1 9 7 9



STEINGASZNER et al.: THERMAL DECOMPOSITION OF PROPANE 3 9 3

F e d o s e e v  a n d  A r t a m a n o v  [ 2 1 ]  m a d e  a n  i n v e s t i g a t i o n  o f  p r o p a n e  d e 

c o m p o s i t i o n  k i n e t i c s  i n  a n  a r g o n  p l a s m a  j e t  a n d  d e t e r m i n e d  v a l u e s  o f  t h e  

f r e q u e n c y  f a c t o r s  a n d  a c t i v a t i o n  e n e r g i e s  f o r  p r o p a n e  d e c o m p o s i t i o n  a n d  a c e t 

y l e n e  f o r m a t i o n  r a t e  e q u a t i o n s .

Therm odynam ic equ ilibrium  calculations

D u f f  and B a u e r  [22] published a set o f  constants for th e  calculation  
o f therm odynam ic functions from  polynom ial equations for tem perature ranges 
o f 300 — 2000 K , and 1500 — 6000 К for 71 hydrocarbon species. T hey also 
presented equilibrium  calculations for hydrogen to carbon ratios o f  3 to  10, 
and pressures o f 0.1 to 3 atm ospheres. Since under our experim ental conditions 
higher hydrogen to  carbon ratios w ere used, equilibrium  calculations have been 
carried out w ith  the data o f D u f f  and B a u e r .

In order to  lim it the num ber o f com pounds of in terest, prelim inary  
equilibrium  calculations have been m ade for an H/C ratio of 2 for 1 atm  total 
pressure. The set o f equations w as solved  b y  linear programing, using  th e  data 
generating m ethod of B e n e d e k  and VÁczi [23]. Results o f th ese calculations 
are sum m arized in Table I w hich show  th at in the tem perature range o f 1750 
to 2500 К  acetylene and hydrogen are the m ain com ponents, w hereas at tem 
peratures above these hydrogen d eficien t species, such as C4H , C3H  and C2H 
appear in increasing concentrations.

Table I

Moles formed from  1 atom of carbon and 2 atoms o f hydrogen at thermodynamic equilibrium ;
P  =  1 atm, no solid C present 

(Calculated by linear programming)

T e m p e ra tu re  (K )

1500 1750 2000 2250 2500 2750 3000 3250 3500

H2 0.40500 0.46056 0.50000 0.49497 0.49497 0.58589 0.65179 0.62733 0.65335
H 0.01005 0.01005 0.02828 0.10656 0.23322 0.48961
C2H, 0.06333 0.48685 0.50000 0.50000 0.50000 0.36662 0.22657 0.11909 0.03777
CII4 0.06333 0.02629
c, h . 0.13500
C4II 0.06669 0.13671
C3H 0.25394 0.30815

D etailed  therm odynam ic equilibrium  calculations have been carried out 
w ith  a W ang T ype 2200 desktop com puter, w ith  a simple program  contain ing  
all the constants for the equations o f  free energy of form ation, th e  equations
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1500 2000 2500 3000 " 3500
Temperature К

Fig. 1. Thermodynamic equilibrium composition at 1 atm  pressure. Hydrogen to carbon
ratio =  10

for calculating equilibrium  partial pressures at any tem perature, hydrogen-to- 
carbon ratio and to ta l pressure. Results could be printed  by a te letyp e or a 
W ang line printer.

Calculations h ave been carried out for the tem perature range o f  1250 to  
3500 K , hydrogen to  carbon ratios of 10 and 100 w ith  th e  following com pounds : 
hydrogen m olecule, h ydrogen  atom , m ethane, eth an e, ethylene, acetylene, 
propane, propylene, propadiene, m ethylacety lene, radicals CH3, CH2, CH, 
C2H 3, C2H , C3H 5, C3H 3, C3H 2, and C3H. R esults for a hydrogen to carbon ratio  
of 10 are p lotted in fu n ction  of the tem perature in  F ig. 1. The effect o f the  
hydrogen to carbon ratio for the tem perature range o f 1000—2000 К  can  
be seen  on F ig. 2.

Calculations show  th a t m ethane concentration  drops to very sm all v alues 
above 2250 К  ; acety lene concentration m axim a occur between 1750 and 2250
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Fig. 2. Thermodynamic equilibrium composition at 1 atm pressure. Effect o f hydrogen to 
carbon ratio. (Composition plotted on a hydrogen-free basis)

K , those o f ethylene around 1500 K. H ydrocarbon radical species appear in 
considerable concentrations only above 2000 K. The concentration  o f the 
hydrogen atom  reaches 1% at about 2250 K . E thane and propylene concentra
tions are negli gible in the range studied. Increasing the hydrogen to  carbon ratio 
concentration m axim a are shifted to higher tem peratures. The o n ly  hydrocar
bons appearing in  higher concentrations above 1500 К are acety lene, ethylene  
and m ethane.

Experim ental

Apparatus

The plasma je t microreactor previously described [24] was used with slight modifi
cations inasmuch as hydrocarbon feed was not mixed to the hydrogen before the arc, but was 
introduced into the hot plasma jet leaving the anode bore. A detailed drawing of the plasma jet 
reactor is seen in Fig. 3.
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Reaction
products

Fig. 3. Plasma jet microreactor

Analytical

F eed  and product compositions were analyzed w ith a Hewlett — Packard Reporting 
Gas Chromatograph, Type 5830A, w ith  a 2 m long, 1/8" diameter GSC-120 alumina (W oelm) 
packing, using argon carrier gas at a rate of 30 ml/min and a flame ionization detector. The 
initial tem perature, temperature programing and a typical chromatogram are shown in Fig. 4. 
For the determination of deuterium distribution a D uPont 21 —490B MS has been used.

TEMPI 
TIME1 
RATE  
TEMP2 
TIME2 
IN J TEMP  
FID  TEMP  
OVEN MAX  
CHT SPD

50 50
1.0 

20.00 
180 

5.0
200 200 
200 200 
200 

0.50
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START
0.69

3.56
4.95

10.15

Fig. 4. Gas chromatographic program and a typical chromatogra

ATTN 2 t 8
FID  SGNL +  B
SLP SENS 0.00
AREA REJ 1
FLOW A 23
FLOW В 29
OPTN 0

RT AREA A REA  %
0.45 30 0.000
0.69 1228000 11.090 methane
1.89 177700 1.605 ethane
3.56 1613000 14.567 ethylene
4.95 3671000 33.152 propane
8.17 389900 3.521 propylene
8.68 131800 1.190 normal butane
9.27 76180 0.688 iso-butane

10.15 3761000 33.965 acetylene
11.99 13970 0.126 unknown
14.18 1009 0.009 unknown
14.83 9722 0.088 unknown

XF: 1.0000 E +  0

Reagents

Propane: commercial grade propane (ÁFOR) with the following composition was used :

methane trace
Í ethane 2.4 wt%

propane 93.0 „
I isobutane 2.7 „

n-butane 1.9 „

Hydrogen: commercial bottled hydrogen was used without purification.
Deuterium: commercial deuterium (D-content over 99.4 atom-%) was used without 

further purification.
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Results

E xp er im en ts covered hydrogen to carbon ratios from 10 to  120, n et  
heat in p u t  to  the reactants (hydrogen plus propane) from 20 to  40 k cal/m ole. 
The feed  rate  o f hydrogen was varied betw een 760 and 1520 Nl/hr, th a t o f  pro
pane b e tw een  9 and 70 Nl/hr. In  some runs deuterium  was used in stead  o f  
h yd rogen .

E xp erim en ta l results are sum m arized in T able II. No coke form ation  
has b een  observed during the runs, only a w ax-like deposit was form ed on th e  
w alls o f  th e  product cooler, th e  am ount of w hich was negligible and therefore  
does n o t  appear in the m aterial balances. T em perature of the plasm a w as ca l
cu lated  from  heat balance around the plasm a generator in the follow ing w a y  : 
electric pow er applied m inus heat losses in  anode and cathode cooling w ater  
was d iv id ed  b y  number o f m oles o f  hydrogen introduced  giving average p lasm a

Fig. 5. Propane conversion vs. calculated adiabatic mixing temperature 
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enthalpy. P lasm a average enthalpy w as converted  to plasma tem perature by  
an iterative calculation using free energy o f form ation equations o f  D u f f  and 
B a u e r  for atom ic and molecular hydrogen.

In itia l reaction tem perature w as ca lcu lated  assuming ad iab atic  m ixing  
and no heat loss during m ixing. B oth  p lasm a je t  temperature and adiabatic  
m ixing tem perature was calculated on a W ang 2200 desktop com p u ter w ith  
input data for power and current, cooling w ater flow rates, in le t and outlet 
tem peratures, hydrogen and propane flow  rates, w ith a program  containing  
equations for enthalpies w ith  the appropriate constants of D u f f  and B a u e r .

On Fig. 5 propane conversion w as p lo tted  in  function of ca lcu la ted  adia
batic m ixing tem peratures. D ata show , th a t increasing the ad iab atic  m ixing  
tem perature, the conversion o f propane increases, irrespective o f  o th er  reaction  
param eters. A ll points could be joined b y  a com m on curve.

Selectiv ities for m ethane, ethane, eth y len e, propylene and acetylene  
form ation were p lotted  vs. propane conversion  in Figures 6 to  10. S electiv ity
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F ig .  9 .  A c e t y l e n e  s e l e c t i v i t y

for com ponent “ i”  is defined  as follows :

_ , . . m oles o f  feed converted to  com pound “i” , . .
S e lectiv ity  =  ---------------------------------------------------------------------  X 100

to ta l num ber of moles o f propane converted

Conversion is defined  as follows :

_ . , mol es  of propane in  product . . .
Conversion =  100 — ---------------—------------------------  X 100 .

moles of propane in  feed

M ethane se lec tiv ity  (F ig . 6) goes through a s lig h t maximum around 50%  
propane conversion. T he m ethane equivalent to  th e  C2 hydrocarbons found in
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Fig. 10. Propylene selectivity

the products is also shown in th e  graph : there was far less m ethane in  the prod
ucts than could be expected  on the assum ption o f sp littin g  one m olecule of 
propane into a Ct and C2 fragm ent, show ing that e.g. the Ct fragm ent so formed 
m ust have underwent fast secondary reactions leading to higher molecular 
w eight com pounds, such as eth y len e and acetylene.

E thane se lectiv ity  (F ig 7) appears to  be high at low conversion  levels 
and drops to  very sm all values at conversions approaching 100% .

E thylene se lectiv ity  (F ig. 8) shows a m axim um  in the fu n ction  o f  propane 
conversion. A t low conversion eth y len e se lectiv ity  tends to  very  low  values, 
whereas at high conversion around 10% o f the propane m olecules converted  
appears as ethylene.

A cetylene form ation is a linear function o f propane conversion , starting  
at zero per cent at zero propane conversion and reaching 75 80%  at total
propane conversion (Fig. 9).

Propylene selectiv ity  (F ig. 10) extrapolated to zero propane conversion is 
around 8% , while at 100% propane conversion its value drops to  practically  
zero per cent.

In order to gain more in sigh t into the individual reactions in plasma 
pyrolysis o f propane, also a deuterium  plasm a was produced in to  w hich  propane 
was introduced.

As points on Figures 6 to 10 show, product selectiv ities vs. propane con
version fell on the same lines as w ith  hydrogen. D euterium  distribution  o f some 
o f  the runs w ith  deuterium  are sum m arized in Table III.

M ethane had a very high deuterium  content, show ing p ractica lly  equi
librium  distribution am ong d n to  d4 species.

Ethane in the product consisted  m ainly o f the d 0 species, w ith  10— 20%  
m onodeuterated and 5 —10%  bideuterated  ethane. E thane m olecules w ith  
deuterium  atom s more than tw o were practically absent.
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Table II
P yrolisis o f  propane in a hydrogen p lasm a j e t ; experimental data. (Run numbers with asterics

are deuterium plasma experiments.)

R u n
N o.

F e e d ,  m o les/h r
P lasm a
tem p er

a tu re
(K)

A d ia b a t-
ic

m ix in g
te m p e r 

a tu r e
(K)

P ro p a n e
c o n v e r

sion
(%).

S e lec tiv ity  (% ) to

H y d r o 
gen

P ro 
pane

C H 4 C2H . - C tH 4 C jH , C ,H , C .H ..

l . 33.84 0.39 2240 2044 21 20.72 12.60 19.40 9.36 17.77 20.15
2. 33.84 0.39 . 2358 2266 31 22.20 9.80 23.30 7.77 24.19 12.74
3. 33.84 0.39 2696 2634 53 23.70 4.62 21.95 6.76 39.46 3.51
4. 33.84 0.39 2650 2600 93 15.94 U 9 9.39 2.58 70.90 0.00
5. 33.84 0.39 3050 3000 100 14.51 0.45 9.09 0.40 75.55 0.00
6. 33.84 0.39 3200 3050 100 10.14 0.36 9.53 0.00 79.97 0.00

*7. 33.84 1.17 2460 2217 38 19.04 8.13 22.73 6.88 34.61 8.61
8. 33.84 1.17 2650 2500 80 16.40 2:00 16.50 4.75 60.35 0.00
9. 33.84 1.17 3000 2850 93 11.05 0.84 13.77 2.85 71.49 0.00

* 1 0 . 33.84 1.17 3326 3240 . 96 10.85 0.70 9.87 1.40 76.96 0.22
11. 33.84 1.17 3100 3000 100 9.67 0.76 10.65 0.76 78.16 0.00
12. 33.84 1.17 3389 3306 100 8.15 0.53 10.68 0.40 80.24 0.00

*13. 33.84 1.96 2240 1844 33 17.47 5.20 24.17 7.50 30.70 14.96
14. 33.84 1.96 2549 2178 46 20.92 3.92 26.58 6.19 38.86 3.53

*15. 33.84 1.96 2862 2586 67 16.62 2.40 21.86 5.24 51.19 2.69
*16. 33.84 1.96 2908 2648 70 16.71 2.15 21.50 . 4.86 52.39 2.39

17. 33.84 1.96 2950 2707 78 15.67 1.22 20.97 4.19 56.68 1.27
18. 33.84 2.35 2700 2400 62 15.50 3.29 13.66 6.02 61.53 0.00
19. 33.84 2.35 3000 2750 83 11.80 2.06 16.36 5.10 64.68 0.00
20. 33.84 2.35 3200 2930 96 8.95 1.18 13.83 2.94 73.10 0.00
21. 33.84 3.14 2700 2300 61 13.85 4.52 13.65 7.53 60.45 0.00
22. 33.84 3.14 3000 2650 76 10.38 3.20 19.81 5.66 60.95 0.00
23. 33.84 3.14 3200 2875 89 7.79 2.11 13.63 4.64 71.83 0.00
24. 33.84 3.92 2107 1500 15 11.66 13.88 15.13 7.14 18.14 34.05

*25. 33.84 3.92 2107 1500 16 14.80 12.95 20.38 8.06 20.11 23.70
26. 33.84 3.92 2460 1785 18 15.93 9.73 22.12 9.29 21.25 21.68
27. 33.84 3.92 2549 1967 24 16.60 5.93 23.44 8.61 32.96 12.46
28. 33.84 3.92 3060 2610 61 19.58 3.03 26.26 7.18 40.69 3.26
29. 50.76 0.39 2420 2525 88 19.27 1.26 14.13 2.45 62.89 0.00
30. 50.76 0.39 3000 2925 97 14.50 1.06 13.23 0.37 70.84 0.00
31. 50.76 0.39 3200 3100 100 11.28 0.41 9.46 0.00 78.85 0.00
32. 50.76 1.17 2450 2400 74 20.15 1.72 15.81 4.16 58.16 0.00
33. 50.76 1.17 3000 2875 90 14.04 1.24 14.16 2.30 68.26 0.00
34. 50.76 1.17 3200 3050 100 10.97 0.81 12.46 0.24 75.52 0.00
35. 50.76 2.35 2450 2350 65 20.48 2.69 19.27 6.44 51.12 0.00
36. 50.76 2.35 3000 2800 78 14.21 2.10 17.65 4.05 61.99 0.00
37. 50.76 2.35 3200 3000 92 10.59 1.34 14.22 0.54 73.31 0.00
38. 50.76 3.14 2450 2275 51 20.61 5.14 24.50 8.53 41.22 0.00
39. 50.76 3.14 3000 2725 73 13.71 2.88 20.28 5.19 57.94 0.00
40. 50.76 3.14 3200 2950 81 10.08 2.36 20.39 1.71 65.45 0.00
41. 67.68 0.39 2700 2675 84 24.16 3.94 11.34 2.39 58.17 0.00
42. 67.68 0.39 3000 2900 93 17.86 2.06 9.94 0.33 69.81 0.00
43. 67.68 0.39 3100 3000 100 11.05 0.62 9.67 0.00 78.68 0.00
44. 67.68 1.17 2700 2650 70 26.34 4.84 12.59 3.56 52.67 0.00
45. 67.68 1.17 3000 2875 85 18.76 2.36 15.21 1.79 61.88 0.00
46. 67.68 1.17 3100 2975 100 11.40 0.93 12.12 0.00 75.55 0.00
47. 67.68 2.35 2700 2575 61 27.67 6.13 13.51 4.86 47.83 0.00
48. 67.68 2.35 3000 2825 70 20.29 3.06 16.94 2.65 57.07 0.00
49. 67.68 2.35 3100 2900 88 11.40 2.05 16.07 0.24 70.24 0.00
50. 67.68 3.14 2700 2550 52 23.35 7.99 16.27 6.83 45.56 0.00
51. 67.68 3.14 3000 2750 62 18.05 4.36 17.60 5.43 54.56 0.00
52. 67.68 3.14 3100 2850 82 10.11 2.64 18.33 0.81 68.11 0.00
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E thylene showed a higher deuterium  content. The relative am ounts of 
d 0, d x, dv  d 3 and d i  species were 25 — 35, 25 — 30, 2 0 —25, 10—15 and cca. 5% , 
respectively .

A cetylene consisted m ainly o f  the d 0 species, w ith small am ounts o f  d x. 
The d 2 content w as below the detection  lim it.

U nconverted  propane contained practica lly  no deuterium at all.
Propylene consisted o f 10 — 60%  d 0, 25 — 80%  d 1 and less th an  10%  of 

d 2 and higher species. ,

D iscussion

The plasm a reactor used in  our experim ents was operated w ith  calcu lated  
adiabatic m ixing tem peratures betw een 1500 and 3300 K, the residence tim e  
in  th e  reactor part being in the order o f a few  thousandths o f a second. B ecause  
neither tem perature profiles, nor changes in  com position along th e  reactor  
could be m easured, form al kinetic evaluation  o f the results could not b e m ade, 
and results were evaluated by com paring th em  w ith therm odynam ic equ ilib 
rium  data and possible reaction steps deduced b y  chemical reasoning.

It w as found th at propane conversion data  could be p lotted  as a function  
of calculated  adiabatic m ixing tem perature and all product d istributions were 
so lely  a function  o f propane conversion, irrespective o f reaction param eters. 
These observations point to  the fact th a t m ost, i f  not all the reactions occuring  
during the plasm a induced pyrolysis are practically  unidirectional and their 
relative rates are independent o f tem perature. There was a certain scatter  of  
data points inherent to  high tem perature w ork in small scale equipm ent [25], 
in sp ite o f th a t how ever, agreem ent w as good.

The relative selectiv ities o f form ation o f the C2-hydrocarbons (ethane, 
ethylene and acetylene) were p lotted  on F ig. 11. The lines extrapolated  to  zero

Fig. 11. Composition of the C2-fraction
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Table Ш
Deuterium distribution data from runs carried out in deuterium plasma je t

Run number 13 15 16

Propane conversion % 33 67 70

Methane

do 4 23 25

<*1 29 35 34

d . 27 23 21

ds 24 12 12

d t 16 7 8

Ethane

do 75 72 70

d i 10 15 17

d. 8 7 7

do 4 4 4

d i+ 3 2 2

Ethylene

^0 34 32 24

do 26 28 31

d. 21 24 26

do 14 12 15

dt 5 4 4

Acetylene

do 96 93 90

d 1 d2 4 7 10

Propane

do 99 100 100

Propylene

do 27 60
87

do 60 27 i
d2 8 8 8

d$+ 5 5 5
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propane conversion clearly  «bow, th a t ethane m ight be the prim ary product. 
Im spite of th e  fact th a t  th e  presence o f  ethane under th e  conditions o f our 
experim ents is not favoured therm odynam ically , ethane concentrations several 
orders of m agnitude higher than  the equilibrium  values h ave been found. 
This finding stron g ly  supports th a t ethane m ight have been form ed as a result 
o f sp littin g  o f propane in  a prim ary step.

The .acetylene to  ethylene ratio depends on propane conversion level.
Therm odynam ic equilibrium  at the calcu lated  reaction  tem peratures 

sh ow s much higher acety lene to ethylene ratios th an  found in our experim ents ; 
th ese  tw o facts strongly  support th a t ethylene m ight be the interm ediate to  
acety lene form ation, though direct form ation o f  acety lene from  propane can 
not b e com pletely  excluded . T he picture is obscured b y  the fact, th a t m ethane  
form ed in the prim ary step is also transform ed to  ethylene and acetylene [24].

A s the conversion level o f  th e  propane increases, the percentage of pro
p y len e in the C3  fraction  increases to  practically 100 per cent. This observation  
fa lls im line w ith observations m ade b y  others at lower pyrolysis tem peratures 
and tendencies fo llow ing from therm odynam ic calculations.

E xperim ents carried out w ith  a deuterium  plasm a show ed th a t the stable  
hydrocarbon com pounds as w ell as precursor radicals react w ith  the plasma 
form ing gas, since in  m ost products considerable concentrations o f  deuterated  
com pounds could be found (see T able III). M oreover, a close analysis o f the  
deuterium  content and deuterium  distribution o f  the m ethane, ethane, eth yl
ene, acetylene, propylene and propane showed, th a t the generally  accepted  
m echanism  o f decom position o f hydrocarbons under plasm a conditions is in 
correct.

The three m ost striking facts w ith  the experim ents w ith  deuterium  were 
th e  following :

1 . the m ethane consisted o f all possible d 0 to  </4 com pounds in  an equilib
rium distribution,

2 . there was practically  no deuterium  in the acetylene form ed, and
3. unconverted propane m olecules did not contain  deuterium  at all.
These observations — along w ith  other data from  Table I I I  — led to the

conclusion that contrary to  the generally accepted m echanism  o f K assel  [26] 
acety lene cannot be th e  final product o f the follow ing reaction sequence

2 CHj —*- C2 H 0 — C2H 4 —*■ C2 H 2

since th is sequence in vo lves m ethyl radicals (as w ell as others) w hich according 
to  our observation conta in  deuterium  atom s in equilibrium  distribution , there
fore the acetylene so form ed would contain deuterium  too.

Since the acety lene formed from propane in  a deuterium  plasm a is practi
cally  deuterium -free, on ly  those reaction  paths can account for th e  form ation  
o f C2 H 2 that do not in vo lve  any exchange o f extraneous hydrogen (deuterium )
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eith er  from  hydrogen (deuterium ) atom s or m olecules or from  hydrocarbon  
sp ecies. In  other words, the hyd rogen  atoms found in  the acetylene produced  
m u st com e from the parent propane m olecule. On the other hand the reaction  
m ech an ism  should be able to  exp la in  the other experim ental findings too , such 
as equilibrium  deuteration o f  m eth an e, near-equilibrium  deuterium  distribu
tio n  in  ethylene and the occurrence o f m ostly d , species in  ethane and pro
p y len e  and the absence o f  deuterium  in the starting propane.

T o  explain these facts, th ree parallel initial steps m ust be assum ed. The 
f ir s t  is  th e  decom position o f  propane into CH radicals, w hich upon recom bina
tio n  y ie ld  acetylene in a fo llow in g  step .

T h e  second in itiating step  m ust be the same as found at low  tem perature  
p y ro ly s is , nam ely the d ecom position  o f propane in to  a m ethyl and and ethyl 
rad ica l :

C3 H 8 -  CH3 +  C,H '5

T he radicals so formed m ay  undergo reactions w ith  hydrogen (deuterium ) to  
y ie ld  deuterated  radical sp ecies, such as CH2D ‘, CH D 2, CD3, C2 H ,D ' etc., which  
on  q u ench ing  will give in  th e  presence of deuterium  the corresponding stable 
d eu tera ted  methanes and eth an es.

Recom bination o f prim ary m ethyl radicals can yield  С2 Н Г). T his, along 
w ith  th e  probable sm aller ra te  o f  deuterium  exchange o f  the e th y l radicals 
cou ld  exp la in  the relatively  sm all deuterium  content o f the ethane.

E th y len e may be form ed b y  the well-known recom bination  reaction

CH '3  +  С2Щ  -  CH, +  C2 H 4

or b y  e th y l radical decom position

О Д - Н  +  C2H ,

an d  i f  th is  reaction is preceeded  b y  exchange reactions o f the ethyl radical w ith  
d eu teriu m , the form ation o f  deuterated  ethylenes can also be understood.

T h e third  in itiation  step  m ust be the form ation o f the propyl radical 
e ith er  b y  direct splitting o f  propane

C3 H 8 —- H' +  С3Щ

or b y  hydrogen abstraction from  propane by a radical e.g.

C3 H 8 +  C0 H 5 -  C3H) +  C2 H 6

and  th e  propyl radical so form ed m ay decompose to  propylene and a hydrogen  
a to m . I f  this reaction proceeds by radical deuterium  exchange, deuterated  
p rop ylen es result.

Summarizing, the decom position  of propane under plasm a conditions in 
th e  presence of hydrogen (or deuterium ) proceeds b y  tw o d istinct w ays : one
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is the direct form ation o f acetylene probably through CH interm ediates, the  
other is a radical decom position yielding m ethyl, e thyl and hydrogen radicals, 
w hich by different radical chain and term ination reactions g ive ethane, eth yl
ene, propylene and m ethane.

The rates o f  these tw o parallel reactions depend on tem p eratu re; at 
higher tem perature th e  direct form ation o f acetylene is faster than  the radical 
path, which explains the increase o f acetylene to ethylene ratios at high con
version levels, i.e. at high tem peratures.

The dual m echanism  here proposed also explains the d eficien cy  of m eth
ane relative to  the C2 hydrocarbons as illustrated  e.g. on F ig. 6.

It is of course not excluded that acetylene form ation m ay in vo lve  hydro
gen exchange reactions as well, however, th is accounts on ly  for a fraction of the  
acetylene form ed.
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IR spectra of CO as a function of the surface coverage have been investigated 
on a Pd/Si02 catalyst covered initially either with hydrogen or w ith oxygen. At low 
and medium coverages the CO stretching frequency varies from 1800 to 1850 cm -1. 
Formation of a compressed, delocalized CO layer is suggested by the appearance of 
“linear” bands at 2050 — 2060 cm -1 (L,) and at 2085 — 2098 cm -1 (L2) and by the simul
taneous increase of the В  band frequency to 1890 1920 cm -1 (B ,)  and to 1950 — 1967
cm "1 (B2). Measurements on an oxidized surface suggest the formation of “ compressed 
islands” of chemisorbed CO. The results can be interpreted on the basis of the slow 
reaction between chemisorbed oxygen and CO.

Introduction

T he a d so rp tio n  o f  CO on tra n s i t io n  m e ta l surfaces h as  b e e n  ex tensively  
in v e s tig a te d  by  m eans o f  IR  sp ec tro sco p y  in  th e  p a s t tw e n ty  y e a rs . T he com 
p le x ity  o f th e  o b served  sp ec tra  re su lte d  in d iffe ren t in te rp re ta t io n s . E is c h e n s  
an d  P u s k i n  [1] h av e  suggested  th e  fo rm a tio n  of lin ea r an d  b r id g e d  species by 
an a lo g y  to  tra n s itio n  m eta l c a rb o n y ls . T he m u ltip le t s tru c tu re  o f  th e se  bands 
on P d  has been ex p la in ed  [2] by  su rface  h e te ro g en e ity . T h is  c o n c e p t has been 
g en era lly  accep ted  [5, 9 — 11, 16— 18]. B l y h o l d e r  [3] has c r itic iz e d  th e  orig in
al assig n m en t o f  E i s c h e n s . H e ex p ressed  th e  opinion th a t  CO is chem isorbed 
in  a lin ea r  form  o n ly  a n d  th e  b an d s  o f  d iffe ren t freq u en cy  in  th e  CO stre tch in g  
reg ion  rep resen t d iffe ren t degrees o f  b a ck -b o n d in g  from  th e  m e ta l a tom s in to  
th e  n*  o rb ita l o f CO. A ccord ing  to  h is  v iew , th e  b an d  above 2000 c m -1 can be 
a t t r ib u te d  to  CO chem isorbed  on  re g u la r  c ry s ta l faces, w h e reas  th e  bands 
below  2000 c m -1 a re  due  to  CO ad so rb ed  on edges, co rners, etc. In  a m ore recent 
p a p e r  P ala zo v  [4] has ascribed  th e  m u ltip lic ity  o f th e  o b se rv ed  b an d s  on a 
P d  sam p le  to  CO — CO in te ra c tio n s .

T he co m p lex ity  o f  th e  o b serv ed  b an d s  on P d  has been  rep ro d u ced  in  
sev era l lab o ra to rie s  [2, 4, 5, 16]. H o w ev er, i t  is n o t p e rfe c tly  c lea r  w hether 
th e  ap p ea ran ce  o f  new  b an d s or sh if ts  in  th e  CO s tre tc h in g  fre q u e n c y  can be 
a t t r ib u te d  to  d ipole in te ra c tio n s  [1, 4 — 7] or m erely  to  d ifferences in  th e  su r
face e n v iro n m en t [3 ,8]. O ur re c e n t p a p e r  deals w ith  th e  a d so rp tio n  of CO 
on a  P d /S iO , sam ple. U sing  th e  c o m p u te r  and  th e  disc m em o ry  o f  th e  D igilab
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F T S 14 sp e c tro m e te r  th e  sm all d ifferences betw een  tw o  s ta te s  o f th e  adso rbed  
la y e r  c a n  b e  de term ined  -with re a so n a b le  accuracy. T h e  m easu rem en ts  p rov ide  
ev id en ce  t h a t  th e  m u ltip lic ity  o f  th e  bands below  2000 c m '1 m ay  o rig in a te  
from  th e  v a r ia tio n  of CO c o -o rd in a tio n .

Experimental

The Pd/Si02 catalyst was prepared by “ total wetting” of silica (Cabosil HS5) with 
solution o f Pd(N H 3)4Cl2 • H20 . The m etal content of the batch was 5 wt.%  Pd. The sample was 
dried to ca. 30 wt.% water content and pressed (1 —1.5 t/cm 2) into self-supporting wafers, 
which weighed between 60 — 100 mg and were ca. 25 mm in diameter. One of the discs was 
placed in to  the cell described elsewhere [12]. The sample was reduced and oxidized at 150 °C 
several tim es; finally it was reduced at 400 — 450 °C for 4 — 5 hrs in a stream of hydrogen 
(1 atm ) passed through a deoxo unit. All IR measurements were then performed on this 
stabilized sample.

Prior to CO adsorption, the sam ple was pretreated in different ways. The wafer was re
oxidized at 25 °C, reduced at 250 °C for 10 min, cooled to the temperature of the experiment 
and evacuated to a residual pressure of 10 ~3 Torr. Further on, it will be referred to as an initially 
hydrogenated Pd surface. The oxygen-pretreated sample was prepared by heating the reduced 
sample at 100 °C for 2 — 3 hrs in oxygen then keeping it in 0 2 overnight at room temperature. 
Such a treatm ent [13] gives PdO(§), while the formation of bulk PdO and P d02 or Pd20 3 
can be neglected. The diffusion of О into the bulk may proceed, however, at this moderate 
temperature. The sample was then evacuated for 1 hr at a dynamic pressure of 10 ~5 torr. 
A lthough we did not use a UHV system , grease- and mercury-free conditions were ensured.

CO was obtained from Fluka (puriss. grade). It was passed through a BASF-11 con
tact prior to use.

The infrared spectra were measured by means of a D IGILAB FTS-14 interferometer 
equipped w ith its own NOVA minicomputer. The computer has a 128K disc as mass storage 
memory for storing recorded spectra. Spectra were measured by collecting and signal averaging 
200 scans at an original resolution o f 2 c m -1 which was decreased by a factor of two in con
sequence o f the subsequent sm oothing procedure. This resulted in spectra with a reasonably 
high signal-to-noise ratio. All runs were made in the single-beam mode and the computed 
spectra were stored on the disc. The spectrum of the catalyst was taken prior to the admission 
of CO and used as background later. CO was introduced in small doses into the cell and the 
spectra were recorded for each step. Spectra were then rationed against the reference spectrum, 
thus all bands due to the adsorbent were eliminated. In order to monitor the developing of the 
bands and to be able to follow sm all changes in the structure o f the bands the single-beam  
spectra were also ratioed against each other resulting in difference spectra.

Results

A )  A d so rp tio n  o f CO on an in i t ia l ly  hydrogenated surface

A n  adso rp tio n  sequence  o f  CO chem isorp tion , m easu red  a t  room  te m 
p e ra tu re ,  is dep icted  in  F ig . 1. W ith  increasing  su rfa c e  coverage, th e  CO 
s tr e tc h in g  frequency  a p p a re n tly  sh ifts  con tinuously  to  h ig h e r frequencies an d  
s im u lta n e o u s ly  w ith  th is  th e  low  frequency  side d ecay s . (N o te  th a t  th e  n u m 
b e r in g  o f  th e  curves rev e rsed  a t  th e  low -frequency side) F ig u re  2 show s th e  
d iffe re n c e  sp ec tra  d e te rm in ed  fro m  th e  spectra  o f F ig . 1. I t  can  be seen th a t ,  
in s te a d  o f  a continuous sh if t o f  th e  CO stre tch in g  fre q u e n c y , in d iv id u a l b au d s 
a re  d is c e rn ib le :  B 0 a t  1800— 1850 c m -1 appears f i r s t  a f te r  a few doses o f CO.
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CO— Pd /  S i0 2

I_____ 1_____ :_____ j_____ ;__________ I
2200 2000 , 1800 1600 cm

Fig. 1. Adsorption of CO at room temperature on a pre-hydrogenated Pd/SiO., sample: 1 — 
0.01 Torr CO, 2 — 0.05 Torr CO, 3 — 0.12 Torr CO, 4 — 0.2 Torr CO, 5 — 0.3 Torr CO, 6 —

1.37 Torr CO and 7 — 3.87 Torr CO

T h is  is follow ed b y  L 1 a t  2050 — 2060 c m -1 an d  B 1 a t  1890— 1920 cm  1 b u t 
B 0 is s till increasing  (see 4/3 in  F ig . 2) an d  f in a lly  b an d s L 2 a n d  B 2 are  form ed 
a t  2085—2098 c m -1 and  1950— 1967 c m -1, re sp ec tiv e ly  (5/4, 8/7 an d  9/8 
in  F ig . 2). A ccord ing  to  th e  d ifference sp ec tra , th e  a p p e a ra n ce  o f  th e  L 2 and 
B 2 b an d s is acco m p an ied  w ith  th e  d im in ish ing  o f th e  lo w -freq u en cy  side of 
B n (no te  th e  in v e rte d  b an d s  in  th e  d ifference spec tra ).

F igures 3 an d  5 show  sp ec tra  o f th e  deso rp tion  seq u en ce , w hile Figs 4 
a n d  6 p resen t th e  co rresp o n d in g  d ifference sp ec tra . T he d e so rp tio n  o f CO can 
be d iv ided  in to  tw o  m ain  periods a t  room  te m p e ra tu re . P h y sio so rb ed  CO 
c a n  be read-'ly rem o v ed  b y  decreasing  th e  pressure  o f CO fro m  27 T o rr  to  
1 0 ~ 5 T orr. D eso rp tio n  o f p h y siso rb ed  CO leads to  th e  d isa p p e a ra n ce  o f the 
L 2 an d  B 2 b ands, w hereas th e  in te n s ity  on th e  low -frequency  side o f th e  В  
b a n d  is p a r tly  re s to re d . T hese re su lts  a re  show n in  F ig . 4. In  c o n tra s t to  
E i s c h e n s ’s fin d in g s [21], th e  rem ain in g  “ lin ea r b a n d ”  L v  sh o w n  in  Figs 3 
a n d  5, c an n o t be rem o v ed  b y  ev a c u a tio n  a t  room  te m p e ra tu re . T h is obser
v a tio n  perm its  to  suggest th a t  species L v is ra th e r  tig h tly  b o n d ed  to  th e  surface 
considering  th e  s tre n g th  o f  th e  CO — P d  in te ra c tio n . D eso rp tio n  m easu rem en ts 
a t  85 °C (Figs 5 a n d  6) show  th a t  th e  in te n s ity  o f L 1 an d  s im u lta n e o u s ly  th a t
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I___________I___________ I____________.__________ 1___________I__________ I

2200  2 0 0 0  .  1800 1600
c m '1

Fig. 2. Ratio-recorded spectra calculated from the spectra in Fig. 1. 8 —  8.00 Torr CO and
9 — 27 Torr CO (not shown in Fig. 1)

of th e  В x b a n d  decrease, w h ile  th e  low -frequency  side  o f b a n d  В  becom es 
m ore  in te n s e . In spec tion  o f  c u rv e s  4/10, 6/10 an d  8/10 in  F ig . 6 proves th a t  
w hile  th e  in te n s ity  of th e  L j  b a n d  decreases, th e  in te n s i ty  o f  th e  В  b ran ch  
is o n ly  s lig h tly  in fluenced  since  a p p a re n tly  B x bo rrow s in te n s i ty  from  th e  low- 
f re q u e n c y  side o f th e  B 0 b a n d . A t th e  fina l s tage  (n o t reach ed  a t  85 °C), Ь г 
an d  B 1 a re  com pletely  rem o v ed  a n d  th e  В  b an d  occup ies i ts  o rig inal position  
a t  1 8 3 0 - 1 8 0 0  c m - 1 ( B n).

A d so rp tio n  and d e so rp tio n  re su lted  in  c o m p arab le  sp e c tra  considering  
th e  p o s it io n  o f th e  L 2, B 2, L x, В г an d  B n b an d s. T h is  o b se rv a tio n  ru les ou t 
th a t  th e  sp e c tra l changes a re  c o n n e c te d  w ith  th e  ag in g  o f  th e  P d /S i0 2 sam ple. 
I t  is n o tic e a b le , how ever, t h a t  in  th e  adso rp tio n  ru n  B 1 a n d  L 1 ap p ear before  
B n r e a c h e s  sa tu ra tio n . One o f  th e  m ain  reasons cou ld  be  t h a t  th e  sam ple is 
n o t in  e q u ilib riu m  w ith  th e  gas p h ase .

P r io r  to  adso rp tion  m e a su re m e n ts  a t 150 °C, th e  sam p le  w as ev acu a ted  
for a p ro lo n g e d  tim e, th e re fo re , i t  c a n  be assum ed t h a t  th e  P d  surface co n ta in s  
b u t  n e g lig ib le  am oun ts o f h y d ro g e n . As show n b y  F ig . 7, th e  sequence o f ev en ts , 
i.e. t h e  ap p e a ra n ce  of B 0 a n d  th e n  th e  L 1 an d  B 1 b a n d s  is analogous to  th a t
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C 0 - P d / S i 0 2

2200 2000 , 1800 1600 
cm

Fig. 3. Desorption of CO at room temperature: 1 — 27 Torr CO, 2 — 2.0 Torr CO, 3 —  0.13 
Torr CO, 4 — after 2 min evacuation (10~5 Torr dynamic pressure), 5 — and 6 — measured 

after 20 and 50 min evacuation, respectively

,1780

I__________ I__________1__________ i .___________________ I__________I
2200 2000 1800 1600 cm

Fig. 4. Ratio-recorded spectra calculated from the spectra of Fig. 3
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CO —- P d / S i O ?

2200 2000  .  1800 
cm

Fig. 5. Desorption of CO at 85 °C: 4, 5 and 6 — are presented in  Fig. 3, too, 7 ■— 76 min 
evacuation, 8 — 95 min, 9 — 125 min and 10 — 150 min evacuation (dynamic pressure 10~5

Torr)

I_____ I_____ I_____ I_____ I-------- I-------- 1
2200 2000 . 1800 cm

Fig. 6. Ratio-recorded spectra calculated from the spectra of Figs 3 and 5

A cta  Chim . Acad. Sei. Hung. 100, 1979



SZILAGYI el al.: IR INVESTIGATION OF CO CHEMISORPTION 415

m easu red  a t  room  te m p e ra tu re . T h e  com p ariso n  o f sp ec tra  in  F ig s  1 and  7 
p e rm its  to  suggest th a t  chem iso rbed  o r ab so rb ed  hydrogen  does n o t  in fluence 
th e  o bserved  sp ec tra . T h is conclusion  h as  been  confirm ed in  s e p a ra te  experi
m en ts  w ith  h y d ro g en -СО m ix tu re s , to o . A t 150 °C th e  tw o  m o b ile  b a n d s  L 2 
an d  B 2 a re  m issing b u t  th e y  a re  fo rm ed  a f te r  cooling th e  sa m p le  to  room 
te m p e ra tu re . (In  th ese  ex p e rim en ts  th e  back g ro u n d  sp ec tru m  w as  recorded  
a t  room  te m p e ra tu re . T h is ex p la in s th e  slop ing  baseline o f  th e  dou b le-b eam  
sp e c tra  reco rded  a t  150 °C.)

A n nea ling  ex p e rim en ts  b e tw een  25 , an d  198 °C did  n o t  a l te r  th e  Pd 
sam p le , in  ag reem en t w ith  th e  low d isp ro p o rtio n a tio n  a c tiv ity  o f  P d . U pon 
enclosing  2 T orr o f CO in to  th e  cell a n d  g rad u a lly  rising  th e  te m p e ra tu re  
o f  th e  sam ple , L 2 an d  B 2 d isap p eared  a t  105 °C. A t 198 °C th e  m a in  b an d  is 
B (t b u t  a tra c e  o f L , is s till d iscern ib le .

В )  A dsorp tion  o f  CO on an in itia lly  oxygenated surface

P d O (S) w as t i t r a te d  b y  a d m ittin g  successively  sm all doses o f  CO. The 
f ir s t  few  doses o f CO t i t r a te  th e  su rface  oxygen  and  lead  to  th e  fo rm a tio n  of 
gaseous C 0 2. S p ec tra  from  chem iso rbed  C 0 2 can n o t be m easu red  b ecau se  the  
d eso rp tio n  o f C 0 2 is rap id  from  th e  su rface .

CO— P d / S i 0 2
1910

6

2200
_I_____ I_____ I_
2000 1800 cm

Fig. 7. Adsorption of CO at 150 °C. 1 — 0.01 Torr CO, 2 — 0.06 Torr CO, 3 — 0.26 Torr CO, 
4 — 0.65 Torr CO, 5 — 1.55 Torr CO, 7 — sample cooled to 25 °C
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СО — P d / S  i О2

L__________ I____________ 1__________ I___________1-----------------1------------------ >

2200 2000 , 1800 
cm

Fig. 8. Adsorption of CO on an oxidized surface at 25 °C: 1 —  0.01 Torr CO, 2 — 0.11 Torr 
CO, 3 —  0.19 Torr CO, 4 — 0.23 Torr CO, 5 — 0.52 Torr CO, 6 — 1.25 Torr CO and 7 —

4.4 Torr CO

CO— P d / S i 0 2

2200 2000 , 1800 
cm

Fig. 9. Desorption of CO at room temperature from pre-oxidized surface: 1 — 4 Torr CO, 
2 — after 8 min evacuation (dynam ic pressure 10 ~5 Torr), 3 —  after 30 min evacuation, 4 —  

and 5 —  after 70 and 100 min evacuation
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СО ~ - P d /S i0 2

1850 14.5%)

2200 2000  , 1800 
cm

F ig . 10. Ratio-recorded spectrum calculated from spectra 1 and 2  in Fig. 9

A n a d so rp tio n  ru n  a t  room  te m p e ra tu re  is p resen ted  in  F ig . 8. C hem i
so rb ed  CO f irs t  gives b ro ad  b an d s  a t  1890 an d  a t  2055 c m -1 . T e n ta t iv e ly  we 
assign th em  as L x an d  B v  B o th  B 1 a n d  L x ap p ear s im u lta n e o u s ly . W ith  in 
creasing  coverage (sp ec tra  3 — 7 in  F ig . 8) th e  b an d  m a x im a  sh if t  to  higher 
frequencies. B ands a t  2095 c m -1 (L2), 1967 c m -1 (B 2) and  a t  1915 c m -1  ( B t) are 
observab le .

The d eso rp tio n  sp ec tra  (m easu red  a t  room  te m p e ra tu re )  a re  show n in 
F ig . 9. P rio r  to  d eso rp tio n , 4 T o rr  o f  CO was a d m itte d  in to  th e  cell an d  the  
sam ple  was k e p t in  i t  o v ern ig h t. E v a c u a tio n  o f th e  cell to  1 0 “ 4 T o rr  resu lted  
in  th e  b road en in g  o f  th e  lo w -freq u en cy  side of th e  cu rv es . T h is  o b se rv a tio n  
is also confirm ed b y  th e  d ifference sp e c tru m  com pu ted  fro m  th e  f i r s t  an d  th e  
5 th  curves. T his sp ec tru m  is g iv en  in  F ig . 10.

As show n b y  F igs 8 an d  9, th e  ad so rp tio n -d eso rp tio n  seq u en ces on a p re 
oxid ized  surface do n o t give co m p a tib le  sp ec tra . T he d iffe rence  cou ld  be the  
re su lt of changes in  th e  ch em iso rb ed  la y e r  (i.e. oxygen , w h ich  is in itia lly  
p re se n t, is rem oved  from  th e  su rface ) o r  o f th e  re a rra n g e m e n t (a lte ra tio n ) 
o f th e  P d  c a ta ly s t . R educ ing  th e  sam p le  in  rep ea ted  m e a su re m e n ts  gave 
sp e c tra  id en tica l to  th o se  p re se n te d  in  F ig . 1. O n th is  basis  th e  s p e c tra l  changes 
c a n n o t be a t t r ib u te d  to  th e  s t ru c tu ra l  rea rra n g em e n t o f  th e  c a ta ly s t .
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A d so rp tio n  sequences a t  85 and  150 °C ag ree  w ith  m easu rem en ts  on  a 
r e d u c e d  surface. I t  can  b e  n o te d  fu rth e rm o re  t h a t  th e  sm all shoulders a t  2085 
c m -1  a n d  1970 c m -1 (see c u rv e s  2 — 5 in F ig . 9) a re  a b se n t a t  these  te m p e r
a tu re s .

D i s c u s s i o n

T h e  position  of th e  o b se rv e d  bands is g re a tly  in flu e n c e d  by  th e  su rface  
c o v e ra g e , as shown b y  a d s o rp tio n , desorp tion  a n d  a n n e a lin g  experim en ts on 
re d u c e d  a n d  oxidized su rfa c e . T h e  m u ltip lic ity  o f  th e  b a n d s , i.e. th e  m a in  
f e a tu re s  o f  th e  E isch ens  a n d  P l i s k i n  spectra  [2] a re  th u s  rep ro d u ced . T h e  ex 
p e r im e n ta l  resu lts  u n a m b ig u o u s ly  prove, how ever, t h a t  th e  observed  b a n d s  
a re  “ c o n n e c te d ”  w ith  each  o th e r .  I t  has been  show n in  th e  ex p erim en ta l sec
t io n  t h a t  b an d s  B l and  B 2 m a y  o rig in a te  from  B 0 a n d  th e i r  g rad u a lly  in creasin g  
f re q u e n c y  is th e  resu lt o f  g ra d u a lly  decreasing a d so rp tio n  energy as a con
se q u e n c e  o f  th e  re a rra n g e m e n t o f  th e  CO surface n e t .  W e te n ta tiv e ly  suggest 
t h a t  b a n d  B 0 rep resen ts is o la te d  CO in th ree- or fo u r-fo ld  coo rd ina tion . W ith  
in c re a s in g  coverage CO m oves to  sites of tw o-fo ld  c o o rd in a tio n  (B j). T he co m 
p re s s io n  p e rm its  also fo rm a tio n  o f linearly  b o n d ed  CO (L j) ow ing to  th e  po o r 
o rd e r in g  o f  th e  dom ains. T h e  f in a l com pression o f  adm olecules re su lts  in  
d e lo c a liz ed  CO ch em iso rp tion  b a n d s  B 2 and  L 2 a re  p re s e n t a t  th is  s tage . O n 
th is  b a s is  th e  com plex ity  o f  th e  abso rp tio n  b a n d s  c a n n o t be ascribed  to  
“ s u r fa c e  h e te ro g en e ity ”  as w a s  p roposed  o rig inally  b y  E i s c h e n s  an d  P l is k in

[2]. O n  th e  o ther h an d , th e  w e ll defined freq u en c ies  o f  th e  bands ru le  o u t 
t h a t  a w id e  v a rie ty  of su rfa c e  sites is p resen t [3], o ffe rin g  v a ry in g  degrees 
o f  я -  a n d  (7-bonding.

C onsidering  th e  s t r e n g th  o f  P d —CO in te ra c tio n  as w ell as th e  p o sitio n  
o f  th e  I R  b an d s , th ree  d is t in c t  s ta te s  of CO a d so rp tio n  a re  d iscern ib le . B an d  B 0 
is o b se rv a b le  a t low co v erag es. T h e  corresponding  species (absorb ing  a t  B 0) 
is th e  m o s t  tig h tly  bonded  to  th e  P d  sites. T his b a n d  m a y  be a t tr ib u te d  to  CO 
b o n d e d  in  m u lticen te red  p o s it io n s . The positio n  o f  b a n d  B 0 is in flu en ced  
p ro b a b ly  b y  an  a p rio ri h e te ro g e n e ity  of th e  p o ly c ry s ta llin e  surface an d  a t  
h ig h e r  coverages by  lo n g -ran g e  [23] m u tua l in te ra c tio n s . A n a priori h e te ro 
g e n e ity  o f  th e  p o ly cry sta llin e  su rfa c e  can be a sc rib ed  to  th e  presence o f d if
f e re n t  o r ie n te d  faces. As su g g e s te d  b y  Le e d  re su lts  [21] on  o rien ted  c ry s ta ls  
o f P d  th e  a rran g em en t o f CO o n  d iffe ren t p lanes is n o t  id e n tic a l. The d ifference 
a p p e a rs  a lso  in  the  in itia l e n e rg y  o f adso rp tio n  [21], w h ich  is 40, 36.5, an d  
34 k c a l m o l“ 1, on 110, 100 a n d  111 planes, re sp e c tiv e ly . R ecen t re su lts  o f 
B r a d s h a w  [24] on P d  single c ry s ta l  surfaces give f u r th e r  ev idence for su rface  
s p e c if ic ity . T he C — 0  s tre tc h  fre q u e n c y  on th e  (100) su rface  is m easu rab le  
a t  1895 c m -1 a t low co v erag es, w hereas on th e  (111) su rface  th e  in itia l a b 
s o rp tio n  b a n d  appears a t  1823 c m -1 . C onsidering th e  p o sitio n  of b a n d  B 0
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th e  ex p erim en ta l re su lts  seem  to  p ro v e  th a t  o u r silica su p p o rte d  p a lla d iu m  
sam p le  co n ta in s  p lanes o f  (111) o r ie n ta tio n  in  considerab le  frac tio n .

B o th  th e  positio n  o f th e  L 1 a n d  L 2 b an d s  a n d  th e ir  s ta b ility  on th e  su rface  
su g g est th a t  L x an d  L 2 re p re se n t d is tin c t s ta te s  o f CO. T hese b a n d s  a p p e a r  
d u rin g  th e  re a rra n g em e n t an d  th e  com pression  o f  th e  CO su rface  n e t .  T h is  
process m ay  also force CO m olecules in to  sites p e rm ittin g  single c o -o rd in a tio n  
on ly .

T he L j b an d  can  be  te n ta t iv e ly  assigned  to  lin ea rly  b o n d ed  CO lo c a te d  
on th e  to p  (or in  th e  v ic in ity  o f th e  top ) o f a P d  a to m . E n e rg y  p ro f ile  ca l
c u la tio n s  [20] in  fa c t show  th a t  th e  “ to p ”  o f a P d  a to m  is e n e rg e tica lly  less 
fav o u rab le  th a n  th e  holes o r th e  positions b e tw een  tw o P d  a to m s. F o rm a tio n  
o f  L 2 rep resen ts  p ro b a b ly  th e  f in a l com pression  of th e  surface s tru c tu re .  T h e  
f la tn e ss  o f CO ad so rp tio n  iso th e rm s proves t h a t  th e  in te rm o lecu la r  rep u ls iv e  
forces are  sign ifican t.

T he m easu rem en ts on ox id ized  P d  su rfaces can  be ra tio n a lise d  a ssu m in g  
th e  s im u ltan eo u s p resence o f CO an d  oxygen  on  th e  surface. W e assu m e , t h a t  
“ com pressed  dom ains”  o f chem isorbed  CO a re  fo rm ed  on th e  re d u c e d  sites 
(b an d s  L 1 an d  B x ap p e a r s im u ltan eo u sly , w hereas B 0 b a n d  is m issing) w h ich  
is possib le  i f  th e  reac tio n  b e tw een  chem isorbed  CO an d  oxygen  is slow a t  room  
te m p e ra tu re . T h is suggestion  is in  ag reem en t w ith  th e  p roposed  m ech an ism  
o f c a ta ly tic  o x id a tio n  o f  CO on P d  since, acco rd ing  to  k in e tic  in v e s tig a tio n s
[22], th is  reac tio n  proceeds be tw een  chem iso rbed  oxygen  a n d  gaseous CO 
m a in ly  v ia  an  E le y —R id ea l m echan ism  a t  ro o m  te m p e ra tu re . O ne a lso  ex 
p ec ts , th a t  th e  C—0  s tre tc h in g  freq u en cy  increases for CO m olecules ch em i
so rb in g  in  th e  v ic in ity  o f  P d /P d 2+ in te rface  ow ing to  th e  decreased  e lec tro n  
d e n s ity  o f P d  a tom s. (A t th e  P d /P d 2+ in te rfa c e  P d  is ex p ec ted  to  d o n a te  
e lec tro n s to  P d 2+ to  eq u ilib ra te  th e  F e rm i levels.) O n th is  basis, th e  a p p e a ra n c e  
o f sm all shoulders a t  2085 c m -1 an d  1970 c m -1 (curves 2 — 5 in  F ig . 9) c an  be 
a t t r ib u te d  to  th e  p resence o f chem isorbed  (or dissolved) oxygen  n o t re m o v ed  
in  th e  a d so rp tio n  sequence.

In  su m m ary , th e  e x p e rim e n ta l re su lts  p re sen ted  in  th is  p a p e r  p ro v id e  
fu r th e r  evidence, on th e  basis  o f th e  com pound  difference sp e c tra , t h a t  th e  
m u ltip lic ity  of th e  observed  h an d s  in  th e  В  b ra n c h  can n o t be  e x p la in e d  b y  
h e te ro g en e ity  o f th e  su rface . A p p a re n tly , th e  a p rio ri h e te ro g en e ity  o f  th e  p o ly 
c ry s ta llin e  surface in flu en ces m a in ly  th e  b ro ad n ess  o f th e  B n b a n d . T h e  m u lt i
p lic ity  o f th e  В  b an d s ( B x an d  B 2) o rig in a tes  from  th e  v a r ia tio n  o f  th e  CO 
co -o rd in a tio n .
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The solubility of benzoic acid, benzyl alcohol and naphthalene was investigated  
in aqueous solutions of mineral acids of different acidities. Using these data, the proton
ation of benzoic acid in sulfuric acid was characterized by the parameters : m =  0.87 
and р К зн + =  —6.23 (half-protonation in 78.4% H.,S04). It is concluded that changes 
in the solubility of benzoic acid, benzyl alcohol and naphthalene in dilute aqueous 
solutions of mineral acids are not due to protonation but medium effects only. In the 
case of benzoic acid dissolved in sulfuric acid solutions, the contribution of protonation 
to the overall change in the solubility is negligible up to 70% concentration of sulfuric 
acid.

In  cond en sed  phases th e  p ro to n  is a lw ays a tta c h e d  to  som e o f th e  com 
p o n en ts  as a consequence  of i ts  h igh  p o la riz in g  a b ility . I t  is th e  aim  o f s tu d ies  
on p ro to n a tio n  eq u ilib ria  to  d e te rm in e  th e  d is tr ib u tio n  o f th e  to ta l  a m o u n t 
o f  p ro to n s am o n g  th e  d iffe ren t p ro to n a te d  com p o u n d s. W h e th e r or n o t th e  
p ro to n a te d  m olecules can he ex p e rim e n ta lly  d e te c te d  depends on th e ir  s ta b ili ty  
an d  th e  to ta l  co n cen tra tio n s .

T he resp o n se  o f s ligh tly  basic  co m pounds to  chang ing  ac id ity  c a n n o t be 
ch a rac te rized  By on ly  one p a ra m e te r , р К в н + th e  th e rm o d y n am ic  m easu re  
o f  th e  in te ra c tio n  betw een  a g iv en  base, B , a n d  H +  in  a (u su a lly  aqueous) ac id  
so lu tion  of in f in ite  d ilu tion  [1]. T h eo re tica lly , th e  a c tiv ity  coeffic ien t ra tio  
Ув /У в н + in  E q . (1) defin ing  th e  ac id ity  fu n c tio n

m ay  b ehave in  a  d iffe ren t w ay  from  co m p o u n d  to  com p o u n d  w ith  increasin g  
Ch + , s o  i t  is n o t  possib le  to  d e fin e  an  H 0 scale  app licab le  to  com pounds o f 
d iffe ren t s tru c tu re , using  b u t  a  single se t o f  in d ic a to rs . T he p rob lem  can  be 
p rac tica lly  so lved  b y  ap p ly ing  th e  B u n n e t t— O lsen e q u a tio n

In tro d u c tio n

( 1 )
J b h +

lg /  +  t f 0 =  (f ( I I 0 +  lg cH+) +  p K BH+ ( 2)
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or th e  relationship  suggested  b y  Y ates and McClelland

lg  I  =  — m H (t +  p K BH+ , (3)

w h e re  cp o r m  in d ica te  th e  d iffe re ü t b e h a v io u r  o f  th e  ab o v e-m en tio n ed  a c t iv i ty  
c o e ff ic ie n t ra tio s  of th e  base  u n d e r  co n sid e ra tio n  an d  th a t  o f th e  in d ic a to r  
b a se , u s e d  to  define th e  H 0 scale [2].

O x y g en -co n ta in in g  o rg an ic  co m pounds are  p ro to n a te d  o n ly  in  r a th e r  
c o n c e n tr a te d  acid so lu tions. I t  is su rp ris in g , th e re fo re , th a t  acco rd ing  to  som e 
in v e s tig a tio n s  [3 — 9], c a rb o x y lic  acids, k e to n es , alcohols, etc., are  p ro to n a te d  
to  a co n sid e rab le  e x te n t in  d ilu te  m in era l ac id  so lu tions.

W e now  p resen t th e  re su lts  o f  in v e s tig a tio n s  on th e  p ro to n a tio n  o f  benzo ic  
a c id  a n d  benzy l alcohol, u s in g  sp e c tro p h o to m e tric , so lu b ility  an d  q u a n tu m - 
c h e m ic a l m ethods. M easu rem en ts  w ere m ad e  b o th  in  d ilu te  an d  c o n c e n tra te d  
s o lu tio n s  o f  m ineral acids. B a se d  on th e se  re su lts  an d  l i te ra tu re  d a ta , su ggestions 
r e g a rd in g  th e  p ro to n a tio n  b e h a v io u r  o f o x y g en -co n ta in in g  o rgan ic  co m p o u n d s 
in  d i lu te  m inera l acids a re  c r it ic a lly  e v a lu a te d .

E x p erim en ta l

Benzoic acid was a Reanal p . a . ,  benzyl alcohol and naphthalene were Reanal p .  prod
ucts. Naphthalene was purified by  sublimation before use. Solutions of mineral acids were 
diluted from p . a .  concentrated solutions and standardized against K H C03. Spectra were re
corded on a Beckman Acta III recording spectrophotometer, measurements at fixed wave
lengths were carried out using a H itachi Perkin Elmer 139 single-beam spectrophotometer.

For solubility determinations, the mixtures of acid solutions and benzyl alcohol or ben
zoic acid in  sealed ampoules were shaken in a constant temperature bath till reaching equilib
rium. A fter separation of the phases, aliquots were diluted as required, and the concentrations 
of solutes were determined by measuring the absorbance at fixed wavelengths. For benzyl 
alcohol e257 =  211, for benzoic acid г273 =  1000 [10] for naphthalene e2ee =  4660 were used.

The acidities of the solutions were expressed by H 0 values given by J o h n so n , K a tr itz k y  
and S h a p ir o  [11]. Some H 0 values for dilute solutions of constant ionic strength were taken 
from the paper of P aul and L o n g  [12].

R esu lts  and  D iscussion

1. P roperties o f  benzyl alcohol and  benzoic acid in  concentrated su lfu r ic  acid  
so lu tio n s

I n  cone, su lfuric acid , b en zy l alcohol gives po lybenzy l, w h ich  is in so lub le  
in  w a te r .  N o irreversib le  re a c tio n  occurs w ith  benzoic acid . I t s  so lu b ility , 
h o w e v e r , is m uch h ig h er th a n  in  w a te r , an d  a s a tu ra te d  w arm  so lu tio n  gives 
o n  co o lin g  and  ad d u c t o f  th e  co m p o sitio n  C6H 5COOH • H 2S 0 4 in  th e  fo rm  of 
lo n g , w h ite  needles.

W ith  increasing  su lfu ric  ac id  c o n c e n tra tio n  th e  b an d s  in  th e  UV sp ec tru m  
o f  b e n z o ic  acid are sh if te d  to  h ig h e r w av e len g th s  an d  th e  in te n s itie s  increase  
c o n s id e ra b ly . H osoya an d  N ag ak ura  h a v e  show n [10] th a t  i t  is th e  ca rb o n y l-
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oxygen  o f th e  c a rb o x y lic  g roup  to  w hich th e  p ro to n  is b o n d ed . T h e  R am an  
frequency  o f th e  CO g roup  (1650 c m -1 ) w as found  to  be v e ry  w eak  in  85%  
su lfu ric  acid so lu tio n  an d  could  n o t be d e te c te d  a t  all a t  9 5 % . T h e  spectrum  
o f benzoic acid so lu tio n s p rep ared  in  95 %  H 2S 0 4 th u s  can  be  assigned  to  the  
follow ing s tru c tu re :

OH
/

("
\
Oil

T h e resu lts  o f o u r q u an tu m -ch em ica l s tu d ies  [13] are  also in  ag reem en t w ith  
th is  s tru c tu re , as th e  energy  an d  in te n s ity  values fo r th e  tra n s it io n s  o f the  
benzoic acid c a tio n  close to  tho se  found  ex p e rim e n ta lly  (T ab le  I).

Table I

Ultraviolet spectral data of neutral and prolonated benzoic acid in H^SO, solutions 
(1) Experimental data, (2) Calculated values

Compound
E band К band

A(nm) lg c /.(nm) lg e

Б band

A(nm) lg £

< o V <<„
(1) 193 4.64 228 4.03 272 2.93

OH
/
•* (1) 198 4.00 262 4.30 303 3.18
\
o i l (2) 205 3.71 261 4.40 303 3.51

On th e  w hole, i t  can  be s ta te d  th a t  benzoic ac id  is p ro to n a te d  in  con
c e n tra te d  su lfu ric  acid  so lu tions on its  c a rb o n y l oxygen  a to m , a u d i ts  so lu b ility  
is g rea tly  increased .

B ased on th e  changes in  th e  u ltra v io le t sp ec tru m  o f benzoic  ac id , several 
au th o rs  have d e te rm in e d  th e  p ro to n a tio n  c o n s ta n t (p K g H  + )* a n d  values 
sp an n in g  th e  ra n g e  —7 .0 2 — ( — 7.60) w ere o b ta in ed  (co rresp o n d in g  sulfuric 
acid  c o n c e n tra tio n s : 80.5 — 85 .2% ) [ 10. 14— 18].

T he p ro to n a tio n  c o n s ta n t can  also be e s tim a te d  from  th e  so lu b ility  of 
benzoic acid as a fu n c tio n  o f  H 2S 0 4 co n c e n tra tio n  in  th e  ran g e  1 — 9 5 % . The 
re su lts  o f  our m easu rem en ts  are  p resen ted  in  F ig . 1.

T he so lu b ility  o f  benzoic acid changes o n ly  s lig h tly  u p  to  — H n =  5.9, 
how ever, in  m ore c o n c e n tra te d  acid so lu tions i t  increases v e ry  s teep ly . The 
a c id ity  range u p  to  — H 0 — 8.4 was also s tu d ie d  by  F l e x s e r , H a m m e t t  and

* pK gH+ denotes H 0 corresponding to half protonation.
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Fig. 1. Solubility of benzoic acid in  sulfuric acid as a function of the acidity of the solvent

(Г  =  298.1 K)

D i n g w a l l  [14] and  th e  so lu b ilitie s  rep o rted  are in  good ag reem en t w ith  th o se  
d e te rm in e d  in  th is  w ork . A t a c id itie s  h igher th a n  H 0 =  —9.5, th e  solid  p h ase  
tr a n s fo rm s  to  C6H 5CO O H  • H 2S 0 4. The h ighest so lu b ility  is a b o u t sev en ty  
t im e s  la rg e r  th a n  th a t  d e te rm in e d  in  a pure aq u eo u s so lu tio n .

T h e  increase of so lu b ility  is caused  b y  th e  fo llow ing  p ro to n a tio n  process:

B a  +  H + ^ B a H  + , (4)

w h e re  B a  an d  B aH +  d en o te  n e u tr a l  an d  p ro to n a te d  benzo ic  ac id , re sp ec tiv e ly . 
T h e  e q u ilib riu m  c o n s ta n t o f  p ro to n a tio n  is g iven  b y  E q . (5):

a B aH  + 

a Baa H+

C o n sid e rin g  E q . (1), E q . (4) b ecom es

__ сВаН+ УваН + /Ува _  & сВа у

с В а ^ 0  Увн + 1Ув с В а ^ 0

(5)

( 6)

T h e  c ru c ia l  p o in t o f all th e  in v e s tig a tio n s  of such  k in d  is w h e th e r or n o t th e  
seco n d  te rm  (У ) on th e  r ig h t-h a n d  side of E q . (6) can  be  ta k e n  as u n i ty  in  th e  
g iv e n  a c id ity  range. T h is a s su m p tio n  holds only  fo r co m p o u n d s of v e ry  sim ilar 
s t r u c tu r e .  As th e  so lu b ility  (S) is  th e  sum  o f cBah + a n d  cBa, К  can  be  d e te r 
m in e d  o n ly  from  th o se  v a lu e s  o f  S ,  w here сВан + is m uch  h ig h er th a n  cBa, 
a c o n d itio n , w hich is m e t in  th e  case of benzoic  ac id  in  th e  a c id ity  ran g e  
— H 0 =  8.4 — 9.5. W ith  th e se  ap p ro x im a tio n s  E q . (6) is s im p lified  to

сВа К
( 7 )
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Fig. 2. P lo t  o f lg I  vs.-H0 for benzoic ac id  p ro to n a tio n  in sulfuric acid  so lu tio n s

E v en  now , a good ap p ro x im a tio n  o f  сва is s till  needed . One of th e  po ssib ilities  
is to  ta k e  Сва c o n s ta n t th ro u g h o u t th e  ra n g e  o f  ex tensive  p ro to n a tio n . This 
choice is su p p o rte d  b y  th e  fa c t t h a t  S  is o n ly  slig h tly  changed  in  so lu tions 
o f m ed ium  su lfu ric  acid co n cen tra tio n . F o r  th is  c o n s ta n t (сва) we h a v e  chosen 
th e  so lu b ility  d e te rm in ed  a t  th e  h ig h e s t su lfu ric  acid  c o n c e n tra tio n , w here 
th e  p resence  o f  p ro to n a te d  benzoic  ac id  c a n n o t be observed (7 0 %  H 2S 0 4, 
cBa,min. =  0.016 M ). T he second p o ss ib ility  is to  ex trap o la te  th e  so lu b ility  
changes o b se rv ed  in  th e  —H n =  2.6 — 5.9  a c id ity  range  to  —H n =  9.5 and  
to  use th e  v a lu es  given b y  th is  e x tra p o la tio n  fo r th e  p o in t b y  p o in t c a lc u la tio n  
o f K .  In  e v e ry  ca lcu la tio n  th e  co n d itio n  S  — Сва =  10 Сва was fu lf ille d .

U sing th e  so lu b ility  o f benzoic  ac id  in  th e  ac id ity  range — H 0 =  8.4 
9.5, р К в н + can  be ca lcu la ted  as — 7.3 ^  0.4 (79%  H 2S 0 4, 6 .8  ^  0.4 

on th e  H n  scale  o f P a u l  an d  L o n g ) .  T his v a lu e  is s lig h tly  less th a n , b u t  n o t  too 
d iffe ren t fro m , th e  values d e te rm in ed  sp ec tro p h o to m c trica lly .

T he a c id ity  range  useful fo r th e  d e te rm in a tio n  o f I  is too n a rro w  to  con
s tru c t  a good B u n n e t—O lsen p lo t. H o w ev er, th e  lg  I  vs. H () p lo t (F ig . 2) gives 
m  =  0.87 a n d  р К в н + =  —6.23. T h e  in te rc e p t  on  th e  I I 0 ax is a t  lg  I  =  0 
(h a lf p ro to n a tio n )  gives —р К в н +  =  7.2 ^  0.4  (78 .4%  H 2S 0 4). T h e  re la tiv e ly  
high v a lu e  o f  m  re flec ts  easier ch arg e  d e lo ca liza tio n  and  c o n se q u e n tly  less 
severe so lv a tio n  dem ands o f p ro to n a te d  ben zo ic  acid  as re la ted  to  a lip h a tic  
acids [19].

I t  is im p o r ta n t  to  p o in t o u t th a t ,  d e sp ite  th e  severe c o n d itio n s  and  
ap p ro x im a tio n s  needed  fo r these  ca lc u la tio n s , th e  p ro to n a tio n  c o n s ta n t p ro v ed  
to  be th e  sam e as th a t  d e te rm in ed  sp e c tro p h o to m e tric a lly . O ne c a n  s ta te , 
therefo re , t h a t  b y  carefu l t re a tm e n t o f d a ta ,  so lu b ility  m easu rem en ts , w hich  
are  v e ry  d ire c tly  re la ted  to  th e  p ro to n a tio n  p rocess, offer a re liab le  m e th o d  
for th e  d e te rm in a tio n  of p ro to n a tio n  c o n s ta n ts  o f  w eak organic b a se s .
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2. P roperties o f  benzyl alcohol, benzoic acid and  naphthalene in  d ilute so lu tions  
o f  m in e ra l acids

W e  h a v e  in v e s tig a te d  th e  effect o f in c re a s in g  ac id ity  on th e  u l tra v io le t  
s p e c tru m  o f benzy l a lcoho l in  d ilu te  aqueous p e rch lo ric  acid so lu tio n s . N o 
c h an g e  in  th e  tra n s itio n  energ ies or in ten sitie s  w as observed  up  to  1.0 M  ac id  
c o n c e n tra t io n  a t  a c o n s ta n t ion ic  s tre n g th  o f  I  —  3. Possible p ro to n a tio n  a t  
h ig h e r  a c id  co n cen tra tio n s  c a n n o t be in v e s tig a te d  because o f p o ly m eriza tio n .

I n  U V  sp e c tro p h o to m e tric  m easu rem en ts o n  benzoic acid so lu tio n s  in  
aq u e o u s  HC1, th e  ionic s t r e n g th  was k e p t c o n s ta n t  u p  to  chci =  4.5 M  (w ith  
N aC l), b u t  a t  h igher ac id  co n cen tra tio n s  no  N aC l w as added . A t c o n s ta n t  
io n ic  s t r e n g th  (7 =  4 .5), th e  sp ec tru m  w as u n c h a n g e d  in  th e  ran g e  ch c i  =  

=  1.0 — 4 .5 . A t h igher h y d ro ch lo ric  acid c o n c e n tra tio n s  th e  b an d  a t  273 n m  
s h if te d  to  a som ew hat h ig h e r w av e leng th  an d  i ts  in te n s i ty  increased . H o w ev er, 
th e  c h a n g e s  am o u n t to  a few  p e rcen t only. T hese  o b se rv a tio n s are in  acco rd an ce  
w ith  th e  suggestion  o f F l e x s e r , H a m m e t t  a n d  D i n g w a l l  [14] t h a t  chan g es 
in  th e  U Y  sp ec tru m  o f ben zo ic  acid in  d ilu te  ac id  so lu tio n s should  be a t t r ib u te d  
to  m e d iu m  effects.

I n  N aC 104—H C 104 so lu tio n s o f c o n s ta n t io n ic  s tre n g th  th e  so lu b ility  
o f b o th  b en zy l alcohol an d  benzoic  acid in c reases  considerab ly  w ith  in c rea s in g

Fig. 3. Solubility and “ protonation constant” of benzyl alcohol as a function of perchloric 
acid concentration (J =  3, T  =  2.98.1 K)
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CHCIOt  lmo1 dm '3 )

0.00 0.50 1.00 1.50 2 00
Chcio4 (mol d m '3 )

Fig. 4. Solubility and “ protonation constant” of benzoic acid as a function <Jf perchloric acid
concentration ( f  =  4, T  =  298.1 K)

Fig. 5. Solubility and “ protonation constant” of benzoic acid as a function of sulfuric acid 
concentration ( /  ^  const., T  — 298.1 K)
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Fig. 6. Solubility and “protonation constant” of naphthalene as a function of perchloric 
acid concentration (J =  4, T  — 298.1 K)

H C 104 c o n c e n tra tio n . In  c o n tra s t ,  in  su lfu ric  ac id  so lu tions of chan g in g  ion ic  
s t r e n g th ,  a  decrease o f so lu b ility  w as o b se rv ed . R esu lts  are show n in  F igs 
3 — 5. F o r  com parison , th e  so lu b ility  o f n a p h th a le n e  in  HC104/N aC 104 so lu tio n s 
( 1 = 4 )  w as  m easured , to o . W ith  in c reasin g  [H  + ], i t  increases m o n o to n o u sly  
(F ig . 6) s im ila r  to  th e  b e h a v io u r  o f benzy l a lcoho l and  benzoic acid.

O n e  can  now ca lcu la te  v ir tu a l  p ro to n a tio n  c o n s ta n ts  using  e ith e r  E q s
(5) o r  (7). I n  these  ca lcu la tio n s  th e  so lub ilities  be long ing  to  0.1 M  ac id  co n 
c e n tr a t io n  w ere chosen as Cßa- F o r  th e  ca lcu la tio n s  e ith e r  [H  + ] or h 0 w ere 
ta k e n  in to  considera tion . T h e  co rresp o n d in g  co n c e n tra tio n  q u o tien ts  re fe rr in g  
to  d i lu te  m inera l acid so lu tio n s  are  d en o ted  as If[H+] an d  К re sp e c tiv e ly , 
a n d  a re  show n in  F igs 3 — 6.

I n  ev e ry  case th e  “ p ro to n a tio n  c o n s ta n ts ”  change m o n o to n o u sly  w ith  
c h a n g in g  acid  co n cen tra tio n . T h e  K na va lues fo r benzoic acid differ b y  a n  o rd e r 
o f  m a g n itu d e , depend ing  on  w h e th e r  th e y  w ere  d e te rm in ed  in  H 2S 0 4 or 
H C 104 so lu tio n s. Besides th is , th e  values o f th e se  “ c o n s ta n ts”  are  m u ch  h ig h e r 
th a n  th o s e  dete rm in ed  in  c o n c e n tra te d  su lfu ric  acid  so lu tions. T hese  o b se r
v a t io n s  in d ic a te  th a t  n e ith e r  th e  s lig h t sp e c tra l changes n o r th e  ch an g es o f 
s o lu b il i ty  are  due to  p ro to n a tio n  processes.
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3. Comments on the theory o f  pro tonation  o f  oxygen-containing organic compounds 
in  d ilu te m ineral acid solutions

In  th e  p receed ing , w e  h av e  ca lcu la ted  som e c o n c e n tra tio n  q u o tien ts  
b a se d  on th e  in c o rre c t a ssu m p tio n  th a t  th e  so lu b ility  changes a re  cau sed  by 
p ro to n a tio n . I£[h +] w as fo u n d  in  a ll th re e  cases to  be o f  th e  sam e  m ag n itu d e  
[(3 — 5 ) x l 0 _1], w hereas К ^  fo r benzo ic  acid , benzy l alcohol a n d  n a p h th a le n e  
in  perch lo ric  acid  so lu tions w as a b o u t (3 — 7) X 10~2, for benzoic ac id  in  su lfuric  
ac id  so lu tion  a b o u t З х Ю - 1 d m 3 m o l-1 .

H ow ever, th ese  va lu es  a re  in  ag reem en t w ith  “ p ro to n a tio n  c o n s ta n ts” 
d e riv e d  b y  W ell s  an d  cow orkers [3 — 9]. A ccord ing  to  th e ir  e x p lan a tio n , 
th e  follow ing process ta k e s  p lace  b e tw een  th e  so lv a ted  s u b s tra te  a n d  th e  p ro to n  
in  d ilu te  m inera l acid  so lu tio n s:

s sotv +  H  + (H 20 ) 4S0/I. ^  H + (S )(H 20 ) 3So/!. +  HoO , (8)

w h ere  S is th e  o x y g en -co n ta in in g  o rgan ic  base.
T he ex p e rim en ta l m e th o d  o f W ell s  can  be su m m arized  as follows. 

N e u tra l  p -n itro a n ilin e  e x h ib its  an  in te n s iv e  e lectron ic  tra n s i t io n  a t  /  =  383 
n m . In  acidic so lu tions th is  b a n d  a lm o st com plete ly  v an ishes. H o w ev er, on 
a d d in g  bases to  so lu tions o f  p -n itro a n ilin e  in  d ilu te  m in era l ac id s , som e ab 
so rb an ce  can be observed  a t  th is  w av e len g th , too . W ells  con c lu d ed  t h a t  th is  
ab so rb an ce  in d ica te s  th e  decrease  o f h y d ro g en  ion  a c tiv ity  as a consequence 
o f  p ro to n a tio n  o f th e  o x y g en -co n ta in in g  com pounds. B ased  on th is  conclusion, 
he  h as  de te rm in ed  p ro to n a tio n  c o n s ta n ts  o f  36 com pounds, som e o f w hich 
a re  in c lu d ed  in  T ab le  I I .  T h e  v a lu es  re fe r to  T  =  298 К , I  =  1 a n d  5 vol. 
a lcoho l, ca rboxy lic  acid , etc., c o n c e n tra tio n .

(F o r com parison , T ab le  I I  co n ta in s  th e  р К в н + values o f  th e  sam e 
com p o u n d s, w hich  w ere d e te rm in e d  in  c o n c e n tra ted  su lfu ric  ac id  so lu tions.) 
P ro to n a tio n  c o n s ta n ts  o f th e  sam e m a g n itu d e  w ere d e te rm in ed  b y  W e l l s , 
b a se d  on th e  k in e tic  analysis  o f  th e  ac id -ca ta ly zed  h y d ro lysis  o f  e s te rs , too.

A ccording to  W e l l s , th e  re a c tio n  s tu d ie d  is th e  in c o rp o ra tio n  o f  the  
o rg an ic  base in to  th e  o rd e red  s tru c tu re  o f a te tra h y d ra te d  p ro to n .*  H ow ever, 
in  o u r opinion, th is  could  n o t lead  to  an  in d e p e n d e n t chem ical e n ti ty , S . . . H  + . 

• n H 20  d isting u ish ab le  from  so lv a te d  S H +, form ed in  m ore c o n c e n tra ted  
ac id  so lu tions. E x a m in a tio n  o f th e  ex p e rim en ts  and  h y p o th eses  su p p o rtin g  
th is  th e o ry , and  th e  re su lts  d e riv ed  from  it  rev ea l basic in co n sis ten c ies . This 
h as  b een  p a r tly  done a lread y  b y  W y a t t  an d  cow orkers [20],  w ho h av e  m ea-

* A sim ilar view  w as dev elo p ed  b y  H a ld n a  an d  cow orkers based  on c o n d u c to m etric  
a n d  calo rim etric  s tud ies . T hese  in v es tig a tio n s  w ere o ften  c ited  b y  W el ls  [8, 27] as su p p o rtin g  
h is th e o ry . H ow ever, H a ld n a  h as  n ow  rev ised  th is  fo rm er opin ion a n d  co n clu d ed  th a t  th e  
o b se rv ed  changes in th e  c o n d u c tiv ity  w ere n o t  due  to  p ro to n a tio n  b u t  “ re fle c t o n ly  th e  changes 
in so lu tio n  s tru c tu re  a ro u n d  so lu te  p a r tic le s”  [28].
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Table II

Protonation constants o f  oxygen-containing organic compounds

K c
[B H + ][H ,0 ]

IBJ[P]
, where P =  (H20 )x H +

C o m p o u n d
K c a cco rd in g  to  

W e l l s Ref. - p K .* B H + * Ref. ciú V  (%)

Ethanol 0.27 6 7.20 23 79
Acetic acid 0.14 7 6.2 24 74

n-Propionic acid 0.33 7 6.99 19 77.7
Diethyl ether 0.50 6 6.96 23 77.0
Ethyl acetate 0.78 9 7.1 25 78.4
Cyclohexanone 1.00 7 6.8 26 79
Phenol 0.26 6

Benzoic acid (0.3) this work 7.2 this work 78.4

* As in the papers cited different acidity scales were used for the computation of рК *вц + , 
only the sulfuric acid concentrations belonging to half-protonation are strictly comparable

su red  th e  so lu b ility  o f  p -n itro a n ilin e  in  so lu tions o f th e  com position  g iven b y  
W e l l s , a n d  have fo u n d  t h a t  th e  a c tiv ity  co effic ien t o f th e  in d ic a to r  i tse lf  
changes co n sid e rab ly  on  th e  ch an g e  of th e  m ed ium . B esides th is , th e y  c ritica lly  
c o m m en ted  on th e  m e th o d  o f  d e riv a tio n  o f “ p ro to n a tio n  c o n s ta n ts”  (rep ly  
of W ells in  ref. [27]).

“ P ro to n a tio n  c o n s ta n ts ”  dete rm in ed  b y  W ells in  d ilu te  m inera l acids 
in  e v e ry  case fall in  th e  ra n g e  o f 0 — 1 dm 3 m o l-1 , in  th e  m a jo rity  o f cases 
a m o u n tin g  to  0 .2—0.7 d m 3 m o l-1 , regard less o f th e  chem ical n a tu re  o f th e  
su b s ta n c e  u n d e r  co n sid e ra tio n . A ccord ing  to  th e se  v a lu es , th e  b a s ic ity  o f pheno l, 
an d  e th a n o l are a p p ro x im a te ly  th e  sam e, a n d  p ro p io n ic  acid  is m ore basic  
th a n  a c e tic  acid !

A b so rb an ce  of p -n itro a n ilin e  is effected  to  a considerab le  e x te n t even 
b y  m in o r changes o f th e  m ed iu m  [21]. T herefo re , th e  changes of ab so rb an ce  
c a n n o t b e  a t tr ib u te d  ex c lu s iv e ly  to  a single chem ica l p rocess. I t  is also su r
p ris in g  t h a t  th e  ca lc u la ted  “ p ro to n a tio n  c o n s ta n ts ”  are  n o t affec ted  b y  th e  
ch an g e  o f  th e  m ed ium  ev en  w hen  th e  c o n c e n tra tio n  o f o rganic  com pounds 
reach es 40 — 50 v o l.% . I t  is v e ry  un like ly  t h a t  v a lu es  of th e  a c tiv ity  coeffi
c ien ts  ch an g e  in  such  a w ay  th a t  th e ir  p ro d u c t rem a in s  c o n s ta n t an d  ju s t  
u n i ty  — a basic co n d itio n  in  th e  d e riv a tio n  o f  K c [3] — desp ite  th e  s tro n g  
ch an g e  o f  th e  m ed ium .

O ne does n o t n eed  ex trem e  h igh  v a lu es  o f  p ro to n a tio n  c o n s ta n ts  to  
ex p la in  th e  k inetics o f  th e  ac id -ca ta ly zed  h y d ro ly s is  o f esters. T he ra te  co n 
s ta n t  o f  hy d ro ly sis  o f e th y l a c e ta te  in  1.35 M  su lfu ric  acid  is 1.88 X 1 0 - 4 s -1
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[22]. T he reac tio n  p ro ceed s th ro u g h  a p ro to n a te d  in te rm ed ia te . C onsidering  
th e  b as ic ity  o f e th y l a c e ta te  (m  =  0.51, p K BH+ =  3.63, [25]), th e  r a te  con
s ta n t  o f  th e  re a c tio n  o f  th is  in te rm ed ia te  sh o u ld  be 0.43 s _1. The a ssu m p tio n  
o f  a r a te  c o n s ta n t o f  su ch  m agn itu d e  is q u ite  reaso n ab le , i.e. co n sid e ra tio n  
o f  a n o th e r in te rm e d ia te  o f  h igher c o n c e n tra tio n  is n o t necessary . I t  shou ld  
also be considered  t h a t  th is  la t te r  a ssu m p tio n  is b ased  on values o f in te rc e p ts  
o f lin ea r  fu n c tio n s d ra w n  th ro u g h  po in ts  o f  k in e tic  d a ta . T he in te rc e p ts  only  
slig h tly  differ from  zero , th e  case being s im ila r  to  th a t  c ritic ized  b y  W y a t t , 
com m enting  on th e  sp ec tro p h o to m e tric  s tu d ie s  o f  W e l l s .

Changes in  th e  so lu b ility  of n a p h th a le n e  on increasin g  ac id ity  allow  th e  
ca lcu la tio n  o f a “ p ro to n a tio n  c o n s ta n t” , th e  v a lu e  o f  w hich  is ab o u t th e  sam e 
as th a t  o f benzoic ac id  a n d  benzyl alcohol, d e te rm in e d  u n d er th e  sam e co n 
d itions. I t  is clear, h o w ev er, th a t  in  th is  case th e re  is no possib ility  o f  s u b s ti
tu t io n  o f a w a te r  m olecu le  by  th e  h y d ro c a rb o n , n o t con ta in in g  an y  oxygen  
a to m . These so lu b ility  changes should be a t t r ib u te d  exclusively  to  m ed ium  
effects.

A ccording to  o u r in v es tig a tio n s  in  d ilu te  a n d  co n cen tra ted  m in era l acid  
so lu tions, th e  p ro to n a tio n  o f  benzoic acid an d  b en zy l alcohol does n o t ta k e  p lace  
a t low acid ities. T h ere fo re , i t  w ould be in c o rre c t to  reg a rd  th e  c o n c e n tra tio n  
q u o tie n ts  J^[h +] an d  K ,^  as equ ilib rium  c o n s ta n ts  fo r som e k ind  of a p ro to n 
a tio n  process. C hanges in  th e  electronic sp ec tru m  an d  th e  so lub ility  o f n e u tra l , 
oxygen -co n ta in in g  o rg an ic  bases in  th e  0.1 — 2.0 M  ran g e  o f p ro to n  co n 
c e n tra tio n  in d ica te  o n ly  th e  change of ac tiv ity  coeffic ien ts  o f n e u tra l m olecules, 
as a consequence o f  ch an g es in  th e  m edium .
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The capillary force acting in, as well as the distribution of bridge liquid after 
breakdown of, polymer/(water/n-alkane)/glass type liquid bridges has been measured 
using the horizontally parallel plate geometry. At a given volume o f bridge liquid, 
the force rs. separation curves go through a maximum, and so do the maximum force 
vs. bridge mass curves. The maximum of the latters occurs in the same region of bridge 
mass where the bridge becomes unstable. Surfactants affect the bridge stability in a 
complicated manner due to their influence upon both interfacial tension and contact 
angle resulting in changes of the fluid surface area and that of the bridge liquid/solid 
contact surface. A possible explanation is given to account for the configurational 
changes with surfactant concentration.

In tro d u c tio n

L iqu id  bridges are fo u r-p h ase  system s co n sisting  o f tw o  so lids th e  su r
faces of w hich  are a t t r a c te d  b y  cap illa ry  forces due to  th e  p resen ce  o f a sm all 
am o u n t o f liq u id  w ith in  th e  (sm all) gap b e tw een  th e  solid su rfaces . T h e  liqu id  
is, o f course, su rro u n d ed  b y  a second flu id  ph ase  (v ap o u r or a n o th e r  liqu id  
being  im m iscib le w ith  th e  b rid g e  liqu id) an d  th e  liq u id /flu id  in te r fa c e  m eets 
b o th  o f th e  solid surfaces, fo rm in g  a fin ite  c o n ta c t angle on each  o f  th e m . The 
solids can  be o f sim ilar or d iss im ila r n a tu re , an d  b o th  th e ir  p o s itio n  a n d  geom 
e try  can a rb itra r ily  be chosen . H ow ever, a m a th e m a tic a l a n a ly s is  requires 
som e re s tr ic tio n s , as, e.g., tw o  spheres [ I ] ,  a sp h ere  an d  a p la te  [2], tw o  p a r
allel p la te s  [3], etc.

L iqu id  bridge ty p e  in te r fa c ia l  system s are  im p o r ta n t in  m a n y  p rac tica l 
fie lds like pow der tech n o lo g y  (d ry in g  o f w et p a r tic u la te  m a tte r ) , p r in t in g  p ro 
cesses ( tra n sfe r  of p rin tin g  in k  from  ty p e  on to  p ap er), en h an ced  oil recovery , 
c ap illa ry  con d en sa tio n  in  po rous m ed ia  an d  m an y  m ore. T h a t  is w h y  th e re  has 
recen tly  been  a co n tin u o u sly  grow ing  in te re s t in  th ese  system s o p e n in g  a new 
fie ld  in th e  a rea  o f classical c a p illa r ity  [4].

O f m a jo r im p o rtan ce  o f  th e  p ro p ertie s  o f  a liqu id  bridge is i ts  m echanical 
(or Laplace) s ta b ility , i.e. i ts  re s is tan ce  ag a in s t p e rtu rb a n c es  in  th e  g eom etrica l 
co n fig u ra tio n  due to  m echan ica l in fluences, e.g. chang ing  th e  v o lu m e  o f the  
b rid g e  liq u id  or v a ry in g  th e  d is ta n c e  o f se p a ra tio n  or th e  m u tu a l  p o s itio n  of 
th e  solids. A liq u id  b ridge  is m ech an ica lly  s ta b le  if, up o n  c h an g in g  th e  above 
p a ra m e te rs , th e  system  is ab le  to  ge t in to  a n o th e r  g eom etrica l c o n fig u ra tio n

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 100 ( 1 —4), pp. 433 — 448 (1979)

28 A c ta  C h im . A c a d .  S e i .  H u n g .  1 0 0 , 197 9



4 3 4 WOLFKAM, P IN T É R : STABILITY OF LIQUID BRIDGES

su ch  t h a t  th e  Laplace e q u a tio n  fo r  flu id  in terfaces is sa tis f ied  an d  th e  b o u n d a ry  
c o n d itio n s , as given b y  th e  c o n ta c t  angles a t  w h ich  th e  flu id  in te rface  m eets 
th e  so lid s , a re  still m et.

A cco rd in g  to  a c la s s if ic a tio n  due to  P a d d a y  [5], th e  flu id  in te rfaces  o f 
l iq u id  b rid g e s  form  ax ia lly  sy m m e tric a l u n b o u n d e d  m enisci, i.e. th o se  w ith  
a  m e r id ia n  profile th a t  do  n o t  in te rse c t th e  ro ta t io n a l  ax is. So, from  a p u re

Nodoid Catenoid Undutoid

Fig. 1. Theoretical shapes of axisymmetric unbounded menisci

g e o m e tr ic a l  po in t of v iew , th e  m en iscus shape in  l iq u id  b ridges could , in  p r in 
c ip le , b e  a segm ent of a n o d o id , catenoid , u n d u lo id  o r to ro id  ty p e  su rface  of 
r o ta t io n ,  see Fig. 1. H o w e v e r , th e  b o u n d ary  c o n d itio n s  an d  th e  in fluence  
o f  g r a v i ty  resu lts in th a t ,  c o n tra r i ly  to  the  above id e a l surfaces xvith c o n s ta n t 
m e a n  c u rv a tu re , the  a c tu a l c u rv a tu re  of a rea l m en iscu s varies  from  p o in t to  
p o in t  a lo n g  th e  fluid in te r fa c e . C onsequently , th e re  is , as a ru le , no possib ility  
o f  g e t t in g  an  analy tical e x p re ss io n  for the  m en iscus sh ap e  even a lth o u g h  th is  
is th e  c ru c ia l point to  d e sc r ib e  th e  condition  fo r th e  L ap lace  s ta b ili ty  w hich, 
a c c o rd in g  to  E v e r e t t  an d  H a y n e s  [6], is g iven  b y

dH eff/dF  =  co n st, (1)

w h e re  V  is the  volum e o f th e  b rid g e  liqu id , a n d  th e  effective area, A eff, is de
f in e d  as

- • ie f f  =  - J IV —  -dSl cos О  ; (2)

h e re  A ,v an d  A sl, resp ., a re  t h e  liq u id /v ap o u r (or liq u id /liq u id ) an d  th e  solid/ 
l iq u id  in te rfac ia l areas, a n d  0 is th e  equ ilib riu m  c o n ta c t angle a t  th e  solid/ 
l iq u id /f lu id  boundary  lin e  as g iv en  b y  the  Y o u n g  e q u a tio n . A sl is easily  to  be 
m e a s u re d , for it  is th e  a re a  o f  th e  circle of c o n ta c t. A  , on th e  o th e r h an d , can  
a t  b e s t  b e  ob tained by  a re a so n a b le  num erical a p p ro x im a tio n , e.g. b y  d iv id ing  
th e  b r id g e  in to  th in  t r u n c a te d  cones as was show n p rev io u sly  [7]. E v e n  th e n , 
h o w e v e r , th e  boun d ary  c o n d itio n s  can no t be g iv en  e x a c tly  because th e  Y oung  
e q u a t io n  disregards th e  p ra c tic a l ly  alw ays o ccu rrin g  hyste resis . (F o r an  a p 
p r o x im a te  solution of th is  p ro b le m  see a re c e n t w o rk  o f th is  la b o ra to ry  [8].)
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T herefo re , an  op era tio n a l w ay  lo r  s tu d y in g  ex p erim en ta lly  th e  m ech an 
ica l s ta b ili ty  o f liq u id  bridges ap p ea rs  to  co n sis t in  de term in ing  th e  d is tr ib u tio n  
o f a g iven vo lum e o f th e  liq u id  b e tw een  th e  tw o  solid surfaces a f te r  ru p tu re  
o f th e  b rid g e , i.e. th e  m ost d ra m a tic  c h an g e  in  s tab ility  [9]. D e ta ile d  earlie r 
s tu d ies  o f one o f  us revealed  th e  p r in c ip a l s tag es  of th e  b reak d o w n  o f th e  b ridge  
be tw een  h o riz o n ta l surfaces [10] an d  i t  b ecam e  clear th a t  im p o r ta n t  in fo r
m a tio n  can  be  o b ta in e d  b y  d e te rm in in g  ex p erim en ta lly  th e  d e p e n d en ce  up o n  
sep a ra tio n  d is tan ce  o f th e  cap illa ry  fo rce  a c tin g  in  th e  b ridge  [11 — 13].

So fa r, th is  w as done on b rid g es w ith  a single liqu id  p h ase . T h is  p ap e r 
deals w ith  o u r re c e n t w ork invo lv in g  b rid g es  o f th e  so lid /liqu id -in -liqu id /so lid  
ty p e  w here  th e  solids are o f d iss im ila r n a tu re ,  hav ing  low a n d  h ig h  energy  
su rfaces, th e  b rid g e  liqu id  is e ith e r  w a te r  o r an  aqueous so lu tio n  o f  a su r
f a c ta n t  an d  th e  second liqu id  p h ase  is a n o n p o la r  organic liq u id .

E x p e rim en ta l

Materials: Polyethylene (PE) and polytetrafluoroethylene (PTFE) plates as a bottom  
surface and pyrex glass plates as a top surface were used. The plates were purified in the usual 
manner as described elsewhere [1 4 ] , and their cleanliness was checked by measuring advancing 
contact angle of water. This was found to be 93 ±  1 degrees for PE, 114  ±  2 degrees for PTFE  
and less than 5 degrees for the pyrex glass surface. Double distilled water (у  =  72.6 m N m -1, 
tensiometric value) and aqueous solutions of sodium dodecyl sulfate (SDS) as well as dodecyl 
trimethyl ammonium bromide (DTAB) over the concentration range с/сдо =  0.1 to 5 were 
u sed ; сщ ( =  critical concentration of micellisation) was found to be 8.15 mmol dm -3 for SDS 
and 15.25 mmol d m -3 for DTAB (mean values from specific conductance and surface tension 
data). No minimum in the surface tension vs. concentration curves was found. As a second 
liquid, n-hexane and n-octane (reagent grade) was employed.

Measuring procedure. Using a Hamilton microsyringe, drops of 10 to 500 mm 3 volume 
of the bridge liquid were placed on to one of the horizontally adjusted plates that were immersed 
prior to the measurement in the surrounding second liquid. In case of water bridges, the carrier 
surface was the bottom plate (the polymer) whereas the organic liquid, because of its lower

В

Fig. 2. Outline of experimental set up. Lj bridge, L 2 immersing liquid, S, bottom  surface, 
S . top surface, В  balance, Sc screw for adjustment o f separation, T  constant temperature cell,

C camera, LS  light source
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density, contacts first the top glass surface. The top plate is connected with the arm of a balance 
allowing for the actual force to be measured with an accuracy of 0.1 mN. The separation 
between the two surfaces was varied by means of a fine screw fixed  to the bottom plate (Fig. 2). 
During the measurements, the system  was observed through the viewer of a Practica Super TL 
type camera and photographs were taken of each position o f the meniscus profile by varying 
the separation with an accuracy of 0.05 mm. The photographs were evaluated by means of 
a MWM 183 (PZO) type two-dimensional catetometer. All measurements were carried out at 
a temperature of 20 °C as follows. First, the carrier (for water the bottom) plate is raised until 
the drop contacts the other (for water the top) plate and the bridge forms. Then, by lowering 
the bottom  plate with the screw, the separation is varied in chosen constant steps of say 0.1 
or 0.2 mm. The actual separation is, of course, not identical w ith that calculated from the ad
justed value, and the difference which varies over a broad range depends upon the force vs.  
separation relation.

Results

P T F E /  ( ivaterjn-hexane)/g lass system s

I n  o rd e r to  co m p le te  o u r earlier s tu d ie s  on  free  w a te r (i . e w a te r /a ir  
ty p e )  b ridges b e tw een  h o riz o n ta l P T F E  a n d  g lass surfaces, b o th  w a te r jn -  
b e x an e  a n d  n -h e x a n e /w a te r  ty p e  bridges b e tw e e n  th e  sam e surfaces w ere  
in v e s tig a te d . (The d e n o ta t io n  is such  th a t  th e  f i r s t  su b stan ce  s tan d s fo r  th e  
b rid g e  liq u id  an d  th e  second  one for th e  su rro u n d in g  p h ase  in  w hich th e  b rid g e  
is im m ersed .) I t  is im p o r ta n t  th a t  th e  tw o liq u id s  be  m u tu a lly  s a tu ra te d  w ith  
each  o th e r  in  o rd er to  av o id  th e  occurrence o f  n o n eq u ilib riu m  co n fig u ra tio n s  
t h a t  m ig h t arise i f  a n y  m ass tra n sfe r  ta k e s  p lace  a p a r t  from  th a t  due  to  th e  
a d so rp tio n  of th e  tw o  co m p o n en ts  on th e  in te r fa c e s  invo lved  in  th e  sy s te m .

1
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Fig. 3. F  vs. d  curves at various mass of water for PTFE/(water/n-hexane)/glass bridges
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E v en  th o u g h  th e  a t ta in m e n t o f  a d so rp tio n  equ ilib riu m  is , as  a ru le , a ra th e r  
q u ick  process, th e  re p ro d u c ib ility  o f th e  ex p e rim en ta l d a ta  depends upon 
th e  ra te  o f  se p a ra tin g  th e  su rfaces  as w as show n earlier fo r free  w a te r  bridges
[15] a n d  also o bserved  fo r th e  tw o -liq u id  system s in  th is  w o rk . T h is  effect is, 
th e re fo re , m ost lik e ly  to  be d u e  to  h y d ro d y n am ica l effects r a th e r  th a n  to  th e  
f in ite  r a te  o f ad so rp tio n . In  f a c t ,  th e  v isco sity  o f  th e  b rid g e  l iq u id  p lay s a role 
as w as found  in  o u r la b o ra to ry  in  case o f g lycerol b rid g es [16].

T h e  cap illa ry  force d ep en d s  b o th  u p o n  th e  vo lum e (e x a c tly  : th e  mass) 
o f  th e  b ridge  liq u id  an d  th e  s e p a ra tio n . A t a g iven m ass, m , th e  a c tu a l force, 
F , t h a t  can  be m easu red  d ire c tly  v a rie s  w ith  sep a ra tio n , d , acco rd ing  to  a 
m ax im u m  curve . As F ig . 3 show s, th e  sm aller th e  m ass o f  th e  b r id g e , th e  sharper 
th e  m ax im u m  an d , a t  th e  sam e  tim e , th e  sm aller th e  s e p a ra tio n  a t  w hich 
i t  occurs. H ence, th e  m ax im u m  force, F max, is a c h a ra c te r is tic  q u a n t i ty  being 
d e p e n d e n t only  on th e  m ass, a n d  F ig . 4 show s th is  d ep en d en ce .

T h e  F max vs. m  g rap h  is b a s ica lly  a m ax im u m  ty p e  cu rv e  b u t  in  th e  region 
o f  th e  local m ax im u m  th e  re p ro d u c ib ility  o f th e  p o in ts  beco m es ra th e r  poor 
a n d  one observes a b ig  s c a tte r in g  o f  th e  d a ta . T his in d ic a te s  t h a t  th e re  is a 
c r itic a l reg ion  o f  m ass a t  w h ich  som e u n c e r ta in ty  occurs a n d  i t  w as obvious 
to  look a t  th e  m ass d istribu tion  (M D) cu rv e  o f  th e  sam e sy s te m . O ne ob tains 
th e se  cu rve  b y  m easu ring , a f te r  h a v in g  su d d en ly  ru p tu re d  th e  b r id g e , th e  m ass 
o f  th e  p o rtio n  o f th e  liq u id  t h a t  re s ts  on th e  to p  surface as a fu n c tio n  o f th e
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— *- m / mg

Fig. 4. Fmax vs. m curves for PTFE/(water/re-hexane)/glass bridges

w h o le  m ass  of th e  bridge l iq u id . A s rep o rted  earlie r [10]. th e re  are th ree  m aiu  
ty p e s  o f  M D curves, see F ig . 5.

A s F ig . 6 shows, th e  M D  c u rv e  for th e  in v e s tig a te d  system s is o f ty p e  I , 
a n d  i t  c a n  be seen th a t  th e  t r a n s ie n t  section  of th e  M D cu rv e  occurs in  th e  sam e 
re g io n  o f  th e  bridge m ass w h e re  th e  m easuring o f  th e  cap illa ry  force, too , 
b e co m es  u n certa in . I t  can , th e re fo re , be concluded  t h a t  th e  observed  c ritica l 
re g io n  is th a t  of m in im um  L a p la c e  s tab ility .

P T F E /  (n-hexane/w ater)/g lass system s

F o rm a lly , these  sy s tem s  c a n  be considered (see F ig . 7) as th e  reverse  o f 
th o s e  d iscussed  above, fo r t h e y  o n ly  differ in  t h a t  th e  sign  of th e  d en sity  
d iffe re n c e  betw een th e  tw o  liq u id s  is opposite. T h e  w e tt in g  b eh av io u r, on th e

Fig. 5. Types of m ass d istr ib u tio n  curves after breakdow n o f liquid bridges

A c ta  C him . Acad. Sei. Hung. 100, 1979
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I PTFE/(water/n-hexane)/glass

Fig. 6. Mass distribution curve for PTFE/(water/n-hexane)/glass bridges

Fig. 7. Meniscus profile of (a )  PTFE/(water/n-hexane)/glass, and (b) PTFE/n-hexane/water)/ 
glass bridges. Volume of bridge liquid: 250 mm3
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— m/ mg

Fig. 8. Fmax vs. m curves for PTFE/(u-hexane/water)/glass bridges

200

сл
E

100

PTFE /(n-hexane / w ate r ) /g lass

r
/o °

/
/

100 200
m/mg

300

Fig. 9. Mass distribution curve for PTFE/(n-hexane/water)/glass bridges

o th e r  h a n d , is q u a lita tiv e ly  d iffe ren t ow ing to  th e  h y ste resis  w hich  re su lts  
in  t h a t  th e  sum  of th e  co rre sp o n d in g  co n tac t angles does n o t equal to  180 degrees 
b u t  is  fo u n d  to  be 188 deg rees  fo r P T F E  an d  136 degrees fo r th e  glass su rface .

T h e  essential d is s im ila r ity  of the  “ re v e rse ”  a n d  th e  “ n o rm al”  b rid g e  
m a n ife s ts  itse lf  m ost c le a r ly  in  th e  F maxvs. m  c u rv e  (F ig . 8) show ing th a t  th e  
m a x im u m  force in c reases  m o n o to n o u sly  w ith  th e  b rid g e  m ass in  c o n tra ry  to  
th e  m ax im u m  ty p e  d e p e n d e n c e  found fo r th e  w a te r /n -h e x an e  b ridge . A lso, 
th e  m ass d is trib u tio n  c u rv e  (F ig . 9) is d iffe ren t fro m  th a t  of th e  “ n o rm a l”  
b r id g e . T he tran sfe r o f  th e  l iq u id  occurs in  th is  case obv iously  from  th e  to p  
to  th e  b o tto m  surface. T h e  ex p e rim en ta l d a ta  fo r  b o th  th e  F max vs. m  an d  th e  
m ass  d is tr ib u tio n  cu rv es a re  sum m arized  in  T a b le  I.

A cta , C h im .  A c a d . S e i. H u n g .  1 0 0 , 1 9 7 9
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Table I

M a x i m u m  fo r c e  (-Fmax) a n d  to p  t r a n s fe r  (m 2) a s  a  f u n c t i o n  o f  the  a m o u n t  o f  a  n - h e x a n e  bridge in  
w a te r  b e tw e en  P T F E  a n d  g la s s  su r fa c e s

V /m m 3 rn/mg m,/mg P тят/MN

90± 5 61.6±3.2 52.7±1.2 223±28
100±5 68.4±3.2 53.7±0.1 320±34
200±5 136.9±3.2 131.6±2.3 568±23
250±5 171.0±3.2 159.8±1.2 671±31
290±7 198.4±4.4 190.3±1.3 723±25
300±7 205.2±4.4 195.1±0.7 7 2 7 ± H
350±7 239.4±4.4 225.9±2.0 748±10
400±7 273.8±4.4 258.0±3.5 859±57

E ffect o f  surfactants

To o u r know ledge, no  ex p erim en ts  o f th is  k in d  have as y e t  b een  carried  
o u t in  liq u id /liq u id  ty p e  b rid g es. O ur ea rlie r resu lts  o b ta in e d  fo r  th e  mass 
d is tr ib u tio n  in  w a te r/a ir  b rid g es show ed th a t  th e re  is r a th e r  a p ro fo u n d  effect 
of su rfa c ta n ts  [7] such t h a t  th e  MD cu rv e  is o f  ty p e  I for th e  p u re  w a te r  bridge, 
b u t  i t  becom es ty p e  I I  an d  ty p e  I I I  w ith  increasin g  c o n c e n tra tio n  o f  sodium  
dodecyl su lfa te .

In  th e  p resen t w ork , we h av e  b een  m ain ly  in te res ted  in  th e  in fluence 
upon  c ap illa ry  force o f a s u r fa c ta n t so lved  in  th e  aqueous p h a s e  o f  w ater/ 
organic so lv en t ty p e  b rid g es. In  th ese  ex p e rim en ts , too , th e  s u r f a c ta n t  was 
solved in  w a te r  th a t  h a d  p rev io u sly  b een  s a tu ra te d  w ith  th e  o rg a n ic  phase, 
and , vice versa, th e  la t te r  w as s a tu ra te d  w ith  w a te r. H ow ever, th e  in te rfac ia l 
tension  w as only  v e ry  s lig h tly  affec ted  b y  th e  lack  of p re s a tu ra t io n  an d  even 
th e n  solely  in  th e  reg ion  n e a re s t th e  cM (see F ig . 10).

P re lim in a ry  ex p e rim en ts  h av e  show n th a t  th e  effect o f  s u r fa c ta n t  on 
th e  s ta b il i ty  of b ridges d iscussed  above is so pronounced , t h a t  th e  bridge 
b reaks dow n a t v e ry  low  c o n cen tra tio n s . T h is is likely  to  be d u e  to  th e  fact 
th a t  th e  free  surface en erg y  o f P T F E  ( ~ 2 0  m j  m ~ 2) is too  low  w ith  respect 
to  th a t  o f  th e  glass su rface . T herefo re , P T F E  w as rep laced  b y  P E  having  
a free su rface  energy o f a b o u t 30 m j  m -2 , an d  th e  b ridge  w as  im m ersed  
in n -o c tan e .

T he fo rce  vs. se p a ra tio n  curves go, in  th e se  system s, too , th ro u g h  a m axi
m um  (F ig . 11), and  so do th e  F max vs. m  cu rves (no t show n h e re ) . T h e  m ost 
im p o r ta n t re su lt is th a t  d e m o n s tra te d  b y  F ig . 12. As can be seen, th e  m ax im um  
force v a rie s  w ith  su rfa c ta n t c o n c e n tra tio n  accord ing  to  a m in im u m -m ax im u m

Acta Chim. .■lead . Sei. H ung. 100, 1979
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1
1000

F ig .  12.  M a x i m u m  f o r c e  a s  a  f u n c t i o n  o f  S D S  c o n c e n t r a t i o n

ty p e  cu rv e . T he v e ry  p ro n o u n ced  m in im u m  occurs a t a c o n c e n tra tio n  o f  ab o u t 
h a lf  th e  c ritica l c o n cen tra tio n  o f  m icellisa tion . T he m a x im u m  force  th en  
in c reases  r a th e r  rap id ly  an d  reach es a t  a b o u t c/cm =  5 p ra c tic a lly  th e  sam e 
v a lu e  as in  pu re  w ater.

D iscussion

T h e  ideally  sim plest c o n fig u ra tio n  o f  a liqu id  bridge  is a f lu id  cy linder 
in  zero  g ra v ity . As teas show n b y  P l a t e a u  [17], it  becom es u n s ta b le  i f  th e  
ra tio  o f  len g th  to  rad ius exceeds 2 it , an d  th is  was e x p e rim e n ta lly  confirm ed  
w ith  g re a t precision  recen tly  b y  M a s o n  [18]. In  a d e ta iled  an a ly s is , H a y n e s  
[19] ex te n d e d  th e  tre a tm e n t o f  c a p illa ry  in s ta b ility  in c lu d in g  th e  d is to rtio n  
o f  f lu id  cy linders in to  u n d u lo id s  co n sid e rin g  th e  c o n s ta n t v o lu m e  cond itio n . 
H e  p o in te d  ou t th a t  “ a lth o u g h  a l te rn a tiv e  stab le  co n fig u ra tio n s  e x is t over a 
ra n g e  o f  le n g th /d ia m e te r  ra tio s  less th e n  jr, th e y  are e ith e r  less s ta b le , th e n  th e  
cy lin d e r, or are  sep a ra ted  from  i t  b y  a p o te n tia l  energy b a r r ie r” . H e concluded  
t h a t  “ th e  surface form ed from  th e  cy lin d e r a t  its  s ta b ility  l im it  c a n n o t re ta in  
c o n s ta n t  c u rv a tu re  for f in ite  p e r tu rb a tio n s ” .

T h e  s itu a tio n  becom es ev en  m ore  co m p lica ted  if  g ra v ity  e ffec ts  c a n n o t be 
n eg lec ted . I t  is cu s to m ary  to  ac c o u n t fo r th e  g rav ity  effect b y  u s in g  th e  B ond 
n u m b e r  В  =  ogR 2/y , w here q is th e  d e n s ity  difference b e tw een  th e  liqu id  
a n d  th e  ad jo in in g  flu id  phase , an d  C o r i e l l  et al. have, b y  m ean s o f  calculus 
o f  v a r ia tio n , com p u ted  th e  m a x im u m  s ta b le  value o f th e  r a t io  o f  le n g th  to  
ra d iu s  as a fu n c tio n  o f th e  B o n d  n u m b e r [3]. This a t te m p t ,  h o w ev er, is re 
s t r ic te d  to  a h igh ly  sim plified  s itu a tio n , d isregard ing  n o t on ly  th e  re a l m eniscus

Acta Chim. Acad. Sei. H ung. 100, 1979
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sh a p e , w h ich  is by  fa r  n o t  a c y lin d e r or an  u n d u lo id , b u t  also th e  ex istence of 
f in i te  c o n ta c t angles.

I n  princ ip le , ev e ry  c a p illa ry  surface can  b e  d esc rib ed  b y  th e  L ap lace  
e q u a tio n  w hich  re la te s  th e  p re ssu re  ju m p  across a n y  p o in t o f th e  m eniscus 
to  th e  c u rv a tu re  o f th e  su rfa c e  a t  th a t  p a r tic u la r  p o in t. I n  its  m ost genera l 
fo rm  th is  eq u a tio n  re a d s  in  C a rte s ian  co -o rd ina tes

Ap /y  — Cx -j- C2 =  2 H , (3)

w h ere  A p  is th e  p ressu re  d iffe ren ce  a t  a p o in t o f  th e  su rface  w here th e  p rin c ip a l 
c u rv a tu re s  are Cx an d  C2, a n d  H  is th e  m ean  c u rv a tu re  d efin ed  as th e  a r i th 
m e tic  m ean  of th e  tw o  c u rv a tu re s .

F o r  ax ia lly  sy m m e tr ic a l surfaces, it  is c o n v e n ie n t to  use cy lindrical co
o rd in a te s . T hen  eq. (3) b ecom es

d 2z /d r2 d z /d r
2 H  = (4)

[1 +  (d z /d r)2]3/2 r [1 +  (d z /d r)2]1/2

T h is is a n o n -lin ea r e q u a tio n  w hich c a n n o t b e  so lved  in  closed form  
a n a ly tic a lly  only b y  u s in g  e llip tic  in teg ra ls . F o r  th e  zero  g ra v ity  case, th is  w as 
done  b y  Scriven et al. [20] fo r  b o th  liqu id  b ridges a n d  p e n d u la r  rings b u t  on ly  
fo r th e  sphere-p la te  b rid g e  g eo m etry . These a u th o rs  h a v e  also ca lcu la ted  th e  
c a p illa ry  force ac tin g  w ith in  th e  bridge. T here  h a s  b een  a con troversy  in  th e  
l i te r a tu r e  as to  th is  p o in t. A cco rd in g  to  th e  classica l t r e a tm e n t  o f F isher  [1], 
th e  fo rce  in  a sp h ere-sp h ere  o r  sphere-p la te  ty p e  b rid g e  is given by

F  =  л  R 2p  -j- 2 л  R y  sin  0 , (5)

w h ere  p  is th e  p ressu re  a t  th e  c o n ta c t line an d  0 is th e  c o n ta c t angle.
Scriven  et al. show ed  t h a t  th e  b u o y an cy , to o , h a s  to  be tak en  in to  ac 

c o u n t. O n th is  basis, w e d e r iv e d  th e  follow ing e x p re ss io n  fo r th e  p la te -p la te  
b rid g e  geom etry  (see F ig . 13) :

F  =  2 n r l p A -f- 2 i r r 2 s in  02 +  (У  — Л d)g2g  — л  dr2 qx +  M g ( 6 )

h e re  M  is th e  m ass, V  is th e  vo lu m e and  d is th e  th ic k n e ss  of th e  to p  p la te  ; 
g is  th e  accelera tion  d u e  to  g ra v ity .

T h e  derived  fo rm u la  g a v e  reasonab le  v a lu es  as show n  in  Fig. 14. A p p li
c a tio n  o f F ish e r’s re la tio n , on  th e  o th e r h an d , h a s  le d  to  p ronounced  d isag ree
m e n t b e tw een  m easu red  a n d  ca lcu la ted  force v a lu e s . H o w ev er, b o th  fo rm ulas 
d esc rib ed  th e  v a r ia tio n  o f  fo rce  w ith  se p a ra tio n  q u a lita tiv e ly  correc tly , i.e. 
re su ltin g  in  a m ax im u m  c u rv e .

T h e  s ta b ility  c r ite r io n  as  given b y  eq. (1) h a s  less o p era tio n a l va lu e  for 
sev e ra l reasons. F irs t , u n d e r  th e  ex p erim en ta l c ircu m stan ces  of th e  force 
m easu rem en ts  d A t^ d V  is , b ecau se  of th e  c o n s ta n t v o lu m e  condition , in v a ri - 
a n t ly  zero although  A eff o b v io u sly  varies w hile  b r in g in g  th e  surfaces a p a r t

A tta  Chim. Acad. Sei. Hung. 100, 1979
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Fig. 14. Comparison of experimental and calculated force values

from  each  o th e r . Second, i t  seem ingly  n eg lec ts  th e  effect of g r a v i ty  w hich 
re su lts  in  a ch an g e  o f  th e  p o te n tia l e n e rg y  o f  th e  system  w hile c h a n g in g  th e  
s e p a ra tio n . M ore e x a c tly , A ta  im p lic itly  does acco u n t for th e  g r a v i ty  effect 
since th is  m an ife s ts  i tse lf  in  th e  v a r ia tio n  o f  th e  co n tac t angles a t  v a rio u s  
se p a ra tio n s  re su ltin g  in  m ore or less su d d e n  changes in  th e  su rface  a re a  o f  th e  
flu id  in te rfa c e  an d  th a t  o f th e  b ridge /so lid  c o n ta c t surfaces. T his p o in t  w ill be 
d iscussed  below .
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T h e  s itu a tio n  is, a t  le a s t in  princ ip le , m ore  fa v o u ra b le  if  th e  m ass d is t r i 
b u tio n  cu rv e s  a re  considered . In  th is  case, V  is no  m o re  co n stan t an d  i t  is p o s 
sible to  p ro v e  w h e th e r eq . (1) is in  fac t a t v a r ia n c e  i f  th e  bridge is d is ru p te d . 
One h a s , o f  course, to  d is tin g u ish  betw een  th e  p se u d o -in s ta b ility  of th e  b r id g e , 
i.e ., th e  t o ta l  tra n s fe r  o f th e  b rid g e  liqu id  fro m  o n e  surface to  th e  o th e r  one , 
an d  th e  t r u e  in s ta b ili ty  w h en  th e  bridge  is in  f a c t  d is ru p te d  in to  tw o p o r tio n s . 
I f  th e  M D  cu rv e  is o f ty p e  I ,  th e n  b o th  cases a re  en co u n te red  w ith  in c re a s in g  
vo lu m e : th e  p se u d o -in s ta b ility  corresponds to  th e  in itia l linear sec tio n  o f 
(p ra c tic a lly )  u n ity  slope a n d  th e  second one to  th e  sudden  drop of th e  t r a n s 
fe rred  a m o u n t.

E v e n  in  th is  s i tu a tio n , one o b ta in s a re a lis tic  p ic tu re  only b y  ta k in g  th e  
g ra v ity  e ffec t ex p lic itly  in to  acco u n t as w as d one  in  th is  lab o ra to ry  fo r liq u id / 
a ir ty p e  b rid g es [12]. U sing  a  re la tiv e ly  s im p le  num erica l a p p ro x im a tio n  
for th e  f lu id  in te rfa c ia l a rea , a n d  ca lcu la tin g  th e  t o ta l  energy of th e  sy s te m , 
i.e. th e  su m  o f th e  in te rfa c ia l free  energy an d  th e  p o te n tia l  energy (th e  l a t t e r  
can  b e  c a lc u la te d  from  th e  sh if t of th e  m ass c e n te r ) , i t  was possible to  show  
th a t  th e  to ta l  energy  (re la te d  to  a co n v e n ie n tly  chosen  reference s ta te )  is 
a t  m in im u m  in  th e  reg io n  w h ere  to ta l  tra n s fe r  o ccu rs  and  sudden ly  in c rea se s  
w hen  th e  b rid g e  b reak s  dow n.

T h is  su d d en  ch an g e  co rresponds to  th e  m a x im u m  of th e  F max vs. m  
cu rv es , fo r  th is  occurs, as w as d e m o n s tra te d  b y  F ig u res  4 and  6, n e a r ly  in  
th e  sa m e  reg io n  of m . O n th e  o th e r  han d , i t  is c le a r  t h a t ,  a t co n stan t d ro p  m ass, 
th e  p o te n t ia l  energy , b e in g  th e  d e riv a te  o f th e  fo rc e  w ith  respect to  d is ta n c e , 
goes i t s e l f  th ro u g h  an  e x tre m e  value.

C loser co n sid e ra tio n  o f possible changes w ith  separa tion  of th e  a c tu a l 
g e o m e try  reveals  th a t ,  ta k in g  th e  c o n s ta n t v o lu m e  condition  in to  a c c o u n t, 
e ith e r  th e  c o n ta c t ang le  v a rie s  (“ stick ing  b y  h y s te re s is ” ) or th e  c o n ta c t a re a  
does o r e lse , w h a t is th e  g enera l case, b o th  do (see F ig . 15). W h a t rea lly  h a p p e n s  
is d e p e n d e n t up o n  th e  en erg y  change w h ich  is connected  w ith  th e  a c tu a l  
v a r ia t io n .

-  _ R2 _

9 =  const. R = const.

Fig. 15. Variation of the bridge profile near the solid surface for (a) constant contact angle,
(b )  constant contact area
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T h e energy  needed  fo r th e  c o n ta c t circle rad iu s  to  v a ry  fro m  R 1 to  R.j 
a t  a c o n s ta n t c o n ta c t angle is g iven  b y

E (R )e =  n{R \ — R \)  (ysL, — '/slJ  =  — R i) yL,l, cos 0 . (7)

T h e  energy  connected  w ith  th e  ch an g e  o f th e  c o n ta c t an g le  from  6j 
to  02 a t  a c o n s ta n t c o n ta c t a rea  is th e  d ifference o f th e  w orks o f  adhesion  :

E (6)R — W2 — W1 — n R 2 y t 1L1 (cos 02 — C O S  0j) . (8)

T h e  to ta l  energy change is c lea rly  th e  sum  o f th e  tw o energ ies. I f  E (R )e >  
>  E (6 )R th e n  v a ria tio n  o f th e  c o n ta c t ang le  is energetically  m ore  fav o u rab le , 
w h ereas  fo r E (6)R E (R )e th e  c o n ta c t a rea  is likely  to  v a ry .

I n  o rd er to  p rove  w h e th e r  th e  ab o v e  t re a tm e n t can  be u sed  to  acco u n t 
fo r a c tu a l v a ria tio n s  of th e  c o n fig u ra tio n a l changes, co n tac t ang le  a n d  c o n ta c t 
ra d iu s  v a lu es  w ere m easu red  on p h o to g ra p h s  ta k e n  o f th e  m en isc i o f  w a te r  
b ridges in  re-octane b e tw een  P E  an d  glass surfaces a t d iffe re n t su rfa c ta n t 
c o n c e n tra tio n s  w ith  v a rio u s se p a ra tio n .

T h e  overall p ic tu re  w as fo u n d  to  be  ra th e r  com plicated  b u t  som e c h a ra c 
te r is tic  fea tu re s  are a p p a re n t. So, a t  co n c e n tra tio n s  less th a n  a b o u t 0.2 o f th e  
cm, th e  c o n ta c t rad iu s  is a p p ro x im a te ly  n o n v a r ia n t on th e  p o ly m e r su rface , 
an d  e x a c tly  c o n s ta n t on th e  glass su rface  as th e  sep ara tio n  is v a r ie d . A t h igher 
c o n c e n tra tio n s  i t  decreases s tro n g ly  w ith  se p a ra tio n  on b o th  su rfaces .

C o n tac t angles, on th e  o th e r  h a n d , v a ry  w ith  sep ara tio n  o v e r th e  w hole 
c o n c e n tra tio n  range  acco rd in g  to  a m in im u m  curve  on P E  b u t  irreg u la rly  
f lu c tu a te  on glass. T ab le  I I  c o n ta in s  d a ta  fo r th e  h ighest an d  lo w est c o n ta c t 
angles. I t  can  be seen th a t  th e  d ifference  o f  th e  correspond ing  p a irs  o f d a ta , 
w hich  is an  ap p ro x im a te  m easu re  fo r th e  h y ste resis , increases w ith  c o n c e n tra 
tio n  on P E  b u t  decreases on glass.

Table II

Effect o f  sodium dodecyl sulfate on extreme values o f  the contact angles of the water/n-octane 
interface against polyethylene (PE) and glass surfaces 

c : actual concentration, : critical concentration of micellisation

Ф.11

P E Class

®max ^m ln AG ®max ©min AG

d egrees degrees

0 117 84 33 42 18 24

0.5 135 91 44 50 28 22

1.0 148 88 60 48 35 13
5.0 150 82 68 38 30 8
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E v a lu a tio n  o f th e  v a r ia tio n  o f in d iv id u a l в  a n d  R  d a ta  over sm all d is
p la c e m e n ts  o f th e  m en iscus n e a r  th e  solid su rface  show ed  th a t  th e  energy  co n 
d itio n s  as g iven b y  eqs. (7) a n d  (8) are in d eed  in d ic a tiv e  for th e  d irec tio n  o f 
th e  a c tu a l  changes. H o w ev er, th e  above t r e a tm e n t  is fa r  from  being  e x a c t 
d u e  to  th e  lack  of d e ta ile d  know ledge as to  th e  m o lecu la r s tru c tu re  w ith in  
th e  th re e -p h a se  b o u n d a ry  reg io n  being d iffe ren t f ro m  th a t  b o th  in  th e  f lu id  
a n d  so lid /liq u id  in te rfaces . A s is know n, th e  spec ific  s ta te  of th is  “ o n e-d i
m en sio n a l”  region m a n ife s ts  itse lf  p h enom eno log ica lly  in  th e  line ten s io n  
a n d  i t  is th o u g h t th a t  im p o r ta n t  in fo rm a tio n  w ill be  o b ta in ed  in  fu tu re  w ork  
b y  ta k in g  th is  p a ra m e te r  in to  accoun t.
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The h ea t ou tp u t and th e  accum ulation of brom omalonic acid (BrMA) were 
m easured calorim etrically and polarographically, respectively, in th e  m alonic acid — 
brom ate — sulphuric acid —cata ly st [Ce3+, Mn2+, F e(phen)| + ] reacting systems. During 
the oscillatory period of the reaction  both  th e  ra te  of heat evolution and the ra te  of 
form ation of BrMA are periodic. The heats of reaction  of the preoscillatory period, 
th a t of the oscillatory period and of the uncata lyzed  brom ate-m alonic acid reaction 
were approxim ately  the same, abou t 650 k.T/mol brom ate. The heats of some of the 
composite reactions of the Belousov — Z habotinsky system  [e.g. brom ination of malonic 
acid, oxidation  of catalysts w ith  brom ate, ox idation  of malonic acid and BrMA, re
spectively, w ith  cerium(IY)] were also determ ined.

Introduction

In  ou r p rev io u s papers [1 — 3] we have re p o r te d  th a t  d u rin g  th e  oscilla
to ry  phase o f th e  B elousov—Z h a b o tin sk y  (B Z) reac tio n  th e  ra te  o f  h e a t 
ev o lu tio n  is period ic . O ur in v es tig a tio n s  rev ea led  th e  c h a ra c te r  o f h e a t change 
d u rin g  chem ical oscilla tions an d  i t  has been  p ro v ed  u n d o u b te d ly  t h a t  te m 
p e ra tu re  o sc illa tion  — w hich has been  c la im ed  b y  F r a n c k  an d  G e i s e l e r  [4], 
an d  b y  B u s se  [5] — does no t occur. T he p e r io d ic ity  in  h e a t ev o lu tio n , an d  th e  
ex o th e rm ic ity  o f th e  overall p rocess have  b een  co n firm ed  la te r  also b y  o th e r 
au th o rs  [6 — 8]. W e have e s tab lish ed  p rev io u sly  th a t  p e rio d ic ity  in  th e  ra te  
o f h e a t ev o lu tio n  ap p ears  sy n ch ro n ized  w ith  osc illa tions in  red o x  p o te n tia l 
an d  b rom ide io n  co n cen tra tio n , an d  th a t  d u rin g  th e  in tro d u c to ry  (non- 
o scilla to ry ) p h ase  o f th e  re a c tio n  considerab le  a m o u n t of h e a t is evolved . 
T hese are i l lu s tra te d  on F ig . 1.

In  o u r p re se n t co m m u n ica tio n  we g ive acco u n t o f th e  re su lts  o f our 
in v es tig a tio n s  d ire c te d  to  gain  q u a n ti ta t iv e  d a ta  on th e  h e a t o f th e  BZ oscil
la to ry  chem ical reac tio n . A lone from  ca lo rim e tric  m easu rem en ts  o n ly  q u a li
ta t iv e  consid era tio n s can  be d raw n  an d  for th is  reaso n  we a t te m p te d  to  follow 
q u a n ti ta t iv e ly  th e  progress o f th e  reac tio n . W ith  th e  m a te ria l b a lan ce  an d  th e  
ca lo rim etric  d a ta  in  h an d  th e  h e a t  o f th e  B Z re a c tio n  could  be ca lcu la ted .
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Fig. 1. T he change of tem perature , (a), redox potential (b) and brom ide ion concentration  (c) 
in time during th e  Belousov— Zhabotinsky reaction

T h e  s to ich iom etry  o f th e  BZ re a c tio n  — early  d u rin g  re a c tio n  — is th e  
fo llo w in g  :

3 C H 2(C O O H )2 +  2 В Ю Г  +  2 H +  -> 2B rC H (C O O H )2 +  4Щ Э  +  3 C 0 2 (a )

T h is  m e a n s  th a t  in  th e  e a r ly  p h a se  o f th e  re a c tio n  (u sually  from  th e  s t a r t  o f 
th e  re a c tio n  th ro u g h  20 — 30 oscilla tions) th e  on ly  o rgan ic  b ro m o -co m p o u n d  
is m o n o brom om alon ic  ac id  (B rM A ). D u rin g  th e  la te r  p h ase  fu r th e r  reac tio n s  
em erg e  a n d  d ibrom oacetic  a c id  ap p ears  in  th e  re a c tio n  m ix tu re  [9] :

2 В Ю 3- +  2CH2(C O O H )2 +  2H +  — B r2C H C O O H  +  4 C 0 2 +  4 H 20  (b )

I f  o n ly  th e  early  p h a se  o f  th e  reac tio n  is looked  a t , th e  p rog ress o f  th e  
r e a c t io n  ca n  be followed b y  d e te rm in in g  th e  c o n c e n tra tio n  of BrM A  ; th e re fo re  
i t  w a s  n ecessary  to  e la b o ra te  a n  a n a ly tic a l m e th o d  w h ich  enab led  us to  d e te r 
m in e  B rM A  — even in  c o n c e n tra tio n s  o f 1 0~ 3— 1 0 -4  m o l/d m 3 — in  th e  p resence  
o f  100 — 500-fold excess o f  b ro m a te .

O u r fu rth e r  aim  w as to  co m p are  BZ system s o f d iffe ren t c a ta ly s ts . T he 
c a ta ly s ts  used  were c e r iu m (I I I ) ,  m an g an ese (II)  an d  tr is ( l,1 0 -p h e n a n th ro lin e )-  
i r o n ( I I ) .  [The la s t is a b b re v ia te d  fu r th e r  as Fe(phen)g+ ].

Experimental

Reagents

K B rO s, Ce(NOs)3 ■ 6H 20 ,  M nS 04 • 5H20  and cc. H2S 0 4 were of analy tical g ra d e ; 
m alon ic  acid  was purchased in  purissim um  grade. T ris(l,10-phenanthroline)iron(II) sulphate 
w as fresh ly  prepared from (N H 4)2F e (S 0 4)2 • 6H 20  and 1, 10-phenanthroline (bo th  of analytical 
grade). BrM A was prepared as described by  C o n r a d  and R e i n b a c h  [10].

S tock  solutions:
2.0 mol/dm3 malonic acid
0.40 mol/dm3 potassium  b rom ate
5.0 mol/dm3 sulphuric acid
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0.10
0.10
0.025

mol/dm3 cerium (Ill) nitrate 
mol/dm3 m anganese(ll) sulphate 
mol/dm3 Fe(phen)3S 0 4

Methods

Determination of BrM A

The concentrations of BrMA in the presence of large excess of bromate were measured 
polarographically on a RADELK IS OH 102 polarograph, using a dropping mercury electrode 
and a saturated calomel reference electrode. By taking the polarogrammes at different BrMA 
concentrations the concentration dependence of the limit current was linear. The electron 
number (n)  of the reduction of BrMA was determined coulombmetrically using a three- 
electrode setup (platinum anode, bottom mercury cathode and calomel reference electrode) 
in an acetate buffer of about pH 3.5. A value of 2.1 was obtained for n. This means that BrMA 
undergoes a two-electron reduction on the dropping mercury electrode:

N. 4
— С B r + H +  +  2 e - - * — С H +  B r - .
/  /

The electrode process is diffusion-controlled.

In strongly acid solutions of the oscillatory systems the reduction wave of bromate 
interferes with that of the BrMA. The two waves can be separated by the proper choice of the pH.

From the reaction mixtures, thermostatted to 25.0 ±  0.05 °C, aliquots were withdrawn 
in appropriate intervals and added to an acetate buffer of about pH 3.5 of the same volume. 
At this pH the oscillatory reaction was quenched. Then nitrogen was bubbled through the 
solutions for a few minutes, 0.002% Triton X  was added as a maximum suppressor and the 
BrMA was recorded. The actual concentrations of BrMA were calculated from a calibration 
curve.

By the procedure described as low as 5 X 10” 4 mol/dm3, BrMA could be determined with 
an accuracy of ± 2% .

Calorimetry

The calorimetric experiments were performed in a calorimeter of constant temperature 
environment type. The measuring vessel was doubly jacketted, and thermostatted by an 
ultrathermostat. The initial temperature of reactants and environment were kept at 25.0 °C. 
In the calorimeter vessel the solutions of malonic acid, potassium bromate and sulphuric 
acid were mixed, and the reaction was started by adding the catalyst to the reaction mixture. 
The solution of the catalyst was introduced into the vessel from a calibrated burette with 
compressed air. The temperature change accompanying the reaction was sensed by a 6 k ß  
thermistor forming one arm of a d.c. Wheatstone bridge. The change in its resistance was 
recorded continuously on a Kipp and Zonen BD9 recorder. The calorimeter was calibrated 
both electrically and chemically. This system allowed 0.2 joule to be detected, equivalent to 
about l x l O ~ 4 °C temperature change in the reaction mixture of a total volume of 200 cm3.

Procedure

The BZ reactions were started by adding an appropriate amount of a catalyst solution 
to a mixture of malonic acid, potassium bromate and sulphuric acid, thermostatted to 25.0 ±  
±  0.05 °C. The chemical oscillation was followed by a bromide selective electrode (ORION 
Model 94 35A ); as a reference electrode a double junction calomel electrode was used, a 10%
potassium nitrate solution making contact with the reaction mixture. The signal of the electrode 
was transferred to a recorder (RADELKIS Potentiometrie Recorder, OH-814/1) through a 
pH-meter (RADELKIS Precision pH-meter, OP-205). From the oscillating reaction mixture 
aliquots were withdrawn at appropriate intervals, and analyzed for BrMA content.
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R esu lts  an d  discussion 

C alorim etric measurements

T h e  ca lo rim etric  m e a su re m e n ts  w ere p e rfo rm ed  in  sy stem s com posed 
o f  m a lo n ic  acid , p o tassium  b ro m a te , su lp h u ric  ac id  a n d  a c a ta ly s t  [c e riu m (III) , 
m a n g a n e se (I I)  an d  F e (p h e n )3+ , re sp ec tiv e ly ]. T h e  in i t ia l  c o n c e n tra tio n  of 
m a lo n ic  ac id  ([M A ]0) w as 0 .40  m o l/d m 3 in  every  ru n . T h e  re su lts  are  com piled  
in  T a b le  I .

Table I

[M A ]0 =  0.40 mol/dm3

Heat evolved, J/dni3 reaction mixture

Catalyst [BrOrlo
mol/dm8

[catalyst] x 104 
mol/dm3 preoscillatory

period

1 2 3

oscillation

Ce3 + 0.100 5.74 3010 106.5 100.5 98.5
0.100 11.5 2910 195.0 190.5 186.0

[H2S 0 4] = 0.100 46.0 2845 447.5 416.5 395.5

=  0.50 mol/dm3 0.050 11.5 1295 112.0 108.0 104.5

0.163 11.5 4185 265.5 255.0 247.0

0.100 1.15 1525 17.0 16.5 16.0
Mn2+ 0.100 4.60 1550 117.5 113.0 107.5

0.100 11.5 1525 249.0 232.0 217.5
0.100 46.0 1540 555.0 525.0 489.5

[H2SOJ = 0.025 11.5 88.0 86.0 74.5 68.0

=  0.50 mol/dm3 0.050 11.5 485.5 172.5 154.5 147.5
0.163 11.5 2290 311.5 288.5 274.0

0.100 1.44 59.5 42.0 42.5 43.0
0.100 5.74 185.5 139.0 141.0 150.0

Fe(phen)| + 0.100 11.50 454 320.0 322.5 325.0

[H2S 0 4] = 0.050 5.74 171.5 no osc. even after 60 min

=  0.25 mol/dm3 0.130 5.74 190.5 144.0 148.5 154.0

0.175 5.74 191.0 140.0 142.5 145.0

M easurem ent o f  B rM A  and bromate

P a ra lle l  w ith  th e  c a lo r im e tr ic  m easu rem en ts  th e  a c c u m u la tio n  o f BrM A 
w as fo llo w ed  b y  using  th e  p o la ro g ra p h ic  m eth o d  described  above. T he resu lts  
a re  g iv e n  in  T able I I .
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Table II

[M A ]0 — 0.40 mol/dm3

Catalyst [ВгОз],
mol/dm8

[Catalyst] x 10* 
mol/dm3

[BrMA] x 104 mol/dm*

at the end of the 
preoscillatory period in the first oscillation

Ce3 + 0.100 5.47 68.0 1.6

0.100 11.5 68.0 3.0
[H2S04] = 0.100 46.0 68.0 6.9
=  0.50 mol/dm3 0.050 11.5 30.0 1.75

0.163 11.5 104.0 4.2

Mn* + 0.100 1.15 34.0 0.26
0.100 4.60 34.0 1.8
0.100 11.5 34.0 4.0

[H2s o 4] = 0.100 46.0 35.0 8.7
=  0.50 mol/dm3 0.025 11.5 1.50 1.35

0.050 11.5 10.5 2.7
0.163 11.5 59.5 4.8

Fe(phen)5 + 0.100 1.44 6.5 0.65
0.100 5.74 10.6 2.0

[H2S04] = 0.100 11.5 17.5 5.1
=  0.25 mol/dm3 0.130 5.74 13.5 2.0

0.175 5.74 16.2 2.05

D urin g  th e  re a c tio n  th e  c o n c e n tra tio n  o f b ro m a te  w as d e te rm in e d  iodo- 
m e tric a lly  a fte r  a p p ro p r ia te  d ilu tio n . O ne series o f m e a su re m e n ts  a re  shown
in  T ab le  I I I .

Table III

[BrO:f]0 =  0.100 mol/dm.3, [M A ]0 =  0.40 mol/dm3, [Ce3+] =  5 x  10~3 mol/dm3, [JT2S04] =
=  0.50 mol/dm3

The number of 
measurement, 

n
Oscillation
number

[В гО Г]„_,-[В гО Г]„
mol/dm3

[BrMA]„- [BrMA]._,
mol/dms

[BrMA]n — [BrMA]*_, 
[ B r O r ^ .- lB r O r ] ,

l 5 3 .4 1 X 1 0 - 3 3.57 X 1 0 - 3 1.11
2 7 1 .6 2 x  1 0 - 3 1.65X  1 0 ~ 3 1.02

3 10 2 .1 7 X 1 0 - 3 2 .1 0 X 1 0 - 3 0.97

4 15 2 .9 0 x  1 0 - 3 2 .9 5 X 1 0 - 3 1.01

5 21 2.53X  1 0 - 3 2 .5 0 X 1 0 - 3 0 .99

6 31 4 .8 9 X 1 0 - 3 4 .7 8 x  IO " 3 0.98
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T h e  resu lts  confirm ed o u r  ea rlie r find ing  t h a t  ev en  a fte r  20 —30 oscil
la t io n s  p ra c tic a lly  BrM A w as th e  on ly  b ro m o -co m p o u n d  w hich  fo rm ed  in  th e  
o x id a t iv e  b ro m in a tio n  o f m a lo n ic  acid  b y  b ro m a te .

H e a t o f  the B Z  reaction 

H eat o f  reaction o f  the oscilla tory phase

T h e  resu lts  of T ables I  a n d  I I  show th a t  in  e v e ry  B Z sy stem  th e re  ex is ts  
a  c lose  p a ra lle lism  betw een  th e  a m o u n t of BrM A  fo rm e d  a n d  th e  h e a t evo lved . 
F ig u re  2 d isp lays th is  fa c t ex p re ss iv e ly . Also i t  c an  be  g a th e re d  from  th e  sam e 
f ig u re  t h a t  th e  BZ reac tio n  c a n  b e  d iv ided in to  tw o  p h ases  : a n o n -o sc illa to ry  
p h a se  a n d  an  oscilla tory  o n e . T h e  non-oscilla to ry  p h a se  w as m en tio n ed  in  
p re v io u s  p ub lica tions as in d u c t io n  period. T his is , h o w ev er, a m isnom er since 
d u r in g  th e  “ induction  p e r io d ”  th e  sam e overa ll p rocess proceeds as d u rin g  
th e  o sc il la to ry  one. F o r th is  re a so n  th e  n o n -o sc illa to ry  p h ase  w ill be called  
h e n c e fo r th  th e  p reo sc illa to ry  p e rio d .

Table IV

[M S ]0 =  0.40 moi/dm3

Catalyst [BrO7]0
mol/dm3

[Catalyst] x 10* 
mol/dm3

Heat output 
J/dms

[BrMA] x 101
mol/dm3 AH

J/mol BrÔ ~
in the first oscillation

Ce3 + 0.100 5.74 106.5 1.6 665.6
0.100 11.5 195.0 3.0 650.0

[H2S 0 4] = 0.100 46.0 447.5 6.9 648.5
=  0.50 mol/dm3 0.050 11.5 112.0 1.75 640.0

0.163 11.5 265.5 4.2 632.1

Mn2 + 0.100 1.15 17.0 0.26 653.8
0.100 4.60 117.5 1.8 652.7
0.100 11.5 249.0 4.0 622.5

[H2S 0 4] = 0.100 46.0 555.0 8.7 637.9
=  0.50 mol/dm3 0.025 11.5 86.0 1.35 637.0

0.050 11.5 172.5 2.7 638.8
0.163 11.5 311.5 4.8 648.9

Fe(phen)| + 0.100 1.44 42.0 0.65 645.2
0.100 5.74 139.0 2.0 695.0

[H2S 0 4] = 0.100 11.5 320.0 5.1 627.5
=  0.25 mol/dm3 0.130 5.74 144.0 2.15 669.8

0.175 5.74 140.0 2.05 682.9

A cta  C him . Acad. Sei. Hung. 100, 1979



K Ö RÖ S e t al.: CALORIM ETRIC STUDIES 455

Time — »-

Fig. 2. Temperature and BrMA concentration vs. time plots of a Belousov— Zhabotinsky
rection

W ith  th e  ca lo rim etric  d a ta  an d  BrM A  co n cen tra tio n s  in  h a n d  th e  h ea t 
o f re a c tio n , A H , of th e  d iffe re n t BZ sy stem s could  be c a lc u la ted . I t  is well 
know n t h a t  th e  only irrep laceab le  co m p o n en t o f th e  BZ sy stem s is th e  b ro m a te  
ion  an d  th ere fo re  th e  h e a t  o f  th e  BZ re a c tio n  is re fe rred  to  1 m ol b ro m a te .

In  T ab le  IV  th e  a m o u n t o f B rM A  fo rm ed  and  th e  h e a t ev o lv ed  during  
th e  f ir s t  o scilla tion  in  re a c tin g  system s o f d iffe ren t b ro m a te  — a n d  c a ta ly s t 
c o n cen tra tio n s , and th e  h e a t  o f  re a c tio n  a re  g iven. F ro m  th e  d a ta  o f th e  la s t 
co lum n o f T ab le  IV  th e  h e a ts  o f  re a c tio n  o f th e  in v e s tig a te d  B Z sy stem s are 
th e  fo llo w in g :

Heat of reaction of the
Catalyst oscillatory phase 

kj/mol bromate

Cerium(III) 647.2±5.0
Manganese(II) 641.7±3.8
Fe(phen)3 + 664.1 ± 1 0

T h e resu lts  o b ta in ed  w ith  system s o f d iffe ren t c a ta ly s ts  ag ree  w ith in  
th e  ex p e rim en ta l error. T h e  av e rag e  v a lu e  is :

651 ^  6.2 k j /m o l b ro m a te

H eat o f  reaction o f  the preoscilla tory period

T h e  h e a t of re a c tio n  w as ca lc u la ted  also for th e  p re o sc illa to ry  period 
o f  th e  BZ reaction . A t th e  ca lcu la tio n s , how ever, co rrec tio n  w as necessary . 
N am ely  th e  BZ reac tio n  w as s ta r te d , a f te r  a d ju s tin g  th e  te m p e ra tu re  o f the
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r e a c t io n  m ix tu re  to  25.0 °C, b y  th e  add ition  o f a c a ta ly s t .  S ep a ra te  e x p e ri
m e n ts , how ever, revealed  t h a t  m alon ic  acid is o x id ized  slow ly b y  acid  b ro m a te  
e v e n  in  th e  absence o f a c a ta ly s t .  T hus a co n sid e rab le  a m o u n t o f B rM A  is 
fo rm e d  d u rin g  th e  period  o f  th e rm o s ta tio n  (a b o u t 30 m in). B y  th e  p o la ro g rap h ic  
m e th o d  th e  to ta l a m o u n t o f  B rM A  was m easu red , c a lo rim e trica lly , how ever, 
th e  h e a t  o u tp u t from  th e  a d d i t io n  o f a c a ta ly s t u n t i l  th e  in it ia tio n  of th e  oscil
la t io n  w as ob ta ined . T h e re fo re  a t  th e  ca lcu la tio n  o f  th e  h e a t o f re a c tio n  th e  
a m o u n t  o f  BrM A form ed  u n t i l  th e  add itio n  o f th e  c a ta ly s t  w as su b s tra c te d  
f ro m  th e  to ta l  am oun t o f  B rM A  accum ula ted  d u rin g  th e  p reo sc illa to ry  period . 
T h e  co rrec tio n  value w as d e te rm in ed  se p a ra te ly  in  u n c a ta ly z ed  b ro m a te -  
m a lo n ic  acid  reaction .

D u rin g  th e  p re o sc illa to ry  period  of th e  F e (p h e n )3 -ca ta ly zed  BZ re 
a c t io n  v e ry  sm all a m o u n t o f  B rM A  accu m u la ted  a n d  th e  co rrec tion  v a lu e  w as 
a b o u t  90 — 95%  of th e  a m o u n t  o f  BrMA fo rm ed  u n t i l  th e  s ta r t  o f th e  oscil
la t io n . T herefo re  in  th is  sy s te m  th e  h ea t of re a c tio n  o f  th e  p reo sc illa to ry  perio d  
c o u ld  n o t  be d e te rm in ed  w ith  th e  requ ired  acc u ra cy . W ith  th e  c e r iu m (III)-  
a n d  m a n g a n e se (II)-c a ta ly z e d  B Z  system s th e  c o rre c tio n  va lu es  w ere 20 — 30%  
o f  th e  to ta l  BrM A c o n c e n tra tio n s .

T h e  h e a t of re a c tio n  d a ta  for the  p re o sc illa to ry  p e rio d  are g iven  in  
T a b le  Y .

Table V

[MA  |0 =  0.40 mol I dm3: [H.,S04] - 0.50 mol/dm3

Catalyst IBrOn,
mol/dm3

[Catalyst] x 104 
mol/dm3

Heat output 
of the preosc. 

per.

[BrMA] x 10s mol/dm3
[BrMA] x 103
corr. mol/dm3

AH
kj/mol
ВгОГ

•
at the ad
dition of 

the catalyst
at the start 

of oscil.

0.100 5.74 3010 2.25 6.80 4.55 661.5

Ce3 + 0.100 11.5 2910 2.40 6.80 4.40 661.4

0.100 46.0 2845 2.40 6.80 4.40 646.6

0.050 11.5 1295 1.00 3.00 2.00 647.5

0.163 11.5 4185 4.05 10.40 6.35 659.1

0.100 1.15 1525 1.10 3.40 2.30 663.0

0.100 4.60 1550 1.05 3.40 2.35 659.6
Mn2+ 0.100 11.5 1525 1.10 3.40 2.30 663.0

0.100 46.0 1540 1.20 3.50 2.30 669.6

0.025 11.5 88.0 0.015 0.15 0.135 651.8

0.050 11.5 485.5 0.30 1.05 0.75 647.3

0.163 11.5 2290 2.51 5.95 3.44 665.7
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T h e av erag e  values are th e  fo llo w in g :

H e a t  o f  reac tio n  o f  th e
C ata ly st p reo sc illa to ry  period

k j/m o l b ro m ate

Cerium(III) 655.4±6
Manganese(II) 633.0±8

T hese va lu es  a re  p rac tica lly  th e  sam e as tho se  o b ta in ed  fo r th e  o sc illa to ry  
p h ase  o f th e  re a c tio n .

H eat o f  the uncata lyzed  malonic acid—bromate reaction

W e found  t h a t  th e  o x id a tiv e  b ro m in a tio n  of m alonic ac id  b y  ac id  bro- 
m a te  proceeds even  in  th e  absence o f  a  c a ta ly s t  [11], and  we m e a su re d  th e  h ea t 
o f  re a c tio n  also o f  th is  process. T h e  re a c tio n  is ra th e r  slow a n d  fo r  th is  reason  
se p a ra te  ru n s w ere  ca rried  ou t in  o rd e r  to  ta k e  th e  [BrM A] vs. t im e  an d  h ea t 
vs. t im e  plo ts.

T he h ea t o f  re a c tio n  is

648 ^  10 k j /m o l  b ro m ate .

D iscussion

C alo rim etric  a n d  p o la ro g rap h ic  d a ta  in d ica te  th a t  th e  u n c a ta ly z e d  and  
c a ta ly z e d  reac tio n s betw een  m alon ic  ac id  a n d  acid b ro m ate , a n d  in  th e  la t te r  
case b o th  in  th e  p reosc illa to ry  a n d  th e  o sc illa to ry  periods p ro ceed  w ith  th e  
s to ich io m e try  g iven  in  E q. (a ) .

T h e high v a lu e  o f the  h e a t o f  re a c tio n  (ab o u t 650 k j /m o l  b ro m a te )  can 
be  ex p la ined  an d  ca lcu la ted  a p p ro x im a te ly  b y  th e  d a ta  o b ta in e d  fo r  th e  com 
p o s ite  reac tio n s. (See “ A ppend ix” .) T h e  g re a t h ea t o u tp u t o b se rv e d  during  
th e  BZ reac tio n  is f i r s t  of all due  to  th e  to ta l  o x ida tion  o f m a lo n ic  acid

C H 2(COOH)2 +  2 H ,0  3 C 0 2 +  8H +  +  8e~

w h ich  is a h igh ly  exo therm ic  re a c tio n . A lso th e  b ro m in a tio n  o f  m a lo n ic  acid 
a n d  th e  o x id a tio n  to  w a te r o f th e  h y d ro g e n  in  m alonic ac id  s u b s t i tu te d  b y  
b ro m in e  c o n tr ib u te  considerab ly  to  th e  o v era ll h e a t effect.

C H 2(C 00I1 )2 ---mina- ^  C H B r(C O O H )2

И  - oxidatio%  1/2 H 20

A H  fo r th is  l a t te r  re a c tio n  is 142 k j /m o l  h y d ro g en  a tom .
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R a sto g i, Y avada  an d  K umar [7], w ho p e rfo rm ed  ca lo rim etric  m e a su re 
m en ts  o n  th e  c e r iu m (III)-c a ta ly z e d  BZ re a c tio n  a n d  also on som e com p o site  
re a c tio n s , c la im  th a t  to  th e  o v era ll h e a t o u tp u t  th e  re a c tio n  betw een  b ro m a te  
an d  b ro m id e  co n tr ib u te s  co n sid e rab ly . T he n a m e d  a u th o rs  carried  o u t th e  
c a lo r im e tr ic  ex p erim en ts  in  a  v e ry  sim ple a p p a ra tu s  an d  did  n o t follow  th e  
h e a t e v o lu tio n  con tin u o u sly . T h e y  m ade th e  te m p e ra tu re  vs. tim e  p lo ts  b y  
m e a su rin g  th e  te m p e ra tu re  o f  th e  reac tio n  m ix tu re  a t  a p p ro p ria te  in te rv a ls , 
an d  d id  n o t  re p o r t  on th e  la rg e  a m o u n t of h e a t, w h ich  evolves during  th e  p re- 
o sc illa to ry  p erio d . T h ey  did  n o t  m easu re  th e  a c c u m u la tio n  or th e  c o n su m p tio n  
e ith e r  o f  th e  re a c ta n ts  or p ro d u c ts  an d  fo r th is  re a so n  th e y  could n o t d raw  
an y  q u a n t i ta t iv e  conclusion fro m  th e ir  re su lts .

T h e  o x id a tio n  of b ro m id e  w ith  b ro m a te  is a n  im p o r ta n t reac tio n  co n 
ce rn in g  th e  o v era ll BZ process. N am ely , b y  th is  re a c tio n  is b rom ide ion  — th e  
so -called  c o n tro l in te rm e d ia te  o f  th e  o sc illa to ry  re a c tio n  [12] — consum ed . 
A t a c r i t ic a l  b rom ide ion  c o n c e n tra tio n  (w hich h a s  a value of a b o u t 10 ~ 5 
[BrO^~] th e  re a c tin g  system  chan g es from  one k in e tic  s ta te  to  th e  o th e r  [13]. 
H o w ev er, th e  ac tu a l b rom ide  ion  co n c e n tra tio n  in  th e  reac tio n  m ix tu re  is 
v e ry  low . E v e n  its  h ighest v a lu e  is below  10 ~ 4 m o l/d m 3 [14]. F o r th is  reaso n , 
th is  re a c tio n , as a resp ec t to  th e  overall h e a t o u tp u t ,  is o f little  im p o rtan ce . 
T his c o n s id e ra tio n  is su p p o rte d  also by  th e  fa c t t h a t  in  th e  o sc illa to ry  p h ase  
o f th e  B Z  re a c tio n  w hen phases  o f  h igh  and  low r a te s  o f  h ea t evo lu tion  follow  
each  o th e r  perio d ica lly  (see F ig . 2) th e  b ro m a te -b ro m id e  reac tio n  p roceeds 
in  t h a t  p h a se  w hen  th e  ra te  o f  h e a t  evo lu tio n  is low .

O u r  ca lo rim e tric  resu lts  in d ic a te  th a t  in  all th e  th re e  cases of th e  b ro m a te -  
m alo n ic  ac id  r e a c tio n : 1. u n c a ta ly z e d , 2. c a ta ly z e d , non-oscilla to ry  a n d  3. 
c a ta ly z e d , o sc illa to ry  (in  cases 2. an d  3. irre sp e c tiv e  o f  th e  chem ical n a tu re  
of th e  c a ta ly s t)  th e  sam e s to ic h io m e try  p reva ils .

Appendix

A b o v e  we rep o rted  on th e  d e te rm in a tio n  o f  th e  h e a t of th e  BZ re a c tio n . 
W e re g a rd e d  as im p o r ta n t to  rev ea l w hich o f th e  com posite  reac tio n s are  
re sp o n sib le  fo r th e  h igh  value  o f  th e  h ea t o f re a c tio n . F o r  th is  reason  we ca rried  
o u t c a lo r im e tr ic  m easu rem en ts  on  m an y  com posite  re a c tio n s  of th e  BZ sy s tem s.

1. The reaction between acid bromate and the ca ta lyst (M e n+)

T h e  s to ic h io m e try  o f th e  reac tio n  is g iven  b y  E q . (1) [15, 16] :

B rO , 4MeП + 5 H + — H O B r +  4M e(n+1)+ +  2H 20 ( 1 )
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T he ca lo rim e tric  m easu rem en ts  w ere p e rfo rm ed  in  d ilu te  su lp h u r ic  acid. 
T he fo llow ing re su lts  w ere  o b ta in ed  :

Catalyst Heat of reaction 
kj/mol bromate

[H,S0,1
mol/dni*

Ce3 + 26.6 0.50
Mn2 + 21.7 0.50
Fe(phen)| + 40.7 0.25

I t  is ra th e r  p ecu lia r th a t  d u rin g  th e  o x id a tio n  of m an g an ese (II)  b y  bro- 
m a te  h e a t is consum ed.

2. B rom ina tion  o f  m alonic acid

T h e b ro m in a tio n  o f  m alonic acid  w as c a rr ie d  o u t w ith  d iffe re n t brom i- 
n a tin g  ag en ts  and  th e  s to ich io m e try  o f th e  re a c tio n  was estab lish ed  b y  d e te r
m in ing  th e  BrM A  c o n te n t  o f th e  re a c tio n  m ix tu re s .

2.1. The brom ination  of an  excess o f m alon ic  acid with brom ine  p roceeds 
accord ing  to  th e  fo llow ing  s to ich io m e try  :

B r, +  C H ,(C O O H ), — B rC H (C O O H ), +  B r -  +  H + (2)

T h e  h e a t o f re a c tio n  is 66.0 4 : 2.9 k j /m o l  BrM A in 1 mol d m 3 su lp h u ric
acid.

W ith  an  excess o f  b rom ine A H  in c reases  b y  increasing  th e  b ro m in e  
c o n c e n tra tio n  w hich in d ica te s  th a t  a d d itio n a l b rom ocom pounds (m o s tly  di- 
b ro m o ace tic  acid) are  fo rm ed . A s tr ic t  s to ic h io m e try , how ever, c a n  n o t be 
o b ta in ed  in  th is  case.

2 .2 . B rom ina tion  w ith  a m ixture o f  brom ide and bromate.

W h en  [MA] >  [ B r 0 3- ]  [B r ] th e  o v era ll reac tio n  is co m p o sed  of 
th e  reac tio n s  b e tw een  b ro m a te  an d  b ro m id e , an d  betw een  m alo n ic  ac id  and  
b ro m in e  :

BrOg~ +  5 B r -  +  6 H +  — 3B r2 +  3H 20  (3)

3 B r2 +  3C H 2(C O O H )2 — 3B rC H (C O O H )2 +  3 B r -  4- 3H + (4)

B r O r  +  2 B r -  +  3C H 2(COOH)2 +  3 H +  — 3B rC H (C O O H )2 +  3 H 20  (5)

T h e  h e a t  o f re a c tio n  (3) is 205.8 k j /m o l  b ro m a te , and  th a t  o f  re a c tio n
(5) 407.4 k j /m o l b ro m a te . F ro m  th is  v a lu e  th e  h e a t o f reac tio n  (4) w as ca l
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c u la te d  acco rd ing  to  H ess’s law  :

3

A v a lu e  o f  67.0 k j /m o l B rM A  w as o b ta in ed  fo r  A H V w hich agrees w ell w ith  
A H 2, w h ic h  w as m easu red  d irec tly .

2 .3 . The brom ination o f  malonic acid by hypobromous acid  p ro ceed s 
a c c o rd in g  to  E q . (6) :

H O B r +  C H 2(CO O H )2 -  B rC H (C O O H )2 +  H 20  (6)

i f  m a lo n ic  acid  is in  la rg e  excess. The h ea t o f r e a c tio n  falls betw een  67 a n d  104 
k j /m o l  B rM A  d epend ing  o n  th e  ra tio  o f th e  re a g e n ts . A t h igher c o n c e n tra tio n s  
h y p o b ro m o u s  acid ac ts  also  as an  ox id izing  a g e n t.

3. O xidation o f  m alonic  acid and B r M A  w ith  c e r iu m (IV )

T h e  s to ich io m e try  o f  th e  reac tions w as e s ta b lish e d  b y  v o lu m e tric  t i t r a 
tio n  o f  ce rium (IY ) w ith  a  s ta n d a rd  iro n (II)-so lu tio n  using ferro in  as a  red o x  
in d ic a to r .

3 .1 . The oxidation o f  m alonic acid w ith c e r iu m ( I V )  was p e rfo rm ed  w ith
2 — 1 0 -fo ld  excess o f th e  o x id iz in g  agen t in  1 m o l/d m 3 su lphuric  acid  so lu tio n . 
T h e  re d o x  reac tio n  p roceeds w ith  six -e lec tron  c h an g e  w hen b rom ide  ions a re  
a b s e n t  :

C H 2(C O O H )2 +  6C e4+ +  2 H 20  — 6Ce3 + +  H C O O H  +  2C 02 +  6 H  + . (7)

T h e  h e a t  o f  reac tio n  is 535 k j /m o l  m alonic ac id .

B ro m id e  ions c a ta ly z e  th e  ox ida tio n  o f  m a lo n ic  acid w ith  ceriu m (IY ) 
a n d  in  th e ir  presence th e  re a c tio n  proceeds w ith  e igh t-e lec tron  ch an g e  [9] :

C H 2(COOH)2 +  8C e4+ +  2H 20  — 8C e3+ +  3C 02 +  8H  + . (8)

B ro m id e  ions are  in te rm e d ia te s  in  th e  B Z  o sc illa to ry  reac tio n s a n d  th e y  
a re  a lw a y s  p re sen t in  th e  o sc illa tin g  sy stem s. F o r  th is  reason we p e rfo rm ed  
c a lo r im e tr ic  m easu rem en ts  on  th e  m alonic ac id -ce riu m (IY ) reac tio n  a t  4 .1 0 ~3— 
— 1 • 1 0 ~ 2 m ol/dm 3 b ro m id e  co n cen tra tio n s. U n d e r  th e se  cond itions th e  red o x  
r e a c tio n  proceeds acco rd in g  to  E q . (8). T he h e a t  o f  th e  reac tio n  is 857 k j /m o l  
m a lo n ic  ac id  in  1 m o l/d m 3 su lp h u ric  acid so lu tio n .

W e looked  also a t  th e  B r~  -)- Ce4+ —> l /2 B r 2 -}- Ce3+ reac tio n . T h is  re d 
ox re a c t io n  is ex trem e ly  slow  and  does n o t in te r fe re  reaction  (8).
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3.2. The oxida tion  o f  B r M A  w ith  an  excess o f  c e r iu m ( I V )  is a six  electron 
red o x  p ro c e s s :

B rC H (C O O H )2 +  6Ce4+ +  2 H 20  — 6Ce3+ +  3 C 0 2 +  B r~  +  7H  +

T h e  h ea t o f  re a c tio n  in  1 m o l/d m 3 su lp h u ric  acid so lu tio n  is 711 k j/in o l 
BrM A .
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The conditions for the formation of mesomorphic mono-substituted vinyl poly
mers have been studied. Freezing of the mesomorphic state into a glassy phase may be 
attributed to the formation of a rigid, irregular, atactic polymer chain. The laminar 
smectic structure may be observed for polymers in the “herring-bone” arrangement. 
The structure is, from many aspects, related to the structure of polymers with elastic 
main chains. The molecular chain in the “herring-bone” arrangement m ay be observed 
in the case of polymers with a rigid group, bound to the main chain by elastic side 
chains (min. C6 —Cg) or at least four elastically attached atoms. The melting point 
of polymers is relatively sharp. Bulky polymers in the glassy state are optically aniso
tropic, rigid and brittle.

Helix polymers are formed if the bulky, rigid side group is bound to the main 
chain directly or by some elastically attached atomic chains. Polymer molecules may be 
considered as rigid cylinders, the close packing of which will form the nematic bulky 
polymer. Molecular size may be determined from maximum values of X-ray diffraction 
curves. Nematic polymers are workable by pressing, even at low temperatures. Their 
melting points are high, lying in a wide range often beyond the temperature of de
composition. Helix polymers with cylindrical symmetry, containing a chiral carbon 
atom are in the cholesteric state. The structure of mesomorphic polymers can be de
termined only by combining the results of several independent investigations on the 
texture and structure of the polymers.

M esom orphic s ta tes

A p ecu lia r fea tu re  o f  som e o rgan ic  com pounds w ith  an iso tro p ic  a rra n g e 
m en ts  is th a t ,  on h e a tin g , th e  c ry s ta ls  m e lt in to  an  an iso tro p ic  l iq u id  and  
becom e iso tro p ic  a t  c o n s ta n t te m p e ra tu re  on ly  upon  fu r th e r  h ea tin g . T h e  range  
be tw een  th e  iso trop ic  m e ltin g  p o in t an d  th e  c ry s ta llin e  s ta te  is ca lled  th e  m eso
m orph ic  s ta te . The iso tro p ic  m e ltin g  p o in t is re fe rred  to  in  th e  l i te r a tu r e  as 
th e  clearing  p o in t.

T he m esom orphic  s ta te  c a n n o t be considered  as a single hom ogeneous 
s ta te . I t  covers a co llective te rm  fo r severa l s tru c tu ra lly  w ell-d efin ab le  s ta te s . 
C onsidering th e  s tru c tu ra l a rra n g e m en t o f m esom orphic  su b stan ces  p resen ted  
in  F ig . 1, th e  follow ing s ta te s  m ay  be  d is tingu ished .

T he sm ectic  s ta te s  fo rm ed  u p o n  th e  d e s tru c tio n  o f c ry s ta ls  ap p ro ach es 
b es t th e  c ry s ta llin e  s ta te  s tru c tu ra lly . T hese are  lam in a r s tru c tu re s  (F ig . 2),

* Polymerization in Liquid Crystals, VII.
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Fig. 1. Mesomorphous states
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Fig. 2. Structural characteristics of the mesomorphous state

w h ere  th e  m olecules in  th e  lay e rs  are c ry s ta ls  (Sq, Sß), or tw o-d im ensional 
liq u id s  (S ^ , Sc). T he lo n g  ax is  of th e  m olecules m a y  be p a ra lle l to  th e  lay e r 
n o rm a l (Sß, S b , S a), o r  m ak es  an  angle w ith  i t  (Sq, S f , S c). P erio d ica l r e 
c u rre n c e  o f th e  m ass c e n te r  o f  th e  lay er re se m b lin g  a  rec ip ro cal la tt ic e  is 
c h a ra c te r is tic  of la y e r  p a c k in g . M olecules w ith in  th e  lay e r, how ever, do n o t 
g iv e  d ire c t tra n s la tio n  p a ra lle l  to  th e  rec ip ro ca l la t t ic e  [1—4].
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T he com m on fe a tu re s  o f nem atic  a n d  ch o leste ric  s ta te s  are  as follow s. 
T he an iso trop ic  m olecules considered to  h a v e  a cy lindrica l s y m m e try  are 
a p p ro x im a te ly  p a ra lle l to  th e ir  axes. N ev e rth e le ss  th e ir  m ass c e n te rs  are 
o rd e red  s ta tis t ic a lly  in  tw o  d irec tions an d  th e  m olecules are  p ack ed  in  p a ra lle l 
to  th e ir  long axes b y  d ire c t tra n s la tio n a l sy m m e try . T his tr a n s la t io n  has, 
how ever, no rec ip ro ca l la ttic e  c h a ra c te r  [1]. N em atic  m a te ria ls  c o n ta in in g  
ch ira l a tom s are  in  a cho lesteric  s ta te . T h is  m an ifes ts  itse lf  in  a m o re  o r less 
reg u la r a rra n g e m en t o f  th e  long axes o f  m olecules. P eriod ical o ccu rren ce  of 
th e  long axes o f  th e  m olecules resu lts  in  a p e r io d ic ity  ch a rac te ris tic  o f  th e  su b 
stan ce . D ue to  th e  cho leste ric  system , e x tre m e ly  la rg e  lig h t sc a tte r in g  ap p ea rin g  
as an  irid escen t co lou r can  be observed  a t  th e  w av e leng th  co rre sp o n d in g  to  
h a lf  perio d ic ity .

Mesomorphic polym er solutions

C onsidering m o lecu la r s tru c tu re , p o ly m ers  h av e  an  an iso tro p ic  g e o m e tri
cal a rra n g e m en t, w here  th e  m ain  chain  m a y  be  flex ib le  an d  in  th is  case th e  
p o ly m er m elt has iso tro p ic  p roperties. T h e  p o ly m er chain  m ay  b e , how ever, 
also rig id  or becom e rig id  d u ring  fo rm a tio n  o f  th e  helix  — w hen  th e  occu r
rence o f an iso tro p ic  p ro p e rtie s  m ay  be e x p e c te d  [5 — 7]. In  fac t, th e  fo rm a tio n  
o f an iso tro p ic  (n em atic  or cholesteric) so lu tio n s  could  be observed  in  th e  d is
so lu tio n  o f po ly (p -b en zam id e), p o ly (p -p h en y len ep h th a lam id e) [8 — 9 ], poly(y- 
b en zy l-L -g lu tam ate) an d  d iffe ren t b io p o ly m ers  [10 —12].

A niso trop ic  p o ly m er solu tions h av e , h ow ever, o ften  lim ited  m isc ib ility  
on th e  side o f th e  p o lym er. T herefore, th e  p o ly m er itse lf  c an n o t be considered  
to  be in  a m esom orph ic  s ta te  because i t  c ry s ta lliz ed  from  th e  so lu tio n  upon  
increasing  c o n c e n tra tio n .

T he co m b in a tio n  o f  spon taneous o r ie n ta tio n  and  a r ra n g e m e n t o f  th e  
p o ly m er m olecules w ith  th e  liqu id  c ry s ta llin e  s ta te  seem s to  be a v e ry  feasib le 
m e th o d  in  te ch n ica l p rocedures. T he rem o v a l o f  th e  so lven t from  m esom orph ic  
so lu tions is, how ever, a ted ious p ro ced u re . T herefo re , i t  seem s p a r tic u la r ly  
ad v an tag eo u s  if  th e  m esom orphic s ta te  develops th e rm o tro p ic a lly  d u rin g  
th e rm a l t re a tm e n t o f  th e  polym ers.

Thermotropic m esom orphic polymers

S everal a u th o rs  h av e  aim ed to  d e m o n s tra te  th e  th e rm o tro p ic  m eso
m orph ic  s ta te  o f p o lym ers [13 — 31]. T h is w as m o stly  a tta in e d  b y  p o ly m e riz a 
tio n  in  th e  m esom orph ic  s ta te . A ccord ing  to  p rev io u s experiences [13, 20, 23], 
th e  m esom orph ic  so lu tio n  o f  tra d itio n a l m onom ers d id  n o t p ro d u ce  a n y  m eso
m orph ic  p o lym er a f te r  p o lym eriza tion . W h en  th e  m onom ers th em se lv es
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w ere  in  th e  m esom orphic  s ta te ,  th e  p o lym ers fo rm ed  show ed m a in ly  an iso 
t ro p ic  p ro p e rtie s .

O f  th e  above m esom orph ic  s ta te s , th e  p o ly m e r was assum ed  b y  m o st 
a u th o r s  to  be in  th e  s ta te  observed  also fo r  th e  m onom er. P er plies  et a l. 
o b se rv e d  [31 — 33] a p e a k  in  th e  sm all-angle  X - ra y  sca tte rin g  of th e  p ro d u c t 
o f  p o ly m e riz a tio n  o f th e  nem ato g en ic  m o n o m er in  th e  nem atic  p h ase  o r in  
so lu tio n  a t  —78 °C. D u rin g  th e  p o ly m eriza tio n  o f  th e  m onom ers in  sm ectic  
s ta te ,  H a r d y  et al. [14, 15] fo u n d  th e  p o ly m ers  to  be  isom orphous w ith  th e ir  
m o n o m e rs . S u b sequen t ex p e rim en ts  based  on X - ra y  d iffrac tion  m easu rem en ts  
sh o w e d  [36] th e  above p o ly m er to  be in  th e  sm ec tic  В s ta te . T h e  p o ly m er 
fo rm e d  fro m  th e  n em ato g en ic  m onom er w as fo u n d  to  he rig id  w ith  a  m eso 
m o rp h ic  s tru c tu re  in  in v e s tig a tio n s  carried  o u t  b y  T svetkov et al. [37, 39]. 
T h ese  a u th o rs  [39] assum ed  th e  n em atic  s ta te  fo r  th e  po lym er as a consequence  
o f  th e  n e m a tic  s ta te  o f  th e  m onom er. T h e  s t ru c tu re  o f th e  po ly m ers  w ere 
id e n t i f ie d  b y  us [18, 41, 42] u sing  th e  th e rm o d y n a m ic  system  of th e  p o ly m er 
fo rm e d  w ith  a n em atic  or ch o lesteric  m onom er as w ell as v ia  th e  law  o f fu ll 
m is c ib il i ty  given b y  Sackm ann  [40] for su ch  sy stem s. A lthough  th e  p h ase  
c o n d itio n s  o f po ly m er-m o n o m er system s w ere fo u n d  to  be m ore com plex  th a n  
th o se  o f  low  m olecular w e ig h t substances [43, 4 6 ], we did  n o t f in d  a fu lly  
m isc ib le  series be tw een  th e  n e m a tic  m onom er a n d  i ts  po lym er, i t  b e in g  lim ite d  
on  th e  m o n o m er side [18, 41 , 42]. T he p o ly m e r p h ase  was s tu d ied  b y  sm all 
a n d  w id e  ang le  X -ray  d iffra c tio n , p o la riza tio n  m icro sco p y  and  th e rm o m ech an ic  
m e a su re m e n ts . In  sp ite  o f  th e  d ifferen t m e th o d s  o f in v estig a tio n s ap p lied , 
th e  sp e c if ic  s tru c tu re  o f th e  m esom orphic p o ly m e r could n o t be id e n tif ie d  
u n a m b ig u o u s ly . T he m e th o d  app lied  b y  sev e ra l au th o rs , w ho d e te rm in e d  
th e  m eso m o rp h ic  phase  o f th e  po lym er on th e  b as is  of a single e x p e rim e n ta l 
r e s u lt  (e .g ., sm all angle X - ra y  sca tte rin g , e s tim a tio n  of chain  r ig id ity  in  so lu 
tio n , o r  D SC in v es tig a tio n  o f  th e  p o ly m er-m o n o m er system ), seem s to  be, 
th e re fo re , r a th e r  superfic ia l.

R e c e n tly , po lym ers p re p a re d  from  th e  hom ologous series o f p -a lk o x y -  
p h e n y l p -a c ry lo ilo x y b en zo a te s  have  been s tu d ie d  b y  th e  follow ing m e th 
ods [47 — 49] : sm all a n d  w ide  angle X -ra y  sc a tte r in g , p o la riza tio n  m icros- 
co p y  ( te x tu re  in v es tig a tio n , o p tica l a n iso tro p y ) , th erm o m ech an ics , DSC, 
sc a n n in g  e lec tro n  m icroscopy , d en sity  m e a su re m e n ts , m easu rem en ts o f  m o 
le c u la r  size b y  GPC, etc. F u r th e r  in v es tig a tio n s  (X -ra y , NM R) w ere c a rr ie d  o u t 
in  a m a g n e tic  field  on so ften ed  system s. E v a lu a tio n  of these  in d e p e n d e n t 
m e th o d s  v e rifie s  th a t  th e  p o ly m er has a r ig id  cy lin d rica l shape, th e  m eso 
m o rp h ic  p h a se  o f w hich show s th e  closest re sem b lan ce  to  th e  n e m a tic  s ta te .

T h e  above in v es tig a tio n s  also in d ica te  t h a t  th e  nem atic  p o ly m er c a n n o t 
be iso m o rp h o u s  w ith  th e  n e m a tic  phase o f th e  m onom er. These fu n d a m e n ta l 
s t r u c tu r a l  d iscrepancies offer a n  e x p lan a tio n  o f  th e  fa c t th a t  if  th e  m o n o m er 
m o lecu les  a re  forced (e.g. b y  m eans o f a m a g n e tic  fie ld ), in to  an  a rra n g e m e n t
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p a ra lle l to  th e ir  long axes, p o ly m e riz a tio n  w ill lead  to  a sm ec tic  po lym er 
[29, 32]. As th e  p o ly m eriza tio n  re a c tio n  is n o t com plete , on th e  basis  o f  our 
experience  w ith  po ly m er-m o n o m er in te ra c tio n , eve can s ta te  t h a t  th e  v itrified  
p o ly m er-m o n o m er system  is in  an  o rien ted  sm ectic  s ta te .

A n o th e r d ifficu lty  in  th e  id e n tif ic a tio n  o f  th e  m esom orphic  p h ase  is th a t  
p o lym ers h av e  m olecular w e ig h ts  sev era l o rders of m ag n itu d e  g re a te r  th a n  
tra d itio n a l m esom orphic  su b s ta n c e s . T h e  ex trem ely  h igh m o lecu la r w eigh t 
co n sid e rab ly  m odifies th e  re la x a tio n  p ro p e rtie s  o f th e  w hole m olecu le . T h e re 
fore, up o n  going from  w ell-know n m esom orph ic  substances to  m esom orph ic  
po lym ers, th e  in d iv id u a l m eso m o rp h ic  s tru c tu re s  m u st be in te rp re te d  in  
te rm s  o f th e  specific  fea tu res o f  th e  p o ly m er. In  o th e r  w ords th e  s tru c tu re  m u st 
be verified  b y  u n am biguous e x p e rim e n ta l evidence.

O ur m o st recen t e x p e rim e n ts  [47—49] allow ed th e  re in v e s tig a tio n  of 
o u r po lym ers prev io u sly  considered  to  be o n ly  m esom orphic, u sin g  re la tiv e ly  few 
specific  m easu rem en ts  an d  closer d e te rm in a tio n  of th e  m eso m o rp h ic  s ta te .

P o lym ers m ay  be ex p ec ted  to  be in  th e  sm ectic  s ta te  in  th e  case o f  th e  
so-called  “ h e rrin g -b o n e”  geo m etrica l a rra n g e m en t [50]. T he side  ch a in s  on 
b o th  sides o f th e  m ain  chain  lie  in  one com m on p lane an d  are  p e rp e n d ic u la r  
to  th e  average  d irec tio n  of th e  m a in  ch a in . T h e  m olecular s tr in g s  fo rm ed  in 
such  a w ay  are  a rranged  in  p a ra lle l fo rm in g  a sy m m etrica l la y e r .

T he n em a tic  s ta te  is e x p e c ta b le  w ith  m olecules of cy lin d rica l sy m m etry , 
th e re fo re , in  o u r assum ption  th is  s ta te  is ch a rac te ris tic  fo r he lica l po lym er 
ch a in s . C om pleting  published  d a ta  w ith  o u r ow n ex p erim en ta l re su lts , we wish 
to  give a com prehensive v iew  o f th e rm o tro p ic  m esom orphic  p o ly m er s ta te s  
in  o u r p re sen t p ap e r.

Experim ental

The texture of the polymers was studied by the use of a polarization microscope (Zeiss 
Polmi A) [43]. Plasticity was tested by Höppler’s consistometer [43]. Small angle diffracto- 
grams were recorded on a Rigaku Denki diffractometer and the results evaluated by Gu in ie r ’s 
method [51, 52]. Wide angle records were made on a wide angle Philips powder diffractograph, 
using Ni-filtered Cu Ka radiation. X -ray diffraction was carried out by the transmission method 
with pellets prepared at room temperature under 200 MN/m! pressure. The pellets were broken 
up and after treatment with Au, the surface of fracture was studied by scanning electron 
microscopy. X-ray diffractograms recorded for samples below room temperature were taken 
by the reflection method at a rate o f l°/m in of 20 .

Syntheses of the polymers studied were described in our earlier publications [14 — 19; 
41, 46].

R esults and Discussion

Sm ectic po lym ers

S m ectic  p o lym ers w ere e x p e c te d  to  fo rm  in  th e  course o f  hom ogeneous 
p o ly m eriza tio n  in  th e  sm ectic p h a se  [5, 1 4 — 19, 41]. F igures 3 an d  4 show 
th e  X -ra y  d iffrac to g ram s of p o ly (c e ty l v in y l e th e r) and  p o ly (c e ty l m e th ac -
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Fig. 3. X-ray diffractogram of poly(cetyl v inyl ether)

Fig. 4. X-ray diffractogram of poly(eetyl methacrylate)

Fig. 5. Polarization micrograph of poly(cetyl vinyl ether)
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Fig. 6. Polarization micrograph of poly(cholesteryl vinyl succinate)

ry la te )  a t  d iffe ren t te m p e ra tu re s , re sp ec tiv e ly . T h e  peaks observed  in  th e  sm all 
angle  range  re flec t th e  doub le  leng th  of th e  side chain  and  its  2 n d  a n d  3rd  
o rd e r reflec tions. T h e  sh a rp  p eak  in th e  м-ide ang le  ran g e  reflec ts  „ c ry s ta ll iz a 
t io n ”  o f th e  h ex ag o n a l v id e  chain  in th e  sm ectic  В s ta te  [3]. As c an b e  seen in  th e  
case o f  p o ly (ce ty l v in y l e th e r), th e  in te n s i ty  o f  th e  peak  re p re se n tin g  th e  
p ack in g  o f side ch a in s  decreases and th e  h a rm o n ic s  of th e  lay e r p e rio d  d is
ap p e a r a t  h igher te m p e ra tu re s . This p h en o m en o n  can  he observed  on  t r a n 
s itio n  from  sm ectic  В to  sm ectic  C or A , re sp e c tiv e ly  [36]. S im ila r re su lts  
w ere re p o rte d  fo r v in y l p o lym ers [50, 55] s u b s t i tu te d  b y  various long  ca rb o n  
chains. T he p o la rized  m ic ro p h o to g rap h  o f p o ly (c e ty l v iny l e ther) d e p ic te d  in  
F ig . 5 shows a focal conic te x tu re . A s im ila r te x tu re  can be o bserved  w ith  
p o ly (ce ty l m e th a c ry la te )  a t  — 10 °C. F ig u re  6 p re se n ts  th e  m icrog raph  o f  po ly - 
(cho lestery l v in y l su cc in a te ) . I ts  X -ray  p a t te rn  can  he seen in  Fig. 7 ; c o m p a r
ison o f th e  possib le  in te rp re ta tio n s  o f th is  d iffrac to g ram  w ith  th e  re su lts
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Fig. 8. SEM of poly(cholesteryl vinyl succinate); magnification: 6100 X

Fig. 9. X -ray diffractogram of poly(hexadecylacrylamide) and poly(hexadecylmethacryl-
amide)

o f  e a r l ie r  in v estiga tions [19] p o in ts  to  th e  sm ec tic  s tru c tu re  o f th e  p o ly m er. 
N o h a rm o n ic s  of th e  lay e r p e rio d  can  he seen  in  th e  d iffrac to g ram . S ince th e  
p e a k  re p re se n tin g  th e  p a c k in g  of th e  side c h a in  is diffuse (sm ectic  C), th e  
d if f ra c to g ra m  does n o t e ssen tia lly  differ from  th a t  o f polym ers w ith  cy lin d rica l 
s h a p e , as w ill be seen la te r . T h e  la m in a r s tru c tu re  of p o ly (ch o leste ry l v in y l 
s u c c in a te )  de term ined  b y  SE M  is well d iscern ib le  in  Fig. 8. F ig u re  9 d isp lay s 
d if f ra c to g ra m s  o fh ex ad ecy lac ry lam id e  an d  m e tac ry lam id e  po lym ers in  sm ectic  
В p h a s e .

T h e  sm ectic po lym ers s tu d ie d  were p la s tic  u n d e r  h igh p ressu re . T h e  p o ly 
m e r b lo ck s  pressed from  p o w d er o r p rep a red  from  so lu tion  w ere rig id , r a th e r  
b r i t t l e ,  w ith  a sharp  an d  m a rk e d  m eltin g  p o in t  (T able I).
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Table I

Characteristics of the polymers studied

P olym er Tm
°c

D
nm

„ (D ) d
nm

n(d)
~

L e n g th  o f  a 
m o n o m er u n it  

(nm )

PoIy(cetyl vinyl ether) 38—40 3.33 2.7 0.417 21.5 2.63
Poly(cetyl methacrylate)

at —20° 0 - 6 2.83 2.6 0.414 33.2 2.8
at 0° 2.95 1.9 0.419 9

Poly(cholesteryl vinil succinate) 190 3.39 3.7 0.54 6.0 2.95
Poly(hexadecylacrylamide) 100 2.95 7.5 0.427 26.3 2.8
Poly(hexadecylmethacrylamide) 8 0 -9 0 3.15 9.3 0.433 29.6 2.8

Poly(phenyl p-acryloiloxyben-
zoate) 20 0 -2 2 0 2.52 2.9 0.46 4.9 1.65

Poly(p-butoxy phenyl-p-acryl-
300doiloxybenzoate) 3.93 2.8 0.437 5.9 1.9

Poly(cholesteryl acrylate) 300d 3.05 2.9 0.568 5.1 2.7
Poly(cholesteryl vinyl fumarate) 300d 3.33 2.2 0.557 5.7 3.3

Poly(butyl ithaconate) 1 2 0 -140 1.61 2.1 0.455 6.0 1.29
Poly(octyl ithaconate) 6 0 -8 0 2.76 2.0 0.46 5.8 1.79

d =  melting with degradation
n =  periodicity number calculated from the line width of the reflexion peak

V in y l po lym ers, w here  a b u lk y  s u b s ti tu e n t  w as a tta c h e d  to  th e  v iny l 
g ro u p  th ro u g h  a soft, e las tic  a lk y l chain , w ere fo u n d  to  be sm ectic  [34, 35, 56]. 
In  p o lym ers w ith  a soft m ain  chain , th e  sm ec tic  s tru c tu re  could  be  d e tec ted  
fo r fo lded  chains of p o ly p ro p y len e  [57] a n d  p o ly e th y len e , re sp ec tiv e ly . In  th e  
case o f th e se  po lym ers th e  sm ectic  s ta te  ap p ea rs  m acroscop ically  s im ila r to  
th e  sp h ero lite  s tru c tu re . T h e  p o ly m er o f  ch o leste ry l m e th a c ry la te  w as also 
fo u n d  to  be sm ectic [25].

N em atic  po lym ers

T h e only  s tru c tu ra l fe a tu re  to  be e x p e c te d  for nem atic  p o ly m ers  is th a t  
th e  m olecules are a p p ro x im a te ly  p a ra lle l w ith  th e ir  long axes. I n  th is  re sp ec t 
th e y  a re  sim ilar to  th e ir  o rien ted  am o rp h o u s po lym ers. T he m o s t essen tia l 
d ifference betw een  o rien ted  am orphous a n d  n em a tic  po lym ers is [49] th a t  
th e  o r ie n ta tio n  of m olecules in  th e  n e m a tic  p o ly m er is sp o n tan eo u s, th e re fo re , 
th e  sy s te m  is th e rm o d y n am ica lly  in  th e  v ic in ity  o f m in im um  free  energy , 
w hereas th e  o r ien ta tio n  o f m olecules in  am o rp h o u s  substances is a s ta te  a r t i 
fic ia lly  c re a te d  u n d er th e  effect o f som e fie ld  o f  force and  is fro zen , i.e. i t  is 
fa r  from  th e  m in im um  o f th e  free energy . T h erefo re , th is  o r ie n ta tio n  is an  u n 
s tab le  s ta te  o f th e  su b stan ce , w hich  ceases u p o n  app ro ach in g  eq u ilib riu m  
a f te r  th e  elapse of a c e r ta in  perio d  (possib ly  o v er several years).
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Fig. 10. Polarization micrograph of a poly(phenyl p-acryloiloxy benzoate)film
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Fig. 11. X -ray diffractogram of poly(phenyl p-acryloiloxybenzoate) and poly(p-butoxyphe-
nyl p-acryloiloxybenzoate)

T h e  system  w ith  a cy lin d rica l h e te ro g en eo u s phase developed  u p o n  
m e c h a n ic a l effects o f A B A  b lo ck  copolym ers c a n n o t be considered as n e m a tic  
p o ly m e rs  [58], th o u g h  th e se  su b stan ces show  n e m a tic  p roperties an d  m a y  be  
c o n s id e red  essen tia lly  as e x tra p o la te d  m acroscop ic  reflexions o f such  e q u i
lib r iu m  sy stem s.

F ig u re  10 p resen ts  th e  p o la riz a tio n  m ic ro g rap h  o f  a po lym er film  p re p a re d  
fro m  a  ch lo ro fo rm  so lu tio n  o f p o ly (pheny l p -a c ry lo ilo x y b en zo a te ). T he 
m eso m o rp h ic  s tru c tu re  has th e  Schlieren  te x tu re  [59] ch a rac te ris tic  o f n e m a tic  
su b s ta n c e s . T he range  o f  s in g u la ritie s  is, how ever, m u c h  la rger th a n  in  th e  case 
o f  n e m a tic  sub stan ces w ith  low  m olecular w e ig h t.

F ig u re  11 d isp lays th e  X -ra y  d iffrac to g ram s o f po ly (pheny l p -a c ry lo il
o x y b e n z o a te )  and  p o ly (p -b u to x y  p -ac ry lo ilo x y b en zo a te ). A b ro a d  m ax i-
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Fig. 12. SEM micrograph of poly(p-butoxy phenyl-p-acryloilhydroxybenzoate); magnifi
cation: 6100 X

m um  can  be o b se rv ed  in  th e  range o f sm a ll angles. On th e  basis  o f th e  line 
w id th , p erio d ic ity  e x te n d s , how ever, on ly  as fa r  as th e  3rd  or 4 th  n e ig h b o u r. 
T he va lu e  of p e r io d ic ity  is h igher th a n  th e  le n g th  o f th e  side ch a in  b u t  low er 
th a n  th e  double  le n g th  o f  th e  m olecule. A  s im ila r  X -ra y  d iffrac to g ram  can  be 
observed  fo r р -m e to x y -, as well as fo r p -e th o x y -  and  p -p ro p o x y p h e n y l p -  
ac ry lo ilo x y b en zo ate  po lym ers. Sm all an g le  X -ra y  sca tte rin g  show s th e  
d ia m e te r  o f th e  c y lin d e r o f  th e  rig id  p o ly m e r m olecule [47].

O n th e  basis  o f  G PC  m easu rem en ts as w ell as o f th e  G u in ie r’s p lo t of 
th e  sm all angle X - ra y  sc a tte rin g  of th e  p o ly m e r, its  m olecules can  b e  con
sidered  as rig id  cy lin d e rs  w ith  a len g th  to  d ia m e te r  ra tio  o f a p p ro x im a te ly
3 - 4 .

F igu re  12 show s th e  SEM p a tte rn  o f  p o ly (p -b u to x y p h e n y l p -ac ry lo il-  
o xybenzoate). T he th re a d -lik e  te x tu re  ca n  b e  read ily  observed  in  c o n tra s t  
to  th e  lam ella r te x tu re  o f po ly (ch o leste ry lv in y lsu cc in ate ) show n in  F ig . 8. 
T he SEM  p a t te rn  o f  th e  po lym ers o b ta in e d  from  o th e r p -a lk o x y p h e n y l p -  
ac ry lo ilo x y b en zo ates  show  also m an y  s im ila ritie s  to  th a t  p re se n te d  on 
F ig . 12 [47].

T he n em a tic -p h ase  po lym er is d esc rib ed  in  th e  lite ra tu re  as a p o ly m er 
p re p a re d  from  a m o n o m er hav ing  a n em a tic  s ta te . T he nem atic  s ta te  h as  been 
d e te rm in ed  m ain ly  on th e  basis o f w h e th e r o r  n o t a peak  co m p arab le  w ith  th e  
len g th  o f  th e  side c h a in  could  be d e tec ted  in  th e  X -ra y  d iffrac to g ram  o f th e
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o p tic a l ly  an iso tro p ic  po lym er. I n  th e  absence o f  th is  peak , th e  p o ly m er w as 
c o n s id e re d  to  be in  th e  n e m a tic  s ta te . O u r in v es tig a tio n s  show ed [47 — 48], 
h o w e v e r, th e  d iam eter o f th e  envelop ing  su rface  of th e  po lym er h e lix  to  
a p p e a r  in  th e  d iffrac togram . In  o u r opin ion , i f  th e  d iag ram  shows a re flex io n  
w hose  d  sp a c in g  corresponds to  or is longer th a n  th e  len g th  of th e  m o n o m er, 
th is  d o es  n o t  exclude th e  ex is ten ce  o f  th e  n e m a tic  po lym er. The a p p e a ra n c e  
o f th e  h a rm o n ic  of th is  line p o in ts , how ever, to  th e  sm ectic  s ta te . T h e  “ s h a rp 
ness”  o f  th e  f ir s t  reflexion is a lso  re la tiv e , i.e. th e  id en tica l line w id ths m easu red  
a t  d if fe re n t  reflec tion  peaks p o in t to  d iffe ren t d istan ces  of a rra n g e m en ts  D

w h ere  ß  d en o te s  the  h a lf  line  w id th  (rad) a t  th e  h a lf  he igh t of th e  p e a k . /. 
d e n o te s  w av e len g th , К  ~  1. D  is th e  perio d  assigned  to  th e  peak  m a x im u m  
(0°) a n d  R  is th e  c ry s ta llite  size assigned to  lin e  w id th .

T h e  f ilm  or pellets p re p a re d  from  n e m a tic  po lym ers are m u ch  m ore  
e la s tic  a n d  h a rd e r  even in  th e  g lassy  s ta te  th a n  those  ob ta in ed  from  p o ly m ers  
in  th e  sm e c tic  phase. In  th e  case  o f id en tica l su b s titu e n ts , th e  c learin g  p o in t 
o f  th e  n e m a tic  po lym er is a t  a h ig h er te m p e ra tu re  th a n  th a t  of th e  sm ec tic  
p o ly m e r  (see T ab le  I). In  th e  sm ectic  phase , th e  side chains along b o th  sides 
o f th e  m a in  chain  are in  a tw o -d im en sio n a l c ry s ta llin e  s ta te . T he ch a in  m e ltin g  
is e x p e c te d  to  proceed, th e re fo re , s im ilarly  to  th e  process of c ry s ta l m e ltin g . 
T h e  p o s it io n  o f side chains in  aperiod ic  helices co rresponds to  th e ir  p o s itio n  
in  g la ssy  am orphous system s [47]. In  m e ltin g , cy lind rica l sy m m e try  ceases 
u p o n  f u r th e r  d estru c tio n  o f th e  b u lk ie r m o lecu la r blocks in  d iso rd e red  s ta te  
due  to  th e  s tre tch in g  effect o f  repu lsion  forces. A niso trop ic  rig id  bod ies te n s  
o f th o u s a n d s  in  m olecular w e ig h t can n o t be e x p e c te d  to  tak e  s ta tis t ic a lly  d is 
o r ie n te d  po sitio n s, for th is  w o u ld  req u ire  an  ex trem e ly  g rea t d e s tru c tio n  of 
th e  p a c k in g . F u rth e r  d e sc tru c tio n  o f th e  ap erio d ic  helix  u sua lly  ta k e s  p lace  
w ith  t h e  c leavage of chem ical bonds.

A s p o in te d  ou t in  th e  In tro d u c tio n , th e  cho lesteric  s ta te  is c h a ra c te r 
is tic  o f  m olecu les con ta in in g  c h ira l ca rb o n  a to m s. T herefo re, helical p o ly m ers  
a re  p re s u m a b ly  in  th is  s ta te  in  th e  case o f  a p a ra lle l helical a rra n g e m e n t, 
p ro v id e d  th e  m onom er is n o t racem ic . In  th e  course of v iny l p o ly m eriza tio n , 
th e  c o n f ig u ra tio n  of su b se q u e n t asy m m etric  C a to m s is id en tica l in  iso ta c tic  
c h a in  se g m e n ts . This does n o t  im p ly  th a t  th e  p o lym er is m acro sco p ica lly  
c a p a b le  o f  o p tica l ro ta tio n  b ecau se  th e  p ro b a b ilitie s  fo r th e  fo rm a tio n  o f  d 
a n d  l c h a in s  are  iden tica l. I n  th e  u n i t  cells o f  c ry s ta llin e  v iny l ty p e  h e lica l

[see E q .  (1)] :
R  _  К  л I Я __ К  tg (0 ° )

( 1 )
ß  cos 0 °  I 2 sin 0 °  2ß

Cholesteric polymers
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Fig. 13. X-ray diffractogram of poly(cholesteryl acrylate)

polym ers, th e  r ig h t an d  le f t h an d ed  helices a re  s im u ltan eo u sly  p re sen t. In  
o th e r  w ords, th is  m eans th a t  th e  po lym er is racem ic  [60]. R acem ic su b stan ces 
h a v e  no ch o lesteric  s ta te  w hile  th e  m ix tu re  (1 : 1 ra tio )  o f o rig inally  chol
este ric  d an d  l m olecules is n em a tic .

This is n o t th e  case w h en  th e  su b s titu e n t o f  th e  v in y l chain  co n ta in s  an  
asy m m etric  a to m . T he n e m a tic  s ta te  of su ch  p o ly m ers  appears th e n  as th e  
cho lesteric  s ta te  [10 —12].

F igure 13 p re sen ts  th e  X -ra y  d iffrac to g ram  o f po ly (cho lestery l a c ry la te ). 
S im ilarly  as in  F ig . 11, a re flex io n  co rresp o n d in g  to  th e  d iam e te r of th e  m ol
ecule can  be d e te c te d  in  th e  sm all angle ra n g e , w h ich  po in ts  to  a cy lind rica l 
d iam e te r  o f 3 nm . T his v a lu e  is h igher th a n  th e  le n g th  o f th e  side ch a in  b u t 
low er th a n  th e  la y e r  p e rio d ic ity  in  th e  t i l te d , d o u b le , sm ectic  m onom er lay e r.

In  F ig u re  14 we m ay  see th e  SEM p a t te r n  o f  po ly (ch o leste ry l ac ry la te ). 
T h e  frac tu re  su rface  o f th e  p o ly m er pellet re sem b les  th a t  o f a g lassy  am orphous 
po lym er an d  no  fin e  s tru c tu re  can be o b se rv ed .

The p o ly m eriza tio n  o f  cho leste ry l v in y l fu m a ra te  was described  in  a 
p rev ious p a p e r  [41, 42]. I t  cou ld  be observed  t h a t  th e  p o lym er in  in te ra c tio n  
w ith  its  m onom er h ad  a ch o leste ric  phase . T h e  X -ra y  d iffrac to g ram  o f th e  
po lym er is p re se n te d  in  F ig . 15. The d iffra c to g ram  co rresponds essen tia lly  
to  th e  p a tte rn s  p resen ted  ea rlie r . The d ia m e te r  o f  envelop ing  surface o f  th e  
po lym er helix  is 3.4 nm .

The c learin g  p o in t o f th e  po lym er is 300 °C (w ith  decom position) its  
m elting  p o in t is , how ever, 190 °C [41]. In  th e  po ly m er-m o n o m er ph ase  d ia 
g ram , th e  ap p e a ra n ce  o f  a cho lesteric  phase  w as o b serv ed  a t  th e  side o f th e  
po lym er, w hich  becom es g lassy  upon  cooling. T h e  co lour ch a rac te ris tic  o f  th e  
cholesteric  s ta te  g rad u a lly  sh if ts  w ith  th e  d ec rea se  o f m onom er c o n te n t from  
th e  visible to  th e  UY ran g e . T h e  cholesteric  s ta te  freezes a t  90 °C an d  th e  
c h a ra c te ris tic  co loured  lig h t sc a tte r in g  p e rs is ts  a t  ro o m  te m p e ra tu re  fo r years.
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Fig. 14. SEM micrograph of poly(cholesteryl acrylate); magn.: 6100

I n  th e  course of c o p o ly m eriza tio n  o f m onom ers co n ta in in g  a ch o les te ry l 
g ro u p , F i n k e l m a n n  [35] fo u n d  th e  copo lym er to  be cholesteric  in  an  e x tre m e ly  
n a rro w  ra n g e  of com position , w h e reas  in  all o th e r  ranges th e  su b s ta n c e  p ro v ed  
to  b e  sm e c tic . These s ta te s  w ere  d e te rm in ed  on  th e  basis o f an  X -ra y  d iag ram  
an d  th e  cho lesteric  s ta te  w as id e n tif ie d  b y  th e  p o la riza tio n  o f  c irc u la r  lig h t 
re f le c tio n .

A cco rd in g ly , i t  m ay  be  s ta te d  t h a t  u n d e r  ce rta in  co n d itio n s w h ich  are 
n o t k n o w n  y e t, th e  d iffra c to g ram  o f sm ectic  po lym ers show s a s tr ik in g  re 
se m b la n c e  to  those of n e m a tic  a n d  ch o leste ric  po lym ers.
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Fig. 16. X-ray diffractogram of poly((3-butyl ithaconate) and poly(/3-octyl ithaconate)

F igure 16 show s th e  X -ra y  d iffrac to g ram  o f po ly (/3 -m onobu ty lithaconate) 
an d  p o ly (ß -m o n o ce ty lith aco n a te ) [61]. In  th e  sm all angle s c a tte r in g  range 
a re la tiv e ly  sh a rp  p e a k  can  be observed . T h e  co rrespond ing  sp ac in g  increases 
w ith  grow ing le n g th  o f  side chains. T h e  po ly m ers  are, how 'ever, iso trop ic . 
No o th e r p ro p e rtie s  seem  to  ju s tify  th e  a ssu m p tio n  o f th e ir  m esom orphic  
s ta te s . In  th e  case o f  iV -su b stitu ted  m ale iin id e  po lym ers, B arrales  R ienda  
et al. [62] observed  d iffu se  peaks sh ifted  to w a rd s  sm aller re flex io n  angles in 
v erse ly  p ro p o rtio n a l to  th e  len g th  of th e  side cha in . R eflec tio n s co rrespond ing  
to  th e  d iam ete r o f  th e  enveloping  su rface  o f th e  helical m olecule w ere show n 
ea rlie r in  th e  X -ra y  d iffrac to g ram  of p o ly -acen ap h th y len e  [63]. T h u s , a diffuse 
p eak  w ith  an  id e n t i ty  period  correspond ing  to  th e  d iam e te r  o f  th e  m olecular 
he lix  observed  in  th e  X -ra y  d iffrac to g ram s is, in  itse lf, n o t su ffic ien t to  ju s tify  
th e  assu m p tio n  o f  a m esom orph ic  po lym er.

In  th e  case o f  m esom orph ic  po lym ers, an  e n th a lp y  ch an g e  o f  som e 100 
J /m o l m onom er u n i t  m a y  he d iscerned  in  th e  ran g e  o f th e  c lea rin g  po in t. 
A  sim ilar e n th a lp y  ch an g e  can  be recorded  b y  th e  DSC m eth o d  i f  m easu rem en ts  
a re  carried  o u t on an  am orphous iso tro p ic  p o ly m er w ith  ra p id  scann ing  
th ro u g h  th e  glass te m p e ra tu re . The fa c t t h a t  an  e n th a lp y  ch an g e  can  be 
m easured  d u rin g  h e a t  t re a tm e n t of th e  p o ly m er does n o t su ffic ie n tly  su p p o rt 
th e  a ssu m p tio n  o f  th e  m esom orphic s ta te  o f  th e  po lym er. T h e  o n ly  reliab le 
m e th o d  is to  d e te rm in e  th e  th e rm o tro p ic  a n iso tro p y  by  th e  use o f  a p o la riza tio n  
m icroscope. T h is is, n am e ly , th e  m ost e ssen tia l re q u ire m e n t o f th e  m esom orphic  
s ta te . T he m esom orph ic  s ta te  can n o t be id e n tif ie d , how ever, so lely  on  th e  basis 
o f  p o la riza tio n  m icroscop ic  in v estig a tio n s. A n  unam b ig u o u s so lu tio n  to  th e  
p rob lem  can be a t ta in e d  on ly  b y  a series o f  com plex  p a ra lle l in v es tig a tio n s  
p erfo rm ed  b y  d iffe re n t m ethods.

T he n u m b er o f  po ly m ers  in  th e  th e rm o tro p ic  m esom orph ic  s ta te  rep o rted  
in  th e  li te ra tu re  is r a th e r  h igh . The genera l exp erien ce  is th a t  if  th e  su b s ti tu e n t 
o f th e  v iny l m o n o m er is re la tiv e ly  rig id  a n d  a tta c h e d  d ire c tly  to  th e  m ain  
ch a in , th e  fo rm a tio n  o f  less b u lk y  helices in  th e  n em a tic  (cho lesteric) s ta te
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m ay  b e  observ ed . In  our ex p e rien ce , am b ien t co n d itio n s  o f po lym er fo rm a tio n  
do n o t  s ig n ifican tly  a ffec t th e  ta c t ic i ty  of th e  m a in  p o ly m er ch a in  [34, 35] 
an d  h a v e , co n sequen tly , no  su b s ta n tia l  effect o n  th e  p o lym er s tru c tu re . 
I s o ta c t ic  o r sy n d io tac tic  p o ly m e r chains fo rm  c ry s ta lliz in g  helices [60]. 
S m ec tic  p o lym ers are ex p e c te d  to  fo rm  if  th e  v in y l g roup  is s e p a ra te d  from  
th e  r ig id  b u lk y  side ch a in  b y  e la s tic  carbon  chains o r i f  th e  s u b s ti tu e n t  is  en 
t ire ly  a n  e lastic  carbon  ch a in  [34, 56]. I f  th e  side c h a in  is an  a lk y l c h a in , th e  
sm ec tic  s ta te  m ay  be e x p e c te d  in  th e  presence o f  ca rb o n  chains lo n g er th a n
С« [5 0 ] .
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Of the vibrational spectra of 39 m-dinitrobenzene derivatives a detailed assign
ment of the infrared and Raman spectra of m-dinitrobenzene, 2,6- and 2,4-dinitro- 
toluene, 2,4-dinitrophenylacetic acid and its m ethyl ester is given. The correlation 
of nitro stretching frequencies with the H am m ett sigma of other substituents has been 
studied. Only the frequencies of derivatives substituted in identical positions can be 
compared and the different kinds of substituents in m e ta  position do not affect the fre
quencies. The frequency of the out-of-phase component of the symmetric stretching 
vibrations is anomalously low in the spectra of aniline derivatives. H ot bands joined 
to the i asN 0 2 band offer the conclusion that in the excited state of this vibration the 
frequency of the twisting mode is lower.

Introduction

S everal a u th o rs  have  s tu d ie d  th e  in f lu e n c e  of su b s titu e n ts  on  th e  fre 
quencies a n d  b a n d  in ten s itie s  o f th e  n itro  g ro u p  in  in fra red  and  R a m a n  sp ec tra  
of n itro b en zen e  d e riv a tiv es  [1]. W e m a y  m e n tio n  e.g. th e  in v e s tig a tio n s  of 
B r o w n  [2], K r o s s  and  F a s s e l  [3], a n d  V a r s á n y i , H o l l y  a n d  I m r e  [4] 
in to  co rre la tio n s  o f NO s tre tc h in g  freq u en c ies  w ith  su b s titu e n ts , th e  o b se rv a 
tions of S h o r y g in  and  I l ic h e v a  [5] an d  N a k a s h im a  [6] in v o lv in g  th e  effect 
of s teric  h in d ra n c e  on th e  sam e freq u en c ies , th e  find ings of H o r Ák  a n d  co
w orkers [7] on th e  s tro n g  o v erto n es o f  n i tro  s tre tc h in g  v ib ra tio n s  in  th e  in fra 
red  sp ec tra  o f  d in itro b en zen e  d e riv a tiv e s , a n d  th e  rem arks o f K a t r it z k y  and  
S im m o n s  [8] on  scissoring frequenc ies d e p e n d in g  on th e  p o sitio n  o f  th e  sub 
s titu e n ts . I n  sp ite  o f th e  m an y  assigned  s p e c tra  availab le , no s y s te m a tic  t r e a t 
m en t o f th e  v ib ra tio n a l sp e c tra  o f  m -d in itro b en zen e  d e riv a tiv e s  h a s  been 
p u b lished  so fa r.

Classification o f  spectra

T he v ib ra tio n a l sp ec tra  o f  39 m -d in itro b en zen e  d e riv a tiv e s  h a v e  been 
s tud ied . T he assig n m en t or a t  le a s t a c o m p a ra tiv e  analysis o f s im ila r  no rm al 
v ib ra tio n s in  th e  m a jo rity  o f sp e c tra  has b een  rep o rted  earlier, h o w e v e r some 
of these  are  f i r s t  assigned in  th e  p re se n t p a p e r . T he com pounds in v e s tig a te d  
(n itro  g roups sy s te m a tic a lly  in  po sitio n s 1 a n d  3) w ere as follow s :
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A d e ta ile d  s tu d y  has b een  m ade of th e  I R  (60 — 3500 c m -1) a n d  R a m a n  
sp ec tra  o f th e  fo llow ing five  co m pounds : m -d in itro b en zen e  (p a re n t co m p o u n d  
o f the  series, th e  d e ta iled  a ss ig n m en t o f w h ich  w as g iven  earlie r [11], b u t  h ad  
to  be p a r t ly  m od ified  acco rd ing  to  ou r e x p e rim e n ts ) , 2 ,6 -d in itro to lu en e  (2),
2 ,4 -d in itro to lu en e  (5), 2 ,4 -d in itro p h en y Iace tic  acid  (6) and  m e th y l-2 ,4 -d in itro - 
pheny l a c e ta te  (7). No in te rp re ta t io n  has b een  g iven , how ever, o f  th e  IR  
sp ec tra  o f 2 -ch lo ro -3 ,5 -d in itro b en zam id e  (37) an d  l-b rom o-2-chIoro -3 ,5 - 
d in itro b en zen e  (38) e ither. In  th e  la s t wo cases we refer on ly  to  th e  c h a ra 
c te ristic  freq u en c ies  of th e  n itro  groups.

Detailed investigation o f spectra

m-Dinitrobenzene. F ollow ing  th e  d e ta ile d  assignm en t r e p o r te d  b y  
G r e e n  an d  L a u w e r s  [11], B o b r o v  an d  cow orkers [12] have  s tu d ied  th e  p o la r 
ized  R am an  a n d  in fra red  sp e c tra  o f th e  c ry s ta l . I n  th e  IR  sp e c tru m  o f th e  
c ry s ta l we succeeded  in  in d e n tify in g  tw o v ib ra tio n s  o f a2 species (16a, 17a) 
a t  572 and  952 c m -1 , y ie ld ing  also som e c o m b in a tio n s , e.g. th e  la t t e r  th e  in 
ten se  benzene f in g e r  co m ponen t a t  1767 c m - 1 . G r e e n  and  L a u w e r s  e s tim a te d  
tw o  frequencies a t  500 and  900 c m “ 1, w ith o u t ta k in g  in to  acco u n t, how ever, 
th a t  th e  16a freq u en cy , was h ig h e r th a n  500 c m -1 in  th e  cp ec tra  o f  a ll m-  
d isu b s titu te d  benzenes ex cep t m -xylene. T h e  16a freq u en cy  o f m -d ifluoro - 
benzene p ro v ed  to  be 591 c m -1 [22], w hereas th e  17a frequency  w as w ith o u t 
exception  h ig h e r  in  th e  sp ec tra  o f  all m -d isu b s titu te d  benzenes th a n  th a t  o f 
th e  17b v ib ra t io n  o f  b1 species. T h e  С —H  o u t-o f-p lan e  (уСдгН ) freq u en c ies  
o f  n itrobenzenes w ere found to  be th e  h ig h est o f  a ll benzene d e riv a tiv e s , th e re 
fore, th e  916 c m “ 1 17b freq u en cy  is n o t su rp ris in g  (assigned  so also b y  G r e e n  

an d  L a u w e r s ) a n d  th e  17a freq u en cy  m u st be  ab o v e  th is  va lue .
G r e e n  a n d  L a u w e r s  assigned  th e  572 c m “ 1 b a n d  to  th e  second  ro ck in g  

(/Sas) m ode o f  th e  n itro  group. H o w ev er, th e  d iffu se  ap p ea ran ce  o f th e  514 c m “ 1 
b an d  in d ica tes  th e  coincidence o f  th e  tw o  c o m p o n en ts . In  th e  so lu tion  sp e c tru m  
th e  572 cm 1 b a n d  is h a rd ly  observ ab le , w h ich  su p p o rts  our a ss ig n m en t to  
an  a2 v ib ra tio n .

I t  is v e ry  d ifficu lt to  id e n tify  v ib ra tio n  9a, th e  in -p lane  b en d in g  o f  b o th  
com plete n itro  g ro u p s [/?Сдг— ( N 0 2)]. G r e e n  a n d  L a u w e r s  assign a R a m a n  
frequency  a t  180 c m -1 . In  ag reem en t w ith  B o b r o v  an d  cow orkers, no  b a n d  
was found, h o w ev er, betw een  162 an d  196 cm  1 in  th e  R am an  sp ec tru m  s tu d ie d . 
O n th e  high w a v en u m b er side o f  th e  161 c m -1  in f ra re d  b an d  a sh o u ld e r could  
be discerned, w h ich  a t  h igher re so lu tio n  se p a ra te d  from  th e  m ain  b a n d . A t th e  
sam e tim e  in  th e  R a m a n  sp e c tru m  o f th e  so lu tio n  th e  162 c m ” 1 b an d  p ro v e d  to  
be p a r tly  p o la rized , confirm ing  th e  acc id en ta l d eg en eracy  of v ib ra tio n s  9a  an d  
10b. In  th e  in f ra re d  sp ec tru m  th e  shou lder f re q u e n c y  w as found  to  be 167
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c m - 1 . T h e  frequency  of th e  c o m b in a tio n  b a n d  fo u n d  s im ila rly  in  th e  in f ra re d  
s p e c tru m  (363 cm -1) w as th e  su m  o f 167 a n d  196 c m -1 th e  la t te r  be lo n g in g  
to  v ib r a t io n  10a found in  th e  R a m a n  sp e c tru m . T h is d e m o n s tra te s  t h a t  167 
c m -1  b e lo n g s  to  th e  10b v ib ra t io n  o f species because  10a o f o2 sy m m e try  
c a n n o t  co m b in e  in  th e  in f ra re d  w ith  a co m p le te ly  sym m etric  v ib ra t io n .

G r e e n  and  L a t j w e r s  h a v e  assigned  th e  s tro n g  in fra red  b a n d  a t  725 
c m -1  to  a n  in -p lane v ib ra t io n  o f  b2 species. T h e  in fra red  c ry s ta l sp e c tru m  
in v e s tig a tio n s  of B o b r o v  a n d  cow orkers h a v e  p ro v e d  th e  in -p lan e  c h a ra c te r  
a n d  th e  co rrec tness of th e  a ss ig n m en t. T h is  is n o te w o rth y  b ecau se  th e  725 
c m -1  fre q u e n c y  of v ib ra tio n  7b is ano m alo u sly  low , w hile th a t  o f  th e  b2 sy m 
m e try  sc isso ring  (jSsN 0 2) o f  o p p o site  p h ase  is anom alously  h igh  (909 c m -1). 
C o u p lin g  o f  th e  v ib ra tio n s  b e lo n g in g  to  th e  sam e  species, p a r tic u la r ly  t h a t  of 
th e  o p p o s ite -p h ase  C — N  s tre tc h in g  7b an d  th e  opposite-phase  /?SN 0 2 can 
c o n s id e ra b ly  separa te  th e  freq u en c ies .

2,6-D initrotoluene. A ssu m in g  a c y lin d ric a l sy m m etry  of th e  m e th y l 
g ro u p  (acco rd in g  to  th e  s p e c tru m  th is  is n o t  q u ite  ju s tif ie d ) , also th is  m olecule 
c a n  b e  a ss ig n ed  to  p o in t g ro u p  C2®. W ith o u t ta k in g  in to  co n sid e ra tio n  th e  m e th 
y l h y d ro g e n s , th e  m olecule h a s  16 atom s a n d  3 x  16 — 6 =  42 n o rm a l v ib ra 
t io n s . T h e se  are  com pleted  b y  th e  n ine n o rm a l v ib ra tio n s  of th e  m e th y l g roup . 
T h e  d is t r ib u t io n  of no rm al v ib ra tio n s  b e long ing  to  th e  skele ton  is th e  fo llow ing  :

15 3 ^ 2 0  —H  s tre tc h in g s  (rC Ar—H , 2 ,7a), 1C — H  bend ing  (/?CAr— H , 18a), 
2 r in g  s tre tc h in g s  (y—Сдг, 8 a , 19a), 3 m ore  r in g  v ib ra tio n s , b re a th in g  v ib ra 
t io n  e n c lo sed  (1, 6a, 12), 2 r in g -s u b s titu e n t s tre tc h in g s  (rCAr—X , 13, 20a), 
1 s u b s t i tu e n t  in -p lane b e n d in g  (/?CAr—X , 9a), fu rth e r-m o re , one sy m m e tric , 
(tsN 0 2) o n e  an tisy m m etric  s tre tc h in g , (rasN 0 2) one scissoring (ßsN 0 2) a n d  one 
ro c k in g  (/?asN 0 2) m ode o f  th e  n itro  g roup  ;

5 a 2 : 1 yCAr- H  (17a), 1 sk e le to n  (yCAr— CAr, 16a), 1 s u b s ti tu e n t  ou t-o f- 
-p la n e  v ib ra t io n  (yCAr—X , 10a) a n d  th e  w ag g in g  (ysN 0 2) an d  tw is tin g  (yasN 0 2) 
v ib ra t io n s  o f th e  n itro  g ro u p  ;

8 Ъг : 2 yCAr—H  (5, 11), 2 yCAr- C Ar (4, 16b), 2 yCAr- X  (10b, 17b) and  
th e  o th e r  y sN 0 2 and  yasN 0 2 m odes, an d  f in a lly ,

14 b 2 : 1 vCAr—H  (20b), 2 /SCAr- H  (3, 9b), 3 i-CAr- C Ar (8b, 14, 19b) 
1 /3CAr— CAr (6b), 1 тСАг—X  (7b), 2 (ЗСАг—X  (15, 18b), an d  th e  o p p o site  phase  
r sN 0 2 a n d  vasN 0 2 /?sN 0 2 a n d  /3as N 0 2 v ib ra tio n s .

T h e  9 m ethy l v ib ra tio n s  c a n  be assigned  to  th e  pseudo-species : 3 s t r e tc h 
in g s ( a l5 bx, b2), 3 bend ings ds a n d  (аг, bt , b2) 2 rockings <5̂  (6l5 b2) a n d  th e  
tw is t in g  v ib ra tio n  ( in te rn a l ro ta t io n , r ,  a2).

T h e  frequency  a ss ig n m e n t w as r a th e r  u n am b ig o u s  on g ro u n d s  o f  th e  
s p e c tru m  assignm ent o f n u m e ro u s  1 ,2 ,3 - tr isu b s titu te d  benzenes, p a r t ic u la r ly  
o f  m o lecu les  of higher s y m m e try , su p p o rte d  b y  n o rm a l co o rd in a te  ca lcu la tio n s  
[13]. F ro m  R am an  p o la r iz a tio n  p ro p e rtie s  one  can  es tab lish  a sy m m e try
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Table I

m-Dinilrobenzene

I R R a m a n I n t . S y in . j IR R a m a n I n t . S ym .

24 s lattice 1384 w 415 +  980 A t
38 vs lattice 1420 sh 2 x 7 1 6 At
61 w У  as «2 1439 w 1440 w 19a

80 vs 78 vs lattice 1468 w 1472 vw 19b b .

98 w 100 sh lattice 1491 sh 1 5 3 0 -4 x 1 0 В

161 VS 162 m 9a Ö1 1500 sh 1 5 3 0 -3 x 1 0 в 2

167 sh 10b Í-1 1510 sh 1 5 3 0 -2 x 1 0 B „

196 m 10a «2 1516 sh 572 +  952 A t
303 w 306 vw 15 1520 sh 15 3 0 -1 0 B2
353 s 354 m p 6a 1530 vs vas 6 2

363 sh 167 +  196 B„ 1541 vs 1538 s ? vas Ol
404 s 406 vw 6b к 1557 sh 655 +  909 B2
415 m 416 vw 16b Ь , 1560 sh 729 +  839 B2
514 m d 514 w d ßas a ,  —  bo 1571 sh 761 +  819 B2
572 w 16a a n 1603 s 1604 s ? 8a « 1

655 s 651 m dp 1, 4 a , —b1 1617 s 1620 vw 8b 6.,

716 vs 713 vw Ys b, 1631 sh 729 -f 909 At
729 s 726 vw 7b b, 1656 w 655 +  1004 A t

761 w Ys a 0 1702 vw 161 +  1541 ^ 1
764 w 196 +  572 At 1767 m 819 +  952 B.,
819 s 819 w 11 *>. 1828 m 2 x 9 1 6 At
839 s 839 s p ßs ai 1948 in 2x 9 8 0 A t
909 s 908 w ßs к 2000 m 655 +  1350 A t
916 s 17b Ь, 2260 vw 909 +  1350 B2
952 vw 17a «о 2440 vw 909 +  1541 B.,

1004 m 1003 vs p 12 2492 w 2496 vw 1149 +  1350 A t
1070 s 1073 vw 18a «i 2648 vw 1275 +  1375 At
1095 m 1095 vw 18b 2685 vw 2x1350 A t
1123 vw 404 +  729 At 2740 w 2 x  1375 A t

1130 vw 2 x 5 7 2 A t 2762 vw 1149 +  1617 B2
1149 m 1149 s p 13 a, 2815 vw 1275 +  1541 B2
1171 w 1172 w 9b 6o 2872 m 1350 +  1530 B,
1257 w 353 +  909 B0 j 2945 vw 2952 vw 1350 +  1603 A ,
1275 s 1276 vw H b= 3048 w 3045 vw 7a °i

1310 w 3 b2 3080 sh 20a «1
1328 sh 1328 vw 572 +  761 At I 3095 vw 3095 s p 2 “i
1350 vs 1356 vs p »s °i 3108 s 20b b„
1375 sh 1373 w

h
b.
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Table II

2,6-Dinitrotoluene

IR Raman In t. Sym. IR Raman In t. Sym.

22 vw 1360 sh 1 3 6 8 -8 ^ 1
41 w lattice 1363 sh 1368 vs p ”s Ol
48 m lattice 1384 vw 467+935 B 2

70 sh 65 vs 7a s Cl2 1389 m 1387 m p “ i
84 m 76 sh lattice 1424 s 1422 w 19b b.

101 m 98 m 17b b t 1443 sh 1448 w <5as + b„
108 sh lattice 1458 s áas + bt

(rCH3?) 1470 sh 1470 w p 19a «1
124 sh 10a a2 1487 sh 1528—4 x 8 B 2

189 s 181 s dp 10b ь , 1505 sh 1528 - 3 x 8 B z
226 w 228 vw dp 15 b„ 1515 sh 1528 - 2 x 8 B„

242 m 2 x 1 2 4 A l 1520 sh 1521 s v as «1
292 w 297 vw p 9a a l 1528 vs 1531 w ? v a s b2
329 s 329 m p 6a «1 1540 sh 1540 sh 732 +  819 A l

365 sh 364 w 18b b.. 1547 sh 1550 sh 388 +  1164 А  г

380 sh 2 x 1 8 9 A l 1559 vw 365 +  1207 B z
388 s 387 w 6b 6, 1563 sh 687 +  893 B z
446 w 449 w 16a «2 1575 m 1581 m ? 8a « i

467 m 466 w 16b bl 1613 vs 1613 w dp 8b b2
514 m 514 vw ß a s «1 1709 w 732 +  988 A i
579 m 578 s p 1 «1 1749 m 819 +  935 B z
630 w 631 vw 189 +  446 B„ 1803 w 819 +  988 A i
687 sh 689 w 12 «1 1860 m 2x 9 3 5 A i
712 vs 712 w dp 4 bl 1914 m 935 +  988 B,
732 vs 730 w У з bl 1970 ш 2 x 9 8 8 A i
755 w 758 w Уз Clo 2596 w 2x1300 A i
791 w 797 vs p ß s «1 2697 vw 2x1350 A i

819 vs 822 w 11 bl 2750 vw 2x1387 A i

841 m 841 s p ß s b2 2845 vw p 2x1422 A i
893 vs 896 vw dp 7b b2 2858 m 1348 +  1520 A i

988 m 5 bi 2870 vw 1348 +  1528 B 2
1024 vw <5Гг b , 2878 vw 2x1448 A i

1031 w 1028 w p <5as b2 2905 w 2x1458 A i

1081 s 1084 s p 18a «1 2930 m 2942 s p Ts
1132 w 1137 m p 13 «1 2987 w v a s b2

1164 m dp 9b b„ 3013 w 1470 +  1520 A i
1207 s 1206 s p 20a «1 3028 w 7a «i
1220 w sh dp 329 +  893 B z 3052 sh 3053 sh 2x1528 A i

1232 w 388 +  841 A l 3064 sh
1270 sh 467 +  819 A 1 3074 m 3078 s p 2 a,
1299 m 1300 w dp 14 ь2 3082 w 3088 vw 1520 +  1575 A i

1333 sh 1336 sh 1 3 4 8 -1 4 в„ 3098 s 20b b2
1348 vs 1350 sh dp ’’s b2 3152 w 2 x  1 5 8 1 A i
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d e g ra d a tio n  in  th e  su rro u n d in g s o f  th e  th re e  neighb o u rin g  su b s ti tu e n ts  o rig 
in a tin g  from  th e  asy m m etric  p o sitio n s o f th e  m e th y l hydrogens. I n  th e  m ore 
s ta b le  position  one o f  th e  hy d ro g en s lies in  th e  rin g  p lane, th e  o th e r  tw o  are  
o u t o f  i t .  This follow s from  th e  p o la rized  c h a ra c te r  o f b o th  /3SN 0 2 b an d s  
a n d  o f  th e  d ^C H 3 b a n d  assignab le  in  th e  R a m a n  spec trum , w h ich  ca n  he 
in te rp re te d  only  b y  an  overall Cs sy m m e try  w here  all these  v ib ra t io n s  are 
sy m m e tric  (a’). C onsequen tly , i t  is possib le  t h a t  th e  R am an  sh o u ld e r a t  108 
c m '1 does no t b e lo n g  to  a la ttic e  v ib ra tio n  h u t  to  th e  rC H 3 m ode.

T he in fra red  b a n d  of th e  p u c k e rin g  v ib ra tio n  (4) is v e ry  s tro n g , lik e  in  
th e  sp ec tra  of all 1 ,2 ,3 - tr isu b s titu te d  benzenes. O n th e  low w a v e n u m b e r side 
o f  th e  s tre tch in g  b a n d s  o f th e  n itro  g ro u p  h o t b an d s  are to  he fo u n d , su p p o sed  
o r ig in a tin g  from  th e  v-v tra n s itio n s  o f  th e  yasN 0 2 v ib ra tio n  [4]. T h e  b en zen e  
f in g e r  region is c h a ra c te ris tic , c o n ta in in g  th e  co m b in a tio n  and  o v e rto n e  b an d s  
o f  C — H  ou t-o f-p lan e  v ib ra tio n s. O u t o f 9 possib le  b an d s, five  can be  id e n tif ie d . 
T h e  a p p ro x im a te  frequency  o f v ib ra tio n  17a (n o t only in fra re d -in a c tiv e  b u t 
u n assig n ab le  also in  th e  R am an  sp e c tru m ) can  be estab lished  fro m  co m b i
n a tio n s  (935 c m -1 ).

2 ,4 -D in itro to luene . The h ig h e s t sy m m e try  o f th e  m olecule is Cs. R e g a rd 
less o f  th e  v ib ra tio n s  o f th e  m e th y l h y d ro g en s , th e  m olecule possesses 29 in 
p la n e  (a')  and  13 ou t-o f-p lane  ( a " )  v ib ra tio n s . O n th e  basis o f in f ra re d  and  
R a m a n  in ten s itie s , p o la riza tio n  p ro p e rtie s  an d  m ain ly  o f co m p ariso n  to  the 
s p e c tra  of m an y  s im ila rly  assigned  1 ,2 ,4 - tr isu b s titu te d  benzenes, th e  a ssign 
m e n t can  be m ade . A ccording to  R a m a n  p o la riza tio n  ra tio s , th e  a ss ig n m en t 
o f  tw o  b ands seem s to  be c o n tra d ic to ry . In  th e  R am an  sp ec tru m  a re la tiv e ly  
s tro n g  depo larized  h an d  is to  be fo u n d  a t  638 c m '1 and  a m u ch  w e a k e r  h u t 
p o la rized  b an d  a t  670 c m -1 . O ne can  e x p e c t in  th is  region th e  b re a th in g  
v ib ra tio n  of th e  r in g  loaded  b y  s u b s t i tu e n ts  (1) an d  th e  p u ck e rin g  m o d e  (4). 
T h e  b an d  of v ib ra tio n  1 is g en era lly  s tro n g  in  th e  R am an  sp e c tru m  w h ile  t h a t  
o f  v ib ra tio n  4 is a lw ays w eak. F ro m  in te n s i ty  co nsidera tions, 638 c m " 1 has 
to  be assigned to  v ib ra tio n  1 an d  670 c m " 1 to  v ib ra tio n  4, e sp ec ia lly  because  
v ib ra tio n a l f req u en cy  4 of 1 ,2 ,4 - tr isu b s ti tu te d  benzenes n e v e r  lies below 
650 c m -1 . D ep o la riza tio n  ra tio s , h o w ev er, a re  in  c o n tra d ic tio n  to  th is .  The 
an o m a ly  m ay be  p e rh ap s  in te rp re te d  b y  th e  acc id en ta l d eg en eracy  o f  th e  638 
c m -1  band  an d  an  A "  sy m m etry  co m b in a tio n  (160 -f- 479 =  639), a n d  o f the  
670 c m " 1 an d  an  A '  sy m m etry  c o m b in a tio n  (281 -(- 390 =  671) • 638 c m " 1 
is acc id en ta lly  d eg en era ted  also w ith  an  A '  sy m m etry  co m b in a tio n  (282 -f- 
-f- 352 =  634) causing  F erm i re so n an ce  in  th e  in fra red  sp ec tru m .

D ep o la riza tio n  ra tio s seem  to  c o n tra d ic t  to  th e  assig n m en t in  one  m ore 
case. B o th  b a n d s  belonging to  th e  v ib ra tio n  are  po larized  a lth o u g h  one of 
th e m  has an a "  sy m m etry . A n a c c id e n ta l d egeneracy  arises a lso  in  th is  case 
w ith  th e  o v e rto n e  o f th e  /?asN 0 2 v ib ra tio n , w hich  is n a tu ra lly  p o la riz e d  like
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all o v e rto n es  (1035, 2 x 5 2 0  =  1040). T he v N 0 2 b a n d s  are  v e ry  b r o a d :  o n ly  
one h o t  b a n d  can  b e  id e n tif ie d  as a sh o u ld er. T h e  co m b in a tio n  o f th e  r asN 0 9 
freq u en c ies  and  th e  o v e rto n e  o f th e  s tro n g e r  I R  co m p o n en t y ields re la tiv e ly  
s tro n g  b an d s  in  th e  in f ra re d , co rrespond ing  to  th e  observa tions o f  H orák 
a n d  cow orkers [7].

2,4-D initrophenylacetic acid and m ethyl-2,4-dinitrophenyl acetate.
T h e frequencies o f  th e  a ro m a tic  rin g  d iffe r b u t  s lig h tly  from  th o se  o f  2,4- 
d in itro to lu e n e  (F ig . 1) a n d  i f  th e y  do, th e  d iffe ren ce  can  be in te rp re te d  b y  
th e  lo n g er side c h a in  in s te a d  o f th e  m e th y l g ro u p . T h e  freq u en cy  d ifferences 
o f  th e  ac id  and  th e  e s te r  do n o t o rig ina te , h o w ev e r, from  th e  d iffe ren t le n g th s  
o f th e  side chains, b u t  r a th e r  from  th e  d im eric  s tru c tu re  o f th e  acid . T h e  d i
m eric  s tru c tu re  p a r t ly  in c reases  th e  /?Сдг—X  fre q u e n c y  of th e  w hole s u b s t i t 
u e n t  (9a), s im ila rly  as h o ld in g  dow n a s tr in g  in c reases  its  p itch , p a r t ly  d e 
creases th e  CAr—C b o n d  o rd e r. This la t te r  e ffec t p rev a ils  in  th e  s lig h tly  h ig h e r 
freq u en c ies  of v ib ra tio n s  7a  an d  13 and  in  th e  lo w er one of v ib ra tio n  6a of 
th e  e s te r . 7a an d  13 a re  m a in ly  тСдг —X  m o d es w hile 6a deno tes a  ra d ia l 
v ib ra t io n  o f th e  r in g  lo a d e d  b y  su b s titu e n ts  c o u p lin g  w ith  1»€дг—X  v ib ra tio n s .

F req u en c ies  t h a t  c a n n o t be a t tr ib u te d  to  th e  r in g  or n itro  g roups in  th e  
acid  sp e c tru m  are  as fo llow s : 147, 176, 353, 489 , 588. 766, 905, 942, 1182, 
1274, 1316 c m -1 a n d  o th e r  ch a rac te ris tic  m e th y le n e , ca rbony l a n d  O H  fre 
qu en c ies . 766, 1182 a n d  1316 are c h a ra c te r is tic  o f  th e  m ethy lene  g roup . T h e  
v e ry  s tro n g  I R  b a n d  a t  905 c m -1 belongs to  th e  y O H  v ib ra tio n  o f th e  d im eric  
ac id . 588 an d  1274 c m -1  ca n  be considered  as c h a ra c te r is tic  o f th e  c a rb o x y  
a n d  942 c m -1  of th e  C — C s tre tc h in g  in  th e  side  ch a in . T hus only  th e  fo u r 
lo w est frequencies sh o u ld  be  assigned. I t  is  o b v io u s th a t  th e  tw o  h ig h e r 
freq u en c ies  belong to  in -p la n e  bend ing  v ib ra tio n s , n am ely  489 c m -1  to  th e  
C — (O H ) g roup  an d  353 c m -1  to  th e  ch a in  C (H 2) — C ( = 0 )  — 0 (H ) . T h e  tw o  
low er frequencies a re  p ro b a b ly  due to  o u t-o f-p la n e  v ib ra tio n s  o f th e  sam e 
g ro u p s. T hese  w ould  b e  in te rn a l  ro ta tio n s  in  th e  m onom eric  acid b u t  a re  re a l 
v ib ra tio n s  in  th e  d im er. T h e  тО Н  v ib ra tio n  a p p e a rs  in  th e  d im eric s tru c tu re  
in  six  se p a ra te  s tro n g  b a n d s  consisting  o f tw o  e q u id is ta n t tr ip le ts  b e tw een  
2545 a n d  2998 c m -1 . B a n d  sep a ra tio n  o f th e  f i r s t  t r ip le t  is 90, th a t  o f th e  o th e r  
72 c m -1 . T he b a n d  s t ru c tu re  can  be in te rp re te d  a lso  b y  F erm i resonances, 
a ll six  b a n d s  co rresp o n d in g  to  com binations o f  sk e le ta l or n itro  g roup  v ib ra 
tio n s . T h e  u su a lly  v e ry  s tro n g  b an d  o f th e  vC =  0  v ib ra tio n  is to  be  fo u n d  
a t  1692 c m -1 in  th e  in f ra re d , i t  does n o t a p p e a r , how ever, in  th e  R a m a n  
sp e c tru m . A  v e ry  w e a k  b a n d  belonging to  th e  cen tro -sy m m etric  v C = 0  
v ib ra tio n  o f th e  d im er is  o b served  in s te a d  a t  1640 c m -1 , w hile 1692 c m -1 
belongs to  th e  a n tisy m m e tr ic  m ode.

T h e  frequencies w h ic h  c a n n o t be assigned  to  th e  rin g  or th e  n itro  g roups 
in  th e  a c e ta te  sp e c tru m  are  th e  fo llow ing : 177, 287, 599. 766, 987, 1166,

Acta Chim. Acad. Sei. Hung. 100, 1979
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Tabic III

2,4-Dinitrotoluene

I R R a m a n I n t . S y m . I R R a m a n I n t . S y m .

39 vs lattice 1307 sh 1308 w ? 3 а
45 w lattice 1345 vsd 1348 vs p ’’s а'
58 m Pas d" 1362 sh 1357 vs p vs а '

84 s 83 vs У as а” 1382 s 1382 w p 6s d '
133 vw 130 vw 17a а" 1394 w 1398 w p 19a а'
168 s 160 m dp 10b а" 1437 m 1441 vw <5i а"

265 vw 10a а" 1454 m 1456 vw p <5a+. а'
282 w 281 vw 15 d ' 1468 vw ? 638 +  836 А '
296 m 297 w 9a а' 1476 w 1480 vw p 19b а ’
341 w 340 sh 83 +  265 А ' 1487 sh 296 +  1199 А '
352 s 355 w p 9b а' 1490 vw 733 +  765 А ’
387 m 390 vw 6b а' 1503 sh 15 2 8 -2 4 А ’
428 w 432 vw 16b а" 1528 vsd 1529 m p vas а'
478 s 479 vw 6a а' 1542 sh 1542 m ? »’as а'
520 sh 518 sh ßas d ' 1560 sh 586 +  973 А '
527 m 529 vw ßas а' 1600 sh 1610 s p 8a а'
566 vw 133 +  428 А ' 1607 vs 1612 ? 8b а'
586 vw 590 vw 16a а" 1686 w 2x843 А ’
632 si 632 sh 282 +  352 А ’ 1700 vw 791 +  914 А '
638 s P 638 m dp 1(160 +  479) а '—А" 1737 vw 765 +  973 А '
666 m 670 vw p 4(281 +  390) а"—А ' 1754 vw 843 +  918 А '
706 s 706 vw p 12 а' 1814 m 843 +  973 А '
733 vs 732 vw Vs а" 1870 vw 918 +  973 А '
765 w 765 vw Vs а" 1943 m 2x973 А '
792 vs 791 w p ßs а' 2280 vw 2 x  1149 А '
836 vs 836 s p ßs а' 2490 vw 1149 +  1345 А '
843 s 842 sh 11 а" 2620 vw 1270 +  1357 А ’
912 vs 914 w p 7b а ' 2688 vw 2x1345 А '
918 sh 920 sh 17b а" 2728 vw 2x1362 А '
950 sh 2x 4 7 8 А ' 2748 vw 2x1382 А '
973 w 5 а" 2850 m 1270 +  1607 А ’

1004 vw 1008 vw p -5“ а" 2895 vw 2x1454 А '
1033 m 1035 vw p «5Г. а 2935 m p »’s а'
1066 s 1071 w p 18b а' 2980 w 2978 vw âs а'
1088 vw 1095 vw 428 +  666 А ’ 3000 w 20a а'
1128 m 1134 m p 18a а' 3040 m 3052 vw 2x1528 А '
1149 s 1153 m p 13 а' 3067 m 1528 +  1542 А '
1199 m 1205 in p 7a а' 3085 s 3082 m p 2 а '
1270 s 1271 w p 14 а' 3100 w 20b а'

A c t a  C h im .  A c a d .  S e i .  H u n g .  1 0 0 , 1 9 7 9
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1180, 1276 , 1322 c m -1 an d  o th e r  ch a rac te ris tic  m e th y l, m e th y len e  an d  c a rb o n 
y l f re q u e n c ie s . 766, 1180 a n d  1322 cm -1 , p re se n t a lso  in  th e  acid  sp e c tru m , 
b e lo n g  to  th e  m ethy lene g ro u p . 599 cm -1 m ay  b e  a t t r ib u te d  to  th e  y C = 0  
v ib r a t io n  (in the  acid sp e c tru m  588 c m -1). Two s tro n g  a n d  one w eak IR  b an d s  
a p p e a r  as stre tch in g  v ib ra t io n s  o f  th e  chain C(H2) — C ( = 0 )  — 0  —C (H 3) a t  987, 
1166 a n d  1276 cm -1 . T h e  tw o  low est frequencies c a n  obv iously  be assigned  
to  ß C — (C H 3) v ib ra tio n s o f  t h e  m e th y l group a n d  /? С (= 0 )  — 0  — C (H 3), re 
s p e c tiv e ly . O ut-of-plane v ib ra t io n s  o f th e  side c h a in  re p re se n t in te rn a l r o ta 
t io n s , w h ic h  canno t be a s s ig n e d  w ith  c e rta in ty  e i th e r  in  th e  fa r  IR  or in  th e  
lo w -fre q u e n c y  R am an  s p e c tru m .

T h e  psN 0 2 bands do n o t  s p li t  in  the sp ec tra  o f  b o th  th e  acid a n d  e s t e r : 
in  th e  l a t t e r  also one c o m p o n e n t o f  the  r asN 0 2 v ib ra t io n  gives only  a w eak  
sh o u ld e r . T he overtones o f  t h e  s tre tch in g  v ib ra tio n s  a re  id en tified  b o th  in  
th e  I R  a n d  R am an sp ec tra .

F req u en c ie s  be longing  to  in te rn a l v ib ra tio n s  o f  th e  su b s titu e n ts  in  th e  
f iv e  in te rp re te d  spectra  a re  sh o w n  in  Fig. 2.

Some general r e m a rk s  on nitro  g roup  frequencies

T h e  frequency  reg io n  o f  th e  r sN 0 2 v ib ra tio n , ex cep tin g  th e  an iline  
d e r iv a t iv e s ,  is 1320—1375 c m - 1 , w ith  one am ino o r s u b s ti tu te d  am ino g roup  
th e  lo w e s t  frequency  lim it is  1268 c m -1 , and  in  l,3 ,5 - tr ia m in o -2 ,4 ,6 - tr in itro 
b e n z e n e  1229 cm -1 . T he c o r re la t io n  of frequencies w ith  H a m m e tt sigm as 
[2], [3] is  ju s tif ie d  b u t on ly  w h e n  d ifferen t s u b s t i tu t io n  ty p e s  are se p a ra te ly  
s tu d ie d . T h is  is so because th e  r N 0 2 v ib ra tions cou p le  m o re  or less w ith  o th e r  
s k e le ta l  v ib ra tio n s  w hose re g io n  depends on th e  n u m b e r  an d  positio n  o f th e  
s u b s t i tu e n ts .  F igure 3 show s fre q u e n c y  vs. H a m m e tt  sigm a curves fo r fo u r 
s u b s t i tu t io n  types. H a m m e tt  s ig m as refer only to  p a r a  an d  ortho po sitio n s 
b e c a u se , in  ou r experience, in  m eta  position  th e  s tr e tc h in g  frequencies o f th e  
n i t ro  g ro u p s  are no t a ffec ted  e v e n  b y  d ifferent k in d s  o f  su b s titu e n ts .

A  s im ila r  tendency  c a n  b e  estab lished  for th e  vasN 0 2 v ib ra tio n . E x c e p t 
fo r t h e  an ilin e  derivatives, a g a in  th e  co rrelation  o f  th e  freq u en cy  w ith  H a m 
m e t t  s ig m a s  m ay be lin ea r. T h e  am ino  or s u b s ti tu te d  am ino  group en h an ce  
th e  c o n ju g a tio n  of th e  n itro  g ro u p  w ith  th e  rin g  to  su ch  an  e x te n t t h a t  th e  
s t r e tc h in g  v ib ra tio n s o f th e  g ro u p  couple m uch s tro n g ly  w ith  ske le ta l v ib r a 
tio n s . C o n seq u en tly  th e  s p l i t t in g  o f  th e  in -phase a n d  ou t-o f-p h ase  m odes o f  
b o th  r s a n d  vas v ib ra tions in c re a se s . As th e  o p p o site -p h ase  s tre tch in g  v ib ra tio n  
o f th e  m e ta -su b s titu e n t has a s ig n if ic a n tly  low er f re q u e n c y , th e  low er freq u en cy  
c o m p o n e n t can  be ce rta in ly  a s s ig n e d  to  the  o p p o site -p h ase  m ode in  th e  sp e c tra  
o f a n il in e  derivatives.

A c t a  C h i m .  A c a d .  S e i.  H u n g . 1 0 0 , 1 9 7 9
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Table IV

2,i-Dinilrophenylacetic acid

IK R a m a n I n t . S ym . IR R a m a n I n t . Sym .

28 sh lattice 1348 vs 1351 VS »’s а
42 vs lattice 1395 ш 1398 in 19a а'

75 m 71 vw У as а 1412 m 1417 vw &CH„ а '
102 m lattice 1434 vs 1440 vw /ЮН а

126 w 120 sh 17a <*" 1478 vw 1483 vw 19b а'
147 vw yCCO а" 1503 sh 1 5 3 2 -3 2 А '

160 m 164 vw 10b а" 1510 sh 1510 sh 1 5 3 2 -2 4 А ’
181 s 176 w у  C - 0 а" 1518 sh 1532 16 А '

206 vw 10a а" 1532 vs 1533 s а'
228 wd 15 а' 1538 sh 1542 m а '
279 m 282 vw 9a а ' 1558 vw 716 +  852 А '
301 m 305 vw 9b а ' 1600 vs 1606 sh 8a а'

324 vw 2x 1 6 4 А ' 1606 sh 1611 s 8b а'
346 s 353 vw ßCCO а 1692 vs 1640 vw vC— О а'
377 s 369 w 6b а' 1803 vw 2 x 9 1 0 А '
427 ш 430 vw 16b а" 1820 vw 852 +  978 А '
478 w 6a а' 1948 w 2 x 9 7 8 А ’
489 in 498 vw ßC о а 2172 vw 833 +  1348 А ’
518 w 522 vw ßas а 2230 w 2 x  1118 А'
554 vw 566 vw 16a а" 2454 w 2 x  1237 А '
588 w уС= 0 а" 2497 w 2500 vw 1140 +  1348 А '

653 m 1 а 2545 in fiOII А'
674 s 4 а” I2 x  1274
702 ш 702 vw 12 а 2592 w 1237 +  1348 А '
716 vs 716 vw 7s а? 2638 mb 2628 vw JvOH А '
742 s 742 w 7s а" [2 x 1 3 3 3
766 8 765 w /?а8СН2 а" 2698 vw 2692 w 2 x  1348 А '

822 8 822 w ß s а' 2728 mb (Ю Н А'
833 s 837 s ßs а [1140 +  1600
852 s 11 а" 2745 vw 1140 +  1606 А ’

905 vs 904 w yOH а" 2855 sb JvOH А'
[1333 +  1532922 m 922 w 7b а

942 m 947 vw vCC а' 2927 sb jvon
[1333 +  1600

А '

978 w 982 vw 5 а" 2940 sh 2945 m vsCH, а
1059s 1063 w 18b а' 2958 vw 1274 +  1692 А '
1118 m 1128 ш 18a а ' 2978 w FocCH. а"
1140 s 1148 s 13 а 2998 mb (.011 А '
1182 eh 1189 w а [1478 +  1532
1192 s 1198 m 7a а' 3038 in 20a а"
1237 vs 1239 w 14 /а 3058 vw 2 x  1532 А '
1274 vs 1277 w j-C -0 /а 3079 w 20b а'

1316 vw ysCH2 а 3092 s 3092 s 2 а
1333 vw 1335 sh 518 +  822 А '

A c ta  C h im . A c a d . S e i .  H u n g .  1 0 0 , 107 9
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Table V

M ethyl-2}4>-dinitrophenyl acetate

IR Raman Int. Sym. IR Raman Int. Sym.

31 vs lattice 1344 vs 1350 vs a '
46 s lattice 1356 sh 297 +  1067 A'

79 m 76 w Уаъ a" 1360 sh 1367 sh <5SCH3 a'
106 w 103 vw lattice 1401 w 1409 w 19a a '
128 vw 130 m 17a a" 1422 m 1426 m &c h 2 a '

159 s 153 m 10b a" 1431 s 1436 vw Sis CH3 a"
177 s 173 sh /SCOC a' 1447 vw Ő+CH3 a

186 sh 10a a" 1486 sh 1488 vw 19b a'
250m 252 w 9a a' 1502 sh 1 5 3 3 -4 x 8 A'
287 m yOC a" 1514 sh 1 5 3 3 -2 x 8 A '
298 m 297 m 9b a ' 1523 sh 1 5 3 3 -8 A ’
345 s 354 m ßOC a 1533 vs 1540 s vas a'
351 m 2 x  177 A ’ 1536 sh 1544 sh a'
380 s 378 w 6b a' 1552 sh 650 +  906 A ’
427 w 427 w 16b a" 1559 sh 345 +  1215 A '
444 m 446 w 6a a 1567 sh 659 +  917 A '
503 m 503 vw ßas a' 1602 vs 8a a'
514 w 518 w ßas a' 1608 m 1613 vs 8b a'
560 w 16a a" 1633 vw' 444 +  1194 A '
599 m 603 vw yC= 0 a" 1643 sh 818 +  833 A '
650 m 652 w 1 a' 1 1686 w 2x 8 5 2 A '
659 sh 660 sh 4 a" 1727 vs 1730 w pC = 0 a
691 s 692 w 12 /a 1772 vw 852 +  917 A '
722 vs 730 vw Vs a" 1802 w 852 -f- 965 A '
751 m 753 w Vs a" 1834 vw 2x917 A '
766 w 769 w /?asCH2 a" 1882 vw 917 +  965 A '
818 s 821 m ßs a' 1968 w 444 +  1533 A '
833 s 838 s ßs a' 2475 vw 1147 +  1344 A '
852 m 860 w 11 a" 2642 vw 2x1322 A '
906 s 907 m 7b a' 2686 w 2x1344 A '
917 m 922 m 17b a" 2745 vw 1344 +  1401 A ’
938 w 944 w 298 +  650 A ' 2825 vw 1344 +  1486 A'
987 s 997 m tCCOC I a' 2860 m 2840 w rsCH3 a'

1059 m 1067 m 18b a' 2939 m 2946 w vsCH„ a

1116 w 1126 m 18a a' 2958 m l>asCH8 a '
1147 sh 1159 m 13 a ' 2969 w a"
1166 s 1176 w vCCOC II a 2993 m 2985 w vaŝ -H-2 a"
1180 m 1190 w Уаэ^Нг

rra 3012 vw I486 +  1533 A '
1194 m 1203 w 7a a' 3033 w 20a a
1215 vs 1221 m 14 a ' 3059 m 3054 m 2x1533 A '
1276 w 1285 w vCCOC III /a 3079 m 20b a

1322 vw y sC H 2
/a

!

3093 sh 3088 m 2 a '

A c t a  C h im .  A c a d . S e i. H u n g .  1 0 0 ,  1 9 7 9
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V V

Fig. 3. a) Dependence of the average symmetric stretching vibration frequency on the Hammett 
sigma, b) Dependence of the average antisymmetric stretching vibration frequency on the 
Ham mett sigma. Left-hand figures refer to 1,3-dinitrobenzenes substituted in 2- or 4-positions, 
right-hand figures to those twice substituted in 2,5- or 4,5-positions. Compound numbers

are given at the experimental points

T h e co rre la tio n  b e tw een  th e  /JsN 0 2 frequencies an d  th e  H a m m e tt  sigm as 
is v e ry  u n c e rta in . O n th e  one h a n d , th e  freq u en cy  is h ig h ly  d e p e n d e n t on the  
p ro p e rtie s  an d  po sitio n s o f o th e r  su b s ti tu e n ts , on th e  o th e r  h a n d , b o th  com 
p o n e n ts  c an n o t a lw ays be  id en tified . A ten d e n c y  opposite  to  t h a t  o f  th e  s tre tc h 
in g  v ib ra tio n s  is p ro b ab le  : w ith  increasin g  H a m m e tt s igm as th e  frequency  
d ro p s. I ts  reg ion  is 791 — 886 c m -1 .

F requenc ies o f  th e  ysN 0 2 v ib ra tio n  show , how ever, no  su ch  tendency . 
T h e  ysN 0 2 freq u en cy  o f pheno ls is h ig h er because o f co u p lin g s  w ith  o ther 
o u t-o f-p lan e  v ib ra tio n s , ex cep t fo r d in itro sa licy lic  acid (30), w h ere  th e  OH 
g roup  form s a c h e la te  w ith  th e  ort/to-carboxy group . I t  is a  g en era l ru le th a t  
th e  low er freq u en cy  co m p o n en t co rresponds to  th e  in -p h ase  m ode  an d  gives 
a s tro n g e r  b a n d  in  th e  in fra red . I t s  freq u en cy  reg ion  is 721 — 749 c m -1 , and 
th a t  o f  th e  o p p o site -p h ase  co m p o n en t is 735 — 775 c m -1 . B ecau se  o f m ultip le  
in tra m o le c u la r  h y d ro g en  bonds, how ever, th ese  h an d s a p p e a r  a t  786 and  819 
c m -1 in  th e  sp e c tru m  o f tr ia m in o trin itro b e n z en e .

T he freq u en cy  o f  th e  /?a8N 0 2 v ib ra tio n  h a rd ly  d ep en d s  on  th e  su b s tit
u e n ts . I ts  freq u en cy  reg ion  is 504 — 547 c m -1 excep t fo r tr ia m in o tr in itro 
b en zen e  (430 an d  445 c m -1).

T he tw is tin g  v ib ra tio n  has a low  frequency . N o re liab le  assig n m en t can 
he g iven  in  th e  n itro b en zen e  sp ec tru m  e ith e r. A ccording to  R i b e a u d  and со-

A d a  C h im . A c a d .  S e i .  H u n g .  100 , 1979
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Table VI

v, va» A V»

1 1350-1375 1530-1541 839 909 716 -  764
2 1348-1363 1520-1528 791 841 732-755
3 1348-1360 1523-1538 860 748 763
4 1268 1364 1523 864 739
5 1345-1362 1528-1542 792- 836 733 765
6 1348 1532-1538 822-833 716 742
7 1344 1533-1536 818-833 722 -751
8 1347 1525-1551 813-835 743
9 1347 1514-1542 840 747—775

10 1342 — 1355 1519-1530 840 749

11 1286-1338 1500-1534 840 749 769
12 1291 — 1338 1498-1524 835 748 769
13 1341 1536-1543 841 737—751
14 1343 1533-1541 851 736
15 1345-1365 1520-1547 825 728-754
16 1345-1369 1545 830 725-754
17 1352 1546-1554 808 727-742
18 1337-1352 1540-1550 811 726—735
19 1323-1366 1552 832 890 737-763
20 1340 1555 832—886 743-772
21 1355-1364 1546 812 728-747
22 1353 1547 822-865 723 -737
23 1320-1375 1542-1560 846 740-757
24 1320 -1340 1546-1560 820-850 722—737
25 1334-1358 1556 804-850 717 -728
26 1270—1350 1481-1523 830 - 873 723—739
27 1269—1349 1480-1521 829-873 721 — 738
28 1268—1353 1485-1536 830-868 725-756
29 1322—1348 1534-1555 836 734-741
30 1345 1537 839 720—745
31 1344 1540 855 732—739
32 1356 1533-1551 820-859 731—750
33 1348 1533-1550 864 739—749
34 1350 1544 -1553 865 740
35 1348 1540 814—867 737
36 1290—1342 1516 824—850 734-742
37 1350 1540 721 — 745
38 1348 1538 732-739
39 1229-1303 1447 831 — 880 782—819
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w orkers [23], th e  p o te n tia l  b a rr ie r  o f in te rn a l ro ta tio n  in  n itro b e n z e n e  is abou t 
1000 c m -1 co rresp o n d in g  to  12 k j/m o l. C a lcu la tin g  w ith  th e  h a rm o n ic  p o ten tia l

8 я 2 v2 1
V° ~~ 2 n~

(in  n itrobenzene I  =  4 .3 6 X 1 0 -40 kg  m 2/r a d 2 an d  n =  2) one o b ta in s  51 c m -1 
fo r th e  tw istin g  freq u en cy . C onsidering a n h a rm o n ic ity , h o w ev er, th is  value 
h as  to  be reg a rd ed  as th e  low est lim it. B o b r o v  an d  cow orkers [12] assign 
one of th e  tw is tin g  freq u en c ies  to  61 c m -1  in  th e  sp ec tru m  o f m -d in itro b en zen e. 
C onsidering th e  yasN 0 2 mocle to  be in d e p e n d e n t of th e  o th e r  n itro  group, 
one can ca lcu la te  w ith  a red u ced  m o m en t o f in e r tia  o f  5.8 X 10 ~ 46 k g  m 2/ra d 2 
y ie ld in g  as an  u p p e r  p o te n tia l  b a rr ie r  lim it o f in te rn a l ro ta t io n  23 k j/m o l. 
In  a prev ious p a p e r  w e h av e  called  a t te n tio n  to  som e h o t b a n d s  on  th e  low 
w av en u m b er side o f  th e  TasNO„ b a n d  [4] w ith  a se p a ra tio n  o f  8 — 10 c m -1 . 
T h is w ould m ean  th a t  in  th e  exc ited  s ta te  o f  th e  a n tisy m m e tr ic  s tre tch in g  
v ib ra tio n , w here th e  tw o  N —0  d istan ces  an d  bo n d  orders are m o s tly  d ifferen t, 
th e  tw istin g  v ib ra tio n  h as  a freq u en cy  low er b y  8 —10 c m -1 .

E xperim en ta l

The near infrared spectra were recorded on Perkin Elmer 225, UR-10 and Specord 
75 1R spectrometers. All materials were investigated in KBr pellets: the spectra of m-dinitro- 
benzene, 2,4-dinitrotoluene and methyl-2,4-dinitrophenyl acetate were also studied in solution. 
The thickness of the benzene solution was 0.11 mm.

Far infrared spectra were recorded in the region of 10—450 cm -1 using an IS-3 Grubb — 
Parsons FT spectrometer. The spectral resolution, without apodization, was 6 cm -1. Solid 
samples were studied in pellets in mixture with polyethylene powder.

The Raman spectra were obtained on a Cary 82 Laser-Raman spectrometer using the 
514.5 nm exciting line of an argon ion laser. The spectra reported here were all recorded at 
room temperature with 50 — 100 m f  laser power at sample point. A conventional 90° scat
tering geometry has been used. The spectral band width was constant (3 cm -1) throughout 
the spectrum. Depolarization ratios were measured with unchanged orientation of the exciting 
vector, setting a Polaroid sheet analyzer at 0 and 90 degrees with respect to the electric vector 
of the exciting radiation.
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Влияние металлического лития на структуру окисно-дотированных
вольфрамовых проволок

Р. ГРОХ, Т. МИЛНЕР и Л. БАРТА

Металлографические съемки полированных поверхностей, значения твердости по 
Викерсу, прочности н а  разрыв и остаточные сопротивления указывают на то, что первичная 
перекристаллизация вольфрамовых проволок, дотированных KSiAl (диаметр 0,6 мм), зна
чительно облегчается диффузией атомов лития из жидкого лития в проволоку при 1100°С 
за 100 часов.

Синтез бензо[а]хинолизидиновых производных с противовоспалительной 
активностью без побочного язвенного эффекта

Л. САБО, К. НОГРАДИ, И. ТОТ, Ч. САНТАИ, Л. РАДИЧ, Ш. ВИРАГ и Э. КАНЬО

Был разработан новый метод получения производных бензо[а]хинолизидина. Сте
реохимия этих соединений была исследована с помощью методов ЯМР Н1 и С13. Была опре
делена структура спиртов 5 а — f и 6 а — f, полученных восстановлением кетонов 3 b — d и 
3 h — j с помощью борогидрида натрия. Некоторые из полученных соединений обладают про
тивовоспалительной активностью без побочного ульцерогенного эффекта.

Синтез l -а рил-1,4-дигидро-2-карбамоил-3(211)-изохинолинонов и их реакции
с аминами

Новый метод получения о- {[«-((У'-фенилуреидо)]-бензил}-фенилацетамидов
Е. ЗАРА-КАЦИАН, ДБ. ДЕАК, Л. ХАЗАИ, К. ГАЛЛ-ИШТОК и Й. ХАШКО-БРАЙЕР

В ходе исследований замещения 1-арил-1,4-дигидро-3(2Н)-изохинолинонов, син
тезированных впервые авторами, было найдено, что iV-карбамоильные производные могут 
быть получены с хорошими выходами с помощью изоцианатов. Наблюдалось, что 2-карба- 
моил-1-фенил-1,4-дигидро-3(2Я)-изохинолиноны, обладающие диациламиновой структу
рой, реагируют с аминами двумя путями, зависящими от условий (Схема 2, Таблица V): 
с первичными аминами с хорошими выходами были получены производные мочевины с от
крытым кольцом, а со вторичными аминами отщепляется боковая цепочка.

Автоматизированная система програмах для исследования механизма
гомогенных газовых реакций

П. БЕНЕДЕК

На основе сообщения [1] анализируется общепринятый подход к составлению ме
ханизмов гомогенных реакций в газовой фазе. Соединяя выводы анализа с вожмостями 
вычислительной техники предлагается общий алгорифм распознавания. Метод соединяет 
в себе следующие основные действия: автоматический выбор элементарных реакций из 
совокупности, принимая во внимание методы химической кинетики, автоматическое со
ставление и решение системы жёстких дифференциальных уравнений, расчёт веса отдель
ных реакций системы и отбор реакций с малым весом, сопоставление результатов, получен
ных на основе предпологаемого механизма с результатами измерения, анализ чувстви
тельности в параметрах для обяснения значимых отклонений.



Синтез и определение структуры геометрических изомеров 1-арил-2-этил-1,2- 
-дифенилэтиленов с помощью ЯМР—Н1

П. ШОХАР, Г. АБРАХАМ, Г. ШНЕЙДЕР, T. ХОРВАТ и Э. ФУГЕРТ

Изомеры Z  и Е  производных 1,2-дифенил-1-арилэтилена были разделены и иденти
фицированы с помощью ЯМР—Н1.

Экстракция европия из фазы расплавленной соли
Т. ЛЕНДЬЕЛ

Согласно экспериментальным данным, европий существует главным образом как 
двухвалентный ион в безводных средах и, в зависимости от используемого реагента, может 
быть экстрагирован с соответствующей эффективностью из фазы расплавленной соли в ор
ганическую фазу.

Исследованные бинарные системы растворителей проявляют антагонистическое, 
нормальное и синергическое поведение. Это может быть использовано при разделении 
главных продуктов распада редкоземельных металлов.

Математическая модель частичного окисления в пламенном реакторе
А. ЛАСЛО и А. НЕМЕТ

Получение ацетилена частичным окислением углеводородов является промышлен
ным примером химических операций, основанных на реакциях в пламени. Исследование 
моделирования пламенных реакторов направлено на замену более ранних эмпирических и 
полуэмпирических моделей [1, 2] на теоретически обоснованную модель. Этим попыткам 
моделирования способствуют, с одной стороны, более детальные сведения относительно 
механизма химических реакций в процессе горения накопленные в литературе за последнее 
время, а с другой стороны, наличие мощных методов расчета на ЭВМ, позволяющих со
ставление моделей пламенных реакторов, основанных на механизме химических реакций, и 
обращение с ними.

Синтез и исследование новых спиростероидов, I
Ш. ШОЙОМ, 3. ЗУБОВИЧ и л .  т о л ь д и

Некоторые 175-спиро-оксираны, полученные из 17-кетостероидов, были обработаны 
метиламином. Из полученных 17я-метиламинометил-17/3-гидроксистероидов были синтези
рованы производные мочевины и исследованы их реакции замыкания кольца в окисляющих 
и щелочных условиях. Былы получены 17-спиростероиды нового типа: спиро-пергидро- 
-1,2,4-оксатиазины, спиро-(2’-иминооксазолидины), а]также спиро-(2’-тиоксооксазолидины). 
Спиросоединения, содержащие пергидро-1,2,4-оксатиазиновое кольцо, являются новыми 
представителями такого типа цикла, приготовленные впервые нами. Химические и физи
ческие свойства этих соединений были изучены. Некоторые соединения обладают антиаль- 
достеронным влиянием, но более слабым, чем спиронолактон.

Встраивание а-аминооксикислот в биологически активные пептиды
Л. КИШФАЛУДИ, М. ЛЁВ, И. ШЁН и О. НЬЕКИ

Было установлено, что включение а-аминооксикислот в молекулы биологически 
активных пептидов может вызвать значительное изменение их активности, в зависимости 
от того, где произошло замещение. У молекул пентагастрина наблюдалось качественное,



ценное и с практической точки зрения, изменение активности при замещении Л'-концевои 
аминокислоты: активность повышается и биологическое действие пептида ярко выражено 
при введении в тонкую кишку. При замещении iV-концевой аминокислоты в молекуле 
ангиотензина-I I также почулены аналоги, обладающие ценными антагонистическими 
свойствами. Замещение в обоих биологически активных молекулах С-концевой аминокис
лоты приводит к инактивным соединениям. В молекуле АКТГ изменение активности, вы
званное различными замещениями, неоднозначно. Изменение сильно зависит от длины 
пептидной цепи.

Кинетика отщепления атома водорода от масляного альдегидал-пропильными
радикалами

Ш. ФЁРГЕТЕГ, T. БЕРЦЕШ, Ф. МАРТА и Ш. ДОБЕ

Отщепление атома водорода н-пропильными радикалами из различных положений 
молекулы масляного альдегида было исследовано в интервале температур 253—529°К. 
Пропильные радикалы были получены фотолизом н-С3Н7СНО при 313 пт. Используя кон
станту скорости рекомбинации радикалов, для которой было получено значение 109>я, были 
определены выражения для констант скоростей отрыва водорода от формильной группы 
(1а) и от а- и /S-углеродных атомов алкильной цепочки (1Ь и 1с, соответственно):

log к ,а =  (7,8 ±  0,2) -  (6300 + 300)/2,303 R T  
log к 1Ь =  (7,1 ±  0,2) — (8100 ±  300)/2,303 R T  

log к 1с =  7,0 — 9000/2,303 R T  (полагая А1С =  А,ь).

Исследование полимеризации ненасыщенных кардодиамидов с помощью 
полудинамического метода ДСК

Т. СЕКЕИ, В. В. КОРШАК, С. В. ВИНОГРАДОВА, М. ЛЕНДЬЕЛ, Я. С. ВЫГОДСКИЙ
и Г. С. ГУРБИЧ

Было синтезировано бисметакриламиды четырех кардодиаминов и измерены неко
торые важные физические свойства новых соединений. Ненасыщенные мономеры под
вергались теромополимеризации и определялась растворимость полимеров. Полиме
ризация двух веществ 9,9-бис(4’-акрилоиламинофенил)фталида и 9,9-бис(4’-акрилоила- 
минофенил)флуорена была подвергнута тщательному калориметрическому исследованию 
на приборе Perkin—Elmer D S  С-2. Были исследованы термомеханические свойства этих 
двух образцов. Были определены физические свойства — кристалличность, плавление и 
размягчение —, а также зависимость между процессом полимеризации и свойствами обра
зующегося полимера.

О спонтанных процессах, происходящих на поверхности металлов под 
влиянием собственных ионов, III

Л. КИШ, Й. ФАРКАШ и И. МАТРАИ

Разработан метод определения констант скорости процессов, происходящих в сис
теме М— MZl+— JVP!+. Константы скорости определяются на основе данных, полученных 
с помощью дискового электрода с кольцом. Применение метода показано на примере систе
мы Си— Си+—Си2+ в растворах НС1 и НСЮ4.



Новый метод различия механизмов SN и SRN 1. Реакция 2-галоген-2,2- 
-дифенилацетамидов с метанольным метоксидом натрия. Исключение

механизма SRN1
ДЬ. ШИМИГ, к. ЛЕМПЕРТ, Г. ТОТ и Й. ТАМАШ

Под влиянием метанольного метоксида натрия ос-галогенамиды 1а и lb дают два 
си н е продукта (З а  и ЗЬ) наряду с обычным продуктом (2 а ). Отношение ЗЬ /За не зависит от 
природы галогена в исходном соединении. Это указывает на то, что соединения З а  и ЗЬ 
вероятно образуются согласно механизму SRN1 или SN1/S^1 (рис. 2 и 3). Полученный неза
висимым путем радикал 12, являющийся ключевым промежуточным продуктом пути 
SRN1, в присутствии метанольного метоксида не дает 2 а , З а  и ЗЬ, даже в следах, что, таким 
образом, исключает для данной реакции механизм SRN1. Продукты, образующиеся из гало- 
генамида 1 а  под влиянием метанольного метоксида (2 с , Зс, 4), могут быть интерпретиро
ваны также лишь на основе механизма SN1/S  ̂3.

Была исследована также реакция радикалов 12 с чистым метанолом и метанольным 
хлористым водородом; механизмы были предложены для объяснения образования продук
тов, получаемых из 12 при различных условиях.

Фотокаталитические методы, I. Фотоокисление эриоглауцина-А, 
катализированное железом(Ш)

А. ПЕТЕР и Л. Й. ЧАНИ
Было найдено, что эриоглауцин-А — краситель с хорошей фотостабильностью — 

претерпевает значительное обесцвечивание при облучении его фотонами с л >  360 пт и в 
присутствии железа(Ш). Было найдено, что обеспечивание вызвано радикалами ОН, об
разующимися при возбуждении гидролизованных частиц железа(Ш) [особенно Fe(OH)+2 • 
• aq]. Обесцвечивание имеет максимум при pH =  2,7 и увеличивается с увеличением 
концентраций железа(Ш) и красителя. Обесцвечивание протекает как в присутствии,так 
и в отсутствии кислорода. При удалении кислорода прибл. 8,5 молей радикалов ОН было 
израсходовано на одну молекулу красителя и образовалось эквивалентное количество 
железа(П). В присутствии кислорода, однако, почти в 8,5 раз больше красителя обес
цвечивалось за счет 02 без какого-либо образования железа(П).

Обесцвечивание красителя ингибируется галоидами (однако, хлорид оказался не
эффективным) и псевдогалоидами, медью(П), ионами нитрита и арсенита.

Метод, основанный на фотокаталитическом эффекте железа (111), предложен для 
селективного определения железа в микроколичествах в присутствии других переходных 
металлов.

Превращение 2’-гидроксиизофлавонов и 11Н-бензофуро[2,3-Ь](1)-
бензопиран-11-оны

Ш. АНТУШ и М. НОГРАДИ
Окисление 2’-гидроизофлавона карбонатом серебра до хинолина дает соответству

ющий 1Ш-бензобуро [2,3-Ь] [1]бензопиран-П-он.

Метод исследования скорости коррозии, основанный на фарадеевском
искажении

Й. ДЕВАЙ и  л . месарош

Был разработан метод исследования кинетики процессов коррозии, основанный на 
использовании фарадеевского искажения, для тех случаев, когда как анодная, так и ка
тодная ступени процесса обладают характеристиками типа Тафеля. Гармоническое ком
поненты тока, протекающего под влиянием наложения синусоидального переменного на



пряжения на прямое напряжение поляризации, были исследованы в зависимости от 
средней величины прямого напряжения поляризации во времени и от амплитуды пере
менного тока.

Было установлено, что ток коррозии и тафельный наклон анодной и катодной ступе
ней процесса могут быть определены измерением первых трех гармонических компонентов 
тока фарадея при двух анодных и катодных потенциалах, находящихся в области Тафеля. 
Был разработан также метод определения тока коррозии и наклона Тафеля с помощью гар
монических компонентов тока, измеряемых при потенциалах коррозии. Выведенные за
висимости значительно упрощаются в случае переменного напряжения с малой амплиту
дой.

Исследование превращений диолов и циклических эфиров, XLIV

Получение лаптопов, насыщенных и ненасыщенных эфиров с помощью 
превращений диолов различной структуры на медных катализаторах. 

(Исследование структуры диолов и ее влияния на различные пути
превращений)

М. БАРТОК и А. МОЛЬНАР
Были исследованы превращения шести различных дипервичных, первичных- 

вторичных и дивторичных диолов (I—VI) на трех различных медных катализаторах (Cu/Al, 
Cu/Si02, Cu). Объясняли каким образом характерные процессы (образование насыщенных и 
ненасыщенных циклических эфиров, лактонов) зависят от структуры исходных диолов, от 
реакционной способности и стабильности промежуточных продуктов, а также от свойств 
отдельных катализаторов.

Исследование способности платиновых катализаторов без носителей к 
сорбции Н2 различными экспериментальными методами

Ф. НАДЬ, Д. МОГЕР, М. ХЕГЕДЮШ, ДЬ. МИНК и Ш. САБО
С помощью электрохимических, волюметрических и термодесорбционных (TPD) 

методов была исследована сорбция Н2 на платиновых катализаторах без носителя при оди
наковом спекании. Было установлено, что степень удельной сорбции водорода зависит от 
термических условий адсорбции. Если адсорбционное насыщение производится при 
О—25°С, то отношение адсорбированных атомов к поверхностным атомам Pt, рассчитанное 
из количества адсорбированного Н2, равно обычному отношению 1:1. Если, однако, ад
сорбционное насыщение производилось медленным охлаждением от высоких температур 
катализатора до низких и в атмосфере Н2, то количество адсорбированного Н2 было в
4—6 раз больше, чем в предыдущей процедуре. На основе дополнительных исследований 
было найдено, что сорбирующийся за счет активированной хемосорбции водород распола
гается, вероятно, не на поверхности платинового катализатора.

Спектрохимическое исследование летучих компонентов в термохимических
процессах, I

Аппаратура, системы и экспериментальные условия
Э. ГЕГУШ, Й. КРЕЙТЕР, Л. МЕРАМ и Й. ИНЦЕДИ

Был сконструирован микрореактор с электрическим обогревом для исследования 
деталей термохимических процессов, т. напр., процессов испарения и превращений, а так
же термохимических реакций, протекающих вплоть до температур 1350°С. Паровая фаза, 
полученная во время периода нагрева, вводилась с помощью аргонового газа-носителя 
источник излучения дуги прямого тока, стабилизированной внешним магнитным полем. 
Интенсивность излучения выбранного характерного элемента записывалась как функция 
времени и температуры. В первой части статьи описывается проект аппаратуры, а также 
характеристики и функции нагрева микрореактора, системы газа-носителя, внешнего 
магнитного поля, электрического детектора и самописца.



Влияние сильной хемосорбции на стационарное сосояние анодной 
поляризации простых органических соединений на электродеплатинированной

платины
ДЬ. ХОРАНИ и ДЬ. ИНЗЕЛЬТ

Изложены взгляды относительно роли сильно хемосорбированных частиц в электро
окислении простых органических соединений. Для выяснения проблемы, вместо окисления 
метанола, была предложена модель окисления этиленгликоля и его окисленных продуктов. 
Выло показано, что в данном случае хемосорбция играет второстепенную роль по срав
нению с основными реакциями окисления. Несмотря на это, форма начального участка 
поляризационных кривых зависит от поведения сильно хемосорбированных частиц. 
Обоснованность механистических допущений подтверждалась экспериментальными резул- 
татами, полученными с помощью радиоактивной техники адсорбционного метода.

Исследование связи между электропроводностью и вязкостью водных 
и солянокислых растворов хлоридов металлов

Э. БЕРЕЦ и И. БАДЕР
В ходе систематических исследований с целью более глубокого познания подевения 

растворов систем типа МС1Х—Н20  и МС12—НС1—Н20 на основе экспериментальных ре
зультатов и функций активации(ДН*??, . Л И * )]/А Н * /.) , а также некоторых других полез
ных функций (Я??, кг), Я—#), рассчитанных из предыдущих, быи сделаны заключения отно
сительно взаимосвязи электропроводности и вязкости, а также ее зависимости от кон
центрации. Авторами были сделаны попытки интерпретации и согласования результатов 
со структурными изменениями, происходящими под влиянием изменения концентраций в 
растворе исследованных систем.

Производные полиэтиленгликоля как комплексующие реагенты и катализ
с переносом фазы, II

Комплексообразующее поведение полиэтиленгликоля и его производных
Л. TEKE, Г. Т. САБО и к. АРАНЬОШИ

Выло произведено замещение конечной группы в полиэтиленгликолях. Каталити
ческая сила соединений полиоксиэтилена зависит от качества конечной группы и средней 
длины цепи.

Характеристика циклодекстриновых полимеров и изучение их 
хроматографического поведения

Б. ЖАДОН, М. СИЛАШИ, К. X. ОТТА, Ф. ТЮДЁШ, Е. ФЕНЬВЕШИ и Й. СЕЙТЛИ
С помощью сшивки циклодекстринов (a-CD, /З-CD и ;-CD) были получены полимеры 

(a-CDP, /S-CDP и y-CDP) в виде регулярных шариков. Эти полимеры были охарактеризо
ваны их химическим составом, свойствами набужания и размерами зерен. Циклодекстрино
вые полимеры со средней степенью набухания и с хорошо определенным составом могут 
быть успешно использованы в качестве наполнителей колон в инклузинной хроматогра
фии. Они быстро набухают, сохраняют форму и эластичны, содержатся без разложения и в 
набухшем состоянии, а также сохраняют свои исходные свойства и после нескольких 
регенераций. Хроматограммы, снятые на набухших гелях, хорошо воспроизводимы.

Используя в качестве моделей 20 природных аминокислот, подробно исследова
лось хроматографическое поведение a-CDP, /З-CDP и y-CDP, их разрешающая способность, 
а также зависимость ее от условий. Приводятся данные удерживаемости аминокислот, а 
также многие данные относительно теоретической высоты тарелок (НЕТР). Согласно про
веденным исследованиям, ароматические аминокислоты хорошо отделяются от других 
аминокислот, в первую очередь, на колоннах с /J-CDP. В случае трипофана наилучшее раз
деление было получено на a-CDP. Результаты сравниваются с полученными для гелей 
Sephadex О. 25.



Новый метод определения констант протонирования полифункциональных
лигандов

Эффект растворителя на протонирование функциональных групп молекулы
C ortico trop in e

Б. НОСАЛ и К. БУРГЕР

Был разработан метод, использование которого позволяет одновременное опреде
ление величин констант протонирования, характеризующих функциональные группы и 
пары групп, образующих водородные связи, а также числа водородных связей. С по
мощью этого метода были определены группы и структурные константы АСТН,_4 и 
АСТН^зг в 50%-ном растворе пропиленгликоля и, исходя из констант, были сделаны за
ключения относительно взаимодействий функциональных групп друг с другом и с раство
рителем.

Определение адсорбционной едкости из избыточных изотерм L/S (Ж/Т)
разбавленных растворов

Г. Ш АЙ, Л. Д Ь . Н А Д Ь  и Г. Ф ОТИ

Демонстрируется полезность трансформации изотерм

х[ х', _  _ 1 ____х'
Anf' ~  S n \ 0 ~  nfi0

относящихся к разбавленным растворам сильно адсорбированных веществ. В благоприят
ных случаях они позволяют более надежное определение адсорбционной емкости, чем 
изотермы в их обычных формах, и содержат больше сведений относительно взаимодействий 
растворенное вещество-твердое вещество и природы адсорбированного слоя. Были иссле
дованы следующие системы: стеариновая кислота из циклогексана на углеродной черни, 
бензойная кислота из воды, н-бутанол из воды и антрацен из циклогексана на активирован
ном угле.

Непрерывный электролиз органических соединений

п,. I ДЬ. КОРАНИ, Л. РЕДЕЙ и  э. гадьи-палфи

Была сконструирована электролитическая установка различного назначения типа 
фильтропресса для проведения электролитических реакций органических соеденений в 
непрерывном процессе. Опыты восстановления бензойной кислоты до бензилового спирта 
указывают на то, что этот процесс может быть осуществлен непрерывно с достаточной 
эффективностью восстановления и тока.

Новые использование аминалей в органическом синтезе. Селективное ядерное 
алкилирование и ара лкилирование ацетофенонов

Ф. КАЛЛАИ, Г. ЙАНЖО, И. ЕДЕД, Е. БАШИЗ-ГАЧ и Й. ТАМАШ

Бензолиден-бис-пиперидин(2а) влияет на ядерное аминоалкилирование 2’, 4 ’-дигид- 
рокси-(1а) и 2’, 4’, б’-тригидроксиацетофенона (lb), давая З’-(За) и 3’, 5’-(фенил-1-пипериди- 
нометильные) (ЗЬ) производные, соответственно. Подобным образом, соединение 1а с ме- 
тилен-бис-пиперидином (2Ь) дает 2’, 4’-дилидрокси-3’-(1-пиперидинометил)ацетофенон (Зс). 
Восстановление аминометильных производных является селективному путем к С-бензил- 
и С-метилацетофенонов.



Влияние фотографических и фотометрических факторов на оценку
спектрограмм, I

К. ЦИММЕР и ДЬ. ХЕЛТАИ
В первой статье этой серии обсуждаются проблемы, связанные с фотографическим 

проявлением спектрограмм, а в первую очередь, источники ошибок измерения интенсивно
сти и факторы расширения интервала измерений. При сравнении различных типов микро- 
дензитометров было установлено, что интервал измерения интенсивности обычного микро- 
дензитометра типа С. Zeiss Jena О II может быть вдвое увеличен до S =  4, применяя совре
менную систему детектирования с низким шумом, линейную в широком интервале, с одно
временным уменьшением рассеянного света в зачительной мере.

Описание переходных потенциометрических сигналов, полученных в 
аналитических системах со вспрыскиванием

М. ГРАТЦЛ, Ж. ФЕХЕР, г .  НАДЬ, К. ТОТ и Э. ПУНГОР
Математически описываются кривые сигнала концентрации — время, снятые как с 

помощью кулонометрии, так и с помощью ручного вспрыскивания в непрерывный поток 
носителя в серийных аналитических аппаратурах. Хффект планируемых параметров на 
обоснованность выведенных математических моделей обсуждается в случае потенцио
метрического детектирования.

Ионная сольватация в среде с аномальным уравнением электрического
состояния

И. РУФФ и 3. г . САБО
Исходя из приближения электрострикции диэлектрика вокруг иона, было выведено 

уравнение свободной энтальпии электростатической сольватации, содержащее зависи
мость плотности от относительной электропроницаемости растворителя. Для жидкостей 
с нелинейным отношением между электропроницаемостью и массовой плотностью (т. е. 
аномальным с точки зрения их уравнения электрического состояния), интеграл заряда 
Борна для ионов, погруженных в диэлектрик, умножаем на фактор d In e/d In g, где g — 
массовая плотность. Совокупление этого результата с уравнением Грэхема, которое при- 
мает в учет диэлектрические «эффекты насыщения», указывает на то, что вышеупомянутый 
фактор дает наибольшую поправку в области высоких полей вокруг иона, где относитель
ная проницаемость уменьшается до квадрата коэффициента внутренней рефракции, л2. 
Расчеты зависимости п2 от плотности, основанные на данных молярной рефракции, ука
зывает на то, что наиболее полярные растворители ведут себя аномально. Численные расче
ты для щелочных галоидов в диметилформамиде, 1-пропаноле и воде находятся в хорошем 
согласии с экспериментальными данными.

Синтез производных 7-[(гетероарилтио)-ацетамидо]-3-диацетоксицефало- 
споранойной кислоты, I

Ф. СТАРИЧКАМ, И. МИШКОЛЬЦИ и Р. БОГНАР
Описывается получение 19 новых 7-[(гетероарилтио)-ацетамидо]-3-диацетоксице- 

фалоспоранойных кислот (IVa-t) через нуклеофильное замещение 7-хлорацетамидо-З- 
диацетоксицефалоспоранойной кислоты (II) некоторым меркаптогетероарильными соеди
нениями. Был разработан новый удобный метод синтеза этих соединений, заключающий в 
себе ацилирование 1-ADCA с помощью химически «активных» 8-хинолильных эфиров гете- 
роарилтиоуксусных кислот(приготовление in Situ вр еакционной смеси). Были исследованы 
также реакции превращений соединений ХШе, р, г — полученных из сульфоксида 6-хлор- 
ацетамидопенициллановой кислоты (XI) — в соответствующие производные дигидротиази- 
нового эфира (XVe, р, г).



В in vitro и in vivo опытах, синтезированные соединения проявляют антибиотическую 
активность лишь на бактерий положительные по Грэму. Соединение IVn оказалось более 
эффективным, чем цефалексин, в то время как IV«! проявляющее значительную биологи
ческую активность in vitro — оказалось неэффективным в опытах с крысами, зараженными 
Mycobact. tuberculosis typ. bovinus (RAVENEL).

Анализ стероидов, XXXIII

Одновременное определение продуктов восстановления ацетата норетистерона
Ш. ГЁРЁГ, А. ЛАУКО, Б. ХЕРЕНИ, Г. ЦИРА, Е. ЧИЗЕР и 3. ТУБА

При восстанавлении ацетата норетистерона с помощью лидридов комплексов ме
таллов, наряду с основным продуктом восстановления (4-ен-З/З-гидроксильных производ
ных), образуется два побочных продукта (4-ен-За-гидрокси- и 4,5-дигидро-3/?-гидроксипро- 
нзводные). Эгшмеры были определены с помощью жидкостной хроматографии высокой 
чувствительности, в то время как определение насыщенных производных производилось с 
помощью газовой хроматографии после превращения термически нестабильных производ
ных в 3,5-диены. Обсуждается также использование других аналитических методов (во- 
люмометрия, тонкослойная хроматография и УФ спектрфотометрия).

Молярные объемы пердейтерированных бензола и циклогексана
И. КИШ, Ж. КОВАЧ и ДЬ. ЯКЛИ

Измерения молярных объемов бензола и циклогексана и их полностью дейтери- 
рованных аналогов проводились в интервале температур 1 5  — 7 0 ° С .  Изотопный эффект 
молярного объема бензола может быть выражен следующим уравнением: (VH- У0)/1/н =  
=  2,687 • 10—3—  3 , 0 1 4  • 10_6 • / — 6 , 0 5  • 10_* • t"  а для циклогексана:

(^ h_ ^ dW h =  2,954 • 10-3-2,408 • 10"» • / - 1 ,6 2  • 1 0 -7  • /2.

Результаты сравниваются с полученными ранее.

Термическое разложение пропана в струе водородной плазмы
П. ШТЕЙНГАСНЕР, Л. ВАЙТА, Е. ДУДАШ и И. СЕБЕНИ

Было исследовано разложение пропана в струе атмосферной водородной плазмы. 
Было найдено, что состав продукта зависит только от степени превращения пропана, ко
торая, в свою очередь, зависит от адибатической температуры смеси горячей струи водо
рода и холодного пропана. Исследования с дейтерийной плазмой показали, что газовая 
плазма реагирует с крекированными остатками углеводородов. На основе содержания и 
распределения дейтерия в продуктах предложен механизм, объясняющий образование 
различных продуктов.

ИК исследование хемосорбции СО на Pd/Si02
я. МИНК, А. ШАРКАНЬ, Т. СИЛАДИ и П. ТЕТЕНИ

Были изучены инфракрасные спектры СО, в зависимости от покрытия поверхности 
катализатора Pd/Si02, покрытом вначале или водородом или кислородом. При низком и 
средних покрытиях частота валентного колебания изменяется от 1800 до 1850 см-1 . Исходя 
из появления «линейных» полос при 2050—2060 см~1 (/.,) и при 2085—2098 см-1 (!.„) и 
одновременного повышения частоты полосы В до 1890—1920 с м 1 ( В,) и до 1950—1967 
см-1 (ß 2), предполагается образование сжатого, делокализованного слоя СО. Измерения на 
окисленной поверхности указывают на образование «сжатых островов» хемосорбированног 
СО. Результаты интерпретируются на основе медленной реакции между хемосорбирован
ным кислородом и СО.



Протонирование кислородсодержащих органических соединений
Ф. ЙО и М. Т. БЭК

Расстворимость бензойной кислоты, бензилового спирта и нафталина была исследо
вана в водных растворах минеральных кислот различной кислотности. Используя эти- 
данные, протонирование бензойной кислоты в серной кислоте было охарактеризовано сле
дующими параметрами: т =  0,87 и рКвн+ =  —6,23 (полупротонирование в 78,4%-ой 
H2S 0 4). Было заключено, что изменения растворимости бензойной кислоты, бензолового 
спирта и нафталина в разбавленных водных растворах минеральных кислот вызваны не 
протонированием, а лишь эффектом среды. В случае бензойной кислоты, растворенной в 
сернокислой среде, вклад протонирования в суммарную растворимость пренебрежительно 
мал вплоть до концентрации серной кислоты, равной 70%.

Механическая стабильность мостиков из одной жидкости в другую
Э. ВОЛЬФРАМ и Й. ПИНТЕР

Капиллярные силы, в также распределение мостиков после разрыва, в случае жид
костных мостиков типа полимер) (вода/н-алкан)/стекло были измерены, используя геомет
рию с горизонтально параллельными пластинами. При данном объеме мостиковой жидко
сти кривая силы в зависимости от разделения проходит через максимум, и также выглядят 
кривые максимальной силы в зависимости от мостиковой массы. Максимум последней на
ходится в той области мостиковой массы, где мостик становится нестабильным. Поверхност
но-активные вещества влияют на стабильность мостиков сложным образом, вследствие их 
влияния на поверхностное натяжение, а также и на краевой угол, приводя к изменению 
площади поверхности жидкости и площади контакта мостиковая жидкость/твердое ве
щество. Приводится вероятное объяснение конфигурационных изменений с изменением 
концентрации поверхностно-активного вещества.

Калориметрическое исследование осциллирующих реакций Белоусова-
-Жаботинского

Э. КЁРЁШ, М. ОРБАН и Ж. НАДЬ
Выделение тепла и накопление бромомалоновой кислоты (ВгМА) были измерены 

калориметрически и полярографически, соответственно, в реагирующей системе малоновая 
кислота — бромат — серная кислота — катализатор [Се+3, Мп+2, Fe(phen).,2]. В течение 
осциллирующего периода реакции, как скорость выделения тепла, так и скорость образо
вания ВгМА являются периодическими. Теплоты реакции преосциллирующего периода, 
осциллирующего периода и некатализированной реакции бромата с малоновой кислотой 
были приблизительно одинаковыми и равными 650 кдж/моль бромата. Были также опре
делены теплоты некоторых составных реакций системы Белоусова—Жаботинского (т. 
напр., бромирование малоновой кислоты, окисление катализатора броматом, окисление 
малоновой кислоты и ВгМА церием(1У)).

Мезоморфные полимеры
Ф. ЧЕР, К. НИТРАИ и ДЬ. ХАРДИ

Были изучены условия образования мезоморфных монозамещенных виниловых поли
меров. Замораживание мезоморфного состояния в стекливидную фазу может быть при
писано образованию жестких, нерегулярных, атактических полимерных цепей. Слоистая 
смектическая структура наблюдалась для полимеров и построением «рыбный скелет». Эта 
структура, со многих точек зрения, подобна структуре с гибкой основной целью. Молекул
ярная цепочка с построением «рыбный скелет» наблюдалась в случае полимеров с жесткими 
группами, присоединенными к основной цепи с помощью гибких боковых цепочек (ми. 
С6- С 8) или, по крайней мере, четырьмя эластические соединенными атомами.Точка плавле-



ния полимеров относительно ярко выражена. Объемистые полимеры в стекловидном со- 
c. оянии оптически анизотропны, являются жесткими и хрупкими.

Спиральные полимеры образуются, если объемистые жесткие боковые группы при
соединены к основной цепи непосредственно или с помощью эластично соединенных боко
вых цепей. Полимерные молекулы могут быть рассмотрены как жесткие цилиндры, плот
ная упаковка которых образует жидкокристаллический объемистый полимер. Размеры 
молекул могут быть определены из максимальных величин кривых рентгенограмм. Жид
кокристаллические полимеры могутбыть обработаны прессованием даже после охлаждения. 
Их температура плавления высока, в широком интерва; е часто ниже температуры разло
жения. Спиральные полимеры с цилиндрической симметрией, содержащие хиральные 
атомы углерода, находятся в холестерическом состоянии Структура мезоморфных поли
меров может быть определена, комбинируя результаты некоторых независимых исследова
ний структуры и текстуры полимеров.

Колебательные спектры производных м-динитробензола
Д. ВАРШАНИ, Е. МОЛЬНАР-ПАЛ, К. КОША и Г. КЕРЕСТУРИЬ

Среди колебательных спектров 38 производных ,и-динитробензола подробно ассиг- 
нировались ИК и Раман-спектры л-динитробензола, 2,6-динитротолуола, 2,4-динитро
толуола, — фенилуксусной кислоты и ее метилового эфира. Была исследована зависи
мость частоты валентных колебаний нитрогруппы от констант Гаммета других заместите
лей. Было установлено, что можно сравнивать частоты производных, замещенных в одина
ковых положениях, а качество прочих заместителей в положении мета безразлично с точки 
зрения частоты. Частота симметричного валентного колебания с противоположной фазой 
аномально мала в спектрах производных анилина. Исходя из горячих полос, присоединя
ющихся к полосе антисимметричных валентных колебаний, было установлено, что в состоя
нии возбуждения этого колебания частота вращательного колебания меньше.
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