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LÁSZLÓ (LADISLAUS) VARGHA

(1903— 1971)

A m  1. Ju li 1971 versch ied  L. V a r g h a , ord. M itglied  d e r U ngarischen  A ka
dem ie d e r W issenschaften , D irek to r des In s ti tu ts  fü r  A rzn e im itte lfo rsch u n g , 
gew esener Professor d e r  o rganischen  Chem ie an  d er U n g a risch en  B ólyai-U ni- 
v e rs itä t  zu  K olozsvár (C lu j, R u m än ien ). D urch  seinen T od  e r l i t t  die o rgan isch
chem ische und  p h arm azeu tisch -ch em isch e  F o rschung  in  U n g a rn  einen großen 
V erlust.

L . V a r g h a  w u rd e  am  25. J a n u a r  1903 in  B erh id a  (K o m ita t  V eszprém ) 
geboren . Sein V ater (K á lm á n  V.) w a r  re fo rm ie rte r P a s to r , seine M u tte r (geh. 
V ilm a O s w a l d ) v erlo r e r schon in  se in em  K ind esa lte r. Seine M itte lsch u ls tu d ien  
ab so lv ie rte  er im  a lteh rw ü rd ig en  re fo rm ie rten  K olleg ium  zu P á p a . N ach v o r
züglich b estan d en er R eifep rü fung  b ezo g  er die P h ilo so p h isch e  F a k u ltä t  der 
U n iv e rs itä t B u d ap est, w o er sich vorw iegend  m it n a tu rw issen sch aftlich en  
S tu d ie n  b eschäftig te . D am als w ar k e in e r  der drei L e h rs tü h le  fü r  Chemie m it 
einem  O rgan iker b e s e tz t ,  doch b e sc h ä ftig te  sich g lücklicherw eise  P r iv a t
d o zen t u n d  O b erassis ten t E . P a c s u  (sp ä te r  P rofessor d er o rgan ischen  Chemie 
an  d e r U n iv e rs itä t P r in c e to n , N. J . ,  U SA ) m it o rgan isch -chem ischer F o rschung  
u n d  n a h m  L. V a r g h a  in  sein L ab o r a u f , wo er d an n  s p ä te r  —  n ach  A bsolvie
ru n g  d er von  E. P a c s u  v o rg eze ich n eten  organ isch-chem ischen  G ru n d stu d ien  — 
an  se iner D isse rta tio n , d ie  sich m it d e r  U n te rsu ch u n g  d er p a r tie lle n  V erseifung 
von D iacy l-p ro to ca tech u a ld eh y d en  b e fa ß te , a rb e ite te .

Als A bschluß se in e r U n iv e rs itä tss tu d ie n  b e s ta n d  e r 1926 das D o k to r
ex am en  aus Chemie als H a u p tfa c h , P h y sik  u n d  G eologie als N ebenfächer, 
m it d er Q ualifika tion  »sum m a cum  laude« . N achher a rb e ite te  e r ein J a h r  lang  
als P r iv a ta ss is te n t n e b e n  Prof. G. Z e m p l é n  an  d er T ech n isch en  U n iv e rs itä t 
B u d a p e s t, danach  als ungarischer S ta a ts s tip e n d ia t zwei J a h re  am  chem ischen 
I n s t i tu t  der U n iv e rs itä t B erlin  n eb e n  a . o. P rof. H . O h l e  u n d  schließlich  w ei
te re  zwei Ja h re  als P r iv a ta s s is te n t n e b e n  a. o. P ro f. A. S c h ö n b e r g  am  orga
nisch-chem ischen  I n s t i t u t  der T ech n isch en  H ochschu le  B erlin -C h arlo tten 
b u rg . M it S c h ö n b e r g  h a tte  er U n te rsu c h u n g e n  ü b e r o rgan ische  Schw efel
v erb in d u n g en  d u rc h g e fü h rt, von O h l e  erh ielt er A n reg u n g , a u f  dem  G ebiet 
d er K o h len h y d ra te  zu  a rbeiten . D ie in  Berlin  v e rb ra c h te n  v ie r  J a h re  w aren
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fü r  ih n  rech t f ru c h tb r in g e n d ; d ies bezeugen  10 P u b lik a tio n e n  [2— 11]*, die 
g rö ß ten te ils  in den  B erich ten  d. D . Chcm . G esellschaft e rsch ienen  sind.

N ach v ie rjäh rig em  A u fe n th a lt in  B erlin  k e h r te  V a r g h a  nach  U ngarn  
zu rü ck . Z un äch st w a r es ihm  n u r  m öglich , im  B esitze  v o n  G elegenhe itsstipen 
d ie n , die jedoch  seh r b esche iden  w aren  u n d  n u r  fü r  je  ein  J a h r  e r te ilt  w urden , 
se ine  F o rsc h u n g s tä tig k e it fo rtzu se tzen . E r  a rb e ite te  e in  J a h r  neben  P ro f.
A. S z e n t -G y ö r g y i am  M edizin isch-chem ischen  I n s t i tu t  d e r  U n iv e rs itä t Szeged, 
d a n n  ein J a h r  am  B io log ischen  F o rsc h u n g s in s titu t zu T ih a n y , d a ra u f  w iederum  
in  Szeged, d iesm al zw ei J a h re  am  O rgan isch-chem ischen  I n s t i tu t  der U n iver
s i tä t  und  schließlich  e in  J a h r  am  Physio logischen  I n s t i tu t  d er U n iv e rs itä t 
B u d a p e s t. O bzw ar in  d iesen  J a h re n  seine D o ta tio n  n u r  k n a p p  fü r  einen seh r 
bescheidenen  L e b e n su n te rh a lt au sre ich te , u n d  ihm  k eine  jü n g e re n  M ita rb e ite r 
o d e r  techn ischen  H ilfsk rä f te  zu r V erfügung  s ta n d e n , ge lang  es ihm  doch, g u te  
E rg eb n isse  a u f  dem  G eb ie t d er K o h len h y d ra tch em ie  se lb s tä n d ig  d u rch g efü h r
te r  F orschungen  aufzuw eisen . D ies w urde  auch  v o n  d e r  N a tu rw issen sch a ft
lich en  F a k u ltä t  d e r U n iv e rs itä t  Szeged a n e rk a n n t, als sie ih m  1935 aus dem 
S pezialgebiet »Chemie d e r K o h len h y d ra te«  die »venia legendi« e rte ilte . K urz  
d a ra u f  erh ielt er ein  A n g eb o t d e r P h arm azeu tisch -ch em isch en  F a b rik  G. R ich 
te r  B u d ap est, ein F o rsc h u n g s la b o ra to riu m  zu o rgan isie ren  u n d  dessen L eitung  
zu  übernehm en . E r  n a h m  dieses A n g eb o t an , obw ohl er sich  dessen b ew uß t 
w a r , daß  er seine b e lie b te  G ru n d fo rsch u n g  au f dem  G eb ie t d e r K o h len h y d ra te  
au fg eb en  w ird m üssen . So zu en tsch e id en  w ar jed o ch  d am a ls  fü r  ihn  n ich t 
b lo ß  eine E x is ten z frag e , sondern  d iesen  E n tsch lu ß  zu fassen  bew og ihn auch 
d ie  A ussich t a u f  eine bessere , d u rc h  ju n g e  M ita rb e ite r u n te r s tü tz te  M öglich
k e i t  einer gleichfalls v iel In te re ssa n te s  m it sich b rin g en d en  F o rsch u n g sa rb e it 
a u f  versch iedenen  G eb ie ten  d er o rgan ischen  Chem ie. H ie r  k a m  er in  engste 
B e rü h ru n g  m it A u fg ab en  der A rzn e im itte lfo rsch u n g  u n d  b e k a m  zugleich einen 
E in b lic k  in so m an ch e  P rob lem e d er pharm azeu tisch -ch em isch en  In d u str ie  
U n g arn s . Bei d ieser G elegenheit b e k rä f tig te  sich seine ä lte re  Ü berzeugung, 
d a ß  eine erfolgreiche p h arm azeu tisch -ch em isch e  F o rsch u n g  ohne o rganisch
chem ische  G ru n d fo rsch u n g  k a u m  m öglich  ist.

N un ergab sich  fü r  V a r g h a  im  H e rb s t 1940 w ied eru m  die M öglichkeit, 
o rgan isch-chem ische  G ru n d fo rsch u n g  nach  B elieben d u rch z u fü h re n , indem  er 
zu m  Professor d er o rg an isch en  C hem ie an  die von  Szeged n ach  K olozsvár 
( je tz t :  Cluj, R u m än ien ) rü ck g e fü h rte  F ra n z  Jo se f  U n iv e rs itä t  e rn a n n t w urde. 
D a  g a lt es zu n äch st, d as  U n iv e rs itä ts in s ti tu t  fü r o rgan ische Chem ie und  dam it 
d e n  U n te rr ich t zu  o rg an is ie ren , ju n g e  M ita rb e ite r in  die organisch-chem ische 
F o rsc h u n g  e in zu fü h ren . K au m  w ar dies geschafft, m u ß te  er k u rz  n ach  K riegs
en d e  — wegen des Im p eriu m w ech se ls  —  das nach  seiner D ire k tiv e  eingerich te te  
I n s t i tu t  w iederum  v e rla ssen  u n d  ein neues In s t i tu t  an  d e r  v o n  d e r rum änischen

* Die in K lam m ern gesetzten arabischen Zahlen beziehen sich au f die betreffenden 
Publikationen, deren Verzeichnis anhängend m itgeteilt ist.
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R egierung  neu  g eg rü n d e ten  U ngarischen  B ö ly a i-U n iv e rs itä t o rganisieren . 
G leichzeitig  w urde  er v e rtrag sg em äß  —  als u n g a risch e r S ta a tsb ü rg e r —  als 
P ro fessor fü r  o rgan ische  Chem ie an g este llt. Im  H e rb s t 1950 w urde  der V e rtra g  
n ich t m ehr e rn e u e rt, so daß  V a r g h a  n ach  B u d ap est z u rü c k k e h rte  u n d  am  n eu  
geg ründe ten  U ngarisch en  In s t i tu t  fü r  A rzn e im itte lfo rsch u n g  die L eitu n g  e iner 
Sek tion  ü b e rn a h m ; 1957 w urde er zum  D irek to r  des In s t i tu ts  e rn a n n t u n d  
beh ie lt diesen P o s te n  bis zu seinem  L ebensende. Als er h ie r zu  a rb e iten  beg an n , 
h a tte  das I n s t i tu t  n u r  eine p rov iso rische  U n te rk u n f t, doch  w urde in  einigen 
Ja h re n  —  n ich t z u le tz t au f seine A nregung  — ein g ro ß an g e leg te r N eu b au  m it 
m odern  a u sg e s ta tte te n  L ab o ra to rien  e rrich te t. B ei d e r O rganisierung  des 
N eubaus k o n n te  er sich schon a u f  eine A nzahl tü c h tig e r  M ita rb e ite r s tü tz e n , 
die er —  D an k  se in er g u ten  U rte ilsk ra f t —  in d iese A rb e it einbezogen h a tte .

In  A n erk en n u n g  seiner F o rschungsergebn isse  w u rd e  er von  d er U n g a ri
schen A kadem ie d e r W issenschaften  1951 zum  k o rresp o n d ie ren d en , 1964 zum  
o rd en tlich en  M itglied  gew ählt; 1958 erh ie lt er den  K o ssu th -P re is ; ob se iner 
V erd ienste  als D ire k to r  des F o rsc h u n g s in s titu ts  w u rd en  ihm  dreim al (1961, 
1963, 1965) hohe R eg ierungsauszeichnungen  v erlieh en . E s is t ein Zeichen 
in te rn a tio n a le r  A n erk en n u n g  seiner F o rschungsergebn isse , daß  er zum  M it
glied des R ed ak tio n sk o m itees  d er 1964 geg ründe ten  in te rn a tio n a le n  Z e itsch rift 
»C arbohydrate  R esearch« gew ählt w urde .

D ie F o rsch u n g s tä tig k e it von  L. V a r g h a  bezeugen  fa s t  100 P u b lik a tio n e n , 
w eiterh in  zah lre iche  A rzneisyn thesen , die in  P a te n ts c h r if te n  festgeleg t sind . 
Seine F o rsch u n g en  e rs treck ten  sich a u f  m ehrere  G eb ie te  der o rgan ischen  
Chem ie, am  m eisten  in te ressie rte  ih n  jed o ch  die K o h len h y d ra tch em ie  u n d  seine 
a u f diesem  G ebie t e rre ich ten  F o rschungsergebn isse  v e rsch a fften  ihm  schon 
in seinen ju n g en  J a h re n  einen g u ten  R u f. Seine k n a p p  g efaß ten  P u b lik a tio n en  
lassen seine scharfe  U rte ilsk ra ft, tü c h tig e  K e n n tn is  d er einschlägigen F a c h 
l i te ra tu r  und  den  vorzüg lichen  E x p e rim e n ta to r  e rk en n en . In  sp ä te ren  E ta p p e n  
seiner L a u fb a h n  k o n n te  er es n u r  schw er h in n eh m en , d aß  ihm  die schw ere 
L ast d er v ielen , z e itrau b en d en  V erw altu n g sa rb e it —  u n d  in  seinen le tz te n  
J a h re n  sein lab ile r G esu n d h e itszu s tan d  —  das p ersön liche  M itw irken  in  d er 
L ab o ra rb e it n ic h t m eh r erm öglich te .

V on den  e rs te n  F orschungsergebn issen , die er n och  in  G em einschaft m it 
H . O h l e  erzielt h a t  [2— 8 ], v e rd ie n t besonders die S y n th ese  d er 1 ,2-O -Isopro- 
pyliden-6-O -tosyl-D -glucofuranose ( I )  u n d  aus d ieser die H erste llu n g  des 
5 ,6 -A n h y d ro d eriv a ts  I I  du rch  E in w irk u n g  von N a tr iu m m e th y la t E rw äh n u n g . 
D ad u rch  Avar eine neue  u n d  ein fache M ethode zu r H e rs te llu n g  von  Z uckerepo- 
x y d en  geschaffen  w orden , die se itd em  o ft A nw endung  gefunden  h a t. A us dem  
E p o x y d  I I  k o n n te  d u rch  E in w irk u n g  von L auge e inerse its  das D-Glucose- 
d e riv a t I I I , an d e re rse its  — infolge e iner hei der A u fsp a ltu n g  des E p o xydringes 
am  A sy m m etriezen tru m  5 erfo lgenden  Inversio n  —  das 1 ,2 -Isopropy liden- 
D e riv a t d er se lten en  D -Idose e rfaß t w erden . E s w u rd e  die Sprengung  des D rei-
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r in g es  auch  m it e inem  Ü b ersch u ß  von  N a tr iu m m e th y la t b e w irk t, in  der H off
n u n g , a u f  dem  W ege I I  — У — VI zu r 5-O -M ethyl-D -glucofuranose (V I) gelan
g en  zu  können . S p ä te re  U n te rsu ch u n g en  h ab en  jed o ch  eine tran s-Ö ffn u n g  des 
R in g es bew iesen, so m it d ü rf te  also a n s ta t t  d er 5-O -M ethyl-D -glucofuranose (V I) 
d a s  isom ere D -Id o se-D eriv at V ia e n ts ta n d e n  sein.
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D ie H erste llung  d er seh r in te re ssan ten  5-O -M ethyl-D -glucose is t V a r g h a  — wie 
w e ite r  u n te n  gezeigt w ird  —  sp ä te r  a u f  an d erem  W ege doch  gelungen .

V on den in  G em einschaft m it  A. S c h ö n b e r g  p u b liz ie rte n  A rbeiten  
[6— 11] is t besonders die zu T h io leste rn  fü h ren d e  th e rm isch e  Isom erisierung  
v o n  T h ionestern  d er T liiokoh lensäure  zu  erw ähnen , die e inen  g u te n  W eg zur 
U m w an d lu n g  d er P h en o le  zu T h iopheno len  erö ffnet h a t:

SAr
Pyridin 280°C /

S =  CCI2 1 2ArOH — — >- S =  C(OAr)2 -------* 0  =  C

OAr

- ArOH -f ArSH — — 1/2Ar — S — S — A r ------> ArSHHtO
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Seine ganz se lb stän d ig en  U n te rsu ch u n g en , die er z u n ä c h s t am  M edizi
nisch-chem ischen I n s t i t u t  der U n iv e rs itä t  Szeged b eg an n , fü h rte n  a lsb a ld  
zu einem  w ichtigen  E rgebn is. Zu d ieser Z eit h a t te  S z e n t -G y ö r g y i zum  
e rs ten m al aus dem  P re ß s a f t  von P a p r ik a sc h o te n  in  au ffa llen d  großer M enge 
die v o n  ihm  einige J a h r e  früher aus tie risch e r N eb en n ie ren rin d e  m it g roßer 
M ühe in  bescheidener M enge bere its  iso lie rten  »H exuronsäure«  abgeschieden. 
E r  h a t te  v e rm u te t, d a ß  die auch in  P flan zen  v o rk o m m en d e  u n d  s ta rk  re d u 
zierende S ubstanz m it  dem  seit lan g em  gesuch ten  V itam in  C iden tisch  sein  
d ü rfte , um som ehr, als aus T ie rv ersu ch en  b e k a n n t w ar, d aß  die V itam in-C - 
W irk u n g  v e rsch iedener F rü ch te  hzw . d er aus ih n en  gew onnenen  P reß sä fte  
u n d  E x tra k te  m it ih re m  R ed u k tio n sv erm ö g en  in sa u re r  Lösung p a ra lle l 
a n s te ig t. D ie R ic h tig k e it seiner V e rm u tu n g  k o n n te  zw ar m it dem  T ierversuch  
(M eerschw einchen) b e s tä t ig t  w erden , w urde  jed o ch  au ch  n och  von ein igen 
E x p e rte n  der V itam in fo rschung  in  F ra g e  g este llt, da  la u t  des k u ra tiv e n  bzw . 
p rä v e n tiv e n  T ests d e r  täg liche B e d a rf  viel g rößer w ar (1 mg/1 kg  K ö rp e r
gew icht) als von a n d e re n  isolierten  V itam in en , deren  E in h e itlich k e it dam als 
noch n ic h t einm al g ew äh rle is te t w ar. D eshalb  sch ien  es n ic h t ausgeschlossen 
zu sein , daß  die V itam in -C -W irkung  n ic h t der H ex u ro n säu re  selbst, sondern  
n u r e iner, ih r in m in im a le r  Menge a n h a fte n d e n  B eg le itsu b stan z  zuzusch re iben  
is t, d ie sich durch  e in fach e  K ris ta llis ie ru n g  n ich t en tfe rn en  läß t. Da s te llte  
V a r g h a  aus H ex u ro n säu re  ein g leichfalls g u t k ris ta llis ie ren d es Isop ropy liden - 
d e riv a t her, aus dem  sich  die H ex u ro n säu re  sehr le ich t regenerieren  ließ [14]. 
Die a u f  diese W eise »gereinigte« S u b s ta n z  zeig te n u n  im  T ierversuch  auch  in  
q u a n ti ta t iv e r  H in s ich t dieselbe b io logische W irk u n g  w ie v o r dem  d o p p e lten  
U m satz , dem  sie u n te rw o rfen  w urde . L e tz ten  E n d es gab en  folgende ex p eri
m en te llen  B efunde v o n  V a r g h a  gu te  A n h a ltsp ro d u k te  zu r S tru k tu re rm itt lu n g  
des s p ä te r  L -A scorbinsäure genann ten  V itam in s C: (a) Isop ropy liden -asco rb in - 
säure is t —  wie die A scorb insäure  se lb s t —  eine sau re , s ta rk  reduzierende 
V erb indung , die in  w ä ß rig e r  Lösung b e re its  beim  k u rz e n  A u fb ew ah ren  w ieder 
in  A scorb insäure u n d  A ceton  z e rfä llt; (b) die A sco rb in säu re  e n th ä lt eine 
tr ity lie rb a re  p rim äre  H y d ro x y lg ru p p e  [15].

W äh ren d  seiner e in jäh rigen  T ä tig k e it  am  B io logischen  F o rschungs
in s t i tu t  zu T ih an y  h a t  V a r g h a  ein in te re ssa n te s  u n d  ein faches V erfahren  zu r 
H erste llu n g  der 1 ,2 -0 -Isop ropy liden -a-D -g luco fu ranose  au sg e a rb e ite t, das n ic h t 
au f e iner partie llen  H y d ro ly se  der D i-isopropyliden-D -glucose b e ru h t, sondern  
aus d e r M ethanolyse des aus D-Glucose d u rch  g leichzeitige E in w irk u n g  v o n  
B orsäu re  u n d  A ceton  h e rs te llb a ren  l,2 -0 -Iso p ro p y lid e n -3 ,5 -b o rsä u re e s te rs  d e r 
D-Glucose b es teh t [16]. D iese M ethode h a t te  er s p ä te r  au ch  zu r S ynthese des
1 ,2 -0 -Iso p ro p y lid en -D -m an n its  herangezogen  [17]. M it d ieser A rb e it h ab e n  
e igen tlich  seine v ie lse itig en  U n te rsu ch u n g en  ü b e r Z uckera lkoho le  begonnen , 
denen  e r besonders s p ä te r  große A u fm erk sam k e it w id m ete . E s gelang ih m , 
die S tru k tu r  des seit lan g em  besch riebenen  B enza l-so rb its  zu  e rm itte ln  [22],
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diese E rk e n n tn is  zu r S y n th ese  der f rü h e r  n u r  schw er zugäng lichen  L-Xylose 
zu  v e rw e rte n  (V II —► V III —► IX ) u n d  le tz te re  zugleich zu r L -X yloketose zu 
isom erisie ren . Die L -X yloketose  w u rd e  v o n  L e v e n e  u n d  L a F o r g e  aus H a rn  
iso lie r t u n d  id en tifiz ie rt, ah e r ih re  S y n th ese  e rs t von  V a r g h a  d u rch g e fü h rt.
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TsOCH
1 A g„ö TsOCH ii7o HOCH и о HOCH

HC HC HC HCOH
1

HCOH HCOMe HCOMe HCOMe

CH2OBz CHoOBz CH2OBz

1
CH2OH

X XI XII XIII

H ie rb e i w ird  m an  beso n d ers  a u f  die P räz is io n  dieser A rb e it au fm erk sam , fe rner 
a u c h  a u f  den B efund , d aß  im  öligen E n d p ro d u k t die 5-O -M ethyl-D -glucose 
v o rw iegend  in  der orf-Form (X II I )  v o rlie g t, w oraus d er S ch luß  gezogen w erden  
k a n n , d aß  in der D -G lu c o fu ra n o se  d e r R in g  sehr lab il is t.

M it der le tz te rw ä h n te n , im  A u g u st 1936 v e rfaß ten  P u b lik a tio n  w u rd en  
V a r g h a s  k o h len h y d ra tch em isch e  U n te rsu ch u n g en  v o rläu fig  u n te rb ro c h e n , da 
e r seine T ä tig k e it im  F o rsch u n g slab o r d e r  P h arm azeu tisch -ch em isch en  F a b rik  
G. R ic h te r  begann . V on den  h ie r d u rch g e fü h rten  bzv '. in  A n g riff genom m enen 
A rb e ite n  [25— 28, 30] is t  v o r allem  d ie in te re ssan te  S y n th ese  des irans-1 ,2- 
D iä th y l- l,2 -d i-(p -h y d ro x y p h en y l)-ä th y le n s  (XVIIIb) zu e rw ähnen . B e k a n n t
lich  w urde  dieses K u n s tp ro d u k t m it auffallend  s ta rk e r  ö stro g en er W irk u n g  
zu m  e rs ten m al von  D o d d s  u n d  R o b in s o n  1937 besch rieb en  u n d  k u rz  d a ra u f  
(1938) eine aus A nisaldehyd  s ta r te n d e  S yn these  au sg ea rh e ite t. Noch im selben
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J a h re  h a t te  V a r g h a  eine viel einfachere u n d  ausg ieb igere  S y n th ese  d u rch g e fü h rt 
(P a te n ta n m e ld u n g  vom  30.3.1938) und  zugleich  a n s ta t t  d er H ydroxy le  an d e re  
S u b s titu e n te n  e n th a lte n d e  A naloga h e rg es te llt, um  den  E ffek t der S u b s ti
tu en ten  a u f  die biologische W irk u n g  s tu d ie re n  zu k ö n n en . Als A usg an g s
su b stan z  w urde  P ro p io p h en o n  bzw . sein  p -su b s titu ie r te s  D eriv a t (X IV ) 
herangezogen , das la u t  der R eak tionsre ihe  XIV XV — XVI  XVII — X V III 
zum  gew ünsch ten  trares-Ä thy lenderivat u m g e se tz t w erden  k o n n te :

E t  E t E t

S 0 2 E t

XVII XVIII

a : R  OM e; b : R O H ; c: R B r; d: R  =  N H ,; e: R = H

A uf diese W eise ließ  sich  aus X lV a das fra n s-S tilb e n d e riv a t X V IIIa gew innen , 
das m it a lkoho lischer K alilauge zu XV IIIb (»Stilböstrol«) d em e th y lie rt w erd en  
k o n n te . A us dem  K e to n  XIVc w urde n ic h t n u r  das D e riv a t X V IIIc, so n d ern  
auch  die isom ere e is-V erb indung gew onnen; beide ließen sich  d ann  d u rc h  
A m m onolyse in  die X V IIId trans-V erb indung  ü b e rfü h ren . Schließlich w u rd e  
noch  aus P ro p io p h en o n  (X lV e) selbst die u n su b s titu ie r te  G ru n d su b stan z  
X V IIIe h e rg es te llt. D ie pharm akolog ische U n te rsu c h u n g  all d ieser Ä th y le n 
d e riv a te  h a t  e rgeben , d aß  zur E n tfa ltu n g  e iner Ö strogenen W irk u n g  die p heno- 
lischen H y d ro x y le  u n en tb eh rlich  sind.

W äh ren d  se in er P ro fessu r in  K o lozsvár h a t  V a r g h a  w iederum  kolilen- 
h y d ra tch em isch e  U n te rsu ch u n g en  in  G ang g ese tz t, ab er gleichzeitig  e inen  
regen K o n ta k t  m it d e r p h arm azeu tisch -ch em isch en  In d u s tr ie  a u fre c h te rh a lte n . 
Z u erst g a lt es, frü h e r  zw angsw eise u n te rb ro ch en e  U n te rsu ch u n g en  ü b er B en za i
so rb it [21, 22] fo rtz u se tz e n , d. h . die m it v e rd ü n n te r  S äure b ew irk te  H y d ro ly se  
des frü h e r aus 2 ,4 -0 -B en za l- l,6 -0 -to sy l-D -g lu c it (X IX ) d u rch  partie lle  D e to sy 
lierung (N a tr iu m m e th y la t, M ethanol) gew onnenen  T osy l-2 ,4 -0 -benzal-5 ,6 - 
anhydro-D -glucits (X X ) zu stud ie ren  [29]. E s h a t  sich ergeben , daß  diese 
R eak tio n  n ich t zu  einem  1-O -Tosyl-hexit (e rw artu n g sg em äß  zum  1-O-Tosyl-D- 
g lucit u n d /o d e r -L-idit) fü h rt, sondern  zu  einem  l-0 -T o s y l-X ,X ’-an h y d ro - 
h ex it, in  w elchem  eine p rim äre  u n d  zwei se k u n d ä re , tran s-s tän d ig e  v ic ina le  
H ydroxy le  n ach w e isb a r sind . D ies en tsp räch e  dem  1-O -T osylat des 2,5-A n- 
hydro-L -id its (X X Ia ) u n d  auch des 2 ,5 -A nhydro-D -glucits (X X IIa ). V on den
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b e id en  M öglichkeiten  ließ  sich  X X IIa au ssch ließen , da das aus dem  M o n o tosy la t 
h e rs te llb a re  D ito sy la t b e i d er O xyd ieru n g  m it B le ite tra a c e ta t  einen  o p tisch  
a k tiv e n  D ia ldehyd  lie fe rte , d er n u r aus d en  l,6 -D i-0 -to sy l-2 ,5 -an h y d ro -L -id it 
(X X Ib ) en ts teh en  k o n n te , da  ja  das en tsp rech en d e  D -G lucitderivat (X X IIb ) 
e inen  op tisch  in a k tiv e n  D ia ld eh y d  lie fern  sollte.*

CH,OTs
I

HCC%
HOCH -CHPh

I /
HCO

I
HCOH

1
CH2OTs

XIX

D ie Isom erisierung  bzw . E p im eris ie ru n g  der Z ucker u n d  Z uckera lkoho le  
[39] w a r des ö fte ren  G egenstand  seiner U n te rsu ch u n g en , au ch  schon desh a lb , 
w eil j a  d er le ich teste  W eg d er E p im eris ie ru n g  ü b er E p o x y d e  fü h r t  u n d  zu r 
H e rs te llu n g  der le tz te re n  eben O h l e  u n d  V ar g h a  eine v era llg em ein eru n g s
fäh ig e  M ethode en tw ick e lt h ab en  [6]. D a d u rc h  w urde seine A u fm erk sam k e it 
schon  a u f  O-Tosyl- u n d  sp ä te r  auch  a u f  O -M esyl-derivate  der Z ucker und  
Z uckera lkoho le  g e rich te t. Als ein in te re ssa n te s  E rgebn is d e ra rtig e r  A rb e iten  
sei d ie  ausgiebige u n d  v e rh ä ltn ism ä ß ig  e infache H ers te llu n g  der L -Idose aus 
D-Glucose hervo rgehoben , die fo lgenden W eg  einschlug: die T o sy lg ru p p en  d e r 
aus D-Glucose le ich t zugäng lichen  l,2 -0 -Iso p ro p y lid en -5 ,6 -d i-0 -to sy l-a -D -g lu co - 
fu ran o se  (X X III)  lassen  sich  gegen A ce ty lg ru p p en  v e rtau sch en , w obei am  A sy m 
m e trie z e n tru m  5 eine In v e rs io n  erfo lg t. D as  so gebildete T r ia c e ta t  (X X IV ) lie 
fe r t  n a c h  der a lkalischen  u n d  dieser fo lgenden  sauren  H y d ro ly se  L-Idose (X X V ). 
C hrom ato g rap h isch e  U n te rsu ch u n g en  ze ig ten , daß  das als S irup  an fa llen d e  
E n d p ro d u k t e inheitlich  is t u n d  som it re in e  L-Idose (X X V ) d a rs te llt . E s  ist 
je d o c h  schon nach  einw öchigem  A u fb ew ah ren  neben  L-Idose auch  L-Sorbose 
n ach w eisb a r und  n ach  d re i M onaten  lä ß t  s ich  aus dem  a llm äh lich  trü b e r  gew orde- 
n en  G em isch m it e iner A u sb eu te  von  ru n d  6 0%  k ris ta llis ie r te  L-Sorbose (X X V I) 
ab so n d ern . Die L-Idose (die la u t  R e a k tio n e n  des G em isches vorw iegend  in  ih re r 
aZ-Form  vorliegt) is t so m it rech t u n b e s tä n d ig  u n d  m a c h t es v e rs tä n d lic h , d aß  
in  d e r  N a tu r  w eder L- n och  D-Idose v o rk o m m t. Die U m lagerung  d er L -Idose zu r

* Die Formeln X X I und X X II sind aus der O riginalm itteilung [29] entnom m en 
w orden, obzwar sie n ich t die im Text richtig  erw ähnten 2,5-Anhydro-hexite, sondern aus 
V ersehen ihre Antipoden darstellen.
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СН2ОН
Ic=o
I

HOCH
I

HCOH
I

HOCH
I

CH2OH

XXVI

c h = o
I

HCOH
I

HOCH
I

HCOH
I

HOCH
I

CH2OH

XXV

L-Sorbose ließ sich ü b rig en s au f s tereochem ische  G ründe zu rü ck zu fü h ren  [41].
D ie oben g esch ilderte  A rbeit i s t  G egenstand  der e rs te n  M itte ilung , die 

V a r g h a  aus dem  I n s t i tu t  fü r A rzn e im itte lfo rsch u n g  p u b liz ie rte , doch  in  k u rze r 
Z eit fo lg ten  ih r zah lre iche  P u b lik a tio n e n  ü b er ähn liche A rb e iten , die erkennen  
lassen, d aß  sich in d iesem  In s t i tu t  e in  neues Z en tru m  u n d  eine neue Schule 
k o h len h y d ra tch em isch e r Forschung  in  U n g arn  ausg eb ild e t h a t ,  w odurch  sich 
junge Chem iker in  d ieses G ebiet g u t  e in a rb e iten  k o n n te n . D ie A nregung  zu 
d e ra rtig e n  F o rschungen  gab V a r g h a s  Id ee , daß  C y to s ta tic a , m it denen m an  
die B ekäm pfung  des K rebses und  d e r  L eukäm ie  a n g e s tre b t h a t ,  vorw iegend 
D eriv a te  zellfrem der V erb indungen  d a rs te llen , u n d  eben  dies k ö n n te  als eine 
U rsache dessen angenom m en  w erden , d aß  diese V erb in d u n g en  n ich t se lek tiv  
n u r a u f  K rebszellen  w irken , so n d ern  au ch  norm ale Z ellen  schädigen  und  
deshalb  äu ß e rs t to x isc h  sind. D ieser G edanke  is t das L e itm o tiv  einer zu sam 
m enfassenden  M itte ilu n g  [66], die e r  in  G em einschaft m it sechs M ita rb e ite rn  
1961 p u b liz ie rte . Sie f a ß t  die E rg eb n isse  zehn Ja h re  lan g e r F o rsch u n g en  zu sam 
m en, deren  Z ielsetzung  die S yn these  cy to a k tiv e  G ru p p en  e n th a lte n d e r  D e ri
v a te  v o n  Z uckern  u n d  Z u ckera lkoho len  w ar [47— 49, 55, 56, 59—65]. D ie 
U n te rsu ch u n g en  in  d iese r R ich tu n g  w u rd e n  auch  noch  n a c h  1961 fo rtg ese tz t 
u n d  ih re  E rgebnisse  in  w eiteren  P u b lik a tio n e n  [71— 78, 81, 82, 84, 86—88, 
93— 96] n iedergeleg t. D iese A rbeiten  e n th a lte n  eine F ü lle  v o n  neuen  E rk e n n t
n issen  a u f  dem  G eb ie t d e r  K o h len h y d ra tch em ie  u n d  h a b e n  o ft den  C h arak te r 
e iner ty p isch en  G rundfo rschung , d a  j a  die p h arm azeu tisch -ch em isch e  Z iel
fo rschung  —  wie dies au ch  V a r g h a  s te ts  b e to n te  —  m it d e r organisch-chem i-
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seh en  G rundforschung  engstens v e rk n ü p f t is t. In  d er T a t  w idersp iegeln  zah l
re ich e  A rbeiten , die im  I n s t i tu t  fü r  A rzn e im itte lfo rsch u n g  d u rc h g e fü h rt w orden  
s in d , diese A uffassung , d e r  es auch  zu  v e rd an k en  is t, d aß  m ehrere  in  d ieser 
G em einschaft a rb e ite n d e  C hem iker in  die R eihe d e r b e s te n  u ngarischen  
O rg an ik e r em porgestiegen  sind u n d  zum  g u ten  R u f  des In s t i tu te s  vieles 
b e ig e trag en  haben.

Y on den c y to a k tiv e n  V erb in d u n g en  fiel die A u fm erk sam k e it V ab g h a s  
v o r  a llem  au f die b io log ischen  A lk y lie ru n g sm itte l, d e ren  P ro to ty p  der soge
n a n n te  S ticksto ffsenf (XXVII) d a rs te ll t , doch  gehören  h ie rh e r ih re r  W irk u n g s
a r t  gem äß  auch 2 ,4 ,6 -T ri-ä th y len im in o -l,3 ,5 -tria z in  (XXVIII) und 1,4-Di- 
m esy lo x y -b u tan  (XXIX).

E s w ar schon b e k a n n t, daß  v ie le  A naloga v o n  XXVII, die a n s ta t t  der 
M eth y lg ru p p e  andere  G ru p p en  e n th a lte n , die C y to a k tiv itä t  d er V erb indung  
XXVII n ich t ü b e rtre ffen  u n d  gleichfalls sehr to x isch  sin d . N u n  v e rm u te te  
V a r g h a , daß  c y to a k tiv e  (z. B . »alkylierende«) G ru p p en , die n ic h t zellfrem den 
T rägerm olekü len , so n d e rn  z. B . Z u ck ern  oder Z u ck era lk o h o len  angeg liedert 
s in d , eine m ehr se lek tiv  a u f  K rebsgew ebe gerich te te  W irk u n g  und  dem zufolge 
eine geringere T o x iz itä t h ab en  k ö n n te n , u n d  dies b eso n d ers  d an n , w enn es 
sich  u m  Moleküle a sy m m etrisch en  B au s hande ln  w ü rd e , da  ja  zw ischen der 
b io logischen  W irkung  u n d  der C h ira litä t asy m m etrisch er M oleküle ein gewisser 
Z u sam m en h an g  zu e rw a rte n  ist. D ieser Ü berlegung gem äß  w u rd e  zu n äch st 
au s  l,2 -5 ,6 -D ian h y d ro -3 ,4 -0 -iso p ro p y lid en -D -m an n it (XXX) d u rch  E in w irk u n g  
von  Ä thy len im in  die V erb in d u n g  XXXI, d an n  aus d ieser m itte ls  k o n z e n tr ie rte r  
S a lzsäu re  das B ish y d ro ch lo rid  des l,6 -D idesoxy-l,6 -d i-/S -ch lo rä thy lam ino-D - 
m a n n its  (XXXII) h e rg es te llt. L e tz te re  V erb in d u n g  erw ies sich  als ein s ta rk es  
C y to s ta ticu m  auffa llend  n ied riger T o x iz itä t u n d  w urde  a lsb a ld  in  die k lin ische 
P ra x is  (u n te r dem  H an d e lsn am en  »Degranol«) e in g efü h rt.

Dieses E rgebnis h a t  n u n  fo lgende E rk e n n tn is  m it sich  g eb rach t: a) die 
E n tfa l tu n g  einer c y to s ta tisc h e n  W irk u n g  is t n ich t u n b e d in g t d a ra n  gebunden , 
d a ß  d ie  beiden »alkylierenden« G ru p p en  an  ein u n d  dem selben  S tick sto ffa to m  
h a f te n  m üssen; b) die cy to s ta tisc h e  W irk u n g  schein t au ch  v o n  der A nw esen
h e it v o n  H y d ro x y lg ru p p en  b ed in g t zu sein, da das zum  V erg leich  h ergeste llte  
H y d ro ch lo rid  des l,6 -D i-(5 -ch lo rä thy lam ino-hexans ganz w irkungslos ist.

'2

XXVII XXVIII XXIX
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D ieser B efu n d  reg te  zu w eiteren  U n te rsu ch u n g en  an , die das Ziel h a t te n , 
den  E in flu ß  des T rägerm olekü ls a u f  den  th e ra p e u tisc h e n  In d e x  d er C y to s ta tic a  
w eiter zu s tu d ie ren . D ieser Z ielsetzung  e n tsp rech en d  w u rd en  zu e rs t —  zw ecks 
E rm ittlu n g  des Z usam m enhanges der b io logischen W irk u n g  m it der C h ira litä t 
der A sy m m etriezen tren  —  die m it dem  D egrano l (X X X II) analogen  D eriv a te  
des L-M annits, D -G lucits, D ulcits u n d  L -Id its au fg e b a u t. Ih re  p h arm ak o lo - 
gische T estu n g  h a t  ergeben , daß  die K o n fig u ra tio n  d er A sy m m etriezen tren  
aussch laggebend is t, u n d  d aß  das D -M ann itderiva t X X X II den w eitaus g ü n s tig 
s ten  th e ra p e u tisc h en  In d e x  aufw eist. Zugleich w urden  auch  A naloga d er V er
b in d u n g  X X X II h e rg es te llt, die a n s ta t t  der C h lo ra tom e andere  H alogene e n t 
h ie lten ; ih re  P rü fu n g  zeig te , d aß  das analoge B ro m d e riv a t einen noch  g ü n s ti
geren th e ra p e u tisc h en  In d e x  aufw eist als V erb in d u n g  X X X II. D ies is t ein  
H inw eis d a rau f, d aß  die in  vivo W irkung  d er b io logischen  A lk y lie ru n g sm itte l 
in d e r T a t so zu d e u te n  is t , daß  sich ihre beiden  su b s titu ie r te n  A lk y lg ru p p en  
an  nuk leoph ile  Z en tren  von  P ro te in en  (E nzym en) u n d  N ucle insäuren  b in d en  
u n d  d ad u rch  K e tte n v e rn e tzu n g e n  v eru rsachen .

A us e n tsp rech en d en  A ldonsäu re lac tonen  h e rg es te llte  /3-C hloräthylam ide, 
ferner die aus Z uckersäu re- u n d  D -M annozuckersäure-d ilac ton  h e rg este llten  
D i-/S -chloräthylam ide erw iesen sich als b io logisch  in a k tiv . D ie E rfa h re n h e it 
a u f  dem  G ebiet d e r K o h len h y d ra tch em ie  u n d  eine gu te  E rfin d u n g sg ab e  
bezeugt die H e rs te llu n g  ein iger Z u ck erd e riv a te , die als n äh ere  A naloga des 
S tickstoffseufes (X X V II) zu b e tra c h te n  sind . H ierzu  gehören: N,N-Di-/S- 
ch loräthy l-D -glucosam in  u n d  sein L -A ntipode, 5 -D esoxy-5-(di-/?-chloräthyl)- 
am ino-ä thy l-D -ribo fu ranosid , l-D esoxy-l-(d i-/3 -ch lo rä thy l)-am ino-2 ,3 -isopropy- 
liden-L -sorbofuranose u n d  l-D esoxy-l-(d i-/S -ch lo räthy l)-am ino-3 ,4 -isopropy li- 
den-L -sorbofuranose bzwr. ih re  Salze. All diese V erb in d u n g en  ze ig ten  zw ar eine 
ausgep räg te , schw ache cy to s ta tisch e  W irk u n g , erw iesen sich jedoch  als seh r 
toxisch.

Schließlich  h ab en  u n te r  den b io logischen A lk y lie ru n g sm itte ln  auch
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D im esy la te  die A u fm erk sam k e it von  V a r g h a  e rreg t, nachdem  b e k a n n t w urde, 
d aß  d as  D im esy la t des 1 ,4 -B u tand io ls  (X X IX ) eine c y to s ta tisc h  w irk en d e  V er
b in d u n g  d a rs te llt, d ie s p ä te r  auch  in  d e r k lin ischen  P rax is  zu r B eh an d lu n g  
d e r m yelo iden  L eu k äm ie  (u n te r  dem  g e sch ü tz ten  N am en  »M yleran«) A nw en
d u n g  fan d . E s w ar so m it zu  e rw arten , d a ß  m an  d u rch  Ä nderung  d er K e tte n 
länge u n d  E in b au  v o n  alkoho lischen  H y d ro x y len , w eite rh in  d u rch  V ariierung  
d e r K o n fig u ra tio n  v o n  A sy m m etriezen tren  zu a,co-D im esylaten v o n  sch ärfe re r 
S e le k tiv itä t  ih re r c y to s ta tisc h e n  W irk u n g , v e rb u n d en  m it e iner n iedrigen 
T o x iz itä t , w ird  gelangen  können . D iese V erm u tu n g  gab A nlaß  zu r S yn these  
des 1 ,6-D i-O -m esyl-D -m annits (das u n te r  den  N am en  »M annogranol« th e ra 
p e u tisc h  v erw endet w ird ) u n d  seines L -A ntipoden , des 1,2-5,6-Tetram esyl-D - 
M an n its  (das u n te r  d em  N am en  »Z ytostop« in die T h erap ie  g leichfalls einge
f ü h r t  w orden  ist), d e r 1 ,6-D i-O -m esyl-L-sorbose, d er 1 ,6-D i-O -m esyl-D -fructose 
u n d  1 ,4-D i-O -m esyl-m eso-ery thrits. V on diesen  h a t te n  w iederum  die D e riv a te  
des D -M annits die g ü n s tig s te  th e ra p e u tisc h e  W irk u n g  u n d  dies w eist w iederum  
a u f  die W ich tigke it d e r K e tten län g e  u n d  d er K o n fig u ra tio n  d er A sy m m etrie 
z e n tre n  h in . —  In  K e n n tn is  des c y to s ta tis c h  w irkenden  A n tib io ticu m s, des 
A zaserin s, w urden  au s e n tsp rech en d en  A ldonsäure- u n d  Z u ckersäu rech lo riden  
d u rc h  E inw irkung  von  D iazo m eth an  1 -D esoxy-l-d iazo-D -g lucohep tu lose  und 
l,8 -B is -d iazo -2 ,7 -d io x o -3 ,4 ,5 ,6 -g a lac to te trah y d ro x y -o c tan  au fg e b a u t, doch 
ze ig ten  diese V erb in d u n g en  n u r  eine schw ache cy to s ta tisch e  W irkung .

N och im  L aufe  d e r  oben e rö r te r te n  U n te rsu ch u n g en  w en d ete  V a r g h a  
se ine  A u fm erk sam k e it e in er p rinz ip ie ll a n d e ren  M öglichkeit d er K re b s th e ra p ie  
zu , n äm lich  der A n w en d u n g  gew isser P u rin -  u n d  P y rim id in d e riv a te  als A n ti
m e ta b o lite . In  der e rs te n  d iesbezüg lichen  M itte ilung  [73] w ird  die S y n th ese  
d e r  2-D esoxy-2-chlor-D -ribose (X X X V I) u n d  des analogen  D -A rabinose-D eri- 
v a ts  (X X X V ) besch rieb en . A u f diese V erb in d u n g en  fiel deshalb  die W ahl, 
w eil in  beiden  die 5- u n d  3 -ständ igen  H y d ro x y le  im  O rganism us v e rm u tlich  
p h o sp h o ry lie rt u n d  d a d u rc h  in  N u c le in säu ren  e in g eb au t w erden  k ö n n en , 
u m so m eh r, als au ch  die K o n fig u ra tio n  des A sy m m etriezen tru m s 3 e n tsp re 
c h en d  is t. Als A u sg an g ssu b stan z  d ie n te  in  be iden  F ä llen  le ich t zugängliches 
D iace ty l-D -arab ina l (X X X III) , aus w elchem  d u rch  C h lo radd ition  das M isch
p ro d u k t XXXIV e rh ä ltlic h  w ar u n d  dieses d an n  n ach  einer zw eistufigen  H y d ro 
lyse die e rw ünsch ten , in  k ris ta llin e r  F o rm  tre n n b a re n  E n d p ro d u k te  lie ferte , 
d e re n  K o n s titu tio n  s tre n g  bew iesen w u rd e :

OAc

XXXIII XXXIV

CI H20
Ag2C 0 3
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OH Cl
XXXV XXXVI

D as D ic lilo rd eriv a t XX X IV  k o n n te  a u c h  zu r H erste llung  d e r  w ich tigen  2-D es- 
oxy-D -ribose (X X X IX ) herangezogen  w erden, w obei fo lgender W eg e in 
gesch lagen  w urde: D e riv a t XXXIV ließ  sich in G egenw art v o n  S ilb e rca rb o n a t 
m it M ethanol zu einem  G em isch v o n  stereo isom eren  M ethy lg lykosiden  
(X X X V II) um setzen , aus w elchem  d a s  D -A rabinose-D erivat X X X V III in k r is ta l
lin e r, e inheitlicher F o rm  ab g eso n d e rt w erden  k o n n te . D ie in  alkoholischem  
M edium  in  A nw esenheit von R an ey -N ick e l b ew irk te  H ydrogeno lyse  u n d  
d a ra u f  e ingesetzte  H y d ro ly se  m it 2 % ig e r  B enzoesäure lie fe rte  2-Desoxy-D- 
ribose (X X X IX ) [73]:

XXXIV XXXVII XXXVIII

1. Ni/H;
2. PhC0 2H

XXXIX

c h= o
I

CH2
I

HCOH
I

HCOH
I

CH2OH

D iese, biologisch so w ich tige  A ldopen tose  w urde  von a n d e re n  F o rsch ern  b e re its  
1949 gleichfalls aus D iace ty l-D -arab in a l (X X X III) h e rg e s te llt , jedoch  d u rch  
A n w endung  des a lten  FiSCHERschen V erfah ren s (d. h. W a sse ra d d itio n in  saurem  
M edium ), w obei n u r  eine A usbeu te  v o n  10%  erreich t w erd en  k o n n te , w äh ren d  
sie he i d e r  oben e rö r te r te n  S yn these  6 5 %  b e tru g . E ine  V ere in fach u n g  d er aus 
D ia c e ty l D -arabinal (X X X III)  au sg eh en d en  S ynthese, die zugleich  eine w eitere  
S te ig e ru n g  d er A u sb eu te  erm ög lich te , b e s ta n d  aus fo lgendem  V erfahren : aus 
dem  D ia c e ta t X X X III ließ  sich d u rc h  A nlagerung von  C hlo rw assersto ff in  
B enzo l 2 -D esoxy-acetoch lo r-D -ribopyranose  (X L) u n d  h ie ra u s  ein M eth y l
g lykosid  (X L I) gew innen , das n ach  e in e r ZEMPLÉNSchen D esace ty lie ru n g  u n d  
d arau ffo lg en d en  schonenden  S äu reh y d ro ly se  2-D esoxy-D -ribose (X X X IX ) 
lie fe rte . A u f diese A r t  k o n n te  d as  E n d p ro d u k t in  F o rm  ih res k ris ta llin en  
A nilids m it 80% iger A u sb eu te  gew onnen  w erden [74]:
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XXXIII
HCl 

Ph H ■>

OAc

CI

XL

MeOH
а Я2с о ,

—о

OAc
XII

1.) MeOH; NaOMe 
2J PhCOOH ^ XXXIX

E in  V ersuch, d ie  k ris ta llin e , g u t d e fin ie rte  2-D esoxy-2-chlor-D -arabinosfe 
m it  A denin zum  2 ,-D esoxy-2 ,-chlor-2’-ep i-adenosin  zu  koppe ln , m iß lang  
z u e rs t , obzw ar die z u r  N -G lykosidb ildung  geeignete l ,2 -D id eso x y -l,2 -d ich lo r- 
3 ,5 -O -d iacety l-D -arabo fu ranose  (X L II) aus der e n tsp re c h e n d en  P yranose  h e r
g e s te llt  w erden k o n n te . D a  jed o ch  d er N -G lykosy lierung  A den in  in F orm  des 
N atriu m sa lzes  des 2 ,8 -D ich lo raden ins u n te rw o rfen  w u rd e , u n d  nach  erfo lg ter 
K u p p lu n g  die a ro m a tisc h  gebundenen  C hlo ratom e se le k tiv  n ich t e n tfe rn t 
w e rd en  ko n n ten , so n d e rn  im  L aufe e in er re d u k tiv e n  E lim in ie ru n g  alle d rei 
C h lo ra tom e gegen W a sse rs to ff  a u sg e ta u sc h t w orden  s in d , b ild e ten  sich als 
E n d p ro d u k te  2’-Desoxy-(z- u n d  -/3-D -ribofuranosyI-adenin (X L III  und  X L IV ), 
in  sich  selbst auch ein  in te re ssan te s  E rg eb n is :

XLII XLIII XLIV

D as erw ünschte  9 -(2 ’-D esoxy-2 ,-ch lo r-a -D -arabo fü ranosy l)-aden in  und sein 
ß -A nom er ließ sich sch ließ lich  du rch  K u p p lu n g  des 6-B enzoylam ino-9-ch lor- 
m ercu ri-p u rin s  m it d em  D e riv a t X L II u n d  d arau ffo lgende D esacy lierung  nach 
Z e m p l é n  gew innen [8 1 ]. B eide V erb in d u n g en  zeigten zw ar n u r  eine schw ache 
tu m o rh em m en d e  W irk u n g , doch lo h n te  sich  ih r  A u fb au  h au p tsäch lich  w egen 
d e r  in te ressan ten  B eo b ach tu n g en , die im  L aufe  ih re r S y n th e se  gem acht w erden  
k o n n te n .

Die V ersuche, gew isse D eriv a te  v o n  Z uckern  u n d  Z uckera lkoho len  zu 
sy n th e tis ie ren , fü h r te n  o ft zu ü b errasch en d en  E rgeb n issen , doch  haben  V a r g h a  
u n d  M ita rbe ite r die K o n s titu tio n  u n e rw a r te t  g eb ilde te r V erb indungen  m eis te r
h a f t  g ek lä rt und  m e h r als einm al fa lsche A ngaben  d e r F a c h lite ra tu r  r ic h tig 
g e s te llt  (vgl. z. B . [84]). W enngleich  gewisse D eriv a te  d e r  Z u ck er und  Z u ck er
a lk oho le , wie z. B . ih re  m it P hosphorsäu re-(d i-)?-ch lo rä thy l)-am id  gebildeten 
cyclischen  E s te r  [86], oder D iepoxyde [87], w e ite rh in  D iep ith io -D eriva te  
[88, 89] als T h e ra p e u tica  ü b e rh a u p t n ic h t in  F rage  k o m m en  k o n n ten , h a t  ih re  
S y n th ese  und  ih r K o n stitu tio n sb ew e is  die K o h len h y d ra tch em ie  doch m it w ich 
tig e n  K enn tn issen  b e re ic h e rt.
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V on den  w eit au sg ed eh n ten  U n te rsu ch u n g en , die das Ziel h a tte n , geeig
n e te , in  der T h erap ie  v e rw ertb a re  C y to s ta tic a  zu sy n th e tis ie re n , seien noch 
einige p ositive  R e su lta te  herausgegriffen . So w urde z. B . au s  D- u n d  L -M annit
2 ,3 -4 ,5 -D ianhydro -l,6 -d i-0 -m esy l-L - bzw . -D -Id it [94], l,6 -D id eso x y -l,6 -d i-  
b rom -2 ,3 -4 ,5 -d ianhydro -L -id it [95], das 1 ,6-D ibrom -, l-B rom -6-ch lo r- und
l-B ro m -6 -jo d -D eriv a t des 1 ,6 -D idesoxy-D -m annits u n d  l-D e so x y -l-b ro m -6 -0 -  
m esy l-D -m annit [96] au fg eb au t. (Von d iesen  f in d e t l,6 -D id eso x y -l,6 -d ib ro m - 
D -m annit u n te r  dem  N am en  »M yelobrom ol« k lin ische A nw endung .) D ie S y n 
th ese  all d ieser V erb indungen  h a t te  v iel In te re ssa n te s  an  sich  und  die S t ru k tu r 
e rm ittlu n g  so m an ch e r in te rm ed iä re r  V erb in d u n g en  b ezeu g t eine g u te  In v e n 
tio n . D abei k o n n te n  aus den  U n te rsch ied en , die zw ischen den  bio logischen W ir
k u n g en  all d ieser V erb in d u n g en  zu b e o b a c h te n  w aren , g u t b rau c h b a re  E in z e l
h e iten  ü b e r den Z usam m enhang  d er c y to s ta tisc h e n  W irk u n g  und des M olekül
b au s  festg este llt w erden.

N un  sind  au ch  U n te rsu ch u n g en  n en n en sw ert, die V a r g h a  a u f dem  G eb ie t 
d e r F u ra n v e rb in d u n g e n  d u rch g e fü h rt h a t  [33 38, 5 2 —54, 58, 79, 80, 97, 98].
D iese w urden  noch  in K olozsvár b egonnen  u n d  h a tte n  u rsp rü n g lich  das Ziel, 
das noch  u n b e k a n n te  2 -A m ino-furan  h e rzu ste llen  um  seine biologische W ir
k u n g  s tu d ie ren  zu  kö n n en . E s w u rd e  also v e rsu ch t, d u rch  U m setzen  des 2- 
A ce to -fu ran o x im -to sy la ts  (X LV ) im  S inne d er N eberschen  R eak tio n  (XLV —> 
— XLVI * X L V II) das to lu o lsu lfo n sau re  Salz des 2 -A m ino-fu rans h e rz u 
ste llen :

CH3

O -с
NOTs

XLV XLVI

~NH3

b o l
XLVII

+  ch3c o 2h

D ie R eak tio n  v e rlie f  jed o ch  in  e iner ganz  an d eren  R ich tu n g , da  a n s ta t t  des 
e rw a rte ten  P ro d u k te s  (X L V II) A m m o n iu m -to lu o lsu lfo n a t und  ein s tick s to ff
freies, lu ftem p fin d lich es , i. V. ohne Z erse tzu n g  destillie rbares Öl e n ts ta n d , das 
la u t  seiner E lem en ta ran a ly se , seinem  M oleku largew ich t u n d  m ehreren  se iner 
chem ischen  R e a k tio n e n  das D iä th y la c e ta l eines H exen-d ion -a ls  (X L V IIIa ) 
zu  sein  sch ien ; w urde  beim  U m sa tz  M eth an o l a n s ta t t  Ä th an o l an g ew an d t, 
so sch ien  das en tsp rech en d e  D im e th y la c e ta l (X L V IIIb) geb ild e t w orden  zu 
sein. D ie B ru tto re a k tio n  h a t te  m an  fo lgend  fo rm u lie rt:

XLV +  2 ROH +  H20 ------- j. TsONH4 +  CH3COCOCH =  CH -  CH(OR)2

XLVIII; a : R =  E t ;  b : R =  Me

D a in  saurem  M edium  beide P ro d u k te  (X L V IIIa , X L V IIIb) m it W assers to ff
h y p e ro x y d  o x y d ie rt u . a. M aleinsäure lie fe rten , fiel die W ah l v o n  den  m öglichen 
Ä thy len iso m eren  a u f  die cis-V erb indung. D ie S äu rehydro lyse  des u n g e sä ttig te n
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A ceta ls  k o n n te  n ic h t o hne  tiefgehende Z erse tzu n g  b e w irk t w erden , deshalb  
w urde  das g e sä ttig te  D e riv a t XLIX d iesem  E in g riff  u n te rw o rfen , w obei jed o ch  
a n s ta t t  des D ik e to -h ex an a ls  L infolge e in er gleich e in se tzenden  in tra m o le k u 
la ren  K o n d en sa tio n  B ren zca tech in  (L I)  e n ts ta n d  und  dies schien w iederum  
fü r  die R ich tig k e it d e r F o rm el XLV III zu  sp rechen :

P t/H 2 H30©
CH3COCOCH =  CH—CH(OR)2------- * CH3COCOCH2CH2CH(OR)2-------»

XLVIII XLIX

L LI

D a h ie r ein gen e tisch e r Z u sam m enhang  des A ce to fu rans m it B ren zca tech in  
in  vitro d e m o n s tr ie rt is t , is t  m an  geneig t, au ch  a u f  einen b iogenetischen  Z u sam 
m en h an g  n a tü r lic h e r  A ro m aten  und  F u ra n d e r iv a te  (z. B . F u ran o sen ) zu 
d enken .

O bzw ar die H e rs te llu n g  des 2-A m ino-fu rans aus dem  O x im -to sy la t XLV 
m iß lang , schien die b eo b a c h te te  an d e rsa rtig e  U m setzung  so in te re ssa n t zu 
sein , daß  die U n te rsu c h u n g e n  auch  a u f  O x im -to sy la te  a n d e re r  F u ry lk e to n e  
e rs tre c k t w urden . D ies w aren  die T o sy la te  des 2-A ceto -cum aron-ox im s, des
2 -P ro p io -fu ran -o x im s u n d  des 2-B enzoy l-fu ran-ox im s. D iese V erb in d u n g en  
ze ig ten  schon in  m eh re re  R ich tu n g en  v e rlau fen d e  R eak tio n en . So b ild e te n  
sich  z. B. aus dem  2 -A ce to -cu m aro n -o x im -to sy la t (L II )  a u f  E in w irk u n g  von  
M ethano l oder Ä th a n o l au ß e r A m m o n iu m -p -to lu o lsu lfo n a t ein  öliges, i. V. 
destillie rbares u n d  zw ei k ris ta llin e  P ro d u k te . D as eine K ris ta llp ro d u k t erw ies 
sich  als (das dam als  n och  u n b e k a n n t gew esene) 2 -M ethy l-3 -hydroxy-ch rom on  
(L I I I ) ,  dem  a n d e ren  w urde  m it V o rb eh a lt die S tru k tu r  eines 3 -K eto -ch rom a- 
non-aceto ls (L IV ) zugeschrieben .

О О
OH ^  A  „OR

[Ol !l /CH3 ra r л О >~7 О 7Э

^ O  CHj er CH3
NOR

LII LIII LIV

Die B ildung  m e h re re r  U m se tzu n g sp ro d u k te  h a t  die A u fm erk sam k e it a u f  
die R a u m s tru k tu r  d ieser O x im -tosy la te  g e rich te t, da es ja  naheliegend  w ar, 
d aß  die A lkoholyse g eom etrischer Isom ere  in  zwei versch ied en en  R ich tu n g en  
verlau fen  k ö n n te . D esha lb  w urden  seh r g ründ liche  U n te rsu ch u n g en  in  G ang 
g ese tz t, die v o r a llem  das Ziel h a tte n , syn- u n d  an fi-Isom ere  d ieser O xim -
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to sy la te  herzu ste llen  u n d  genau  zu  iden tifiz ieren . D iesem  B estreben  e n tsp re 
chend  gelang es syn- u n d  a n ti- iso m e re  sechs v e rsch ied en er, eine 2 -F u ry l- 
bzw . 2 -B enzofury l-G ruppe e n th a lte n d e r  K etoxim e h e rzu ste llen  u n d  zu id e n ti
fiz ieren  [52]. Z ug le ich  w urde m a n c h  irrtüm liche  A n g ab e  der F a c h lite ra tu r  
k o rrig ie rt u n d  bew iesen , daß  ein ige b e re its  besch riebene  K etox im e G em ische 
d er syn- und  an ti- iso m e re n  d a rs te lle n . D er U m satz  d e r  s te risch  e inheitlichen  
O x im -tosy la te  h a t  n u n  ergeben, d a ß  die R ich tu n g  d e r  R e a k tio n  —  wie v e r 
m u te t  w urde —  ta tsä c h lic h  v o n  d e r R a u m s tru k tu r  a b h ä n g t: syn -F ury l-2 - 
a lk y l-k e to x im -to sy la te  (UV) w erd en  v o n  ka ltem  Ä th a n o l oder M ethanol n ic h t 
v e rä n d e rt, w äh ren d  sy n -F u ry l-2 -a ry l-k e to x im -to sy la te  (L V I) u n te r  d iesen  
B edingungen  eine BECKMANNSche U m lagerung  e rle id en , h ingegen  w erden  die 
be re its  e rw äh n ten  u n g e sä ttig te n  A ce ta le  n u r aus a n ti-F u ry l-k e to x im -to sy la te n  
(L V II) gebildet; eine A usnahm e b ild e t  n u r das are ii-5-M ethyl-fury l-2-m ethyl- 
k e to x im -to sy la t (L Y III) , das in fo lge  einer BECKMANNschen U m lagerung  eine 
zu r L ävu lin säu re  fü h ren d e  R e a k tio n  erleidet.

/ г \  - R J ~ \° V <V
N

/
Ts О

N -

L V  R = A l k y l L V II  Q = H
L V I  R = A r y l L V II I  Q C H ,

V a r g h a  u n d  M ita rb e ite r d isk u tie r te n  keinen  M echan ism us dieser R e a k 
tio n en , um som ehr n ic h t, da die v e rm u te te  S tru k tu r  X L V III des u n g esä ttig ten  
A cetals b loß d u rch  einige R e a k tio n e n  u n d  das E rg e b n is  seines o x y d a tiv en  
A bbaus u n te r s tü tz t  w erden  k o n n te , einen  sy n th e tisc h e n  S tru k tu rb ew eis  zu 
liefern  gelang jed o ch  n ic h t. Doch s p ä te r  (1957) w urde v o n  D u n l o p  und P e t e r s , 
u n d  k u rz  d a ra u f  (1958) von  M e in l a n d  ein M echanism us d ieser m erkw ürd igen  
R eak tio n  erwogen. B e ide , von e in a n d e r  n ich t sehr w esen tlich  u n te rsch ied lichen  
M echanism en sch ienen  p lausibel zu  sein  und  es ließ sich  m it ihnen  au ch  die 
un tersch ied liche  R e a k tio n sa r t d e r syn- und  a nti-V e rb in d u u g en  a n n eh m b ar 
d eu ten . V or k u rzem  (1967) h ab en  je d o c h  G r e e n  u n d  L e w is  die U m setzung  
d e r an ti-O x im -to sy la te  (L V II) m it A lkohol rep ro d u z ie rt u n d  die gew onnenen 
u n g e sä ttig te n  A ceta le  IR - , UV- u n d  N M R -spek troskop ischen  U n te rsu ch u n g en  
u n te rw orfen . Aus d en  E rgebn issen  ließ  sich der Schluß z iehen , daß  die u n g e sä t
tig te n  A cetale n ic h t o ffenke ttig , so n d e rn  D eriv a te  des 2 ,5 -D ihydro -fu rans 
sind . So s te llt z. B . d as  aus dem  T o s y la t des an íi-2 -A ceto -fu ran-ox im s (L V II; 
R = C H 3) a u f E in w irk u n g  von M eth an o l en ts tan d en e  P ro d u k t  ein G em isch 
d er stereo isom eren  A ce ta le  LIX a u n d  L lX b dar, die sich  ch ro m ato g rap h isch  
auch  tre n n e n  lassen.
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Ü b rig e n s  is t die S tru k tu r  in  vollem  E in k la n g  m it den chem ischen  R eak tionen , 
die a u c h  die S tru k tu r  X L V III zu u n te rs tü tz e n  schienen.

F rag lich  blieb d ie  S t ru k tu r  des e inen , aus dem  O x im -to sy la t des 2-Aceto- 
c u m a ro n s  gew onnenen U m se tz u n g sp ro d u k te s , dein m it V o rb e h a lt die Form el 
LIV  zugeschrieben  w u rd e . In  d er le tz te n  M itte ilu n g  vonVARGHA u n d M ita rb e i- 
te rn  [98] w urde n u n  a u c h  dieses P ro b lem  gelöst, und  zw ar m it  H ilfe  von IR -, 
N M R - u n d  M assen -spek troskop ischen  U n te rsu ch u n g en  k o n n te  das fraglich«' 
P r o d u k t  als das C u m a ra n -d e riv a tL X  e rk a n n t w erden. A u f G ru n d  der bew iese
n en  S tru k tu re n  w urde  zug leich  d er M echanism us der A lkolio lyse v o n  den anti- 
O x im -to sy la ten  L II u n d  L V II e rö r te r t , w o m it es sich e rk lä re n  ließ , daß  das 
areii-O xim -tosy lat L II  m it  w enig W asse r en th a lten d em  A lkoho l einerseits 
zu m  2 -M ethy l-3 -hydroxy-ch rom on  (L I I I ) ,  an d ererse its  zum  C u m aran -D eriv at 
LX  u m g ese tz t w ird. A us le tz te re m  P ro d u k t k o n n te  übrigens ch ro m ato g rap h isch  
eine  cts- u n d  eine ira n s-K o m p o n e n te  a b g e tre n n t w erden . E s ließ  sich zugleich 
d ie  z u  den  s tereo isom eren  2 ,5 -D ih y d ro -fu ran -D eriv a ten  L IX  fü h ren d e  M etha- 
n o ly se  des an ti-2 -A ce to -fu ran -o x im -to sy la ts  (L V II; R =  C H 3) g u t  deu ten . All 
d iese  R eak tio n en  w erd en  d u rch  eine nucleoph ile  A d d itio n  des A lkohols e in
g e le ite t, die — g le ichzeitig  m it d er A blösung  des T o luo lsu lfo n a t-an io n s — am  
K o h len sto ffa to m  5 (bzw . im  F alle  des 2 -A ceto -cum aron-ox im -tosy la ts  am 
K o h len sto ffa to m  3) e rfo lg t. D er nucleoph ile  A ngriff des A lkoho ls is t n u r dann  
e rfo lg re ich , w enn die T o sy lo x y -G ru p p e  zum  F u ra n rin g  in  a n ii-P osition  is t, 
d e n n  n u r  in  diesem  F a ll  is t eine K o p la n a r itä t  s terisch  m öglich  und  som it 
e ine  m it  der A blösung  des T o sy lo xy-an ions para lle l v e rla u fe n d e  V erschiebung 
d e r  p o s itiv en  L ad u n g  in  P o sitio n  5 bzw . 3. Im  le tz te ren  F a lle  v e rh in d e rt das 
s ta b ile  yr-Sextett eine L ad u n g sv e rsch ieb u n g  bis zum  K o h len sto ffa to m  5 des 
F u ran g e rü s te s .

D ie U m se tzu n g sreak tio n  d er F u ry l-k e to x im -to sy la te  k a m  schließlich 
d o ch  in  gewisse R ez ieh u n g  m it p h arm azeu tisch -ch em isch en  U n te rsuchungen . 
I n  K en n tn is  der c o ro n a rd ila ta to r isc h e n  W irkung , die d em  K hellin , einem  
p flan z lich en  N a tu rs to ff  m it einem  F u ran o -ch ro m o n rin g , eigen  is t, haben  1951 
S c h m u t z  und M ita rb e ite r  zah lre iche  e in fachere C h ro m o n d eriv a te , d a ru n te r  
a u c h  das vonVARGHA u n d  M ita rb e ite rn  e rs tm a ls  aus dem  T o sy la t L II  gew onnene 
2 -M eth y l-3 -h y d ro x y -ch ro m o n  (L I I I ) ,  sy n th e tis ie r t u n d  a u f  ih re  biologische 
W irk u n g  gep rü ft, w obei gefunden  w u rd e , d aß  m anche d ieser e infacheren  V er
b in d u n g e n  die W irk u n g  des K hellin s n ic h t n u r  erreichen , so n d e rn  sogar ü b e r
tre ffe n . Da das K h e llin  se lb st zwei M ethoxy l-G ruppen  e n th ä lt ,  w urden  am
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In s t i tu t  fü r  A rzn e im itte lfo rsch u n g  m ehrere  D irn e th oxy-2 -m ethy l-ch rom one  
und  D im eth o x y -ch ro m o n -2 -ca rb o n säu reeste r au fg eb au t u n d  a u f  ih re  W irk u n g  
g ep rü ft [40]. D abei w urde  gefunden , d aß  diese V erb in d u n g en  5— 6m al a k tiv e r  
sind als das n u r  u m stä n d lic h  iso lierbare  bzw . sy n th e tis ie rb a re  K hellin .

In te re s sa n t w u rd en  schließlich  d ie  am  R ing  m it M ethoxy l-, M ethylen- 
d ioxy- und H y d ro x y l-G ru p p en  su b s titu ie r te n  D eriv a te  von ß en zo y lam id en , 
d e ren  S y n th ese  u n d  p harm ako log ische  T estu n g  deshalb  vo rgenom m en  w urde, 
weil in  A lkalo iden  s ta rk e r  physio log ischer W irk u n g  d e ra rtig e  G ru p p en  o ft V o r 

kom m en. N un w u rd en  ru n d  50, g rö ß ten te ils  neue V erb in d u n g en  diesen  T yps 
au fg eb au t u n d  a u f  ih re  W irk u n g  g ep rü ft [69, 70]. V on d e ra rtig e n  V erb indungen  
zeig te 2 ,3 ,4 -T rim ethoxy-benzoy l-m orpho lin  (L X I) n e b s t seh r geringer T o x iz itä t 
eine g u te  tran q u illie ren d e  W irk u n g  [69, 70] u n d  w urde u n te r  den  N am en  
»Trioxazin« in  die ä rz tlich e  P rax is  e in g efü h rt. D ieser B efund  gab  A n laß  zur 
S yn these  w e ite re r V erb indungen  äh n lich en  T yps [91], besonders um  ih re  W ir
k u n g  a u f  das zen tra le  N erv en sy stem  u n te rsu c h e n  zu k ö n n en  [92]. V on diesen 
zeig ten  einige D ib ro m d eriv a te  eine s ig n ifik an te  A n tin ico tin  W irkung u n d  erm ög
lich ten  es, die A b h än g ig k e it d ieser W irk u n g  von  der M o le k ü ls tru k tu r zu  s tu 
d ieren . D ieser V erb indungsre ihe  geh ö rt u . a. auch  das k ram p fs tillen d e  3,5-Di- 
m ethoxy-4 -decy locy -benzoesäu ream id  (»Denegit«; L X II) , das s ta rk e  Schlaf
m itte l 3 ,5 -D ich lo r-4 -m ethoxy-benzoesäu re-cyc lop ropy lam id  (L X III)  u n d  das 
H y d ro ch lo rid  des 3 ,5 -D im ethoxy-4 -bu ty loxy-benzoesäu re-/? -py rro lid iny l-ä thy l- 
esters  (»Vasopenton«; LX IV ) an.

MeO Me О CI

Me°-̂ Q)~C0—1\ __y° Ci0H2iO -< ^ )-C O N H 2 M e O ^ Q )-C C > -N ^ < ^ |

MeO MeO CI
LXI LXII LXIII

MeO

C4H90 -^ Q ^ C 0 2 C H 2CH2-NHj

MeO C if
LXIV

N eben den  S y n th esen , die das Ziel h a tte n , neue A n titu b e rc u lo tic a  zu 
fin d en  [42— 44], is t au ch  die M odifiz ierung  der W ib au tsch en  H ers te llu n g  des 
4 -Ä th y l-p y rid in s , das b e k a n n tlic h  d ie  A u sg an g ssu b stan z  bei d er tech n isch en  
S y n th ese  des w ich tigen  Iso n ico tin säu re -h y d raz id s  b ild e t, zu e rw ähnen . Die 
M odifiz ierung  b e s ta n d  einfach  d a rin , d aß  der re d u k tiv e  U m sa tz  des 
P y rid in s  m it E ss ig säu rean h y d rid  in  A nw esenheit v o n  E isen  a n s ta t t  Z ink 
d u rch g e fü h rt w urde , w od u rch  die A u sb eu te  a u f  das D o p p e lte  g este ig ert w erden  
k o n n te .
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A ls Beispiel d e r V ie lse itigke it d er o rgan isch-chem ischen  A rbe iten  von 
V a r g h a  d ü rfte  die v e re in fa ch te  u n d  v e rb esse rte  Iso lie ru n g  d er H yodesoxychol- 
sä u re  aus Schw einegalle u n d  ih re  U m w an d lu n g  zu 3/?-A cetoxy-choI-5-en- 
sä u re m e th y le s te r  h e rv o rg eh o b en  w trd e n . O bzw ar w egen d er schw achen  A us
b e u te  d er E in sa tz  d e r  le tz te re n  V erb in d u n g  zu r H ers te llu n g  von  S te ro id 
h o rm o n en  n ich t lo h n en d  w äre , is t diese A rb e it w egen ih re r in te re ssa n te n  s te reo 
chem ischen  B eziehungen  doch  erw äh n en sw ert [46]. —  Schließlich  sei noch  
e rw ä h n t, daß  d u rch  A cy lie ru n g  v o n  6 -A m ino-pen ic illansäure  eine R eihe von  
h a lb sy n th e tisc h e n  P en ic illin en  h erg este llt w orden  sind , deren  einige in  die 
T h e ra p ie  e ingefüh rt w u rd e n  (z. B . »Pirazocillin«).

Als V orstand  des I n s t i tu ts  fü r  A rzn e im itte lfo rsch u n g  h a t  V a r g h a  seiner 
fe s te n  Ü berzeugung in  W o rt u n d  T a t des ö fte ren  A u sd ru ck  gegeben, d aß  
n ä m lic h  die A rzn e im itte lfo rsch u n g  von  der o rgan isch-chem ischen  G ru n d fo r
sch u n g  k rä ftig  u n te r s tü tz t  w erden  m uß , d en n  n u r  a u f  diese W eise ließe sich 
d ie  L ebensfäh ig k e it u n d  eine gesunde E n tw ick lu n g  d er ung arisch en  p h a rm a 
zeu tisch -chem ischen  In d u s tr ie  sichern . D iese Ü berzeugung  bew og ih n  zur v ie l
se itig en  w issenschaftlichen  Z u sam m en arb e it m it m ehreren  U n iv e rs itä ts 
in s t i tu te n . Es is t auch  d ieser A nsich t zu v e rd a n k e n , d aß  sich im  In s t i tu t  fü r  
A rzn e im itte lfo rsch u n g  eine vielseitige u n d  erfo lgreiche F o rsc h u n g s tä tig k e it 
a u f  o rgan isch-chem ischem  G ebiet o ffen b art h a t  u n d  m ehrere  ju n g e  C hem iker, 
d ie  d o r t  ihre T ä tig k e it  b egonnen  h ab en , zu a n e rk a n n te n  F o rsch ern  h e ra n 
gew achsen  sind. D ies b ezeu g t auch  der U m sta n d , d aß  einige v o n  ihnen  d u rch  
ih re  am  In s t i tu t  g e le is te te  F o rsch u n g sa rb e it w issenschaftliche  G rade erw orben  
h a b e n  und  sogar sechs v o n  ihn en  m it dem  K o ssu th - bzw . S taa tsp re is  a u s 
g eze ichnet w orden  sin d . G ebührend  w urde  dieses I n s t i tu t  1967 als erstes von  
d en  u n te r  der O b h u t des U ngarisch en  M in isterium s fü r  S chw erindustrie  s te 
h e n d e n  F o rsc h u n g s in s titu te n  m it dem  E h re n ti te l  »Vorzügliches F o rsch u n g s
in s ti tu t«  au sgezeichnet. —  D en  E rfo lg , den  V a r g h a s  L e h r tä tig k e it w äh ren d  
se in e r zehn jährigen  P ro fe ssu r in  K o lozsvár e rre ich t h a t ,  bezeugen  seine gew e
sen en  Schüler, die als C hem ielehrer oder C hem iker in  fü h ren d e  P o s ten  erhoben  
w orden  sind.

T ro tz  der g ro ß en  In a n sp ru c h n a h m e , die die v e ran tw o rtu n g sv o lle  L e itu n g  
des In s t i tu ts  fü r  A rzn e im itte lfo rsch u n g  m it sich b ra c h te , h a t  V a r g h a  n ich t 
n u r  an  diesem  I n s t i tu t ,  sondern  ganz a llgem ein  fü r  den  A ufschw ung der 
o rgan isch-chem ischen  F o rsch u n g  in  unserem  L an d e  sein B estes g e tan . Als 
M itg lied  der U n g arisch en  A kadem ie der W issen sch aften  h a t te  er gelegentlich  
d e r  S itzungen  d e r C hem ischen  K lasse, w e ite rh in  des K om itees fü r O rganische 
C hem ie dieser K lasse , des K om itees fü r  A rzn e im itte lfo rsch u n g  u n d  schließlich  
als P rä s id e n t des K o m itee s  fü r  K o h len h y d ra tch em ie  des ö fte ren  seine — m a n c h 
m a l auch  sch arf k r itisc h e  ab er im m er von  g u tem  W illen  d u rch d ru n g en e  -— 
M einung g eäußert. A ls P rä s id e n t der S ek tion  fü r  O rganische Chem ie des V ereins 
U n garischer C hem iker w ar er als V o rs tan d  des O rgan isa tionskom itees von
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in län d isch en  K o ngressen  im m er b e re itw illig s t tä tig . E r  h a t  a u f  die P flege 
in te rn a tio n a le r  V erb in d u n g en  s te ts  g roßes G ew icht ge leg t, w ozu als solide 
G rund lage  seine persön liche  B e k a n n tsc h a f t  u n d  m an ch  freu n d sch aftlich es  
V e rh ä ltn is  zu h e rv o rrag en d en  F o rsch e rn  des A uslandes g ed ien t haben .

In  seinen le tz te n  L ebensjah ren  h a t  sich  sein G esu n d h e itszu s tan d  J a h r  
fü r  J a h r  v e rsc h le c h te rt. Doch sein z ä h e r  S ch affu n g sd ran g , die L e id en sch aft 
der w issensch aftlich en  F orschung h a b e n  ih m  die F ä h ig k e it gegeben, b is zum  
le tz ten  A tem zuge w e ite r  zu a rb e ite n  u n d  s ta n d z u h a lte n  an  seinem  v e r a n t
w ortungsvo llen  P o s te n . D urch se inen  T od  h a t  die o rgan isch-chem ische u n d  
ph arm azeu tisch -ch em isch e  F o rschung  in  U n g a rn  eine d er fü h ren d en  P e rsö n 
lich k e iten  verlo ren . N ic h t n u r alle, d ie  ih n  persön lich  k a n n te n , sondern  a u f  
v iel w eitere  S ich t d ie  E rgebnisse se in e r ideen re ichen  F o rsch u n g sa rb e it w erden  
sein A n d en k en  t r e u  bew ahren .
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STUDY OF THE CATALYTIC HYDROGENATION 
(DEUTERATION) OF CYCLOHEXENE ON A PLATINUM
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The heterogeneous cataly tic hydrogenation of cyclohexene was studied in a reactor 
in which fresh p latinum  cata lyst was prepared during the reaction  by  m eans of con
tinuous abrasion.

I t  was found th a t  the cracking of the  cyclohexene occurs sim ultaneously w ith 
its  hydrogenation. As a result of the decomposition carbon deposits and CH (m ethyne) 
radicals, chemisorbed on the cata lyst surface, are formed. I t  is assum ed th a t  th e  aging 
of the ca ta lyst is caused prim arily  by  th e  enrichm ent of these decom position products, 
th a t  is, by the decrease of the num ber of free active sites. The ra te  of cracking decreases 
more strongly w ith the decrease of th e  ac tiv ity  of the ca ta lyst th a n  does the ra te  of 
hydrogenation, and only in the case of fresh catalyst therefore do the two processes 
take  place w ith comm ensurable rates.

Acta Chimica Academiae Scientiarum Hungaricue , Tomus 74 (I)* p p . 27 — 34 (1972)

Introduction

T he decrease of th e  a c tiv ity  o f m e ta l h y d ro g en a tio n  c a ta ly s ts  d u rin g  
re a c tio n  h as  long been k n ow n , an d  is a m uch s tu d ied  p rob lem . D esp ite  th e  
num ero u s o b serv a tio n s to  be found  in  th e  l ite ra tu re  w ith  re g a rd  to  th e  causes 
o f th e  ag ing , th is  q u estio n , w hich  is eq u a lly  im p o rta n t b o th  th e o re tic a lly  an d  
p ra c tic a lly , can  s till be considered  as unso lved .

I t  w as earlie r show n [1] th a t  if  h y d ro g en a tio n  re a c tio n  cycles are  ca rried  
o u t  on a g iven c a ta ly s t a t  room  te m p e ra tu re  w ith  in itia l p ressu re  o f 20 to r r  
cyclohexene an d  40 to r r  hyd ro g en , th e  a c tiv ity  of a fresh  p la tin u m  c a ta ly s t 
decreases a t  f ir s t  rap id ly , an d  th e n  th e  ag ing  becom es m ore  m o d era te .

U n d e r th e  ex p erim en ta l cond itions o f  [1] i t  seem s p ro b ab le  th a t  th e  
decrease  o f th e  n u m b e r o f  ac tiv e  sites is b ro u g h t a b o u t b y  th e  s tro n g  chem i
so rp tio n  o f th e  p ro d u c ts  of th e  side reac tio n s . In  th e  case o f  th e  cyclohexene— 
h y d ro g en  sy stem  th e  possible side reac tio n s  are  th e  d eh y d ro g en a tio n  an d  
c rack in g  o f  th e  cyclohexene.

I t  is k n o w n  th a t  th e  cyclohexad iene a n d  benzene fo rm ed  b y  th e  d e h y d ro 
g en a tio n  of cyclohexene a re  n o t c a ta ly s t poisons, for a t  room  te m p e ra tu re  in  
th e  p resence o f p la tin u m  c a ta ly s t each  o f  th em  is read ily  h y d ro g e n a te d . I t  
ap p ears  m ore p ro b ab le  th a t  th e  aging o f th e  ca ta ly s ts  is caused  b y  th e  chem i
so rp tio n  o f th e  c rack ing  p ro d u c ts  fo rm ed  b y  th e  cleavage o f th e  cyclohexene ring .

In  th e  p re se n t p a p e r we re p o rt som e investig a tio n s co n n ec ted  w ith  th e  
ab o v e  prob lem .

Acta Chim. ( Budapest) 74, 1972



28 MÓGEK et al.: STUDY OP TH E  CATALYTIC HYDROGENATION

E xperim ental resu lts

I t  is su b s ta n tia lly  easier to  d e te rm in e  th e  c rack ing  p ro d u c ts  of cyclo- 
h ex en e  in  th e  gas p h ase  if  th e  sa tu ra tio n  is ca rried  o u t w ith  deu te rium . T he 
fa te  o f  th e  hydrogen  re leased  d u ring  th e  c rack in g  reac tio n s can  easily  he tra c e d  
in  th is  case w ith  th e  u se  o f a m ass sp ec tro m e te r.

O ur f irs t  series o f  m easu rem en ts  w as m ad e  w ith  a m ix tu re  in itia lly  con
ta in in g  20 to r r  cy clohexene and  40 to r r  d eu te riu m  a t  30 °C in  th e  presence 
o f a p la tin u m  sponge c a ta ly s t  o b ta in ed  b y  re d u c tio n  w ith  fo rm aldehyde . T h e  
a lre a d y  rep o rted  [2] c lo sed -c ircu lation  re a c to r  w as se lec ted  fo r th e  s tu d y . T h e  
p rog ress of th e  re a c tio n  w as followed b y  m eans of th e  decrease  of th e  pressure  
in  th e  system . T he sam p les  ta k e n  from  th e  gas space d u rin g  th e  reactions w ere 
se p a re te d  b y  m eans o f  a gas ch ro m a to g rap h , an d  th e  d is tr ib u tio n  of th e  d e u te 
riu m  ato m s in  th e  cy c lo h ex an e  (C6H i2_ vDv) an d  cyclohexene (CeH 10_ xD x) w as 
d e te rm in ed  on a m ass sp ec tro m ete r.

T he so rp tion  cap ac itie s  of th e  c a ta ly s ts  used  in  th e  prev ious m easu re 
m en ts  [1] were 10 6— 10 7 m ole, an d  th e  sam e tim e  th e  a m o u n t of m a te ria l 
used in  each ex p e rim en t w as 1— 5 x  10~4 m ole. In  o rd e r fo r th e  crack ing  p ro d 
u c ts  to  occur in  m easu rab le  c o n cen tra tio n  in  th e  gas space , th e  d e u te ra tio n  
reac tio n s  were ca rried  o u t in  th is  series o f  m easu rem en ts  on  ca ta ly s ts  consisting  
o f m u ch  g rea te r a m o u n ts  o f P t  sponge th a n  prev iously .

T he resu lts  o f th e  m easu rem en ts  show ed th a t  th e  p e rcen tag e  ra tio  o f th e  
d e u te ra te d  cyclohexane frac tio n s  fo rm ed  in  th e  reac tio n  v a rie s  stro n g ly  d u rin g  
th e  conversion. T h is v a r ia tio n  is p a r tic u la r ly  s trik in g  w ith  regard  to  th e  
v  =  0 frac tion .

F ig . 1 shows th e  v a ria tio n  of th e  p e rcen tag e  ra tio  o f th e  v  =  0 frac tio n  
o f cyclohexane as a fu n c tio n  of th e  conversion , in  th e  cases o f 0.7 g (cu rve 1) 
an d  0.2 g (curve 2) c a ta ly s t .  A fte r th is  l a t te r  ex p erim en t th e  system  was ev ac 
u a te d  an d  a new m e asu rem en t w as ca rried  o u t w ith  a fresh  reac tio n  m ix tu re ; 
th e  re su lt of th is  is show n in cu rve  3 o f F ig . 1. I t  can  be  seen th a t  in  th e  
case o f curve 3 th e  p e rcen tag e  a m o u n t o f th e  v  =  0 cy clohexane is p rac tica lly  
in d ep en d en t of th e  e x te n t  o f th e  re a c tio n , an d  w ith  th e  p rogressing  o f  th e  
re a c tio n  curve 2 in c reas in g ly  app roaches cu rv e  3.

In  th e  case o f th e  m easu rem en ts re la tin g  to  cu rves 1 an d  2, w a te r an d  
ca rb o n  dioxide w ere fo u n d  in  th e  gas space, in  am o u n ts  p ro p o rtio n a l to  th e  
q u a n t i ty  of c a ta ly s t. T h e  given e x p e rim e n ta l re su lts  show  th a t  th e  surface 
o f th e  P t  sponge c a ta ly s t  is covered w ith  oxygen.

In  th e  ex p e rim en ts  re la tin g  to  cu rv e  3, th e  analy sis  o f th e  gas space 
show ed th a t  w a te r  a n d  carbon  dioxide d id  n o t form  in th is  reac tion .

T he ex p e rim en ta l resu lts  given in  F ig . 1 can  on ly  be in te rp re te d  b y  a c c e p t
ing  th a t  th e  oxygen  can  be  rem oved from  th e  su rface  o f th e  p la tin u m  c a ta ly s t  
n o t  on ly  b y  h y d ro g en  b u t  also b y  cyclohexene. T he ap p ea ran ce  of C 0 2 in  th e
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gas space, and th e  s tro n g  decrease o f  th e  p ercen tag e  a m o u n t of th e  v  =  0 
cyclohexane w ith  th e  progressing  o f  th e  reac tio n  con firm  th a t  a p a r t  o f th e  
cyclohexene ad so rb ed  on th e  oxide su rface  is oxid ized . T h e  hydrogen  a to m s 
fo rm ed  on th e  c leav ag e  of th e  cyclohexene sk e le ton  e ith e r  reac t w ith  th e  
oxygen  bound  on th e  su rface , or s a tu r a te  th e  cyclohexene.

I t  is easy to  see th a t ,  w ith  th e  ex cep tio n  o f film  c a ta ly s t  p rep ared  in  h igh  
v acu u m , p la tin u m  c a ta ly s ts  app lied  com e in to  c o n ta c t w ith  oxygen (air) in  
genera l before re a c tio n . I t  m ay be p re su m ed  th a t  th e ir  su rface , or a p a r t  o f  i t ,  
is covered  w ith  o x ide , a n d  ox ida tio n  side reac tio n s m u st th e re fo re  be reckoned  
w ith  d u rin g  th e  h y d ro g en a tio n .

Fig. 1. Percentage change of th e  v =  0 fraction  of cyclohexane as a function  of the conversion

I t  follows from  th e  above th a t  th e  film  c a ta ly s ts  p re p a re d  in  high v acu u m  
shou ld  p rim arily  be  considered  for th e  s tu d y  of th e  m ech an ism  of aging of p u re  
m eta llic  p la tin u m  c a ta ly s ts . I t  is k n o w n  th a t  th e  a c tiv ity  o f  th e  film  ca ta ly s ts  
depends strong ly  on  th e ir  m ethods o f  p re p a ra tio n  ( te m p e ra tu re , th e  cleanness 
o f th e  w alls of th e  vesse l, etc .). E v en  i f  th e  m ost carefu l p re p a ra tiv e  cond itions 
are em ployed , th e  a c tiv it ie s  of th e  c a ta ly s ts  v a ry  w ith in  an  o rd e r of m ag n itu d e .

T h e  d is tu rb in g  fa c to rs  in  th e  so lu tio n  o f our o rig in a l a im  are n o t p r i 
m arily  th o se  m en tio n ed  above, b u t  th e  fa c t th a t  th e  in crease  o f th e  so rp tio n  
c a p a c ity  o f th e  c a ta ly s t  is p ra c tic a lly  u n a tta in a b le .

T ak in g  th e  a b o v e  in to  accoun t, o n  th e  p rincip le  o f th e  d ropp ing  m ercu ry  
e lec trode  used in  e lec tro ch em is try  w e co n s tru c te d  a closed re a c to r  in  w hich th e  
su rface  o f the  p la t in u m  ca ta ly s t c a n  be con tin u o u sly  renew ed  during  th e  
reac tio n .

T he am oun t o f  th e  pu re  m eta llic  c a ta ly s t in  th is  re a c to r  can  be increased  
a t w ill, an d  so a p o ss ib ility  is arisen  fo r  th e  s tu d y  of th e  side reactions.

T h e  opera ting  p rin c ip le  of th e  re a c to r  can  be u n d e rs to o d  from  F ig . 2.
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T h e  p la tin u m  b an d  (1) s tre tc h e d  o n to  th e  disc (2) tu rn s  in  a bed  (4) filled 
w ith  glass pow der. A n e lec tric  m o to r o u ts id e  th e  re a c to r  m oves th e  drive  rod
(5) b ack w ard s  an d  fo rw ard s  across a ro ta ry  arm ; th e  ro d  tu rn s  th e  ra tc h e t 
w h ee l (3), to g e th e r Yvith th e  disc (2) f i t te d  onto  th e  sam e  ax le , one to o th  a t 
a  t im e , and  th e  c a ta ly s t  su rface is th u s  c o n s ta n tly  a b ra d e d  d u rin g  th e  ro ta tio n . 
T h e  p ack ing  (6) ab o v e  th e  g lass-filled  b ed  p rev en ts  th e  e n try  o f th e  ab rad in g  
p o w d e r in to  th e  re a c to r  space d u rin g  th e  ro ta tio n  o f th e  d isc. T h e  tu b e  m em 
b ra n e  (7) soldered to  th e  o u tside  w all o f  th e  reac to r  and  to  th e  d rive  rod  iso la tes 
th e  re a c to r  from  th e  su rro u n d in g s.

F ig . 2. Closed reactor su itab le  for the continuous abrasion of the P t  ca ta lyst. 1 — P t band, 
2 — m etal disc, 3 ra tc h e t wheel, 4 — abrad ing  bed, 5 — drive rod, 6 packing, 7 — elastic-

tube m em brane

E x p erim en ts  w ere  carried  o u t w ith  th is  ro ta tin g  c a ta ly s t  a t  room  te m 
p e ra tu re ,  using  a m ix tu re  of 20 to r r  cyclohexene an d  40 to r r  d e u te riu m . In  
e v e ry  m easu rem en t th e  in itia l ra te  o f  th e  reac tio n  w as n e a r ly  th e  sam e, and 
th e n  began  to  in crease  g rad u a lly  d u rin g  th e  in d iv id u a l ex p e rim en ts . T he reason  
fo r  th is  is th a t  th e  a m o u n t o f p la tin u m  partic le s  a b ra d e d  o ff an d  le ft in  th e  
g lass pow der bed  c o n tin u a lly  increases, a n d  th e  im p erfec t seal p e rm its  th ese  
p a r tic le s  to  ta k e  p a r t  in  th e  h y d ro g e n a tio n  reaction .

Since our a im  w as to  s tu d y  th e  side reactions o ccu rrin g  on th e  fresh  
c a ta ly s ts , in  Figs 3— 5 we give th e  re su lts  o f experim en ts in  w h ich  (on th e  basis 
o f  th e  e x tra p o la tio n  o f  th e  re a c tio n  ra te  to  th e  in itia l tim e) th e  e stim a ted  
a m o u n t of cyc lohexane  fo rm ed  on th e  ro ta tin g  p la tin u m  disc  w as th e  sam e as 
o r  m ore  th a n  th e  a m o u n t o f  cy clohexane form ed on th e  p la tin u m  p a rtic le s  in 
th e  ab rad in g  bed .

T he hydrogen  iso to p e  co m position  in  th e  gas space  w as s tu d ied , a n d  i t  
Yvas found  th a t  an  H — D exchange o ccu rs: th e  orig inally  9 9 .6 %  d eu te riu m  is 
d i lu te d  w ith  H D  a n d  H 2 in  th e  course o f th e  reaction . T h is is shoYvn in  F ig . 3. 
Yvhere th e  ligh t h y d ro g e n  co n ten t o f th e  d eu te rium  is p lo tte d  ag a in s t th e  cyclo
h e x a n e  conversion.
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In  th e  sam e ex p e rim en t th e  average d e u te r iu m  c o n te n t o f th e  cyclo
hex an e  an d  cyclohexene d u rin g  th e  conversion w as also d e te rm in ed . T h is 
can  be seen in  F ig . 4.

(ZD  in  F ig . 4 is th e  n u m b e r o f d eu te riu m  a to m s p e r m ole o f cyclohexane 
fo rm ed , w hich a re  in co rp o ra ted  in to  th e  cyclohexene o r th e  cyclohexane. 
\cco rd in g ly , I'D  is defined  b y  th e  eq u a tio n :

I 'D  M . 1 4 .V
V

Fig. 3. Change of the hydrogen con ten t of the deuterium  w ith  the conversion of the cyclo 
hexane in  the case of th e  continuous abrading of the cata lyst

w here x  is th e  av erag e  n u m b er o f d eu te rium  a to m s in  th e  cyclohexene, an d  
v t h a t  in  th e  cyclohexane, a t  a g iven  conversion.) I t  is s tr ik in g  in  th e  figure 
th a t  in  th e  exam ined  conversion  ran g e  ZD  <  2. I n  acco rd an ce  w ith  th e  m a te 
ria l b a lance , if  on ly  th e  h y d ro g en a tio n  reac tio n  occurs, ta k in g  in to  accoun t 
th e  fa c t th a t  th e  p ressu re  ra tio  in  th e  cy c lo h ex en e-D2 m ix tu re  is 1 : 2, th e n

-  2 12 1
ZD  =  —  a0  —  á l  —  1

<p \q> )

w here a 0 an d  a a re  th e  average  n u m b ers  of D a to m s in  th e  h y d ro g en —d eu te riu m  
phase (average com position : H 2_ qD 5; о <  a 2) a t  xp =  0 conversion  an d  
a g iven <p.

Since a0 я«; 2, i t  can  be seen from  such a re la tio n  th a t  Z D  =  2 if  a 0 — a 
(H  — D exchange does n o t occur), o r Z D  >  2 if  o 0 a (p a ra lle l w ith  th e  deu te- 
ra tio n  H —D exchange also ta k e s  p lace). D uring  re a c tio n  a n  H  D exchange 
tak es  p lace (F ig . 3), an d  acco rd ing ly  i t  w ould be  ex p ec ted  th a t  ZD  >- 2. 
H ydrogen  can  be fo rm ed  only  v ia  a reac tio n  b e tw een  th e  c a ta ly s t  an d  th e  cyclo
hexene in tro d u ced  in to  th e  sy stem . In  th is  case th e  o th e r  re a c tio n  p ro d u c t will 
be a h y d ro ca rb o n  com plex  poor in  hydrogen.

D uring  a s tu d y  o f th e  se lf-h y d ro g en a tio n  o f e th y len e , Selw ood  [3] 
show ed th a t  th e  h yd rogen -poor p a rtic le s  form ed in  th e  re a c tio n , w hich are
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chem iso rbed  on th e  m e ta l c a ta ly s t , can  be reg en e ra ted  w ith  h y d ro g en  (d eu te 
r iu m ) even if  com plete  ca rb o n iza tio n  has p rev io u sly  occu rred . F o r th is  reason , 
a f te r  50%  conversion th e  cyclohexane an d  cyclohexene in  o u r sy s tem  were

F ig. 4. Change of 2 D  and of th e  average deuterium  content (v and x) of th e  cyclohexane and 
cyclohexene w ith the  conversion in  the case of the continuous abrading of th e  catalyst

Fig. 5. Deuterium d istribu tion  in the m ethane formed on trea ting  the spent cata lyst w ith
gaseous deuterium

fro zen  ou t w ith  liq u id  a ir , an d  th e  d eu te riu m  was c ircu la ted  in  th e  reac to r  for 
sev e ra l hours a t  a n  e lev a ted  reac tio n  te m p e ra tu re  (ap p ro x . 50 °C). Follow ing 
th is , sam ples w ere w ith d ra w n  from  th e  gas space. S m all am o u n ts  o f m ethane 
w ere  detec ted  in  th e se  b y  gas ch ro m a to g rap h y . T he iso tope  d is tr ib u tio n  in  th e  
m e th a n e  was d e te rm in e d  m ass-sp ec tro m etrica lly , an d  is show n in Fig. 5.
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T he fac t th a t  th e  m ain  fra c tio n  in  th e  m ethane as a re su lt of th e  ac tio n  
o f  th e  deu terium  is C H D 3 ind ica tes t h a t  C H  rad ica ls  are  fo rm ed  in  b y  fa r  th e  
g re a te s t  am o u n t on th e  surface o f th e  c a ta ly s t d u rin g  th e  decom position  of 
th e  cyclohexene.

A d eu te ra tio n  ex p erim en t w as n e x t  carried  o u t in  w hich, before  th e  
reac tio n , th e  c a ta ly s t w as ab rad ed  fo r  severa l m inu tes in  th e  bed filled  w ith

Fig. 6. Change of v, x  and  2 D  w ith the conversion

Fig. 7. Change of the hydrogen content o f th e  deuterium  w ith th e  cyclohexane conversion

fresh  glass pow der, b u t  d u rin g  the re a c tio n  th e  disc was n o t ro ta te d . T he changes 
o f  x  and  ED  w ith  th e  conversion w ere  de te rm in ed  as b e fo re , and  are  show n 
in F ig . 6.

T he hydrogen  en rich m en t in  th e  d eu te riu m  w as also m easu red  d u rin g  
th e  reac tio n , and  th is  is given in  F ig . 7 as a fu n c tio n  o f  th e  conversion . 
T h e  figures show t h a t  in  th e  co n v ersio n  range b e tw een  0 an d  0.4, ED  ~  
~  2 .1— 2.2, and  th e  h y d ro g en  c o n te n t o f  th e  d e u te riu m , expressed  in  H , 
eq u iv a len ts , increases to  2 .3% .
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T he ex p e rim en ta l re su lts  illu s tra te d  in  F igs 2— 7 can  be  sum m arized  as 
fo llow s.

S im ultan eo u sly  w ith  th e  h y d ro g en a tio n  (d eu te ra tio n ) o f  cyclohexene 
o n  a P t  sponge c a ta ly s t  w hich  has been  in  c o n ta c t w ith  th e  a ir , i ts  o x id a tio n  
also occurs. The w a te r  a n d  carb o n  dioxide ap p ea rin g  in  th e  gas phase  in d ica te  
t h a t  th e  surface o f  th e  c a ta ly s t  is covered  w ith  oxygen . U n d e r  such e x p e ri
m e n ta l  cond itions, th e re fo re , an  answ er c a n n o t be g iven  to  th e  question  o f  
w h e th e r  th e  c leavage o f  th e  cyclohexene sk e le to n  occurs on  th e  p u re  m e ta l to o  
(a f te r  th e  rem o v al o f  th e  oxygen). A  c lear positive  an sw er to  th e  qu estio n , 
h o w ev er, is p ro v id ed  b y  th e  in v es tig a tio n s  carried  o u t in  th e  ro ta tin g  d isc 
re a c to r .

T he ex p e rim en ta l re su lts  to  be seen in  F igs 3— 5 ca n  on ly  be in te r 
p re te d  if  it  is a ccep ted  th a t  th e  cyclohexene skele ton  is c loven  on th e  c a ta ly s t 
su rface . I t  was seen th a t  an  H -D  exchange ta k e s  place in  th e  d irec tion  o f th e  
gas p h ase  (Fig. 3), a n d  a t  th e  sam e tim e  S D  <7 2 (F ig. 4 ); th is  confirm s th a t  
a  l ig h t hydrogen  ‘so u rce ’ o pera tes in  th e  sy s tem  du ring  re a c tio n . This is p o s
sib le  on ly  if  th e  q u o tie n t H /C  in  th e  c rack ing  p ro d u c ts  fo rm ed  a f te r  th e  c leavage 
o f  th e  cyclohexene is <71.66 .

I t  can be seen in  F ig . 5 th a t  m e th a n e  p rim arily  o f iso to p ic  com position  
C H D 3— CD4 en te rs  th e  gas phase  from  th e  c a ta ly s t t r e a te d  w ith  d eu te riu m  
a f te r  th e  end of th e  d e u te ra tio n  reac tio n  (H /C  <  1). T his f in d in g  confirm s t h a t  
C H  rad ica ls and  C d ep o sits  are  form ed on th e  c a ta ly s t su rface  d u rin g  th e  deco m 
p o sitio n  of cyclohexene.

I t  can  be e s tab lish ed  from  th e  ex p erim en ta l re su lts  g iven in F ig . 6 
t h a t  du ring  th e  p e rio d  o f th e  h y d ro g en a tio n  reac tio n  h y d ro g e n  does n o t e n te r  
th e  system  in th e  case o f  a reac tio n  on an  aged  ca ta ly s t. T h is  exp erim en t su p 
p o r ts  th e  co rrec tness o f o u r earlier a ssu m p tio n  th a t  th e  c rack in g  reac tio n s 
m u s t p rim arily  be  reck o n ed  w ith  in  th e  case of fresh c a ta ly s ts .
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A study was made of the effects of aging, various gases and  solid additives on 
the therm al stab ility  of am m onium  chlorate. The effects on th e  self-decomposition of 
the compound were also exam ined when it was stored under various conditions. Of the 
gases, the greatest effect was exhibited by amm onia; a t low pressures it prim arily  
changed the direction of the decomposition of the amm onium chlorate, while a t higher 
concentrations it  also decreased the ex ten t of the decomposition. Of the different addi
tives, the largest accelerating effects were exerted mainly by th e  acids.

The stability  of the com pound decreased on aging, and  a t  the same tim e its 
tendency to  explode increased. D etailed m easurem ents were carried ou t on the solid 
residue, w ith special regard  to  the detection of the disproportionation  of the chlorate.

I n  an  earlie r pap e r [1] we m ade a d e ta iled  s tu d y  of th e  k in e tic s  an d  m echa
nism s o f th e  th e rm a l decom position  an d  explosion of am m o n iu m  ch lo ra te  (AC). 
T h e  slow decom position  o f th e  AC b eg an  a t  50 °C, an d  i t  ex p lo d ed  a t  90 °C.

O n th e  basis o f th e  k in e tic  in v es tig a tio n s  an d  o th e r  o b se rv a tio n s  too , 
we cam e to  th e  conclusion th a t  th e  decom position  of AC p ro ceed s via  a p ro to n - 
tra n s fe r  m echanism . T his conclusion  w as su p p o rted  b y  ex p e rim en ts  ca rried  
o u t in  a m ass sp ec tro g rap h , w hich  in d ic a te d  th e  fo rm a tio n  o f  am m onia  an d  
ch loric  acid in  th e  p rim a ry  decom position  reac tio n  [2]. T h e  p ro to n  tra n s fe r  
m echan ism  has also been  used  b y  Mack  et al. [3] to  d escribe  th e  decom posi
tio n  o f am m onium  ch lo ra te . D u rin g  th e  k in e tic  in v es tig a tio n s  we also o b ta in ed  
m u ch  in fo rm a tio n  w ith  reg a rd  to  th e  p ro p e rtie s  of th e  co m p o u n d , an d  in  p a r t ic 
u la r  its  th e rm a l b eh av io u r, w hich  w as n o t  rep o rted  in  th e  p a p e r  dealing  w ith  
th e  k in e tic s  an d  m echan ism  o f th e  decom position . These observations and exper
imental results, however, can be regarded as data useful in  the recognition o f  the 
thermal stability o f AC. A ccord ing ly , in  th e  p re se n t p a p e r w e re p o r t  an d  discuss 
th e  effects o f  various p re tre a tm e n ts  an d  fo reign  ad d itiv e s  on  th e  s ta b ili ty  of 
th e  com pound  an d  on th e  d irec tio n  o f its  tra n sfo rm a tio n .

E xperim ental
Materials

The AC was prepared in a sim ilar way as previously [1], by  the reaction  

N H 4C1 +  NaC103 =  NH.jC103 +  NaCl

I t  w as recrystallized from doubly distilled w ater, and  kep t in a refrigerator a t  -—5 °C.
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M ethod of measurem ent

The decomposition of AC was followed by th e  m easurem ent o f th e  decrease of w eight 
o f th e  sample, and th e  pressure of the gases formed. For this purpose a sensitive therm obalance 
w as constructed, the details of which are reported  here. The appara tu s is in  essence a develop
m en t of the torsion balance described by Szabó and K ir á l y  [4]. Three changes were m ade:

(i) By the m odification of the in troduction  of the reaction  vessel and the sample the 
ap p ara tu s  was suitable also for the  study  of the decomposition of solid m aterials. ^

(ii) The pressure of th e  gases form ed could be m easured sim ultaneously w ith the 
w eight loss, w ith the aid  of the cold-trap and the m anom eter system  incorporated into the 
rcäction  vessel.

(iii) By the m odification of th e  electrical p a rt of the app ara tu s  it  was possible to 
increase the limits of the  m easurem ent (to 1— 50 mg) and also th e  mA change corresponding 
to  a w eight loss of 1 mg.

Fig. 1. O utline diagram  of the  therm obalance used in  th e  studies

The apparatus is depicted in Figure 1.
The balance is connected to  th e  evacuation apparatus and  to  the  gas storage flasks 

via  th e  ground-glass jo in t (1). The balance arms (2) are made of alum inium  wire 20 cm long 
and  2 mm in diam eter. The clamping screw (3) fixes the  balance arm s onto an 11 cm long “ Meló
d ia  ex tra  E ” violin string  situa ted  perpendicularly to th e  plane of th e  drawing. A soft-iron 
rod  (4) is suspended from  one of the balance arm s (10) and a sm all glass cup containing the 
sam ple (5) from the o ther. Two solenoids (6) are wound onto th e  glass tube enclosing the soft- 
iron  rod. The role of these is to  com pensate for the torque created  b y  th e  loss of weight o f the 
decomposing m aterial, and to  re-establish the equilibrium  s ta te  of th e  balance arm, referred 
to  th e  hairline of th e  telescope, by the variation  of the in tensity  of the current. Uj and U2 
are  stabilized D. C. sources, variable in the range 0— 12 Y, and P, and  P2 are multicoil po ten tio 
m eters (with graduations from  0 to  999). I f  the solenoid is su itab ly  dimensioned, the change 
of th e  current in tensity  is directly  proportional to  the w eight change. The soft-iron rod (4) 
is counterbalanced by  a small lead block (8) which can be moved along th e  screw th read  (7). 
To assist in the accurate establishm ent of th e  equilibrium  position, a very  th in  quartz needle 
is a ttached  ( I t )  to  one side of the balance arm.

The substance to be exam ined is placed into a glass spoon (9) fitted  w ith a jo in t, and 
after a vacuum of 10-4 — 10“ 5 to rr has been atta ined  the spoon is tu rned  so th a t the sub
stance  falls into th e  glass cup (5) in the reaction zone a t the  required  tem perature. A glass 
tu b e  (12) ensures th a t  the substance falls in to  the glass cup. By th e  ad justm en t of the currents 
o f th e  solenoids, th e  quartz  needle (11) on the balance arm  is b rough t into coincidence w ith
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the hairline of the telescope (13). In  the case of th e  decomposition of a considerable proportion  
of the sample taken, th a t  is if  the percentage w eight change is com paratively high, the source 
U2 and the potentiom eter P 2 are no t used. W hen  th e  substance falls in to  the cup the balance 
is equilibrated by the sw itching on of the source U , and w ith th e  aid of the potentiom eter P ,. 
The w eight loss arising during the decomposition is com pensated for by  the adjustm ent of P j. 
If  the  percentage w eight loss is small, bo th  sources (U, and U2) are switched on. The w eight 
of the  starting  m aterial is counterbalanced here too w ith th e  aid of the potentiom eter P lt 
whereas the w eight change is followed only b y  th e  ad justm ent of P 2.

The balance was calibrated  (mA-mg curve) also in vacuum  w ith  known weights in  th e  
glass cup. The current in ten sity  was p lo tted  as a function of th e  charge and a stra igh t line 
was obtained. The correctness of the calibration was checked from  tim e to  time. The sensitiv 
ity  the balance was + 0 .0 2  mg.

The explosion experim ents were carried o u t in air a t atm ospheric pressure. The average 
particle-size of the AC was 80— 100 //. The tab le ts  were prepared w ith  a pressure of 2700 kg /cm 2. 
50 mg m aterial was generally used in each experim ent.

The derivatographic studies were m ade in  a Paulik— P aulik— E rdey derivatograph. 
The infrared spectra were recorded with a U nicain SP 200 instrum en t, using K Br pellets.

Results a n d  discussion

1. The effect o f  storage conditions on the stability o f AC

W hen th e  su b s ta n c e  was stored  a t  room  te m p e ra tu re  i t  h ad  a lread y  su f
fered  a w eig h t loss o f 1— 2%  on th e  second  day . B y  th e  te n th  day , a lre a d y  
ab o u t 50%  o f th e  su b s ta n c e  had  been  co n v e rte d  in to  gaseous p roducts. W h en  
sto red  a t  — 5 °C, on ly  5 %  of i t  had  d ecom posed  even  on  th e  te n th  day . T h e  
com position  o f th e  su b s ta n c e  changed in  p a ra lle l w ith  th e  decrease of w e igh t. 
W hen 3 g of th e  d o u b ly  rec rysta llized , b u t  n o t pow dered  su bstance  w as k e p t  
in  an  open  vessel a t  ro o m  te m p e ra tu re , th e  ch lo ra te  c o n te n t was p ra c tic a lly  
u nchanged  fo r 4 d ay s . A fte r  th is , h o w ev er, i t  g rad u a lly  decreased, an d  a f te r  
21 day s a ch lo ra te  c o n te n t  of only 6 0 %  w as found . T h e  am m onia  co n ten t d id  
no t follow  th e  change in  th e  am o u n t o f  ch lo ra te , a n d  alw ays exceeded th e  
am o u n t eq u iv a len t to  th e  ch lorate . I n  ag reem en t w ith  th e  d a ta  o f F a i h - 
b r o t h e r  [5], th is  is a re su lt of th e  fo rm a tio n  o f am m o n iu m  n itra te . W h en  
th e  su b stan ce  was s to re d  in  a sim ilar w ay , b u t  a t  — 5 °C, th e  change o f th e  
com position  w as s u b s ta n tia lly  less ex ten s iv e . I f  th e  su b s ta n c e  was pow d ered  
a fte r  i ts  p re p a ra tio n , th e  ra te  of deco m p o sitio n  increased . A  h igher s ta b il i ty  
was fo u n d , on th e  o th e r  h an d , if  th e  am m o n iu m  ch lo ra te  w as spread  o u t in  
a th in  lay e r in  th e  vesse l. O ur ex p e rim en ta l re su lts  a re  g iven  in  T ab le  1.

I t  w as observed  in  ou r earlier e x p e rim e n ts  t h a t  th e  a c id ity  of th e  s u b 
stance  changes w ith  th e  progress of th e  decom position : i t  f ir s t  increases, a n d  
th en  decreases, b u t  ev en  a fte r  the  re a c tio n  is co m p le ted  i t  is considerab ly  
h igher th a n  th a t  of th e  s ta r t in g  m a te ria l. A  sim ilar change w as also observed  
in th e  case o f th e  su b s ta n c e  sto red  a t  ro o m  te m p e ra tu re . T h e  procedure d u rin g  
our m easu rem en ts  w as to  ta k e  42 m g d a ily  from  th e  AC s to re d  in  a desicca to r, 
to  d issolve th is  in  15 m l d istilled  w a te r, a n d  to  m easu re  th e  p H  o f th e  so lu tio n
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Tabic 1

Self-decomposition o f  ammonium chlorate under various storage conditions

N um ber 
o f days

Compound stored a t  room 
tem p, in  open vessel

Compound stored a t  room 
tem p, in  desiccator

Compound stored a t  — 5 °C 
in  open vessel

pH*
Percentage
decomposi

tion

AC content 
in  %

Percentage
decomposi

tion

AC content
in  %

Percentage
decomposi

tion

AC content 
in  %

l 0.00 99.53 0.00 99.47 0.00 99.55 6.65
2 0.13 99.42 0.22 99.23 0.00 99.49 6.6

3 1.88 99.28 1.91 99.01 0.13 99.38 6.5

4 4.64 99.27 4.47 98.00 0.43 99.33 6.13

5 6.85 99.1 5.92 97.9 1.30 99.32 4,93

о 9.76 98.81 7.42 97.50 3.05 99.31 4.23

7 18.39 98.45 12.15 96.3 3.57 99.30 3.87

8 26.89 98.06 17.75 95.00 3.79 99.17 3.61

9 34.77 96.9 22.89 93.6 4.36 98.95 3.44

10 43.7 95.62 29.00 92.51 5.15 98.14 3.33

11 53.88 93.00 35.61 88.78 5.62 98.10 3.26

12 61.38 91.5 38.92 87.0 6.32 3.14

13 72.28 91.18 42.12 84.32 7.06 97.08 3.07

14 72.82 86.3 44.44 81.4 7.93 94.51 3.00

15 74.73 83.0 47.19 77.6 8.32 92.94 2.95

16 75.60 78.97 49.86 74.36 8.72 90.12 2.92

18 77.0 69.98 53.70 61.69 87.48 2.86

19 77.50 67.0 54.16 59.0 85.2 2.86

21 78.6 59.61 58.50 50.13 80.73 2.84

22 79.19 59.14 2.83

24 79.5 62.5 2.93

26 79.96 64.96 2.95

27 80.2 65.05 3.00

31 81.3 67.5 3.34

33 81.88 68.16

* The pH  m easurem ents were carried ou t on the material stored in the desiccator. A bout 
40 m g was dissolved in  doubly distilled w ater, and  the pH  of this solution was measured.

so o b ta in ed . In  th e  in itia l sec tion  o f  th e  se lf-decom position  th e  p H  of th e  so lu 
t io n  scarcely  a lte re d , b u t  a s ig n ifican t decrease  occurred  a f te r  th e  fo u rth  d a y . 
O n  th e  tw en ty -seco n d  d a y  a p H  o f 2.83 w as m easured , b u t  from  th is  tim e  on 
th e  ac id ity  of th e  m a te ria l again  dec reased . T he resu lts  o f th e se  ex p erim en ts  
a re  also g iven in  T ab le  I .
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2. Effects o f aging on the stability o f  A C  
and on the decomposition o f  the solid residue

In  th e  course of th e  s tu d y  of th e  th e rm a l d ecom position  of am m onium  
b ro m a te  i t  w as o bserved  th a t  th e  decom p o sitio n  of th e  su b stan ce  w hich h a d  
been  s to red  fo r 4 day s d iffered fu n d a m e n ta lly  from  th a t  o f th e  fresh ly  p re 
p a re d  m a te r ia l [6]. T he in d u c tio n  p e rio d  fo r th e  d ecom position  of th e  o lder 
m a te ria l w as sh o rte r , th e  reac tio n  p ro ceed ed  a t  a h ig h er ra te , and  th e  au to - 
c a ta ly tic  re a c tio n  changed  to  one o f a b reak d o w n  ty p e .

.Fig. 2. E ffect of aging on th e  decomposition of AC. Age of substance: (1) 26 days; (2) 9 days 
(3) 2 days; (4) fresh crystals. Tem perature: 60 °C

In  th e  case o f AC, how ever, as can  b e  seen from  th e  curves in  F ig . 2, 
w ith  th e  increase  o f  th e  age o f th e  su b stan ce  th e  in d u c tio n  perio d  of th e  deco m 
positio n  decreases, b u t  th e  shapes o f  th e  d ecom position  cu rves and  th e  ra te s  
o f  decom position  scarce ly  differ from  each  o th e r.

A s im ila r change was also observed  in  th e  course o f th e  explosion of th e  
sub stan ce . W ith  th e  increase of its  age, n o t  o n ly  d id  th e  t im e  p reced ing  th e  
explosion decrease, b u t  so d id  also th e  lo w est te m p e ra tu re  o f explosion o f 
th e  AC. W hereas th e  fresh  m ateria l a n d  th e  few  days old m ere ly  decom posed 
a t  75 °C, th e  30 a n d  44 d ay  old m a te ria ls  exp loded  a f te r  13 an d  7 m in u tes , 
resp ec tiv e ly  (F ig . 3). T he 24 day  old m a te r ia l  on ly  decom posed  a t  70 °C, b u t  
th e  34 d ay  old m a te r ia l  exploded a fte r  17 m in u te s . T he re le v a n t d a ta  a re  g iven  
in  T ab le  I I .

I t  w as fo u n d  in  o u r earlier in v e s tig a tio n s  th a t  s im ila rly  to  the decom po
sitions o f am m o n iu m  b ro m a te  and  am m o n iu m  p e rch lo ra te  th e  decom position  
o f  th e  AC is n o t  com plete . A bout 10— 15 %  of th e  orig inal sam ple rem ain ed  
unchanged . T he so lid  residue  co n ta ined  am m o n iu m  n itr a te  in  a d d itio n  to  AC, 
w ith  an  av erag e  com position  of 4 7 .6%  AC an d  51 .8%  am m onium  n itra te .

L arg er a m o u n ts  o f th e  solid residue  w ere collected  to g e th e r  and  its  th e r 
m al s ta b ili ty  w as s tu d ie d . I t  was o bserved  th a t  th e  su b s ta n c e  o b ta in ed  in
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v a c u u m , a fte r b e ing  s to re d  in a d esicca to r fo r a few d ay s, again  decom posed 
a t  65 °C. The decom position  was slow er th a n  th a t  o f th e  o rig inal su b stan ce , 
a n d  w as n o t com plete  in th is  case e ith e r. T h e  decom position  began  w ith  m a x i
m u m  ra te . (In  a s e p a ra te  ex p erim en t i t  w as show n th a t  am m onium  n i t r a te

Fig. 3. Effect of aging on the explosion of AC. Age of substance: (1) 44 days; (2) 35 days 
(3) 33 days; (4) 30 days; (5) fresh crystals; (6) 24 days; (7) 10 days; (8) 8 days; (9) 5 days 

T em perature: 75 °C. The lower tim e scale refers to  curve (5)

e x e rte d  p rac tica lly  no  effect on th e  decom position  of AC.) T he w eigh t loss 
w as 38 .4% . T he com position  of th e  resid u e  w as 30.2%  AC an d  69.8%  a m m o 
n iu m  n itra te .

Table II

Effect o f  aging on the stability o f  ammonium chlorate

Tem pera
tu re  °C

Age of substance, 
days

Time elapsed until 
explosion, minutes

70 l no explosion
70 5 no explosion

70 24 no explosion

70 34 17
70 37 15.3

70 44 15.1

3. Effects o f gases and foreign additives on the decomposition 
and explosion o f AC

I t  has a lread y  been  m en tio n ed  in  a n  earlie r p a p e r [1] th a t  th e  p rio r a d d i
tio n  of chloric ac id  to  th e  AC acce le ra ted  its  decom position , w hereas th is  w as 
dece le ra ted  b y  th e  p resence  of am m onia . T he effect o f am m onia  w as in v e s ti
g a te d  m ore th o ro u g h ly  in  th e  p resen t w ork , and  o u r ex p erim en ts  w ere also
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ex ten d ed  to  th e  s tu d y  o f  th e  effects o f th e  o th e r  gaseous p ro d u c ts . O ur re su lts  
re fe rrin g  to  th e  q u a n ti ta t iv e  effects o f am m onia  are  g iven  in Fig. 4. T he 
p resence  of even a sm a ll am o u n t o f  am m o n ia  (6.5 to rr)  in c rea sed  th e  in d u c tio n  
period  of th e  d ecom position  and  d ec reased  its  ra te . A m ore  s ign ifican t in h ib 
itin g  effect ap p e a re d  a t  am m onia  p ressu res  above 100 to r r .  T h e  p e rcen tag e  
decom position  to o  decreased  in  th e  p resence  of am m o n ia . In  th e  case o f 
648.2 to r r  am m onia  th e  w eight loss w as on ly  29% . W ith  re g a rd  to  th e  fac t 
th a t  a solid p ro d u c t, am m onium  n i t r a te ,  is also fo rm ed  in th e  decom position  
o f AC, i t  appeared  conceivable  th a t  th e  p ro p o rtio n s of gaseous an d  solid p ro d -

0 50 100 150 200 250
m i n

Fig. 4. E ffect of am m onia on the decomposition of AC. In itial pressure of am m onia: (1) vacuum ; 
(2) 6.5 to rr; (3) 23.3 to rr; (4) 101.8 to rr; (5) 648.2 to rr. T em perature: 70 °C. The ordinate

shows the w eight loss in mg

ucts w ould be m o d ified  in  th e  p resen ce  o f am m onia . As show n b y  th e  d a ta  
of T ab le  I I I ,  th e  an a ly sis  of th e  so lid  p ro d u c t con firm ed  th is  assum ption .

In  th e  presence o f  a sm all a m o u n t o f  am m onia  th e  p e rcen tag e  tra n s fo r
m a tio n  o f th e  AC, in  c o n tra s t w ith  th e  w eigh t loss, ch an g ed  on ly  to  a sligh t 
e x te n t, an d  th e  a m o u n t o f am m onium  n i t r a te  increased . T h is la t te r  con tinued  
to  increase  w ith  th e  increase  of th e  p re ssu re  o f th e  am m o n ia , b u t  a t  th e  sam e 
tim e  th e  q u a n tity  o f  AC converted  d ecreased  considerab ly .

T h e  o th e r gaseous p ro d u c ts , ch lo rin e , n itro g en  a n d  d in itro g en  oxide, 
ex e rted  a su b s ta n tia lly  sm aller effect on  th e  decom position  o f  th e  AC (Fig. 5). 
C hlorine decreased th e  in d u c tio n  p e r io d  o f  th e  decom position , an d  increased 
its  r a te  an d  e x te n t to  a  sm all degree. T h e  in d u c tio n  p e rio d  also  decreased on 
th e  a c tio n  of n itro g en , a n d  th e  sh ap e  o f  th e  cu rve  was f la t te r  th a n  th a t  of th e  
cu rve  m easured  in  v acu u m . A sm alle r in h ib itin g  effect w as ex e rted  b y  th e  
d in itro g en  oxide, w h ich  also decreased  th e  e x te n t of th e  decom position .

Chem ical an a ly sis  of th e  solid re s id u e  show ed t h a t  in  th e  presence o f  
gaseous d in itrogen  o x ide  and  n itro g en  th e  a m o u n t of am m o n iu m  n itra te  form ed 
was a few  %  larger.
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Table III

Decomposition o f  ammonium chlorate in the presence o f  various gases

T em per - 
a tu rc

°C

Gas átmos, 
torr

Sam ple
m g

Residue
mg

W eight loss
%

AC found in 
residue 

mg

AN formed 
mg

AC trans
formed

%

Percentage 
AC in
residue

%

65 vacuum 49.1 13.0 73.52 6.618 6.382 86.52 50.31
60 vacuum 49.8 12.5 74.89 6.8 5.7 86.34 54.4
70 vacuum 48.3 9.0 81.37 4.355 4.645 90.98 48.4
75 vacuum 100.7 17.6 82.52 8.64 8.96 91.42 49.1
80 vacuum 100.9 16.7 83.44 7.93 8.77 92.14 47.49
80 vacuum 100.8 17.7 82.44 8.81 8.89 91.25 49.8
70 6.5 N H 3 48.2 11.0 77.18 5.281 5.72 89.04 48.01
70 23.3 NHS 48.5 14.5 70.11 7.003 7.5 85.56 48.3
70 101.8 NH3 49.0 26.2 46.50 12.96 13.24 73.55 49.46
70 648.2 N H 3 48.3 34.1 29.4 17.02 17.08 64.76 49.91
65 100 Nz 49.4 14.7 70.24 6.8 7.9 86.23 46.3
70 20 N.. 47.8 8.1 83.05 3.53 4.57 92.61 43.61
70 100.2 Ns 49.1 8.7 82.28 3.65 5.05 92.56 41.91
60 О О p 47.55 13.1 72.45 6.039 7.061 87.29 46.1

AN - - ammonium n itra te

Sim ilarly  to  th e  effect of ch loric acid , a sign ifican t acce lera tin g  ac tio n  
on th e  decom position  o f  AC w as e x h ib ite d  b y  perch lo ric  ac id , and  even  m ore 
so b y  n itr ic  acid. B o th  ac ids also d ecreased  th e  in d u c tio n  p e rio d  o f th e  exp lo 
sion  o f  th e  AC to  a co n siderab le  e x te n t. T he resu lts  a re  g iven  in  F ig . 6.

Fig. 5. Effects of various gases on the decom position of AC. In itia l pressure of gas: (1) 100 to rr 
chlorine; (2) vacuum ; (3) 100 to rr dinitrogen oxide. Tem perature: 65 °C. The ordinate shows

the w eight loss in mg
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A d e ta iled  in v e s tig a tio n  w as also m ade o f tlie  effects of v a rious sem i
conducto r ox ides, co p p er(II)  oxide, copper(I) ox id e , ch ro m iu m (III)  ox ide, 
n ickel(II) ox ide, cad m iu m  oxide, t i ta n iu m  d iox ide  an d  zinc oxide on th e  s ta 
b ility  of AC. I t  em erged from  our earlier s tu d ie s  [7] t h a t  th e  m e ta l ox ides, 
p a r tic u la rly  th e  p -co n d u c to rs  o f an  e lec tro n -accep to r ty p e , a re  ex trem ely  effec
tiv e  c a ta ly s ts  o f  th e  decom position  and  exp losion  o f  am m o n iu m  p erch lo ra te .

Fig. 6. Effects of acids on the stab ility  of AC. (1) AC +  1 drop 0.65%  H NO :! solution; (2) 
AC -f- 1 drop 0.6%  HCIO., solution; (3) AC. Tem perature: 60 °C. (4) AC +  Í drop 0.65%  
HNO., solution; (5) AC +  1 drop 0.6%  HC104 solution. T em perature: 80.2 °C. The ordinate 

shows th e  volum e of gases formed before and a fter th e  explosion, in ml

Table IV

Self-decomposition o f ammonium chlorate in the presence o f  various oxides at 27 °C

Number
of

days

Pure substance AC +  CuO AC + Fo.O , AC +  Cr20 3

w eight loss
%

AN content 
of AC

о/
/о

weight loss
%

AN content 
of AC

%
w eight loss

%
AN content 

of AC
%

weight loss
%

AN content 
of AC

о /
/О

l 0 0 0 0 0 0 0 0

2 7.7 5.3 10.3 6.2 10.3 5.9 9.9 6.7

3 20.4 12.2 26.3 20.8 25.9 16.7 25.5 16.7

6 38.6 27.1 45.2 39.4 44.0 32.3 41.3 33.0

7 44.1 30.7 47.5 46.1 46.6 34.2 43.4 33.4

9 47.2 38.3 51.8 50.8 52.3 43.7 48.5 40.7

10 48.6 41.0 53.3 57.2 54.2 48.8 50.4 40.9

13 53.0 48.2 57.0 57.0 59.7 48.5 55.0 49.1
17

00in 53.5 59.1 67.6 63.0 51.8 57.0 55.3

20 56.3 55.3 60.7 66.8 65.0 53.8 58.3 55.9

34 60.1 76.7 68.5 80.1 70.8 63.0 65.3 74.8

AN =  ammonium nitrate. The molar ratio AC : oxide 10 : 1.
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T h e e ffec ts  o f the oxides w ere also s tu d ie d  w ith  reg ard  to  th e  se lf-decom position  
o f  AC a t  25 °C, and  th e  ra p id  deco m p o sitio n  and  explosion  o ccu rrin g  a t  h igher 
te m p e ra tu re s . A few o f ou r re su lts  re fe rrin g  to  th e  se lf-decom position  are 
re p o r te d  in  Table IV , w here  th e  changes in  w eight an d  co m position  o f th e  AC 
in  th e  presence of v a rio u s  oxides a re  g iven  as a fu n c tio n  o f tim e . I t  m ay  be 
s ta te d  t h a t  th e  se lf-decom position  o f th e  AC is increased  to  o n ly  a s lig h t ex ten t 
b y  th e  oxides exam ined . A  fa irly  s lig h t c a ta ly tic  effect w as also observed  a t

m i n

Fig. 7. E ffects of oxides on th e  stab ility  of AC. (1) AC +  Cu20 ;  (2) AC; (3) AC +  T it),; 
(4) AC +  ZnO. The m olar ratio  AC : oxide =  16 : 1. T em perature: 78 °C

h ig h e r  tem p era tu res . In  th e  presence  o f co p p er(II)  oxide th e  in d u c tio n  period 
p re c e d in g  th e  explosion o f AC a t  90 °C decreased  from  589 sec to  480 sec. 
T h e  lo w est te m p e ra tu re  o f  explosion , on  th e  o th e r h a n d , rem ain ed  un ch an g ed . 
AC d o p ed  w ith  c h ro m iu m (III)  ox ide  b e h av ed  sim ilarly . In  th e  p resence  of 
co p p e r(I)  oxide th e  in d u c tio n  perio d  in creased , b u t  th e  low est te m p e ra tu re  
o f  ex p losion  decreased b y  a b o u t 14 °C. A  ligh t-g reen  m a te r ia l re a d ily  soluble 
in  w a te r , rem ained  a f te r  th e  exp losion , a n d  analysis p roved  th is  to  be  co p p er(II) 
ch lo rid e . On th e  effects o f n ick e l(II)  ox ide  an d  cadm ium  oxide th e  in d u c tio n  
p e rio d  p receding  th e  explosion  decreased . D oping  w ith  t i ta n iu m  d iox ide  and 
zinc o x ide  caused th e  te m p e ra tu re  o f  exp losion  to  increase. T h e  effects o f a few 
o x id es  a re  illu s tra ted  in  F ig . 7.

4. The effect o f interruption on the decomposition o f  AC

Follow ing th is , a s tu d y  w as m ad e  o f how  th e  course o f th e  decom position  
is a ffec ted  b y  in te r ru p tio n  fo r v a rio u s  tim es in  th e  in d iv id u a l s tag es  o f th e  
d ecom position . T he ex p erim en ts  w ere  ca rried  o u t in  th e  fo llow ing w ay. The 
p ro g ress  of th e  reac tio n  w as follow ed b y  th e  m easu rem en t o f th e  p ressu re  of
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th e  gases form ed for v a rio u s  tim es, a n d  th e  substance  w as th e n  ta k e n  o u t of 
th e  h o t zone and  cooled to  room  te m p e ra tu re  in  v acuum . A fte r  s ta n d in g  fo r 
15— 20 m in u tes , th e  su b s ta n c e  was a g a in  p u t  in to  th e  h o t zone, an d  th e  re a c 
tio n  w as followed fu r th e r . The resu lts  o f  th e  in te rru p tio n  m easu rem en ts  a re  
show n in  F ig . 8. T he re su lts  in d ica te  t h a t  th e  in te rru p tio n s  in  th e  v a rio u s  
stages o f th e  decom position  influence th e  course of th e  decom position  o f  th e
A.C e ith e r  n o t a t  all, o r to  only a v e ry  sm all ex ten t.

min
Fig. 8. E ffect of in terrup tions on the course of th e  decomposition of AC. (1) M easurem ent 
in terrup ted  in the 103rd m inute; (2) M easurem ent in terrupted  in the 89th  m inute. Tem pera

tu re : 65 °C

5. The question of the disproportionation o f  A C

I t  has long been  kn o w n  th a t  b es id es  decom posing, ch lo ra tes  d isp ro p o r
tio n a te  w ith  th e  fo rm a tio n  o f p e rch lo ra te  a n d  chloride. F ro m  th e  p o in t o f v iew  
o f th e  ch em istry  of th e  ch lo ra tes, i t  a p p e a re d  in te restin g  to  s tu d y  w h e th e r in  
th e  case o f AC th e  d isp ro p o rtio n a tio n  re a c tio n  can in  fa c t be  com plete ly  e x 
c lu d ed , or w h e th e r i t  proceeds to  o n ly  a n  ex trem ely  sm all e x te n t.

T he in fra red  sp e c tru m  of the  so lid  re s id u e  is rep o rted  in  F ig . 9. F o r p u r 
poses o f com parison , th e  sp ec tra  of p u re  AC, am m onium  n it r a te ,  am m o n iu m  
p e rc h lo ra te , and  m ix tu re s  o f these co m p o u n d s  are  also g iven . I t  can  be s ta te d  
a f te r  com parison  o f th e se  spectra  th a t ,  in  ag reem en t w ith  th e  chem ical a n a l
y sis , th e  residue fro m  th e  d ecom position  o f AC consisted  o f  a m ix tu re  of 
am m o n iu m  n itra te  an d  s till undecom posed  AC. The p resence o f th e  p e rch lo ra te  
ion  could  n o t be estab lish ed . Our m e a su re m e n ts  in d ica ted  th a t  th e  p resence  
o f  a b o u t 5 %  am m onium  perch lo ra te  co u ld  he d e tec ted  w ith  th e  av a ilab le  
a p p a ra tu s , h u t  th e  id en tif ic a tio n  of 1 %  p e rch lo ra te  w as u n c e rta in .

T h e  detec tio n  o f th e  perch lo ra te  io n  re su lted  in  a s im ila r neg a tiv e  re su lt  
in  th e  case o f b ip y rid y lco p p er azide [8 ]. I t  shou ld  be n o te d  th a t  if  1%  a m m o 
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n iu m  p e rch lo ra te  w as ad d ed  to  th e  so lid  residue , th e  presence of th e  p e r 
ch lo ra te  ion  w as in d ic a te d  b y  a c h a ra c te r is tic  yellow ish  co loura tion .

T he residue  w as also  th e rm a lly  a n a ly z e d . T he T G  an d  DTA curves fo r  
th e  m a te ria ls  are  show n  in  Fig. 10.

In  o rder to  red u ce  th e  violence o f  th e  explosion o f th e  AC, it  was m ix ed  
in  a 1 :1  w eigh t ra tio  w ith  alum in ium  o x ide  wdiich h ad  b een  ig n ited  a t  1100 °C. 
A w eigh t decrease accom pan ied  b y  an  ex o th e rm a l change appears a t  105 °C

wavenumber, cm

Fig. 9. Infrared spectra. (1) Solid residue of th e  decomposition; (2) AC; (3) NH4C104; (4)
N H 4N 0 3; (5) 50 w eight %  AC, 45 w eight %  N H 4N 0 3; and 5 w eight %  j\H 4C104

i
on th e  TG  cu rve  fo r th e  pu re  su b stan ce ; in  th is , 87%  o f th e  su bstance  is co n 
v e r te d  to  gaseous p ro d u c ts . W ith  th e  in c rease  o f th e  te m p e ra tu re  a f u r th e r  
sm all, slow change o f  w eigh t occurs. E x o th e rm a l peaks a re  found  on th e  D T A  
cu rv e  a t  260 an d  396 °C.

A d e riv a to g ram  w as also o b ta in ed , u n d e r  sim ilar co n d itio n s, for th e  so lid  
residue  of AC w hich  h a d  been decom posed  a t  75 °C in  v a c u u m . The TG  c u rv e  
consists o f tw o w e ll-sep ara ted  steps. T h e  f i r s t  begins a t  135 °C, and th e  second  
a t  276 °C. B o th  decom position  processes a re  acco m p an ied  b y  e x o th e rm a l 
changes. A n e x o th e rm a l peak  is also to  be  fo u n d  on th e  D T A  curve a t  362 °C.

T he w eigh t ch an g e  a t  105 °C on  th e  T G  curve o f  th e  fresh  su b s ta n c e , 
an d  th e  re la ted  e x o th e rm a l peak , co rresp o n d  to  th e  decom position  of p u re  AC. 
T he w eight change a t  th e  higher te m p e ra tu re , how ever, is th e  decom position  
o f th e  m a te ria l w hich  does no t decom pose in  th e  process a t  low er te m p e ra tu re .
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T his is also confirm ed b y  ex p erim en ts  m ade w ith  th e  re s id u e  o f  th e  decom po
sitio n  o f AC. T he reac tio n  b eg inn ing  a t  276 °C on th e  T G  cu rv e  co rresponds 
to  th e  decom position  of th e  am m o n iu m  n itra te  fo rm ed  in  th e  course o f  th e  
tra n s fo rm a tio n  o f th e  AC.

A ltho u g h  th e  in fra red  spec tro scop ic  m easu rem en ts a n d  th e  chem ical 
ana ly ses  d id  n o t su p p o rt th e  p resence  o f th e  p erch lo ra te  ion , th e  p eak  ap p earin g  
above  360 °C on th e  D TA  curves fo r AC an d  for its  decom p o sitio n  resid u e

m i n

F ig . 10. Derivatogram of the solid residue of AC decomposed in vacuum at 75 °C. Sample: 16
mg; heating rate 6 °C/min

p o in ts  to  th e  presence of am m o n iu m  p e rch lo ra te . H ow ever, since th e  exo therm ic  
change is n o t accom panied  b y  a n  o bservab le  w eight change, i t  c an  be  concluded  
th a t  th e  p e rch lo ra te  ion can  on ly  be p re se n t as an  im p u r ity  in  th e  m a te ria l. 
I n  c o n tra s t  w ith  th e  a lka li m e ta l ch lo ra tes , therefo re , AC d isp ro p o rtio n a te s  
to  o n ly  a n  ex trem ely  sm all e x te n t, o r n o t a t  all. In  ou r v iew , th e  reasons for 
th e  d iffe ren t b eh av io u r of th e  AC an d  fo r th e  non-occurrence  o f  th e  d isp ro p o r
tio n a tio n  are  th e  ox id izab ility  o f th e  ca tio n  an d  th e  d iffe re n t decom position  
m echan ism . T he high in s ta b ili ty  o f  th e  su b stan ce  is p re su m a b ly  connected  
w ith  th e se  fac to rs. A resu lt o f  th e  h igh  in s tab ility , on th e  o th e r  h a n d , is th e
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fa c t th a t  the  ten d en cy  o f  th e  su b stan ce  to  decom pose an d  to  explode increases 
w ith  th e  storage tim e  a n d  w ith  its  aging. W h en  we re p o r te d  on th e  k in e tic  
ch a rac te ris tic s  of th e  decom p o sitio n  we p o in te d  o u t t h a t  th e  decom position  
o f  AC is a process o f an  a u to c a ta ly tic  n a tu re , an d  th a t  th e  fo rm atio n  and  
g ro w th  o f surface n ucle i ta k e  p lace in  th e  s tages o f la te n c y  an d  accelera tion  
o f  th e  decom position . M icroscopic o b serv a tio n s show  th a t  nucleus fo rm ation  
b eg ins on th e  surface o f  th e  AC cry sta ls  2— 3 day s a f te r  th e ir  p re p a ra tio n  on 
s ta n d in g  a t  room  te m p e ra tu re , an d  a fte r  6 —8 days a t  — 5 °C. As a re su lt o f 
th is ,  w hen th e  c ry s ta ls  a re  h e a te d  to  a h ig h er te m p e ra tu re  th e  reac tio n  accom 
p a n ie d  b y  gas fo rm a tio n  b eg ins sooner a n d  ta k e s  p lace  m ore  rap id ly  in  th e  
acce le ra tio n  stage.

The b eh av io u r o f  AC is su rp rising , in  th a t  its  decom position  is affected  
b y  th e  various sem ico n d u c to r oxides to  o n ly  a sm all e x te n t , or no t a t  all. In  
c o n tra s t  w ith  th is , th e  ox ides s tu d ied  e x e rt large effects on  th e  th e rm a l s ta b il
itie s  o f b o th  am m onium  p e rch lo ra te  and  th e  a lk a li m e ta l ch lo ra tes . One reason  
fo r  th e  no n -ap p earan ce  o f  th e  c a ta ly tic  effect m ay  be  th e  low  te m p e ra tu re  of 
decom position . In  o u r v iew , how ever, a su b s ta n tia lly  m ore  im p o rta n t role is 
p lay ed  b y  th e  fa c t t h a t  th e  AC decom poses b y  a p ro to n  tra n s fe r  reac tio n :

NH4C103 =  NH3 +  HC103

a n d  one of th e  deco m p o sitio n  p ro d u c ts  fo rm ed  is also an  u n s tab le  com pound. 
T h e  slow est s tep  in  th e  decom position  is th e  p ro to n  tra n s fe r  reac tio n  itself. 
T h e  oxides are n o t cap ab le  o f in fluencing  th e  p ro to n  tra n s fe r  process. O n th e  
o th e r  han d , th e y  can  acce le ra te  th e  decom position  o f ch lo ric  acid  and  th e  ox i
d a tio n  of am m onia. N ev erth e less , th e  fo rm er o f th e se  reac tio n s  is so fa s t th a t  
i t  p lay s  a very  sm all p a r t  in  th e  fo rm a tio n  o f th e  o vera ll m easu red  ra te  va lue . 
T h e  oxides m ay e x e rt a  sm all effect on th e  o x id a tio n  o f th e  am m onia, w hich 
acco rd in g  to  th e  m ech an ism  given is b ro u g h t a b o u t b y  a to m ic  oxygen an d  
o x ides of chlorine. I n  th e  case o f am m o n iu m  p e rc h lo ra te , in  c o n tra s t, th e  
o x ide  ca ta ly sts  can  ta k e  p a r t  in  th e  lo w -tem p era tu re  (200—240 °C) elec tron  
tra n s fe r  reac tio n  o f th e  am m o n iu m  p e rch lo ra te  b y  p ro m o tin g  th e  fo rm atio n  of 
th e  pe rch lo ra te  ra d ic a l, an d  can  also e x e rt a c a ta ly tic  effect on th e  high- 
te m p e ra tu re  decom p o sitio n  o f am m onium  p e rch lo ra te  b y  accelera ting  th e  
decom position  o f  th e  p e rch lo ric  acid fo rm ed  in  th e  d issoc ia tio n  process. A t th e  
te m p e ra tu re  o f th e  decom p o sitio n  o f am m o n iu m  p e rc h lo ra te , perchloric acid 
is s till a fa irly  s tab le  com pound .

I t  is a c h a ra c te r is tic  o f  th e  decom positions o f am m o n iu m  h a la tes  th a t  
a t  low  te m p era tu res  th e  decom positions are  n o t com plete . I n  all p ro b a b ility  
th e  phenom enon  is re la te d  to  th e  s tro n g  in h ib itin g  e ffec t o f th e  am m onia. 
As a re su lt of th e  ra p id  d ecom position  of th e  halic  ac id , th e  o x id a tio n  o f am m o
n ia  is n o t com plete  a n d  th e  am m onia  adso rbed  on  th e  su rface  h inders th e
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d issoc ia tion  of th e  AC. One of th e  in te re s tin g  resu lts  of o u r ex perim en ts w as 
th e  fa c t th a t  in  th e  presence of a m m o n ia  th e  a m o u n t o f am m onium  n i t r a te  
increases. I t  is h ig h ly  p robable  t h a t  th e  acce lera tin g  effects of m inera l ac id s 
p rev io u sly  m ixed  in to  th e  AC, or a d d e d  to  th e  su b stan ce  in  th e  course o f  th e  
decom position , re s u lt  from  the  decrease o f th e  in h ib itin g  effect o f th e  am m o n ia . 
T he c a ta ly tic  e ffec t o f  gaseous ch lo rine  to o  can  be exp la ined  b y  its  p ro m o tio n  
o f th e  o x id a tio n  o f am m onia .

O n th e  a c tio n  o f  th e  o ther gases (n itro g en  an d  d in itro g en  oxide) th e  r a te  
of ev o lu tio n  of gas d ecreased , w hereas th e  a m o u n t o f AC tran sfo rm ed  in creased . 
This b eh av io u r can  be  explained in  t h a t  th e  rem o v al from  th e  surface o f  th e  
ox id izing  p ro d u c ts  fo rm ed  during th e  re a c tio n  is im peded  in  th e  p resence  o f 
these gases, and  h en ce  th e  ra te  of o x id a tio n  o f th e  am m onia  increases a n d  th e  
fo rm atio n  o f am m o n iu m  n itra te  becom es m ore p ro m in en t.
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Thermometric molecular weight determinations of organic compounds in homo
geneous binary solvent systems using thermistors can be carried out with a relative 
error of less than 2%. The method can also be used as a simple and reliable procedure 
to determine the behaviour of a homogeneous binary mixture with respect to Raoult’s 
law.

Introduction

M olecular w eigh t d e te rm in a tio n  p ro v id es  a usefu l m eans of c h a ra c te r 
izing o rg an ic  com pounds. M any o f th e  w ell k n o w n  m acro-p rocedures h av e  
been  a d a p te d  to  th e  m icro scale.

T h e  m icroscopic  m ethod  of B a s t  [1] (dep ression  o f th e  freezing or m e lt
ing  p o in t o f th e  so lvent) is a d e q u a te  fo r g enera l purposes b u t  i t  has c e r ta in  
lim ita tio n s . I t  c a n n o t be used if  th e  com p o u n d  is co loured  as th e  m e ltin g  of 
th e  so lv e n t c a n n o t be observed , ow ing  to  th e  co lour o f th e  sam ple—so lv en t 
m ix tu re . Also, th e  sam ple com p o u n d  m u st h a v e  a sh arp  m elting  p o in t a n d  
shou ld  n o t decom pose n ea r or a t  th e  m e ltin g  p o in t [2].

T h e  ebullioscopic m e th o d  (e lev a tio n  o f bo iling  p o in t o f th e  so lvent) has 
also b een  p ro p o sed , b u t  its  d isad v an tag e  is concerned  w ith  m easu rem en t o f 
th e  te m p e ra tu re  change.

T h e  m ain  d isad v an tag e  of S i g n e r ’s m eth o d  [3] (iso th erm al d is tilla tio n ) 
is th e  tim e  n ecessa ry  for equ ilib rium  to  be  e s tab lish ed , w hich  is a p reco n d itio n  
of th e  ca lcu la tio n s [4].

T h e  th e rm o e lec tric  m eth o d  ap p ea rs  q u ite  su ita b le  from  th e  v iew p o in t 
of b o th  speed  an d  accu racy . This m e th o d  dep en d s on th e  es tab lish m en t an d  
m easu rem en t o f th e  s tead y  s ta te  te m p e ra tu re  d ifference b e tw een  drops o f th e  
so lven t a n d  so lu tio n  suspended  in  a n  a tm o sp h e re  o f th e  so lven t a t  a fix ed  a m 
b ien t te m p e ra tu re  [5]. T herm isto rs are  m a in ly  u sed  w hen  on ly  sm all te m p e r
a tu re  ran g es are  to  be passed and a h igh  reso lu tio n  is req u ired .
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T he aim  of th e  p re se n t w ork  is to  ap p ly  th e  th erm o elec tric  m e th o d  to  th e  
d e te rm in a tio n  o f  o rgan ic  com pounds w ith  low m olecu lar w eigh ts in  ho m o 
gen eo u s b in a ry  so lv en t sy stem s, an d  to  s tu d y  th e  d ev ia tio n  o f th e  b in a ry  
sy s te m s  from  R a o u lt’s low.

E xperim en ta l
A pparatus

The apparatus is similar to that developed by N e u m a y e r  [ 6 | .  The Knauer Universal 
Temperature Measuring Instrument [7] was used in this work. The instrument includes 
a W heatstone bridge with a stabilized source for measuring the temperature difference. A fully 
transistorized chopper amplifier permits a significant increase in sensitivity.

Table I

Molarity*1) A B
a t 3 7 °C

Molarity*2) A B
a t 37 °C

Molarity*81 AB
a t 37 °C

Molarity*4) A B
a t 37 °C

(a) 0.01066 31.5 0.00448 9.5 0.01081 16 0.01315 30
0.01614 47.75 0.00898 21 0.01826 29.5 0.02052 42.5
0.02389 70 0.01720 39 0.02750 44.25 0.03872 80
0.02992 88 0.02550 53 0.03730 64.25 0.07432 152
0.04394 128.5 0.04380 98 0.05229 84

(b) 0.00947 14 0.00966 14.75 0.01423 78 0.00965 17
0.02537 39.25 0.02400 36.5 0.02656 53.5 0.01489 28
0.03067 47.5 0.03840 59 0.03494 69.5 0.0278 51
0.04078 64.75 0.04830 74 0.04364 88 0.0494 91.5
0.04436 69 0.06940 107 0.05870 113

(c) 0.01069 18 0.00469 7 0.00691 13 0.00534 8.5
0.01844 34 0.01110 21 0.01441 28.75 0.0143 28
0.02139 38.25 0.01838 35.5 0.02444 48 0.0298 59
0.03190 54.5 0.02349 44 0.03518 68.5 0.0510 101
0.04012 72.25 0.03000 55 0.04023 78

(d) 0.01649 26.75 0.00343 7 0.00656 11.75 0.0172 35
0.01851 29.5 0.00865 16 0.01787 32.75 0.0275 56
0.03411 55 0.01821 37.5 0.02430 45 0.0554 109
0.03783 61.25 0.03461 60 0.03043 56.75 0.0772 152
0.05147 82 0.02443 42 0.04290 81.5

(e) 0.00969 13.75 0.00665 12
0.02352 36.25 0.01610 27
0.02653 41.25 0.01860 38
0.02906 45.5 0.03790 62
0.04337 70 0.05290 85
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Solvents

AH solvents used were of M. A. R. quality. The homogeneous binary mixtures were:
(A) ra-Hexane and n-heptane in the ratios o f 1 : 1, 1 : 2 and 1 : 3 ;  and chloroform and 

benzene in the ratios of 1 : 1; 1 : 2  and 1 : 3 (ideal system, [8]).
(B) Benzene and cyclohexane in the ratios of 1 : 1; 2 : 1  and 3 : 1 (positive devi

ation, [9]).
(C) Ethyl acetate and chloroform in the ratios of 1 : 1; 2 : 1 and 3 : 1 (negative devi

ation, [8b]).

Procedure

(i) Construction of the calibration curves of a reference substance.
Prepare accurately a series of solutions of a reference substance, e.g. o-nitrophenol, 

with different molarities ranging from 0.004 to 0.006 in the binary solvent system to be used 
with a given ratio. Pour the binary solvent into the chamber so that there is about 1 cm of 
excess solvent on the bottom  of the chamber over that required to saturate the absorbent 
paper lining of the inside wall of the chamber. Rinse off both platinum wire coils covering 
the thermistors with the solvent (binary mixture) and adjust the resistance to zero reading. 
Rinse one of the coils w ith the solution and the other with the solvent and record the resistance 
difference (zl, ohms) after a steady state has been reached (3—5 min). The procedure is repeated 
with the series of solutions of different compositions (Table I).

Plot the resistance difference (zlR, ohms) against the molarity of solute at different 
temperatures, e.g. 25, 37 and 45 °C (Figs 1— 4).

(ii) Dissolve an accurately weighed amount (5— 20 mg) of the organic compound in 
5 ml of the binary mixture with the same ratio as that used with the above calibration curve. 
Rinse one of the coils with the solvent and the other with the solution and record the resistance 
difference (ZlR, ohms) after a steady state has been reached. Using the calibration curves of 
the reference substance obtained in (i) above (Figs 1—4) determine the corresponding molarity 
of solute. Determine the molecular weight of the solute (M. W.) from the following equation:

. (mg of solute) X 1000M. W. solute =  -------- . . -
(ml ol solvent) X molarity

Molarity

F ig .  1. Resistance difference (ZlR, ohms) vs. molarity for o-nitrophenol at 37 °G
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F ig . 2. Resistance difference (/IR. ohms) vs. molarity for o-nitrophenol at 37 C

F ig . 3. Resistance difference (/IR, ohms) vs. molarity for o-nitrophenol at 37 °C
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R esults and  discussion

H il l  [10] h as described a th e rm o e lec tric  m eth o d  fo r m easu ring  th e  d if
ference in  v a p o u r  pressure b e tw een  tw o  so lu tions, or b e tw een  a so lu tio n  an d  
th e  p u re  so lven t. T he princip le in v o lved  is s im p ly  th a t  o f a d iffe ren tia l w e t-b u lb  
th e rm o m e te r  o f  h igh  sen s itiv ity . T h is p rin c ip le  has been  used  b y  M ü l l e r  
et al. [11] to  d e te rm in e  m olecular w eigh ts w ith  th e rm is to rs  as th e  te m p e ra tu re  
sensing  e lem en ts, an d  sta in less s tea l cups filled  w ith  th e  so lven t an d  so lu tio n . 
M odifications o f th e  a p p a ra tu s  used  [5, 6] allow ed conven ien t an d  ra p id  d e te r 
m in a tio n  of th e  m olecular w eigh ts.

I f  a so lu tio n  o f an  organic com pound  in  a hom ogeneous b in a ry  so lv en t 
sy s tem  is exposed  to  th e  v ap o u r o f th e  sam e m ix tu re  i t  assum es a te m p e ra tu re  
h ig h er th a n  t h a t  o f th e  so lven t m ix tu re  alone exposed to  th e  sam e v a p o u r . 
T his te m p e ra tu re  difference is due  to  v a p o u r  condensation  on to  th e  so lu tio n  
o f th e  organ ic  com pound  in  th e  b in a ry  m ix tu re . In  th e  so lven t m ix tu re  a t  
th e  sam e te m p e ra tu re  th e  ra te s  o f e v a p o ra tio n  an d  con d en sa tio n  o f v a p o u r  
are  eq u a l (cf. H il l  [10]). This p rin c ip le  can  be  app lied  to  d e te rm in e  th e  m o lec
u la r  w eigh t o f o rganic  com pounds in  hom ogeneous b in a ry  so lven t sy s tem s 
(T able I I ) . S om etim es i t  is necessary  to  use b in a ry  hom ogeneous m ix tu re s  in  
m o lecu lar w eig h t d e te rm in a tio n s  b y  th e  th e rm o e lec tric  m e th o d  w ith  th e r 
m isto rs . to  ach ieve  com plete d isso lu tion  o f  th e  organic com pound.
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Table II

Microdetermination o f molecular weights o f organic compounds in homogeneous binary mixtures

M olecular we ght

W t.
(mg/5 ml)

J R
Ohm sSystem Com pound M olarity

th eoret
ical

found error
(%)

(A) Ideal
system

Azobenzene 8.597 17.5 0.00950 182.2 180.5 —0.93

(0 n-Hexane and l-Chloro-2,4-
re-heptane dinitrobenzene 11.282 20.5 0.01100 202.6 205.1 +  1.4
(1:1) at 37 °C Benzil 13.990 24.5 0.01325 210 211.1 + 0.52

(h) Chloroform Anthracene 9.142 20.0 0.01040 178.2 175.8 + 0 .5
and benzene Phenacetin 7.760 16.0 0.00850 179.2 182.5 +  1.6
(1:1) at 37 °C l-Chloro-2,4-

dinitrobenzene 18.405 35.0 0.0185 202.6 198.9 — 1.9

(B) With
positive
deviation Azobenzene 7.912 18.0 0.00875 182.2 180.8 —0.76
e. g. benzene 
and cyclo
hexane (1:1) 
at 37 °C

Anthracene 11.842 27.0 0.01325 178.2 178.7 + 0 .28

(C) With
negative
deviation Anthracene 7.255 8 0.00403 178.2 180 +  1.01
e. g. ethyl 
acetate and l-Chloro-2,4-
chloroform 
(1:1) at 37 °C

dinitrobenzene 15.230 14 0.00761 202.6 2 0 0 .1 -0 .987

T he s te a d y  s ta te  te m p e ra tu re  d ifference is reached  w ith in  3— 5 m in u te s . 
T h e  m eth o d  is i l lu s tra te d  on  th e  exam ple o f  o -n itro p h en o l since, due to  ch e la 
tio n , th e  o rtho-com pound behaves as a m o n o m er [12].

Л1
О '  О

The sam ple size ran g es from  5— 20 m g in  5 m l of th e  b in a ry  so lv en t 
m ix tu re . A re la tiv e  e rro r  o f less th a n  2 %  is ob ta in ed .

I t  is in te re s tin g  to  n o te  th a t  p lo ts  o f th e  resis tan ce  difference (A R , ohm s) 
fo r an  organic c o m p o u n d  in  an  ideal hom ogeneous b in a ry  m ix tu re  a g a in s t th e  
m o la rity  of th e  so lu te  lie betw een  th e  co rresp o n d in g  curves for th e  sam e com 
p o u n d  in  th e  tw o  co m p o n en ts  of th e  so lv e n t m ix tu re  (F igs 1 an d  2).
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O n th e  o th e r  h a n d , th e  p lo t o f th e  resis tan ce  d ifference  in  hom ogeneous 
b in a ry  m ix tu res  w ith  a positive d e v ia tio n  lies above, w h ereas  w ith  a n eg a tiv e  
d e v ia tio n  below , th e  resis tan ce  d ifference vs. m o la rity  cu rv es  of th e  so lu te  
in  b o th  p u re  co m p o n en ts  of th e  b in a ry  so lven t m ix tu re  (F igs 3, 4).

T his o b se rv a tio n  can  be used as a sim ple an d  re liab le  procedure  to  d e te r 
m ine th e  b eh av io u r o f  a  hom ogeneous b in a ry  m ix tu re  w ith  re sp ec t to  R a o u lt’s 
law .

H ow ever, th e  possib ility  of d ecom position , d isso c ia tio n , reaction , p o ly 
m eriza tio n , etc. sh o u ld  n o t be ignored  d u rin g  d e te rm in a tio n  o f th e  m olecu lar 
w eig h ts  of organic com pounds, e ith e r  in  a single so lv e n t o r in  hom ogeneous 
b in a ry  so lven t sy s tem s . D etails w ill be  rep o rted  in  due  course.
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The electronic structures and spectra  of m onosubstituted benzenes containing 
fluoro-, chloro-, hydroxy-, amino-, and carbonyl-groups as well as th e ir combinations 
were calculated  b y  th e  P ariser—P a rr—Pople m ethod. The calculations reproduced the 
experim ental singlet energies, polarization directions and lowest energy band in ten 
sities fairly  well. The starting  param eters giving the best energies are equally w'ell 
applicable to  simple and complex substituen ts, and  the correlation betw een the electronic 
s truc tu re  of th e  molecules and the mesomeric effect of the substituen ts is in accord 
w ith th e  expectations. Deviations found for halogen derivatives m ay be caused by 
failure of th e  calculations to  account for some im portan t additional effects.

1. In tro d u c tio n

M any a u th o rs  h av e  d ea lt w ith  th e  ca lcu la tio n  of th e  зт-electron ic  s tru c tu re  
an d  sp ec tra  o f  m o n o su b s titu ted b en z  enes b y  th e  P a rise r  P a r r  -  Pople (P P P ) 
m ethod , ta k in g  v e ry  d iffe ren t s ta r tin g  v a lu es . P P P - ty p e  ca lcu la tions h av e  
been p u b lish ed  fo r benzene d e riv a tiv es  e.g. in  th e  follow ing p ap ers : h y d ro x y l 
[1—4], am ino  [2— 11], fluoro  [12, 13], ch loro  [12, 14, 15], an d  ca rb o n y l d e riv 
a tives [16, 17]. I t  is believed  th a t  no ca lcu la tio n s  have  been  perfo rm ed  as 
y e t on d e riv a tiv e s  co n ta in in g  com plex su b s titu e n ts .

The a im  o f o u r w ork  is to  d e te rm in e  th e  b es t c h a rac te ris tic  s ta r tin g  
values (I, A , ß )  fo r th e  P P P  calcu la tio n  o f  л -e lec tron  sy stem s, w hich  could  be 
applied  to  a g re a t n u m b e r o f analogous com p o u n d s. In  th is  p a p e r  we propose 
s ta r tin g  va lu es  su ita b le  fo r th e  ca lcu la tio n  o f b o th  sim ple (C6H 5X ) an d  com plex  
(CcH 5COX) d e riv a tiv e s  (X  =  F , Cl, O H , N H 2).

2 . C alculation m ethod

T he P P P  m e th o d  is used in  its  o rig in a l fo rm  [18, 19]. T he de ta ils  o f th e  
m ethod  w ill n o t  be  g iven  here, as th e y  can  be  fo u n d  in  Refs [20, 21]. S ta r tin g  
from  H iickel M O ’s, th e  co m p u te r p ro g ram  used  ca lcu la tes th e  P op le  SCF M O’s 
followed b y  a co n fig u ra tio n  in te ra c tio n  t r e a tm e n t  be tw een  all singly  ex c ited  
s ta te s . T he c o m p u ta tio n  p roduces th e  ch a rg e  d e n s ity -b o n d  o rd e r m a tr ix , th e  
singlet an d  t r ip le t  tra n s itio n  energies, th e  m a g n itu d e  an d  d irec tio n  of tra n s i-
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t io n  m o m en ts , th e  to ta l  71-electron  energy , and  th e  д -electron  c o n tr ib u tio n  
to  th e  d ipole m om en t.

T h e  c o m p u ta tio n  req u ires  as s ta r t in g  values th e  resonance  in teg ra ls  ß^v, 
th e  m o lecu la r geom etry , th e  ion iza tio n  p o te n tia ls , e lec tro n  affin ities, an d  th e  
v ir tu a l  charges o f д -e lec trons. T he tw o -c e n te r  repu lsion  in teg ra ls , a re  ca l
c u la te d  b y  th e  M a ta g a — N is h im o t o  ap p ro x im a tio n  [22].

T h e  calcu la tions w ere carried  o u t on  th e  ICT 1905 co m p u te r of th e  C en tra l 
R esea rch  In s t i tu te  fo r P hysics, B u d ap est.

3 . Determ ination of the starting parameters

T he e lectron ic  sp e c tra  reco rded  in  s a tu ra te d  h y d ro ca rb o n  so lven ts w ere  
used  as reference d a ta  fo r th e  com pounds in v es tig a ted , because th e  v a p o u r  
sp e c tra  o f th e  m ore com plex  d e riv a tiv e s  are  n o t av a ilab le . T he e lec tro n ic  
tra n s it io n s  are ch a rac te rized  b y  / max an d  emax values. As th e  d e te rm in a tio n  
of th e  0,0 b an d  positio n  is u n c e rta in , th e  ca lcu la ted  energies h av e  b een  f i t te d  
to  th e  ex p erim en ta l b a n d  m ax im a.

T h e  m olecular geom etries w ere considered  as sets o f fix ed  values ta k e n  
fro m  ex p erim en ta l d a ta  [23]. T he C— C b o n d  len g th  in  th e  benzene r in g  w as 
ta k e n  as equal to  1.397 Á , th e  C— О d is tan ce  in  pheno l 1.36 Á, th e  C— N 
d is ta n c e  in  aniline 1.38 Á , th e  C— F  d is tan ce  in  fluo robenzene 1.30 Á , th e  
C— Cl d is tan ce  in ch lo robenzene 1.69 Á , an d  all bo n d  angles as equal to  120°. 
T h e  Caromatic— Caidehyde d is tan ce  in  b en za ld eh y d e  is 1.50 Á, th e  C = 0  d is ta n c e  
1.215 Á , an d  th e  angles are  120°, as in  ace ta ld eh y d e . As b o n d  d is tan ces  an d  
ang les o f th e  s u b s ti tu te d  ca rb o n y l g roups, th e  d a ta  for th e  co rresp o n d in g  
m e th y l de riv a tiv es  w ere used  [23].

T he a tom ic io n iza tio n  p o te n tia l, I /J5 an d  th e  one-cen te r repu lsion  in te 
g ra ls , y ^ ,  w ere considered  as fix ed . T h e  1^ an d  у values fo r a tom s c o n tr ib 
u tin g  one elec tron  to  th e  д  system  w ere ta k e n  from  th e  ta b le  of H in z e  an d  
J a f f é  [24], as in R ef. [3]. F o r ev a lu a tio n  of th e  1  ̂values of a tom s c o n tr ib u tin g  
tw o  elec trons, K w ia t k o w s k i’s ap p ro x im a tio n  [8] w as used :

Ip — I ch3x +  ?ßß

F o r  th e  I ch3x values th e  follow ing ex p e rim en ta l io n iza tio n  p o te n tia ls  w ere  
ta k e n :  C H 3F  12.61 eV [25], C H 3C1 11.34 eV [26], C H 3O H  10.83 eV [27], 
C H 3N H 2 8.97 eV [28]. T h e  yß/l values fo r N  an d  О w ere th e  sam e as in  B a i l e y ’s 
w ork  [3], those  fo r F  an d  Cl th e  sam e as in  F o r d ’s p a p e r [12]. T he va lu es  used 
a re  lis ted  in  T ab le  I.

T h e  ßt,v v a lues w ere v a ried  in  a co m p ara tiv e ly  w ide range. The a ro m a tic  
ßc- с  va lu e  of — 2.39 eV [18] w as chosen  so as to  o b ta in  b e s t ag reem en t fo r
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Table I

Atomic parameters used in  the calculations

t N N Ó Ö Б* ci

11.16 14.12 25.73 17.70 30.07 34.00 24.37

Vw* 11.13 12.34 16.76 15.23 19.24 21.39 13.03

Ap 0.03 1.78 8.97 2.47 10.83 12.61 11.34

th e  low est energy e lec tro n ic  tra n s i t io n  o f benzene. T he d ev ia tio n  from  th e  
ex p e rim en ta l value is 0 .5 3 % . Fig. 1 show s th e  dependence o f th e  f irs t  th ree  
tra n s it io n  energies on ßc-C- This b e s t  a ro m a tic  ß c -c  v a lu e  w as used  fo r all 
fu r th e r  benzene d e riv a tiv e s .

In  th e  su b s titu te d  benzenes th e  ß^v values of th e  b o n d  b e tw een  th e  su b 
s t i tu e n t  an d  th e  ring  ca rb o n  a to m , as well as those  o f th e  bonds w ith in  th e

Fig. 1. The calculated singlet energies of ben- Fig. 2. The calculated singlet energies of phe- 
zene as a function of /3q_q nol as a function of ßd О
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s u b s titu e n t w ere v a r ie d . A s an  exam ple, we show  th e  tra n s it io n  energies for 
p h en o l as a fu n c tio n  o f  ß c - x  (Fig- 2).

W ith  b en za ld eh y d e  th e  ß  values b e tw een  th e  a ro m a tic  an d  th e  aldehyde 
ca rb o n  a tom , an d  th o se  b e tw een  th e  a ld eh y d e  ca rb o n  an d  th e  oxygen a to m

Fig. 3. The calculated singlet energies of benz- Fig. 4. The calculated singlet energies of benz
aldehyde as a function  of ßc=o aldehyde as a function of /?c_c

w ere  v aried  s im u ltan eo u sly . T he dependences o f  th e  ea lcu la ted  energies o n  
ßc~ o  an d  ß c -c  a re  sh o w n  in  F igs 3 an d  4, re sp ec tiv e ly . T h e  b es t ag reem en t 
fo r th e  twro e x p e rim e n ta l b a n d  energies w as o b ta in ed  w ith  ß c -c  =  — 2.39 and  
ßc=o  =  — 2.7 eV.

F o r s tu d y in g  th e  s u b s titu te d  ca rb o n y l g roups, — 2.39 eV was chosen  
fo r  th e  ßc- с  v a lu e  b e tw e e n  th e  a ro m atic  an d  th e  a ldehyde  carbon  a tom . T h e  
v a lu es  of ßc=o a n d  ß c - x  (X  =  F , Cl, O H , NH„) w-ere v a ried .

The ca lcu la ted  b e s t  energies an d  th e  co rrespond ing  ß^  values, to g e th e r  
w ith  th e  ex p erim en ta l energ ies, are  co llected  in  T ab le  I I .  T h e  ß^  values t h a t  
g ive singlet tra n s it io n  energ ies in  b est ag reem en t w ith  th e  exp erim en ta l v a lu es
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Table II
Calculated and experimental spectral data

Compound 
Best ßpy (eV)

Calculated Experim ental
Kef.

E  (eV) f a 0 E (eV ) 'l max 
(nm) log e

1 2 3 4 5 6 7 8

I . Benzene

I n 1! isa lo sC 4.9073 0 4.8811 254 2.40 29
6.2047 0 6.0774 204 3.94
7.0303 1.2008 90 6.7380 184 4.83
7.0303 1.2008 0 6.7380 184 4.83

2 Fluorobenzene
ßc-F  =  - 2 .2 0 4.7576 0.0172 90 4.7502 261 3.08 29

5.9294 0.1109 0 6.1073 203 3.88
6.8357 1.0284 270
6.8366 1.1632 0

3. Chlorobenzene
ßc-c\ — ~ 2-20 4.7165 0.0222 90 4.6784 265 2.43 29

5.7920 0.2323 0 5.7400 216 3.92
6.7419 1.0711 0 6.5253 190 4.74
6.7487 0.9071 270 6.5253 190 4.74

4. Phenol
ß c -o  =  -  2.50 4.6134 0.0411 90 4.5749 271 3.28

5.7030 0.2518 0 5.8759 211 3.72
6.6747 0.8078 270
6.7580 1.0664 0

5. Aniline
A :-n == -  2.30 4.3785 0.0600 90 4.3049 288 3.27

5.3143 0.4175 0 5.2982 234 3.95
6.3236 0.3917 270
6.6464 0.8098 0

6. Benzaldehyde
ß c -c  =  -2 -3 9 4.5264 0.0260 111 4.4598 278 2.97
ß c -o  — ~  2-70 5.1664 0.5749 191.6 5.1550 240.5 4.03

6.2440 0.3975 279.7
6.5471 0.6481 195.1

7. Benzoyl fluoride
ßc-О — — 2.70 4.6232 0.0178 115.2 4.4838 276.5 3.04
f t - F  =  - 2 .2 0 5.3627 0.4975 10.5 5.3904 230 3.99

6.3866 0.3759 112.3
6.5904 0.7978 207.0

8. Benzoyl chloride
ßc=°o = -2 -6 0 4.5962 0.0197 115.0 4.3886 282.5 3.10
ßc~ci — ~  1-30 5.2819 0.5344 8.9 5.1443 241 4.18

6.1306 0.0111 266.7
6.4119 0.6858 103.6
6.5687 0.7235 199.9

9. Benzoic acid
ßc=o — — 2.60 4.6430 0.0155 119.2 4.5248 274 3.02
ßc- о н  =  - 2 .5 0 5.3798 0.5091 11.8 5.3670 231 4.20

6.1591 0.0100 44.3
6.4892 0.7199 95.4
6.6027 0.7571 190.4

10. Benzamide
f ic -0  =  - 2 .8 0 4.6817 0.0127 121.9 4.5919 270 2.90
ßc-N  — —2.30 5.5000 0.4089 15.1 5.5973 221.5 4.00

5.5446 0.1410 314.0
6.3753 0.1153 116.8 1
6.6010 0.6313 138.3
6.6199 0.8088 41.8
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also  co rre la te  re a so n a b ly  well w ith  th e  b o n d  d istances r ^  (T ab le  I I I ) .  W ith  
s h o r te r  bond  len g th  th e  in te ra c tio n  g en era lly  becom es g re a te r , i.e. th e  ßm. 
v a lu e  decreases.

Table III

Bond parameters used in  the calculation

rO—X £ 1 M

—C— F 1.30 —2.20

—C—Cl 1.69 —2.20

— C—OH 1.36 —2.50

—c —n h 2 1.38 —2.30

r0-0 r c = o r C—X Аз-о

: 
1 И

0
У 

—c
\

H

0
у

—c
\

F
0

1.50 1.215 —2.70

1.50 1.16 1.37 —2.70 — 2.20

У 
—c

\
Cl
0

У —c
\

OH

0

1.50 1.17 1.82 —2.60 — 1.80

1.50 1.245 1.31 —2.60 —2.50

У 
—c

\
n h 2

1.53 1.21 1.36 —2.80 —2.30

4 . Results and discussion

The co rre la tions b e tw een  th e  ca lcu la ted  resu lts  an d  th e  v a rio u s s tru c tu ra l 
ch a ra c te ris tic s  o f  th e  m olecules considered  are d iscussed  in  th e  follow ing 
sec tio n s.
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4.1. Singlet energies

T he e x p e rim e n ta l and  ca lcu la ted  energies an d  osc illa to r s tre n g th s  are  
co llected  in T ab le  I I ,  from  which i t  m ay  be seen th a t  th e  ca lcu la ted  b e s t en e r
gies a re  in  good ag reem en t w ith  th e  e x p e rim e n ta l ones. The ex p e rim en ta l 
energies for th e  sim p le  C0H 5X  d e riv a tiv e s  decrease in  th e  o rder — H  >  — F  >  
> — Cl > — O H  — N H 2. The a g re e m e n t fo r th e  f irs t b a n d  is sa tis fa c to ry
b u t  fo r th e  second b a n d  there  is som e d e v ia tio n  w ith  th e  halogens, so t h a t  th e  
o rd e r o f these  b a n d s  does no t ag ree w ith  th e  ex p e rim en ta l order.

O ur resu lts  a re  in  good ag reem en t w ith  th e  d a ta  g iven in  th e  l i te ra tu re .
W ith  th e  CgH.COX d eriv a tiv es , th e  energies o f th e  firs t and  second  

л  —*• n* bands in c rease  in  th e  fo llow ing o rd er:

О О О о
А< -с  < У < -с у

\
F

\ он \
NH„

F o r b o th  b an d s th is  o rder co rresponds to  th e  ex p e rim en ta l one, an d  is in  
keep ing  w ith  th e  in crease  in the  + M  effect o f th e  X  group  (X  =  F , O H , N H 2), 
w hich de te rm ines th e  — M effect o f  th e  — COX group  [30]. The resu lts  o f  th e  
ca lcu la tions are in  fu ll accordance w ith  th e  ex p e rim en ta l in te rp re ta tio n  o f  th e  
sp e c tra , excep t t h a t  th e  energies c a lc u la ted  fo r b en zo y l chloride are b e tw een  
those fo r b en za ld eh y d e  and  benzoyl flu o rid e , w hereas th e  experim en ta l e n e r
gies a re , in  fa c t, sm a lle r th a n  th o se  fo r b en za ld eh y d e . T he w eak acc e p to r 
effect o f th e  ch lo rine a to m  assum ed fo r  benzoy l ch lo ride [30] is clearly  n o t ta k e n  
in to  acco u n t, th e  ch lo rine  atom  b e in g  tr e a te d  as a w eak  donor.

A m ong th e  com pounds in v e s tig a te d , th e  w o rst correspondence w as 
o b ta in ed  w ith  b en zo y l chloride, fo r w h ich  th e  la rg e s t d ev ia tio n  of th e  ca lcu 
la ted  values from  th e  experim en ta l ones is 4 .8 % .

T he ca lcu la ted  f ir s t  and second b a n d  energies are show n as fu n c tio n s  
o f th e  ex p e rim en ta l va lu es  in Figs 5 a n d  6.

4 .2 . Ground state charge densities

T he charge d e n s ity  values co rresp o n d in g  to  th e  b e s t energies given ab o v e  
are  in  accordance w ith  th e  electronic s tru c tu re  of th e  m olecules in v es tig a ted . 
T he charge d en sity  on  th e  X  atom  in  th e  C6H 5X  d e riv a tiv e s  decreases in  th e  
o rder — F  ]> — Cl >  — O H  ]> — N H 2, as w ould  be  ex p ec ted  from  th e  th e o 
re tica l values of th e  -)-M effect in  th e  g ro u n d  s ta te . T he o th e r charge densities 
an d  b o n d  orders v a ry  in  th e  ex p ec ted  m an n e r, to o . T ab le  IV  con ta in s th e  
charge densities o f th e  molecules in v e s tig a te d .

T he charge den sitie s  of th e  C6H 5CO X  d e riv a tiv e s  fo r th e  ß,„ v a lu es  
giv ing th e  best energ ies are p resen ted  in  T ab le  IV . T he charge d en sity  on
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a to m  X  decreases in  th e  o rd er — Cl >  — F  >  — O H  >• — N H Z, a n d  increases 
on  th e  carb o n y l ca rb o n  an d  oxygen a to m s, as w ell as on th e  o- an d  jp-carbon 
a to m s , in  th e  o rd e r — H  <  — Cl <  — F  <  — O H  <  — N H 2, in  co n fo rm ity

Fig. 5. Correlation between the calculated and experimental a band energies

Fig. 6. Correlation between the calculated and  experimental p  band energies

w ith  an  increase o f  th e  -|-M  effect (i.e. decrease  of th e  — M effect o f th e  — COX 
g ro u p  in  th e  g ro u n d  s ta te ).

I t  is e v id e n t t h a t  th e  charge d e n s ity  on  th e  X  a to m  decreases m ore  in  
th e  C6H 5COX d e riv a tiv e s  th a n  in  th e  C6H 5X  com pounds. I t  shou ld  be n o te d  
t h a t  th e  ch lorine a to m  loses less ch arg e  w ith  respect to  th e  fluo rine  a to m  in 
b en zo y l ch loride th a n  in  ch lorobenzene, w hich  ind ica tes th a t  th e  fo rm er is 
a  w eak er donor, in  accordance w ith  th e  exp erim en ta l sp ec tra . T h e  difference 
re su ltin g  from  th e  ca lcu la tio n  is n o t as la rg e  as w ould be  ex p ec ted  from  th e
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Table IV

Calculated charge densities

1.0222 1.0255 1.0358

0.9726 0.9777

1.0442

0.9939

1.0748

0.9778

0.9794 0.9838

1.0025

0.9905

C 0.7438

О
1.4989

OH
1.8133

О
1.5027

NH.,
1.7645

ex p e rim en ta l d a ta , p e rh ap s  because th e re  is an  ad d itio n a l effect d o m in a tin g  
in  th e  ex c ited  s ta te s . T he charge d en sity  o f th e  ca rbony l oxygen  a to m  v arie s  
in  p a ra lle l to  th e  oxy g en  basic ity . W o jt k o w ia k  et al. [31] re c e n tly  re p o rte d  
a b a s ic ity  o rd e r o b ta in e d  from  a consid era tio n  o f th e  th e rm o d y n am ic  p ro p e r
ties o f th e  C6H 5C O X .I2 com plexes, w hich  is in  general ag reem en t w ith  th e  
re su lts  o f  th e  p re se n t ca lcu la tions. T he d e v ia tio n  observed  w ith  th e  halogen  
d e riv a tiv e s  p re su m ab ly  arises from  th e  fa c t t h a t  th e  P P P  calcu la tio n  does
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n o t  t a k e  in to  a c c o u n t th e  in d u c t iv e  e f fe c t,  w h ich , a c c o rd in g  to  W o jt k o w ia k  
et al. [32], is im p o r ta n t  fo r  b e n z o y l h a lid e s .

I t  should  be m en tio n ed  th a t  ch arg e  densities in  ex ce llen t ag reem en t 
w ith  th e  observed  q u a n titie s  are  o b ta in e d  fo r th e  ßc=o an d  ß c~ x  va lues g iv ing  
th e  b e s t energies; w ith  o th e r ß  v a lu es  th e  co rre la tion  w as worse.

4.3. Oscillator strengths

T he b an d  in ten s itie s  be long ing  to  th e  b e s t energies give good ag reem en t 
fo r th e  f irs t  b a n d  (T able I I ) .  T h e  o rd e r o f th e  ca lcu la ted  an d  ex p erim en ta l 
in te n s itie s  o f th e  C6H 5X  d e riv a tiv e s  is th e  sam e, w ith  th e  excep tion  o f th e  
f lu o rin e  d e riv a tiv e , w hich  has a v e ry  h igh  ex p erim en ta l v a lue . A m ong th e  
e x p e rim e n ta l in ten sitie s  o f th e  C6H 5CO X  deriv a tiv es , b en zo y l chloride has 
th e  h ig h est v a lu e  fo r th e  f irs t b a n d ; am ong  th e  ca lcu la ted  values, how ever, 
t h a t  o f ben za ld eh y d e  is th e  h ig h es t. O therw ise, th e  fo llow ing o rd er ho lds for 
b o th  th e  ca lcu la ted  an d  th e  e x p e rim e n ta l in ten sities :

O O O O
У У У У-c  > -c  > -c  > -c
\  \  \  \

Cl F  OH NH.,

T h e  second b and  in te n s ity  fa iled  to  give good ag reem en t w ith  the  e x p e ri
m e n ta l d a ta .

4.4. Polarization directions

T he p o la riza tio n  o f th e  ca lc u la ted  b an d s  is g iven  in  T ab le  I I .  T h e  a 
v a lu es  m easure th e  angle from  th e  p o sitiv e  у  axis in  clockw ise d irec tio n , w ith  
th e  r in g -su b s titu e n t ax is ly ing  in  th e  — у  d irec tion . T he f irs t  b a n d  o f  th e  
CeH 5X  com pounds is po larized  p e rp en d icu la rly  to  (Ax —v B x), an d  th e  second 
b a n d  in  para lle l to  (Ax -> А х), th e  r in g -su b s titu e n t ax is. T his re su lt is in  fu ll 
acco rd an ce  w ith  th e  ex p e rim en ta l p o la riza tio n  values fo r p -d im e th o x y b en - 
zene  [33] an d  th e  a ro m atic  am ines [34]. T he th ird  an d  fo u r th  b an d s show  p e r
p en d icu la r  an d  p ara lle l p o la riza tio n , respective ly .

The allow ed b an d s  of th e  CeH 5C 0 X  deriv a tiv es  h av e  th e  sam e p o la riz a 
tio n  as th e  C6II5X  com pounds. T he p o la riza tio n  d irec tions are  som ew hat a lte red  
b ecau se  of th e  con fo rm ation  o f th e  c a rb o n y l bond . T he resu lts  o b ta in ed  a re  in  
ag reem en t w ith  th e  ex p e rim en ta l p o la riza tio n  values fo r b en za ld eh y d e  [35]. 
T h e  f irs t и —у л*  b a n d  o f b en za ld eh y d e  is po larized  p e rp en d icu la rly  to  th e  
carbo n y l-b o n d -b en zen e  axis (Ax —*- B x).

4.5. Triplet energies

As th e  energies an d  re la tiv e  in ten s itie s  of th e  sing le t—tr ip le t  tra n s itio n s  
o f  all th ree  b an d s  are  know n on ly  fo r benzene [36], on ly  th is  com pound  will
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be considered here. T h e  agreem ent b e tw een  th e  ca lcu la ted  an d  th e  ex p e ri
m en ta l values is po o r (Table У) using  ß c - c  — — 2 .39  eV, th e  b e s t v a lue  fo r 
sing le t—singlet tra n s itio n s . The tr ip le t  energies v a ry  w ith  ß c ~ c  in  th e  sam e 
w ay as th e  sing le t energ ies, th u s  an  a ccep tab le  re su lt m ay  be expected  on ly  
for m uch lower ß c - С  values. The second b a n d  is d o u b ly  d eg en era te , in acco rd 
ance w ith  D o e r in g ’s b a n d  assignm ent [36].

Table V

Energy o f the calculated and experimental singlet- triplet transitions, in eV

Calculated Experi
m ental R elative

in ten sity
E xcited  state  

sym m etry

energy

2.4905 3.95 medium 3B2„
4.0037

4.0037
4.75 strong *E i,

4.9073 5.60 weak 9

(The accuracy of the experimental energies is +  0.05 eV)

5. Conclusions

T he sing let tra n s it io n  energies o f th e  C6H 5X  a n d  CeH 5COX com pounds 
ca lcu la ted  here are  in  good agreem ent w ith  th e  ex p e rim en ta l d a ta . T he charge  
d en sity -b o n d  orders belong ing  to  th e  ß ' v a lu es  p ro d u c in g  th e  b e s t energies 
co rrespond  to  th e  th e o re tic a l p red ic tio n s. T h e  osc illa to r s tre n g th s  v a ry  in  
the  sam e order as th e  ex p erim en ta l in te n s itie s  w ith  th e  f irs t  л  —*• л *  b an d s  
on ly ; fo r th e  sing le t—tr ip le t  tra n s itio n  energies th e  ag reem en t is poor.

E x c e p t for th e  ch lo ro  d eriv a tiv es , th e  sam e ß c - х  values p ro d u ce  th e  b e s t 
energies an d  charge den sitie s  w ith  b o th  th e  CeH 5X  an d  CeH 5CO X  com pounds 
and , th ere fo re , seem  to  be  tran sfe rab le . T h e  reaso n  fo r th e  d ev ia tio n s w ith  th e  
halogen  de riv a tiv es  m a y  be  th a t ,  a p a r t  from  th e  -j-M effect, o th e r  effects 
(e .g .  in d u c tiv e  effect, d -o rb ita ls) n o t considered  in  th e  P P P  ca lcu la tions p la y  
an  im p o r ta n t role. T h e  neglect o f such  a d d itio n a l effects m ay  also be th e  
reason  fo r th e  fa c t t h a t  sm alle r differences are  o b ta in e d  b e tw een  th e  ca lcu la ted  
energies th a n  are  o b se rv ed  betw een  th e  e x p e rim e n ta l va lues.

W e conclude th a t  in  its  orig inal fo rm  th e  P P P  m eth o d  y ields su itab le  
resu lts  fo r th e  sing let—sin g le t energies, as w ell as fo r th e  charge  densities an d  
bond  o rders. In  o rd e r to  o b ta in  a b e t te r  a p p ro x im a tio n  fo r th e  osc illa to r
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s tre n g th s  and  th e  s in g le t—tr ip le t  t ra n s i t io n  energies, a m ore a c c u ra te  m e th o d  
is n eed ed . In v e s tig a tio n s  in  th is  d ire c tio n  are in  p rogress.

*
The authors are g reatly  indebted to  Mrs. Borbála H e t z e r  for her very  valuable 

assistance.

R E F E R E N C E S

1. F o r sé n , S., Alm , T .: A cta Chem. Scand., 19, 2027 (1965)
2. B i l l i n g s l e y , F. P ., B l o o r , J .  E .: Theor. Chim. A cta, 11, 325 (1968)
3. B a i l e y , M. L.: Theor. Chim. Acta, 13, 56 (1969)
4. T i c h y , M., Z a h h a d n i k ,  R .: J . Phys. Chem., 73, 534 (1969)
5. F i s c h e r - H j a l m a r s , I.: Arkiv Fysik, 21, 123 (1962)
6. L a b h a r t , H., W a g n i e r e , G.: Helv. Chim. A cta, 46, 1314 (1963)
7. K l e s s i n g e r , M.: Theor. Chim. Acta, 5, 236 (1966)
8. K w i a t k o w s k i , J . S.: A cta Phys. Polon., 29, 477( 1966); 30, 529 (1966)
9. L i p t a y , W., E b e r l e i n , W ., W e i d e n b u r g , II ., E l f l e i n , О.: Bér. Bunsenges. physik.

Chem., 71, 548 (1967)
10. F i s c h e r - H j a l m a r s , I., S u n d b o m , M.: A cta Chem. Scand., 22, 607 (1968)
11. N i s h i m o t o , K ., F o r s t e r ,  L. S.: Bull. Chem. Soc. Jap an , 41, 2254 (1968)
12. F o r d , B.: Theor. Chim. A cta, 10, 342 (1968)
13. C h a l v e t ,  O., L e i b o v i c i , C.: Theor. Chim. A cta, 13, 297 (1969)
14. G r a b e , B.: A cta Chem. Scand., 22, 2237 (1968)
15. C h a l v e t , O., L e i b o v i c i , C.: Theor. Chim. A cta, 14, 65 (1969)
16. J e n s e n , H., S k a n c k e , P. N.: Acta Chem. Scand., 22, 2899 (1968)
17. E d w a r d s , T. G., G r i n t e r , R.: Mol. Phys., 15, 357 (1968)
18. P a r i s e r , R., P a r r , R. G.: J . Chem. P hys., 21, 466, 767 (1953)
19. P o pl e , J .  A.: T rans. F araday  Soc., 49, 1375 (1953)
20. P a r i s e r , R.: J . Chem. Phys., 24, 250 (1956)
21. P a r r , R. G.: Q uantum  Theory of M olecular Electronic S tructure. Benjam in, New Y ork

1963
22. M a t a g a , N., N i s h i m o t o , K .: Z. physik. Chem. N. F ., 13, 140 (1957)
23. S u t t o n , L. E ., E d .: Tables of In tera tom ic  D istances and Configuration in  Molecules and

Ions. Spec. Publ. No. 11, Chem. Soc., London 1958; Supplem ent, Spec. Publ. No. 18, 
Chem. Soc., London 1965

24. H i n z e , J ., J a f f é ,  H. H .: J . Am. Chem. Soc., 84, 540 (1962)
25. D i b e l e r , V. H ., R e e s e , R. M.: J . Res. N at. Bur. S tand., 54, 127 (1955)
26. D i b e l e r , V. IL , R e e s e , R. M.: Anal. Chem., 30, 604 (1958)
27. M o r r i s o n , J  .D., N i c h o l s o n , A. J . C.: J .  Chem. Phys., 20, 1021 (1952)
28. W a t a n a b e , K .: J . Chem. Phys., 26, 542 (1957)
29. DMS U v  Atlas o f Organic Compounds, Yol. I —IV B utterw orths, Verlag Chemie 1968
30. K iss , Á. I., H o r v á t h ,  G.: Acta Chim. Acad. Sei. H ung., 66, 431 (1970)
31. G u i h e n e u f ,  G., L a u r e n c e , C., W o j t k o w i a k , B.: Compt. rend. C, 271, 389 (1970)
32. G u i h e n e u f , G., L a u r e n c e , C., W o j t k o w i a k , B.: Bull. soc. chim. F rance, 1970, 571
33. A l b r e c h t , A. C., S i m p s o n , W. T.: J . Chem. Phys., 23, 1480 (1955)
34. K a l a n t a r , A. H ., A l b r e c h t , A. C.: Bér. Bunsenges. physik. Chem., 68, 361, 377 (1964)
35. S h i m a d a , R., G o o d m a n , L.: J . Chem. Phys., 43, 2027 (1965)
36. D o e r i n g , J . P .: J .  Chem. Phys., 51, 2866 (1969)

Á rp á d  Is tv á n  K is s ;  B u d ap est X I . ,  B u d afo k i ú t  8. 
J ó z s e f  Sz ő k e ; B u d a p e s t X I I . ,  K o n k o ly  Thege M. ú t .

Acla Chim. ( Budapest)  74, 1972



Acta Chimica Äcademiae Scientiarum Hungaricae, Tom us 74 (1 ) , pp. 71 77 (1972)

DISTRIBUTIONS IN TIME AND SPACE, 
RESPECTIVELY, IN FIXED BED MULTISTAGE 

EXCHANGE PROCESSES OF LINEAR KINETICS

(SH O R T  C O M M U N IC A T IO N )

Á . P e t h ő

(Central Research Institute fo r  Chemistry 
o f the Hungarian Academy o f Sciences, Budapest)

Received October 1, 1971

1. S ta tem en t of the  problem

L et us consider a cascade o f sim ilar cells (n u m b ered  b y  m  =  0, 1, 2, . . .) 
con ta in in g  tw o p h ases  from  w hich  le t th e  one be  fix e d  a n d  th e  o th e r flow  
from  one cell in to  th e  o th e r  in  th e  d irec tio n  of increasing  cell n u m bers. L e t th e  
volum es of th e  p h ases  in  th e  single cells be in d e p e n d e n t o f th e  cell n u m b er. 
Consider notv a so lu te  w hich is capab le  of being  so rb ed  in  th e  fixed  p h ase , 
supposing  p e rfec t m ix in g  in  b o th  phases. U nder such  co n d itio n s th e  process* 
n am ely  convection (in  th e  m obile phase) as w ell as sorption  (in  th e  s ta tio n a ry  
phase) of th e  so lu te  can  be described  b y  tw o in d e p e n d e n t v a riab les: b y  th e  
cell number m  a n d  b y  th e  time t. (Cf. th e  case w hen  b o th  space and  tim e  a re  
d iscon tinuous [1 ,2 ]  a n d  con tinuous [3 ,4 ] , respec tive ly .)

L et us now  define  IF fj? as th e  f lu x , i.e. th e  a m o u n t o f  th e  solu te t r a n s 
fe rred  b y  convec tion  in  th e  m obile phase  in  u n it  tim e , re la te d  to  th e  m th  cell, 
fu r th e r  T® as th e  amount o f the solute b o th  in  th e  m obile a n d  th e  s ta tio n a ry  
p h ase , re la ted  to  th e  m th  cell. W ith  these  q u a n titie s  th e  Fokker— Planck- 
equation of th e  process reads

(1T0)
W<& -  TF«_1 +  =  0 , (1.1)

dt

w here (tl le  v a lu e  o f i f  p u ttin g  m =  0) den o tes  th e  boundary con
dition; if  th e  in p u t  o f th e  so lu te  ta k e s  p lace m o m en tan eo u sly , we have

IV(1 \ =  0( 0 , ( 1.2)

w here b y  d® th e  D irac  d e lta  fu n c tio n  is deno ted . On th e  o th e r  h an d , th e  initial 
condition for E q . (1.1) should  be

T (m =  0 , (1.3)

i.e. a t  th e  beg inn ing  o f th e  process no so lu te  has y e t b een  p re se n t in  th e  system .
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L e t us now define  th e  a m o u n t o f  th e  solu te in  th e  m obile  ph ase : Y „ , 
re la te d  to  th e  m th  cell, fu r th e r  th e  characteristic time x as

г  =
vo lum e o f th e  m ob ile  phase in  a cell

flow  ra te  o f th e  m obile phase 

T h u s  th e  re la tio n  b e tw een  an d  Y® is th e  following:

1F« =  -Y < !> (1.4)

In  o rder to  define th e  sorption kinetics for the process, th e  a m o u n t of th e  
so lu te  in  th e  fixed  p h ase , re la te d  to  th e  m th  cell, should  f ir s t  be  in tro d u ced :

v (0  _ nnW__ v w^  m — л  m ± m •HO HO (1.5)

At) .  
■ m •N ow  w e will s tip u la te  th e  follow ing re la tio n  betw een  a n d  Y„

=  K f (l) * Ym, (1.6)

d e n o tin g  b y  * th e  convolution of tw o fu n c tio n s . In  th is  eq u a tio n  th e  function  
/*9  sh o u ld  be such fo r w hich

J  f ° d t  =  1 , (1.7)

a n d  К  >  0 is called  th e  equilibrium constant of th e  so rp tio n  (see also th e  
A p p en d ix ). In tro d u c in g  th e  new  c o n s ta n ts

К
1 +  K

in  v iew  of E qs (1.5)— (1-6) we h av e

1 + K
( 1 . 8 )

I ’m =  —  [P f(t) +  ^ (,)] * .
q

(1.9)

(N o te  th a t ,  if  no so rp tio n  ta k e s  p lace , p  =  0 and  q =  1.) T h e  sy s tem  o f E q s 
(1 .1)— (1.2)—(1-3)— (1-4)— (1-9) c o n s titu te s  th e  basis o f w h a t follows.

2 . The distribution o f the residence tim es

L et us consider a p a rtic le  o f  th e  so lu te  an d  th e  tim e  w hen  th is  p a rtic le  
h a s  le f t th e  m th  cell. T h is tim e  w ill be  called  th e  residence time of th e  p artic le  
a t  th e  place m. T he q u a n t i ty  m a y  be  considered as a ra n d o m  variab le , its
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probability density function  will obv io u sly  be

=  ( 2 . 1 )
dt

w here o?($m t) is th e  p ro b ab ility  o f  # m being  n o t g rea te r  th a n  t.
T ak in g  th e  Laplace transform  o f E q s (1.1)— (1-4)— (1-9), a f te r  e lim i

n a tin g  Tm and  У® , w e ob ta in

-  W m{s) =  J1 +  Y  [ p / ( s ) +  <?][ W m+, ( s ) , (2 .2)

w hich is a d ifference eq u a tio n ; th e  b o u n d a ry  cond ition  will be the  transfo rm  
of E q . (1.2):

W _ f s )  =  1 . (2.3)

L e t us now d e te rm in e  th e  generating function  of IFm(s): m u ltip ly in g  E q . (2.2) 
b y  zm+1 an d  su m m ing  u p  from  m —  0 to  oo, ta k in g  E q . (2.3) in to  considera tion  
as well, we have

2  W m(s)zm ^ W ( z , s )  =
1

m = 0 T S
H ------ [ p / ( s ) +  <?]

4

(2 .4)

(N ote th a t

JV(z, 0) =
1 - 2

i.e. W, ,(0, = J W % d t = l ,

w hich is a physica l tr iv ia lity .)
B y  m eans o f th e  L ap lace  tra n sfo rm  o f one has fo r th e  mean (expected  

value) an d  variance (d ispersion) of th e  residence tim es [5]

d W m(s)
,) = ds 

d2W w(s) 
ds2

T ak in g  th e  g en e ra tin g  fu nc tions of E q s  (2 .5)— (2.6) we m ay  w rite

1 Ч К К  -  -
m= 0  os

2 [ т ) + « * ( У 1 г л

s= 0  

Q2W{z, s) 
3s2

(2 .5)

( 2 .6 )

(2.7)

( 2 .8 )
5=0
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F ro m  th e se  equations, in  view  of E q . (2.4), one fina lly  o b ta in s

m) =  —  (m +  1) , 
9

Щ Ю - =  | - ) 2 (m +  l )  
9

1 0)

w h e re / ’(0) s tands fo r [d/"/<fs]s=0.

(2.9)

(2.10)

3 . The distribution o f the displacements

L e t us now tu r n  o u r a tte n tio n  to  th e  d isp lacem en t (or position) tj( of 
a p a r tic le  of th e  so lu te  a t  tim e  t. T he  q u a n t i ty  r]t m ay  be  considered  as a r a n 
dom  v a ria b le , its probability distribution  obv iously  becom es

% , < m ) = n > .  (3.1)

T ak in g  th e  L ap lace  tran sfo rm  o f E q s  (1.4)—(1.9) we have

£7'W 3* T m(s) =  —  (p / ( s )  +  q\W m(s) ; (3.2)
9

th u s  th e  genera ting  fu n c tio n  of T m(s) will be , ta k in g  E q . (2.4) also in to  co n 
s id e ra tio n , as follows:

—  [ P f (s ) +  9]
2  T m(s)zm -  T(z, s) r= -------- ? -  —  -  . • (3.3)

1 +  y  [ p / W + 9 ]  - *

(N o te  th a t

T ( l , * ) =  — , i.e . I ’
5 m=0

w hich  is a physical tr iv ia lity .)
B y  m eans of th e  gen era tin g  fu n c tio n  of one has for th e  mean an d  

variance of the  d isp lacem en ts  [5]

% i )
dT«> (z)

dz 2 = 1

Щ гр)  -  % , )  +  Щгр) =
d2T (l) (z) 

dz2

(3.4)

(3.5)
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W ritin g  th e  L ap lace  tran sfo rm  o f E q s (3.4)— (3.5) we h av e

9T(z, s)
Щ т ) =

dz

b i )  4 v i)  +  & Ы \

2= 1

92T(z, s) 
dz2

(3.6)

(3.7)

R egard ing  E q s  (3.6) an d  (3.7), in  v iew  o f E q . (3.3), one ob ta ins

I t )  =
T

[P f (s) +  ч У

Щ ,)  - f  i 2(i?,)]
[p f ( s ) +  ч У я

(3.8)

(3.9)

Now, in s te a d  o f giving th e  inverse  tra n sfo rm s  o f th e se  equations, we 
ra th e r  d e te rm in e  asymptotic re la tio n s fo r la rge  va lu es  o f t. T h is m ay  be done 
b v  expansion  in to  pow er series of th e  r ig h t-h a n d  sides o f E qs (3.8)— (3.9):

P f ' ( s )

p f ( s )  f- q [P f (s) +  ч]

1

s' — 1 p f'(0 )s

T h a t is,

and

[pf ] ( s) +  4

Щ т )  =

2 1 -  2pf ' (0)s

P f ’( 0)

2 p / '( 0 ) +  . . .2Ы  ®(vt) +  2̂Ы] = 2

T ak ing  th e  in v erse  tran sfo rm s, we o b ta in  th e  a sy m p to tic  re la tions:

4 v i)  ™ — [t p f ' (  o)] ^  — t (3.10)

and

ЩГ],) Щ ,)  +  $2(r]t) :

® * M ~  — t

У  4 p / '( 0 ) t ]  ,

Z p q f’m (3.11)

(Concerning th e  m a th e m a tic a l ju s tif ic a tio n  o f th e  above  procedure  see [6].)
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4 . Application o f a central lim it theorem of prohamiity theory

B y  E q . (2.4) th e  g en era tin g  fu n c tio n  o f IVm(s) was g iven ; hence, Wm(s) 
can  be  o b ta ined  as

W m(s) =  \ l  +  —  [ p f ( s )  +  q]
I 4

-(m + 1)

O ne can  now  apply  th e  c e n tra l lim it th e o re m  of Lindeberg— Levy  [5] o b ta in in g  
th e  re su lt  th a t  §m, if  standardised, is a sy m p to tica lly  n o rm a lly  d is tr ib u te d :
i.e. fo r  m  —>- oo we h av e

l
- e 2,12

w here
V 2 n o

<r2 == @2(#m) an d  p  =  Щ т ) ,

see E q s  (2.9)— (2.10).
A sim ilar s ta te m e n t is tru e  for Tjf? as well, due to  th e  fa c t th a t  th e  d is tr i

b u tio n s  o f and  rjt a re  in te rco n n ec ted  according to  th e  F o k k e r— P lanck - 
e q u a tio n  [see E q . (1 .1)]:

t m
J B W  +  2  T P  — 1 •

T h ere fo re , for t —>■ cx, we have

w here

see E q s  (3.10)— (3.11).

I (т-м )2
T d )  ___________p  2a2

У 2 ЛО

a2 === @2(jy;) an d  fx =  f  (»?,),

Appendix

B y  E q . (1.6) th e  sorption kinetics lias been defined. In  th e  special case 
o f  th e  so-called linear so rp tio n  k in e tic s :

81
k [ K Y % - X % ] , I )

w here к 0 is th e  sorption rate constant, fo r f(s)  we have

к
£ / «  f ( s )  =

к -(- s
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t h a t  is

A 0)
1

к

I n  th e  lim iting  case к —* oo in  E q . (1) we w ill say  th a t  sorption equilibrium  has 
been  estab lished . N ow  we have
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A )  =  1
i h a t  is

/ ' ( 0) =  0 . ( 3)
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ACIDE INHALTSSTOFFE 
DER TORFFULYOSÄUREFRAKTION

W. W i l d e n h a i n  und G. H e n s e k e

(Sektion Chemie der Bergakademie Freiberg/Sachs.) 

Eingegangen am  14. Jun i 1971

D urch H eißw asserextraktion gewonnene Torffulvosäuren werden an ak tiv iertem  
W ofatit E  adsorbiert und m it verschiedenen Lösungsm itteln fraktion iert. Im  N aOH - 
E lua t sind die Ligninspaltstücke p-H ydroxybenzoe-, Vanillin-, Protocatechu-, p -H y- 
droxyzim t- und  Ferulasäure nachw eisbar. Daneben gelang die Identifizierung anderer 
Pflanzeninhaltsstoffe oder -abbauprodukte  wie Kaffee-, G lyoxyl-, B renztrauben-, 
H ydroxybrenztrauben-, Oxalessig-, a-K etoglu tar-, Lävulin-, p-H ydroxyphenylbrenz- 
trauben- und  4-H ydroxy-3-m ethoxyphenylbrenztraubensäure. Ih re  Stellung im  H um i
fizierungsprozeß wird diskutiert.

F ü r  die A u fk lä ru n g  des H um ifizierungsprozesses is t  die K en n tn is  d er 
in  d e r  T o rffu lv o säu re frak tio n  v o rh a n d e n e n  n ied e rm o lek u la ren  In h a ltss to ffe  
v o n  In te resse . D u rch  H e iß w asse rex trak tio n  iso lierte  F u lv o sä u re n  lassen  sich 
a n  W o fa tit  E  m it W asser, A ceton—W asser (9 : 1), D im e th y lfo rm am id -W asse r 
(9 : 1) u n d  0 ,5proz. N atro n lau g e  fra k tio n ie re n  [1]. D as N a O H -E lu a t w u rd e  
n a c h  P assage  des Io n en au stau sch e rs  W o fa tit  K PS  200 i. V ak. be i 40 °C 
w e itgehend  e ingeeng t u n d  an  K ieselgel im  System  B enzo l/D ioxan /E isessig  
(90 : 25 : 4) ch ro m a to g rap h ie rt. T ro tz  erheb licher S chw anzb ildung  k ö n n e n  
m it  v ersch ied en en  S prüh reagenzien  [2] einzelne S u b stan zfleck e  bzw . -zonen  
u n te rsch ied en  w erden  (s. T ab . I).

S u b stan z  1 is t  eine phenolische K e to sä u re , deren  H y d ro x y lg ru p p e  a u f
g ru n d  d er F ä rb u n g e n  m it 4 -A m in o an tip y rin  u n d  2 ,6 -D ib rom ch inonch lo rim id  
n ic h t p -s tä n d ig  zu r C arb o n y lfu n k tio n  a n g eo rd n e t sein k a n n . F a rb re a k tio n e n  
m it B ro m k reso lg rü n , D ip h en y lp ik ry lh y d razy l, o -D in itrobenzo l u n d  T i ta n 
ch lo rid  sowie d e r neg a tiv e  4 -A m in o an tip y rin -T est in  G eg en w art v o n  L u f t 
sa u e rs to ff  c h a rak te ris ie ren  S u b stan z  2 als eine 2,3- id e r 3 ,4 -D ih y d ro x y z im t- 
säu re . D ie S ubstan zfleck e  3 u n d  7 geben  im  U n tersch ied  z u r  S u b stan z  1 In d i
k a tio n e n  fü r  p -H y d ro x y p h e n y lk e to sä u ren . A u f eine 2,3- o d e r 3 ,4 -D ihydroxy- 
b enzoesäu re- bzw . -p h e n y la lk a n sä u re -S tru k tu r  weisen v o r  allem  die F a r b 
re a k tio n e n  d er V erb in d u n g  4 m it 4 -A m in o an tip y rin  u n d  L u ftsa u e rs to ff  sowie 
B ro m k reso lg rü n  h in . S ubstanz  5 d ü rfte  au fg ru n d  der d u n k e lb ra u n e n  F ä rb u n g  
m it 4 -A m in o an tip y rin  und  K 3[Fe(CN )e] k e ine  P h en o lca rb o n säu re  d a rs te llen . 
W ah rsch e in lich er is t  hingegen das V orliegen  einer H y d ro x y z im tsäu re , d a  das 
T ric y a n v in y lp h e n o la t-Io n  fa rb lich  m it dem  d er S ubstanz  2 fa s t  id en tisch  is t.
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In fo lg e  des b la u g rü n e n  T e tracy an ä th y len -ji-K o m p lex es  m u ß  das M olekül 
m in d esten s noch e inen  w eiteren  als E le k tro n e n d o n a to r  fung ie renden  S u b s ti
tu e n te n  e n th a lten . S u b s ta n z  6 g ib t m it T e tra c y a n ä th y le n  u n d  nachfo lgender 
N aO H -B elian d lu n g  n ah ezu  die gleiche F a rb re a k tio n  wie V erb in d u n g  4, so d aß  
eine ähnliche K o n s titu tio n  zu e rw arten  is t. E s  lä ß t sich a llerd ings keine o-Di- 
h y d ro x y -G ru p p ie ru n g  nachw eisen . Die am  m eisten  bew egliche S ubstanz  zeig t 
K e to säu ree ig en sch aften . A uffallend  is t d as  A usbleiben  säm tlich e r P h en o l
re a k tio n e n . o -D in itrobenzo l v e ru rsach t eine B ra u n fä rb u n g , die n ich t e rk lä r t 
w erd en  kan n .

E ine  sp ek tro sk o p isch e  C h arak te ris ie ru n g  der m it den  an g e fü h rten  S p rü h 
reag en z ien  d iffe ren z ie rten  Substanzflecke  bzw . -Zonen is t  d u rch  die gleich
ze itig  m itv e r te ilte n  H u m in sto ffe  unm öglich  (vgl. [4]). D esh a lb  schien n u r  die 
Ü b e rfü h ru n g  der In h a lts s to ffe  des N a O H -E lu a ts  in  geeignete  D eriva te  erfo lg 
v e rsp rech en d  zu sein . D ie U m setzung  m it 2 ,4 -D in itro flu o rb en zo l lieferte  ein  
gelbes R e a k tio n sp ro d u k t, das an  K ieselgelsch ich ten  im  S ystem  C yclohexan/C y- 
c lohexano l (75 : 10) in  6 K o m p o n en ten  zerleg t w erden  k o n n te  (s. T ab . I I ) .

A us dem  IR -S p e k tru m  der S u b stan z  l a  lä ß t  sich a n h a n d  des Q u o tien ten  
au s d en  p ro z e n tu a le n  M ax im alab so rp tio n en  der hei 1542 c m ^ 1 liegenden 
N 0 2-B ande u n d  d e r C arbony lfrequenz ein  Z ah lenw ert v o n  1,43 berechnen , 
d e r  einem  m it zwei H y d ro x y lg ru p p en  su b s titu ie r te n  B enzo lkern  en tsp rich t [5]. 
D ie A b so rp tion  be i 993 c m -1  u n d  S ch u lte r b e i 1637 c m -1  zeigen den o lefin i
schen  C h arak te r an . A naloge E ig en sch aften  b e s itz t S u b s ta n z  2. M it der Id e n 
t i t ä t  des B is-D N P -Ä th ers  d er 3 ,4 -D ih y d ro x y z im tsäu re  (K affeesäure) k o n n te  
diese K o rre la tio n  b e s tä t ig t  w erden. S u b stan z  2a g ib t o b e rh a lb  2400 c m " 1 ein 
b re ite s  A b so rp tio n sg eb ie t, das fü r C arb o x y lg ru p p en  ty p isc h  is t. Im  B ereich  
d e r  para ffin ischen  C H -V alenzschw ingungen  t r i t t  lediglich ein  schw acher P eak  
zw ischen  2858 u n d  2849 c m -1 auf. D ie A nw esenheit v o n  M ethoxy lg ruppen  
w ird  du rch  die C H 3-D efo rm atio n  bei 1473 c m -1  und  in ten s iv e  B ande der sym . 
C O C -V alenzschw ingung bei 1038 c m -1 bew iesen. D er B enzo lkern  der u rsp rü n g 
lich en  V erb indung  e n th ä l t  au fg rund  des »Q uotienten« [5] v o n  1,01 n u r  eine 
O H -F u n k tio n . A b so rp tio n en  bei 1642 u n d  984 c m -1 rü h re n  v o n  C = C -V alenz- 
u n d  C H -W aggingschw ingungen  olefin ischer G ru p p ie ru n g en  h e r. Som it is t das 
V e rh a lten  dem  d er S u b s ta n z  5 ähnlich . V on den  v erb le ib en d en  S tru k tu rv a r ia n 
te n  ze ig t das S p e k tru m  des D N P -Ä thers d e r 4 -H y d ro x y -3 -m e th o x y z im tsäu re  
(F eru lasäu re) e inen  k o n g ru e n te n  K u rv en v e rlau f. D ie O lefinbanden  be i 1640 
u n d  991 c m -1 u n d  d e r »Q uotient« von  1,06 c h a ra k te ris ie re n  Substanz  3a im  
Z u sam m enhang  m it d e r O H -V alenzabso rp tion  der C arboxy lg ruppe  als D e riv a t 
e in er M o n o h y d ro x y z im tsäu re . T a tsäch lich  lie fe rt der D N P -Ä th e r der p -H y -  
d ro x y z im tsäu re  (p -C u m arsäu re) ein id en tisches S p ek tru m . D ie reine V erb indung  
b e s itz t  fa s t den  g leichen  R F -W ert wie F e ru la säu re  u n d  is t d a h e r im  S u b s ta n z 
fleck  5 m ite n tb a lte n . Im  S p ek tru m  des D N P -D eriv a te s  4 a  w ird  das A uffinden  
a lip h a tisch e r C H -V alenzschw ingungen d u rch  das b re ite  O H -A bsorp tionsgeb ie t
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Tabelle I

Farbreaktionen des chromatographierten N aOH -Extraktes

Substanzfleck (Nr.) 
R p-W ert X 100

1
11

2
19 25

4
38

6 i 7 
50 i 63

1

8
89

p-Nitrobenzoldiazonium-fluoroborat orange hellbraun violett braun rotbraun graubraun oliv
+  +  + + + + +  + + + + +  4" + + +  + +

4-Aminoantipyrin +  K 3[Fe(CN)ß] + + + + dunkelbraun
4_ + + +

4-Aminoantipyrin -f- Luftsauerstoff [3] +  +  +
T etracyanäthylen blaugrün

+  +
Tetracyanäthylen +  NaOH braun blaugrün weinrot blau rot

+  + +  + +  +  + +  +  + + +

2,6-Dibromchinonchlorimid grün
+  0,1 N  NaOH +  + +  + + + +  + + +

Diphenylpikrylhydrazyl +  +  + + + +
TiCl3 +  Pyridin +  CH,OH +  +  + + +
TiCl4 +  Pyridin +  CH3OH 4" 4- +
TiCl3 +  CH3OH rotbraun braun

4-4- 4-4-
o-Dinitrobenzol rotviolett rotviolett braun

+  +  + +  +  + 4-4-4-
Bromkresolgrün +  +  + +  +  + +  +  + +  +  + 4-4-4- + + +  + + + + + +

2,4-Dinitrophenylhydrazin +  + +  +  + 1 + + + + + +

+  +  +  == stark positiv -f-+  =  positiv +  =  schwach positiv
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d er C arboxy lg ruppe m it  einzelnen M ax im a erschw ert. A n d ere rse its  geben die 
C H g-D efo rm ationsbande be i 1472 c m -1  u n d  d er in ten siv e  P e a k  der sym . COC- 
Y alenzschw ingung bei 1032 c m -1 einen  sicheren  H inw eis fü r  das V orhanden-

Tabelle II

Dünnschichtchromatographie der DNP-/1 ther des NaO H-Eluats

Substanz R p -W e r tx  100

la 20
2a 29
3a 37
4a 54
5a 6i
6a 69

Tabelle III

Im  Rahmen dieser Arbeit hergestellte Vergleichssubstanzen, die bisher in  der Literatur nicht bekannt
sind

Summenformel 
(Mol.— Gew.)

Analyse

ОЧ 1
nNr. Verbindung

ber. C 
gef.

Ц N

la 3,4-Bis- [2,4-dinitrophenoxy]- C2iH ,2N40i2 49,23 2,36 10,94 120—123
zimtsäure (512,4) 49,35 2,32 10,79 (Eisessig/ W asser)

2a 4- [2,4-Dinitrophenoxy]-3- C1BH r N20 8
(360,3)

53,34 3,36 7,78 266 (Zers.)
m ethoxyzim tsäure 53,64 3,38 7,53 (Essigester/Cyclo-

hexan)
3a 4- [2,4-Dinitrophenoxy ] - C15H I0NaO, 54,54 3,05 8,48 238 (Zers.)

zimtsäure (330,3) 54,26 3,11 8,51 (Aceton/Wasser)
6a 3,4-Bis- [2,4-dinitrophenoxy]- ^ 1 9 ^ 1 0 -^ 4 ^ 1 2

(486,3)
46,09 2,07 11,52 125—127

benzoesäure 46,49 2,02 11,53 (DMF/verd. Essig
säure)

F ü r die bereits von G b a s s m a n n  und M itarb. [18] dargestellte 4-[2,4-Dinitrophenoxy]-3- 
methoxybenzoesäure [F. 185° (Chloroform)] erm ittelten  wir einen abweichenden Schmelzpunkt 
[F. 220—222° (Äthanol/W asser)].
Sfö •

sein  v o n  M eth o x y lg ru p p en . Aus dem  Z ah len w ert des »Q uotienten« von  0,99 
lä ß t  sich  eine m it 2 ,4 -D in itro flu o rb en zo l v e rä th e rb a re  H y d ro x y lfu n k tio n  p ro  
B enzo le inheit a b le ite n . D iese P a ra m e te r  en tsp rech en  d em  V erh a lten  der S u b 
s ta n z  6. D urch  S p ek tren v erg le ich  k o n n te  die S tru k tu r  d e r  D N P -V an illin säu re  
sich erg este llt w erden . S u b stan z  5a e rg ib t einen »Q uotienten« von 1,05 sow ie 
eine b re ite , von  d e r C arboxy lg ruppe  h e rrü h ren d e  O H -B an d e  u n d  erfü llt d a m it  
ebenfalls die B ed in g u n g en  des S u b stan zfleck es 6. D er D N P -Ä th e r der p -H y -
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d ro x y b en zo esäu re  zeig t in  den  sp e k tra le n  E ig en sch aften  völlige Ü b e re in s tim 
m ung . D as am  schnellsten  w an d ern d e  D e riv a t 6a w eis t keine a lip h a tisch en  
C H -A bso rp tio n en  auf. F ern er k o rre lie r t d e r »Q uotient« v o n  1,56 m it d en  S tru k 
tu rin d ize s  d e r S u b stan z  4. S om it s te h e n  lediglich 2,3- oder 3 ,4 -D ihydroxy- 
benzoesäu re  zu r D iskussion. L e tz te re  V erb in d u n g  lie fe rt in F o rm  des Bis- 
D N P -Ä th ers  ein k o n g ru en tes  S p ek tru m .

H ydrogenolyse der K etosäure-2 ,4 -d in itropheny lhydrazone 
des N aO H -E luats zu  A m inosäuren

A us dem  en tio n is ie rten  N a O H -E lu a t lassen sich  2 ,4 -D in itropheny l- 
h y d razo n e  ausfä llen , die g rö ß ten te ils  sau re  E ig en sch aften  besitzen . E in e  Id e n 
tifiz ie ru n g  d er K e to säu red e riv a te  ge ling t d u rch  H ydrogeno lyse  [6] zu  den  
en tsp rech en d en  A m inosäu ren , die ch ro m ato g rap h isch  le ich t b e s tim m t w erden  
k ö n n en . N ach  d ieser M ethodik  e rh ä lt m an  ein A m inosäuregem isch , das sich  
an  lu f tg e tro c k n e ten  K ieselgelsch ich ten  bei zw eid im ensionaler A rbeitsw eise  in  
den  L au fm itte lsy s tem en  CHCl3/C H :iO H /17proz. N H 3 ( 2 : 2 : 1  v/v) u n d  P h e- 
no l/W asser (75 : 15 g/g) [7] in  G lu tam in säu re , Serin , G lykokoll, A sparag in - 
säu re , A lan in , y -A m inovaleriansäu re , T y rosin  u n d  4 -H y d ro x y -3 -m e th o x y - 
p h en y la lan in  a u ftre n n e n  läß t. D ie A m inosäu ren  re su ltie ren  aus den  2 ,4-D i- 
n itro p h e n y lh y d ra z o n en  von a -K e to g lu ta r- , H y d ro x y b re n z tra u b en -, G lyoxy l-, 
O xalessig-, B re n z tra u b e n -, L äv u lin -, p -H y d ro x y p h e n y lb re n z tra u b e n - u n d  
4 -H y d ro x y -3 -m e th o x y p h en y lb ren z trau b en säu re .

Diskussion

A us dem  N a O H -E lu a t der an  a lkalisch  a k tiv ie rte m  W o fa tit E  se le k tiv  
ad so rb ie rten  T o rffu lv o säu re frak tio n  w u rd en  p -H y d ro x y b en zo e -, V an illin -, 
p -H y d ro x y z im t- , F eru la - u n d  P ro to c a te c h u sä u re  in  F o rm  v o n  D e riv a te n  
abgesch ieden . D a m it gelang e rs tm a lig  d er N achw eis d ieser L ig n in sp a lt
s tü ck e  in  einem  T o rfh e iß w asse rex trak t [8]. K ürzlich  id en tifiz ie rten  Ch e s h ir e  
u n d  M ita rb . [9] be i d er B eh an d lu n g  e iner T o rfh u m in säu re  m it W asser bzw . 
S alzsäure  u n te r  versch iedenen  B ed ingungen  V anillin-, Syringa- u n d  P ro to 
ca tech u säu re . B ish er w aren  d e ra rtig e  V erb in d u n g en  n u r  d u rch  a lka lische  
H y d ro ly se  [10] oder o x y d a tiv en  A b b au  [11] v o n  T o rf  e rh ä ltlich . Die S te llu n g  
d er L ig n in sp a ltp ro d u k te  im  H um ifiz ierungsp rozeß  is t b e re its  um fassend  ab g e 
h a n d e lt w orden  [12]. E in  analoges R e a k tio n sv e rh a lte n  is t auch  fü r d ie im  
N a O H -E lu a t n achw eisbare  K affeesäure  zu  e rw arten . L e tz te re  V erb in d u n g  is t  
im  P flan zen re ich  w eit v e rb re ite t u n d  f in d e t sich  fa s t im m er in  au ffa llend  h o h en  
K o n z e n tra tio n e n  in  verw esendem  P flan zen m a te ria l. D u rch  H y d rogeno lyse
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d er sa u re n  2 ,4 -D in itro p h en y lh y d razo n e  gelang  die Id en tifiz ie ru n g  zah lre icher 
K e to säu ren . B em erk en sw ert is t die in  T o rffu lv o säu ren  v o rkom m ende  4-H y- 
d ro x y -3 -m e th o x y p h e n y lb ren z tra u b e n sä u re , die v o n  N o r d  u n d  M ita rb . [13], [14] 
beim  m ikrob ie llen  F ic h ten lig n in ab b au  als In te rm e d iä rp ro d u k t e rk a n n t w urde. 
U n te r  B erü ck sich tig u n g  des Lignins d er G räse r u n d  Moose d ü rf te  p -H y d ro x y -  
p h e n y lb re n z trau b e n sä u re  eine analoge S te llu n g  e innehm en. D an eb en  is t ih re  
B ild u n g  d u rch  o x y d a tiv e  D esam in ierung  v o n  T yrosin  d e n k b a r. A n P ro to ca - 
te c h u sä u re  w ird  in  G eg en w art von  B a k te r ie n  w ie P seudom onas fluorescenz, 
die b e im  T o rfb ild u n g sv o rg an g  b ed eu tu n g sv o ll s ind , en zy m atisch  S au ersto ff 
a d d ie r t , w obei die e n ts te h e n d e  C arbo x y m u co n säu re  u n te r  fo rm aler W asser
an lag eru n g  u n d  A b sp a ltu n g  von  C 0 2 in  yS-K etoadipinsäure ü b e rg eh t [15]. 
D a a b e r  y5-Ketosäuren u n b estän d ig  sind  u n d  le ich t decarb o x y lie ren , w äre die 
F o lg e reak tio n  zu L äv u lin säu re , die sich  im  N a O H -E lu a t nachw eisen  lä ß t, 
v e rs tän d lich . B ei d e r d u rch  S au ers to fftran sfe rasen  v e ru rsa c h te n  S p a ltu n g  
des B enzolringes e rh ie lten  F u k u z u m i u n d  M ita rb . [16] u . a. a -K e to g lu ta rsä u re , 
die ebenfalls von  u n s  in  d er T o rffu lv o säu re frak tio n  au fgefunden  w urde. Als 
w eite re  B ild u n gsm ög lichke it ko m m t die o x y d a tiv e  D esam in ie rung  von  G lu t
am in säu re  in  F rag e . D erse lbe  Synthesew eg is t  au ch  fü r G lyoxyl-, B ren z trau b en -, 
H y d ro x y b re n z tra u b en -  u n d  O xalessigsäure d isk u tab e l. D iese V erb indungen  
k ö n n en  den  M ikroorgan ism en  als K o h lensto ffque lle  d ienen . A ndererse its  s te ll
te n  M o r t e n s e n  u n d  M a r c u s iu  [17] in  6N  H C l-H y d ro ly sa ten  bodenorgan ischer 
S u b s ta n z  a -K e to sä u re n  fest, so daß  deren  B ete iligung  am  A u fb au  der H u m u s
sto ffe  n ic h t auszusch ließen  ist.

Experimentelle Methodik

Die Isolierung und  Fraktionierung der Fulvosäuren, die chrom atographischen Trenn- 
Operationen einschließlich Transfer DC — IR  sowie die Abscheidung der 2,4-D initrophenyl
hydrazone erfolgten nach  der bereits publizierten V orschrift [1].

Darstellung der DNP-Äther

lg  E x trak t des entionisierten N aO H -E luats löst m an zusam m en m it 390 mg 2,4- 
D initrofluorbenzol in 30 m l DMF, fügt 10 ml W asser zu und stellt m it festem  N aH C 03 einen 
pH -W ert von 7—7,5 ein. N ach Stehen der Mischung über N acht w erden 20 ml Ä thanol und  
140 ml W asser m it einm al zugegeben, wobei sich der ursprüngliche Niederschlag auflöst. Die 
k lare  Lösung fällt m an m it 2JV CH3COOH vorsichtig  bei stetem  R ühren und füg t am  Ende 
21V HCl bis pH  3 zu. Sofern die Fällung langsam  erfolgt, erhält m an ein gu t filtrierbares P ro
d u k t, das abgesaugt, m it wenig 50 proz. M ethanol und  viel W asser ausgewaschen und  im V a
kuum exsikkator über P20 5 getrocknet wird. Zur D ünnschichtchrom atographie verw endet man 
acetonische Lösungen.
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AROMATIC SULFENYL CHLORIDES, V

REACTION OF SU LFEN Y L CH LO RID E W IT H  N 2-ARYLDITHIOCARRAZATES, 
O-ALKYL-THIOCARBAZATES

AND O-ARYL SUBSTITUTED PHENYLTHIOCARBAM ATES 

F . K l iv é n y i , G. St á j e r , E . A. S z a b ó , J .  P in t y e  a n d  E . Y in k l e r

( Institute o f  Pharmaceutical Chemistry, Medical University, Szeged)

Received Ju n e  17, 1971

The reactions of p-toluenesulfenyl chloride w ith am m onium  N 2-aryldithiocarba- 
zates, O -ethyl-thiocarbazate esters and O-aryl ary lth iocarbam ate esters were exam ined. 
IR  spectroscopic analysis of the products revealed th a t the arylsulfenyl cation attacked  
a t the sulfur a tom  in all cases. The reaction of th iocarbazate esters was accompanied 
by  elim ination of alkyl halide to give S-aryl substitu ted  d ith iopercarbazate esters. The 
sulfenylation reaction  did actually proceed w ith  O-aryl ary lth iocarbam ate esters in 
the above depicted m anner only if the O- or the N -aryl ring contained substituent(s) 
in the ortho position allowing the form ation of th e  thiol tau tom er and a stable disulfide.

As a c o n tin u a tio n  of investig a tio n s on th e  su lfen y la tio n  reac tio n  b y  m eans 
o f p -to lu en esu lfen y l ch loride (I )  of com pounds co n ta in in g  su lfu r an d  n itro g en , 
th e  p re sen t co m m u n ica tio n  deals w ith  th e  reac tio n s o f d ith io c a rb a z a te  sa lts ,
O -a lk y l-th io ca rb aza tes  an d  O -a ry lth io ca rb am a te s . T he s ite  o f  a tta c k  o f th e  
ary lsu lfeny l ca tio n  has been  decided b y  in fra red  sp ec tro m e try .

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 74 (1 ) , pp . 87 97 (1972)

Reaction of p-toluenesulfenyl chloride with N2-aryldithiocarbazates

A m m onium  N 2-a ry ld ith io ca rb aza te s  (I I )  reac ted  sm o o th ly  w ith  p - to lu -  
enesu lfenyl ch lo ride to  give th e  co rrespond ing  S -p -to ly l-a ry ltrith io p e rca rb a - 
zates (III) in  sa tis fa c to ry  y ields (E q. 1).

2 1
Ar • N H  • N H —C— S I  

II 
S

II a, b, c, d

0  N H ^  +  CIS — < - C H ,
-N H 4C1

7  Y e » ,

( 1 )

III a, b, c, d

Ar(a) =  C6H 5; Ar(b) =  C6H 4 • C lp ; Ar(c) =  C6H 4B rp ; Ar(d) =  CeH4 • N 0 2 p

The sp ec tra  o f  th e  ‘ca rb aza te s’ (II )  (c /., e.g., th e  sp ec tru m  of Ila; F ig . 1) 
possess th e  rNH^", áNH^", (rN H ), /SNH, tC = S ,  as w ell as th e  уСдгН  an d

Acta Chim. (Budapest) 74, 1972



8 8 K LIV ÉN Y I et a t :  AROM ATIC SU L FE N Y L CH LO RIDES, V

уСдгСдг b an d s , c h a ra c te ris tic  of m ono- (in  th e  case of I la )  an d  p -d isu b s titu tio n  
( l ib ,  c, d ), re sp ec tiv e ly . P re su m ab ly , th e  rN H ^ , rN H , as w ell as th e  Ő N H / 
a n d  fC = S  b an d s  overlap  an d  a p p e a r  as such  (cf. T ab le  I).

5000 4000 3000 2000 1800 1600 1400 1200 1000 800 700

5000 4000 3000 2000 1800 1600 1400 1200 1000 800 700

Fig. 2

In  th e  sp ec tra  of ‘tr i th io  e s te rs ’ (III )  (cf., e.g., th e  sp ec tru m  o f I llb ;  
F ig . 2), th e  s tre tc h in g  and  d e fo rm a tio n  v ib ra tio n  frequencies o f th e  N H /  ion  
a re  m issing, w hile th e  j>NH, /3NH a n d  fC = S  b an d s are  p re se n t. T he sp ec tru m  
o f  com pound  I l ia  h as а уСдгН  b a n d , p ro v in g  th e  p resence o f a p -d is u b s titu te d  
benzene  rin g  in  th e  m olecule. I n  th e  case o f com pounds I llb , c an d  d, w here 
th e  m olecule co n ta in s  tw o such  b en zen e  rings, tw o a b so rp tio n  b an d s  a p p e a r  
in  th e  reg ion  ch a rac te ris tic  o f p -d is u b s titu tio n  (cf ,  eg. ,  F ig . 2). A ccord ing ly , 
su lfen y la tio n  has been  accom plished  a n d  since sim ilar sp e c tra  show  th a t  com 
p o u n d s II are  tran sfo rm ed  to  an a logous deriv a tiv es , th e  s u b s titu tio n  could 
ta k e  place on th e  su lfu r a to m  on ly  (cf. T ab le  I).

Acta Chirn. ( Budapest) 74, 1972
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Table I

Some more important absorption bands in the infrared spectra o f compounds П—-V recorded in K B r  pellets

Frequency,
cm -1

Ha
Fig. 1

—
I l ia Illb

Fig. 2
H ie IHd IV

Fig. 3
v

Fig. 4

vNH+ 3350 _

2100
rN H overlap with 3500 3250 3450 3400 3300 3300

the tN H + 2700 3200 3200 3200
band

|8NH 1590 1490 1480 1480 1590 1480 1490

rC =  S overlap w ith 1340 1330 1330 j overlap with 1340? —

the ŐNH+ the vsNO„
hand band

yCArH 760 750 — — — 750 740
yCAlCAr mono 700 690 — — — 700 690
yCArH 820 830 820 830 — 800

p-di 810 810 810
800 800

rsC— 0 —C 1240
— — — — — 1200 —

1050
j>asN 0 2 1510

— — — — 1360 — —
»sN 0 2 1300
v amide I — — — — — — 1680

1650

OC

K
L

IV
É

N
Y
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The strong absorption band appearing a t  995—945 cm- 1 in th e  spectrum  of com
pounds I lia , b, c, d can m ost probably be assigned to th e  (N H )—N H — C—(S)—S— group. 
The corresponding band appears in the spectrum  of compound II a t 1000 c m '1.

Reaction of p-toluenesulfenyl chloride with O-ethyl-thiocarbazate

A ccord ing  to  H a r r is  [1] th e  re a c tio n  o f  N -su b s titu te d  e th y l- th io ca rb a - 
m a te s  a n d  sulfenyl ch lo ride  gives rise  to  su b s titu tio n  a t  th e  su lfu r a to m  w ith  
s im u ltan eo u s  e lim in a tio n  of e th y l ch lo rid e  to  give com pounds o f th e  ‘c a rb a 
m oy l d isu lfide’ ty p e . In  his opinion th e  te m p o ra r ily  form ed h y d ro g en  chloride 
is resp o n sib le  for th e  above reac tio n , as th e  e s te r  group is n o t sp lit off in  th e  
p resen ce  o f pyrid ine.

A ccording to  o u r exp erim en ts , e th y l  N 2-p h en y l-th io ca rb aza te  (IV ) reac ts  
s im ila rly  w ith  p -to lu en esu lfen y l ch lo rid e  in  re sp ec t o f th e  o vera ll change, b u t

5000 9000 3000 2000 1800 1600 1900 1200 1000 800700

Fig. 4
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th e  e lim in a tio n  o f  e th y l chloride occurs in  th e  p resence  o f  pyrid ine , too  (E q . 2). 
H ence th e  re a c tio n  p roceeds p ro a b ly  b y  a d iffe ren t ro u te  a n d  even th e  a s su m p 
tio n  o f th e  in te rm e d ia ry  fo rm atio n  o f su lfen a te  e s te r  (— C(S)— 0 — S— Ar) 
seems reasonab le .

C6H5 NH NH

S
II
€ —OC2H5

IV

ArSCl
pyridine

( 2 )

_ C'H C| > СбН5 • NH NH—C =  0

V -  CH,

V

In  th e  sp e c tru m  of com pound IV (cf. F ig. 3) th e re  ap p ear th e  rN H , 
/JNH, vC— О— C, v C = S , an d  th e  уСдгН  a n d  уСдгСдг b a n d s  ch a rac te ris tic  o f 
m o n o su b stitu tio n . T he e lem en tary  com position  o f th e  su lfen y la ted  p ro d u c t (V ) 
does n o t depend  on w h e th e r th e  reac tio n  is accom plished  in th e  presence or

PPM ( t )
2.0 3.0 40  5.0 6 0  7.0 8.0 9.0 1.0
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in  th e  absence of p y rid in e . As a p ro o f o f  th e  presum ed s tru c tu re  o f com 
p o u n d  У, th e  b an d s  asso c ia ted  w ith  th e  v ib ra tio n s  of th e  e th o x y l a n d  th e  th io - 
c a rb o n y l groups, p re se n t in  th e  sp ec tru m  o f th e  s ta r tin g  m a te r ia l, a re  m issing 
from  th e  sp ec tru m  o f th e  p ro d u c t, w hile th e  am ide-I b an d  a n d  th e  уСдгН  
b a n d  in d ica tin g  th e  in co rp o ra tio n  o f a p -d is u b s ti tu te d  benzene rin g  a re  p resen t 
(cf. F ig . 4). T he absence  o f  th e  e th o x y l g ro u p  is also p ro v ed  b y  th e  N M R 
sp e c tru m  (Fig. 5), w h ich  is devoid o f th e  ch a ra c te ris tic  tr ip le t  (m ethy l) and 
q u a r te t  (m ethy lene) signals o f th e  e th y l g ro u p  (ŐCH3 sing let 2 .34  p p m , A rH  
m u ltip le t  420—460 H ,(9 H ), ŐNH ~  10.3 p p m ).

R eaction o f p-toluenesulfenyl chloride with O-aryl 
substituted phenylthiocarbam ates

I t  ap p ea red  to  be o f in te re s t to  ex am in e  th e  su lfeny la tion  re a c tio n  of th e  
v a rio u s  su b s titu te d  a n d  ste rica lly  h in d e re d  O -ary l a ry lth io c a rb am a te  esters 
(V I) p rep a red  b y  W a l t e r  an d  B o d e  [2] a n d  to  decide w h e th e r th e  a ry l h a lid e  
e lim in a tio n  reac tio n  observed  b y  H a r r i s  [1] occurs d u ring  th e  su lfeny la tion  
reac tio n .

I t  has b een  o b served  th a t  th e  re a c tio n  of O -a ry l-N -a ry lth io ca rb am a te  
e ste rs  (V I) w ith  p -to lu en esu lfen y l ch lo ride  gives rise to  th e  fo rm a tio n  o f th e  
co rresp o n d in g  0 -(p h en y l)-N -ary l-S -(p -to lu en esu lfen y l)-iso th io ca rb am ates  (V II) 
(E q . 3).

a. R , =  H b. R t =  H , R 2 =  Cl
R 4 =  R 2 =  R 3 = C H 3 R 3 =  R 4 =  C H 3

d. R , =  R j =  CHg
Rg =  R 4 =  H

c. Rj — H, R 2 — CeH5 
R 3 =  R 4 =  CH3

T he sp ec tra  o f  com pounds VI possess th e  rN H , /SNH, г3Сдг— 0 — C, 
r C = S ,  уСдгН  b a n d s , ch a ra c te ris tic  o f  tr isu b s ti tu tio n  a n d  o -d isu b stitu tio n  
(cf., e.g., th e  sp ec tru m  o f Via, Fig. 6, a n d  T ab le  II) .
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The th io a m id e  group frequencies are m issing  in  th e  sp ec tru m  o f com 
pounds VII (c f ., e g .,  th e  sp ec tru m  of com pound  Vila, Fig. 7). On th e  o th e r  
h an d , th e  s tre tc h in g  v ib ra tio n  o f  a co n ju g a ted  C =  N double bond , as well 
as  th e  yCArH  b a n d  ch a rac te ris tic  o f jp -d isu b stitu tio n  ap p ear.

On basis o f  th e se  in fra red  spectroscop ic  d a ta  th e  conclusion m ay  be 
d raw n  th a t  also in  th is  case su lfen y la tio n  process is a t  th e  su lfu r a to m , b u t  th e  
e lim in a tio n  of a ry l h a lide  does n o t  accom pany  th e  reac tio n .

The sharp absorption band appearing at 930— 920 cm ~1 in the spectrum of com
pounds VI is presumably associated with the thiourethane group.

The absorption band at 910—890 cm -  1 in the spectrum of compounds VII is also asso
ciated with the vibration of the —S—C(0— ) = N  group the displacement towards lower vibra
tion being the consequence of sulfenylation.

I t  was o b serv ed  in  fu rth e r ex p e rim en ts  th a t  O -pheny l N -a ry lth io ca rb a- 
m a tes  w hich possess b o th  of th e  u n su b s ti tu te d  p h en y l group  (VI; R 1= R 2=  
=  R 3= R 4= H )  give rise  on su lfen y la tio n  to  r a th e r  u n s ta b le  p ro d u c ts . In  th e  
reac tio n  m ix tu re  p h en o l, p h en y liso tliio cy an a te  an d  p»-tolyl-disulfide, beside 
u n ch an g ed  s ta r tin g  m a te ria l w ere id en tified  b y  th in - la y e r  c h ro m a to g rap h y .

V I Cl • S • C6H 4 • CH3p T \ O—C = N -

S2 • C6H4 • CH3p 

VII

C„H5OH +  C6H5—N = C - S  +  (CH3 • CGH4 • S)2 +  C6H5.0 - C  =  s
NH

(4 )

Acta Chim. (Budapest) 74, 1972
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Table 11

Some more important absorption bands in the infrared spectra o f compounds VI—VII recorded in K B r  pellets

Frequency,
cm-1

Via
Fig. 6 VIb Vic VId Vila

Fig. 7 Vllb VHc VHd

vNH 3180 3200 3250 3100 _ __
/?NH 1470 1470 1470 1540 — _ — —
- sCa - O - C 1160— 1120 1130 1170— 1120 1160— 1140 1140— 1120 1140— 1100 1140— 1100 1200— 1120
vC =  S 1210? 1390? 1250,

1220?
1360 — — — .

vC =  N — — — 1640 1630 1650 1640
yCArH tri- 770 760 770 770 780 770 780 770

I 770 760 770 760
yCArH o-di- overlap 730 740 — 740 730 740 —
yCArH p-di- — — — — 800 800 810 810
усдгн — — 740 — — — —
yCArCAr mono- — — 690 — , — — 700
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These re su lts  su p p o rt th e  assu m p tio n  th a t  s u b s ti tu tio n  in  th e  ortho p o 
s ition  o f b o th  th e  O -pheny l an d  N -pheny l rings ren d ers  possib le  or fac ilita tes  
the  fo rm atio n  o f s tab le  disulfides.

E xperim ental

All melting points are uncorrected. The IR spectra were recorded with a Spectromom 
2000 instrument in potassium bromide pellets.

S-p-Tolyl N2-phenyltrithiopercarbazate (Ш а)

A solution of 3.2 g (0.02 mole) p-toluenesulfenyl chloride in 30 ml ether was added 
dropwise with stirring to a suspension of 4.0 g (0.02 mole) ammonium N2-phenyldithiocarba- 
zate [3] in 50 ml dry ether at room temperature, the mixture was stirred until the red colour 
of the solution vanished and then filtered. The filtrate was evaporated to give 2.8 g (46%) 
residue, which was crystallized from benzene to obtain brownish-white lustrous needles, m.p. 
90—95 °C (unsharp).

C14H14N2S3 (306.47). Calcd. C 54.87; H 4.60; N 9.14. Found C 54.88: H 4.62; N 8.94%.

S-p-Tolyl N2-(p-chlorophenyI)-trithiopercarbazate (111b)

4.7 g (0.02 mole) ammonium N2-(p-chlorophenyl)-dithiocarbazate was treated with
3.2 g (0.02 mole) p-toluenesulfenyl chloride as described in the first experiment to give 3.1 g 
(46%) of the crude product, which was crystallized from a 2 : 10 : 1 mixture of benzene- 
petroleum ether-abs. ethanol to obtain yellowish-white slack needles, m.p. I l l —113 °C.

C14H13C1N2S3 (340.9). Calcd. C 49.33; H 3.84; N 8.22. Found C 49.17; H 3.81; N 8.25%.

S-p-Tolyl N2-(p-brom ophenyl)-trithiopercarbazate (IU c)

5.6 g (0.02 mole) ammonium N2-(p-bromophenyl)-dithiocarhazate was treated with
3.2 g (0.02 mole) p-toluenesulfenyl chloride as described in the first experiment and the reaction 
mixture worked up similarly to give 3.5 g (45%) crude product. Recrystallization from a 2 :10 :1 
mixture of benzene-petroleum ether-abs. ethanol gave pale yellow lustrous needles, m.p. 
113—114 °C (d).

C,4H13BrN2S3 (385.35). Calcd. C 43.64; H 3.40; N 7.27. Found C 43.56; H 3.53; N 7.38%.

S-p-Tolyl N2-(p-nitrophenyl)-trithiopercarbazate (H id)

2.4 g (0.01 mole) ammonium N2-(p-nitrophenyl)-dithiocarbazate was treated with 1.6 g 
(0.01 mole) p-toluenesulfenyl chloride in abs. ether as described in the first experiment to 
give, after working up of the reaction mixture, 1.4 g (39%) crude product. Recrystallization 
from a 3 : 5 : 1 mixture of benzene-petroleum ether-ethanol gave a red powder, m.p. 132— 
134 °C (d).

C14H13N30 2S3 (351.46). Calcd. C 47.84; H 3.73; N 11.96. Found C 47.95; H 4.08; N 
11.53%.

S-p-Tolyl N2-phenyldithiopercarbazate (V)

3.9 g (0.02 mole) O-ethyl N2-phenylthiocarbazate [4] was dissolved in 50 ml abs. ether 
and the solution treated dropwise with a solution of 3.2 g (0.02 mole) p-toluenesulfenyl chloride 
in ether. (In a parallel experiment the ethereal ester solution was mixed with 2 g pyridine 
before addition of the sulfenyl chloride.) After vanishing of the red colour, the solutions were 
washed successively with 1 N  HC1 and water until neutral, dried and evaporated. The residue 
was 3.5 g (60%) in both cases. Crystallization from benzene-petroleum ether (1 : 3) gave colour
less needles, m.p. 140—142 °C (decomposition with gas evolution).

C14H14N2OS2 (290.4). Calcd. C 57.90; H 4.80; N 9.65. Found C 58.17; H 5.00; N 9.49%.

0 -(2 ’-Phenylphenyl) S-(p-toluenesulfenyl)-2,6-dim ethylphenylisothiocarham ate (VHc)

6.67 g (0.02 mole) 0-(2’-phenylphenyl) 2,6-dimethylphenylthiocarbamate [2b] was 
treated with 3.2 g (0.02 mole) p-toluenesulfenyl chloride as described in the first experiment

Acta Chim. ( Budapest)  74, 1972
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and the reaction mixture was worked up similarly with the only modification that the ethereal 
solution was washed with water until free of acid and dried. Evaporation of the solvent gave 
6.1 g (67%) crude product. Crystallization from benzene-petroleum ether (1 : 2) yielded colour
less lustrous prisms, m.p. 74—75 °C.

C28H25NOS2 (455.64) Calcd. C 73.81; H 5.54; N 3.07; S 14.07. Found C 74.14; H 5.73; 
N 2.87; S 13.72%.

0 -(2 ’-Methylphenyl) S-(p-toluenesulfenyl)-2,6-dim etliylphenylisotliiocarbam ate (V ila)

5.4 g (0.02 mole) 0-(2'-шethylpheny]) 2,6-dimethylphenylthiocarbamate [5] was allowed 
to react with 3.2 g (0.02 mole) p-toluenesulfenyl chloride as described in the preparation of V 
and worked up similarly. Evaporation of the solvent left a viscous oil, which was chromato
graphed on a silica gel column with a 1 : 1 mixture of benzene and petroleum ether. The 
medium fraction solidified on standing overnight. The crude product weighed 4.4 g (56%). 
Recrystallization from petroleum ether gave colourless needles, m.p. 68—69°C.

C23H23NOS2 (393.57). Calcd. C 70.20; H 5.89; N 3.56. Found C 70.12; H 6.10; N 3.47%.

0 -(2 ’-Chlorophenyl) 2,6-dim ethylphenylthiocarbam ate (VIb)

24.2 g (0.2 mole) 2,6-dimethylaniline was allowed to react with 20.7 g (0.1 mole) 
0-(2’-chlorophenyl) chlorothiocarbonate [2a] as described by W a l t e r  and B o d e  [5] to give 
15 g (51%) crude product. Recrystallization from benzene-alcohol-petroleum ether ( 1 : 1 : 2 )  
yielded colourless lustrous needles, m.p. 130—140 °C (unsharp).

C15H14C1N0S (291.8). Calcd. C 61.74; H 4.84; N 4.80. Found C 61.94; H 4.95: N 5.01%.

0 -(2 ’-Chlorophenyl) S-(p-toluenesulfenyl)-2,6-dim ethylphenylisothiocarbam ate (VHb)

5.8 g (0.02 mole) 0-(2’-Chlorophenyl) 2,6-dimethylphenylthiocarbamate (VIb) was 
reacted with 3.2 g (0.02 mole) p-toluenesulfenyl chloride as described in the preparation of V 
and the reaction mixture worked up similarly to give 3.9 g (47%) crude product. Recrystalli
zation from benzene-petroleum ether (1 : 2) resulted in colourless needles, m.p. 98—100 °C. 

C22H20C1NOS2 (413.99). Calcd. C 63.83; H 4.87; N 3.38. Found C 64.17; H 5.03; N 3.53%.

0-(2,6-D im ethylphenyl) S-(p-toluenesulfenyl)-phenylisothiocarbam ate (V lld)

5.14 g (0.02 mole) 0-(2,6-dimetbylphenyl) N-phenylthiocarbamate [2a] was treated 
with 3.2 g (0.02 mole) p-toluenesulfenyl chloride as described in the preparation of V and the 
reaction mixture worked up similarly to give 4.1 g (54%) crude product. Recrystallization 
from petroleum ether gave colourless lustrous needles, m.p. 85—86 °C.

C22H21NOS2 (379.52). Calcd. C 69.62; H 5.58; N 3.69. Found C 69.92; H 5.65; N 3.50%.

5000 4000 3000 2000 1800 1600 1400 1200 1000 800700
F i g .  7
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Reaction of p-toluenesulfenyl chloride w ith  O-aryl-N-aryl-thiocarhaniates (VI)

2.3 g (0.01 mole) 0-(aryl)-N-aryl-thiocarbamates (VI), 0.8 g pyridine and 1.6 g (0.01 
mole) p-toluenesulfenyl chloride were reacted and worked up similarly as described in the 
preparation of V to give a redbrown oil. A sample of it parallel with authentic substances, was

О 0

© (HD

4S9

© 0 0

Residue of 
the reaction 
mixture

VI.
Compound

p. ditoluene 
disulfide phenole

phenyt -
i sothio-

cyan a t e

Fig. 8

tested by thin-layer chromatography. Absorbent: Kieselgel GF2M Merck; solvent: petroleum 
ether—ethylacetate (5:1).

Developing: the plate was placed in chlor-gas, and sprayed with o-toluidine (added KI) 
in water-acetic acid (cf. Fig. 8). *

The authors are indebted to Dr. P. S o h á r , C. Sc., for his valuable comments on the IR 
and NMR spectra as well as for his precious suggestion concerning the structure of com
pound V.
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The azidolysis of the 6-0-tosylates and 6-O-mesylates of 14-hydroxycodeine was 
studied.

Several new saturated and unsaturated amino compounds were prepared from 
the new azido derivatives by various methods of reduction selected according to the 
structure of the starting material and the nature of the desired reduced product.

The azidolysis of 6-0-tosyl-14-hydroxyeodeine carried out under various condi
tions can give both 6-deoxy-6-azido-14-hydroxyisocodeine and 8-deoxy-8-azido-14- 
hydroxypseudocodeine. The isolated 6-deoxy-6-azido compound can be isomerized 
to the 8-deoxy-8-azido derivative. The rate of isomerization is not affected by the 
addition of azide anion.

The experimental data support a new interpretation of the nucleophilic sub
stitution reactions of the 6-O-tosyl and 6-O-mesyl derivatives of the morphine group 
according to which the C8-pseudo derivatives, as thermodynamical isomers, are formed 
through the C6-iso compounds, as kinetic products, quite independently of the possi
bility of isolation of the C6-iso compounds. Thus, the conversions accompanied by allylic 
rearrangement take place in two steps, by an SN2 and an SNi’ reaction.

W e p u b lish ed  recen tly  [1] a sy s te m a tic  s tu d y  of th e  nucleoph ilic  su b 
s t i tu t io n  reac tio n s o f  6-O -tosyl an d  6 -0 -m e sy l m orphine d e riv a tiv e s  c a rry in g  
no s u b s titu e n t in  positio n  14 (m o rp h in e , codeine, d ih y d ro m o rp h in e  an d  
d ih y d ro co d e in e ).

O n th e  basis  o f th e  th eo re tica l a n d  p ra c tic a l pharm aco log ical re su lts  of 
these  ex p erim en ts , i t  ap p eared  d esirab le  to  s tu d y  th e  s im ila r reac tio n s of 
m o rp h in e  d e riv a tiv e s  carry ing  a 14-positioned  h y d ro x y l g roup .

I n  th e  p re se n t w ork th e  azido lysis o f  th e  6-O -tosyl ( I l ia ,  IV a) a n d
6-O -m esyl (I llb , IVb) d eriv a tiv es  o f 14-hydroxycodeine  (I )  a n d  o f 14-hydroxy- 
d ihy d ro co d e in e  (II )  is described. T he p re p a ra tio n  of 6 -0 -to sy l-1 4 -h y d ro x y - 
codeine ( I l ia )  an d  6 -0 -to sy l-1 4 -h y d ro x y d ih y d ro co d e in e  (IV a) a n d  th e ir  nucleo 
ph ilic  su b s ti tu tio n  reac tio n s w ith  som e an io n s  (Cl®, Br®, I®, H®, C H 3COO®) 
h av e  b een  re p o rte d  b y  Cu r r ie  et al. [2] a n d  b y  Se k i  [3].

H ow ever, th e  nucleophilic  su b s ti tu t io n  reac tions of a n u m b e r of im p o r
t a n t  an ions such  as th e  an ion  N 3 in v e s tig a te d  b y  us, h av e  n o t  b een  s tu d ied ; 
for th is  reaso n , th e  th e o re tic a l ev a lu a tio n  o f  th e  investig a tio n s ca rried  o u t so 
fa r  [2, 3] is, in  o u r opin ion , s till in com ple te .

* Part IX: R. B o g n á r , S. M a k l e i t , T. M i l e , L. R a d i c s : Monatsh. f. Chem. 103. 143 
(1972) and Magy. Kém. Foly. 78, 163 (1972)
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T he course o f o u r p re se n t in v es tig a tio n s  w as as follow s. T hebaine (V )  
w as con v erted  w ith  h y d ro g en  peroxide in  ace tic  acid  [4] o r, m ore ex p ed ien tly  
in  form ic acid [3], in to  14-hydroxycodeinone (V I). T his can  be reduced  w ith  
sod ium  b o ro h y d rid e  in  aqueous d ioxan  [2] in  a ste reospec ific  w ay to  o b ta in  
14-hydroxycodeine ( I )  w hich  has its  C-6 h y d ro x y l g roup  in  a quasi-equatorial 
p o sitio n , i.e. in  a p o s itio n  below  th e  p lan e  o f th e  rin g  C o f f la t  b o a t co n fo rm a
tio n  [5]. W hen  co m p o u n d  ( I )  is tre a te d  w ith  p -to lu en esu lfo n y lch lo rid e  a t  0°C

HO HO

Fig. 1

in  th e  presence o f p y rid in e  [2], 6 -0 -to sy l-1 4 -h y d ro x y co d e in e  (I l ia ) , an d  s im i
la r ly , w ith  m e th an esu lfo n y lch lo rid e , th e  h ith e r to  un k n o w n  6 -0 -m esy l-14- 
h y d roxycode ine  ( I l l b )  is ob ta ined .

W hen  th e se  com pounds w hich a re  v e ry  su itab le  fo r nucleophilic  s u b 
s t i tu t io n  reac tio n s [6] are tre a te d  w ith  sodium  azide in  th e  d ipo lar a p ro tic  
so lv en t d im e th y lfo rm am id e , tw o p ro d u c ts  a re  fo rm ed  depending u p o n  th e  
cond itions of re a c tio n : 6 -deoxy-6-azido-14-hydroxyisocodeine (VII) is o b ta in e d  
a t  100 °C in  4 h rs , w hereas 8-deoxy-8-azido-14-hydroxypseudocodeine  (V III)  
is th e  p ro d u c t w h en  th e  reac tio n  is c a rried  o u t a t  th e  sam e te m p e ra tu re  b u t  
fo r 8 hrs.

This is th e  f ir s t  case in  th e  series o f m o rp h in e  a lkalo ids w hen b o th  th e  
a(-C6) an d  ß(-Cs) isom ers could be p re p a re d  from  th e  sam e in itia l su b s ta n c e  
sim p ly  b y  a lte r in g  th e  conditions of reac tio n .

Acta Chim. ( Budapest)  74, 1972



M AKLEIT et al.: TO SY L AND MESYL D ERIV A TIV ES, X 101

B y h ea tin g  th e  iso lated  6 -deoxy-6 -azido -14 -hydroxy isocodeine  (V II) for 
6 h rs  in  d im eth y lfo rm am id e , i t  c an  be  isom erized to  8-deoxy-8-azido-14- 
hyd ro x y p seu d o co d e in e  (VIII).

In  our op in io n , these e x p e rim e n ta l resu lts  are of p ro m in e n t im p o rtan ce  
from  th e  aspect o f  elucidating  th e  m echan ism  of th e  nucleoph ilic  su b s titu tio n  
reac tio n s  of th e  6 -O -tosy l and 6 -O -m esyI derivatives.

The red u c tio n  o f the  azido d e r iv a tiv e s  to  am ino d e riv a tiv e s  was a tte m p te d  
in o u r ex perim en ts b y  several m e th o d s  [7].

6 -D eoxy-6-azido-14-hydroxy isocodeine (VII) w as successfully  reduced  
to  6-deoxy-6-am ino-14-hydroxy isocodeine  (IX ) b y  th e  m eth o d  developed  
fo r stero ids b y  D r e f a h l  et al. [8 ], u s in g  hydraz ine  h y d ra te  an d  R an ey  nickel. 
T h e  sim ilar re d u c tio n  of the  8-azido  d e riv a tiv es  (V III) d id  n o t afford  a hom o
geneous p ro d u c t; th ere fo re  re d u c tio n  w ith  lith ium  a lu m in iu m  h y d rid e  was 
ap p lied  w hich gave  8 -deoxy-8 -am ino-14-hydroxypseudocodeine  (X V II).

C oncerning th e  above d iscussed  reac tio n s, it  seem s necessary  to  m en tio n  
th e  following:

The conversion  of 6 -0 -to sy l-1 4 -h y d ro x y co d e in e  ( I l ia )  an d  of 6-O -m esyl- 
14-hydroxycodeine  ( I l lb ) , into 6-deoxy-6-azido-14-hydroxy isocodeine  (V II) 
occurs accord ing  to  an  SN2 m ech an ism . This is su p p o rte d  b y  th e  ev idence 
lis te d  below.

(a) The d ip o la r  apro tic  so lv e n t d im eth y lfo rm am id e  does n o t fa c ilita te  
th e  cleavage of th e  to sy loxy  g roup  as an  an ion , w hich w ould  re su lt in  th e  fo r
m a tio n  of th e  c a rb o n iu m  ion re q u ire d  fo r an  SN1 re a c tio n , as th is  so lv en t, 
ow ing  to  its  s tru c tu re , does n o t so lv a te  anions [9].

T he carb o n iu m  ion which m a y  occasionally  form  h as th e  c h a ra c te r  o f 
an  a lly l cation , th e  s ta b ility  of w h ich  is, how ever, decreased  b y  th e  in d u c tiv e  
e ffec t of th e  oxygen  a to m  p resen t in  th e  d ih y d ro fu ran  r in g  [10].

F o r th e  sod ium  azide used as a re a g e n t, th e  app lied  so lv en t is fav o u rab le , 
b ecau se  i t  so lvates o n ly  th e  N a+ c a tio n s  a n d  provides in  th is  w ay  th e  ex istence  
o f “ free”  N 3 an ions o f  a co n c e n tra tio n  req u ired  for th e  nucleophilic  a tta c k .

(b) In  considering  th e  steric  p o s itio n  of th e  azido g roup , one m u s t ta k e  
in to  acco u n t, in  th e  know ledge o f th e  stereochem ical p ro p e rtie s  of th e  m olecule, 
t h a t  th e re  is no s te r ic  h indrance to  a su b s ti tu tio n  from  th e  so-called ‘iso-side’.

(c) Besides th e se  ra th e r  g en era l rem ark s , th e  chem ical an d  ste reo ch em 
ica l p ro p erties  o f 6 -deoxy-6-azido-14-hydroxy isocodeine (V II) an d  th u s  also 
th e  m echanism  o f th e  reaction  a re  u n eq u iv o ca lly  p ro v ed  b y  th e  fa c t t h a t  th e  
c a ta ly tic  h y d ro g en a tio n  of (VII) a ffo rd s  6 -deoxy-6 -am ino-14 -hydroxyd ihydro - 
isocodeine (X ) th e  s tru c tu re  of w h ich  h as  been  proved.

(d) L astly , th e  experience t h a t  com pound  (V II) can  be isom erized to  
(V III), also confirm s th e  suggested s tru c tu re .

As regards th e  fo rm ation  o f 8 -deoxy-8 -az ido -14 -hydroxypseudocode ine  
(V III), th is  tak es  p lace  b y  an  S n2 re a c tio n  followed b y  a lly lic  rea rra n g em e n t.
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I n  th is  case th e  ally lic  re a r ra n g e m e n t is p resu m ed  to  occur b y  a n  S N?'’ reac tio n . 
I n  th is  in te rp re ta tio n  i t  is n ecessary  to  em phasize  th a t  as fa r  as th e  fina l 
r e s u lt  is concerned th is  re a c tio n  is iden tica l w ith  an  S n2" re a c tio n , b u t  it  occurs

1 Ilia  ( l llb )

! N a N „  D M F,
I 100°, 8 brs.
j S^t2 and then S ^ i ’

I
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b y  a d ifferen t course. ‘P u re ’ S n2’ reac tio n s tak e  p lace  on ly  u n d er defined  
stereochem ical cond itions: th e  cis re la tio n sh ip  o f th e  en te rin g  an d  leav ing  
g ro u p s is ind ispensab le  [11].

In  6 -0 -to sy l-1 4 -h y d ro x y co d e in e  ( I l ia ) ,  th e  leav in g  to sy lo x y  g roup  is 
lo ca ted  below  th e  p lan e  o f th e  rin g  C in  a * quasi-equatorial p osition , w hereas

Nj

thC

HO

СНзОН. Pd/<

Fig. 3

F ig. 4

th e  new ly  form ed, in tro d u ced  azide an ion  of 8-deoxy-8-azido-14-hydroxy- 
pseudocodeine (V III), in  sp ite  o f be ing  lo ca ted  quasi-equatorially above th e  
p lan e  o f  th e  C ring , is in  trans o r ie n ta tio n ; th ere fo re  th e  ‘cis’ ru le  does no t hold  
fo r th e  reac tion .

C onsequen tly , th e  fo rm a tio n  of 8-deoxy-8-azido-14-hydroxypseudo- 
codeine (V III). even if  th is  is th e  m ain  tre n d  of th e  re a c tio n , tak es  p lace

Acta Chim. (Budapest) 74, 1972



104 MAKXEIT e t a!.: TOSYL AND MESYL D ERIV ATIVES, X

th ro u g h  6-deoxy-6-azido-14-hydroxy isocodeine (V II), w h ich  is th e n  rearranged  
to  th e  C8 com pound. T he CG p ro d u c t is p ro b a b ly  k in e tica lly  con tro lled  w hile 
th e  C8 p ro d u c t is th e  th e rm o d y n a m ic a l isom er.

T h is a ssu m p tio n  w as also confirm ed b y  ou r ex p e rim en ta l re su lts  o b ta in ed  
w hen  6-O -tosylcodeine (X I)  [12] an d  6-O -tosylisocodeine (X I I ) ,  carry ing  only  
a h y d ro g en  a tom  in p o sitio n  14, w ere su b jec ted  to  reac tio n  w ith  lith iu m  chlo
rid e  [10] un d er id en tica l co n d itions. T he reac tio n  o f 6-O -tosy lcodeine w ith  
lith iu m  chloride y ie lded  a-ch lo rocod ide  (6-deoxy-6-chloroisocodeine) (X III ) ,

Cl

Fig. 5

w hereas a sim ilar t r e a tm e n t  o f 6-O -tosylisocodeine gave /J-chlorocodide (8-de- 
oxy-8-ch loropseudocodeine) (X IV ).

In  th e  la t te r  conversion  th e  en te rin g  an d  leav ing  g roups are in  th e  cis 
o rie n ta tio n , an d  th u s  an  S n2’ reac tio n  m ay  ta k e  p lace. T h e  conversions d is
cussed  above p ro v e  u n eq u iv o ca lly  th e  role o f th e  s te reochem ica l p ro p erties  
o f  th e  in itia l com pounds in  th e  m echanism  of th e  reac tio n s .

S ta rtin g  w ith  1 4 -h y d ro x yd ihydrocode ine , th e  fo llow ing reactions were 
ca rr ied  ou t:

14 -H ydrox y d ih y d ro co d e in e  ( I I )  [2] o b ta in ed  b y  th e  c a ta ly tic  redu c tio n  
o f I4 -h y d ro x y co d e in e  ( I )  w as co n v erted , as described  above, in to  th e  6 -0 - 
to sy l d e riv a tiv e  [2] (IV a ) , a n d  in to  th e  h ith e r to  un k n o w n  6-O -m esyl d e riv a tiv e  
(IV b ). C om pound (IV b) h as  also been p rep a red  b y  th e  c a ta ly tic  red u c tio n  of 
6 -0 -m esy l-1 4 -h y d ro x y co d ein e  ( I l lb ) .
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110 H O
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100°, 24 lirs.
Sn 2

HO HO

Pd/C, CH jO H

Pd/C. CHjOH

F ig . 6

Acta Chim. ( Budapest)  74, 1972



l ü t í M A K LEIT e t  al.: TOSYL AND MESYL D ERIV ATIVES, X

T he azidolysis o f  IV a a ffo rd ed  6-deoxy-6-azido-14-hydroxyd ihydro iso - 
co d e in e  (X V ). T he c a ta ly tic  re d u c tio n  o f th e  p ro d u c t re su lte d  in  6-deoxy-6- 
am in o -1 4 -h y d ro x y d ih y d ro iso co d e in e  (X ). T he conversion  to sy lo x y  —*- azide 
o ccu rs , as p roved  b y  o u r conclusions d eriv ed  from  th e  az ido lysis  o f  th e  u n sa tu 
r a te d  com pound, acco rd in g  to  an  S ^2  m echan ism . C o n seq u en tly , th e  s tru c tu re  
o f  th e  p ro d u c t is g iven  b y  th e  ab o v e  fo rm u la  co rrec tly .

T he s tru c tu re  a n d  s te ric  s tru c tu re  of V II is u n eq u iv o ca lly  confirm ed by  
th e  f a c t  th a t  th is  co m p o u n d  can  b e  h y d ro g en a ted  to  X , w h ereas  th e  hydrogen
a tio n  o f V III a ffords a co m p o u n d  o th e r th a n  X, n am ely  8-deoxy-8-am ino-14- 
h y d ro x y d ih y d ro p seu d  ocodeine (X V I) .

Fig. 7

The d a ta  of n u c lea r  m ag n e tic  resonance an d  of X -ra y  analysis  p roving  th e  
s tru c tu re s  and  s te ric  s tru c tu re s  o f th e  new’ m orph ine  d e riv a tiv e s  p rep ared  b y  
us w ill he described in  d e ta il in  a n o th e r  paper.

E xperim en ta l

Only the p repara tion  of new com pounds are described in detail; for known compounds 
reference is made to  th e  lite ra tu re .

The homogeneity o f th e  com pounds was checked in each case by th in-layer chrom ato
g raphy , using silica gel (Kieselgel) G, Merck adsorbent, a 8 : 2 m ix tu re  of benzene-m ethanol 
as th e  developing solvent, and  D ragendorff’s reagent for detection.

Melting points were m easured in open capillaries. Infrared  spectra  were obtained w ith 
a UNICAM SP 200 G spectrophotom eter in K B r pellets or in carbon tetrachloride solution 
w ith  a  Zeiss UR 10 in strum en t. The values given in the te x t refer to carbon tetrachloride 
solutions unless sta ted  otherwise.

14-Hydroxycodeiue (I)

I t  was prepared from  thebaine [2], through 14-hydroxycodeinone [ 3, 4].

14- Itydraxvdiliydrocodeiiic ( I I )

I t  was prepared from  14-hydroxycodeine as described by C u r r i e  et al. [2].

6-0-Tosyl-14-hydroxycodeine ( I l ia )

This compound can be prepared by  the method described by  C u r r i e  et al. [2].
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6-0-Mesyl-14-hydroxycodeine (ПХЬ)

I t  was prepared on the analogy of I l ia . 5.0 g of 14-hydroxycodeine gave 4.16 g (67% ) 
Öf  Illb , m.p. 146°C (from m ethanol); [a]p— 192° (chloroform, 0.5).

C19H230 6NS (393.448). Calc. S 8.14; N  3.56. Found S 8.18, 8.13; N 3.51. 3.53% . IR : 
rpyj 3310 c n r  *.

6-0-Tosyl-14-hydroxydihydrocodeine (IV a)

I t  can be prepared as described by  C u r r i e  et al. [2].

6,-'0-Mesyl-14-hydroxydihydrocodeine (IVb)

(o) Compound I I  was treated  in th e  same way as given for I l ia . 2.0 g of 14-hydroxy- 
dihydrocodeine gave 0.5 g (20%) of IVb, m .p. 98—99 °C (from cyclohexane): [a]p — 137.6° 
(chloroform, 0.436).

C19H260 6NS (395.464). Calc. S 8.11; N 3.54. Found S 7.43, 7.44; N 3.73, 3.74% .
(6) I llb  was reduced in 50% acetic acid in the presence of 10% Pd/C cata lyst. 1.0 g 

of 6-0-mesyl-14-hydroxycodeine gave 0.22 g (22% ) of IVb, m .p. 95°C (from cyclohexane): 
[a]D — 131.9° (chloroform: 0.432). Found  S 7.53, 7.57; N 3.45, 3.48% .

(c) I l lb  was hydrogenated in 50%  acetic acid in th e  presence of p latinum  dioxide 
catalyst. 1.0 g of 6-0-m esyl-14-hydroxycodeine yielded 0.2 g (20% ) of IVb, m .p. 97— 98°C 
(from cyclohexane); [oc]D — 143.5° (chloroform; 0.39). Found S 7.51, 7.60; N 3.55: 3.66%,.

6-Deoxy-6-azido-14-hydroxyisocodeine (V II)

To a solution o f 3.0 g of 6-0-tosyl-14-hydroxycodeine ( I l ia )  in 90.5 ml of d im ethyl- 
formamide, a solution of 0.52 g of sodium  azide (0.25 mole excess) in 6.8 nd of w ater was 
added, and the m ix tu re  was kep t for 4 h rs a t 100°C. The reaction  m ixture was poured  into 
460 ml of ice-water, ex trac ted  w ith 3X 110 ml of ether and th e  ethereal phase was washed 
w ith 2 x 4 0  ml of w ater sa tu ra ted  w ith sodium  chloride. A fter drying th e  ethereal phase over 
magnesium sulfate, th e  solvent was evaporated  and the dry  residue dissolved in  anhydrous 
ether, then recrystallized from anhydrous e ther to  yield 0.93 g (38%,), of 6-deoxy-6-azido-14- 
hydroxyisocodeine, m .p. 124— 125°C; [a]p  — 337.5° (chloroform; 0.474).

Ci8H20O3N4 (340.372). Calcd. N 16.46. Found N 16.60, 16.63%. IR : rNs 2105; j-0H 
3415 cm-1 .

8-Deoxy-8-azido-14-liydroxypseudocodeine (V III)

I t  was p repared  from  6-0-tosyl-14-hydroxycodeine (IU a) in the same way as described 
fo r VII, w ith the difference th a t the reaction  m ixture was k ep t a t  100 °C for 8 hrs.

The reaction m ix ture  consisted of 5.0 g of I l ia  in 150 m l of dim ethylform am ide, and 
0.83 g of sodium azide (0.25 mole excess) in 10.0 ml of water. The reaction  m ixture was poured 
in to  800 ml o f ice-w ater extracted  w ith 3X 200 ml of ether, th e  ethereal phase washed w ith 
2X 70 ml of w ater sa tu ra ted  w ith sodium chloride, dried over m agnesium  sulfate, and evapo
ra ted  to dryness.

The residue was crystallized from  ether and a m ixture of e ther and petroleum  ether, 
or from aqueous acetone to  obtain 1.72 g (46.5% ) of VIII, m.p. 110°C; [a]p — 78.4° (chloroform; 
0.446).

C18H20O3N4 (340.372). Calcd. N 16.46. Found N 16.62, 16.74% IR : *-N3 2105: r 0 H  
3415 cm“ 1.

Isomerization of 6-deoxy-6-azido-14-hydroxyisocodeine to 8-deoxy-8-azido-14-hydroxypseudo- 
codeine

0.3 g of 6-deoxy-6-azido-14-hydroxyisocodeine (V II) was dissolved in 9 ml of d im ethyl
formamide, and kep t 6 h rs a t 100°C. Processing of the reaction m ixture gave 0.25 g (83.3% ) 
of a product which was identical in all respects w ith 8-deoxy-8-azido-14-hydroxypseudo- 
codeine.
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6 -  D e o x y - 6 - a i n i n o - 1 4 - h y d r o x y i s o c o d e i n e  ( I X )

To a solution of 0.83 g of 6-deoxy-6-azido-14-hydroxyisocodeine ( V I I )  in 106.4 ml of 
anhydrous ethanol, 0.85 ml of 85%  hydrazine hyd ra te  and about three pinches of Raney 
nickel ca ta lyst were added, and  th e  m ixture was boiled for 10 min. on a w ater-bath . The catalyst 
was rem oved by filtration , th e  solution was evaporated  to dryness, and the residue crystallized 
from  a m ixture of ether and  petro leum  ether to yield 0.55 g (72.5%) of I X ,  m.p. 116— 117°C; 
[oc] d  — 154.6° (chloroform; 0.582).

C18H220 3N2 (314.372). Calcd. N 8.9.Found N 9.12, 9.31% . IR ; r NH 3280; r 0H 3410 c m '1.

6 - D e o x y - 6 - a m i n o - 1 4 - h y d r o x y d i h y d r o i s o c o d e i n e  ( X )

I t  was prepared by  th e  conversion: X V  ->- X .  The product proved to be completely 
iden tica l w ith the com pound form ed in the way to  be described later.

6 - O - T o s y lc o d e in e  ( X I )

I t  was p rep ared  fro m  codeine, according to K a r r e r  and  W id m a rk  [12]. 

6 - O - T o s y l i s o c o d e in e  ( X I I )

This compound was p repared  analogously to  isoneopine-O-tosylate. as described by 
T a k e d a , I n o d e  and K u g it a  [13].

a - C h o lo r o c o d id e  ( X I I I )

I t  was p rep ared  fro m  6-O -tosylcodeine, a cco rd in g  to  Stork  an d  Cl a r k e  [10].

/S -C h lo r o c o d id e  ( X I V )

170 mg of 6-O-tosylisocodeine ( X I I )  was allowed to  react w ith lith ium  chloride in an  
acetone according to  S t o r k  and  W h i t e  [11], and th e  product was isolated by  p reparative 
th in -layer chrom atography. The iden tity  of the p roduc t (40 mg) w ith /1-chlorocodide w as 
proved  by thin-layer chrom atography . The infrared spectrum  obtained in chloroform solution 
also confirmed th a t the com pound was identical w ith  /9-chlorocodide: the characteristic m axi
m um  of the spectrum  appeared  a t 902 cm-  h

6 - D e o x y - 6 - a z i d o - 1 4 - h y d r o x y d i h y d r o i s o c o d e i n e  ( X V )

A solution of 5.9 g of sodium azide (a tenfold m olar excess) in  21.5 ml of w ater w as 
added to a  solution of 4.3 g of 6-0-tosyl-14-hydroxydihydrocodeine ( I V a )  in 128 ml of dim ethyl- 
form am ide, and the m ix tu re  was kep t a t 100°C for 24 hrs. I t  was then  poured into 500 ml o f 
w ate r, extracted w ith 3X 100 m l of ether, the ethereal phase washed w ith  2X 50  ml of w ater 
sa tu ra ted  with sodium chloride, dried, and evaporated  to dryness.

Recrystallization from  a m ixture of acetone and  w ater gave 2.08 g (31% ) of XV, m .p. 
137— 138°C; [a]D — 207.8° (chloroform; 0.38).

C]8Hz,0 3N4 (342.388). Calcd. N 16.36. Found  N  16.12, 15.95%. IR : vN3 2106; r 0H 
3415 c m -1. ‘

6 - D e o x y - 6 - a m i n o - 1 4 - h y d r o x y d i h y d r o i s o c o d e i n e  ( X )

(а) A solution of 0.5 g of 6-deoxy-6-azido-14-hydroxydihydroisocodeine (XV) in 30 ml 
o f m ethanol was reduced in  th e  presence of 10% palladium -on-carbon to ob ta in  0.43 g (93% ) 
of X, m .p. 147—148° C (from  ether); [a][> — 137.3° (chloroform; 0.415).

C1SH240 3N2 (316.388). Calcd. N 8.86. Found N 9.23, 9.37%. IR : v0H 3415; i>NH 3390 c m -1.
(б) The same p roduc t was obtained from 6-deoxy-6-azido-14-hydroxyisocodeine ( V I I )  

in  th e  way described u n d er (a). The product had  m .p. 140° C; mixed m.p. w ith  the product 
o f (a): 138—142 °C; [a]d —141.3° (chloroform; 0.382). IR : rNH 3390; v0H 3415 cm“ 1.
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8 - D e o x y - 8 - a m in o - 1 4 - h y d r o x y < l ih y < lr o p s e u d o c o d e i n e  ( X V I )

X V I  was prepared  from 8-deoxy-8-azido-14-hydroxypseudocodeine ( V I I I ) ,  on the anal
ogy of the preceding reaction, in m ethanolic solution, in the presence of 10% palladium -on- 
carbon. Yield: 75% ; m .p . 175- 178° C (from  ether), [a]D —79.3° (chloroform, 0.353). IR kbi-: 
»>NH 3350 cm-1 .

8 - D e o x y - 8 - a m in o - 1 4 - h y d r o x y |> s e u < l o c o d e in e  ( X V I I )

A solution of 1.2 g of 8-deoxy-8-azido-14-hydroxypseudocodeine ( V I I I )  in 100 m l of 
anhydrous ether was added  by drops w ith  stirring , to  a boiling suspension of 0.54 g of lith ium  
alum inium  hydride in 75 ml of anhydrous e ther. The reaction m ixture was refluxed for 3 hrs, 
then i t  was processed in  the usual w ay; th e  p roduc t was recrystallized from  anhydrous e ther 
to ob ta in  280 mg (25% ) of X V II . m.p. 160° C; [a]o — 141.6° (chloroform; 0.48 g).

Cj8H220 3N2 314.372. Calcd. N 8.9. F ou n d  N 8.83; 8.96%. IR KCI: vNH 3310 cm ^ '.
*

The authors’ th an k s  are expressed to  D ep artm en t I for N atural Sciences of the H ungar
ian Academy of Sciences, and to the T iszavasvári Alkaloida Chemical W orks for a financial 
support of the p resent studies, as well as to  th e  A nalytical Laboratory of this In s titu te  for the 
m icroanalyses and for recording and evalua ting  the infrared spectra. T hanks are due to  Mr. 
G. K iss for his industrious and expert assistance in the experim ental work.
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CONVERSIONS OF TOSYL AND MESYL 
DERIVATIVES OF THE MORPHINE GROUP, XI*

14-H Y D RO X Y M O RPH IN E D ER IV A TIV ES, II  
HALOGEN COMPOUNDS
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(Institu te o f Organic Chemistry, L. Kossuth University, Debrecen and **Central Research
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The known compounds 6-deoxy-6-chloro-14-liydroxyisocodeine, 8-deoxy-8- 
bromo-14-hydroxypseudocodeine and  8-deoxy-8-brom o-14-hydroxypseudocodeine have 
been prepared by nucleophilic substitu tion  of the  tosyloxy group in 6-(p-toluene- 
sulfonyloxy)-14-hydroxycodeine w ith  halogen anions; the physical constants of these 
compounds are given.

The h itherto  unknown isom erization reaction of 6-deoxy-6-chloro-14-hydroxy- 
isocodeine to  8-deoxy-8-chloro-14-hydroxypseudocodeine has been achieved.

6-Deoxy-6-fluoro-14-hydroxyisocodeine, n o t ye t described in the lite ra tu re , has 
also been prepared. The constitutions and steric structures of the compounds were 
exam ined by  IR  and NMR analysis.

Acta Chimica Academiae Scientiarum Hungaricae ,  Tomus 74 (1 ) , pp . I l l  113 (1972)

N ucleoph ilic  su b s titu tio n  reac tio n s w ith  halogen  an ions o f 6 -(p -to luene- 
su lfony loxy)-14-hydroxycodeine  w ere f irs t  re p o rte d  b y  Se k i [1].

In  th e  course o f a sy s tem atic  in v es tig a tio n  o f th e se  reac tions in  ou r 
la b o ra to ry , i t  ap p ea red  necessary  to  com plete  S e k i’s re su lts  w ith  som e th e o re t
ical a sp ec ts  a n d  p ra c tic a l d a ta , a n d  to  describe in  d e ta il th e  ex p erim en ta l 
cond itions of p rep a rin g  th e  halogen  d e riv a tiv e s , as w ell as th e  c h a ra c te ris tic  
p ro p e rtie s  o f th ese  com pounds. S e k i’s p a p e r [1] does n o t inc lude  ex p e rim en ta l 
de ta ils .

T he follow ing com pounds w ere sy n th esized  accord ing  to  S e k i : 6-deoxy-6- 
ch loro-14-hydroxy isocodeine ( I ) ,  8 -deoxy-8 -brom o-14-hydroxypseudocodeine
( I I )  an d  8-deoxy-8-iodo-14-hydroxypseudocodeine ( I I I ) .

T h e  iso m eriza tio n  o f 6 -deoxy-6-ch loro-14-hydroxyisocodeine to  8 -deoxy- 
8-ch lo ro -14-hydroxypseudocodeine (IV ) w as n o t ex am in ed  b y  S e k i . A ccord ing  
to  o u r experience, th is  isom eriza tion  can  also be  accom plished . H ow ever, w hile 
in  th e  case o f 6-deoxy-6-chloroisocodeine c o n ta in in g  a h y d ro g en  a to m  in p o si
tio n  14 i t  is su ffic ien t to  re flux  a so lu tio n  of th e  s ta r t in g  m a te ria l in  b rom o- 
benzene fo r  one h o u r on ly  [2] to  accom plish  th e  iso m eriza tio n  process, i.e. 
tra n s fo rm a tio n  in to  8-deoxy-8-ch loropseudocodeine, in  th e  case of IV  th e  
presence o f  th e  14-hydroxy l group m akes n ecessary  to  re flu x  its  so lu tio n  in  
b rom o-benzene fo r 50 hours in  o rd er to  ach ieve th e  iso m eriza tion  lead ing  to  
8 -deoxy-8-ch loro-14-hydroxypseudocodeine.

* P a r t X : S. M a k l e i t , L. R a d i o s , R. B o g n á b , T. M i l e , É. O l á h ; Magy. Kém. Folv. 
78, 223 (1972) and A cta Chim. Acad. Sei. H ung. 74, 99 (1972)

Acta Chim. (Budapest) 74, 1972



112 M ARX ÉIT e t a t :  TOSYL AND M ESYL D ERIV A TIV ES, X I

F o r pharm aco log ical te s ts  i t  w as d esirab le  to  p rep a re  6-deoxy-6-fluoro- 
14-hydroxy isocodeine  (V ).

B ased  on ou r earlie r experience [3] in  th e  p re p a ra tio n  o f halogen  d e riv 
a tiv e s  o f  codeine co n ta in in g  h y d ro g en  a to m  in  position  14, th e  fluoro  d e riv a 
tiv e  w as p rep ared  b y  th e  reac tio n  o f 6 -(p -to lu en esu lfony loxy)-14 -hydroxy- 
codeine  an d  te tra b u ty l-a m m o n iu m  flu o rid e  in  ace to n itrile .

X

II: X = B r  
III: X = I
IV: X = C 1

W ith  th is  sy n th es is  all th e  h a logen  d e riv a tiv e s  o b ta in ab le  from  6-(p- 
to lu en esu lfo n y loxy)-14 -hydroxy-code ine  becam e know n. T he c o n stitu tio n s  
a n d  s te ric  s tru c tu re s  o f th e  com pounds are  su p p o rte d  b y  IR  an d  N M R  sp ec tro 
scop ic  analysis.

I t  has been  found  th a t  th e  c h a ra c te r is tic  IR  spectroscop ic  fea tu re s  of 
th e  ha logen  d e riv a tiv es  co n ta in in g  h y d ro g en  a to m  in position  14 [4] also ap p ly  
to  th e  co rresponding  14-hydroxy  ha logen  d e riv a tiv es  an d  hence th e  IR  spec
tro sco p ic  d a ta  are eq u a lly  usefu l in  th e  d e te rm in a tio n  of s tru c tu ra l  p rob lem s 
(p o sitio n  of th e  su b s titu e n t)  o f th ese  codeine d e riv a tiv es  (C6 ha logen : a b so rp 
tio n  a t  10.7 fi, C8 ha logen : a b so rp tio n  a t  11.1 /л).

D etailed  N M R  spectroscop ic  d a ta  p ro v in g  th e  c o n s titu tio n s  an d  th e  s teric  
s tru c tu re s  of th e  new  m orph ine  deriv a tiv e s  p rep a red  in  our la b o ra to ry  will 
be  p u b lish ed  elsew here.

E xperim en ta l

6-Deoxy-6-fluoro-14-hydroxyisocodeine (V)

A m ixture of 9.0 g (0.019 mole) of 6-(p-to luene-su I fonyloxy)-14-hydroxy codeine (C25tf ,7 
OeN S, 471.790) and 8.03 g (0.03 mole) of te trabuty lam m onium  fluoride in 54.6 ml abs. aceto
n itrile  was refluxed for 4 hrs, cooled and poured into 54 ml of w ater. The m ixture was extracted  
w ith  three 120 ml portions of chloroform ; the combined chloroform ex trac ts were washed 
tw ice w ith 40 ml of w ater, dried over anhydrous m agnesium  sulfate and evaporated. The 
residue was extracted  w ith 3X 120 ml w arm  e ther and  the ethereal ex trac t was evaporated. 
T he residue was crystallized from m ethanol to give 2.5 g (41% ) of 6-deoxy-6-fluoro-14-hydroxy- 
isocodeine, m.p. 181— 182 °C; [a]D — 98° (c 0.5, chloroform).

C18H20FNO3 (323.348). Calcd. F  5.88% . Found F  5.71%.

A d a  Chim. (Budapest) 74, 1972



M AK LEIT e t al.: TOSYL AND MESYL D ER IV A T IV E S, X I 113

6-Deoxy-6-chloro-14-hydroxyisocodein (I)

A solution of 10.1 g (0.021 mole) of 6-(p-toluene-sulfonyloxy)-14-hydroxycodeine and 
3.5 g (0.083 mole) of lithium  chloride in 387 ml abs. acetone was refluxed for 24 hrs, cooled, 
and poured into 1680 ml of w ater. The solution was ex trac ted  w ith  three 100 ml portions of 
benzene, the com bined organic phase was washed w ith 3 X 150 m l w ater, dried over anhy 
drous magnesium sulfate and evaporated . The residue was crystallized from ethanol (25 ml) 
to give 3.76 g (53% ) of 6-deoxy-6-chloro-14-hydroxyisocodeine (I ), m .p. 166° C; [a][> — 298° 
(c 0.5, chloroform) (C18H20ClNO3, 339.805).

8 -Deoxy-8-chloro-14-hydroxypseudocodeine (IV)

A solution of 2.0 g of 6-deoxy-6-chloro-14-hydroxyisocodeine in 40 ml of bromobenzene 
was refluxed for 50 hrs. The solution was cooled and ex tracted  w ith  2X 40 ml of 10% hydro
chloric acid; the combined aqueous phase was trea ted  w ith 10% am m onium  hydroxide solu
tion until alkaline, and then ex trac ted  w ith  three 50 ml portions of chloroform. The chloroform 
ex tracts were washed w ith 2X 30 ml of w ater, dried over anhydrous magnesium sulfate and 
evaporated. The residue was crystallized from ethanol to  give 0.4 g (20% ) of 8-deoxy-8- 
chloro-14-hydroxypseudocodeine (IV), m.p. 174— 175° C; [a jß  — 92° (c 0.5, chloroform).

8 -Deoxy-8-bromo-14-hydroxypseudocodeine (II)

A solution of 3.0 g (0.0063 mole) of 6-(p-toluenesulfonyloxy)-14-hydroxycodeine and 
2.4 g of anhydrous lith ium  brom ide (0.027 mole) in 115 ml of abs. acetone was refluxed for 
6 hrs, poured into 500 ml of w ater, and the m ixture was ex trac ted  w ith  three 100 ml portions 
of benzene. The combined benzene ex trac t was washed w ith 2X 50 m l of water, dried over 
anhydrous m agnesium  sulfate and  evaporated. The residue was tw ice recrystallized from 
m ethanol (5 and 7 ml, respectively) to give 0.2 g (8.3% ) of 8-deoxy-8-bromo-14-hydroxy- 
pseudocodeine (II), m.p. 155— 156 °C; [а]р> —26° (c 0.5, chloroform) (C18H20BrNO3, 384.264).

8 -Deoxy-8-iodo-14-hydroxypseudocodeine (III)

A solution of 3.0 g (0.0063 mole) of 6-(p-toluene-sulfonyloxy)-14-hydroxycodeine and 
4.1 g of (0.034 mole) sodium iodide in 115 ml of abs. acetone was refluxed for 3 hrs, cooled 
and poured into 500 ml of w ater. The solution was ex tracted  w ith  th ree  100 ml portions of 
benzene, the combined organic phase was washed w ith 2 X 50 ml of w ater, dried over anhydrous 
magnesium sulfate and evaporated. Crystallization of the residue from  25 ml of m ethanol 
gave 0.95 g (35% ) of 8-deoxy-8-iodo-14-hydroxypseudocodeine (III), m.p. 146—147° C (d.), 
[a]D -f-340 (c 0.5, chloroform) (C18H 20IN O 3, 431.268).

The authors express their thanks to D epartm ent I of N atu ra l Sciences of the H ungarian 
A cadem y of Sciences and to T iszavasvári Alkaloida Chemical W orks for financial support of 
th is work. We also th an k  the A nalytical Laboratory of this In s titu te  for the microanalyses, 
as well as for the recording and evaluation  of the infrared spectra. We thank Mr. G. K iss 
for his valuable technical assistance.
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RECENSIONES

Topics in  Current Chemistry. 13/2. Photochemistry

pp. 227—450, Springer Verlag, 1969

I t  seems to be alm ost commonplace to  say of one or another b ranch  of chemical research 
th a t  it  has undergone fundam ental transform ation during the last decades, and its rapid  advance
m ent is due to  the developm ent of new aspects, new experim ental techniques and a more 
profound theoretical foundation . This process is, however, perhaps nowhere else so emphasized 
as in  the field of organic photochem istry. O rganic photochem ical reactions have been known 
since the beginning of organic chemical research  and the work in this field, a t least to a certain 
ex ten t, has been continuous. The results o f m odern physics greatly  prom oted the elucidation 
of the theoretical fundam entals, bu t really  rap id  advancem ent occurred parallel to the devel
opm ent of quantum  chem istry , since this la t te r  led to a deeper understanding of the electron 
s tructu re  of molecules and electron excitation  processes. Investigation  of the excited states 
and  their transform ations, the concept o f energy transfer, as well as modern separation 
techniques and s tructu re  investigation m ethods had a decisive influence on the developm ent 
of m odern photochem istry.

The purpose of th e  book “ Photochem istry” was not, of course, to  deal w ith the general 
problems of modern photochem istry. The five comprehensive reviews discuss the p ho to 
chem istry of one, w ell-defined smaller group of compounds, assuming general photochem ical 
knowledge of the reader. In  spite of this, th e  book can be useful no t only for those working 
in th e  restricted fields discussed, bu t also for researchers engaged in o ther fields of pho to 
chem istry and those in tend ing  to get acquain ted  w ith photochem istry more thoroughly. The 
five reviews are independent of one ano ther in  respect of the com pounds trea ted  and the p ri
m ary  aspects of research were also different; still, these individual, very  specialized topics 
give the reader an alm ost general picture of photochem istry as a whole. In  discussing the 
photochem istry of o-quinones and a-diketones or compounds w ith cycloheptatriene skeleton, 
the mechanisms from the  organic chemical p o in t of view are in the foreground, while in the 
paper dealing w ith the photochem istry of m eta l carbonyls, metallocenes and olefin complexes, 
the spectroscopic characteristics and p rim ary  photochem ical processes are emphasized. In 
the rad iation  chemistry of alcohols kinetic considerations prevail and finally  the review on the 
photochem ical reactions of polym ers pays special a tten tion  m ainly to  practical aspects.

The paper “ Photochem istry  of o-quinones and a-diketones”  (M. B. R u b i n , D ept, of 
Chem istry, Technion, H aifa, Israel) deals w ith  a group of com pounds (benzil, diacetyl, 
phenantrenequinone) w hich have been the m odel compounds of photochem ical research for 
a long tim e and studied in g rea t detail. A fter reviewing the spectroscopic characteristics, indi
v idual examples of hom olytic splitting and cycloaddition reactions are discussed, followed by 
a  very  thorough tre a tm en t of the most im p o rtan t photochem ical reaction of th is type of 
com pounds, i.e., the hydrogen abstraction process. The radical products of the prim ary process 
(one of them  being the sem idion radical d irec tly  detectable by the E SR  method) can react 
fu r th e r in various ways, depending on the chem ical properties of the dione and the hydrogen 
donating  agent. The paper also mentions shortly  th e  photochem ical reaction which these 
com pounds undergo in th e  presence of oxygen.

The paper “ Photochem ical reactions of cycloheptatriene and  related  compounds” 
(L, B. J o n e s  and V. K. J o n e s , Dept, of C hem istry, Univ. of Arizona, Tucson, Arizona, USA) 
seems to  relate to a narrow er field; it deals w ith  th e  photochem ical reactions of some o ther 
conjugated trienes and even of benzene, in add ition  to  those m entioned in the title. The various 
cyclization and m igration reactions are characterized, in general, by high selectivity. The review 
m entions some interesting examples of the v a lid ity  of the W oodward— Hoffman rule.

In  respect of th e  lite ra tu re  reviewed, th e  paper “ Photochem istry of m etal carbonyls, 
m etallocenes and olefin complexes” (E. K o e r n e r  von G u s t o r f  andF . W. G r e v e l s , M ax-Planck
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In s ti tu t  für Kohlenforschung, A bt. Strahlenchem ie, M ülheim /Ruhr, G FR), rises above the 
o ther works published in the book. Its  m ain purpose is — according to the authors — to inform 
researchers of organom etallic compounds on the possibilities offered by photochem istry in 
p repara tive  work and studies of the m echanism ; this aim  is realized by th is review on a high 
level. The discussion of substitu tion , addition  and elim ination reactions of m etal carbonyls 
calls a tten tion  to very in teresting  possibilities, and  the sum m ary of the cycloaddition and 
polym erization reactions of olefin complexes and of the photochem istry of ferrocene deserve 
in terest.

In  the paper “ R adiation  chem istry of alcohols”  (С. V. S o n n t a g , In s titu t für Strahlen
chemie, K ernforschungszentrum , K arlsruhe, G FR) the discussion of ac tua l photochemical 
reactions is a small p a rt only, in accordance w ith the limited num ber of results obtained in this 
field. The effect of ionizing radiations is, however, trea ted  in great detail. Particular in terest 
is a ttach ed  to the chapter on the role of solvated electrons, and to the evaluation of the hom o
geneous kinetic tre a tm en t and  the description of the linear energy transfer (LET) effects.

J .  L. R. W i l l i a m s  (E astm an K odak Co., Rochester, N. Y., USA) reviews in his paper 
“ Photopolym erization and  photochem ical cross-linking of polym ers” a field narrower than  
th a t expected on the basis of the title , and actually  surveys the practical processes directly 
applicable in picture fixing procedures. The problem  of photopolym erization, in accordance 
w ith  its  theoretical im portance, would deserve a more detailed kinetic discussion and the char
acteristic  photochemical polym erization reactions discovered in the last years could have been 
included. However, the paper gives a very good survey of the selected field.

In  conclusion, i t  can be sta ted  th a t the volum e “ Photochem istry” contains very v a lu 
able m ateria l for the specialists of the field as well as for those tak ing  in terest in its general 
problem s, thus it can be a useful help in fu rther research of photochem istry. Chemists engaged 
in  th is branch of science would surely welcome the publishing of similar books in the future.

B. TuRCSANYI

R. C. H a d d o n , V. R . H a d d o n  an d  L. M. J a c k m a n :
N M R  Spectroscopy o f Annulenes

pp. 116, Springer Verlag, Berlin, Heidelberg, New Y ork 1971

The book is ac tua lly  the second p a rt of the 16th volume of the series “ Fortschritte  der 
Chemischen Forschung, Topics in C urrent Chem istry” , therefore it  begins w ith page 103.

In  the m odern lite ra tu re , the concepts of “ arom atic character”  and “ arom aticity” 
are differentiated. The appearance of the la t te r  property  can be exam ined m ost expediently 
by  m eans of NMR spectroscopy, and one of its m ost characteristic definitions is in connection 
w ith  th e  phenomenon of ring current.

Thus, the in troducto ry  p a rt deals w ith the definition given by  H ü c k e l , stating  th a t 
system s comprising 4n -f- 2 electrons are expected to  show arom atic properties, and its up-to- 
d a te , extended varia tions are also discussed. This is followed by a short review of the bond 
relations in annulenes (B ond Alteration in  Annulenes) (3 pages), the conditions of arom aticity  
(C riteria of A rom aticity) (3 pages), then  the theories dealing w ith  m agnetic properties of 
annulenes are surveyed in detail (Theory of the M agnetic Properties of Annulenes) (14 pages). 
I t  is praisew orthy th a t  th is la tte r  p a rt avoids detailed calculations and gives a short and lucid 
trea tm en t of the m ost im portan t approxim ations.

In  the nex t chap te r (28 pages) the NMR spectra of annulenes are summarized in a 
well-constructed tab le  and  a very interesting, thorough discussion. Special interest is a ttached  
to an  analysis of the NMR spectra obtainable on “ freezing ou t”  one of the conformers from 
am ong the several existing forms of annulenes.

In  Section F , th e  NMR spectra of quasi-annulenes are described on equally high level 
and  in  a ra ther large ex ten t (50 pages) as compared w ith the size of th e  book. Therefore, in 
con trast w ith the title  of the book, preponderance is slightly shifted from  annulenes to quasi- 
annulenes. A short A ddendum  and reference list are the final parts  of the book.

The three au thors discuss the subject expertly ; instead of a collection of data, the book 
presents enjoyable reading containing valuable discussions.

Cs. S z á n t a y
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Kelso В. M o r r i s : Fundamental Chemical Equilibria. Nonionoc-Ionic  

pp. 110, Gordon and Breach Science Publishers, New York, London, Paris, 1971

The purpose of this book consisting of 110 pages and published in 1971 by Gordon and 
Breach Science Publishers, New Y ork, L ondon, Paris, is to facilitate the chemical studies of 
university  students. In  this small m onograph the au thor relied on his educational experience 
in selecting some fields of chemical equilibria considered by him to  be of the g reatest im por
tance for students, and limited the m athem atica l apparatus of the trea tm en t to th e  minim um 
necessary for the explanation of the problem s discussed.

The book consists of four chapters. The firs t chapter (22 pages) introduces the therm o
dynam ic principles of chemical equilibria. This chapter also presents the necessary m athe
m atical fundam entals required for th e  use of the five therm odynam ic functions of state 
( U , Я , S, A , G) and for the deduction of various simple correlations. The las t section of the 
chap ter deals shortly  w ith gaseous equilibria. In  the second and th ird  chapter homogeneous 
and  heterogeneous equilibria are discussed (in 30 and 20 pages, respectively). In  the discussion 
the Bronsted acid-base theory is applied. The fourth  chapter (22 pages) is concerned w ith 
reduction-oxidation  equilibria and galvanic cells. Special a tten tion  is paid to  the elucidation 
of electrochemical conventions. The tre a tm e n t also involves actual examples, as well as cal
culation exercises together with the m ethod  of solving. The four chapters are followed by 
unsolved calculation problems (only num erical results are given) and tables.

On the basis of the treatm ent of th e  m ateria l the book can be regarded as a university 
study-aid. I t  seems to  be necessary a t  p laces where general chem istry of in troductory  character 
is om itted  from the  university  course and physical chem istry is trea ted  on purely m athem atical 
basis. This conclusion can be drawn from  th e  s truc tu re  of the book. N am ely, the f irs t chapter 
is recapitulation-like, i.e. it is designed fo r studen ts who have learned therm odynam ics, while 
the trea tm en t applied in the other three chap te rs is on the level of general chem istry. (In  the 
therm odynam ical p a r t  an inconsistency should be noted: Principle I is given as d U — ÖQ— ÖW, 
b u t — ö W is in terp re ted  as the work carried  ou t by the system.) If  the program  of th e  un iver
sity  course teaches physical chemistry on th e  basis of form er studies in general and fundam ental 
analytical chem istry, the book can be u tilized  in teaching the la tte r  subjects. The electro
chemical examples are very wide-ranging and th e  exercises comprised in the book can also 
be helpful in teaching.

Gy. V a r s á n y i

M. B. N e i m a n  a n d  D. Gá l : The K inetic  Isotope Method and Its Application

pp. X II  -f- 309, Akadémiai K iadó, B udapest and Elsevier Publishing Co.,
A m sterdam , 1971

The significance of the kinetic isotope m ethod  manifests itself in  studies of the kinetics 
and mechanism of complex reactions, w here th e  reactan ts are converted to products v ia  a 
num ber of consecutive, competitive, reversible and  irreversible steps. By perm itting  direct 
experim ental observation of the rate  of fo rm ation  and consumption of certa in  in term ediates 
and the identification of the precursors, th e  k inetic  isotope m ethod provides us w ith  infor
m ation necessary for the justification o f a supposed mechanism, which is no t a tta inab le  by 
o ther methods. Many highly im portant resu lts  were obtained by the in tu itive  application of 
the k inetic isotope m ethods in the field o f ox idation  and cracking reactions, heterogeneous 
catalysis, hydrogenation, polym erization, isom erization, etc. R ecently the m ethod was suc
cessfully applied in th e  study  of various biologically im portan t phenom ena connected w ith  e.g., 
m etabolism  and tran sp o rt processes.

Thus this m onograph is a considerable contribution  to the lite ra tu re  of chemical k in e t
ics; stim ulates and encourages the application of stable and radioactive isotopes in the studies 
of chemical mechanism.

The m onograph consists of 10 chapters. The firs t describes the kinetics and sequence 
of interm ediate form ation in complex reactions, the  second deals w ith the theoretical back
ground of the kinetic isotope method, th e  th ird  w ith  methods to determ ine reaction order. 
C hapter 4 deals w ith  the investigation of com plex reactions in which perfect mixing occurs.
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These chapters allow a comparison w ith classical m ethods, indicating the advantages 
of th e  tracer technique in  producing information on complex reactions which cannot be ob
ta ined  by other methods.

The following topics are discussed: therm al decom position reactions (Chapter 5), 
gas phase oxidation of hydrocarbons (Chapter 6), com petitive radical reactions (Chapter 7), 
liquid  phase oxidation reactions (C hapter 8), heterogeneous catalysis (C hapter 9) and biochem
ical applications (C hapter 10).

In  this last chapter th e  au thors a ttem p t to give comprehensive and unambiguous defi
nitions of concepts, such as “ tu rnover tim e” , “ tu rnover ra te ” , “ open” and “ closed” systems, 
used in different senses.

The monograph provides a wide survey in presenting  the applications of method, and 
i t  is of special value th a t  the au thors have made a very  careful, critical selection of the papers 
published in this field. They follow, as far as possible, a uniform  trea tm en t of the problems and 
presen t the results in g rea t detail. The readers can check directly  the reliability  of the conclu
sions drawn from the experim ental results. This m akes the m onograph a most valuable p rac
tical book too.

E . KŐRÖS

A. L ászló  u n d  M. B a k o s : A  vegyészmérnöki tudomány klasszikusai. Válogatott 
tanulmányok. (K lassiker des Chemie-Ingenieurwesens. Ausgewählte S tudien.)

403 Seiten, Verlag Tankönyvkiadó, B udapest 1971

Dieses — fü r S tuden ten  und  beginnende Chemie-Ingenieure bestim m te — Hilfsbuch 
e n th ä lt dreizehn S tudien von zwölf verschiedenen Verfassern in  der Originalsprache und  in 
w ortgetreuer ungarischer Übersetzung. Die ausgew ählten S tudien repräsentieren je einen 
w ichtigen Meilenstein der etw a 50 jährigen Geschichte des Chemie-Ingenieurwesens (chemical 
engineering) und ihre V erfasser zählen heute bereits zweifellos zu den Klassikern dieser neuen 
technischen W issenschaft.

Die Herausgabe des Buches d ient in erster Linie didaktischen Zielen und scheint eine 
in ihrer A rt sehr nützliche, neue Wege suchende, in teressante In itia tive  zu sein. Das Buch 
erm öglicht es den S tudenten , die kennzeichnenden Züge der D enkart der Chemie-Ingenieure, 
den Vorgang der E ntw icklung dieser D enkart sowie die w ichtigsten Gebiete und Problem e 
des Cheinie-Ingenieurwesens aus den primären Quellen kennen zu lernen; diese Quellen wären 
fü r Studenten sonst nu r schwer zugänglich. Zugleich g ib t das Buch eine Anregung zum Lernen 
von Frem dsprachen und  fü h r t den Leser in das S tudium  der ausländischen F achliteratur ein. 
In  dieser H insicht is t es als glücklich zu bezeichnen, daß un ter den O riginalm itteilungen T exte  
in englischer, russischer, deutscher und französischer Sprache zu finden sind.

Auch die kurzen, in ungarischer Sprache geschriebenen E inleitungen zu den einzelnen 
S tudien verfolgen d idaktische Ziele; sie lenken die A ufm erksam keit des Lesers auf die wich
tigsten  Zusammenhänge, informieren ihn über neuere Ergebnisse in  dem Problemenkreis der 
S tudie und helfen ihm , diese in  den Lehrstoff des U niversitätsstudium s einzufügen.

Der einleitende A ufsatz ist die in der ersten N um m er der Zeitschrift Chemical E ng i
neering Science in 1951 erschienene Arbeit von J . Ca th a la , worin der Verfasser das Wesen 
und  die Konzeption dieser neuen Disziplin auf exakte A rt form uliert und  die Ursachen und 
wesentlichen Phasen ih rer Entw icklung zusam m enfaßt.

Der Verfasser des nächsten  Aufsatzes ist W. N u ssel t  (1916). Diese Studie, worin der 
Verbrennungsprozeß der Steinkohle am Rost behandelt wird, is t ein gutes Beispiel der G estal
tung  der Denkweise des Chemie-Ingenieurs.

Eines der w ichtigsten Gebiete des chemical engineering sind die G rundoperationen 
(un it operations). Die nächsten  vier Studien sind klassische Beispiele fü r die Theorie der Absorp
tion  sowie für die E ntw icklung der Kenntnisse, die zur Projektierung von Destillations- und 
Absorptionskolonnen nötig  sind. Ihre Verfasser sind W. K. L e w is  und W. G. W h itm a n  
(1924), R. H ig b ie  (1935), W. L. McCabe und E . W. T h ie l e  (1925) und  T. H . Ch ilto n  und 
A. P . Colburn  (1935).

Wie bei den technischen W issenschaften im allgemeinen, ist auch im Chemie-Ingenieur
wesen die U ntersuchung der Analogien von großer B edeutung. Dies wird durch die g rund
legende Arbeit von Th. K árm án  (1939) über die Analogie zwischen der Flüssigkeitsreibung 
und  der W ärm eübertragung vorgeführt.

Das nächste um fassende Gebiet ist die U ntersuchung der K inetik der chemischen 
Vorgänge und die daraus entw ickelte R eaktortechnik. Die Anfänge dieser Forschungen können
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au f die Studie von Langm uir im Jah re  1908 zurückgeführt werden, worin die R eaktions
geschwindigkeit in ström enden Systemen erstm alig  behandelt wurde. In  der wissenschaftlichen 
Fundierung der R eaktortechnik  wird heu te  die T ätigkeit von D a m k ö i i l e r  als grundlegend 
be trach te t. Eine seiner M itteilungen (1936) ist im  Buch enthalten . Auch eine Studie von 
C. W a g n e r  (1945) über die thermische S tab ilitä t der R eaktoren sowie zwei A bschnitte aus 
dem  Buch von D . A. F r a n k - K a m e n e t s k y  »Diffusion und W ärm eübertragung in der chem i
schen Kinetik« über w eitere Grundprobleme der kontak tkata ly tischen  R eaktoren bzw. über 
periodische Vorgänge sind in der Auswahl en tha lten . Die Sammlung der Beispiele wird durch 
einen Aufsatz von E . W. T h i e l e  (1939) ü b e r einzelne Probleme der K ontak tkatalyse abge
schlossen.

Einige W orte über die Übersetzung: m einer Meinung nach is t die Methode der w ort
getreuen Übersetzung, die bei dem vorliegenden Buch aus didaktischen Günden gew ählt 
w urde, nur eine der bestehenden Möglichkeiten. Ohne Zweifel bedeute t eine derartige Ü ber
setzung denen, die sich im Übersetzen von frem dsprachigen F ach tex ten  üben wollen, viel 
H ilfe. Allerdings ergib t sich daraus an vielen Stellen des Buches ein etwas frem dartiges 
Ungarisch.

B. ZSADON

W . Sc h u l z e : Radiochemie

Band 4005 der Samm lung Göschen, 157 Seiten, W alter de G ruyter Verlag,
Berlin—New Y ork, 1971

Der Chemiker von heute muß die Radiochem ie kennen, da sie w eitverbreitet auf 
zahlreichen Gebieten der Forschung angew endet wird. Außer ihrer praktischen Verwendung 
füh rte  die Entdeckung der künstlichen R adioisotopen z. B. in der analytischen Chemie zu 
verschiedenen, in der »inaktiven Chemie« unbekann ten  Methoden.

Das vorliegende B uch von W erner S c h u l z e  leistet dem Chemiker wertvolle Hilfe, die 
G rundbegriffe, M eßmethoden, Fehlerrechnung und  besonderen A rbeitsverfahren dieses W issens
zweiges kennen zu lernen und  zu verstehen. D er logische Aufbau des Stoffes weist auf eine 
gründliche K enntnis des Gegenstandes hin. Obwohl die Behandlung knapp  gefaßt ist, b leib t 
sie ste ts  klar und verständlich.

Einleitend werden die Arten der K ernstrah lung  und die W echselwirkungen zwischen 
M aterie und Strahlung kurz behandelt. A nschließend folgt das Messen der Strahlung, ange
fangen von den Ionisationskam m ern bis zu den m odernen H albleiter- und  Szintillationsdetek- 
to ren . E in  besonderes K apite l ist den verschiedenen Methoden der Fehlerrechnung gewidmet. 
B evor d^r Leser in die radiochemischen A rbeitsverfahren eingeweiht w ird, g ib t der Verfasser 
einen kurzen Überblick über die Vorschriften und  Gefahren beim A rbeiten m it strahlenden 
Stoffen, ohne jedoch die Fragen des Strahlenschutzes eingehend zu behandeln, da der Umfang 
des dünnen Buches dies n ich t ermöglicht.

Die radiochemischen Verfahren weichen von den bekannten chemischen Verfahren ab, 
da die K ernreaktionen in der Mehrzahl der Fälle nu r Mikromengen an Produkten  liefern und  
bei diesen Mengen andere Gesetzm äßigkeiten herrschen, als in der M akrochemie. In  dem 
K apitel über diese V erfahren werden die kom plizierten Probleme der Trennung, die Technik 
der T rägerbereitung sowie der Isotopenaustausch behandelt. Dabei befaß t sich das K apitel 
m it analytischen Methoden, m it der V erdünnungsanalyse und den verschiedenen A rten der 
Aktivierungsanalyse. A uch die Koinzidenzm ethode und die A utoradiographie werden hier 
erw ähnt.

D as letzte K apitel behandelt die p räp ara tiv e  Herstellung der R adionuklide, d. h. die 
K ernreaktionen, die chemische und radiochem ische R einheit der P räp a ra te , die Forderungen 
gegenüber den Targetstoffen, die in K ernspaltungsreaktionen en tstandenen Nuklide. Endlich 
w ird die Herstellung von m arkierten anorganischen und  organischen M olekülen, die in den 
heutigen Forschungen eine wichtige Rolle spielen, kurz berührt. Die durch  W i l z b a c h  e n t
w ickelte Technik wird hervorgehoben, m it deren Hilfe solche organische V erbindungen m it 
T ritium  m arkiert werden können, die auf synthetischem  Wege bisher n ich t zugänglich waren.

Das Verständnis des Stoffes wird durch einige gu t überblickbare Tabellen und durch 33, 
in ih rer Einfachheit rech t anschauliche A bbildungen erleichtert. Alle, die die Grundbegriffe 
und  M ethoden der Radiochem ie in kurzer Zeit kennen zu lernen wünschen, werden das B üch
lein m it Freude begrüßen. Dabei kann auch der Spezialist der Radiochem ie das Buch als 
nützliches Hilfsmittel verwenden.

F ra u  I . I nzelt
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H o l l ó — K u r u c z — B o r ó d y : The Applications o f Molecular Distillation

pp. 210. 36 Figs., 34 Tables, Akadémiai K iadó
(Publishing House of the H ungarian A cadem y of Sciences), B udapest, 1971

Among the monographs spreading now adays on the bookshelves of libraries one over 
and over has the impression th a t , in spite of the fac t th a t the epoch of polyhystors had passed, 
the publication  of works dealing w ith particu lar topics seems to  be in  vain, since there  is 
no practicable way to  com prehend the branching results of the developm ents in science.

I f  there are exceptions proving the rule, th is book certainly is; i t  establishes the use 
of specialized experts in the  endeavour of im parting  the ir skill to  chem ists and chemical engi
neers working to solve the ir everyday problems.

The monograph consists of five main chapters, the first dealing w ith the theory, the 
second and th ird  w ith the d ifferent apparatuses and  auxiliary equipm ents of molecular d istil
la tion  while the fourth and fifth  ones as well as the supplem entary tab les review the laboratory  
and industria l applications of this unique m ethod of separation.

The theoretical considerations in the parallel trea tm en t of regular distillation and  the 
differences thereof in th e  in terp re ta tion  of th e  phenom ena in high vacuum  are excellent. 
The reader becomes im perceptibly acquainted w ith  proper definitions such as elim ination 
curve, distillability, in itial tem peratu re  of m olecular distillation and  stra igh t off gets a lot 
of exam ples how to perform  indulgent distillation of therm olabile substances.

The authors emphasize th e  im portance of technical details, firs t of all the equipm ents 
ensuring and the devices m easuring high vacuum .

The appropriately successive trea tm en t m akes a digression to the laboratory applica
tions and  summarizes a g rea t deal of work from  the preparative and separation points of view, 
rely ing also on the w ide-spread experiences of the  authors of the ir own. A rich compilation 
surveys the fractionation of fa t components, glycerides, waxes, etc.

The review of industria l applications stresses the im portance of the refining of edible 
oils, mono- and triglycerides, th e  separation of n on -fa tty  constituents of fats and the d istilla
tion  of ta ll oils, m ineral oils, plasticizers, etc.

Perhaps the only topic missing is a comprehensive h in t revealing those fields where 
- -  up to  now - molecular d istillation  has n o t been used though potentionally  it m ight be.

As a final recap itu lation  the reader is fully convinced of the features provided by molec
ular distillation as a separation  method and on th e  side holds possession of a new tool w ith 
the aid of which a couple of different problem s can successfully be settled. The Publishing 
H ouse of the H ungarian A cadem y of Sciences rendered the specialists working both in industry  
and research a reliable service by issuing th is m onograph.

T. L e n g y e l

Acta Chim. ( Budapest)  74, 1972
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ACTA CHIMICA
TOM 74 — ВЫ П. 1

РЕЗЮМЕ

Изучение каталитического гидрирования (дейтерирования) 
циклогексена на платиновом катализаторе

Старение катализатора в ходе реакции
Д. МОГЕР, Д Ь . М И НК И Ф. НАДЬ

Гетерогенное каталитическое гидрирование циклогексена изучалось в реакторе, 
в котором при помощи постоянного шлифования платины в ходе реакции был обеспечен 
всегда свежий катализатор. Было установлено, что наряду с гидрированием одновременно 
протекает крекинг циклогексена. В результате разложения на поверхности катализатора 
образуются отложения хемосорбированного угля и СН-(метин-) радикалы. Полагалось, 
что старение катализатора вызвано в первую очередь накоплением вышеупомянутых про
дуктов разложения, т. е. уменьшением числа свободных активных центров. Скорость кре
кинга уменьшается с уменьшением активности катализатора значительнее, чем скорость 
гидрирования; поэтому эти два процесса протекают с соизмеримыми скоростями лишь в 
случае свежих катализаторов.

Эффект старения и различных добавок на термическую 
стабильность хлората аммония

Ф. ШОЙМОШИ и Т. БАНШ АГИ

Изучалось влияние различных параметров, таких, как старение, газы разложения, 
инородные вещества и др. на разложение и взрыв хлоратов аммония. Наиболее поразитель
ный эффект наблюдался в присутствии N H 3; последний значительно увеличивает стабиль
ность соединения. Среди различных добавок кислоты вызывают ускорение разложения. 
Со старением стабильность уменьшается, что приводит к взрывам при пониженных темпе
ратурах. Подробные исследования были такж е проведены с твердым остатком разложения.

Микроаналитическое определение молекулярных весов 
органических соединений в гомогенных бинарных смесях 

растворителей термоэлектрическим методом, используя термисторы
А. Б . САКЛА, А. X . БА Д Р А Н  и Н. А. САЙЕД

Термометрическое определение молекулярных весов органических соединений в 
гомогенной бинарной системе растворителей, используя термисторы, имеет относительную 
погрешность определения меньше, чем 2% . Метод может быть использован в качестве 
простой и надежной процедуры определения поведения гомогенной бинарной системы 
с точки зрения закона Рауля.

Теоретическое изучение электронных спектров монозамещенных 
производных бензола

А. КИШ  и Й. СЁКЕ

С помощью метода Паризер—Парр—Попла были рассчитаны электронные спектры 
монозамещенных бензолов, содержащих фтор-, хлор-, гидрокси-, амино- и карбонил- 
гоуппы, а также их комбинации. Расчеты с хорошим приближением дают эксперименталь



ные величины энергии, направления поляризации и интенсивности первой полосы. Исход
ные параметры, дающие оптимальные величины энергии, с успехом применяются как к 
простым, так и к комбинированным замещенным. Была найдена корреляция, соответствую
щая ожидаемой, между электронным строением молекул и мезомерным влиянием замести
телей. Отклонения, наблюдаемые для галогенов, могут быть вызваны, помимо мезомерного 
влияния, другими возможно важными влияниями.

Кислые компоненты фракции Фульвоновой кислоты торфа
В. В И ЛЬДЕН ГА Й Н  и Г. ГЕН СЕК Е

Фульвоновые кислоты, полученные путем экстракции торфа горячей водой, были 
адсорбированы на Wofatit Е, а затем фракционированы различными растворителями. В 
щелочном (NaOH) элюате были обнаружены следующие продукты расщепления лигнина: 
п-гидроксибензолная, ванилиновая, протокатеховая и п-гидроксикоричная кислоты, 
а такж е 3-метиловый эфир кофейной кислоты. Помимо этого удалось идентифицировать 
другие растительные соединения или продукты их расщепления, а именно: кофейная, 
глиоксиловая, пировиноградная, гидроксипировиноградная, оксалуксусная, кетоглутаро- 
вая, левулиновая, п-гидроксифенилпировиноградная и 4-гидрокси-З-метоксифенил- 
пировиноградная кислоты. Обсуждается их роль в процессе гумификации.

Исследования в области ароматических сульфенилхлоридов, V

Реакция сульфенилхлорида с ЬР-арилдитиокарбазатом, О-эфиром 
тиокарбазиновой кислоты и О-ариловым эфиром 

фенилтиокарбаминовой кислоты
Ф. К Л И В ЕН И , Г. Ш ТАЙЕР, А. Э. САБО, Й. ПИНТЕ и Э. В И Н К Л ЕР

Была изучена реакция арилсульфенилхлорида с аммонийной солью М--арилдитио- 
карбазиновой кислоты, О-этиловым эфиром тиокарбазиновой кислоты, а также с О-ари- 
ловыми эфирами арилтиокарбаминовых кислот. На основе ИК исследований было найдено, 
что замещение арилсульфенилового катиона происходит на атоме серы во всех трех слу
чаях. В ходе реакции эфира тиокарбазиновой кислоты, с отщеплением алкилгалоида, про
исходит образование S-арилового эфира замещенной дитиоперкарбазиновой кислоты. 
Реакция сульфенилирования О-ариловых эфиров арилтиокарбаминовой кислоты проте
кает указанным способом лишь в том случае, если в О- или N-ариловом кольце имеется орто
заместитель, что позволяет образование таутомерного тиола и стабильного дисульфида.

Изучение реакций тозиловых и мезиловых производных в ряду
морфина, X

14-Гидроксиморфиновые производные, I.
Азидовые и аминовые соединения

Ш. М А КЛЕЙ Т, Л . РАДИЧ, Р. БО ГН А Р, Т. МИЛЕ и Э. ОЛАХ

Был исследован азидолиз 14-гидроксикодеина, а также 6-О-тозиловых и 6-О-мезило- 
вых эфиров 14-гидроксидигидрокодеина.

Из полученных новых азидо-производных соответственно строению и природе 
желаемых восстановленных продуктов - восстановлением, осуществляемым различными 
методами, были получены новые насыщенные и ненасыщенные амино-производные.

На основе азидолиза 6-О-тозил-14-гидроксикодеина, проводимого в различных усло
виях реакции, были приготовлены как 6-дезокси-6-азидо-14-гидроксиизокодеин, так и 8- 
дезокси-8-азидо-14-гидроксипсевдокодеин. Полученное 6-дезокси-6-азидо-соединение было 
изомеризовано в 8-дезокси-8-азидо-производное. Скорость изомеризации не зависит от 
прибавления азидного аниона.



Эти экспериментальные данные подтверждают те новые представления относитель
но реакций нуклеофильного замещения, осуществленных авторами на примере 6-О-този- 
ловых и 6-О-мезиловых производных морфиновых алкалоидов, согласно которым, незави
симо от возможности изолирования С6-изосоединения, С8-псевдопроизводные как термо
динамические изомеры образуются через С6-изосоединения как кинетические продукты. 
Т. о., реакции, протекающие через аллильную миграцию, протекают в две ступени 
согласно Sn 2 и  SNi’ механизмам.

Исследование реакций тозиловых и мезиловых производных в ряду
морфина, XI

14-Гидрокси-морфиновые производные, II. Галогеновые соединения
Ш. М А КЛЕЙ Т, Л . РАДИЯ Р. БО ГН А Р и Т. МИЛЕ

Из 6-0-тозил-14-гидроксикодеина на основе нуклеофильного замещения галоидны
ми ионами были получены уж е известные 6-дезокси-6-хлор-14-гидроксиизокодеин, 8- 
дезокси-8-хлор-14-гидроксипсевдокодеин и 8-дезокси-8-бром-14-гидроксипсевдокодеин, а 
также сообщаются их до сих пор не приводимые данные.

Была осуществлена неизвестная до сих пор изомеризация 6-дезокси-6-хлор-14-гид- 
роксиизокодеина в 8-дезокси-8-хлор-14-гидроксипсевдокодеин.

Был синтезирован ранее неизвестный 6-дезокси-6-фтор-14-гидроксиизокодеин. Стро
ение и пространственная структура этих соединений были исследованы с помощью ИК и 
ЯМР спектроскопии.
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UNTERSUCHUNG DER IONISATION YON METALLEN 
UND DER NEUTRALISATION YON METALLIONEN MIT 
DER ROTIERENDEN RING-SCHEIBENELEKTRODE, IX

L . K iss , J .  F a r k a s  u n d  Á .  F ó t h i *

(Lehrstuhl fü r  physikalische Chemie und Radiologie, L. Eötvös Universität, Budapest)

Eingegangen am 1. Juli 1971

Aufgrund der in unseren früheren Mitteilungen festgestellten Zusammenhänge 
hinsichtlich der in zwei Einelektronensehritten verlaufenden Ionisation von Metallen 
und Reduktion von Metallionen wurden die an der rotierenden Scheibenelektrode 
meßbaren Polarisationskurven und die an der Ringelektrode meßbaren Oxydations
grenzströme für einige Fälle berechnet.

In  unseren  vo ran g eg an g en en  M itte ilungen  [1 ,2 ]  w u rd en  Z usam m enhänge 
b e i den  an  ro tie ren d en  R ing -S che ibene lek troden  v e rlau fen d en  V orgängen  fe s t
geste llt, fü r den F a ll, d aß  an  der Scheibenelek trode  fo lgende R eak tio n en  vor 
sich gehen:

Me M e+ e (I)
kk,
K,

M e+U =±M e++  +  e ( I I )

E s w urde die G leichung der an  d er ro tie ren d en  Scheibe gem essenen 
P o la risa tio n sk u rv e  fü r  je n e n  F a ll b e rech n e t, in  w elchem  im  V organg  D iffu 
sions- u n d  U b e rtr ittsp o la r isa tio n  g leichzeitig  a u ftre te n . D em gem äß  ist

-  Y v

Y  + 2 k„

l + kk>

j  =  К
x„

Y + kkl +

H-1
»■fra
V , •Y^ -f- 2 k k

Y  + Ki +
l  +  A *-

Y

l

Y
Y  + Ki +

H 2 1 + -

( 1 )

* Lehrstuhl für numerische und Computer-Mathematik, L. Eötvös Universität, Buda
pest.
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j  =  d ie Scheibe d u rch fließ en d e  S tro m d ich te , clco u n d  c200 =  K o n z e n tra tio n  
d e r M e+ bzw. Me2+-Io n en  im  In n e re n  der L ösung,

X t =  0,62 F D f3 v - J/6 0,1/2 (2)

i =  1, 2; F  =  F a ra d a y sc h e  K o n s ta n te , D ;- =  D iffusionskoeffiz ien t der Me + 
bzw . Me2+-Ionen , со =  W inkelgeschw ind igkeit d er ro tie re n d e n  E le k tro d e , 
v =  k in em atisch e  V isk o s itä t d er L ösung,

K t =  K i  exp

К 1 =  K i  exp

K 2 =  K t  exp

K 2 =  К г exp

<xxFcp
R T

(1 -  <Xj)F<p
R T

«2Fcp
R T

(1 -  x 2)F<p 
R T

( 3 )

(4)

( 5 )

( 6)

K xt K i  1 K 2i K 2 s ind  v o m  E le k tro d e n p o te n tia l u n ab h än g ig e  K o n s ta n te n , 
<xx u n d  oc2 sind Ü b e r tr i t ts fa k to re n , cp =  P o te n tia l  der S cheibenelek trode.

E s w urde der A u sd ru ck  fü r  den  an  der R ing e lek tro d e  gem essenen G renz
s tro m  J/, des M e+ -Ions angegeben  [1, 3]:

j  +  X xc100 +  2c2oe X 'A *

h  = N
X 2 +  k l<2

2 kn +  (S  -  N ) X jCl (? )

X ,
H-a

N  u n d  S  sind h ier von  den  geom etrischen  A bm essungen  d er E le k tro d e  a b h ä n 
gige K o n s ta n te n  [3, 4 , 5] u n d  r x is t d er R ad iu s  der S cheibenelek trode.

W ie bere its  im  v o ran g eg an g en en  [1, 2] gezeigt w u rd e , ä n d e r t  sich bei V er
ä n d e ru n g  des E le k tro d e n p o te n tia ls  (der S trom dich te ) d er N eigungsw inkel der 
P o la risa tio n sk u rv e  cp —  logjr w egen dem  Ü berg an g  aus dem  einen  d isk u tie rten  
G renzfa ll in  den an d e ren . D er M echanism us des e igen tlichen  E le k tro d e n v o r
ganges (L a d u n g sü b e rtr itt)  b le ib t also u n v e rä n d e rt, dennoch  ä n d e r t  sich je n e r  
P a ra m e te r , aus dem  o ft Schlüsse a u f den  M echanism us des V organges gezogen
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w erden . U m  die V erh ä ltn isse  besser u n d  v o lls tän d ig e r ü b erb lick en  zu k ö n n en , 
w u rd en  deshalb  a u fg ru n d  der G leichungen (1) u n d  (7) fü r  versch iedene W erte  
von  k'a. u n d  kj;. in  zw ei au fe inanderfo lgenden  E in e le k tro n e n -Ü b ertr itts re a k tio -  
n en  m it H ilfe eines C om puters fo lgende B erech n u n g en  d u rch g e fü h rt: es w u r
den  die P o la risa tio n sk u rv en  der an  d e r  ro tie re n d e n  S cheibenelek trode  v e r la u 
fen d en  V orgänge u n d  die an  der die S che ibene lek trode  um gebenden  R in g 
e lek tro d e  m eß b aren , d u rch  das In te rm e d iä rp ro d u k t b e s tim m te n  O x y d a tio n s
g renzström e in  A b h än g ig k e it von  d e r die S ch e ibene lek trode  du rch fließ en d en  
S tro m d ich te  (bzw. v o m  P o ten tia l) be i v e rsch ied en en  U m d reh u n g szah len  d er 
ro tie ren d en  E le k tro d e  berechnet.

D abei w ar die E in h e it von  kai A  • c m -2, die E in h e it v o n  kü2, kkl, kk,  u n d  
X j A  ■ cm  • M ol-1 . Im  w eiteren  w urde  fü r  F , D t u n d  v m it  fo lgenden W e r
te n  gerechnet: F  =  105 C • M ol-1 , a ;- =  0,5, D;- =  1 0 -5 cm 2 s -1  u n d  v =
=  10 -2 cm2 s -1 . M it diesen W erten  g e rech n e t is t X i =  X , ' / 1/2 m it X't =  20 A  ■ 
■ cm  • M ol-1 m in 1' 2 u n d  f =  U m d reh u n g szah l der E le k tro d e  in  m in -1 . Als 
T e m p e ra tu rw ert w u rd e  T  =  298 °K  gew äh lt. D er W e rt v o n  f  w urde in  den  
B erechnungen  zw ischen 101 und  105 m in -1  v e rä n d e r t . D ie U m d reh u n g szah l 
v o n  10/m in e n tsp r ic h t d er in  der L ösung a u ftre te n d e n  n a tü r lic h e n  K o n v ek tio n
[6]. D em gem äß e rg ab en  sich fü r  die B erech n u n g en  fo lgende W erte : X ®  ^  
^  62 A  • cm  • M ol-1 , X ®  6,2 • 103 A  ■ cm  • M ol-1 . D ie U m d reh u n g szah l 
v o n  105/m in  w äre exp erim en te ll m it d er A n n ah m e der lam in aren  S trö m u n g  
[1, 3] k au m  zu v e re in b a ren , jedoch  w ar u n se r Ziel bei der B erechnung  der K u r 
v en , die W irkung  d e r U m d rehungszah l zu  u n te rsu ch en , u n d  diese W irkung  is t 
bei der ex trem  h o h en  U m drehungszah l v iel au ffa llender. E s w urde in  allen  
F ä llen  m it einer O berfläche  der ro tie ren d en  S che ibene lek trode  von  1 cm 2 u n d  
einem  W ert von  0,1 fü r  die K o n s ta n te  N  g erechnet.

Bei der B erech n u n g  der im  w e ite ren  v o rzu fü h ren d en  K u rv en  w u rd e  
angenom m en, d aß  c1<X) 0 u n d  (m it A u sn ah m e  von  A bb . 7) c2co ^  0 is t, d . h .
d a ß  die K o n z e n tra tio n e n  des In te rm e d iä rio n s  u n d  des E n d p ro d u k t-Io n s  im  
In n e re n  der L ösung p ra k tisc h  gleich N u ll sind . D ies b e d e u te t zugleich, d aß  
u n te r  solchen B ed in g u n g en  n ich t v o n  einem  A u stau sch stro m  der einzelnen 
V orgänge gesprochen  w erden  k an n , u n d  d aß  diese V orgänge keine k a th o d i-  
schen  P o la risa tio n sk u rv en  besitzen . D em zufo lge v e re in fach t sich Gl. (1), da 
es sich  u m  einen in  zw ei E in e le k tro n e n sc h rit ten  v erlau fen d en  V organg h a n 
d e lt, fo lgenderart:

X i
2 k„

j  =  К
X „

X i  +  khl +
Nfa
X ,

( 8 )
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A us Gl. (8) is t e rsich tlich , d aß  d er jew eilige A usgangsw ert von  k'ai  die 
F o rm  d e r P o la risa tio n sk u rv e  n ich t b e e in trä c h tig t, sondern  n u r  ihre L age v e r
sch ieb t.

I n  den  A bbildungen  1— 7 w erden  einige au fg rund  von  Gl. (1) u n d  Gl. (7) 
b e re c h n e te  P o la risa tio n sk u rv en  <p —  lg y  sow ie die an  d er R in g e lek tro d e  m e ß 
b a re n  G renzström e in  A b h än g ig k e it v o n  d e r die S cheibenelek trode  d u rc h 
fließ en d en  S tro m d ich te  (lg I /г —  Így) d a rg es te llt. D ie W erte  d er beim  R echnen

Tabelle I

Bei der Berechnung der Polarisationskurven und der an der Ringelektrode meßbaren Grenzströme
angewendete Parameter

N r. der K2 b’k!
Abbildung А  • cm2 А  • cm • Mol 1 А  • cm • Mol- 1 А  • cm • Mol-1 Mol • cm“ 3

1 10-6 IO10 105 104 0
2 10-G IO10 102 0
3 10-1 108 1 10 0
4 10-6 108 106 10° 0
5 10-6 106 108 0
6 10-6 10s 103 108 0

Í10-9
7 IO-6 108 103 102

(io 3

A b b .  1.  P o l a r i s a t i o n s k u r v e n  ( K u r v e  1 u n d  2 )  u n d  O x y d a t i o n s g r e n z s t r o m  ( K u r v e  1 '  u n d  2 ' )  
b e i  n a t ü r l i c h e r  K o n v e k t i o n  ( K u r v e  1 u n d  1 ' )  u n d  b e i  e in e r  U m d r e h u n g s z a h l  d e r  E l e k t r o d e  
v o n  1 0 5/M in u t e  ( K u r v e  2 u n d  2 ' ) ;  /,:(■, =  1 0 - e  А  • c m - 2 , ki:i =  1 0 10 А  ■ c m  • M o l - 1 , k ß  -  

=  1 0 5 А  ■ c m  • M o l - 1 , =  W 4 А  • c m  • M o l - 1

v e rw e n d e te n  (im vo ran g eg an g en en  n och  n ic h t angegebenen) P a ra m e te r  sind  
in  T a b . I  zusam m engeste llt.

A us den  fü r  tp =  0 angenom m enen  G esch w in d ig k e itsk o n stan ten  zu r 
B e rech n u n g  der K u rv en  in  A bb. 1 (s. T ab . I) is t e rsich tlich , d aß  bei geringen
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anodischen  S tro m d ic h te n  und n a tü rlich e r K o n v ek tio n

kkl >  X , -  - -  >  X , u n d  kk >  X 2
К

is t. U n te r  d iesen  B ed ingungen  e rh ä lt m an  aus Gl. (8) den  folgenden e in fach e 
ren  Z u sam m en h an g  [1]:

j  =  2Xj,
K K *

f 2 Fcp 
[ R T

(9)

w oraus sich ein N eigungsw inkel der P o la risa tio n sk u rv e  v o n  ^ 2 9  mV e rg ib t 
(s. S trecke a d e r K u rv e  1). Bei hoher U m d reh u n g szah l der E lek trode  w ird  
ккг a u f  der S treck e  a k om m ensurabel m it X 2, folglich s te ig t der N eigungsw in
kel der P o la risa tio n sk u rv e  du rch  die R ü h rw irk u n g  an  u n d  das System  n ä h e r t  
sich  jenem  Z u s ta n d , w orin  die P o la risa tio n sk u rv e  d u rch  folgende G leichung 
beschrieben  w ird  [1]:

i.' V  
2  ' t a i n 'Q2

k[
exp

ki

(1 +  *2)F<p 
R T

( 10 )

D ieser F a ll w ird  bei der anodischen  A uflösung v o n  K upfer in  sa u re n  
S u lfa tlösungen  rea lis ie rt [7].

A uf der S treck e  b b eg in n t die K o m m en su rab ilitä t v o n  ккг und  X 2 b e re its  
bei n a tü rlich e r K o n v ek tio n , da der W ert v o n  ккг wegen d em  P o sitiverw erden  
des P o ten tia ls  a b n im m t u n d  folglich der N eigungsw inkel d e r P o la risa tio n sk u rv e  
zun im m t. Bei h o h er U m drehungszah l der E lek tro d e  is t dagegen  der N eigungs
w inkel der P o la risa tio n sk u rv e  ~ 4 0  mV, da  die B ed ingungen  erfü llt s ind , b e i 
denen  die P o la risa tio n sk u rv e  du rch  Gl. (10) beschrieben  w ird  [1].

B ei w eite re r Z u n ah m e der anod ischen  P o la risa tio n  gelang t m an  zu r 
B edingung kkl k Ü2 u n d  die K u rv e  w ird  d u rch  fo lgende G leichung b esch rie 
ben  [1]:

j  =  2k'a< exp  J“ r j  ( И )

H ier is t der N eigungsw inkel 118 mV u n d  die U m d reh u n g szah l der E le k tro d e  
ü b t  keine W irk u n g  aus.

W ie aus A bb . 1 ersich tlich  ist, s te ig t d er O x y d atio n sg ren zstro m  I k des 
In te rm e d iä rp ro d u k te s  m it der S tro m d ich te  m on o to n  an . S oba ld  die B ed ingung  
fc/ij кц2 e rfü llt is t, w ird  I/, (wie aus Gl. 7 hervo rgeh t) v o m  P o te n tia l d er 
S cheibenelek trode bzw . von  der S tro m d ich te  u n ab h än g ig ; die G renzstrom 
k u rv e  in  A bb. 1 w ird  zu  einer G eraden , die p a ra lle l zur A bszisse v erläu ft. A us Gl.
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(7) fo lg t, daß  die G ren zstro m k u rv e  u n te r  d en  gegebenen B ed ingungen  in  
sä m tlic h e n  S tro m d ich teb ere ich en  von  d e r U m d reh u n g szah l d er E lek tro d e  
ab h ä n g ig  is t. A uf der S treck e  c, wo d er V e rla u f  der P o la risa tio n sk u rv e  v o n  d er 
R ü h rw irk u n g  u n ab h än g ig  is t, b e trä g t das V erhä ltn is  der am  R ing  m eß b aren  
G ren zströ m e  gem äß Gl. (7):

=  G renzstrom  bei d er U m d reh u n g szah l v o n  105/m in , 
/ft1-* =  G renzstrom  bei d er U m d reh u n g szah l v o n  10/min.

Abb. 2. Polarisationskurven und  O xydationsgrenzstrom . Bezeichnung der K urven wie in 
A bb. 1. k'ül =  10-6 A • cm-2 , ftj, =  1010 A  ■ cm • Mol-1 , ká2 =  102 A  • cm • Mol-1 , k'k„ ~  0

B ei den  K u rv en  in  A bb . 2 w urde  die B ed ingung  k 'k2^ 0 gew ählt (s. T ab . I )  
u n d  k'a2 is t  m it X )1̂  k o m m en su rab e l (s. Z äh le r in  Gl. 8). D em zufolge e rg ib t sich 
b e i geringer anod ischer P o la risa tio n  (S treck e  a) ein h ö h e re r N eigungsw inkel 
a ls 40 mV fü r K urve  1. M it zu n eh m en d er U m drehungszah l, d a  d an n  die B ed in 
g u n g  X^5) ka2 e rfü llt w ird , e rg ib t sich fo lgende A nnäherungsg leicliung  fü r  die 
P o la risa tio n sk u rv e :

j  = ex p
Fcp
R T

( 12)

u n d  dem gem äß b e trä g t  d er N eigungsw inkel r^60  mV.
B ei zunehm ender anod ischer S tro m d ic h te  w ird X x bei n a tü rlic h e r K o n v ek 

tio n  frü h e r каг v e rn ach lässig b ar als bei h o h er U m d reh u n g szah l der E lek tro d e . 
D em zufolge w ird  die P o la risa tio n sk u rv e  in  diesem F a ll be re its  von  v e rh ä lt
n ism äß ig  geringen anod ischen  S tro m s tä rk e n  an  d u rch  Gl. (10) besch rieben  
(S treck e  a). A uf d er S treck e  b n im m t каг e inen  ziem lich h o h en  W ert an  u n d  die 
K u rv e  w ird  — u n ab h än g ig  von  der R ü h rw irk u n g  — d u rch  Gl. (10) beschrieben .
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A u f d e r S trecke c b e trä g t  der N eigungsw inkel der K u rv e  —  gem äß Gl. (11) —  
118 mV.

D ie G ren zstro m k u rv en  lg I h— lg jr verlau fen  in  d iesem  F a ll äh n lich  wie 
in  A bb . 1.

B ei den in  A bb . 3 v o rg e fü h rten  K u rv e n  w urden  die A usgangsw erte  der 
G esch w in d igke itskonstan ten  (s. T a b . I) so gew ählt, daß

Я/сз

sein  soll, dem gem äß w ird  die P o la risa tio n sk u rv e  bei geringer anod ischer P o la r i
sa tio n  (S trecke a) d u rch  Gl. (12) b esch rieb en  u n d  die R ü h rw irk u n g  v e rä n d e r t

Abb. 3. Polarisationskurven und O xydationsgrenzstrom . Bezeichnung der K urven wie in 
Abb. 1. k'h =  IO“ 1 A  ■ cm“ 2, =  10* A  ■ cm • Mol“ 1, k'a.  =  1 A  ■ cm ■ Mol“ 1, k'k., =  10

A  • cm  ■ Mol“ 1

den  N eigungsw inkel v o n  ^ 6 0  m V  n ic h t, sondern  v e rsch ieb t n u r  die K u rv e  
in  R ic h tu n g  n eg a tiv e ren  P o te n tia ls . I n  diesem  F a ll w ird  die G eschw indigkeit 
des V organges d u rch  die D iffusion des In te rm e d iä rp ro d u k te s  b e s tim m t. D ieser 
F a ll w ird  bei der anod ischen  A uflö su n g  von  K u p fe r in  sau ren  ch lo rid h a ltig en  
L ösungen  realisiert [8].

B ei s tä rk e r anod ischer P o la risa tio n  (S trecke b) u n d  n a tü r lic h e r  K o n v e k 
tio n  w ird  die B ed ingung  X 2 каг e rfü llt;  da h ie r noch  k kl kai is t , w ird  die 
P o la risa tio n sk u rv e  d u rch  Gl. (10) b esch rieb en , d. h . es h a n d e lt sich u m  reine 
Ü b e rtr ittsp o la r isa tio n . Bei hoher U m d reh u n g szah l der E le k tro d e  is t jed o ch  der 
geschw ind igkeitsbestim m ende S c h r i t t  w iederum  die D iffusion des In te rm e d iä r 
p ro d u k te s  (K urve  2, S trecke b). E s  h a n d e lt sich also h ie r u m  den  un g ew ö h n 
lichen  F all, daß  die Ü b e r tr ittsp o la r isa tio n  d u rch  die R ü h rw irk u n g  in  D iffu 
s io n spo la risa tion  ü b erg eh t. Die U rsach e  h ie rfü r, w o rau f b e re its  im  v o ra n g e 
gangenen  hingew iesen w urde, is t, d a ß  die D iffusion des In te rm e d iä rp ro d u k te s  
v o n  d e r O berfläche weg und  die w e ite re  R eak tio n  des In te rm e d iä rp ro d u k te s  
p a ra lle le  V orgänge sind .
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Bei hoher an od ischer P o la risa tio n  (S trecke  c) b e trä g t  d er N eigungsw inkel 
g em äß  Gl. (11) c ^ H 8  m V  u n d  ist von d er U m d reh u n g szah l unab h än g ig .

D ie G ren zstro m k u rv e  lg I ft —  lg у is t a u f  der S treck e  a von  d er U m d re
h u n g szah l der E lek tro d e  u n ab h än g ig , so lange X x k0i is t  (s. Gl. 7). Bei höhe
ren  anod ischen  S tro m d ic h te n  is t der V erlau f d er K u rv e n  ähn lich  wie in  A bb. 
1 u n d  2.

Abb. 4. Polarisationskurven u n d  O xydationsgrenzstrom . Bezeichnung der K urven wie in 
Abb. 1. k'ai — 10° А ■ cm -2 , k'kl =  108 А  ■ cm • Mol-1 , k'a„ =  106 А  ■ cm • Mol-1 , kk „ =  10

А • cm • Mol-  1

In  A bb. 4 b e trä g t d e r  N eigungsw inkel d er P o la risa tio n sk u rv e  a u f S trecke  
a gem äß  Gl. (9) ^ 2 9  m V . A m  A nfang der S trecke  b is t

kkl < X 2^ -  u n d  X x <  X ,  ,
К  ‘ kk2

d em g em äß  w ird die P o la risa tio n sk u rv e  v o n  h ie r an  d u rch  Gl. (11) beschrieben . 
D ie G renzstro m k u rv e  n im m t a u f  der S treck e  a m o n o to n  zu ; dagegen n im m t 
lg Ifi a u f  der S trecke b m it  l g j  ab, weil —  wie aus Gl. (7) e rsich tlich  is t —  eine 
Ä n d e ru n g  von  c^ 120 m V  d azu  nö tig  is t, u m  im  A u sd ru ck  fü r  I k den  Z ähler 
(j)  u m  eine G rö ß en o rd n u n g  zu erhöhen, w äh ren d  d er N enner bere its  bei einer 
Ä n d e ru n g  von  ^ 6 0  m V  u m  eine G rößen o rd n u n g  zu n im m t. W ird  d an n  bei 
d e r w eite ren  S te igerung  d e r anodischen P o la risa tio n  kk2 X 2, so ä n d e rt sich 
I h n ic h t m ehr m it j  (S treck e  c).

In  A bb. 5 w ird  e in  ziem lich ex trem er F a ll v o rg e fü h rt. A u f der S trecke  
a d e r P o la risa tio n sk u rv e  b e s itz t der N eigungsw inkel einen  W ert zw ischen 60 
u n d  118 mV, da im  Z äh le r  u n d  N enner des B ruches in  Gl. (8) G lieder von  kom - 
m en su rab ile r G rö ß en o rd n u n g  en th a lten  sind . A us d er G leichung g eh t auch  
h e rv o r, daß  die Ä n d eru n g  d er h y d ro d y n am isch en  V erh ä ltn isse  keine W irk u n g  
a u f  die P o la risa tio n sk u rv e  au sü b t. D er N eigungsw inkel ä n d e r t  sich zu 118 mV,
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so b a ld  die B ed ingung

e rfü llt w ird ; im  w eite ren  w ird  die P o la risa tio n sk u rv e  d u rch  Gl. (11) beschrieben .

Abb. 5. Polarisationskurven und O xydationsgrenzstrom . Bezeichnung der K urven wie in 
Abb. 1. kai =  105 A  ■ cm -2 , kki ~  0, ka„ =  106 A ■ cm • Mol-1 , kkt — 108 A  ■ cm • Mol-1

lg I h n im m t —  wie aus Gl. (7) e rsich tlich  —  solange m it lg  у zu, bis X j 
v iel k le iner w ird  als

l_l_ik
X 2

D an ach  n im m t lg I h m it lg у ab , w eil —  wie in  A bb. 4 —  d er Z äh ler von  
I h be i e iner Ä n d eru n g  v o n  120 mV, d er N enner dagegen bei e iner Ä nderung  
v o n  60 mV um  eine G rößenordnung  zu n im m t. Aus Gl. (7) fo lg t, d aß  der W ert 
v o n  I h n u r  d an n  a n fä n g t von  der U m d reh u n g szah l der E lek tro d e  ab zu h än g en , 
w enn  kki m it X 2 k o m m en su rab e l is t u n d  d a n n  von  j  u n ab h än g ig  w ird , w enn 
k/i2 X 2 ist.

E in  in te re ssa n te r  F a ll is t in  A bb. 6 d a rg este llt. A u f der S treck e  a w ird  
die B ed ingung  e rfü llt, die der S trecke  a in  A bb. 3 en tsp ric h t, w äh ren d  bei 
p o sitiv e ren  P o te n tia le n  die B ed ingungen  fü r  die S trecken  a u n d  b in  A bb. 4 
e rfü llt w erden  (S trecke  b u n d  c in  A bb. 6).

In  A bb. 7 w ird  ein F a ll gezeigt, in  w elchem  die K o n z e n tra tio n  des Me2+- 
Io n s , d. h . des s tab ilen  E n d p ro d u k te s  im  In n e re n  der L ösung, h ö h e r als N ull 
is t. Im  gew äh lten  F a ll w erden  die Z usam m enhänge  cp —  lgy  u n d  lg  I h —  lg у 
n u r  be i n a tü r lic h e r  K o n v ek tio n  u n te rsu c h t. D ie anodische P o la risa tio n sk u rv e  
w ird  bei geringen  S tro m d ich ten  d u rch  Gl. (10), bei hohen  S tro m d ich ten  du rch  
Gl. (11) beschrieben  (K u rv e  1). D er k a th o d isch en  P o la risa tio n sk u rv e  en tsp ric h t
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bei c2 oo — 10-»  Mol • c m -3  die K u rv e  2, bei c2 oo =  1 0 -3  Mol • c m -3 die K u rv e
3. D a be i k a to d isch e r P o la risa tio n  kkl kÜ2 is t, e rg ib t sich —  wie aus Gl. (1) 
u n m itte lb a r  e rk en n b a r is t  [2]

j  — 2kft2c2ioo» (13)

u n d  dem gem äß  b e trä g t  d e r N eigungsw inkel ^ 1 1 8  mV. Info lge des K a th o d e n 
vorganges b ieg t sich d ie  anodische P o la risa tio n sk u rv e  in  der N ähe des sich  
e in ste llenden  G le ichgew ich tspo ten tia ls  v o n  ih rem  u rsp rü n g lich en  V erlau f ab.

>9 j

Abb. 6. Polarisationskurven und O xydationsgrenzstrom . Bezeichnung der K urven wie in 
Abb. 1. kai =  10-6  A  ■ cm -2 , kkl =  108 A  ■ cm • Mol-1 , ka. — 103 A  ■ ein • Mol-1 , kk. —

=  108 A  • cm • Mol-1

Abb. 7. Polarisationskurven (K urven 1, 2 und  3) und O xydationsgrenzstrom  (K urven 4 und  
5) bei natürlicher K onvektion, in Gegenwart von Me2+-Ionen in  der Lösung. K urve 1 —  ano
dische Polarisationskurve. K urven 2 und  3 —  kathodische Polarisationskurven. c2 „  bei K u r
ven 2 und  5 =  10-9 Mol • cm-3 , c2 bei K urve 3 =  10-3  Mol • cm-3 . kai =  10-6  A  ■ cm-2 , 

kkl — 108 A  ■ cm ■ Mol-1 , ka„ =  103 A  ■ cm • Mol-1 , kk2 =  102 A  ■ cm ■ Mol-1

O hne M etallionen  ist der C h a ra k te r  der K u rv e  lg I h —  lg у (K u rv e  4) 
äh n lich  wie in  A bb . 1 u n d  2. B ei k a th o d isc h e r P o la risa tio n  u n d  c0 „  =  10 -9 
Mol • c m -3  v e rlä u f t die Ä nderung  des G renzstrom es m it der k a th o d isch en  
S tro m d ich te  n ach  K u rv e  5. Bei h o h e r M eta llio n en k o n zen tra tio n  (10 -3  Mol •
• c m -3 ) ä n d e rt sich  d e r G renzstrom  —  wie auch  aus Gl. (7) h erv o rg eh t —  n u r
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w enig  m it der S tro m d ich te  j .  Im  u n te rs u c h te n  F a ll en tsp rich t d ieser Ä n d eru n g  
a n n ä h e rn d  die h o rizo n ta le  S trecke d e r  K u rv e  4.

A us den v o rg e fü h rten  B eisp ie len  geh t h e rv o r, d aß  hei d er in  E in e le k tro 
n e n sc h r itte n  v e rlau fen d en  anod ischen  A uflösung  von  M etallen  die T afelsche 
K o n s ta n te  b der anod ischen  P o la risa tiq n sk u rv e  einen  W ert zw ischen 29 mV 
u n d  118 mV b esitzen  kan n . D em gem äß  ist es k a u m  m öglich, allein  aus dem  
N eigungsw inkel d er P o la risa tio n sk u rv en  v e rläß liche  F o lgerungen  h in sich tlich  
des R eak tio n sm ech an ism u s zu z ieh en , besonders d a n n , w enn die R ü h rw irk u n g  
n ic h t u n te rsu c h t w ird  u n d  wenn es n ic h t m öglich is t, M essungen in  einem  w ei
te n  S tro m d ich teb e re ich  d u rchzu füh ren .

D ie a n g e fü h rten  Beispiele ze igen  an d ererse its  d aß  der G renzstrom  an  d er 
R in g e lek tro d e  u n d  seine Ä nderung m it  der S tro m d ich te  der S che ibene lek trode  
e inen  ausre ichend  verläß lichen  S tü tz p u n k t  zu r F es ts te llu n g  des S tu fen m ech a 
n ism u s b ie ten . W ie au s den A b b ild u n g en  e rsich tlich  is t, k an n  d er Z u sam m en 
h a n g  zw ischen I h u n d  j  in  den einzelnen  S tro m d ich teb ere ich en  d u rch  fo lgenden  
A u sd ru ck  angegeben w erden:

( 14 )

wo d e r W ert von n zw ischen -(-1 u n d  — 1 liegen k an n . Aus A bb. 3 u n d  6 is t 
e rs ich tlich , daß  n g leich  1 ist, w enn d ie  S te ilhe it der P o la risa tio n sk u rv e  59 mV 
b e tr ä g t ,  d . h. w enn d ie  K inetik  des V organges d u rch  die D iffusion  d er Me2+- 
Io n e n  v o n  der E lek tro d en o b erfläch e  w eg b e s tim m t w ird. In  den  A bb ildungen  
4 , 5 u n d  6 ist n in  b e s tim m ten  B ere ich en  n eg a tiv  u n d  in  A bb. 5 b e s itz t n ü b e r 
e ine  m ehrere  G rößenordnungen  u m fassen d e  Ä n d eru n g  der S tro m d ich te  den  
W e rt v o n  — 1.
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The anodic dissolution and passivation  of iron have been studied by  galvano- 
sta tic  and po ten tiostatic  methods in  anhydrous formamide containing KC1, К  CIO,, 
CH 3COOH and C H 3COONa, as well as added w ater. I t  has been established th a t in the 
active sta te  iron is uniformly dissolved in solutions containing acetic acid and sodium 
acetate . In  solutions containing on ly  potassium  chloride or potassium  perchlorate 
p itting  is observed. In  solutions of acetic  acid and sodium acetate the passivation of 
iron requires the presence of w ater.

T he anode processes occurring  o n  m eta ls , th u s  th e  ion iza tion  of m eta ls , 
h av e  been  s tu d ied  a lm o st exclusively  in  aqueous so lu tions. In v es tig a tio n s  on 
th e  dependence  o f ano d ic  m etal d isso lu tio n  on th e  com position  of n on -aqueous 
so lu tions m ay  p ro v id e  new  in fo rm a tio n  concern ing  th e  n a tu re  o f th ese  p ro 
cesses. F o r th is  p u rp o se  we stud ied  [1, 2] th e  anodic b eh av io u r of iron  in  acetic  
acid , a so lven t o f low  dielectric c o n s ta n t . W e h av e  estab lished  th a t  th e  r a te  
of ac tiv e  anodic  d isso lu tion  is in flu en ced  b y  th e  a c e ta te  ion co n cen tra tio n  in  a 
m a n n e r analogous to  th e  effect of h y d ro x id e  ions in  aqueous so lu tions. P a ss iv a 
tio n  in d e p e n d e n t of th e  convection  in  th e  so lu tion  is observed  only  in  th e  
p resence of sodium  a c e ta te  so lu tions co n ta in in g  w ater.

In  th e  p resen t p a p e r  we re p o r t  on  stud ies p erfo rm ed  in  fo rm am ide , a 
so lven t w ith  p ro p e rtie s  d ifferent fro m  th o se  of ace tic  acid. S im ilarly  to  ace tic  
acid , fo rm am ide  is also capable of se lf-d issocia tion  [3] b u t  its  d ielectric  co n 
s ta n t  is as h igh  as 111.3 a t  25 °C [4], th e re fo re , i t  re ad ily  dissolves a v a r ie ty  of 
sa lts . I t  does n o t un d erg o  either o x id a tio n  or red u c tio n  in  a w ide ran g e  of 
p o ten tia ls  [5, 6], th u s  is a su itab le  so lv e n t fo r electrochem ical s tud ies. T he 
anodic  b eh av io u r of v a rious m etals w as recen tly  in v es tig a ted  in  fo rm am ide  
co n ta in in g  sulfam ic ac id  [7]; the  e lec tropo lish ing  of m an y  m eta ls  w as fo u n d  
to  be feasib le  in th is  so lven t.

S im ilarly  to  s tu d ies  in acetic a c id  so lu tions, we h av e  in v estig a ted  th e  
anodic  d isso lu tion  of ac tiv e  iron b y  a  g a lv an o sta tic  m eth o d , an d  th e  d eve lop 
m en t of p assiv a tio n  b y  a p o te n tio s ta tic  tech n iq u e .
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E xp erim en ta l

The experim ental m ethods, the quality  and  preparation  of iron and the o ther chemicals 
were th e  same as described earlier [1 , 2 ].

Commercial form am ide usually contains w ater and decomposition products (formic 
acid and ammonia) as im purities. A check w ith  B rom othym ol Blue indicated the absence of 
form ic acid in the p roduct used by  us. The am oun t of w ater found by the K. Fischer titra tio n  
was 0.5— 1.0 g/1. For d rying and purification, th e  solvent was left standing over sodium sul
fa te  or a molecular sieve for 2— 3 days. After decanting, th e  solvent was subjected to  2—3-fold 
d istillation under reduced pressure a t 95—110 °C. The acid and w ater content of th e  distillate 
were re-checked. The w ater conten t of solutions prepared w ith the formamide purified in th e  
above w ay was generally less th an  0.08%. The solutions referred to  in this paper as anhydrous 
contained the above am oun t of w ater as a m axim um . All the  potentials given are against an 
aqueous, saturated  calom el reference electrode.

R esults an d  discussion

Study o f active dissolution

T he anodic d isso lu tio n  of iron  h as  been  s tu d ied  b y  g a lv an o sta tic  te c h 
n iq u es in  an h y d ro u s fo rm am ide so lu tions co n ta in in g  KC1, K C 104, C H 3COOH 
an d  C H 3COONa, as w ell as in fo rm am ide  co n ta in in g  w ater.

In  order to  check  w hether or n o t  th e  anodic  d isso lu tion  o f iron  is th e  
on ly  process occu rring  u n d e r th e  p re se n t cond itions we d e te rm in ed  th e  effi
c iency  of anodic d isso lu tio n  by  m easu ring  th e  w eigh t loss of th e  anode and  th e  
a m o u n t of charge t h a t  h ad  passed th ro u g h  th e  electrode. T he charge of d is
so lved  iron  was fo u n d  to  be 2 for ac tiv e  d isso lu tion . This p e rm its  th e  conclusion 
th a t  no process o th e r  th a n  th e  ion iza tion  o f iron  does ta k e  place on th e  electrode 
a t  d e tec tab le  ra te s . W h en  stu d y in g  th e  efficiency o f d isso lu tion  (in so lu tions 
c o n ta in in g  C H 3C O O N a an d  w ater) a t  p o te n tia ls  correspond ing  to  th e  t r a n s 
p assive  section o f th e  p o te n tio s ta tic  c u rv e , a v a lu e  of — 12%  w as found , in d i
c a tin g  th a t  besides d isso lu tion  some co m p o n en ts  o f th e  so lu tion  undergo  o x id a 
tio n  a t  th e  e lectrode.

T he anodic p o la riza tio n  curve o f iro n  is show n in  Fig. 1 (99 is th e  e lec trode  
p o te n tia l, j  th e  c u r re n t density) fo r so lu tions con ta in in g  acetic  acid , ace tic  
ac id  and  p o tassium  ch lo ride or p o tassiu m  p erch lo ra te . T he exp erim en ta l p o in ts  
o b ta in ed  in  th e  v a rio u s  solutions lie p ra c tic a lly  on th e  sam e s tra ig h t line w hose 
slope b 60 mV. T h e  effect of ad d ed  w a te r  on th e  po lariza tio n  curve  in  ace tic  
ac id  is show n in  F ig . 2. The ra te  of th e  p rocess is found  to  increase if  w a te r  is 
ad d ed  to  th is m ed iu m .

T he <p vs. Ig j  cu rv e  d e te rm ined  in  fo rm am ide  con ta in in g  0.5 m o l/d m 3 
sod ium  ace ta te  is show n in  Fig. 3. As co m p ared  w ith  th e  p o la riza tio n  curves in  
ace tic  acid, th e  one o b ta in ed  in C H 3C O O N a so lu tion  is sh ifted  to w ard s n e g a tiv e  
p o te n tia ls  (cf. F ig . 1), i.e. th e  ra te  o f th e  process has increased . F ro m  F ig . 3 
i t  is also a p p a re n t t h a t  th e  ad d itio n  o f w a te r  sign ifican tly  increases th e  r a te  
o f anodic  d isso lu tion  o f iron  in  th is  case, too . A ccording to  F igs 2 an d  3, th e  
slope of th e  (p vs. Ig j  s tra ig h t lines b ^  60 mV.
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Fig. 1. G alvanostatic <p vs. lg j  curves. Composition of th e  solutions: + 0.5 mol/dm 3 
C H 3COOH; •  0.5 m ol/dm 3 CH3COOH +  0.5 mol/dm 3 KC104; T  0.1 mol/dm3 C H 3COOH +  

0.25 m ol/dm 3 KC1; О  1.0 m ol/dm 3 CH3COOH +  0.5 mol/dm 3 KCIO,

Fig. 2. E ffect of w ater on the galvanostatic <f vs. lg j  curve in formamide containing 
0.5 m ol/dm 3 acetic acid. W a te r conten t: 1. 0.06; 2. 5.0; 3. 10%

Fig. 3. Effect of w ater on the galvanostatic  <p vs. lg j  curve in  formamide containing 
0.5 mol/dm 3 C H 3COONa. W ater co n ten t: 1. 0.03; 2. 1.5; 3. 5.0; 4. 8 %
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W e have a t te m p te d  th e  d e te rm in a tio n  of th e  cp vs. lg  j  re la tio n sh ip  also 
in  0.5 m ol/dm 3 KC1 a n d  K C 104 in  fo rm am id e . As can  be seen in  F ig . 4, up o n  
ch an g in g  th e  anodic c u rre n t in  these  so lu tio n s, th e  electrode p o te n tia l  rem ains 
p ra c tic a lly  unchanged . T h e  v a ria tio n  o f th e  e lec trode  p o te n tia l w ith  tim e  a fte r  
sw itch in g  on th e  c u r re n t is exem plified  b y  F ig . 5, in  w hich th e  cu rve  fo r a KC1 
so lu tio n  reveals a m ax im u m . S im ilar cu rves h av e  been  o b ta in ed  fo r K C 104 
so lu tio n s , too.

Fig. 4. <p vs. lg j  curves 1. in 0.5 m ol/dm 3 KC1, and 2. 0.5 mol/dm3 KC104 solution

Fig. 5. Potential vs. tim e relationship in 0.5 mol/dm 3 KC1 a t  various currents. 1. 50; 2. 100;
3. 200 fiA

T he shape o f th e  p o la riza tio n  cu rve  and  o f th e  g a lv an o sta tic  p o te n tia l  
vs. t im e  curves (cf. F igs 1, 4, 5) in d ica tes  p ittin g  of th e  m e ta l [8]. In  fa c t, th e  
fo rm a tio n  of p its  on  th e  electrode su rface  is v isib le  w ith in  a sh o rt tim e  ( ~ 1  
m A /cm 2, 60 m in.). T h e  charge of d isso lved  iron  rem ains 2 even a t  v e ry  p o sitiv e  
p o te n tia ls  (e.g. a t  1.2 V, for 0.5 m o l/d m 3 KC1).
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I t  follow s from  th e  resu lts p re se n te d  th a t  th e  a d so rp tio n  o f ace tic  ac id  
or a ce ta te  ions on th e  iron surface p ro m o te s  th e  un ifo rm  anodic d isso lu tio n  o f 
ac tive  iron.

S im ilarly  as in  anhydrous ace tic  acid , th e  increasing  co n cen tra tio n  o f 
a ce ta te  ions increases th e  ra te  o f th e  anode process also in  fo rm am ide m ed ia . 
As show n b y  F igs 2 and  3, added  w a te r  in  acetic  acid increases th e  ra te  o f th e  
anode process to  a lesser ex ten t th a n  in  th e  presence o f sodium  a c e ta te . T h is 
is p ro b ab ly  d u e  to  th e  stronger a d so rp tio n  of acetic  acid  and  a c e ta te  re la tiv e  
to  w a te r  in  th e  fo rm er case, w hich  im plies a w eaker effect of w a te r  on th e  
anode process. In  th e  second case, sod iu m  a ce ta te  undergoes hyd ro lysis , r e s u lt
ing  in  th e  fo rm a tio n  of acetic acid a n d  h y d ro x id e  ions. T he la t te r  is k n o w n  to  
increase th e  r a te  o f dissolution o f iro n  an d  th u s  to  p ro m o te  its  p a ss iv a tio n . 
T he resu lts  described  perm it th e  conclusion  th a t  th e  m echanism  o f anod ic  
d isso lu tion  o f  iro n  in  th e  p resen t case is s im ilar to  th a t  assum ed in  ace tic  ac id . 
A t p resen t th is  conclusion is su p p o rte d  on ly  b y  th e  v a lu e  of 6 *=« 60 mV a n d  
b y  th e  increase o f th e  ra te  of d isso lu tion  w ith  increasing  a c e ta te  ion  c o n c e n tra 
tio n . T hus s im ila r dissolution m echan ism s m ay  be assum ed  in  so lven ts of 
s ig n ifican tly  d iffe ren t n a tu re . T his is p ro b ab ly  due  to  th e  decisive role of 
adsorbed  species (ace ta te  ions an d  ace tic  acid m olecules in  th e  p re se n t case) 
in  th e  m echan ism  o f dissolution.

Study o f the passivation

The p a ss iv a tio n  of the  iron e lec tro d e  in  fo rm am ide solu tions w as s tu d ie d  
b y  th e  s te a d y -s ta te  p o ten tio s ta tic  m e th o d  described  prev iously . T he m e a su re 
m ents w ere ca rr ied  o u t in  solutions co n ta in in g  sodium  a c e ta te  an d  acetic  ac id , 
in th e  p resence o f various am ounts o f w a te r.

C h a rac te ris tic  p o ten tio s ta tic  cu rv es  o b ta in ed  in  sodium  a c e ta te  so lu tio n s 
are show n in  F ig . 6. A ccordingly, th e  p a ss iv a tio n  o f iron  does n o t ta k e  p lace  
in  an h y d ro u s fo rm am id e . I t  can be o b serv ed  th a t  in th e  presence of 1 0 %  w a te r  
th e  ra te  of th e  passive  d issolution is low er th a n  a t  h igher w a te r co n ten ts . 
S im ilar p h en o m en a  were observed b y  S c h w a b e  an d  S c h m id t  [9, 10] fo r th e  
d isso lu tion  o f n ick e l in  d im eth y lfo rm am id e— w a te r m ix tu res  co n ta in in g  2 N  
H 2S 0 4. T he ex p la n a tio n  lies p ro b ab ly  in  th e  d ifferen t so lub ility  of th e  su rface  
layers of iron  in  th e  given solvent m ix tu re s .

A ccord ing  to  Fig. 6, in an an h y d ro u s  sodium  a c e ta te  so lu tion , a t  p o te n 
tia ls  above 100 m V , a p la teau  is o b serv ed , i.e. th e  ra te  o f anodic d isso lu tion  o f  
iron  does n o t change w ith  th e  p o te n tia l. T his in d ica tes  th a t  a sa lt has b een  
deposited  on th e  iro n  surface and  th e  r a te  o f  th e  process is con tro lled  b y  th e  
diffusion o f th is  s a lt in to  th e  bu lk  o f th e  so lu tion . T he resu lts  show n in F ig . 7 
lend  su p p o rt to  th is  assum ption . In  th e  case of a ro ta tin g -d isc  e lec trode , th e
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c u r re n t d en sity  co rrespond ing  to  th e  p la te a u  increases w ith  increasing  speed o f 
ro ta t io n . In  th is  c o n te x t i t  is necessary  to  call a t te n tio n  to  th e  fa c t th a t  th e  
in it ia l  s tep  of p a ss iv a tio n  often  consists in  s a lt deposition  on th e  surface [11, 
12]. H ow ever, no tru e  p assiv a tio n  occurs i f  th e  re a c tiv a tio n  is v e ry  fa s t owing 
to  th e  com position  o f  th e  solu tion . T h ere  is no p ass iv a tio n  e ith e r  if, as in  th e  
p re se n t case, th e  m olecules requ ired  fo r  p a ss iv a tio n  are p resen t in  th e  so lu tion  
in  in su ffic ien t am o u n ts  only .

T h e  p o te n tio s ta tic  po lariza tio n  cu rv es o f th e  iron  e lectrode o b ta in ed  in  
a n h y d ro u s  fo rm am ide a n d  in  fo rm am id e— w a te r  m ix tu res  in  th e  presence o f

Fig. 6. Potentiostatic lg j  vs. q> curves in  0.5 m ol/dm 3 C H 3COONa. Solvent composition: 1. 
anhydrous form am ide; 2. 90% formamide— 10% w ater; 3. 80% form am ide— 20% w a te r; 

4. 50%  formamide— 50% w ater; 5. 100% w ater

Fig. 7. Effect of the speed of rotation of th e  iron  disc electrode on the lg j  vs. <p relationship 
in  anhydrous form am ide containing 0.5 m ol/dm 3 CH3COONa. 1. 0; 2. 2120; 3. 3820 r.p .m .
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ace tic  ac id  and  so d ium  acetate  are  show n in F igs 8 an d  9. A ccording to  these , 
no p assiv a tio n  occurs if  the  acetic a c id  co n ta in s  5 %  w a te r  (Fig. 8), b u t  th e  iron  
undergoes p ass iv a tio n  upon th e  a d d itio n  of sod ium  ace ta te  to  th e  so lu tio n . 
10%  o f w a te r  a lre a d y  causes p a s s iv a tio n  in  ace tic  acid  too  (F ig. 9). I n  th e  
p resence  of sod ium  ace ta te , h o w ever, p a ss iv a tio n  begins a t  m ore n eg a tiv e  
p o te n tia ls  and  th e  r a te  of d isso lu tion  in  th e  passive  s ta te  is low er. In  ag ree

ing. 8. Po ten tiostatic  lg j  vs. <p curves. Com position of the solutions: 1. 0.5 mol/dm3 C H 3COOH 
in anhydrous form am ide; 2. 0.5 mol/dm3 C H 3COOH in 95% form am ide +  5% w ater; 3. 0.5 

m ol/dm 3 CH3COOH +  0.5 mol/dm3 C H 3COONa in 95% formamide + 5 %  w ater

Fig. 9. P o ten tiostatic  lg j  vs. if; curves. Composition of the solutions: 1. 0.5 mol/dm3 C H 3COOH 
in anhydrous form am ide; 2. 0.5 mol/dm3 C H 3COOH in 90% form am ide +  10% w ater; 3. 

0.5 mol/dm 3 CH3COOH +  0.5 mol/dm3 C H 3COONa in 90% formamide + 1 0 %  w ater
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m e n t w ith  the  in te rp re ta t io n  of th e  re su lts  concern ing  th e  anod ic  d isso lu tion  
o f  iro n  in  th e  ac tive  s ta te ,  th is  p h enom enon  m a y  be explained  b y  enhanced  
p a ss iv a tio n  due to  th e  ad so rp tio n  o f h y d ro x id e  ions form ed u p o n  th e  h y d ro 
lysis o f  sodium  a ce ta te .

A s show n by  th e  p re se n t resu lts  an d  th o se  re p o rte d  earlier [1, 2], p ass iv a 
tio n  is p rom oted  b y  th e  com ponen ts of th e  so lu tio n  w hich acce lera te  d isso lu
tio n  o f  th e  active s ta te  (H 20 ,  C H 3CO O N a). A nalogous phenom ena are  observed  
in  aq u eo u s solutions w ith  o th e r c o n s titu e n ts  (e g. th e  effect o f O H  ions) [13].

I f  th e re  is d isso lved  KC1 or K C 104 in  th e  form am ide, iron  does n o t 
u n d e rg o  passiva tion  ev en  in  th e  presence o f  w a te r  b u t  sa lt deposition  on th e  
iro n  su rface  occurs in s te a d . This is p ro b a b ly  d u e  to  th e  very  h igh  ra te  o f ac tiv e  
d isso lu tio n  as com pared  w ith  th e  ra te  o f fo rm a tio n  of th e  p ass iv a tin g  oxide 
la y e r  on th e  surface [12].

R E FE R E N C E S

1. K iss , L., D o  N g o c  L i e n , V a r s á n y i , L. M.: Annales Univ. Sei. B udapest, Sectio Chim.,
12, 145 (1971)

2. K i s s , L., D o N g o c  L i e n , V a r s á n y i , L. M.: A cta Chim. Acad. Sei H ung., 70, 313 (1971)
3. J a n d e r , J ., L a f r e n c z , C h . :  W asserähnliche Lösungsm ittel, p. 180. Verlag Chemie, 1968
4. J a n d e r , G., S p a n d a u ,  Н ., A d d i s o n , C. C.: Chemie in niederen F ettsäu ren  und  ihren

D erivaten, p. 259. Akademie-Verlag, Berlin
5. C h a r l o t , G., B a n d o z - L a m b l i n g , J ., T r e m i l l o n , B.: Electrochemical R eactions, p. 354.

Elsevier, A m sterdam  — New York, 1962
6 . B a r d , A. J.: E lectroanalytical Chemistry, Vol. 3, p. 84. M. Dekker Inc., New York, 1969
7. M e n z i e s , J . A., M a r s h a l l , G. W., G r i f f i n , C. B.: Corr. Sei., 9, 287 (1969)
8 . K a e s h e , H.: Corrosion, 17, 389 (1969)
9. S h m id t , V.: Zashchita Metallov, 5, 608 (1969)

10. S c h w a b e , K., S c h m i d t , W .: Corr. Sei., 10, 143 (1970)
11. G e r i s c h e r , H.: Angew. Chem., 70, 285 (1958)
12. S c h w a b e , K.: W erkstoffe u n d  Korr., 18, 961 (1967)
13. Kolotyrkin, Y a . M.: Zashchita Metallov, 3, 131 (1967)

L á s z ló  K is s
M agda L a k a t o s -Va r s á n y i  
D o  N goc  L i e n

B u d a p e s t V I I I . ,  P u sk in  u. 11 13.

Acta Chim. ( Budapest)  74, 1972



Acta Chimica Academiae Scientiarum Hungaricae , Tomus 74 (2 ) , pp . 143 -150 (1972)

NEW METHOD FOR THE DETERMINATION OF 
STABILITY CONSTANTS OF MOLECULAR 

COMPLEXES FROM SELF-DIFFUSION DATA
STUDY OF T H E  FORMATION E Q U IL IB R IU M  OF T H E  P Y R ID IN E -IO D IN E  

M OLECULAR COM PLEX IN  CARBON TETR A C H LO R ID E

B .  LÉV A Y

( D ep a rtm en t o f  P h y s ic a l C hem istry  a n d  R a d io lo g y , L . E ö tvös U n iv e rs ity , B u d a p e s t)  

Received Decem ber 14, 1971

The self-diffusion coefficient of iodine dissolved in pyridine-containing carbon 
tetrachloride was measured as a function  of the pyridine concentration a t 25 °C and 
35 °C.

A new m ethod was developed for the determ ination of the equilibrium constant 
for the form ation of a 1 : 1 m olecular complex. The equilibrium  constants for the for
mation of th e  pyridine-iodine com plex a t 25 °C and 35 °C were calculated from the 
self-diffusion d a ta  to be 108 dm 3/m ol and 70 dm 3/mol, respectively. The enthalpy for 
the form ation of the complex was found to  be —7.9 kcal/mol.

The self-diffusion coefficients of the complex a t 25 °C and 35 °C are 1.01 Х Ю - 5  
cm2/s and 1.20Х Ю  5 cm2/s, respectively.

The ra tio  of the self-diffusion coefficients of the  complex and the free iodine 
molecule is 0.685; this value supports the view th a t the  iodine atom s in the complex 
molecule lie in  the plane of the pyrid ine ring and in a common straigh t line w ith the 
nitrogen atom .

In  our ea rlie r publica tions [1, 2] an  a t te m p t w as m ade to  use self-d iffu
sion m easu rem en ts  in  b in ary  liq u id  m ix tu re s  to  o b ta in  in fo rm atio n  on th e  
s tru c tu re s  of th e  liqu ids. In  th e  sy stem s s tu d ied  th e  in te rac tio n s  betw een  th e  
in d iv id u a l m olecules m ay  be q u ite  co m p lica ted , an d  th u s  th e  v a ria tio n  of th e  
self-diffusion coeffic ien t gave in fo rm a tio n  only  on th e  changes arising  as th e  
re su lta n t of th e se  in te rac tio n s (e.g. on  th e  s tab iliza tio n  of th e  s tru c tu re  o f 
w a te r  in  th e  case o f  aqueous m ix tu re s  o f  low alcohol co n ten t).

W ith  a v iew  to  th e  fu rth e r  e lu c id a tio n  of th e  n a tu re  of so lu tions i t  w as 
considered d esirab le  to  clarify th e  connection  b e tw een  th e  in te rm o lecu la r 
in te rac tio n s an d  th e  self-diffusion coeffic ien t in  system s for w hich th e  in te r 
ac tio n  betw een  th e  m olecules has a lre a d y  been  d e m o n s tra te d  an d  s tu d ied  in  a 
q u a n tita tiv e  w ay  b y  o th e r m ethods.

F o r th is  p u rp o se  i t  seem ed su ita b le  from  several p o in ts  of view  to  select 
as m odel th e  rev ersib le  fo rm ation  o f a ch a rg e -tran sfe r com plex [3] from  iodine 
an d  some a p p ro p r ia te  donor m olecule such  as p y rid in e , an d  to  follow th is  
process b y  m easu rin g  th e  self-diffusion coefficient of iodine. F o r com plex 
fo rm atio n  in  a non -coo rd in a tin g  so lv e n t i t  is necessary  to  consider on ly  th e  
in te rac tio n  of iod ine w ith  th e  donor, a n d  in te ra c tio n  w ith  th e  so lven t m olecules 
can  be neglected  to  a f irs t ap p ro x im atio n .
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Experim ental

The self-diffusion coefficient of iodine was m easured by th e  open-ended capillary m e
thod , in  essentially th e  sam e w ay as previously reported  [1 ], b u t w ith  the following m inor 
m odifications.

In  order to  fu rth er decrease the convection of the solution upon immersion of the ca
pillaries in to  the diffusion vessel, instead of im mersing the capillaries into the solution, th e  
solution was slowly adm itted  to the diffusion vessel beside the capillaries. F u rther, since the 
-/-radiation of the 131I used as tracer perm its th e  m easurem ent of the ac tiv ity  in the capillaries 
w ithou t th e  rem oval of th e  m aterial from th e  capillaries, i t  was necessary to  prevent the eva- 
n o ra tion  of the m ateria l during the m easurem ent. For th is purpose one drop of a rapidly  drying 
lacquer was applied to  th e  opening of th e  capillary. This sealed th e  capillary adequately  for 
several hours (this was checked by th e  frequen t repetition  of the ac tiv ity  m easurem ent), bu t 
could readily  Ье rem oved after the m easurem ent.

The /-rad ia lion  of 131I  was m easured w ith  a scintillation detector. For each sample th e  
tim e necessary for th e  receip t of 10 5 im pulses was m easured.

The m aterial used in the  experim ents were R eanal products of p .a. quality ; they  were 
fu rth e r purified and dried.

The iodine was pow dered w ith 1% K I and  1% CaO and freshly sublimed.
The pyridine was refluxed w ith  solid K O H  for 2 hours, left to  stand  un til cool, poured 

off from  the K OH  and fractionally  distilled. In  th is w ay the w ater content of the m ain fraction 
was less th a n  0.01 w t.% . The w ater con ten t was determ ined by K arl Fischer’s titra tio n .

The carbon tetrachloride was purified sim ilarly to  the pyridine, then  dried w ith  anhy
drous m agnesium  perchlorate and again distilled.

The solutions were m ixed by w eight. The diffusion experim ents were carried ou t in a 
th e rm o sta t w ith an accuracy of + 0 .01  °C a t  25 and  35 °C.

The self-diffusion m easurem ent was perform ed twice for each solution of different com
position , w ith 6 capillaries a t  a tim e in a glass capillary holder. The relative error of the deter
m ination  of the self-diffusion coefficient, as characterized by  the sca tter of the m easurem ents, 
w as <  1 % .

I t  was possible to  compare our m easured self-diffusion coefficients w ith  the literatu re  
d a ta  only in the case of iodine dissolved in carbon tetrachloride. As shown by  th e  data  for 25 °C 
in T able I , the agreem ent is satisfactory.

T a b le  I

S e lf-d iffu s io n  co effic ien t o f  io d in e  d isso lved  in  carbon tetrachloride at 2 5  °C

D  • 105 cm 2/s M ethod R eference

1.50 diaphragm  cell [4]
1.447 capillary cell [5]
1.474 capillary cell [6 ]
1.47 capillary cell our data

The concentration of iodine taken  in  the experim ents was in all cases 1 X 10- 3  mol 
dm 3. In  our experience a precip itate resulted  after a certain tim e when pyridine was added to  
h igher concentrations of iodine, whereas th is was no t observed w ith the  above concentration. 

The pyridine concentration was varied  in the range 2X 10“ 3—8 ХЮ - 2  mol/dm 3.

Experim ental results

A t b o th  te m p e ra tu re s  th e  self-d iffusion coefficient o f iod ine decreased  
w ith  increasing  co n cen tra tio n  o f p y rid in e  added  to  th e  so lu tion  (F ig. 1, T ab le  
II). T he d a ta  re fe r to  th e  average ra te s  o f self-diffusion of iodine in  th e  v a rio u s
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s ta te s . This decrease  is p rac tica lly  co m p le te ly  th e  re su lt of th e  in te ra c tio n  
betw een  p y rid in e  a n d  iodine, for o u r m easu rem en ts  in d ic a te d  th a t  in  th e  co n 
c e n tra tio n  ran g e  s tu d ie d  there  was no d iscernible change in th e  v isco s ity  o f 
th e  so lu tion .

F ig . 1. Variation of the self-diffusion coefficient of iodine with the pyridine concentration 
in carbon tetrachloride solution (ci2 =  1X 10~ 3 mol/dm3)

T a b le  I I

S e lf-d iffu s io n  co e ffic ie n t o f  iod ine in  carbon  tetrachloride as a fu n c t io n  o f  the p y r id in e  
concentration  (cf2 =  1 X 10“ 3 mol/dm3)

Cpy • 103 
m ol/dm 3

D  • 105 (m easured)
cm 2/s

D ■ 105 (calculated)
cm 2/s

25 °C 35 °C
25 °C 

(Kc=  108
dm 3/m ol)

35 °C 
(Kc= 70 
dm 3/m ol)

0 1.47 1.76 1.466 1.759

2 1.38 1.69 1.390 1.694

6 1.30 1.60 1.294 1.600

15 1.19 1.47 1.188 1.479

35 1.10 1.38 1.107 1.366

60 1.07 1.31 1.071 1.310

80 1.06 1.28 1.057 1.287

— — — 1.009 1.202

D iscussion

In  th e  e x p la n a tio n  o f th e  ex p e rim en ta l re su lts  th e  s ta r tin g  p o in t w as th e  
w e ll-su b s tan tia ted  fa c t  th a t  pyrid ine a n d  iod ine  re a c t to  give a 1 : 1 charge- 
tra n s fe r  com plex , in  accordance  w ith  th e  fo llow ing eq u ilib riu m  process:

C5H 5N +  I 2 ^ C 5H 5N • I 2 (1)

Acta Chim. (Budapest) 74, 1972



146 LÉVAY: DETERM IN A TIO N  OF S TA B ILITY  CONSTANTS

I n  a so lu tion  co n ta in in g  p y rid in e , th e re fo re , iodine is in  tw o s ta te s , an d  
th e  self-d iffusion coefficients in  th e  tw o  s ta te s  are  d ifferen t. U n d e r o therw ise  
id e n tic a l conditions, th e  com plex fo rm ed  b y  th e  linking o f th e  tw o  m olecules 
w ill c lea rly  diffuse m ore slowly th a n  th e  free  iodine, an d  th is  is th e  cause o f 
th e  decrease  of th e  average  self-diffusion coeffic ien t as a re su lt o f th e  increase  
o f th e  p y rid in e  co n cen tra tio n .

U n d e r th e  sim p lest conditions th e  av e rag e  self-diffusion coeffic ien t o f a 
m olecu le  consists o f th e  sum  of th e  self-d iffusion  coefficients 15, co rrespond ing  
to  th e  d iffe ren t s ta te s  i:

D =  2 ' X ‘D‘ ( 2 )
i

w h ere  X t is th e  fra c tio n  of th e  m olecule u n d e r  considera tion  in  s ta te  i. U n d e r 
th e  ab o v e  conditions E q . (2) is also v a lid  if  th e  d ifferen t s ta te s  i can  tra n sfo rm  
in to  each  o ther, assum ing  th a t  th e  r a te  o f th is  tran sfo rm a tio n  is fa irly  la rg e  
co m p ared  w ith  th e  ra te  o f self-diffusion. T h e  tim e  spen t b y  th e  re le v a n t m o le
cule in  an y  in d iv id u a l s ta te  is p ro p o rtio n a l to  th e  freq u en cy  of th a t  s ta te . 
T h is  la t te r  cond ition  holds in  th e  case o f th e  fo rm ation  o f th e  p y rid in e—iod ine  
co m p lex , and  th u s  E q . (2) can  be ap p lied  to  process (1):

D =  (1 X K) D l 2 X KD K =  D l2 — (Dl2 D K) X K (3)

w h ere  _Di2 and  DK a re  th e  self-d iffusion coefficients of th e  free I 2 m olecule 
a n d  th e  p y rid in e -io d in e  com plex, re sp ec tiv e ly , and  X K is th e  frac tio n  of th e  
to ta l  iod ine in  th e  m olecu lar com plex.

H ence, w ith  th e  increase of th e  p ro p o rtio n  of th e  m o lecu la r com plex , th e  
self-d iffusion  coeffic ien t decreases lin ea rly  from  th e  value co rrespond ing  to  th e  
self-d iffusion  coefficien t of th e  free I 2 m olecule  to  th e  lim itin g  va lu e  co rre sp o n d 
in g  to  th e  com plex m olecule.

F o r  given p y rid in e  and  iodine co n cen tra tio n s, th e  p ro p o rtio n  o f I 2 in  
th e  com plex  is d e te rm in ed  b y  th e  eq u ilib riu m  co n stan t o f reac tio n  (1); th is  
c a n  be  expressed  in  te rm s of th e  co n cen tra tio n s  in m ol/dm 3:

K c =  ------------- ^ -------------  (4)
(CI2 ~~ C K ) { c p y  ~ ~  C K )

w h ere  Cj2 an d  c°py are th e  co n cen tra tio n s o f  I 2 and  p y rid ine  in itia lly  ta k e n , an d  
cK is th e  equ ilib rium  co n cen tra tio n  o f th e  com plex. T he re la tio n  b e tw een  K t 
a n d  X K is ob ta in ed  from  th e  re la tio n :

(5)
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b y  su b s titu tin g  fo r cK in  E q . (4):

K r =
(1 -  X K)(cpy X Kc°u)

( 6 )

T he re la tio n  be tw een  K c and  th e  m easu red  self-diffusion coefficients is 
o b ta in ed  from  E q s  (3) an d  (6):

1 D  —  D K о D D K co

K c D l2 d  ру Du D K U
( ? )

As a re su lt o f  th e  com plex ity  o f E q . (7) i t  is n o t su itab le  for th e  ev a lu a 
tio n  of a series of ex p erim en ta l d a ta  an d  hence for th e  ca lcu la tio n  of th e  eq u i
lib rium  c o n s ta n t K c an d  th e  self-diffusion coefficient DK o f th e  com plex 
m olecule.

W ith  ce rta in  ap p ro x im atio n s E q . (7) can  be w ritte n  in  several form s w hich 
give lin ear p lo ts  p e rm ittin g  th e  ca lcu la tion  o f K c and  D K from  th e  g raph ica lly  
de te rm in ed  slope a n d  in te rcep t. A re la tio n  is th u s  o b ta in ed  w hich is analogous 
to  re la tions (e g. th e  B e n e s i — H i l d e b r a n d  eq u a tio n  [3]) w idely used  for 
th e  d e te rm in a tio n  o f equ ilib rium  co n stan ts  b y  spectroscopic an d  N M R  m ethods. 
T hese ap p ro x im a tio n s , how ever, genera lly  requ ire  a special choice of th e  con
c e n tra tio n  cond itio n s, an d  even th e n  th e re  is a fa ir  degree of u n c e rta in ty  in  
th e  ev a lu a tio n .

In  p lace of th is  ev a lu a tio n  of th e  d a ta , th e  follow ing m eth o d  w as selected. 
D iffe ren t K c va lu es  w ere assum ed, th e  X K values co rrespond ing  to  th e  in d i
v id u a l K c va lues w ere ca lcu la ted  from  E q . (6), an d  th ese  w ere th e n  used to  
ca lcu la te , b y  th e  m e th o d  of least squares, th e  p a ram e te rs  o f th e  s tra ig h t line 
b e s t co rrespond ing  to  E q . (3). An ex am in a tio n  was n e x t m ade of th e  q u a lity  
o f th e  f i t  of th e  s tra ig h t lines ca lcu la ted  w ith  th e  d iffe ren t K c values. T he 
s c a tte r  of th e  ex p e rim en ta l po in ts  com pared  to  th e  po in ts  of th e  ca lcu la ted  
s t r a ig h t  line w as reg a rd ed  as a m easure o f th is ;  i t  is described  b y  th e  following

( 8 )

w here  A t is th e  d ifference betw een  th e  i- th  ex p erim en ta l p o in t an d  th a t  ca lcu 
la te d , n is th e  n u m b e r o f m easu rem en ts, an d  к is th e  n u m b e r o f co n stan ts  
in  th e  fo rm ula  used  in  th e  calcu lations (in o u r case th e  eq u a tio n  of th e  s tra ig h t 
lin e , th u s  к =  2).

s show ed a m in im um  as a fu nc tion  o f K c, an d  th e  v a lu e  of K c co rresp o n d 
in g  to  th is  m in im u m  w as accepted .

As a re su lt o f th e  above ca lcu la tions, values of 108 +  10 d m :!/m ol and  
70 +  7 d m 3/m ol w ere o b ta in ed  for th e  equ ilib rium  c o n s ta n t a t  25 °C and
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35 °C, respective ly , w hile th e  co rrespond ing  values fo r th e  self-diffusion coef
f ic ie n t o f th e  p y rid in e -io d in e  com plex  w ere 1.01 X l 0 ~ 5 cm 2 • s -1  an d  1.20 X
X lO -s  cm 2 • s “ 1, respective ly .

F ig u re  2 gives th e  ex p e rim en ta l d a ta  p lo tte d  in  acco rdance  w ith  E q . (3) 
fro m  th e  above K c va lues. T he c a lcu la ted  v alues of th e  self-d iffusion coefficients 
a re  lis ted  in th e  la s t tw o colum ns o f T ab le  I I .  In  b o th  cases th e  ag reem en t 
b e tw e e n  th e  ca lcu la ted  an d  m easu red  d a ta  is sa tisfac to ry .

Fig. 2. Self-diffusion coefficient of iodine plotted as a function of its proportion in the py
ridine-iodine complex (calculated with equilibrium constants K c =  108 dm3/mol at 25 °C,

and K c =  70 dm3/mol at 35 °C)

A n ap p ro x im ate  va lu e  of th e  e n th a lp y  of fo rm atio n  of th e  com plex can  
b e  d e te rm in ed  from  th e  equ ilib riu m  co n stan ts  m easured  a t  th e  tw o te m p e ra 
tu re s ;  th is  was fo u n d  to  be  A H  =  —  7.9 kcal/m ol, w hile th e  value  o f th e  
e n tro p y  change a t  25 °C A S  =  —  17.2 cal • m o l-1  • K -1 .

T he q u o tien t o f  th e  self-d iffusion coefficients o f th e  p y rid ine—iodine 
co m p lex  and  th e  free iod ine m olecule w as, to  a v e ry  good a p p ro x im a tio n , th e  
sam e  a t  th e  tw o te m p e ra tu re s , w ith  an  average  va lu e  o f DKIDiz =  0.685.

A ccording to  th e  above, th e  in te ra c tio n  lead ing  to  th e  fo rm a tio n  o f a 
co m p lex  betw een  p y rid in e  an d  iod ine can  be follow ed b y  th e  m easu rem en ts  
o f  th e  self-diffusion coeffic ien t o f  one o f th e  com ponen ts, an d  conversely , 
assu m in g  a com plex -fo rm ation  equ ilib riu m , th e  v a r ia tio n  o f th e  self-diffusion 
d a ta  w ith  th e  com position  can  be  q u a n tita tiv e ly  in te rp re te d .

In  th is w ay  a new  m eth o d  has been  derived  for th e  d e te rm in a tio n  of th e  
eq u ilib riu m  c o n s tan t fo r th e  fo rm a tio n  o f th e  m olecu lar com plex.

T ab le  I I I  lis ts  th e  eq u ilib riu m  co n stan ts  fo r th e  p y rid in e -io d in e  sy s
te m  in  carbon  te tra c h lo r id e  a t  25 °C m easu red  b y  v a rio u s a u th o rs . As can  be  
seen , ou r v a lue  is in  sa tis fa c to ry  ag reem en t w ith  th e  re su lts  m easured  b y  
spectroscop ic  m ethods.
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Table III

Equilibrium  constant fo r  the formation o f the pyridine-iodine complex at 25 °C in carbon
tetrachloride

K c (dm3/m ol) Reference

101 [7 ]

107 [8 ]

105 [9]
111 [10]
109 [И]
108 our d a t a

O ur values ca lcu la ted  for th e  e n th a lp y  an d  e n tro p y  of com plex fo rm a 
tio n , — 7.9 k cal/m o l an d  17.2 cal • m o l-1  • K _1, respective ly , are  in  a g ree 
m en t w ith  th e  l i te ra tu re  values o b se rv ed  in  ca rb o n  te tra c h lo rid e , — 7.47 
kcal/m o l an d  15.8 cal • m ol-1 • K _1 [9], an d  w ith  th e  value of th e  h e a t of 
fo rm a tio n , 7.95 kca l/m o l, ca lcu la ted  fro m  th e  h ea ts  o f d isso lu tion  [12].

F ro m  th e  self-diffusion coeffic ien t of th e  m o lecu lar com plex, conclusions 
m ay  be d raw n  a b o u t th e  form  an d  size o f th e  com plex  in  solu tion . T h is m a y  
help  in  th e  choice b e tw een  d iffe ren t a ssu m p tio n s as to  th e  s tru c tu re  o f th e  
com plex.

Som e in fo rm a tio n  regard ing  th e  d im ensions o f th e  com plex a n d  th e  
sp a tia l co n fig u ra tio n  o f th e  m olecules com prising  i t  m ay  be given b y  th e  
q u o tie n t o f th e  self-diffusion coeffic ien ts of th e  com plex  an d  of th e  free iod ine  
m olecule.

I t  has so fa r  n o t p roved  possib le to  p rep a re  th e  p y rid in e—iodine com plex  
in  c ry sta llin e  form . W ith  regard  to  i ts  s tru c tu re  i t  is p robab le  th a t ,  s im ila rly  
to  th e  com plexes p y rid in e -io d in e  m onoch lo ride  an d  4 -p ico line-iod ine, th e  tw o 
iodine a to m s lie in  th e  p lan e  of th e  r in g  a n d  in  a s tra ig h t line w ith  th e  n itro g e n  
a to m  [13, 14]. In  th e  v iew  of R e i d  a n d  M u l l i k e n , how ever, only one o f th e  
iodine a to m s lies in  th e  p lane of th e  r in g  [15].

In  th e  fo rm er case th e  dim ensions o f th e  iod ine m olecule and  th e  p y rid in e  
ring  [16, 17] in d ica te  t h a t  the  form  o f  th e  com plex  ap p ro x im ates  a s tro n g ly  
s tre tc h e d  ellipsoid o f ro ta tio n . T he v o lu m e  o f th is  is a b o u t 2.5 tim es th a t  o f 
th e  free iodine m olecule, and  th e  ra t io  o f th e  m a jo r a n d  m inor sem i-axes is 
a t  least q =  3. In  th e  second case, h o w ev er, th e  m olecule is m uch less s tre tc h e d , 
an d  th e  ra tio  of th e  axes does n o t exceed  q =  2. T he iodine m olecule can  be  
reg a rd ed  as an  ellipsoid of ro ta tio n  fo r  w hich  q ~  1.75.

I f  th e  ca lcu la tions of P er r in  [18]  re fe rring  to  th e  diffusion coeffic ien ts 
o f ellipsoids o f ro ta tio n  are  applied to  th e  above m odels, th e  ra tio  of th e  self- 
diffusion coefficients o f th e  com plex a n d  th e  free iod ine m olecule em erges as
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~>0.67 in  th e  f irs t case, an d  ~ 0 .7 6  in  th e  second. T he ex p erim en ta lly  found  
v a lu e  o f 0.685 th e re fo re  corresponds to  th e  s tru c tu re  assum ing th e  tw o  iod ine  
a to m s to  lie in th e  p la n e  of th e  p y rid in e  rin g  an d  in  a com m on s tra ig h t line 
w ith  th e  n itrogen  a to m .

*
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In a Mössbauer investigation of calcium halophosphate luminescent powders 
containing antimony, a semi-empirical method has been developed for the determina
tion of the optimum layer thickness of the absorber, and of the minimum measuring 
time necessary to attain the required accuracy. The Mössbauer spectra of a few lumi
nescent powders, prepared in different ways, have been recorded. On the basis of the 
isomer shift values, the electron configuration of antimony in the luminescent powders 
is similar to that of antimony in Sb2Os, but it may have a stronger ionic character, 
depending on the conditions of preparation. Values of line broadening are indicative 
of antimony present in the same oxidation state, but located at sites of slightly differ
ent environment.

T he /9-decay of th e  rad ioactive  iso to p e  12imSn leads to  th e  fo rm atio n  of 
12imSb w ith  a half-life o f 76.3y ears .T h e  av erag e  life-tim e o f 12imSb is 5.07xl0-9s. 
I t  is de-excited  in to  its  ground s ta te  b y  em ittin g  37.2 keV  y -rad ia tio n . T his 
energy  tra n s itio n  o f an tim o n y  can b e  u tiliz ed  in M össbauer spectroscopy  [1].

T he use of th e  above an tim o n y  iso tope  in M össbauer spectroscopy  is 
im p ed ed  b y  severa l circum stances. As w ell-know n, th e  m ag n itu d e  of th e  
M össbauer effect ( f)  can  be given by  th e  follow ing expression :

/ =  exp
__3E2
4 M c2k 0 ( 1 )

w here E  is th e  energy  of y -rad ia tio n ,
M  is th e  m ass of the  M össbauer a tom , 

c is th e  v e lo c ity  of ligh t, 
к is th e  B o ltzm an n  c o n s ta n t, an d  
0  is th e  D ebye te m p e ra tu re .

A ccording to  E q . (1), f  decreases ex p o n en tia lly  w ith  E 2. On th e  o th e r 
h a n d , 37.2 keV can  be considered a lre a d y  as a h igh energy  (e.g. in  th e  case of 
57F e, E  =  14.4 keV ), a n d  th is  reduces th e  m ag n itu d e  o f th e  effect.

T he spin of th e  12imSb nucleus is I  =  7/2-)- in  th e  excited  s ta te , and  
I  =  5/2 in  th e  g ro u n d  s ta te . This m ean s th a t  in th e  case of th e  crite rion
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Am I ^  1, th e  M ossbauer sp ec tru m  o f a n tim o n y  is sp lit in to  8 lines as a re su lt 
o f th e  S ta rk  effect, w h ich  lie r a th e r  close to  each  o th e r, so th a t  th e y  are ex h ib 
ite d  in  th e  M ossbauer sp ec tru m  on ly  as line b ro ad en in g , a n d  n o t as se p a ra te  
lines. T h is is th e  reaso n  w h y  th e  h a lf-w id th  of th e  M ossbauer lines of an tim o n y  
is Г  3 m m /s, a r a th e r  large va lu e , w hich  m akes th e  e v a lu a tio n  o f th e  sp ec tra  
d ifficu lt.

I n  th e  m a jo rity  37.2 keV gam m a p h o to n s o f 12imSb p ro d u ce  a p ho toeffec t 
in  th e  К  shell of a n tim o n y  or th e  t in  p a re n t e lem ent in  th e  fo rm  of in te rn a l 
co n v ersio n  or se lf-abso rp tion , w hich  gives rise  to  ch a ra c te ris tic  K % X -ra y s  
w ith  an  energy of ^--24 keV. T he in te n s ity  o f th is  ra d ia tio n  is b y  several o rders 
o f  m a g n itu d e  h ig h er th a n  th a t  o f th e  37.2 keV  y -rad ia tio n  o f th e  source. U sing  
a N a l(T l)  sc in tilla tio n  c ry s ta l th e  37.2 keV  ph o to n s can  be d e tec ted  m ore  
e ff ic ien tly  as th e  escape p eak  of th e  iodine ( ~ 9  keV).

A m ong lu m in escen t pow ders used  in  flu o rescen t lam p s, h a lo p h o sp h a tes  
a re  em ployed  m ost w idely . T he f irs t  d a ta  re le v a n t to  lu m in escen t pow ders o f 
th is  ty p e  were p u b lish ed  in  1949 [2, 3]. T he chem ical com position  of calcium  
h a lo p h o sp h a te  lu m in escen t pow ders a c tiv a te d  b y  an tim o n y  an d  m anganese  
c a n  b e  described b y  th e  fo rm ula  3 C a3( P 0 4) , • C aX 2 (X  =  Cl, F  or Cl -f- F ). 
T h e  c ry s ta l s tru c tu re  is th a t  o f sy n th e tic  a p a tite , in  w hich  Sb an d  M n are  
in c o rp o ra te d  as a c tiv a to rs . A n tim o n y  p lay s th e  role of p r im a ry  a c tiv a to r , i.e. 
i t  ta k e s  up  th e  u ltra v io le t energy  an d  tra n sm its  i t  to  th e  m anganese cen te rs. 
T h e  sp ec tru m  of th e  e m itte d  lig h t ex h ib its  th e  em ission m ax im a  ch a rac te ris tic  
o f  b o th  an tim o n y  a n d  m anganese , th e  ra tio  o f th e  tw o b an d s  depend ing  on th e  
m an g an ese  co n ten t. I t  is assum ed  th a t  th e  ac tiv a to rs  can  be  in co rp o ra ted  a t  
tw o  Ca sites o f d iffe ren t sy m m etry  o f th e  c ry s ta l la ttic e . T here  are sev era l 
co n cep ts  concern ing  th e  d is tr ib u tio n  o f an tim o n y  an d  m anganese  be tw een  th e  
tw o  d iffe ren t sites [4]. As concerns th e  an tim o n y  cen ters, we th o u g h t th a t  th e  
M ossbauer sp ec tra  o f these  lu m in escen t pow ders will p ro v id e  a new  a sp ec t 
fo r  e luc ida ting  th e  p ro b lem : we m ig h t o b ta in  useful d a ta  on  th e  energy s ta te  
o f  th e  nuclides o f th e  in co rp o ra ted  S b -cen ters an d  on th e ir  in te ra c tio n  w ith  
n e ig h b o u rin g  a to m s o f th e  c ry s ta l la ttic e .

W ith  increasing  co n cen tra tio n  o f th e  a c tiv a to rs , th e  lum inescence e ffi
c ien cy  decreases considerab ly  on acco u n t o f th e  so-called co n cen tra tio n  q u e n c h 
in g  (secondary  effects). O p tim u m  efficiency is a tta in e d  w hen an tim o n y  is 
in c o rp o ra te d  in  a n  a m o u n t o f a b o u t 0.5— 1.0%  w /w . I t  follow s from  th is , as 
w ell as from  th e  c ircu m stan ces lis ted  above , th a t  M ossbauer spectro scopy  w ill 
y ie ld  in fo rm atio n  on  th e  o x id a tio n  s ta te , e lec tron  co n fig u ra tio n  and  th e  in c o r
p o ra tio n  in to  th e  c ry s ta l la ttic e  o f a n tim o n y  p re sen t in  lum in escen t pow d ers  
o n ly  if  th e  cond itions of m easu rem en t are  op tim ized  to  a m ax im um . T h is 
ju s tif ie s  th e  p u rp o se  o f th e  p re se n t w ork , w hich  deals w ith  th e  sem i-em pirica l 
d e te rm in a tio n  o f  th e  o p tim u m  lay e r th ick n ess  of th e  ab so rb e r and  o f th e  
m easu rin g  tim e  needed .
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In  th e  case o f a low  source a c tiv ity  an d  a low  co n cen tra tio n  of th e  Möss- 
b a u e r  nuclei, th u s , also in  th e  case o f lum in escen t pow ders, conditions p rev a il, 
ow ing to  w hich  th e  p e r  cen t e x te n t of nu c lea r resonance  ab so rp tio n  will 
exceed th e  m a g n itu d e  o f s ta tis tic a l e rro r only  if  an  a p p ro p ria te ly  long m e a su r
ing  tim e  is chosen. T herefo re, in  th e  case o f a m easu ring  a p p a ra tu s  o f s tab le  
o p era tio n , th e  s ta tis t ic a l  e rro r m ay  be reduced  below  th e  requ ired  lim it b y  
increasing  a d e q u a te ly  th e  m easuring  tim e . H ow ever, th e  m easuring tim e  n eeded  
for th is  m a y  he  so long th a t  i t  can n o t be realized  in  p rac tice  w ith o u t ex ten siv e  
o p tim iza tio n  o f th e  re le v a n t p a ram e te rs . U n d er g iven  conditions (source ac 
tiv i ty , c o n c e n tra tio n , e tc .), th e  th ickness of th e  ab so rb e r layer is th e  m ost 
im p o r ta n t p a ra m e te r , th e  p ro p er selection  o f w hich w ill ensure o p tim al m e a su r
ing cond itions. O n th e  o th e r h an d , i t  is desirab le  in  such  cases to  e s tim a te  u n d e r  
op tim u m  co n d itions th e  necessary  m easu ring  tim e.

W ith  a sam ple  o f given com position , th e  increasing  layer th ick n ess  
increases, on th e  one h a n d , th e  n u m b er o f M össbauer nuclei in th e  ra d ia tio n  
p a th , an d  th e re b y  th e  e x te n t of n uc lear resonance ab so rp tio n , while, on  th e  
o th e r h a n d , th e  g enera l abso rp tio n  b y  th e  m a tr ix  elem ents also increases 
sim u ltan eo u sly . T h is la t te r  m ay resu lt u n d e r  o therw ise iden tica l cond itions in  a 
h igher s ta tis t ic a l  e rro r. T h e  increase in  lay e r th ick n ess  gives rise, th e re fo re , to  
tw o effects ac tin g  in  opposite  d irec tions, so th a t  an  op tim u m  value is to  be 
expected .

L e t us f ir s t  in v e s tig a te  th e  dependence  o f th e  p e r cen t ex ten t of n u c lea r  
resonance  a b so rp tio n  on th e  lay er th ickness. L e t us d esigna te  by  I 0 th e  in te n 
s ity  m easu rab le  p e r ch an n e l o f th e  sp ec tru m  in th e  absence of th e  te s t  sam ple . 
U pon in tro d u c in g  a sam ple  of surface d e n s ity  d , th is  in te n s ity  will be decreased  
accord ing  to  th e  fo llow ing re la tionsh ip :

I  =  I  о exP (— /«*) (2)

in  th e  w hole v e lo c ity  in te rv a l o f th e  sp ec tru m  due to  genera l m ass a b so rp tio n  
(pho toeffec t, C om pton  sca tte rin g ), w here ц  is th e  general m ass a b so rp tio n  
coefficient o f th e  sam ple. T he in ten s ity  red u ced  b y  g enera l abso rp tion  is fu r th e r  
decreased  b y  n u c lea r  resonance  ab so rp tio n . T he red u ced  in ten s ity , o bservab le  
a t th e  position  o f th e  co rrespond ing  M össbauer line is th u s :

I M =  /  -e x p  ( — =  h  exp  — [(ft +  А*лГ*м№] (3 )

w here is th e  m ass ab so rp tio n  coefficient for th e  resonance ab so rp tio n  o f 
th e  M össbauer n ucleus, an d  xM is th e  w eight frac tio n  o f th e  M össbauer nucleus 
in  th e  sam ple.
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F rom  Eqs (2) an d  (3), th e  p e r c en t e x te n t of resonance  ab so rp tio n  
(SM) w ill be:

I - I mS M =  ~— • 100 =  100 [1 exp( fim • x M • d)] (4)

In  view  of th e  fa c t th a t  th e  e x p o n en t is suffic ien tly  sm all a t  sm all con
c e n tra tio n s , th e  te rm s  w ith  pow ers h ig h e r th a n  1 can be neg lec ted  in  th e  
ex p an sio n . T he follow ing sim plified  exp ression  is ob ta ined  fo r th e  e x te n t o f 
reso n an ce  ab so rp tio n :

S M =  100/гм -x M -d  (4a)

T h u s, m a tr ix  elem ents do n o t in flu en ce  th e  re la tive  e x te n t o f resonance  
a b so rp tio n , w hich increases in  th e  case o f  sam ples of th e  g iven low  c o n c e n tra 
tio n  lin ea rly  w ith  th e  th ickness o f th e  lay e r. L e t us now in v e s tig a te  th e  effect 
o f th e  lay e r th ick n ess  on th e  s ta tis t ic a l  e rro r. I f  we con tinue m easu rem en t a t  
th e  in te n s ity  I  defined  above fo r tim e  t, th e  re la tiv e  s ta tis tic a l e rro r (S ^ ) o f  
th e  pu lses I  ■ t co llected  per channel is

VTt 100 0/
s"“ 1007Г - 1 Г % ( 5 )

O n th e  basis o f E q s (2) and  (5) th e  m easu rin g  tim e  needed to  a t ta in  th e  g iven  
s ta tis t ic a l  e rro r is:

101 104

Shiо
exp  (fJ-d) ( 6 )

T he m easu rem en t tim e belonging  to  th e  given s ta tis tic a l e rro r increases 
ex p o n en tia lly  w ith  th e  th ickness o f th e  la y e r, while th e  e x te n t  o f resonance  
a b so rp tio n  only  linearly . L e t th e  re q u ire m e n ts  tow ards th e  m easu rem en t b e  
su ch  th a t  th e  p e r cen t e x te n t o f re so n an ce  abso rp tio n  shall be  к tim es th e  
s ta t is t ic a l  error. I n  th is  case, from  E q s (5) a n d  (4a) the  m easu ring  tim e  req u ired  
to  fu lfil th e  co n d itio n  S .

(?)

=  к S H is:

1 к 2 1

h 1UM ' XM . d 1

W ith  all o th e r p a ra m e te rs  c o n s ta n t, t ex h ib its  a m inim um  as a fu n c tio n  o f  d. 
F o r  th e  op tim u m  lay e r th ickness belong ing  to  th e  m in im um  v a lu e  o f t, dopt =  

2
=  —  is o b ta in ed . S u b s titu tio n  o f th is  v a lu e  in to  E q . (7) gives th e  m in im u m
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m easuring  tim e  belonging  to  th e  op tim u m  lay er th ick n ess :

1 ke /j.

2xM fj,M
(8 )

W ith o u t sim plifica tions, i.e. using  E q . (4) in stead  o f (4a), th e  expression

M l +  B )
*opt

/г м х м
(9)

is o b ta in ed  for th e  o p tim u m  lay er th ickness, and

' ( 1  _p_B)(2'B + 2> ( 10)

for th e  m in im um  m easu ring  tim e . In  these  equ a tio n s

ß _

И

T hus, for th e  d e te rm in a tio n  of th e  o p tim u m  la y e r  th ickness only  th e  
m ass ab so rp tio n  coefficien t o f th e  sam ple w ith  re sp ec t to  th e  given ra d ia tio n  
m u st be know n. I f  th e  com position  of th e  sam ple is k n o w n , th is v a lue  can  be  
ev a lu a ted  on th e  basis o f d a ta  p u b lished  in  th e  l i te ra tu re . H ow ever, in  th e  
case of m u ltico m p o n en t m ix tu re s , as e.g. calcium  h a lo p h o sp h a te  lu m in escen t 
pow ders, th e  ex p erim en ta l d e te rm in a tio n  is sim pler a n d  also m ore su itab le  fo r 
p rac tica l purposes. F o r th e  e v a lu a tio n  o f th e  m in im al m easu ring  tim e  req u ired , 
th e  m ass a b so rp tio n  coefficien t fj,M p e rtin e n t to  th e  resonance  ab so rp tio n  of 
th e  M össbauer nucleus m u st also be know n. T his ca n  b e  de te rm ined  ex p e ri
m en ta lly  w ith  th e  a id  o f E q s (4) an d  (4a) on th e  basis  o f th e  per cen t a b so rp 
tio n  m easured  fo r a sam ple o f know n com position.

E xperim en ta l

After suitable modification, the experimental set-up described earlier [7] became suit
able for use in the velocity range of about +20  mm/s required for the measurement of anti
mony. 121mSn with an activity of 0.1 mCi was used as source in the form of CaSn03(Sb). Anti
mony oxides used in the experiments were of analytical purity. In our present work, calcium 
halophosphate samples prepared in different ways have been compared by Mössbauer spectros- 
copy [2, 3]. In the measurement the absorbers were kept at the temperature of liquid nitrogen. 
Isomer shift and line width values are subject to errors of +0.2 mm/s. Isomer shift values are 
referred to the CaSn03(Sb) source, and data taken from the literature have also been recal
culated to this source with the aid of known isomer shift values pertinent to sources of different 
composition.
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R esults an d  discussion

T h e  general m ass a b so rp tio n  coefficients needed  for th e  e v a lu a tio n  of th e  
o p tim a l layer th ickness w ere d e te rm in ed  em pirically , an d  w ere fo u n d  to  be 
2.1 cm 2/g  in th e  case o f  lum inescen t pow ders. O n th e  basis o f  th e  M össbauer 
sp e c tru m  of Sb20 3 (F ig . 1) a va lu e  o f 5.4 cm 2/g w as o b ta in ed  fo r  (Surface 
d e n s ity  of the  sam ple w as 20 m g/cm 2, S M is 5% .) F rom  th is , th e  op tim um

la y e r  th ickness of th e  ab so rb e r dopt =  0.91 g/cm 2. On th e  basis  of th is , th e  
m e a su rin g  tim e n ecessa ry  in  th e  case o f a sam ple  con ta in ing  1 %  o f Sb, u n d er 
o b se rv a tio n  of th e  re q u ire m e n t th a t  th e  p e r cen t in te n s ity  o f  th e  M össbauer 
lin e s  should  be tw ice  th e  value o f th e  s ta n d a rd  dev ia tio n  (i.e. к =  2), is 
hnin days a t  th e  te m p e ra tu re  of liq u id  n itrogen . (I 0 =  4 .8  • 103 coun t 
d a y -1  ch an n e l-1 .)

T ab le  I  co n ta in s  th e  M össbauer p a ra m e te rs  o f th e  a n tim o n y  oxide 
sam p les  in v estig a ted  b y  us, as well as th o se  o f a few a n tim o n y  com pounds 
p u b lish e d  in th e  l i te ra tu re . T h e  p a ra m e te rs  o f th e  M össbauer sp ec tra  o f halo-

ТаЫе I

Absorber Isom er shift 
mm /s Reference

SbF3 — 14.7 [81
SbCl3 — 13.8 [8 ], [1 0 ]
Sb20 3 — 10.5 [9]
Sb20 3 — 11 .0 *

SbF5 +  2.3 [8 ]
S b ,0 5 0.0 [9]
Sb20 5 +  0.5 *

SbCls — 3.2 [8 ]

* p resen t work
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p h o sp h a te  lu m in escen t pow ders, reco rded  u n d er o p tim u m  m easuring  cond itions, 
a re  given in  T ab le  I I .  Sam ples 1— 4 w ere p rep ared  u n d e r  d ifferen t cond itions. 
S am ple  4 was a f te r - tre a te d , th e  p e r tin e n t d a ta  are in c lu d ed  in  T ab le  I I  u n d e r 
N o. 5.

Table II

Sample No.
Isom er shift* 

mm/s
Line w idth* 

mm /s

l — 11.0 3.0
2 — l i . i 2.8

3 — 15.0 3.0
4 — 12.5 4.5

5 — 12.5 3.7

* E rro r: + 0 .2  mm/s.

T he value o f th e  isom er sh ift depends on th e  d e n s ity  o f s e lectrons a t  th e  
nucleus. H ow ever, as h as  been  show n for iron  b y  W a l k e r  et al. [5], th is  v a lue  
is in fluenced  also b y  th e  shielding effect of t l ie p ,  d an d  f  e lec trons. O n th e  o th e r 
h an d  in  ad d itio n  to  th e  o x ida tion  n u m b e r, th e  e lectron  d e n s ity  depends am ong  
o th e rs  also on th e  covalency  o f th e  b o n d , so th a t  th e  isom er sh ift gives in fo rm a 
tio n  also on th is . T h e  W a l k e r — W e r t h e i m — J a c c a r i n o  d iag ram  [ 5 ]  gives 
fo r iro n  th e  th e o re tic a l isom er sh ift va lues, belonging to  v a rio u s e lec tro n  co n 
fig u ra tio n s , and agrees well w ith  th e  exp erim en ta l d a ta . O n th e  p rin c ip le  of 
th e  W W J d iag ram , R u b y  [6] has perfo rm ed  sim ilar ca lcu la tio n s for an tim o n y . 
T he expec ted  isom er sh ifts  fo r a n tim o n y  atom s in d iffe ren t o x id a tio n  s ta te s  
an d  e lec tron  con fig u ra tio n s re ferred  to  a C a S n 0 3 source a re  lis ted  in  T ab le  I I I .

Table III

A bsorber Sb3 + Sb Sb5 +

Electron configuration 5 s2 5 jo° 5 s2 5 p 3 5 s° 5 p°
Isomer shift, mm/s — 24 — 8 4"-5

T he th eo re tica lly  ex p ec ted  lim itin g  values o f — 24 a n d  -f-5 m m /s c an n o t 
be  m easu red  in p ra c tic e , because th e re  is no com pletely  ionic an tim o n y  e ith e r  
in  th e  -+3 or in th e  -+5 o x id a tio n  s ta te .

O n th e  basis o f  th is , th e  follow ing can he estab lished  fo r th e  lu m in escen t 
pow der sam ples in v e s tig a te d . As concerns th e  isom er sh if t v a lu es , th e  e lec tro n  
co n fig u ra tio n  of a n tim o n y  in  sam ples 1 an d  2 is, w ith in  ex p erim en ta l e rro r , 
th e  sam e as th a t  of a n tim o n y  in  Sb20 3. A n tim ony  in  th e  o th e r  sam ples h a s
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a m o re  ionic ch a rac ter ( th e  5 p  o rb ita l is less occupied). T his b e h av io u r is m ost 
p ro n o u n c e d  in  sam ple 3. Sam ples 4 and  5 occupy  an  in te rm e d ia te  position . 
O n th e  basis of l i te ra tu re  d a ta  m entioned  earlie r i t  can be assu m ed  th a t  th e  
d ec rea sed  occupation  o f  th e  5 p  o rb ita l is caused  b y  an tim o n y —halogen bonds 
(neighbourhood).

T h e  line b ro ad en in g  (e.g. in  the  case o f sam ple 4) is p ro b a b ly  due to  the  
fa c t t h a t  the  sam ple c o n ta in s  m ore th a n  one k in d  of an tim o n y  in  th e  sam e ox i
d a tio n  s ta te  b u t of a s lig h tly  d ifferen t e lec tro n  co n fig u ra tio n . E ach  of these 
g ives a separa te  line b u t ,  ow ing to  th e  sm all d ifference be tw een  th e  isom er 
sh if ts , superposition  is m an ifested  only  as line b ro ad en in g , no sep ara te  lines 
b e in g  observed. The d ecrease  of line w id th  on a f te r - tre a tm e n t o f th e  sam ple 
m ig h t be  ind icative o f th e  rem oval of one o f th e  com ponen ts.

T h e  difference in  e lec tro n  co n figu ra tion  m ay  be caused  e.g. b y  th e  fac t 
t h a t  an tim o n y  is lo ca ted  in  th e  cry sta l a t  la ttic e  sites of d iffe ren t env ironm en t, 
a t  one  o f th e  ca tion  s ite s  o f d ifferen t sy m m etry , or in  in te rs ti t ia l  positions. 
I n  th e  spectra  of th e  lu m in escen t pow ders, th e  line in te n s ity  of Sb(V) does 
n o t  a t ta in  th e  lim it re q u ire d  b y  unequ ivocal ev a lu a tio n , w hich  m eans th a t  less 
th a n  10%  of the  to ta l  a m o u n t of an tim o n y  is p resen t as Sb(Y).

O n the  basis o f  th e se  m easurem ents, o rien ta tiv e  a t  p re se n t, i t  can be 
e s tab lish ed  th a t  th e  c ircu m stan ces of p re p a ra tio n  of ca lc ium  h a lo p h o sp h a te  
lu m in escen t pow ders a ffec t th e  M össbauer p a ra m e te rs  in d ica tiv e  of th e  chem i
ca l en v iro n m en t of a n tim o n y  in th e  lu m in escen t pow der. F o r  fu r th e r  conclu
s ions, extensive e x p e rim e n ta l w ork has s till to  be perfo rm ed .

*

The authors wish to thank Mrs. L. Suba for her valuable assistance in the mea
surements.
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The hydrolysis of SbCl3 has been investigated by  Mössbauer spectroscopy. I t  
has been found th a t  hydrolysis proceeds stepwise, and the donicity of hydroxide in the 
solution is greater than  th a t of chloride.

I n  th e  p re se n t w ork, th e  hy d ro ly sis  o f SbCl5 an d  SbCl3 has been  s tu d ie d  
b y  m ean s o f th e  M össbauer effect.

T h e  sp e c tra  w ere recorded  w ith  a Ca 121Sn/121S b /0 3 source. B o th  th e  
source a n d  a b so rb e n t w ere k e p t a t  liq u id  n itro g en  te m p e ra tu re . T he concen 
tra t io n  o f th e  so lu tions was 1 m ol Sb/1000 g so lven t. A bsorbers w ere p re p a re d  
b y  q u ick  freezing . T he surface d e n s ity  of Sb in  th e  absorbers w as 30 m g/cm 2.

T h e  o th e r  cond itions of th e  in v es tig a tio n  of an tim o n y  b y  M össbauer 
sp ec tro sco p y  are rep o rted  in  a s e p a ra te  p a p e r  [1]

R esu lts  an d  discussion

T h e  re su lts  o f in v es tig a tio n  o f a n tim o n y  chloride hydro lysis b y  M össbauer 
sp ec tro sco p y  a re  sum m arized  in  T ab le  I  an d  F ig . 1. M easurem ents p e r tin e n t 
to  S b (I I I )  w ere carried  o u t b y  us, w hile th e  d a ta  on Sb(V) w ere m easu red  b y  
B r y u c h a n o v  an d  co-w orkers [2 ], a n d  th e  M össbauer sp ec tru m  of SbC l3 w as 
reco rded  b y  B o w e n  et al. [3].

In  th e  w orks c ited , th e  source w as 121Sn/121S b /0 2. D ifferences in  th e  
e x p e rim e n ta l cond itions (chem ical com position  an d  cooling of th e  source) 
m ay  cause d ev ia tio n s  of th e  sam e m a g n itu d e  as th e  ex p erim en ta l e rro r (Ad =  
+  0.2 m m /s), so th a t  th e y  could be  d isreg ard ed  in  ev a lu a tio n  of th e  re su lts . 
[The d ifferences due to  th e  cond itions do n o t cause difficulties in  th e  e v a lu a 
tio n , because  th e y  rem ain  c o n s ta n t w ith in  a single series of ex p erim en ts  w ith  
S b (III)  or Sb(V ), respec tive ly  an d , on th e  o th e r h an d , isom er sh ifts se rv in g  
as basis  o f o u r conclusions exceed b y  m ore th a n  an  order of m a g n itu d e  th e  
inaccuracies m en tio n ed  above.]
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Table I

Composition of the solution <5 (mm/s)

SbCI3 • x H ,0 — 13.8 +  0.2
Sb(III) in 8 M  HC1 — 17.4+0.2
Sb(III) in 5 M  HC1 — 15.0+0.2
Sb(III) in 1 M  HC1 — 15.2 +  0.2
N aSb(0H )4 —  8.9 +  0.2
SbCl5 —  3.5 +  0.3
HSbCl(i • H 20 —  3.0 +  0.2
Sb(V) in U M  HC1 —  2 .7 +  0.2

Sb(V) in 9 M  HCI —  2 .0 + 0.2

Sb(V) in 6 M  HCI — 0 .8  +  0 .2

NaSb(OH)c +  0.5 +  0.2

Fig. 1. M össbauer spectrum  of SbCl3 in 1 M  HC1 solution

O n th e  basis o f th e  d a ta  m easured  th e  follow ing can  be estab lished : 
T he ra tio  of th e  m easu red  and n a tu ra l line b roaden ings is:

Г measured natural (^m easu red  ^^3 m m /s).

T h is re su lt shows th a t  th e  M össbauer sp ec tra  do n o t co n ta in  large q u ad ru p o le  
sp littin g , so th a t  th e  a sy m m etry  of th e  charge  d is tr ib u tio n  in  th e  n e ig h b o u r
hood  o f th e  M össbauer nuclei is n o t considerab le . I t  follows from  th is  th a t  th e  
co o rd in a tio n  n u m b e r o f an tim o n y  is six  in  so lu tio n  (o c tah ed ra l sy m m etry ).

The hydro lysis o f b o th  S b (III)  an d  Sb(V) occurs in  a stepw ise m an n e r: 
b changes g rad u a lly  w ith  th e  acid c o n cen tra tio n .

In  the  case o f S b ( I I I ) ,  in 5 M  an d  1 M  HC1 so lu tions th e  isom er sh ift is 
th e  sam e w ith in  th e  ex p erim en ta l e rro r, an d  th is  va lu e  is closer to  th a t  m easured  
in a co n cen tra ted  ac id  so lu tion  th a n  to  th e  isom er sh ift o f N a S b (0 H )4. T his 
re su lt suggests th a t  in  these  S b (III)  so lu tions th e  co n cen tra tio n  of th e  m ono
h y d ro x id e  is su b s ta n tia lly  h igher th a n  th a t  o f th e  d ihydrox ide . A t th e  tw o acid
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co n cen tra tio n s  m en tio n ed  above, m ore  th a n  90%  o f th e  an tim o n y  is p re se n t 
as th e  m o nohydrox ide :

S h C l/ '-3>- +  HoO v=± [Sb(OH)ClJ<*-*>- +  H + . .  . *K ± >  10

[Sb(O H )C lA. p - 2)- +  H 20  ^  [S b (O H )2Cli]( '-1)- +  H +  . .  . *K 2 <  10 *

T he M össbauer resu lts  are  in good q u a lita tiv e  ag reem en t w ith  th e  spectro - 
p h o to m e tric  d a ta  o f B o n n e r  an d  Go isk i [4 ], who found  th a t  th e  sp ec tro p h o to - 
m e tric  curves of S b (I I I )  do n o t change in  th e  co n cen tra tio n  in te rv a l be tw een  
6 a n d  12 M  HC1, so t h a t  hydro lysis  beg ins only  a t  low er acid  co n cen tra tio n s .

As concerns th e  electron ic s tru c tu re  o f S b (III)  an d  Sb(Y) in  so lu tio n , it  
can  be estab lished  th a t  in  th e  case o f b o th  S b (III)  an d  Sb(V), th e  d e n s ity  of 
s e lec trons a t th e  nuc leu s, ji/is(0)|2, increases w ith  increasing  e x te n t of Cl co o rd i
n a tio n . (In  th e  case o f 121Sb, th e  rad iu s  o f th e  excited  nucleus is sm aller th a n  
th a t  of th e  g round  s ta te  and , th e re fo re , th e  value  of th e  isom er sh ift decreases 
w ith  increasing  s e lec tro n  d en sity  y>s(0) 2 a t  th e  abso rber nucleus.) T h is effect 
m eans th a t  in  th e  case o f Sb, th e  b o n d  w ith  O H  increases th e  occu p a tio n  o f th e  
5 p  an d  5 d o rb ita ls  m ore  stro n g ly  th a n  th e  bond  w ith  Cl.

These resu lts  in d ica te  th a t  th e  Sb—O H  bonds are  m ore  covalen t th a n  th e  
Sb—Cl linkage.

O n com paring  th e  Ö v a lue  o f SbC l3 w ith  <5 values m easu red  in  S b (III)  
so lu tions in  co n c e n tra ted  hydroch lo ric  ac id , th e  conclusion can  be  d raw n  th a t  
ch lo ride coo rd ina tion  in  such so lu tions is m ore ex tensive (SbCl^~) th a n  in  solid 
a n tim o n y  chloride.

W illis  et al. h a v e  s tu d ied  th e  r a te  o f hydro lysis o f th e  SbClu io n  b y  
sp ec tro p h o to m e try  [5]. T hey  fo u n d  th a t  th e  f irs t  s tep  o f h y d ro ly sis  
[SbCl<f Sb(O H )C l^] is slow (k 3 ■ 10~5 s -1), w hile fu r th e r  h y d ro lysis  is 
ra p id . In  th is  w ay , th e  a t ta in m e n t o f eq u ilib riu m  in an tim o n y  chloride so lu tions 
o f v a rio u s hyd rogen  ion  co n cen tra tio n s is a slow process w hich  m ay  req u ire  
severa l weeks. (This c ircum stance  m u s t be  tak en  in to  con sid era tio n  in  th e  
m easurem ents.)
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I t  was found from a study of the m agnetic susceptibilities and Mössbauer ef
fects of the polym erization products formed on the hydrolysis of iron(III) perchlorate 
solutions th a t the num ber of spin-free 3d electrons per iron atom  in these is abou t 
three.

In tro d u c tio n

In  th e  m a jo rity  of th e  m any  p u b lica tio n s dealing  w ith  th e  hydro lysis o f 
iro n (III)  salts m en tio n  is m ade of th e  po ly n u c lear hyd ro lysis  p ro d u c ts , in c lu d 
ing th e  b in u c lea r ‘d im er’ [1— 17]. Two ty p e s  of s tru c tu re  can be conceived fo r 
th e  ‘d im er’:

[(H 20 ) 5F e - 0  F e (H 20 ) 5]4+ an d

I n  g e n e ra l th e  l a t t e r  is c o n s id e red  p ro b a b le  [1— 5], b u t  in  th e  o p in io n  o f  R o p a r s  
e t  a l .  [6] b o th  s t r u c tu re s  o ccu r.

T he m ag n e tic  p ro p ertie s  of th e  d im er are  d ea lt w ith  in a n u m b er o f 
pu b lica tio n s [1— 3, 6 —8]. M u la y  an d  S e l w o o d  [1] assum ed i t  to  be d ia 
m agnetic , b u t  o th e r  au th o rs  now  reg ard  i t  as p a ram ag n e tic  [2 ,3 ,6 ] . T he d a ta  
o f M u l a y  an d  S e l w o o d  w ere used b y  M á t h é  an d  B a k k -Má t h é  [2] to  
ca lcu la te  th e  m ag n e tic  m om en t of th e  d im eric  m olecule. T he ca lcu la tion  is 
com p lica ted  b y  th e  fa c t th a t  various hyd ro ly sis  p ro d u c ts  can  be found  in  th e  
so lu tio n  th e  su scep tib ility  of w hich is m easu red  [1, 2, 4, 6, 7, 9 —13]. S u scep ti
b il i ty  va lues m easu red  a t  d ifferen t p H  va lu es  w ere used in  th e ir  ca lcu la tio n s 
b y  M á t h é  an d  B a k k -M á t h é .

In  th e  p re se n t p a p e r th e  m agnetic  m o m en t of th e  d im er ion is ca lcu la ted  
from  m easu rem en ts  a t  d iffe ren t te m p e ra tu re s .

I f  i t  is assu m ed  th a t :
(i) th e  C urie law  is v a lid  in  th e  te m p e ra tu re  ran g e  s tu d ied  in th is  sy s tem  

(th e  s tra ig h t line o f F igu re  1 passes th ro u g h  th e  orig in , 0  =  0°);

H

(H 20 ) 4F e < ° > F e ( H 20 ) 4

H
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(ii) th e  su scep tib ilities  o f th e  in d iv id u a l com ponen ts are  a d d itiv e  
(W ied em an n  ru le);

(iii) th e  m o n o n u c lea r hyd ro ly sis  p ro d u c ts  have  suscep tib ilities  co rre 
sp o n d in g  to  th e  th e o re tic a l 5.92 BM [2, 6, 7 ];

(iv) th e  m ag n e tic  m om en ts a re  n o t  s ig n ifican tly  affec ted  b y  freezing; 
th e n  a re la tio n  can  be o b ta in ed  for th e  su scep tib ility  of th e  d im er.

T h e  m easu red  suscep tib ilities  are  com prised  of th e  su scep tib ilities  o f th e  
m onom eric  hyd ro lysis  p ro d u c ts  an d  o f th e  d im er:

x T =  I I I + ( 1 )

w here  x T is th e  su scep tib ility  of a so lu tio n  w hose iron  m o la rity  is c an d  w hose 
m o n o m er m o la rity  is m, m easured  a t  te m p e ra tu re  T, and Cm an d  Cd a re  th e  
v a lu es  o f th e  C urie c o n s ta n ts  fo r th e  m o n o m er and  dim er. T he va lu e  of Cm is

k n o w n : 4.345 K . ( In  ta k in g  th e  m o la rity  o f th e  d im er as , th e  hy d ro ly sis

p ro d u c ts  co n ta in in g  m ore th a n  tw o  iro n  a to m s have  been neglec ted .)

E xperim en ta l conditions

I ro n ( I I I )  p e rch lo ra te  so lu tions, w ith  concen tra tions o f 0.6 an d  0.9 
m o le /d m 3, w ere p rep a red  b y  th e  d isso lu tio n  o f m etallic  iron  in  perch lo ric  acid , 
o x id a tio n  w ith  h y d ro g en  perox ide , a n d  th e n  th e  rem oval o f th e  excess h y d ro g en  
p e ro x id e  an d  perch lo ric  acid. T he p H  w as a d ju s ted  to  1.4 +  0.1 b y  th e  a d d i
tio n  o f  sod ium  h y d ro g en  ca rb o n a te . T h e  su scep tib ility  w as d e te rm in ed  in  a 
F o n e r  v ib ra tio n  m ag n e to m ete r to  an  accu racy  of + З х Ю " 8 in  a m ag n e tic  
f ie ld  o f 10 kO e ( ^  0.8 M A m -1). T he q u a n t i ty  o f so lu tion  m easu red  w as a b o u t

Fig. 1. Reciprocal of the susceptibility of a sam ple containing 4.765 Х Ю - 5  mole iron as a 
function  of tem perature. (The individual points have already been corrected for the diam agne
tic contributions of the solvent and the o ther ions.) The break a t 170 °K is probably connected 
w ith  th e  fact th a t  an eutectic or crystal hyd ra te  segregations begin to  form in the solution a t

th is tem pera tu re
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0.1 g. T he m e a su re m e n ts  w ere m ade in  th e  range  80— 260 °K . T he re su lts  are 
show n in  F ig u re  1.

In  an  e x a c tly  sim ilar w ay , a 1.0 m o le /dm 3 so lu tio n  was p rep ared  w ith  a 
p H  o f 1.6. T h is  w as le f t to  s ta n d  fo r severa l d ay s , a n d  th e  M össbauer sp ec tru m  
o f th e  p re c ip ita te  fo rm ed  w as ta k e n  a t  liq u id  n itro g en  te m p e ra tu re  (Fig. 2).

mm/s
Fig. 2. M össbauer spectra  of a 1.0 mole/dm 3 iron (III) perchlorate solution of pH  1.6. a — pure 
solution, b  — the clear p a r t of the solution on precipitation, c —  the  precipitate in a 2 2 -day- 
old solution, d — th e  precip ita te  in a 110-day-old solution, e — the precipitate in a 380-day-

old solution

R esults and  discussion

A fte r th e  in se rtio n  o f th e  ex p e rim en ta l re su lts , eq u a tio n  (1) can be w r i t 
te n  in  th e  form

Cd .  3.772 -  m
—  = 2 -----------------------  ( 2)
Cm 4.765 - m  w

T h e  curve  co rrespond ing  to  eq u a tio n  (2) is given in  F ig u re  3.
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Fig. 3. The Cd/Cm—m value pairs of equation (2)

F o r th e  d e te rm in a tio n  of th e  m ag n e tic  m om en t i t  is also necessary  to  
k now  th e  am o u n t o f m o n o m er in  th e  so lu tio n . T his can  be fo u n d  from  a k now 
ledge o f th e  hydro lysis c o n s ta n t of th e  d im er

^  [[F e2(O H )J * + [H + r
X 22 [F e 3+]2

T h e  follow ing values h a v e  been  ca lcu la ted  b v  various au th o rs  fo r K 22 a t  25 °C:

Table I

Method K.22 x 103 Ref.

Proton magnetic resonance 1 .00 [6 ] (a t 22 °C)

Potentiom etry 1 .2 2 + 0.1 [9]
Spectrophotom etry 1.9 ± 0 .6 [14]

Potentiom etry 4.4 [15]
Magnetic susceptibility 7.3 ± 0 .8 [1]
Proton magnetic resonance 10 [7] (a t 20 °C)

Mössbauer spectroscopy 13.5 ± 5 [16] (a t 20 °C)

Magnetic susceptibility 32 [2 ]
Spectrophotom etry
Magnetic susceptibility 75 ± 1 0 [8 ]

U sing th e  v a lu e  K,12 =  13.5 +  5 X l0 ~ 3, ca lcu la ted  from  th e  p a p e r o f 
K o m o r  et al. [16], th e  va lu e  of Cd/Cm is fo u n d  to  be 1.42.* T h is corresponds

* The calculations here were performed w ith  th e  result of the Mössbauer m easurem ent 
because th is method m easures the am ount of dim er directly.
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to  Cd =  6.17. T hen , from  th e  re la tio n  /ueff =  2.84 Cd°, th e  m ag n etic  m o m e n t 
o f th e  d im er is 7.03 +  0.1 BM. T h is co rresponds to  3.05 u n p a ired  e lec trons 
p er iron  a to m . I t  m ust be n o ted , how ever, th a t  th e  a n tife rro m ag n etic  co u p ling  
betw een  th e  iron  atom s m ay  d is to r t th is  re su lt a little , an d  th is  m ay  m ean  a 
fu r th e r  u n c e r ta in ty  correspond ing  to  0.5 u n p a ired  electrons.

I f  th e  calcu la tion  is ca rried  o u t w ith  th e  low est an d  th e  h ig h est K 2i 
values from  T ab le  I (i.e. 1.00 XlO-3 an d  85 XlO-3), th e  values fo u n d  fo r 
th e  m ag n e tic  m om en t are 5.0 an d  7.3 BM.

I t  shou ld  be n o ted  th a t  in  sp ite  o f th e  fa c t th a t  th e  m easu rem en ts  w ere  
ca rried  o u t in  frozen solu tion  b e tw een  80 an d  260 °K , th e  K 22 v a lu e  d e te rm in ed  
a t  25 °C can  be used for th e  ca lcu la tio n  o f th e  fin a l re su lt; th e  d im er m olecule  
decom poses v e ry  slowly [17], an d  th u s  th e  co n cen tra tio n  re la tio n s o f th e  so 
lu tio n  d id  n o t change s ig n ifican tly  d u rin g  th e  sh o rt tim e  of th e  freezing.

O ur re su lt differs from  th e  v a lu e , fxtn  =  6.2 BM, found  b y  M á t h é  a n d  
B a k k -M á t h é .

T he M össbauer m easu rem en ts lead  to  a v a lu e  of 480 kO e (я^38 M A m -1 ) 
fo r th e  in te rn a l m agnetic  field  in  th e  p re c ip ita te  fo rm ed  on th e  long s ta n d in g  
o f th e  so lu tion . In  th e  case o f th e  iro n (I I I )  ion th e  F erm i c o n ta c t in te ra c tio n  
is decid ing ly  responsible for th e  m agnetic  sp littin g :

Н с =  к у ( е(0) -e(0 ))
ns S t S t

(4)

(The size o f  th e  m agnetic  fie ld  is p ro p o rtio n a l to  th e  d ifference in  th e  den sitie s  
of th e  s e lec trons o f opposite  sp ins.) T he po lariz ing  effect of th e  d e lec trons is 
th e  reaso n  th a t  th e  spins of th e  s e lec trons o f th e  in d iv id u a l shells do n o t 
co m p en sa te  each o th e r com plete ly . I f  th e re  a re  several u n p a ired  d e lec trons 
in  th e  sy s tem  (th e  value of th e  sp in  is h igh), th e n  th e  va lu e  o f th e  m ag n e tic  
field  H c is also h igh , while w ith  few er u n p a ired  d electrons th e  va lu e  o f H c is 
sm aller to o . I f  th e  increase o f th e  m ag n etic  fie ld  caused b y  each  e lec tron  
(a p p ro x im a te ly  125 kOe) ^  10 M A m -1  [18] is com pared  w ith  th e  m easu red  
v alue  o f 480 kO e (я«38 M A m -1), an d  if  i t  is considered  th a t  a b o u t 10%  o f 
th is  o rig in a tes  from  th e  o rb ita l m o m en tu m , th e n  i t  can  be sa id  th a t  th e  n u m 
b e r of u n p a ire d  d electrons p er iron  a to m  ca lcu la ted  from  th e  M össbauer m e a 
su rem en ts  is close to  th e  va lu e  ca lcu la ted  from  th e  suscep tib ility .

I t  m u s t be  n o ted  th a t  th e  p re c ip ita te  fo rm ed  a fte r  long s ta n d in g  is n o t a 
d im er, b u t  a po lym er. T hus, th e  fa c t t h a t  th e  re su lts  o b ta in ed  w ith  th e  ab o v e  
tw o m eth o d s are  a lm ost id en tica l in d ica tes  th a t  th e  e lectron ic  s tru c tu re s  o f 
th e  iron  a to m s in  th e  d im er an d  in  th e  p o ly m er are  also v e ry  sim ilar.
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M olybdenum filam ents produced by powder m etallurgy were heated a t p rede
term ined rates per determ ined final tem peratures, and the positive ions em itted  by 
the filam ents during heating were studied. I t  has been found th a t  besides K +, and N a +, 
em itted  during th e  entire tim e of heating, a t higher tem peratures also Rb + ions were 
em itted.

The curves representing ion intensities in function of tim e showed two m axim a 
and an exponentially descending branch  in  every case bo th  for potassium  and sodium. 
We ascribed the firs t m axim a to  the desorption a t  increasing tem pera tu re  of im purities 
earlier accum ulated on the surface. We suggest the second are due to several superim 
posed phenom ena, viz. diffusion, evaporation of the m atrix  m etal, oxidation of the 
m etal, and evaporation  of the  oxides.

C ontribution of potassium  ions to  the to ta l ion current em itted  increases if the 
ra te  of heating is increased.

R atios of ions em itted  a t  second heating by filam ents allowed to  stand showed 
th a t  sodium approxim ates, or reaches, in itia l concentrations on th e  surface earlier th a n  
does potassium . This can be explained b y  th e  ratio  of their ionic radii, since th is ra tio  
affects rates of diffusion; thus i t  seems to  be likely th a t m easurem ents of ion emissions 
will be suitable for th e  determ ination  of diffusion coefficients.

In  earlier com m u n ica tio n s [1, 2, 3] we have  re p o rte d  on a s tu d y , b y  
m eans of tim e-o f-fligh t m ass-sp ec tro m e try , of th e  em ission o f positive  ions o f 
tu n g s te n . A m ore th o ro u g h  know ledge o f th e  process o f th e  em ission an d  o f 
th e  severa l p a r t  processes requ ires th e  s tu d y  o f th e  th e rm a l positive  ion  em is
sion o f in candescen t m e ta ls  o f h igh  m eltin g  p o in t. T he im p o rta n c e  of m o ly b 
d en u m  in in d u stria l p rac tice , e.g. in  e lectron ics, justifies o u r en d eav o u r to  f in d  
o u t w h a t k ind  of ions are  e m itte d  from  m olybdenum  h e a te d  to  h igh  te m p e ra 
tu re s , th e  dependence o f th e  em ission on te m p e ra tu re  an d  o th e r p a ra m 
e te rs.

W e s ta r te d  ou r s tu d ies  w ith  re la tiv e ly  few prev ious re su lts  a t  h an d . 
W ah l in  [4] re p o rte d  th a t  in v es tig a tin g  th e  em ission o f m o lybdenum  

a lk a li ions could he d e te c te d  e m itte d  fo r a sh o rt tim e.
S mith  [5] ca rried  o u t m ore d e ta iled  stud ies on th e  th e rm a l em ission of 

tu n g s te n , and  of m o ly b d en u m . H e fo u n d  th a t  th e  tw o m eta ls  e m itte d  p o tassiu m , 
so d ium  and  a lum in ium  ions. A bove 2300 °K  also m o ly b d en u m  ions could be 
d e tec ted .

4 Acta Chim. ( Budapest)  74, 1972



по K ARÁCSONYI e t al.: PO SITIV E IO N  EMISSION

L ic h t m a n n  [6] s tu d ie d  th e  em ission o f m o lybdenum  co a ted  w ith  a th in  
la y e r  o f  a lum in ium . P o ta ss iu m , sodium  a n d  a lum in ium  ions were d e tec ted . 
H e also in v estig a ted  th e  e ffec t of te m p e ra tu re  up o n  th e  em ission [7].

D o b r e c o v  [8], E v a n s  [9 ], M e y e r  [1 0 ], a n d  W il s o n  [11] d e te rm in e d  
th e  io n  em ission  e ff ic ie n c y  o f  v a r io u s  a lk a li  io n s  on  m o ly b d e n u m  su rfaces.

B a k u l in a  et al. [12] de tec ted  W O ^ a n d  M0O3" ions in  th e  em ission of 
tu n g s te n , and  m o ly b d en u m , respectively .

E xperim en ta l ap p a ra tu s

A tim e-of-fligh t m ass-sp ec tro m ete r w as used  in  th is  s tu d y  of th e  sp o n ta 
neous th e rm a l p o sitive  io n  em ission of m o lybdenum . T h e  ad v an tag e  of th is  
in s tru m e n t, com pared  to  th o se  used in fo rm er stud ies, resides in  th e  possib ility  
to  follow  th e  process o f  em ission in tim e . T he in s tru m e n t w as designed b y  
M a t u s  [13]. A research  te a m  in th e  C en tra l R esearch  In s t i tu te  for P hysics, 
a n d  th e  s ta ff  of th e  D e p a r tm e n t of P hy sica l C hem istry  a t  th e  L . E ö tvös U n iv e r
s ity  w ere th e  f irs t to  use a tim e-o f-fligh t m ass-sp ec tro m e te r as an  ana lyser in  
ion  em ission stud ies [1, 2, 3]. The reso lu tio n  of th e  in s tru m e n t was com 
p a ra tiv e ly  low, a b o u t 100, how ever, our in te re s t in ions e m itte d  having  been 
con fin ed  to  low m ass n u m b e r  species th is  d id  n o t cause a n y  d isadvan tage .

A  deta iled  d esc rip tio n  o f th e  in s tru m e n t, an d  th e  te c h n iq u e  of its  app lica
tio n , h av e  been pu b lish ed  earlie r [1, 2, 3, 14, 15].

T he reproducib le  h e a tin g  of th e  m e ta l filam en ts  w as carried  ou t by  an  
e lec tron ic  reg u la ting  c irc u it [2 ].

I n  our ex p erim en ts  m olybdenum  filam en ts  (0.1 m m  in  d iam eter) p ro 
d u ced  b y  pow der m e ta llu rg y  were used.

T he sp ec tra  in  th e  screen  of th e  oscilloscope were f ilm ed  w ith  a P en ta flex  
16 m m  cam era; fo r th e  ev a lu a tio n  of th e  film s a p h o to -p ro jec to r  was used.

E xperim en ta l resu lts

1. The character o f  the ions emitted

A ll th e  filam en ts  s tu d ie d  em it p o ta ss iu m  and  sod ium  ions of high in te n 
s ity . A t h igher te m p e ra tu re s , besides th e  a t te n u a te d  p eak s due  to  K + an d  N a + , 
a p e a k  caused b y  R b + em erged  w ith  g ra d u a lly  increasin g  am plitude . In  th e  
m o m en ts  ju s t  p reced ing  th e  bu rn ing  of th e  filam en t th e  h e ig h t of th e  R b  + 
p e a k  su b s ta n tia lly  su rp assed  th e  in itia l К  1 an d  N a + am p litu d es. W e h av e  
n o t been  able to  d e te c t th e  em ission o f a lu m in iu m  ions, c la im ed  b y  Sm it h  [5].
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2. Character o f  the heating curves

F or record ing  io n -in ten s ity  versus tim e , we v a r ie d  th e  h ea tin g  ra te
A T  . .
—  of th e  f ilam en ts  on th e  one h an d  [th is  is an  average  d e riv a te  of th e  fu n c tio n

T  — f(t); in  ou r ex p erim en ts  th e  values w ere chosen b e tw een  25 °K • s -1  an d  
10 500° К  • s ~ ]] a n d  th e  speed of film ing , from  5 fram es p e r second to  64 fram es 
p e r  second, on th e  o th e r  h an d . V aria tio n  in  th e  h ea tin g  ra te  has been reg a rd ed  
n ecessary  in  o rd er to  sep a ra te  th e  overlap p in g  p a r t  p rocesses o f em ission, i.e. 
fro m  th e  ch a rac te ris tic  sections of I  =  f(t)  curves som e conclusions could be 
d raw n  concern ing  th e  p a r t  processes. T he increase o f th e  frequency  o f th e  
exposures a t  film in g  prom ised  to  reveal som eth ing  a b o u t th e  possible fin e  
s tru c tu re  of th e  7(t) curves.

W ith  each f ila m e n t s tu d ied  we found  th a t  th e  K + ions produce  I(t) 
cu rves w ith  tw o m ax im a  and  a closely ex p o n en tia l decay  (cf. Fig. 1).

1 [ s e e ]

F ig. 1. K + ion emission of molybdenum  filam ent as a function of tim e. The final tem perature  
was 1760 °K. The in tensity  of ion current is given in  a rb itra ry  units

On these  cu rves th e  ‘lo ca tio n ’ b y  tim e  o f th e  m ax im a  is qu ite  s tr a ig h t
fo rw ard ly  defined.

T he ‘lo ca tio n ’ b y  te m p e ra tu re  of th e  f ir s t  m ax im u m  show s values r a th e r  
d iv e rg en t from  one f ila m e n t to  th e  o th er.

The ‘lo ca tio n ’ b y  te m p e ra tu re  of th e  second m ax im u m  in  th e  case o f 
ra p id  h eatings, i.e. from  1000° to  10 500° p e r second, w as fo u n d  u n equ ivoca lly  
d e fin ed  b y  th e  fin a l te m p e ra tu re . In  ranges of low er h e a tin g  ra te s , th e  lo ca tio n  
o f  th e  second m ax im u m  v a ried  w ith in  w ide lim its  b o th  b y  tim e  and  b y  te m 
p e ra tu re . These fin d in g s p a r tly  su p p o rt L ic h t m a n n ’s re su lts  [7] in  connexion  
w ith  th e  ion  em ission of m olybdenum . H ow ever, L ic h t m a n n ’s d a ta  an d  o u r 
fin d in g s diverge in  th e  loca tio n , accord ing  to  te m p e ra tu re , o f th e  in te n s ity  
m ax im a . I f  th e  f in a l te m p e ra tu re  of th e  filam en ts  w as ra ised  w ith o u t a change 
in  th e  ra te  of h ea tin g  th e  follow ing could be observed:

a) The sign ifican t in te n s ity  d ifference b e tw een  the  f ir s t  an d  th e  second 
m ax im a  becam e less in  such a w ay  th a t  th e  f irs t  m ax im um  increased  and  th e  
second  one decreased.
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b )  A lso th e  m in im u m  t h a t  s e p a r a te d  th e  tw o  m a x im a  b e c a m e  le ss , in  
o th e r  w o rd s , a t  i ts  m in im u m  se c tio n  th e  c u rv e  b ec am e  f il le d  u p  (cf. F ig . 2).

A n  in c re ase  in  th e  f re q u e n c y  o f  e x p o s u re  in  f ilm in g  d id  n o t  re v e a l  a n y  
s ig n if ic a n t  ch a n g e  in  th e  s t r u c tu r e  o f  th e  cu rv e s , o n ly  so m e  lo w -a m p litu d e  
p e a k s  su p e rim p o se d  on  th e  s m o o th  co u rse  o f  th e  cu rv e s  b e c a m e  v is ib le , i.e . 
th e  p u ls a t io n  m e n tio n e d  b y  L ic h t m a n n .

t[sec]
Fig 2. V ariation of K + ion emission from m olybdenum  filam ent as a function of tim e. The

final tem perature  was 2060 °K

Fig. 3. V ariation of N a+ ion emission from m olybdenum  filam ent as a function  of tim e. F inal
tem perature  1800 °K

O n th e  I  =  f(t)  cu rve  fo r sodium  ion  a t  ra th e r  low  frequencies o f  expo
su re  (5 to  20 fram es p e r  second), i.e. a t  low  reso lu tion , tw o  w ell-sep ara ted  
m a x im a  appeared  (cf. F ig . 3).

T he location  o f th e se  m ax im a, even  b y  tim e, w as less d is tin c t th a n  in  
th e  case of po tassium . T he ra tio  of th e  in ten sities  of th e  f ir s t  and th e  second 
m a x im a , also th e  ra tio  o f th e  in ten sities  of th e  sam e m ax im u m  b u t of d iffe r
e n t  f ilam en ts  showed m uch  g rea te r dev ia tio n s th a n  found  w ith  po tassiu m .

W ith  low er h ea tin g  ra te  th e  am p litu d e  of th e  m ax im a w as genera lly  h ig h er 
th a n  th a t  show n b y  filam en ts  exposed to  h igher h ea tin g  ra te s , w hile th e  f in a l 
te m p e ra tu re  was th e  sam e.

3. Total ion current

T he area c ircum scribed  b y  ou r I  =  f( t)  curves an d  th e  co -o rd in a te  axes 
is p ro p o rtio n a l to  th e  to ta l  q u a n tity  o f ion em itted . T he re lev an t in teg ra ls  
w ere  ca lcu lated . C onsidering th a t  a t  th e  2 0 th  to  2 5 th  second of h ea tin g  ev ery
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curve  reached  its  ex p o n en tia lly  decreasing sec tion  m en tioned  before, th e  
ca lcu la tion  of th e  in teg ra ls  w as carried  o u t in  tw o steps. U sing S i m p s o n ’ s  

fo rm u la  [16], f irs t, a p p ro x im a te  in teg rals for th e  f ir s t  25 seconds were com 
p u te d , th e n  th e  descend ing  b ra n c h  of a cu rve  w as ap p ro x im a ted  b y  th e  least 
squares m ethod  to  an  I  =  A  ■ 10 ' ex p o n en tia l fu n c tio n . As th e  concrete
expo n en tia l fu n c tio n  w as know n, we could in te g ra te  from  th e  25 th  second

25 ~

to  in fin ity . T he sum  o f th e  tw o in tegrals j A  ) w as considered to  be pro-
0 25

p o rtio n a l to  th e  to ta l  ion q u a n t i ty  em itted .
T he in teg ra l va lu es  for th e  whole dom ain  0 —*- °o  w ere found  to  be con

s ta n t ,  an d  in d ep en d en t o f th e  ra te  of hea tin g . T he in teg ra ls  for th e  f irs t 25 sec- 
ondschanged  w ith  h e a tin g  ra te s ; th e  re lev an t d a ta  a re  collected in  T able I .

T a b l e  I

A T
At J ! ( * ) ,  K +

25
Í  I(dt),0

N a +

1000 10 500 1500. 11 000 270... 4 300
70. 200 5700. . 8 200 1200.. 1 800
40. 100 8200. . 33 000 900... 7 300
25. 35 4700. .12 000 650... 1 100

T he h ighest in te g ra l v a lues were found  a t  low  h ea tin g  ra te s , i.e. for

40 <
A T
At

К
<  100. I f  s im ilar in teg ra ls  for f ila m e n ts  o f o th e r cross sections

are  com pared  w ith  d a ta  in  T ab le  I , we find  th a t  th e  in teg ra ls  change in  th e  sense 
suggested  b y  th e  change o f su rface area of th e  f i la m e n t and  n early  in  th e  sam e 
p ro p o rtio n .

In  m ost cases th e  a m o u n t o f po tassium  ions e m itted  from  a filam en t 
w as g rea te r th a n  th a t  o f sod ium . U sing f ilam en ts  o f v a rious cross sections we 
found  th a t  increase o f th is  cross section  fav o u red  th e  em ission of po tassium . 
W hen , in  th e  case of f ila m e n ts  o f 0.1 m m  in d iam e te r, th e  h ea tin g  ra te  decreases, 
th e  ra tio  J K + to  j"N a+ increases, i.e. th e  slow er th e  h ea tin g  th e  h igher th e  
p ro p o rtio n  of K + e m itte d  in  reference to  N a + . T h is ra tio  was found  to  v a ry  
be tw een  4.0 an d  8.5.

4. Repeated heatings

a) Filaments purified  by short heat treatment flash ing

In  th is  series o f ex p erim en ts  we h ea ted  th e  f ilam en ts  for a sh o rt tim e  
( ^ 1  second) to  a b o u t 2000 °K . W ith  filam en ts th u s  p re - tre a ted  h ea tin g  te s ts  
described  above w ere th e n  carried  o u t. The aim  o f th is  p re - tre a tm e n t was th e
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re m o v a l, b y  flash ing , o f th e  im p u ritie s  accu m u la ted  on th e  su rface  an d  th u s  
to  s t a r t  th e  h ea ting  w ith  a p u rified  su rface  of th e  filam en ts.

C om pared to  th e  re su lts  o f p rev ious experim en ts, a decrease in  th e  
n u m b e r  o f em itted  ions cou ld  be  observed  as a difference, an d  th e  descend
in g  b ra n c h  of th e  cu rve  tu rn e d  less steep  (Fig. 4). T he c h a ra c te r  o f th e  /({) 
cu rv es  d id  n o t change b y  sh o rt p u rif ic a tio n  of th e  surface.

t fsecl

Fig. 4. Change in K + ion emission from  annealed Mo filam ent upon repeated  heating-up.
F inal tem pera tu re  2260 °K

b) Repeated heating o f filam ents allowed to stand after the fir s t heating

In  th is  series of ex p e rim en ts , im m ed ia te ly  a fte r  th e  f irs t  h e a tin g  or a fte r 
s ta n d in g  for a ce rta in  p e rio d  o f tim e  a t  som e chosen te m p e ra tu re , th e  f ila 
m e n ts  w ere h ea ted  aga in . F ro m  a com parison  of I(t) curves from  th e  f irs t 
h e a tin g  w ith  I(t) cu rves from  th e  second one we expec ted  to  o b ta in  som e 
in fo rm a tio n  ab o u t th e  tim e  needed  fo r th e  h ea ted  filam en ts  to  h av e  th e ir  
su rface  covered again  w ith  a lka li ions as th e y  h a d  been  befo re  h e a t  t re a tm e n t. 
O u r find ings лее can su m m arize  as follows:

F irs t hea tin g  o f f ilam en ts ^K + =  2064
no t annealed I  Na + =  1107

Sam e filam en t, a t  second =  593
h ea tin g  im m ed ia te ly  a f te r  th e  f irs t I  Na + =  575

T he in teg ra ted  em ission  va lu es  fo r filam en ts  h ea ted  a second tim e  a fte r 
s ta n d in g  subseq u en tly  to  th e ir  f ir s t  h ea tin g  are  g a th ered  in  T ab le  I I .  T he in te 
g ra te d  values are exp ressed  in  a rb itra ry  un its .
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Table II

Tim e
allowed for 

standing

Tem perature m aintained during standing

-180 °C 25 °c 100 °c

!  I k + * 1 lN a + * j i k + dt !  ^Na+ * S Ik + dt 1 lN a + dt

600 hours 
1200 hours

526
636

764
966

950
1652

1081
1584 2156 1480

D iscussion

1. Character o f heating curves

W e assum e th a t  th e  f irs t  m ax im u m  on th e  I  =  f( t)  curves is due to  th e  
d eso rp tio n  of im p u ritie s  accu m u la ted  on th e  surface. Since deso rp tion  is a 
ra p id  process i t  follows th a t  th e  loca tio n  in  tim e  of th is  m ax im um  m ig h t be 
q u ite  in v a riab le  b y  changes in  h e a tin g  ra te s . A lready  d u rin g  deso rp tio n  th o se  
p a r t  processes begin  w hich will cause fu r th e r  increase o f em ission (second 
m ax im u m ). These are

a) Recrystallization

F ro m  stud ies th a t  h av e  d ea lt w ith  rec ry s ta lliza tio n  processes occu rrin g  
d u rin g  th e  h e a t tre a tm e n t of m o lybdenum  [17] we know  th a t  m o ly b d en u m  
p re p a re d  in  pow der m e ta llu rg y  tu rn s  in to  a m acrocrysta lline  phase b e tw een  
1670 an d  1700 °K . T he d isap p earan ce  o f boundaries be tw een  c ry sta llite s  an d  
th e  s tru c tu ra l changes th a t  b rin g  fo r th  new  b o u n d a ry  surfaces im p a rt su b 
s ta n tia l  m ob ility  to  c o n tam in an ts  w ith in  th e  b o d y  of th e  m e ta l su b s tra te : th is  
fac ilita te s  th e  m ig ra tio n  of th e  c o n tam in an ts  tow ards th e  surface. T h u s th is  
p a r t  process enhances th e  em ission.

b) Vapour pressure o f molybdenum increased by temperature

T he v a p o u r p ressure  o f m o ly b d en u m  is su b s ta n tia lly  increased  b y  in c rea s
ing  th e  te m p e ra tu re  [18]. M olybdenum  w hich ev ap o ra tes  uncovers its  lay ers  
u n d e r th e  surface, an d  fo resta lling  th e  d iffusion b rings th e  im p urities on th e  
f ila m e n t surface. T hus a h igher v a p o u r p ressure  leads to  an  increased  em ission. 
A t 2000 °K  th e  a m o u n t of im p u ritie s  a rriv in g  a t  th e  surface because o f th e  
e v a p o ra tio n  o f th e  m e ta l is com m ensurab le  w ith  th e  a m o u n t b ro u g h t to  th e  
surface b y  diffusion [18].
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c) Oxidation o f molybdenum, and evaporation o f the oxide from  the surface

B e r k o w i t z -Ma t t u c k  and  B ü c h l e r  [19] have  ca rried  ou t de ta iled  
s tu d ies  on th e  o x id a tio n  o f m o lybdenum  a n d  on th e  d eso rp tio n  o f th e  oxides. 
Th ese au th o rs  have fo u n d  th a t  th e  in te n s ity  o f M0O2 has a m ax im um  a t  1900 
°K  a n d  th a t  of MoOj1" a t  1600 °K .

E x p e rim en ts  w ith  tu n g s te n  have show n th a t  oxygen enhances ion em is
sion [15]. D ue to  coverage  w ith  oxygen  th e  w ork fu n c tio n  becom es g rea te r 
an d  th u s  ionic d e so rp tio n  gains p reference. W e assum e th a t  in  th e  case of 
m o ly b d en u m  also a n o th e r  effect of oxygen  in  fav o u r of ion  em ission m ig h t 
be  considered , th is  b e ing  ju s t  th e  in ten s iv e  fo rm atio n  o f oxides an d  th e ir  
e v a p o ra tio n  from  th e  su rface . This process fac ilita te s  ion em ission in  a w ay  as 
does th e  ev ap o ra tio n  o f th e  m etal.

d) Changes in the efficiency o f ionisation by temperature

,  N+fac to rs a ffec t a = ------ (the
№

su rface , va lue  of e x te rn a l e lectrical fie ld , te m p e ra tu re , e tc . [20], th erefo re  it  
is r a th e r  d ifficu lt to  follow  th e  changes of a d u rin g  th e  h ea tin g  experi
m en ts . F o r pure  m o ly b d en u m  surfaces we p re sen t our d a ta  in  T ab le  I I I ,  ca l
c u la te d  accord ing  to  th e  Saha fo rm ula , p resupposing  an  a  =  f(T )  fu n c tio n  
w ith  a single va riab le . T he w ork fu n c tio n  fo r p o ly cry sta llin e  m olybdenum  is 
4.12 eV [18].

T a b l e  I I I

1000 °K 1500 °K 2000 °K 2300 °K

K + 9.84 ■IO“ 2 9.18 • IO“* 9.09 • 10“2 9.00 ■10*2
Na + 8.89 • 10“6 1.86 • IO 4 8.99 ■IO"4 1.44 • 10-3

degree of io n isa tion ), e.g. coverage o f

In  th e  case of p o ta ss iu m  th e  ra th e r  slow decrease o f a  w ith  te m p e ra tu re  
fav o u rs  a m ore rap id  decay  of th e  cu rves; in  th e  case o f sod ium , how ever, a  is 
g re a tly  increased b y  te m p e ra tu re  and  th e re fo re , if  no o th e r effects in fluence 
th e  ion  em ission, increase  of a will lead  to  increased  ion em ission.

e) Increase o f diffusion with temperature

D a ta  found  in  th e  lite ra tu re  on th e  d iffusion  of a lkali m eta ls  in  m o lyb 
d en u m  [21, 22] rev ea l q u ite  su b s ta n tia l d ifferences in  th e  values of d iffusion 
coeffic ien ts . Irre sp ec tiv e  of th e  num erica l va lue  o f th e  d iffusion  coeffic ien t,
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increase of te m p e ra tu re  helps to  increase th e  a m o u n t of im purities be ing  c a r 
ried to  th e  su rface  an d  consequen tly  increases th e  ion  in te n s ity  found  in  o u r 
experim en ts.

2. Comparison o f amounts o f ions emitted during annealing

T ab le  I show s th e  g rea test a m o u n t of ions e m itte d  a t h ea tin g  ra te s  b e 
tw een  40 and  100 °K  • s _1. I f  we suppose th a t  im p u ritie s  carried  b y  d isloca tions 
p lay  an  im p o r ta n t  ro le in  our m easu rem en ts of em ission th e n  th is  is su p p o rte d  
by  th e  fa c t th a t  a t  h igh  h ea ting  ra te s  th e  c o n ta m in a n t alkalies lag b eh in d  th e  
rap id ly  ad v an c in g  dislocations an d  th e ir  a rr iv a l on th e  surface is an  effect 
b ro u g h t a b o u t b y  som e slower processes.

3 .  The ratio o f emitted K + to N a +. is increased when the heating rate is reduced

T his p h en o m en o n  supp o rts  ou r rem ark s m ad e  in  connexion w ith  P a r . 2. 
The ra tio  of a to m ic  rad ii R K : R Na is 1 . 2 7 3 .  I t  is m ore  d ifficu lt for p o ta ss iu m  
ions to  p roceed  to  th e  surface b y  d iffusion  th ro u g h  th e  m eta l la ttic e  th a n  fo r  
sodium  ions. T his is show n also b y  K a r p m a n ’s re su lt [ 2 3 ]  th a t  th e  a c tiv a tio n  
energies of d iffusion  fo r po tassium , an d  sod ium , in  m o lybdenum  are  as show n  
in T ab le  IV .

Table TV

Polycrystalline molybdenum

К  13 700 cal • mole 1 
Na 13 250 cal • mole-1

M olybdenum single crystal

К  25 043 cal • mole 1 
Na 21 250 cal • mole-1

T hus, if  we suppose  th a t  in  ou r m easu rem en ts  an  im p o r ta n t role m u s t be  
a t tr ib u te d  to  im p u ritie s  carried  b y  d islocations th e n  we m igh t expec t t h a t  a t

K+
low h ea tin g  ra te s  th e  ra tio

Na+
is g re a te r  th a n  a t  h igh  h ea tin g  ra te s  w h ere ,

as m en tio n ed , c o n ta m in a n t a lkali ions are  a p t  to  lag  beh ind  th e  d isloca tions 
w hich proceed  a t  h ig h er speed, an d  shall h av e  to  be carried  to  th e  su rface  
e.g. b y  d iffusion  th ro u g h  the  la ttic e  o f th e  m a tr ix  m eta l.

4 .  Repeated heating

Io n  em ission from  filam en ts a t  a second h e a tin g  a fte r s tan d in g  suggests  
th a t  a ccu m u la tio n  o f sodium  on th e  surface proceeds m ore qu ick ly  th a n  ac c u 
m ula tio n  of p o ta ss iu m . This is ex p la ined  b y  th e  ra tio  o f th e ir  a tom ic  ra d ii 
(R K : R na =  1.273). D iffusion, as one of th e  processes th a t  govern  th e  
co n cen tra tio n  of su rface  co n tam in an ts , favours t h a t  of th e  sm aller species.
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Further research project

Since, in  u lt im a te  analysis, em ission  shou ld  be considered  as th e  re su lt 
o f sev e ra l p a r t  processes, these  la t te r  sh o u ld  be s tu d ied  in  de ta il. D ue to  th e ir  
p o in t occurrence th e  in d iv id u a l p a r t  p rocesses can n o t be s tu d ie d  sep a ra te ly , 
th e re fo re  we reg a rd  i t  as im p o rta n t to  pe rfo rm  th e  m a th e m a tic a l analysis 
o f th e  in te n s ity  vs. tim e  curves of em issions.
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Three independent groups of phenom eny — phosphorescence, chemiluminescence 
and light ou tp u t of the system — are in terpreted  by the  spectral properties of the com
ponents of scintillation systems, and on the basis of energy transfer via radiation.

T hough liqu id  sc in tilla to rs  h av e  been used ex ten siv e ly  d u rin g  th e  la s t 20 
years, a large n u m b e r o f questions s till aw ait for answ er in  connection  w ith  
th e  m echanism  o f energy  tra n sfe r  in  liqu id  sc in tilla tio n  system s. In  course of 
ou r recen t s tud ies th re e  m a jo r groups of p henom ena h av e  been  observed , 
offering a m ore d e ta iled  in te rp re ta tio n  of energy tra n s fe r  m echanism . A p p a 
re n tly  these  th re e  g roups a re  n o t connected  w ith  each  o th e r, th o u g h  all th e  
phenom ena can  be  in te rp re te d  b y  th e  sp ec tra l p ro p ertie s  o f th e  com ponents 
o f sc in tilla tion  system s. O n th is  basis, we have  concluded  th a t  energy tra n sfe r  
v ia  rad ia tio n  m ay  h a v e  a g rea te r role in  sc in tilla tio n  m echan ism  th a n  supposed  
earlier. In  th e  p re se n t p a p e r  th e  ex p erim en ta l o b serv a tio n s an d  th e  considera
tio n s lead ing  to  th e  above  conclusion are  described.

T he p h en o m en a  m en tio n ed  above can be d iv ided  in  th ree  groups: tho se  
connected  1. w ith  phosphorescence, 2. w ith  chem ilum inescence, an d  3. w ith  
th e  lig h t o u tp u t of th e  sc in tilla tio n  system s.

1. The problem o f phosphorescence

I t  has been s ta te d  th a t  th e  m easu red  phosphorescence (in a sing le-photo- 
m u ltip lie r sc in tilla tio n  coun ter) o f th e  w hole system  c a n n o t be o b ta in ed  as a 
sum  of th e  in d iv id u a l phosphorescence in tensities o rig in a tin g  from  th e  sam ple 
co n ta iner, so lven t, a d d itiv e  m a te ria ls , etc. [1, 2]. T his w as concluded b y  
reexam in ing  th e  m e th o d  of L l o y d  et al. [3] b y  using  an  op tica l filte r to  elim i
n a te  phosphorescence. T h ey  claim  th a t  th e  op tica l f ilte r  decreases th e  sensi
t iv i ty  of th e  p h o to c a th o d e  to  th e  em ission range o f th e  sc in tilla to r m olecule, 
th u s  decreasing th e  in te n s ity  of phosphorescence.

This is va lid  o n ly  if  th e  phosphorescence of th e  in d iv id u a l com ponents 
is exam ined  sep a ra te ly . In  th e  presence of sc in tilla to r m olectdes, how ever, th e
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phosphorescence  o f th e  sam ple  c o n ta in e r, th e  so lvent an d  th e  a d d itiv e  m ateria ls  
in c reases . This p h en o m en o n , called  b y  us “ th e  in tro d u c tio n  of phosphores
cence”  can  be ex p la in ed  b y  th e  em ission of a p a r t  o f phosphorescence (not 
d e te c ta b le  in the  absence  o f sc in tilla to r  m olecules) a t  th e  em ission w aveleng th  
of th e  sc in tilla to r. I f  th e  a b so rp tio n  b a n d  o f th e  sc in tilla to r  m olecule is in  th e  
tran sm iss io n  range of th e  op tica l f ilte r , an d  its  em ission b a n d  has a longer 
w av e len g th , the  in te n s ity  of phosphorescence decreases sign ifican tly .

T h u s i t  can  be  ta k e n  ex p e rim en ta lly  as p roved  th a t  phosphorescence is 
a b so rb e d  b y  the  sc in tilla to r  to  a g rea t ex ten t.

A n increase an d  decrease in  phosphorescence can  be illu s tra te d  by  th e  
fo llow ing  exam ples:

a)  System :
T oluene (ab so rp tio n  b a n d : 230— 276 nm ), p - te rp h e n y l (ab so rp tio n  b a n d : 

240— 320 nm , em ission b a n d : 320— 420 nm ), Chance 0 X 7  o p tica l f ilte r  ( tra n s 
m ission  range: 230— 400 nm ), E M I 9514 S p h o to m u ltip lie r (160— 600 nm ). 
T h e  lim it of UY tran sm iss io n  of p y re x  sam ple co n ta in e r is 290 n m , therefo re  
th e  sy s tem  is sensitive  be tw een  290 an d  400 n m  (Fig. 1).

I n  the  system  phosphorescence  b e tw een  200 and  300 n m  (w hich is u n d e 
te c ta b le  w hen m easu rin g  th e  in d iv id u a l com ponents) is ab so rbed  b y  to luene  
or p - te rp h e n y l, an d  is lim ited  on th e  em ission w aveleng th  of p -te rp h e n y l and  
so th e  in ten s ity  of phosphorescence  increases.

b)  System :
T oluene, P O P O P  (ab so rp tio n  b a n d : 270—400 n m , em ission han d : 

390— 530 nm ), C hance 0 X 7  o p tica l filte r , E M I 9514 S p h o to m u ltip lie r. The 
sy s te m  is sensitive b e tw een  290 and  400 nm  (Fig. 1).

Phosphorescence be tw een  290 an d  400 nm  is abso rbed  b y  th e  sc in tilla 
to r  a n d  therefore  its  in te n s ity  decreases th e  em ission b a n d  o f th e  sc in tilla to r 
n o t b e ing  detec tab le .
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2. The problem of chem ilum inescence

T he in te n s ity  of phosphorescence can  be reduced  to  a su itab le  level b y  
m eans o f a coincidence circu it. T he in te n s ity  of chem ilum inescence is m uch  
g rea te r  th a n  th a t  o f phosphorescence, there fo re  its  in te n s ity  is v e ry  h igh  
a f te r  th e  coincidence circu it, too , b u t  th e  m echanism  —  discussed above —  th e  
ab so rp tio n  an d  rem ission of ligh t has a g rea t im p o rtan ce  in  th is  case, too .

T here  a re  tw o ty p es of th e  chem ilum inescence reac tio n s: The w av elen g th  
o f chem ilum inescence m ight be e ith e r in  th e  insensitive or in  th e  sensitive range 
o f th e  sy stem  (p h o to ca th o d e  -f- sam ple  co n ta in er), be ing  e ith er less th a n  290 
nm  or b e tw een  290 and  600 nm . T hese tw o typ es o f chem ilum inescence [4] 
can  be i l lu s tra te d  b y  th e  follow ing exam ples using  a d u a l-p h o to m u ltip lie r 
sc in tilla tio n  co u n te r.

c) S ystem :
D io x an e ; H y am in e  h y d rox ide  (H y O H ); E M I 9635 QA p h o to m u ltip lie r 

tu b e  (160— 600 nm ); p y rex  sam ple co n ta in e r. The se n s itiv ity  range is b e tw een  
290 an d  600 nm .

d)  S ystem :
S y stem  с); P P O  (abso rp tion  b a n d : 280— 330 nm ; em ission b a n d ; 340— 

430 n m ); P O P O P ; n a p h th a len e  (ab so rp tio n  b an d : 180— 330 nm ). T he sensi
t iv i ty  ran g e  is b e tw een  290 an d  600 nm .

In  sy s tem  c) chem ilum inescence b e tw een  d ioxane an d  H yO H  is u n m e a 
surab le ;*  in  sy stem  d) P P O  -f- P O P O P  -(- n ap h th a len e  can  absorb  th e  chem i
lum inescence an d  re m it i t  in  th e  sensitive  range of th e  sy stem  w ith th e  m ech a 
n ism  d iscussed  w ith  system  a)  in  connec tion  w ith  “ th e  in tro d u c tio n  o f p h o s
phorescence” .

e) S ystem :
D iox an e ; b lood  -f- d im e th y l su lfox ide H 20 2 -f- H y O II; E M I 9635 QA 

p h o to m u ltip lie r ; p y rex  sam ple co n ta in er.
f )  S y stem :
S ystem  e); P P O ; P O P O P ; n a p h th a len e .
T he se n s itiv ity  range of th e  system s e) a n d / )  lies b e tw een  290 and  600 nm .
g)  S y stem :
S ystem  f ) ;  Chance 0 X 7  op tica l f ilte r . T he se n s itiv ity  range is be tw een  

290 an d  400 nm .
In  sy s tem  e)  chem ilum inescence is m easu rab le  w ith o u t an y  sc in tilla to r. 

T he re su lt is th e  sam e w ith  s y s t e m / ) .  B u t in  system  g)  chem ilum inescence 
b e tw een  290 an d  400 nm  is abso rbed  b y  th e  sc in tilla to r, sh ifte r and  n a p h th a -

* In  ano ther w ay it  has been concluded th a t  the source of chemiluminescence is th e  
reaction betw een dioxane and H yOH . The scintillator, shifter and naphthalene do no t play 
any  role.

Acta Chim. ( Budapest) 74, 1972



182 FODOR-CSÁNYI: BEHAVIOUR OF SCIN TILLA TIO N  SYSTEMS

lene, a n d  therefo re  th e  in te n s ity  of chem ilum inescence decreases s trong ly , th e  
em ission  b a n d  of P O P O P  is u n d e tec tab le . T h e  m echanism  is th e  sam e as w ith  
sy s te m  b).

3. The problem  of lig h t ou tpu t

I n  ag reem en t w ith  th e  considera tions described  above, i t  is possible to  
id e n tify  th e  re la tions be tw een  th e  b e h av io u r o f sc in tilla tion  sy s tem  and  th e  
a b so rp tio n  an d  em ission sp ec tra  of co m p o n en ts . These are th e  follow ing [5]:

a) In  th e  case o f good so lven t -)- sc in tilla to r  pairs, th e  ab so rp tio n  b an d s  
o f th e  sc in tilla to rs  are  o v erlap p ed  b y  th o se  o f th e  so lven ts; e.g. P B D , 2-(4- 
m eth o x y p h en y l)-5 -p h en y lo x azo le , P P O , p - te rp h e n y l, 2-(4-fluorophenyl)-5- 
p h en y lo x azo le  in  to lu en e  (F ig . 1).

--------absorp tion --------emission

Fig. 2

O n th e  o th e r h a n d , b a d  so lven t -f- sc in tilla to r  pa irs a re  th o se  in  w hich  
th e  ab so rp tio n  b a n d  o f th e  sc in tilla to r lies fa r  from  th a t  o f th e  so lven t; e.g.
2-(4-iodopheny l)-5 -pheny loxazo le  in  to lu en e  or p -te rp h e n y l in  1 ,4-dioxane 
(F ig . 2).

b) T he ab so rp tio n  b an d s  of good sh ifte rs  overlap  th e  em ission b an d s  of 
th e  sc in tilla to rs ; e.g. P P O + P O P O P , P P O  -)-a-N PO , p - te rp h e n y l +  P O P O P
(F ig . 1).

c) The ab so rp tio n  b an d s  of d ilu te rs  (decreasing th e  lig h t o u tp u t of th e  
sy s tem s  only sligh tly) a re  u sua lly  a t  w av e len g th s  sh o rte r th a n  th a t  o f th e  
a b so rp tio n  b an d  of th e  so lv en t; e.g. e th a n o l an d  m eth an o l, w ith  ab so rp tio n  
b a n d s  betw een  70 an d  200 an d  up to  200 n m , respectively .

d)  T he ab so rp tio n  b an d s  of quenchers (decreasing considerab ly  th e  lig h t 
o u tp u t  o f th e  system ) are  e ith e r in  th e  ran g e  o f th e  ab so rp tio n  b an d s o f so l
v e n ts  or in th a t  of sc in tilla to rs ; e.g. ch lo robenzene, cyclohexanone, th io p h en e , 
tr ie th y la m in e , w a te r w ith  ab so rp tio n  b an d s  betw een  235 a n d  270, up  to  300, 
up  to  250, up to  250 an d  up to  180 nm , respective ly .
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e) The w ide ab so rp tio n  b a n d  o f th e  ad d itiv e  m a te r ia l (increasing th e  
lig h t O utput) overlap s th e  ab so rp tio n  b a n d  o f  so lven t a n d  sc in tilla to r an d  th a t  
o f w ate r, too ; e.g. n ap h th a le n e  (Fig. 3).

Fig. 3

C onclusion

From  th e  ex p e rim en ta l resu lts  it  is obvious th a t  th e  b eh av io u r of liqu id  
sc in tilla tion  system s is de te rm in ed  b y  th e  sp ec tra l p ro p ertie s  o f th e ir  com po
n en ts . This m u st be ta k e n  in to  accoun t fo r all m odels o f sc in tilla tio n  m ech a
n ism . In  our op in ion , th e  considerable in fluence  of th e  sp e c tra l p roperties o f 
th e  com ponen ts on th e  beh av io u r of th e  sc in tilla tio n  sy stem  po in ts to  th e  
sign ifican t role o f energy  tra n sfe r  v ia  ra d ia tio n  in  th is  m echan ism .
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EFFECT OF MERCURY IMPURITIES ON THE HYDROGEN 
OVERVOLTAGE ON GALLIUM ELECTRODES
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The effect of ppm  im purities of Hg on the hydrogen overvoltage on solid and 
liquid gallium electrodes has been investigated. On bo th  solid and liquid gallium, the 
overvoltage was found to  increase w ith  increasing m ercury content.

A t identical im purity  levels, th e  increase of r) is greater on the solid th an  on the 
liquid electrode. The overvoltage on contam inated  solid electrodes is, in all cases studied, 
higher than  on the liquid electrodes (r/s >  r/().

On the solid electrodes the capacity  decreases w ith increasing Hg contam ination, 
i.e. w ith  increasing Tj. The C vs. <p curves are shifted in th e  positive direction upon in 
creasing the im purity  level of liquid electrodes.

The experim ental results can be in terpre ted  in term s of th e  adsorption of Hg on 
th e  gallium surface. The m echanism  of action of the Hg im purity  seems to  he different 
on solid and on liquid electrodes.

In  a previous p a p e r  [1] we h a v e  rep o rted  th a t  th e  o v ervo ltage  of h y d ro 
gen on a h ig h -p u rity  (99.9999% ) liq u id  or solid gallium  elec trode  increases in  th e  
p resence  o f a sm all a m o u n t of co p p er im p u rity .

Since th e  surface ten sio n  of co p p e r [2] (cr ^  1066 d y n  • c m ” 1) is g re a te r  
th a n  th a t  of gallium  [3] (a 648 d y n  • c m ” 1), th e  a d so rp tio n  of copper on 
th e  gallium  surface is un like ly . E v id en ce  ag a in st a d so rp tio n  is also p ro v id ed  
b y  th e  increase of t) in  th e  p resence  o f copper im p u ritie s : th e  o vervo ltage  of 
h y d ro g en  is low er on copper th a n  o n  gallium , th ere fo re , one w ould ex p ec t th e  
decrease  o f rj as a re su lt o f ad so rp tio n .

O u r exp erim en ta l resu lts  [1] c a n  th u s  be in te rp re te d  b y  assum ing  th a t  
co p p er causes m ig ra tio n  to  th e  su rface  of tho se  im p u rities  w hich  are  orig inally  
p re se n t in  gallium  an d  h av e  a te n d e n c y  to  ad so rp tio n . Such  p h enom enon  has 
b een  observed  in  th e  H g—Cd- К  sy s tem , too , w here th e  ad d itio n  of Cd increases 
th e  su rface  co n cen tra tio n  o f К  of th e  am algam  [4].

I t  is also conceivable th a t  th e  Cu im p u rity  b rings a b o u t a change in  th e  
s tru c tu re  of m etallic  gallium  w hich , in  tu rn , resu lts in  an  increased  c a p ac ity  
o f  th e  e lec trode/elec tro ly te  in te rface .

I t  was found  ex p ed ien t to  s tu d y  th e  effect o f im p u ritie s  th a t  are  ad so rbed  
o n  th e  surface of th e  gallium  e lec tro d e , e.g. m ercury . T he surface ten sio n  of 
m e rc u ry  (465 dyn  • c m “ 1) [2] is lo w er th a n  th a t  o f gallium .

T h e  effect of m ercu ry  im p u ritie s  on th e  overvo ltage  o f hyd ro g en  on gal
lium  h as been  s tud ied  [5, 6]. B u t l e r  [5] in v es tig a ted  th is  effect on a d ropp ing
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gallium  electrode an d  o b serv ed  th e  increase o f  rj w ith  increasing  am o u n t of 
m ercu ry .

In  a recen t s tu d y  F r u m k i n  et al. [ 6 ]  com pared  th e  effect of H g on r] 
o b se rv ed  on a gallium  e lec tro d e  w ith  e lec trocap illa ry  m easu rem en ts . F rom  th e  
la t te r  re su lts  th e y  ca lcu la ted  th e  surface co n cen tra tio n  o f H g (F ) fo r th e  gallium  
e lec tro d e  an d  th u s  co rre la ted  th e  v a ria tio n  o f r] w ith  Г . A t low  H g co n cen tra 
tio n s  [6] r) was found  to  increase  linearly  w ith  Г ; a t  h ig h er am o u n ts  o f th e  
im p u r ity  th e  increase is s teep e r th a n  linear.

T he t] vs. Г  cu rv e  te n d s  to  th e  overvo ltage  m easured  on p u re  m ercu ry  as a 
lim itin g  value . To in te rp re t  th e  effect o f H g  im p u ritie s , th e  au th o rs  assum e 
th a t  th e  given c u rren t d e n s ity  is due to  th e  sum  o f hyd ro g en  evo lu tion  on th e  
free  gallium  surface (ij) a n d  on th e  surface o f adso rbed  m ercu ry  (i2).

T h e  above a u th o rs  [5, 6] s tu d ied  th e  effect o f H g  im p u ritie s  on ly  in 
liq u id  gallium . I t  w as o f in te re s t to  in v es tig a te  th e  in fluence  o f m ercu ry  on 
th e  o v ervo ltage  of h y d ro g en  on solid gallium  electrodes. W e h av e , therefo re , 
s tu d ie d  th is  effect on solid an d  liqu id  gallium  electrodes, com ple ting  th e  k in e tic  
m easu rem en ts  w ith  c a p a c ity  d e te rm in a tio n s.

E xperim en ta l

The m easurem ents have  been performed by  means of the appara tu s and procedure 
described earlier [7, 8]. The hydrogen overvoltage and the differential capacity  o f the electrode/ 
electro ly te boundary layer have been measured in 1 M  HC1, on solid and liquid electrodes 
prepared  from  gallium samples w ith  7 X 10 4—2.5 x  10 2 atom  % m ercury. The experim ents 
w ith  th e  solid electrodes were carried ou t a t 28 °C, those w ith the liquid electrodes a t 32 °C. 
The sam ples were prepared b y  adding a H g(N 03)2 solution to  h igh-purity  liquid gallium in 
d ilu te  n itric  acid. Metallic m ercury has deposited on the gallium surface. A fter about 60—80 
sec, th e  H g(N 03)2 solution was decanted from the gallium, which was then  washed several 
tim es to  remove traces of H g (N 0 3)2. The gallium contam inated w ith  m ercury  in the above 
m anner was kep t for a prolonged tim e a t 60—80 °C to prom ote uniform  distribution of the 
m ercury. The rem aining samples were prepared by dilution w ith gallium from  the one contain
ing the  largest am ount of m ercury. The Hg content of the individual sam ples was determ ined 
analytically .*  H g(N 03)2 was prepared by dissolving doubly distilled m ercury in reagent 
g rade n itric  acid. The basis m etal used in the experim ents contains th e  following im purities 
(in ppm ): Cu 0.5, Al 0.2, Si 0.2, Mg 0.1. The m ercury contents of th e  individual samples are 
listed  in  Table I.

The lj vs. lg i curves for the solid gallium electrodes contam inated to various extents are 
show n in Fig. la , those for the  liquid electrodes w ith th e  same im purity  concentrations in Fig. 
lb . As can be seen from th e  Figures, r\ increases w ith increasing m ercury concentration on both 
th e  solid and the liquid electrodes. The change of >) is m uch greater on th e  solid than  on the 
liquid  electrode a t the same concentration of m ercury. In  Fig. 2 is shown th e  variation  of the 
overvoltage w ith the Hg concentration  a t constant cu rren t density  i. The difference between 
the tw o kinds of electrode is even more apparen t from  Fig. 2.

On solid gallium, a sm all am ount of Hg brings about a sharp increase of г/, the ra te  of 
increase being smaller a t higher Hg concentrations. As shown by Figs 1 and 2, for th e  con
tam ina ted  samples studied in th e  present work the hydrogen overvoltage on the solid electrode

* The mercury analyses have been perform ed in the Research In s titu te  for Non-ferrous 
M etals, by polarography a fter enrichm ent w ith dithizone.
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Table I

Solid Liquid

No. of 
»ample

(Hg)
atom  % 6,/mV

-  % » 
poin t of 

break
fe2/mV bj/mV

-  lg i
point of 

break
b2/mV

l 0 83.7 3.60 42 n o — —

2 7 X 10-4 129 2.76 109.5 118.7 2.66 86.3

3 2.4Х Ю “ 3 132.5 2.69 105.7 119.3 2.56 92.7

4 1.04ХЮ “ 2 126 2.50 112.5 118.5 2.64 92.2

5 2.54 Х Ю “ 2 142 2.57 119.5 136.1 2.50 101

Fig. la . !I vs. lg i curves for solid gallium electrodes containing various am ounts of Hg 
im purity , in 1 M  HC1; 1 -0 , 2 -7 X 1 0 “ 4, 3 -2 .4 X 1 0 “ 3, 4 -1  X Ю“ 2, 5-2.5 X lO “ 2 atom  % Hg

{r]s) is greater th an  th a t  on the liquid electrode (aj). con trary  to the case of pure gallium elec
trodes where r)s <  rji.

For a sample containing 2.5Х Ю - 2 atom  % of Hg, the value of 77 a t  i =  10“ 3 A • cm “ 2 
exceeds th a t  for the pure gallium electrode by  ^ 1 5 0  mV (solid) and ~ 2 5  mV (liquid).

The shape and slope of the r] vs. lg i curves are different for the pure and the con tam i
na ted  gallium electrodes (Fig. la).

Two sections can he distinguished on th e  polarization  curve for pure gallium: an upper, 
steep section w ith 6 84 mV and a lower, less steep region w ith b = ; 42 mV. The two sections
in tersec t a t i 2.5 X 10-4  A • cm“ 2. The polarization curves on the solid, contam inated  gallium  
electrode reveal 3 sections, the 2 steeper ones in tersec ting  a t i гы 2 .5X 10“ 3 A • cm“ 2. The 
value of b on the contam inated  samples is higher th an  in th e  case of pure gallium.

The variation of th e  slope and other param eters of the polarization curve w ith the ex ten t 
of contam ination  w ith  Hg is shown in Table I. The firs t section (s <  10“ 4 A • cm-2 ) of th e  r\ 
vs. lg i curves for the contam inated sample probably  corresponds to th e  spontaneous dissolu
tion  of gallium.

The slope of the  r\ vs. lg i curves for the liquid  electrodes contam inated w ith m ercury is 
g reater th a n  th a t m easured on pure gallium electrodes (с/. Table I).
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In  th is case too a  b reak  can be observed on the polarization curves of contam inated  
electrodes a t  i <=« 2 .5 X M “ 3 A • сш 2. No such b reak  is found on the  polarization curves of 
pu re, liquid gallium electrodes.

The differential capacity  of the electrode/electrolyte boundary  layer has been m easured 
b y  th e  a.c. bridge m ethod [8] w ith  simultaneous recording of the polarization curves.

Fig. lb . r\ vs. lg i curves for liquid gallium electrodes containing various am ounts of H g im  
pu rity , in 1 M . HC1: 1 -0 ,  2 -7  X 10“ 4, 3 - 2 .4 X M “ 3, 4 - l X l O “ 2, 5 - 2 .5X W “ 2 atom  %  H g

Fig. 2. 'q vs. a tom  %  H g curves for solid (1, 3) and  liquid (2, 4) gallium electrodes (1, 2 -  i =
=  5 .6 X 10” 3 A • cm“ 2; 3, 4 — i =  10” 3 A • cm“ 2)
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The C vs. q> curves for the liquid and  solid gallium electrodes are shown in Fig. 3. The 
capacity  m easured for the  solid gallium electrode strongly decreases relative to  th e  pure m etal 
value already a t the low est H g concentration.

Upon further increase of the Hg concentration , the capacity  drops h u t slightly. A t 
<p =  — 0.62 V the capacity  of the sample contain ing 2.5X 10“ 2 atom  % Hg is b y  ~ 2 3 0  /tF  
lower th an  th a t  of a pure gallium electrode.

The C vs. <p curves for th e  liquid gallium  electrode are shifted in  the  positive direction 
w ith  increasing am ount of th e  Hg im purity. T he electrode po ten tia l a t  C =  100 /tF  of th e  sam 
ple containing 2.5 X 10“ 2 a tom  % Hg is by  ab o u t 60 mV more positive th a n  in  th e  case of pure 
gallium. The C vs. qj curves recorded on th e  liqu id , contam inated  samples reveal a slight m axi
m um  in the vicinity of 0.65— 0.71 V.

W e have investigated th e  variation of th e  overvoltage a t constan t cu rren t density  upon 
freezing th e  liquid, con tam inated  gallium.

In  Fig. 4 is shown th e  variation of th e  po ten tia l upon freezing of a liquid electrode con
tain ing 2 .5X 10“ 2 atom  %  H g, as a function of tim e. As can be seen from  th e  Figure, r/ changes 
suddenly upon the liquid solid transform ation  and w ithin a short tim e reaches the value 
m easured on the solid electrode a t the sam e ex ten t of contam ination.

Fig. 3. C vs. y>* curves for liquid  and solid gallium  electrodes containing various am ounts of 
H g im purity  (liquid sam ples: 1 - 0 ,  2 - 7 Х Ю “ 4, 4 - 1 Х Ю “ 2, 5 - 2 .5 x 1 0 “ * atom  %  H g; 

solid sam ples: 1’ -  0, 2’ - 7 X lO “ 4, 3’ -2 .4 X lO “ 3, 4’ - l X l O “ 2, 5’ -2 .5 X lO “ 2 atom  %  Hg)

* The <p values are against the norm al hydrogen electrode.
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Fig. 4. Variation of tj w ith  tim e for the gallium electrode containing 2.5X 10 2 atom  %  Hg 
a t  t =  28 °C and i =  2.5 X 10~2 A • cm -2

Interpretation o f the results

T he ex p e rim en ta l d a ta  show  th a t  th e  ov erv o ltag e  of hyd ro g en  increases 
w ith  increasing  c o n c e n tra tio n  of th e  H g im p u rity  on b o th  th e  solid an d  liqu id  
e lec tro d es. T he e x p e rim e n ta l fa c t th a t  a t  a g iven  H g co n cen tra tio n  th e  change 
o f  th e  overvo ltage is m uch  g rea te r on th e  solid th a n  on th e  liqu id  e lec trode  
in d ic a te s  th a t  th e  im p u r ity  exerts  its  in fluence  in  d iffe ren t w ays in  th e  tw o 
s ta te s .

In  th e  in te rv a l o f  im p u rity  co n cen tra tio n s  s tu d ied  b y  us th e  ov erv o ltag e  
o n  th e  solid e lec trode  is g re a te r  th a n  th a t  on th e  liq u id  e lectrode (rjs гц),
in  c o n tra s t  to  p u re  g a llium  w here r]s <C i?i-

T he effect o f H g  im p u ritie s  on liq u id  gallium  electrodes can be in te r 
p re te d  in  th e  m a n n e r described  b y  F rumkin [6]. A ccord ing  to  th is , th e  overall 
r a te  o f th e  process is d e te rm in ed  b y  th e  ev o lu tio n  of h y d ro g en  on th e  free 
ga lliu m  surface a n d  on  th e  surface covered  w ith  m ercu ry . T hus a t  c o n s ta n t 
c u r re n t  d ensity  (i) th e  v a r ia tio n  of th e  o v erv o ltag e  w ith  th e  H g c o n cen tra tio n  
can  be given b y  th e  fo llow ing expression :

Лц ^ l n  (1 -  0) (1)
F

w here  0  is th e  coverage  of th e  e lectrode su rface  b y  m ercu ry .
A ccordingly , th e  o v ervo ltage  increases w ith  th e  increasing  a m o u n t o f 

H g  im p u rity  a d so rb ed  on th e  e lectrode su rface , 0 ,  in  tu rn , is p ro p o rtio n a l to  
th e  co n cen tra tio n  o f th e  H g  im p u rity , in  ag reem en t w ith  th e  b eh av io u r o bserved  
fo r liqu id  gallium  elec trodes.

The p ositive  sh if t of th e  c a p ac ity  cu rves fo r c o n ta m in a te d  sam ples can  
he in te rp re te d  in a s im ila r m anner.

The c a p ac ity  o f  th e  gallium  elec trode  c o n ta m in a te d  w ith  H g can  be 
reg a rd ed  as tw o cap ac itan ces  connected  in  p ara lle l, v iz. th e  c a p ac ity  of th e
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p u re  gallium  surface (CQa) and  th a t  o f  th e  surface fra c tio n  covered w ith  m er
c u ry  (Ch8):

C —  Cóa +  C'H g (2)
w here

Соа =  С 0 а (1 0)
a n d

C ng =  C Hg 0

U p o n  rea rran g em en t, E q . (3) gives

c  =  c Ga (C0a CHg) 0 (3)

w here  Coa and  Cng deno te  th e  c a p a c ity  m easured  on p u re  gallium  and  m ercu ry , 
respective ly .

E q . (3) show s th a t  th e  c a p a c ity  decreases w ith  increasin g  coverage by  
m ercu ry , w hich is in  line w ith  th e  exp erim en ta l re su lts  p ro v id ed  th a t  0  is 
p ro p o rtio n a l to  th e  H g c o n cen tra tio n . T h e  d a ta  of th e  C vs. <p curves in  com bi
n a tio n  w ith  E q . (3) give 0  ^  0.35 a t  <p =  — 0.62 Y fo r th e  liqu id  gallium  
elec trode  co n ta in in g  2.5 X l0 “ 2 a to m %  H g (in th e  ca lcu la tio n  Chg =  20 
fiF • c m -2 w as used).

S u b s titu tio n  of t h e 0  value th u s  o b ta in ed  in to  E q . (1) y ields Ar] ^  20 —25 
m V  fo r th e  sam ple o f given c o n ta m in a tio n  (the e x p e rim e n ta l v a lue  is Ar] ^  
« ^ 3 0 — 35 mV). T he d ev ia tion  b e tw een  th e  m easured  a n d  ca lcu la ted  values is 
due  to  exp erim en ta l e rrors and  th e  ap p ro x im a te  n a tu re  o f  expression  (1) [6]. 
T h e  ap p ro x im a te  ag reem en t of th e  m easu red  and  ca lcu la ted  Ar] values lends 
su p p o rt to  th e  assum ed  m echan ism  o f ac tio n  of th e  H g  im p u rity . O ur resu lts  
on  liqu id  gallium  are in  good a g reem en t w ith  th e  d a ta  o f F ru m k in  et al. [6]. 
O n solid gallium  low  co n cen tra tio n s o f H g  a lready  cause a g rea t increase in  
t], w ith  a sim u ltan eo u s, s trong  decrease of th e  c a p a c ity  (F igs 1, l a ,  2 an d  3). 
I n  th e  case of th e  solid electrode v a r ia tio n  of th e  e x p e rim e n ta l Г] values can 
n o t be  in te rp re te d  in  th e  sam e w ay  as w ith  th e  liq u id  e lec trode . W e assum e 
t h a t  in  th is  case th e  ad so rp tio n  o f th e  H g  im p u rity  on th e  electrode surface 
reduces th e  b o n d  energy  o f th e  a d so rb ed  H  atom s (IF ), w h ich  resu lts  in  an  
increase  of th e  overvo ltage . In  ag reem en t w ith  th is , th e  e lectrode cap ac ity  
decreases w ith  increasing  r], w hich can  be a ttr ib u te d  to  th e  decreased concen
tra t io n  of adso rbed  H  atom s on th e  surface.

W ith  th e  solid gallium  elec trode , th e  effect of H g  im p u r ity  is s im ilar to  
t h a t  of surface oxides [7], in asm u ch  as these  also increase  th e  v alue  of r] an d  
reduce  th e  cap ac ity .

T he ra p id  increase o f th e  o v erv o ltag e  upon freezing  o f liqu id  gallium  
(F ig . 4) also in d ica tes  th a t  th e  H g im p u r ity  acts b y  d iffe ren t m echanism s on 
solid an d  liqu id  electrodes.

F u r th e r  w ork is needed to  e lu c id a te  th e  effect o f H g  im p u rities  on th e  
e lectrochem ical p ro p erties  of gallium .
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The corrosion of nickel under a.c. conditions was investigated in 5% NaC 
solution by the linear polarization method. This technique consists of the superposition 
of a.c. on the cell controlled by a potentiostat in respect to the d.c. The effect of a.c. 
on the polarization resistance, i.e. the corrosion current density was measured. The 
corrosion of nickel, i.e. the magnitude of the corrosion current density, was increased 
by a.c. to an extent depending on the current density and frequency of the latter.

I t  is well k n o w n  th a t ,  due to  th e  asy m m etric  p o la rizab ility  o f th e  elec
tro d e s  [1], th e  p o la riza tio n  of th e  la t te r ,  i.e. th e  ra te  o f  th e  electrode reac tio n  
is affec ted  b y  a.c. to  an  ex ten t dep en d in g  on its  freq u en cy  an d  c u rre n t d ensity . 
C onsequen tly , th e  a .c . m odifies th e  corrosion  o f a hom ogeneous m eta l surface 
[2— 5] and  produces po in ts  hav in g  d iffe ren t p o ten tia ls  because  of an  uneven  
c u rre n t d is tr ib u tio n , i.e. local e lem en ts  [2, 6, 7] are  p ro d u ced . T he corrosion 
b y  s tra y  d irec t c u rre n ts  [8, 9, 10] is a ffec ted  too  an d  th e  d.c. in te n s ity  due  to  
th e  local elem ents is a lte red  [2, 11, 12]. T hese a.c. effects a re  superim posed  on 
each  o th er.

T he m eth o d  o f linear p o la riza tio n  h as  been  w idely  em ployed  for th e  
d e te rm in a tio n  o f th e  ra te  of corrosion  [13].

T he th eo ry  o f m ixed  p o ten tia ls  defines th e  p o te n tia l of a m e ta l in  co n tac t 
w ith  a so lu tion  n o t con ta in in g  th e  re sp ec tiv e  m e ta l ions as th e  s tead y  s ta te  
developed  betw een  ano d ic  m etal d isso lu tio n  an d  th e  ca th o d e  process. T he c u r
re n t  densities of th e  anode and  ca th o d e  processes are  eq u a l a t  th is  p o te n tia l; 
th e  co rrespond ing  c u r re n t is re fe rred  to  as corrosion c u rre n t d en sity  (icorr)- 
T h e  corrosion c u rre n t d en sity  can b e  e v a lu a te d  from  th e  slope o f th e  ap p ro x i
m a te ly  lin ea r sec tion  o f th e  p o la riza tio n  cu rve  in  th e  n e ighbourhood  (a few 
m V ’s) of th e  corrosion p o ten tia l acco rd ing  to  th e  follow ing fo rm ula :

I di ] by ■ b2
lcorr=  M , _ 0 ' J b y + b ,)  -2 .3

* On leave from Ain-Sham ps U niversity , Cairo, E gypt.
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d E
w here  ------  =  R p is th e  p o la riz a tio n  resis tan ce , E  is th e  e lec trode  p o te n tia l,

d i ,=o
i is th e  c u rre n t d ensity  an d  a n d  62 are  th e  T afel slopes o f  th e  correspond ing  
an o d e  a n d  ca thode processes, re sp ec tiv e ly , i.e.:

b
drj

dlgi ( 2)

w h ere  r] is th e  overvo ltage.
I f  th e  ca thode process is assum ed  to  be th e  red u c tio n  o f hydrogen  ions, 

=  0 .12 V , while b0 =  0.06 V in th e  case o f th e  anodic o x id a tio n  of a d iv a len t 
m e ta l. T h u s  E q . (1) can be  re w ritte n  in a sim pler form

l corr 0.017-
di
dE i=o

( 3)

w h ere  th e  cu rren t d en sity  is g iven  in  А/cm 2 and  th e  e lectrode p o te n tia l in V.
T h e  follow ing tech n iq u e  w as em ployed  in  th e  s tu d y  o f th e  effect of a.c. 

A lte rn a tin g  cu rren t was su perim posed  on th e  cell con tro lled  b y  a p o te n tio s ta t  
w ith  re sp ec t to  th e  d.c. an d  th e  effect o f a.c. on th e  corrosion  c u rren t d en sity  
w as m easu red  by  th e  m e th o d  of lin ea r p o la riza tion . T h u s th e  change in  th e  
co rro sio n  c u rren t d en sity  o f th e  system  can  be follow ed in  a re la tiv e ly  ra p id  
a n d  sim ple  m anner.

T h e  m easuring  e q u ip m e n t is show n in  Fig. 1. N ickel e lectrode Mx h av in g  
a su rface  area  of 1 cm 2, n o rm a l calom el e lectrode K x an d  p la tin u m  electrodes 
E x a n d  E 2 were im m ersed  in  th e  glass cell co n ta in in g  th e  e lec tro ly te . T he 
e lec tro d es were connected  to  p o te n tio s ta t  P , ty p e  IP -410-B  o f B u lg arian  m ake. 
A f i l te r  c ircu it com posed o f R 2 (1 M Ohm ) an d  condenser C (10 fiF) w as in se rted  
b e tw e e n  calom el K x an d  th e  p o te n tio s ta t  while se lf-inductance  H j (21 H) and  
v a r ia b le  resistance R x w ere in se rted  in  th e  c ircu it o f e lectrodes Е г an d  E 2. 
T h e  reference  voltage  of th e  p o te n tio s ta t  w as con tro lled  b y  a ty p e  EM G  1117/1 
s a w to o th  gen era to r (MG2) a n d  th u s  th e  w ork ing  e lectrode w as po larized  a t  a 
u n ifo rm  ra te  from  ca th o d ic  to  anod ic  p o ten tia ls . P o te n tio m e te r  R p served  to  
a d ju s t  a co n stan t d.c. v o ltag e . T he la t te r  was th e  s ta r t in g  p o te n tia l o f th e  
p o la r iz a tio n  to  w hich th e  v o ltag e  o f MG2 v a ry in g  lin ea rly  in  tim e  was im pressed  
a t  a c o n s ta n t ra te  of 30 m V /m in. T he d.c. c u rren t flow ing  th ro u g h  th e  cell 
g e n e ra te d  a vo ltage d rop  on s ta n d a rd  resistance  R m (5 K O hm ) connected  to  
th e  sy m m etrica l in p u t o f th e  Y  axis o f  a ty p e  E F K I  X — Y  recorder. T h e  re f
e ren ce  voltage  of th e  p o te n tio s ta t  con tro lled  by  MG2 w as connected  to  th e  
X -a x is  o f th e  X —Y  reco rd er. V acuum  tu b e  v o ltm e te r  o f a h igh in p u t 
im p ed an ce  served fo r th e  m easu rem en t o f th e  p o te n tia l d ifference b e tw een  
w o rk in g  electrode Mx an d  reference electrode K r
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Fig. 1. M easuring equipm ent for the determ ination  of polarization resistance

The a.c. w as su p p lied  b y  a ty p e  H G H  H Z — GZ a.c. g en era to r (Gx) co n 
n ec ted  to  p la tin u m  e lec trodes E 1? E 2 and  n ickel e lectrode th ro u g h  a m m ete r  
A x an d  condenser Сх (10 ц F).

C ondenser Cx a n d  self-inductance H x served  to  se p a ra te  th e  d.c. an d  
a.c. circu its. T h e  tim e  c o n s ta n t of th e  con tro l sy stem  w as increased  by  resis tan ce  
R x in  series w ith  se lf-in d u c tan ce  H x to  p re v e n t oscilla tion . T he filte r c ircu it 
R „  C2 p rev en ted  th e  flow  o f a.c. to  th e  p o te n tio s ta t .

T he ex p erim en ts  w ere perform ed in  5 %  N aCl so lu tion . T he solu tion  w as 
d e a e ra ted  b y  in tro d u c tio n  o f n itrogen  gas. T he n ickel e lectrodes con ta ined  0.1 
to  0 .9%  m anganese , 0.1 to  0 .9%  m agnesium , 0.1 to  0 .9%  silicon, 0.01 to  0 .09%  
a lum in ium , 0.01 to  0 .0 9 %  coba lt, 0.001 to  0 .009%  copper, 0.005 to  0.05%  iro n , 
an d  0.001 to  0 .05%  an tim o n y . P rio r to  th e  m easu rem en t th e  nickel e lectrodes 
w ere cleaned w ith  em ery  p ap er, degreased b y  a su itab le  so lven t and  e tch ed  
in  20%  hydroch lo ric  acid  a t room  te m p e ra tu re  u n til  a c o n s ta n t w eight w as 
a tta in e d .
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F igs 2 and  3 re p re se n t th e  effect o f a .c . of various in te n s ity  on th e  co rro 
sion c u rre n t density  a t  100 an d  500 H z freq u en cy , respective ly . T he corrosion  
c u rre n t d en sity  increases w ith  increasing  a .c . density . In sp e c tio n  of F igs 2 
an d  3 reveals  a decrease in  th e  corrosion  c u rre n t den sity  w ith  increasing  a .c . 
freq u en c ies  a t  iden tica l c u rre n t densities.

Fig. 2. Effect of a.c. density  on th e  corrosion current density  ( /  =  100 Hz)

i~ mA/cm2
Fig. 3. Effect of a.c. density on the corrosion current density  ( /  =  500 Hz)

F ig . 4 shows th e  effect on th e  c u r re n t d ensity  of th e  a.c . freq u en cy  a t  a 
c u r re n t d ensity  of th e  la t te r  equal to  10 m A /cm 2. I t  is a p p a re n t th a t  th e  in te n 
s ity  o f  th e  corrosion c u rre n t, i.e. th e  corrosion  of nickel e lectrodes decreases 
w ith  increasing  frequency .

T his phenom enon can be ex p la in ed  in term s of chang ing  p o la riza tio n  
an d  p o te n tia l o f th e  e lectrodes, w hich e x h ib it a non -linear p o la riza tio n  cu rve , 
u n d e r  a.c. conditions. T he effect is due  to  the  d is to rtio n  o f th e  period ic , 
s in u so id a l p o ten tia l v a ria tio n s  g en era ted  b y  th e  a.c. in  th e  case of a n o n -lin ea r 
p o la riza tio n  curve, w hich  sh ifts th e  tim e  average of th e  electrode p o te n tia l 
[1, 6, 7].
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f Г Hz]

Fig. 4. E ffect of th e  a.c. frequency on th e  corrosion current density  ( i~  =  10 mA)

T hus th e  corrosion  o f nickel is increased  b y  a.c. to  an  e x te n t depend ing  
o n  th e  freq u en cy  an d  c u rre n t d en sity  o f th e  la t te r .  T he influence of a.c . on 
co rrosion  can  be  in v e s tig a te d  b y  th e  m e th o d  o f lin ea r po la riza tio n , th o u g h  th e  
accu racy  o f th is  te c h n iq u e  is n o t a lw ays sa tis fac to ry . T he m eth o d  is ra p id  an d  
g ives a good basis fo r  th e  m easu rem en t o f th e  corrosion c u rre n t d en sity  u n d e r 
a .c . co n d itions, especia lly  in  th e  case o f co m p ara tiv e  stud ies.
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An electrochem ical experim ental m ethod has been elaborated for the exam ina
tion of corrosion processes occurring on pain t-coated  steel surfaces in a highly polluted 
atmosphere.

The m ethod  is based on m easuring the polarization resistance of the electrode 
immersed in corrosive media. The results of the experim ents are in good agreem ent 
w ith practical experience.

The m easurem ents were carried out on samples pre trea ted  by different m ethods 
and exposed to  corrosion effects of various natu re , in tensity  and duration. A fter pre- 
treatm en t the sam ples were coated w ith paint.

P a in t sy stem s w hich ex h ib it an tico rro siv e  effects b o th  sim ultaneously  
w ith  th e  fo rm a tio n  o f th e  coating  and  d u rin g  v a rio u s corrosion influences 
becom e increasing ly  im p o rta n t in  p rev en tin g  th e  corrosion  of m eta l surfaces. 
Several active co m p o n en ts  are genera lly  co n ta in ed  in th e  f irs t layer of such  
coatings, w hich is in  im m edia te  c o n ta c t w ith  th e  m e ta l surface. One of th ese  
com ponen ts is u su a lly  an  acid or e s te r  su itab le  fo r th e  fo rm atio n  of a passive  
lay e r b y  facile re a c tio n  w ith  th e  m e ta l surface u n d e r th e  effect of h u m id ity . 
T he o th e r is genera lly  a com pound o f low so lu b ility  —  th o u g h  no t insoluble in  
w a te r  —  viz. a p ig m e n t w hich g rad u a lly  dissolves from  th e  coating . T h is 
p ig m en t ensures th e  con tinuous flow  to  th e  m e ta l su rface  o f such ions w hich  
re a c t w ith  th e  an o d ica lly  dissolved m e ta l ions d u rin g  w ear an d  form  a passive  
lay e r p rev en tin g  th e  corrosion of th e  m e ta l surface.

T he q u a lity  a n d  co n cen tra tio n  o f th e  ac tiv e  com p o u n d  in  th e  case o f a 
g iven b in d er depend  on  th e  n a tu re  o f th e  m e ta l, th e  p o te n tia l and  p u rity  o f th e  
surface as well as on th e  chem ical com position  an d  s tru c tu re  of th e  corrosion 
p ro tec tiv e  surface la y e r  e ither fo rm ed  sp o n tan eo u sly  or b y  a chem ical or 
electrochem ical m e th o d .

T he problem  is invo lved  an d  a n u m b er o f m e th o d s  can  be em ployed to  
exam ine th e  vario u s su rface layers. In  th e  p re se n t com m u n ica tio n  we re p o rt 
on th e  s tu d y  of th e  e ffec t of th e  surface lay e r on th e  ra te  of m e ta l corrosion 
d isregard ing  th e  co m position  of th e se  layers. A n ex p e rim en ta l techn ique  w as 
developed  w hich is su itab le  for in v es tig a tin g  th e  p ass iv a tio n  b y  chem ical
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processes occurring  on th e  m e ta l su rface  d u rin g  ap p lica tion  o f th e  co a tin g  as 
w ell as fo r th e  s tu d y  o f changes in  th e  p a ss iv a tio n  during  corrosion .

T h e  m eth o d  consists essen tia lly  in  th e  electrochem ical m e a su re m e n t of 
th e  r a te  of corrosion. T he o rgan ic  co a tin g  w as dissolved from  th e  m e ta l su rface 
b y  a su ita b le  so lven t m ix tu re  p rio r  to  th e  electrochem ical in v e s tig a tio n  as its  
h ig h  e lec tric  resistance  w ould  h av e  im p ed ed  th e  m easu rem en ts, a n d  th e  s tru c 
tu re  o f  th e  surface lay e r w ould  h a v e  b een  s tro n g ly  a lte red  b y  th e  reac tio n s  of 
th e  a c tiv e  com ponen t o f th e  co a tin g  d u rin g  th e  electrochem ical te s t . H ow ever, 
th e  p ro te c tiv e  lay e r an d  th e  corrosion  p ro d u c ts  firm ly  ad h erin g  to  th e  m e ta l 
su rface  w ere n o t rem oved  b y  th e  so lv en t m ix tu re  com posed o f ch lo rin a ted  
h y d ro c a rb o n s  of low  m olecu lar w eigh t as w ell as an  ester an d  k e to n e .

T h e  tech n iq u e  kn o w n  as “ lin ea r p o la riza tio n  m e th o d ”  in  th e  l i te ra tu re  
w as em ployed  to  d e te rm in e  th e  corrosion  c u rre n t d ensity  c h a ra c te ris tic  o f th e  
co rrosion  ra te  of m e ta l p la te s  p re p a re d  accord ing  to  th e  above p rocedure . 
T h e  m easu rem en t consisted  in  th e  d e te rm in a tio n  of th e  p o la riza tio n  resis tan ce  
o f th e  electrode im m ersed  in  th e  co rrosive  m edium . T he p o la riz a tio n  resis
ta n c e  is

Rr
dE
di ( 1 )

is th e  slope of th e  p o la riz a tio n  cu rv e  of th e  electrode a t  th e  p o te n tia l
d E

d i  i = o
w here  i  — 0. This slope can  he  e v a lu a te d  b y  graph ica l d iffe re n tia tio n  o f th e  
n e a r ly  lin ea r p o la riza tio n  cu rv e  in  th e  v ic in ity  (w ith in  a few  m V ’s) o f th e  
co rro sio n  p o te n tia l w here  i =  0. T he corrosion  cu rren t d e n s ity  is g iven  b y  
th e  follow ing fo rm ula  [1]:

0.026

R r
( 2)

T h e  p o la riza tio n  m easu rem en ts  h av e  b een  carried  ou t in  0.1 n N a N 0 3 as an 
e lec tro ly te  because th is  does n o t r e a c t w ith  th e  surface la y e r  an d  h as  b u t 
a w eak  corrosion effect. T h e  p o la riz a tio n  m easu rem en ts w ere p erfo rm ed  w ith  
a p o te n tio s ta t  while th e  p o la riza tio n  cu rves w ere a u to m a tic a lly  reco rd ed  on 
a n  X —Y  recorder.

E x p e rim en ts  on m odel m e ta ls  a n d  p a in ts  p roved  th e  re lia b ility  of the  
m e th o d .

In  th e  follow ing th e  re su lts  o f a series of ex perim en ts p e r ta in in g  to  a 
g iven  problem  will be d iscussed  in  d e ta il.

W e m odelled th e  co n d itions en co u n te red  in  th e  ap p lica tio n  o f p a in t to  
s tee l surfaces ex h ib ited  to  an  a tm o sp h e re  severely p o llu ted  b y  in d u str ia l 
gases. T he v a ria tio n  o f th e  ra te  o f corrosion  was m easu red  on stee l surfaces
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Table I

Corrosion curren t density , П A tm"

Pre-
tr e a t
m ent Treatm ent

before
coating

M etal
w ith o u t
coating

Plates after rem oval 
of coating

Plates ex 
salt m ist

posed to 
cham ber

Plates exposed to 
sulphur dioxide 

chamber

after 300 hrs

Promet Pellikor Prom et Pellikor Prom et Pellikor

I 35.0 4.0 0.9 83 0.9 5.9 0.9

и 22.0 4.7 2.0 46 3.2 6.1 0.4

h i 16.0 4.3 1.6 34 8.3 1.4 0.6
A IV 26.0 2.6 1.3 31 4.3 18.0 0.3

V 6.4 4.0 1.2 45 3.5 13.0 0.3

VI 14.0 4.3 1.6 23 3.2 4.4 0.3

VII 17.0 7.3 1.7 33 2.7 2.1 1.0
I 5.1 2.7 2.0 1010 0.4 2.4 0.4

II 5.3 5.2 3.2 1230 0.4 2.5 0.7

II I 7.9 5.3 2.3 1450 0.4 2.6 1.5

в IV 2.5 3.3 1.3 1620 0.2 1.9 0.4

V 1.2 1.9 1.0 1230 0.1 1.8 0.5

VI 7.3 2.4 2.4 1010 0.4 2.7 0.3

VII 17.0 6.9 2.6 1140 0.9 2.9 0.5

I 59.0 3.9 7.6 6.5 0.8 3.2 6.6
II 18.0 4.1 14.0 19.0 0.4 8.4 Ю.0

c II I 38.0 6.4 25.0 13.0 2.2 14.4 15.0

IV 7.8 4.8 16.0 4.8 0.8 5.1 3.0

V 6.7 3.0 22.0 5.6 0.5 4.8 0.8
VI 9.8 5.6 23.0 7.5 1.7 4.6 6.3

VII 20.0 8.8 22.0 6.5 1.9 5.4 7.7

I 25.0 10.0 14.0 7.9 5.6 4.2 0.4

II 50.0 32.0 36.0 27.0 9.6 3.5 3.5

D II I 53.0 60.0 80.0 18.0 12.2 2.1 5.8

IV 44.0 4.7 1.8 9.8 1.7 1.9 1.0

V 11.0 3.5 8.4 12.4 0.3 4.7 0.8
VI 37.0 31.0 17.8 14.9 1.9 5.3 1.9

V II 42.0 29.0 10.3 24.0 1.9 3.9 5.4

A  —  sand blasted surface,
В  — hand polished surface,
C —  surface treated  w ith  Ferrofixol,
D —  surface treated  w ith  Mavebit,
I  — w ithout exposure,

II  — exposure to m ixed industrial atm osphere for 168 hrs,
I I I  — exposure to m ixed industrial atm osphere for 236 hrs,
IV —  exposure to am m onia for 72 hrs,
V — exposure to am m onia for 168 hrs,

VI —  exposure to sa tu ra te d  water vapour for 24 hrs.
V II —  exposure to sa tu ra ted  w ater vapour for 72 hrs.
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w h ich  w ere cleaned b y  a m echan ica l m e th o d  or p re tre a te d  b y  a chem ical 
p ro c e d u re , and  th e  m e ta l w as exposed  to  v a rio u s corrosion effects for d iffe ren t 
p e rio d s  of tim e b e tw een  th e  clean ing  p ro ced u re  and  th e  p a in t ap p lica tio n . 
W e in te n d e d  to  d e te rm in e  w h e th e r o r n o t  th e  q u a lity  an d  e x te n t of c o n ta m in a 
t io n  reach ed  a c ritica l v a lu e  b y  w hich  th e  fo rm atio n  o f a passive lay e r was 
o v erco m p en sa ted  b y  ano d ic  m e ta l d isso lu tion . T he iro n  oxide lay e r was 
re m o v ed  from  th e  m e ta l su rface used  in  th e  experim en ts e ith e r  b y  ( A )  san d  
b la s tin g , or ( B )  m an u a l polish ing, o r else th e  iron  oxide w as chem ically  con
v e r te d  to  an  iron  oxide—iro n  p h o sp h a te  la y e r  by  tre a tm e n t w ith  (C ) F erro fixo l 
(an  aqueous so lu tion  c o n ta in in g  condensed  am ines a n d  o th e r  organic com 
p o u n d s). A fter p re tre a tm e n t th e  p la te s  w ere exposed to  an  a tm o sp h ere  con
ta in in g  e ith er 3%  am m o n ia  or a m ix tu re  o f  corrosive gases, b o th  s a tu ra te d  
w ith  w a te r  a t 40 °C, fo r vario u s len g th s  o f tim e. B o th  ad so rp tio n  an d  chem i
so rp tio n  could occur a t  th e  te m p e ra tu re  o f th e  gas ch am b er. A fter th is  t r e a t 
m e n t th e  p la tes w ere co a ted  e ith e r w ith  P ro m e t (a p a in t  o f v iny l resin  base 
c o n ta in in g  a reac tiv e  com ponen t) o r P e llik o r (a sy n th e tic  a lkyde resin  p a in t 
c o n ta in in g  a ch ro m ate  p ig m en t h av in g  an  in h ib ito r effect). T he co a ted  su r
faces  w ere exposed to  a m is t co n ta in in g  0.05 mol/1 NaCl so lu tion  and  to  a w a te r  
v a p o r  a tm osphere  co n ta in in g  0.05 mol/1 S 0 2 gas. T he changes on th e  m e ta l-  
p a in t  b o u n d a ry  la y e r  w ere exam ined  b y  th e  above p ro ced u re  a fte r  300 h rs.

T he resu lts a re  sum m arized  in  T ab le  I. The corrosion  c u rren t d en sity  
v a lu e s  m easured  on iro n  p la tes  w hich  w ere n o t p a in te d  an d  n o t exposed  to  
co rrosion  effects are  also lis ted  in  o rd e r  to  fac ilita te  com parison  of th e  d a ta . 
I t  is ap p a re n t from  th e  resu lts  th a t  th e  m e ta l surface w as p ass iv a ted  s im u lta 
n eo u sly  w ith  th e  a p p lica tio n  o f th e  co a tin g  in  th e  case o f th e  p rim ers used  in  
th is  in v estig a tio n . T h e  corrosion p ro te c tiv e  effects o f th e  vario u s p re tre a tm e n ts  
a re  clearly  d iffe ren t. I t  is n o te w o rth y  th a t  m anual po lish ing  considerab ly  
increases th e  m e ta l su rface  as th e  la t te r  is engraved  b y  th e  h a rd  granu les o f 
th e  polish ing m a te ria l. T h u s th e  a m o u n t of ac tive  com pounds p re se n t in  th e  
so lu tio n  was n o t su ffic ien t for p a ss iv a tin g  th e  su rface o f increased  area . T his 
f a c t  accounts fo r th e  in ten se  corrosion observed especially  u n d e r th e  effect 
o f  h ig h ly  aggressive ch lo ride ions. T he presence of co n tam in a tio n s  affec ted  th e  
v a lu es  of th e  corrosion  cu rren t d en sity  to  an  id en tica l e x te n t regard less o f th e  
p re tre a tm e n t. A v e ry  sm all corrosion c u rre n t d en sity  w as observed  on surfaces 
c o n ta m in a te d  b y  am m onia . T he resu lts  o f these  ex p erim en ts  lead  to  th e  conclu 
sion  th a t  th e  above m e th o d  perm its  ev a lu a tio n  of th e  corrosion  p ro tec tio n  due  
to  th e  chem ical change occurring  a t  th e  b o u n d ary  la y e r  o f th e  m e ta l an d  th e  
p a in t  coating  w ith o u t th e  d e te rm in a tio n  o f th e  s tru c tu re  and  th e  com position  
o f  th e  b o u n d ary  lay e r.

A d a  Chim. (Budapest)  74, 1972



DÉVAY et al.: CORROSION RESISTANCE OF P A IN T  COATINGS 2 0 3

R EFE R E N C E

1. F o n t a n a , M. G., G r e e n , N. D.: Corrosion Engineering. New Y ork, 1967

Jó z se f  D é v a y  
F eren c  J a n á sz ik  
L ajos Mészáros 
F eren c  H o rk ay

V eszprém , Schönherz Z. u . 10, H u n g ary .

6 Ac*a Chim. (Budapest) 74, 1972





THIRD HARMONIC COMPONENT OF THE 
ELECTRODE CURRENT DUE TO A SINUSOIDAL A.C. 
VOLTAGE IN CASE OF DIFFUSION AND TRANSFER

POLARIZATION

DÉVAY, J ., M É SZ Á R O S, L. and G a R A I,  T.

( Department o f Physical Chemistry, University o f Chemical Engineering, Veszprém and 
Research Group o f  Electrochemistry, Hungarian Academy o f  Sciences, Veszprém)

Received March 2, 1972

Formulas are derived relating to the third harmonic component of the a.c. pass
ing through an electrode under the effect of a small amplitude a.c. voltage superim
posed on the d.c. polarizing potential. The expressions relating to reversible polaro- 
graphic reactions are derived as a limiting case.

In  a p rev ious com m unication  [1] we p resen ted  a m a th e m a tic a l analysis 
o f  th e  harm onic com ponen ts of th e  c u rre n t flow ing th ro u g h  an  electrode p o 
la r iz e d  b y  a sm all am p litu d e  sinuso idal a.c. vo ltage  superim posed  on th e  d.c. 
p o te n tia l  in th e  case of diffusion an d  tra n s fe r  p o la riza tio n . E xpressions w ere 
d e riv ed  for th e  dependence  of th e  fu n d a m e n ta l a n d  second harm onic  a.c. 
com p o n en ts  on th e  p o ten tia l, th e  a m p litu d e  an d  freq u en cy  o f th e  a.c. vo ltag e , 
th e  co n cen tra tio n  o f th e  e lec tro activ e  species as w ell as on th e  k ine tic  p a 
ra m e te rs  of th e  e lec tro d e  reaction  (heterogeneous ra te  c o n s ta n t and tra n sfe r  
coefficient).

V ery  little  in te re s t  has been  d irec ted  to  th e  th ird  or h igher harm o n ic  
a .c . com ponents u n d e r  th e  above cond itions. P a y n t e r  an d  R e in m u t h  [2] 
w ere  th e  f irs t to  re p o r t  on m easu rem en ts  of th e  th ird  a n d  fo u rth  harm on ic  
co m p o n en ts  of th e  po larograph ic  a .c . M cCo r d , B ro w n  an d  S m ith  [3] derived  
th e  fo rm ula of th e  th ird  harm onic a.c . as a fu n c tio n  of th e  p o te n tia l for rev e rs
ib le  po larog raph ic  reac tio n s s ta r tin g  from  th e  re la tions o f T ach i and K am bara  
[4]. T h e  ap p licab ility  o f th e  m easu rem en t o f th e  th ird  h arm on ic  a.c. com po
n e n t  in  a.c. p o la ro g rap h ic  analysis w as in v es tig a ted  re c e n tly  [5, 6].

In  th e  p re se n t p ap e r we e x te n d  to  th e  th ird  h a rm o n ic  a.c. com ponen t 
th e  harm onic  an a ly sis  o f th e  c u rre n t flow ing th ro u g h  th e  electrode polarized  
b y  a  sm all am p litu d e  sinusoidal a.c. v o ltag e  superim posed  on th e  d.c. p o ten tia l. 
T h e  am p litu d e  o f th e  th ird  harm on ic  a.c. com ponen t is derived  in an  exp lic it 
fo rm  fo r th e  p o te n tia l  range of th e  to ta l  po larog raph ic  w ave in  th e  case of a 
com b in ed  diffusion an d  tran sfe r p rocess assum ing  lin ea r  diffusion. T he fo r
m u la s  re la ting  to  reversib le  p o la ro g rap h ic  reactions a re  o b ta in ed  from  th e  
a b o v e  re la tions as a lim itin g  case w h en  th e  ra te  o f th e  ch arg e  tra n sfe r  reac tio n  
is v e ry  large as co m p ared  to  th e  r a te  o f diffusion.
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T h e  m ath em a tica l t r e a tm e n t is th e  sam e as th a t  g iven in  th e  prev ious 
co m m u n ica tio n  [1], th u s  th e  d e ta iled  d iscussion  will be o m itte d . T he ad d itio n a l 
c a lcu la tio n s  re la ted  to  th e  th ird  h a rm o n ic  a.c . com ponen t o f th e  c u rren t are  
p re se n te d  a fte r  a sh o rt su m m a ry  o f th e  d e riv a tio n  of th e  fo rm u las .

T h e  re la tion  b e tw een  th e  o v e rp o te n tia l an d  th e  c u rre n t d en sity  in  th e  
case o f  d iffusion p o la riza tio n  com bined  w ith  a tra n sfe r  re a c tio n  is rep resen ted  
b y  th e  follow ing exp ression  [7]:

. =  о »
I 1̂0 2̂0 J

w here  it is th e  cu rren t d e n s ity  co rrespond ing  to  th e  tra n sfe r  reac tio n , i 0 is th e  
ex ch an g e  cu rren t d en sity , a  is th e  tra n s fe r  coefficient, Сх(0, t) a n d  C2(0, t) are  
th e  in s ta n ta n e o u s  c o n cen tra tio n s  o f th e  red u ced  and  oxid ized  species, respec
tiv e ly , a t  th e  electrode su rface  (i.e. a t  зс =  0 an d  tim e  t), w hile C10 and  C„0 are  
th e  b u lk  concen tra tions in  th e  so lu tion , w hich  are in d e p e n d e n t of tim e  an d  
th e  d is ta n c e  from  th e  e lec trode  surface.

I n  ou r case th e  in s ta n ta n e o u s  v a lu e  o f th e  o v e rp o ten tia l (rf) im posed on 
th e  e lec tro d e  by  a p o te n tio s ta t  a t  a given tim e  t is expressed  b y  th e  following 
p e rio d ic  equation

rj =  rj= +  rj^ sin  cat, (2)

w h ere  is th e  d.c. co m p o n en t of th e  o v erp o ten tia l an d  r]^ is th e  peak  Jvalue 
o f th e  a lte rn a tin g  v o ltag e  superim posed  on th e  d.c. p o te n tia l.

T h e  ions reduced  or ox idized in  th e  electrode reac tio n  are  supplied  b y  
d iffu sio n  to  th e  e lec trode  surface, th u s  th e  con cen tra tio n s Сх(0, t) an d  C2(0, t) 
can  b e  determ ined  u sin g  th e  fam ilia r d iffe ren tia l e q u a tio n  o f diffusion; as 
lin e a r  diffusion is assu m ed , th is  will be:

Э2Ck(x, i) _  1 ЭCk(x , t)
dx2 ~  Dk 8t

w h ere  Сг(х, t) and  C2{x, t) are  th e  co n cen tra tio n s  of th e  red u ced  and  oxidized 
fo rm s, respectively , of th e  p o ten tia l-d e te rm in in g  ions as a fu n c tio n  of tim e  an d  
th e  d is tan ce  from  th e  surface of th e  e lectrode, and  D k a n d  D 0 den o te  th e  
co rrespond ing  diffusion  coefficients.

T h e  in itia l an d  th e  b o u n d a ry  cond itions needed  to  solve d iffe ren tia l 
e q u a tio n  (3) are g iven b y

D 1
dx

,K  -9C-  
8* L

(4)
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an  equa tion  exp ressin g  th e  c o n tin u ity  of m ass t r a n s p o r t ,  an d  b y  th e  follow ing 
equa tions im p ly in g  th a t  b o th  com ponen ts h ad  been  p re se n t in  a hom ogeneous 
d is tr ib u tio n  b e fo re  th e  reac tio n  to o k  place an d  th e ir  co n cen tra tio n s d id  n o t 
v a ry  in  tim e; fu rth e rm o re , t h a t  c o n cen tra tio n  changes d u rin g  th e  e lec trode  
process tak e  p lace  on ly  in  th e  N e rn s t- ty p e  diffusion la y e r , <5Х and  ő2 being  th e  
th icknesses o f d iffu sion  layers co rrespond ing  to  th e  reduced  and  oxid ized  
species, resp ec tiv e ly .

and

Ci(x, t)]̂ <;o — C10 , C2{x, i)|/<;o C2

Ci(x, í ) С ю  1 C2(x, i)jx;>ä2 C 2,

(5)

( 6 )

T he diffusion c u r re n t  density  exp ressed  b y  th e  co n c e n tra tio n  of th e  ox id ized  
fo rm  of the  re a c tio n  com ponen t is

id = z F D 2
Э c 2
Qx  x=0

( ? )

T he b o u n d a ry  cond ition  rep re sen tin g  th e  re la tio n  be tw een  co n cen tra tio n s 
an d  o v e rp o ten tia l is o b ta in ed  b y  com bin ing  E q s (7) an d  (1), (the  la t te r  re la tes  
to  th e  tran sfe r c u r re n t  density ):

c , (  o , t )
a  zF 

, R T c 2(0 , t) - (1 —x)zF  
R T ( 8 )

( I t  is ev iden t t h a t  th e  cu rren t d e n s ity  given b y  E q . (1) is eq u a l to  th e  d iffusion  
c u rre n t [Eq. (7)] as diffusion precedes th e  tra n s fe r  reac tio n  and  on ly  th e  
e lec troactive  species w hich h av e  reach ed  th e  e lec trode  surface by  d iffusion  
can  ta k e  p a r t  in  th e  charge tra n s fe r  process.)

T he to ta l c u r re n t  i(t) passing  th ro u g h  u n it  a rea  o f th e  electrode su rface  
is g iven  b y  th e  su m  o f th e  tra n s fe r  c u rren t an d  th e  c u rre n t flow ing th ro u g h  
th e  capacitance  o f  th e  double lay e r

i(t) =  i 0
ct.zF

e~RT V C2(0 ,t)
c  e°20

(1 —at)zF 
R T V +  C

dr]
dt (9)

w here C is th e  c a p a c itan c e  of th e  doub le  lay e r p er u n it  a rea  of th e  e lec trode , 
a v a lu e  a p p ro x im a te ly  in d ep en d en t o f  th e  p o te n tia l (linear e lem ent from  an  
elec tric  p o in t of v iew ) [8].

T ak ing  in to  con sid era tio n  E q . (2), i t  is obvious t h a t  th e  second te rm  a t  
th e  rig h t-h an d  side o f  E q . (9) c o n ta in s  only  th e  period ic  signal of an g u la r 
freq u en cy  со. T hus th e  presence o f  h ig h er harm on ics, i.e. th e  d ev ia tion  o f th e
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c u r re n t from  the sinuso idal form , is caused  on ly  by  th e  n o n lin e a rity  o f th e  
e lec tro d e  process, in th e  p re se n t case b y  th a t  o f th e  d iffusion  an d  tra n sfe r  
p o la riza tio n s .

T h e  solution o f d iffe ren tia l e q u a tio n  (3) will be given using  th e  above 
b o u n d a ry  and  in itia l co n d itio n s  a fte r  th e  s te a d y  s ta te  has b een  a tta in e d  (i.e. 
a f te r  th e  decay of th e  t r a n s ie n t  p h enom ena  follow ing th e  sw itch ing  on o f th e  
d .c. p o te n tia l  and a.c. v o ltag e ). E qs (1) an d  (8), used as b o u n d a ry  conditions 
im m e d ia te ly  yield th e  tra n s fe r  c u rre n t d en sity , w hile th e  to ta l  c u rre n t d en sity  
will b e  given by  E q . (9).

T h e  varia tio n  of th e  co n cen tra tio n s  a t  th e  electrode su rface  w ill be given 
b y  a period ic  function  as th e  p o te n tia l o f th e  electrode is also a period ic  fu n c
tio n  o f  tim e.

T h u s  the  solu tion  o f d iffe ren tia l eq u a tio n  (3) a fte r th e  decay  of tra n s ie n t 
p h en o m en a  [9] is

Ci(x, t) =  (А ,  -f- A A ,)x  -f- В ,  4- A B ,  -f-

e
n =  1

V a a . x Í
' 2D' j  an cos ncot

ГКО
------ X
2D, )

-j- bn sin ncot nco
2D,

C2(x, t) =  (Ao +  A A 2) x - f B 2 4- A B 2

2 . e
n =  1

I 2D,. \ . ncot nco
2D.,

X] -\-bn sin ncot
nco

- x \ \ ,  (10)
2D., J)

w h ere  A ,x  -(- В , an d  A 2x  -)- B 2 are th e  changes in  th e  co n cen tra tio n s  of th e  
re d u c e d  and  the  ox id ized  species, resp ec tiv e ly , as fu n c tio n s o f th e  d istance  
fro m  th e  electrode su rface  in  th e  case o f d irec t p o te n tia l p o la riza tio n  (according 
to  N e rn s t’s assu m p tio n  o f  th e  d iffusion lay e r), w hile A A , ,  A B ,  an d  A A 2, A B 2 
a re  th e  changes in  th e  coefficients o f th e  above expressions caused  b y  th e  
a .c . v o ltag e  as a consequence of th e  n o n lin e a rity  of th e  e lec trode  process.

T he d e te rm in a tio n  o f th e  u nknow n  coefficients o f E q . (10) is perfo rm ed , 
as in  th e  previous s tu d y  [1], b y  su b s titu tin g  E q . (10) in to  th e  in itia l and  
b o u n d a ry  conditions [E qs (4), (5), (6) an d  (8)] excep t t h a t  th e  expression 
in  th e  rig h t-h an d  side o f E q . (8) is a p p ro x im a ted  b y  its  th ird  o rd er T ay lo r 
p o ly n o m ia l instead  o f th e  second o rd er one and  E q . (10) rep resen tin g  th e  
p e rio d ica l changes in  th e  co n cen tra tio n s is rep laced  b y  its  th ird  o rd er F ourie r 
po ly n o m ia l. Thus a com p ariso n  of th e  coefficients gives th e  change in  th e  
d .c . c u rre n t u n d er th e  effect of an  a.c. v o ltag e  correspond ing  to  th e  F a rad a ic  
rec tific a tio n , th e  a m p litu d e  of th e  f irs t an d  second h a rm o n ic  a.c. com ponen ts, 
as in  th e  previous com m u n ica tio n  [1], an d  th e  am p litu d e  o f th e  th ird  harm onic
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co m p o n en t of th e  a .c .

*3 1 — У̂"I Vs I
A 2 +  B 2

(<Pi +  W a )2 +  vl ’
w here

A  — a 12 +  b 2 2  ?
о 4

о _  . Я2»?~ , ^3»?~Ö — 012 йо2 I
8 2 24

У,Фг1~

bi2 —

{<Pi +  v > i)2 +  V>1 

(<Pi +  v > № v ~

b22 “

V9! =

ф  =

(<Pi +  V>2)2 +  v l

ctzF ( l - a ) z F

i !
[  d 2 e RT 4“

0 [ D i ^10 ^20 j

; zF [ M
° R T [  c 10

( l - a ) z F

(1 a )  e ÄT

Ai =  i0
zF
R T

[  c ,(0 )
1 C 10

a ZF 
A pRT v -  C2(0) (1 -a)*

(1 — a)zF 
R T

j _  ■ zFAn   l-n
J?T

a zF

D 9 e RT v=

Áo --  til
zF
R T

Di Cio

azF

-  (1 -  *)

+  (1

(1 —cc)zF 
R T

A,

10

z F  ^  

R T

J20

D ,  <x!

D, C

2 ctzF 
, R T

10

v= (1 -  a ) 2 _  0 - « ) ^
R T

(И)

(<Pi +  V i )2 + vl 
(v>2 +  y i)(l/4A ^l +  l/2A2612r/^) +  1/2у2А2а]21?„ _

(Vh +  V2)2 +  Vi

(y>2 +  9h) 1/2A2a12t?_ +  V^l/4^*?- +  1/2^2^12^-) .

zFD.,
nco
2D.,

, (n =  1,2,3);
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fu r th e r

Ci(0) '10
1=

ldn

C2(0) =  C2o 1

w h ere  ida and  idk a re  th e  lim itin g  c u rre n t densities of th e  anode an d  ca th o d e  
p rocesses, respective ly , a n d  Сх(0) an d  C2(0) are th e  co n cen tra tio n s  of th e  
p o te n tia l-d e te rm in in g  ions in  th e  oxidized an d  reduced  fo rm , respective ly , 
on  th e  surface of th e  e lec tro d e  in  th e  case o f Г)^ =  0; an d

i() {e
« F  (l-cc)zF
R T

, R T
(1- «)zF 

R T

t da l d k

is th e  equa tion  of th e  d .c. p o la riza tio n  curve. I t  is a p p a re n t th a t  th e  expres
sion  o f  th e  th ird  h a rm o n ic  a.c . co m p o n en t (E q . (11)) is a com p lica ted  fu n c tio n  
o f  th e  k inetic  p a ra m e te rs  o f th e  e lec trode  reac tio n  an d  i t  can  be ev a lu a ted  
b y  co m p u te r tech n iq u es  on ly . T he resu lts  o f th e  la t te r  ca lcu la tions will be 
re p o r te d  la ter.

T he expressions re la tin g  to  reversib le  po la ro g rap h ic  reac tio n s can  be 
d e riv ed  from  E q . (11). P o la ro g rap h ic  reactions are  te rm e d  reversib le  if  th e  
r a te  o f  th e  tran sfe r re a c tio n  is h ig h  com pared  to  th e  ra te  o f d iffusion  (th u s  th e  
r a te  o f  th e  electrode re a c tio n  is con tro lled  b y  d iffusion). A ccord ing ly , i 0, th e  
ex ch an g e  cu rren t d e n s ity , p ro p o rtio n a l to  th e  ra te  o f th e  charge tran sfe r reac 
t io n  is large, i.e. i 0 —*■ o o  in  a lim itin g  case.

A  d e riva tion  s im ila r to  th e  one p resen ted  in  th e  A p p en d ix  o f th e  p rev ious 
com m u n ica tio n  [1] y ields

=  lim  i

(zF )4 У3m
(RT)3 192T Q 9 -(C í0j /ű i  +  C20f F 2)

2ch2- zF-  r j j  
2 R T

ch2
zF  

2 R T

( 12)

V

T h e  resu lt agrees w ith  th a t  derived  b y  M c Co r d  et al. [3] em ploying  a d iffe r
e n t  m ethod .
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A study  was made on the relations betw een the p roperty  changes resulting in 
binary  solution system s from the tem perature  change or from  th e  addition of a th ird  
component. The possibilities of the general description of these phenom ena were consid
ered. I t  was shown how the connection betw een the two effects can be plotted on th e  
ternary  and b inary  diagram s, while the m ethod was applied to  th e  com parative stu d y  
of systems of th e  type  m etal chloride-H C l-H 20 . The deduced relations were applied 
to  the viscosity conditions in the MgCl2—HC1—H 20  and CsCl—HC1-H20  systems, and  
conclusions were draw n as to the isotherm al concentration dependence of the struc tu res 
of the two b inary  aqueous salt solutions, to  the dissociation relations for the HC1 
added to  the b inary  systems, and its dependence on the corresponding salt concentra
tions.

In  our re sea rch  w ork  in  connection  w ith  th e  in v es tig a tio n  of th e  s tru c tu re  
o f so lu tions o f s tro n g  e lec tro ly tes we h av e  been  s tu d y in g  som e p ro p ertie s  
m easu red  e x p e rim en ta lly  (viscosity , co n d u c tiv ity , v a p o u r  p ressure , d en sity , 
so lub ility ) or ca lcu la ted  from  th e  ex p erim en ta l d a ta  (m o lar volum e, a c t iv a 
tio n  th e rm o d y n am ic  fu n c tio n s, etc.) in  th e  to ta l  co n c e n tra tio n  range o f 
A X —B X —H 20  so lu tio n s. These are  used  to  gain  a deep er in sigh t in to  th e  
s tru c tu re  of c o n c e n tra ted  and  m o d era te ly  co n cen tra ted  so lu tions, reg ard in g  
w hich th e re  are  re la tiv e ly  insuffic ien t re liab le  in fo rm atio n s so far. The s tu d y  
of such  te rn a ry  so lu tions is considered as a m eans o f o b ta in in g  in fo rm atio n  
on th e  s tru c tu re  o f  th e  c o n s titu e n t b in a ry  system s A X —H 20  an d  B X —H 20 .  
T h u s, we h av e  s tu d ie d  how  a th ird  co m ponen t added  to  a b in a ry  so lu tio n  
affects th e  p ro p ertie s  of th e  in itia l b in a ry  system  as a fu n c tio n  o f co n cen tra tio n  
of th e  la t te r ,  an d  co m p ared  th e  re la tio n s b e tw een  th e  p ro p e r ty  changes A Z , 
re su ltin g  from  th e  v a r ia tio n  of th e  te m p e ra tu re  in  th e  b in a ry  system , or th e  
a d d itio n  of a th ird  com ponen t.

A  q u a lita tiv e  discussion of th e  la t te r  effect has been  g iven  in  an  earlie r 
p a p e r  [1]. In  th e  p re se n t p ap e r an  a t te m p t is m ade to  give a general an d  
ex ac t descrip tion  o f th e  effect; fu rth e r , th e  possib ility  o f p lo ttin g  of connec
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t io n  o f  b o th  effects is d e m o n s tra te d  on th e  te rn a ry  d iag ram , a n  its  ap p licab ility  
is il lu s tra te d  b y  th e  c o m p a ra tiv e  s tu d y  o f  m e ta l ch lo rid e -H C l—H 20  system s.

T h e  p ro p erty  ch an g e  AZ,  re su ltin g  from  th e  te m p e ra tu re  change At, in  
th e  b in a ry  system  A X —H 20  (or B X —H 20 )  can  be com pared  w ith  th e  p ro p e rty  
ch an g e  AZ,  following th e  ad d itio n  of th e  co m ponen t B X  (or A X ) to  th e  b in a ry  
so lu tio n  A X -H 20  (or B X —H 20 )  of a g iven  in itia l co n cen tra tio n , in  tw o w ays:

a)  in v estiga ting  as a fu nc tion  o f  th e  co n cen tra tio n  mAx  (or m Bx) 
th o se  am o u n ts  B X  (or A X ) added to  th e  b in a ry  aqueous so lu tion  A X —H 20  
(or B X - H 20 )  of a g iven co n cen tra tio n  пгдх (or mBx), w hich  p roduce  th e  sam e 
p ro p e r ty  change A Z  as a g iven  c o n s ta n t te m p e ra tu re  change At app lied  to  th e  
b in a ry  solu tion  A X —H 20  o f th e  sam e co n cen tra tio n  7Пдх;

b) keeping th e  p ro p e r ty  change A Z  p roduced  b y  e ith e r  of th e  tw o 
m e th o d s  ( tem p era tu re  v a r ia tio n  or th e  ad d itio n  of a th ird  com ponent) a t  a 
c o n s ta n t  value, to  s tu d y  th e  v a ria tio n  o f  th e  m u tu a l ra tio  o f th e  At an d  / j /n Bx 
(or /1 т д х )  required  to  p ro d u ce  th e  c o n s ta n t AZ  as a fu n c tio n  of th e  concen
t r a t io n  пгдх (or m bx) o f  th e  co rrespond ing  b in a ry  aqueous solu tion .

F o r  th e  case o f th e  add ition  o f B X  to  th e  b in a ry  aqueous so lu tion  of 
A X , m e th o d  a)  can  b e  ca rried  ou t in  acco rdance  w ith  th e  follow ing princip les 
( th e  tre a tm e n t below  is also valid  fo r th e  add ition  of A X  to  th e  b in a ry  B X  
so lu tio n , o f course, th e  re le v a n t indices s im p ly  being in te rch an g ed ):

(A Z binary
A J  V  L » f  V/ L I 1  v . 1 .0  ХАЛ Ъ А  U  L AAA A/VI A/AA I v A v l A  A. X_/ A I ' l l  V/ J . /  A '  7 A A J  A J  A_7 A AAA

. At )m'AX
b in a ry  aqueous so lu tio n  o f  A X  a t  v a rio u s  b in a ry  aq u eo u s so lu tion  concen
tra t io n s  Шдх5 for th e  case of a te m p e ra tu re  change At  beg inn ing  from  th e

te m p e ra tu re  t,;* and  le t
ZlZ

Am BX

te rna ry
b e  th e  B X -co n cen tra tio n  coeffic ien t of

th e  p ro p e rty  Z  of th e  b in a ry  aqueous so lu tio n  of A X  fo r th e  ad d itio n  of B X
to  b in a ry  aqueous so lu tio n s of A X  o f v a rio u s  co n cen tra tio n s Шдх a t  c o n s ta n t 
te m p e ra tu re  t, i.e. under isothermal conditions. The te rn a ry  u p p e r in d ex  in d i
c a te s  th a t  a te rn a ry  sy s tem  was p ro d u ced  b y  the  ad d itio n  o f B X  to  th e  b in a ry  
A X  so lu tion .

L e t th e  in itia l com positions of th e  b in a ry  aqueous so lu tions, th e  te m p e ra 
tu r e  o f  w hich is v a rie d  an d  to  w hich th e  th ird  co m p o n en t is ad d ed , be  th e  
sam e :

mk x  =  '» л х  =  m AX (!)

M oreover, le t th e  te m p e ra tu re  change At  p roducing  th e  p ro p e rty  change ZlZ 
w ith in  th e  sam e ex p e rim en ta l series (in accordance w ith  th e  cond itions of

* I t  is also im portan t to  take the in itia l tem perature t, into consideration, for although 
/It is the  same if the tem pera tu re  is reduced from  e.g. 50 to 30 °C, or from  30 to 10 °C, the 1/ 
values in the two cases are n o t identical.
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m eth o d  a)  be c o n s ta n t in  th e  w hole A X —H 20  c o n c e n tra tio n  range:

At =  i2 i  ti =  c o n s ta n t ^ / ( m AX) ; (2

a n d  le t also th e  ad d itio n  o f th e  am o u n t o f  B X  n ecessary  to  produce  th e  
p ro p e r ty  change A Z  in  th e  case o f th e  v a lid ity  o f co n d itio n  (1) tak e  p lace in  
th e  w hole b in a ry  A X —H 20  co n cen tra tio n  range  u n d e r  iso th e rm a l cond itions:

t2 =  c o n s tan t (3)

The two effects chang ing  Z  (the  v a r ia tio n  o f th e  te m p e ra tu re  an d  th e  
ad d itio n  of th e  th ird  com ponen t) can  now  m ost sim p ly  be com pared  b y  ta k in g  
th e  ra tio  of th e  above coefficients of th e  change Z  p ro d u ced  in  th e  tw o w ays. 
W hen  cond itions (1), (2) an d  (3) all hold , th e  ra tio  o f th e  tw o coefficients can  
be w ritten  as follows:

(A Z
At

binary

шах» h
A Z

^ m BX

ternary

Wax. h

■ M ' (4)

w here

M ' = f ( m AX, At =  t2 ±  t±, t 2)

F ro m  (4) we have

■AZ'
At

=  M '
mAX’ (2

' zlZ
A m BX /пах» *2

(5 )

( 6 )

T he com parison  o f th e  changes of Z  due to  th e  tw o  effects is m ade s till 
easier if, in  th e  case w hen  cond itions (1), (2) an d  (3) ho ld  sim u ltaneously , th e  
changes A Z  p ro d u ced  b y  th e  tw o m eans are  also ta k e n  as id en tica l a t  th e  
v a rio u s b in a ry  c o n cen tra tio n  m AX:

J Z (m Z A t , t  s (7 )

T h a t is, in th is  case m BX in  (4) an d  (6) m eans ju s t  th e  a m o u n t of B X  w hich 
p roduces an  id en tica l change in  Z  as th e  chang ing  in  t.

A ccordingly , since t =  i2 +  tx an d  i2 is c o n s ta n t in  th e  whole b in a ry  
A X - H 20  co n cen tra tio n  range, (4) an d  (6) assum e th e  follow ing form s:

( ^ m Bx)mAX> U _  jyj ^

(^OmAX’ h
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an d

(Л"*вх)тдх, '* =  (^*)тдх, U M  =  *Sdr, ' M  (9)

w here

K alj  2 =  c o n s ta n t.

E q . (9) is the  eq u a tio n  of th o se  cu rves on th e  iso therm  te rn a ry  d iagram  
(F ig u re  1) w hich connect th e  te rn a ry  co n cen tra tio n s  for w hich  th e  ad d itio n  of 
th e  a p p ro p ria te  a m o u n t o f B X  a t a g iven  te m p e ra tu re  to  th e  b in a ry  A X -H 20

10 

8

_ 6 
Ö 1Л

£ и 

2 

0
0 2 4 6 8 10 12 U

m HCI

F i g .  1 .

so lu tio n  of given c o n cen tra tio n  m Ax  causes th e  sam e change AZ,  as th a t  
re su ltin g  from  th e  change in  th e  te m p e ra tu re  t2 o f th e  b in a ry  A X -H 20  
so lu tio n  of given c o n cen tra tio n  т д х  b y  th e  co n stan t At in  th e  w hole A X —H 20  
c o n c e n tra tio n  range. C onsequen tly , M  m eans physica lly  a c o n cen tra tio n  change 
J m Bx  w hich, un d er iso th e rm a l (t2 =  c o n s tan t)  cond itions, p roduces th e  sam e 
p ro p e r ty  change in  th e  b in a ry  aqueous A X  system  as a 1 °C chang ing  in  th e  
te m p e ra tu re  w ith in  th e  te m p e ra tu re  ran g e  At =  i2 A  tx in  a b in a ry  aqueous 
A X  so lu tion  w ith id e n tic a l co n cen tra tio n .

A ccording to  E q . (5), M '  an d  also th e  correspond ing  AtnBx  are  functions 
o f Ша х 5 At =  t2 +  ancl {2- I f  th e  la t te r  tw o p a ram e te rs  are  c o n s ta n t in  th e  
w hole b in a ry  A X -H 20  co n cen tra tio n  ran g e  (as is th e  case here ), M '  an d  th e  
co rrespond ing  M , an d  hence A m Bx  to o , are  sim ply  fu n c tio n s o f th e  co n cen tra 
tio n  o f  A X . I f  M  w ere n o t  to  change w ith  th e  linear increase  o f th e  co n cen tra 
tio n  o f  th e  b in a ry  A X  so lu tion , th is  w ould  m ean  th a t  th e  ra tio  o f A m Bx  a n d 
At  p ro d u c in g  the  p ro p e r ty  change AZ,  w ould  rem ain  th e  sam e, in d ep en d en tly  
o f  th e  co n cen tra tio n  in  th e  b in a ry  aqueous A X  so lu tion ; an d  [since according 
to  co n d ition  (2) At is c o n s ta n t in  th e  w hole b in a ry  c o n c e n tra tio n  range] no r 
w o u ld  th e  value of zlmBx  change w ith  th e  co n cen tra tio n  o f A X  (th e  s tra ig h t
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lines M id in  F ig u re  1). This w ould  in d ica te  th a t  (a t le a s t as regards th e  effect 
on  th e  p ro p e rty  Z) th e  ad d itio n  o f  th e  th ird  co m p o n en t B X  w ould  p roduce  
th e  sam e change in  th e  s tru c tu ra l re la tio n s  in  th e  w hole b in a ry  A X -H 20  con
c e n tra tio n  range, a n d  hence w ith  th e  increase o f m Ax  th e re  w ould  be no change 
in  th e  s tru c tu re  o f  th e  b in a ry  so lu tio n  or a t  le a s t th e  change too  w ould be 
lin ea r  in the  w hole co n cen tra tio n  range . O n th e  o th e r  h a n d , if  M  changes 
non-linearly  w ith  т д х ,  or changes linearly  only  in  ce rta in  sections (see th e  
o th e r  M  curves in  F ig u re  1), th e  cause  m u st be so u g h t in  th e  s tru c tu ra l changes 
occurring  on th e  increase  of th e  c o n c e n tra tio n  in  th e  aqueous so lu tion  of A X . 
As a resu lt oi th is , because of th e  v a rio u s s tru c tu ra l a rran g em en ts  and  in te r 
ac tio n s which d eve lop , th e  a m o u n t of B X  (A m вх )л ,( , — req u ired  to  a t ta in  
th e  zlZ produced  b y  th e  te m p e ra tu re  change At ex e rts  d ifferen t effects in 
th e  various A X  co n cen tra tio n  in te rv a ls .

As we h av e  seen , M  cha rac terizes  th e  m u tu a l re la tio n  of th e  effects of 
th e  tem p e ra tu re  change and  of th e  ad d itio n  o f th e  th ird  com ponen t on th e  
p ro p e r ty  change AZ.  T hus, if  i t  is assum ed  th a t  th e  increase (decrease) of th e  
te m p e ra tu re  leads o n ly  to  th e  decrease  (increase) o f th e  s tru c tu ra l o rdering  
w ith o u t a change in  th e  n u m b er o f  ions in  th e  b in a ry  aqueous so lu tion , th e n  
th e  v alue  of M  an d  th e  ex ten t an d  d irec tio n  of its  v a r ia tio n  as a fu n c tio n  of th e  
co n cen tra tio n  o f A X  m ay  also be  good ch a rac te ris tic s  o f w h a t ty p e  of effect 
is ex e rted  b y  th e  a d d itio n  of th e  th i r d  com ponen t on th e  s tru c tu re s  of b in a ry  
aqueous salt so lu tions of given co n cen tra tio n . A p ro o f fo r th is  is p rov ided  b y  
th e  fa c t th a t  acco rd in g  to  our f in d in g s  th e  line o f cu rv e  M  in  te rn a ry  m eta l 
ch lo ride—HC1—H 20  system s will v a ry  w ith  th e  n a tu re  o f th e  sa lt com ponen t 
o f  th e  b in ary  aqueous sa lt so lu tion , an d  will be ch a rac te ris tic .

L e t us ap p ly  th e  above re la tio n s  to  th e  system  MgCl2—HC1—H 20  stud ied  
b y  us [2]. In  th is  case le t A X  =  M gCl2, B X  =  HC1, f2 =  50 °C, At =  —  t2 =
=  35— 50 °C =  — 15 °C, or ix —  t2 =  25 —  50 °C =  —  25 °C, A Z  =  zlr? th e  
v isco sity  change, a n d  fo r th e  com ple te  MgCl2—H^O co n cen tra tio n  range th a t

A v  j bina‘‘y < 0  
At I

A ccordingly , E q . (9) assum es th e  fo llow ing fo rm :

(ZlmHcOmMgCi,, Í2=50oC — At • M  =  K At> t2 • M  (10)

E q . (10) gives an  e q u a tio n  for th e  cu rves show n in  F igu re  1, w hich re la te  to  
th e  tw o d ifferent te m p e ra tu re  decreases At (a te m p e ra tu re  change of — At) 
of 15 an d  25 °C s ta r t in g  from  f2 =  50 °C. T he tw o curves connect those HC1 
co ncen tra tions fo r w h ich  th e  ad d itio n  of th e  co rrespond ing  a m o u n t of HC1 to  
th e  MgCl2-H „ 0  b in a ry  solu tions o f g iven  co n cen tra tio n  p roduces th e  sam e
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v isco sity  change á t  í2 =  50 °C as th e  decrease of th e  te m p e ra tu re  o f such  a 
b in a ry  MgCl2- H , 0  so lu tio n  by  15 or 25 °C from  f2 =  50 °C an d  K /)Í2 =  15 °C, 
К"у1г =  25 °C, resp ec tiv e ly .

I t  can  be seen from  F igu re  1 th a t  even in  th e  case of ex trem ely  d ilu te  
in it ia l  MgCl2- H 20  b in a ry  system  (i.e . p rac tica lly  in  w ate r) th e  v iscosity  is 
in c reased  to  such a la rge  e x te n t b y  a te m p e ra tu re  decrease o f 15 °C th a t  u n d er 
iso th e rm a l conditions th is  could only  be  ach ieved  b y  th e  ad d itio n  of 4 m HC1. 
I t  is also clear th a t ,  w ith  th e  ex cep tio n  o f m o d era te ly  c o n c e n tra ted  MgCl2 
so lu tio n s , th e  m ore co n c e n tra ted  th e  in itia l MgCl, so lu tion  a t  a given te m p e ra 
tu re  (here  50 °C) th e  m ore  th e  HC1 req u ired  for th e  v iscosity  increase produced  
to  be  eq u iv a len t to  th a t  due to  th e  15 °C te m p e ra tu re  decrease o f th e  50 °C 
b in a ry  MgCl2~ H 20  w ith  th e  co rrespond ing  co n cen tra tio n .

A d ifferen t b e h a v io u r is observed  fo r th e  m o d era te ly  c o n cen tra ted  MgCl, 
so lu tio n s : In  the  in itia l co n cen tra tio n  range 0.5— 1.5 m  MgCl2 th e  am o u n t of 
HC1 w hich m ust be ad d ed  to  give ju s t  th e  sam e v iscosity  change in  th e  b in a ry  
so lu tio n s  under iso th e rm al cond itions as th e  decrease o f th e  te m p e ra tu re  of 
th e se  so lu tions b y  15 or 25 °C is p ra c tic a lly  co n stan t. A ccord ing  to  o u r assu m p 
tio n , th is  corresponds to  those  co n d itions for w hich th e  rea rra n g em e n t of th e  
h y d ra te  shell an d  th e  increase o f th e  ion-ion in te ra c tio n  re su ltin g  from  th e  
a d d itio n  of th e  g iven  a m o u n t o f HC1 will p roduce  th e  sam e v iscosity  change 
as a fu n c tio n  of th e  M gCl2 co n cen tra tio n  in  th e  given range, as th a t  due to  th e  
te m p e ra tu re  decrease in  b in a ry  MgCl2 so lu tions in  th is  co n cen tra tio n  range. 
In  m ore  d ilu te  so lu tions th e  la t te r  effect will be th e  d o m in a n t one, while in 
m o re  co n cen tra ted  M gCl2 so lu tions th e  fo rm er effect will p revail.

T he increase in  v iscosity  due to  a decrease in  te m p e ra tu re  is so large 
t h a t  i t  is n o t possible b y  th e  ad d itio n  o f HC1 to  c o n cen tra ted  b in a ry  aqueous 
M gCl,—H 20  so lu tions to  p roduce  a v isco sity  increase e q u iv a len t to  th a t  re su lt
in g  from  a te m p e ra tu re  decrease of 35 °C, for exam ple (th e  HC1 ex erts  a v e ry  
s tro n g  sa lting -ou t effect on th e  M gCl2 and  th e  v a p o u r p ressu re  of HC1 rap id ly  
a t ta in s  a value of 1 a tm ). L ikew ise even  in  th e  case of less co n c e n tra ted  aqueous 
s a lt  so lu tions, it  w ould  be possible to  p roduce  it  only  b y  th e  a d d itio n  of 13—14 
m  HC1.

F igure 2 gives a p lo t o f M
' A m HCX 

At
as a fu n c tio n  of th e  concen-

A t , 12
t r a t io n  of th e  b in a ry  MgCl2—H 20  so lu tio n  for zlt =  25 an d  15 °C. I t  can  be 
seen  th a t  th e  p lo t is n o t lin ear in  e ith e r  case, m erely  ap p ro ach in g  lin ea rity  
th ro u g h  th e  various sections. N everthe less, th e  slope o f th e  lin ea r section  varies, 
show ing  th a t  th e re  are  co n cen tra tio n  in te rv a ls  w ith  d iffe ren t, d o m in an t s tru c 
tu r a l  rea rran g em en ts  as th e  c o n cen tra tio n  changes in  th e  b in a ry  system . I t  is 
also  clear th a t  fo r th e  w hole MgCl2 co n cen tra tio n  range

M At  = 2 5 ’ , * 2 = 5 0= 5 0 °  ^  M a i ■15°, 12 = 5 0 ° (И )
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th a t  is

and

d M
dAt

>  0 ( 12 )

d M
dt1

< 0
h

(13)

T h u s, s ta r tin g  from  i2 th e  value of M  increases w ith  th e  increase  of At ( te m p e ra 
tu re  decrease!), i.e. w ith  th e  decrease of tv

L e t us now  tu rn  to  th e  m o n o v a len t Gs+ ion, w hich  is m uch la rg e r (r =  
=  1.69 Á) th a n  th e  Mg2+ ion (r =  0.65 Á), th u s  to  th e  C sC l-H C l-H .,0  system  
[3]. I t  can  be seen from  b o th  F igures 1 an d  2 th a t  th e  M  cu rves for th e  M gCl2 
a n d  CsCl system s d iffer, in d ica tin g  th a t  th e  shapes o f th e  curves an d  hence 
th e  s tru c tu re s  o f th e  b in a ry  aqueous MeClx—H 20  so lu tions are  m ain ly  d e te r 
m ined  b y  th e  size an d  charge of th e  ca tio n  of th e  sa lt.

L e t us now  use m eth o d  bj  as o u tlin ed  in th e  in tro d u c tio n  to  com pare th e  
effects of th e  te m p e ra tu re  change an d  th e  add itio n  o f a th ird  com ponen t on th e  
v a ria tio n  in  th e  p ro p e rty  Z. In  th is  case i t  will be co m p ared  th a t  te m p e ra tu re  
ch an g e  t an d  th a t  a m o u n t o f th e  th ird  com ponen t m bx w h ich  m u st be  added  
to  p ro d u ce  a given —  in  th e  w hole b in a ry  aqueous A X  co n cen tra tio n  ran g e  — 
c o n s ta n t p ro p e rty  change Z. In  th e  case of m ethod  a ),  th e re fo re , t was c o n s ta n t 
an d  Z  an d  m BX depended  on th e  co n cen tra tio n  o f th e  b in a ry  aqueous A X
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so lu tio n , whereas in  th e  p re se n t case Z  is c o n s ta n t and  t a n d  m Bx  depend  on 
th e  co n cen tra tio n  of A X .

I n  spite  of th e  fa c t t h a t  th e  n u m b er o f d ep en d en t v a riab le s  in  m eth o d  b)  
is a p p a re n tly  unchanged , n ev erth e less  th e  m e th o d  seems to  be  m ore  applicab le  
fro m  a certa in  p o in t o f v iew , because in  th is  case i t  is possib le to  com pare tw o 
fa c to rs  w hich b ring  a b o u t o n ly  one given, c o n s ta n t effect, a n d  to  s tu d y  th e ir  
d ep en d en ce  on the  c o n c e n tra tio n  of A X  to o , an d , as will be seen  la te r  [E q . (17)], 
th is  does in fact decrease th e  n u m b er of v a ria b le  p a ra m e te rs  to  be considered 
b y  one .

- д ^  b i n a r y

L e t
AZ

b e  th e  te m p e ra tu re  change co rrespond ing  to  u n it  AZ-

c h a n g e , i.e. th e  te m p e ra tu re  change p ro duc ing  u n it  A Z-change, s ta r tin g  from  
a  te m p e ra tu re , t2.

A fiißy
be th e  a m o u n t of th e  th ird  com ponen tS im ilarly , le t

A Z
co rresp o n d in g  to  u n it  /IZ -change , i.e. th e  a m o u n t of th e  th ird  com ponen t 
p ro d u c in g  u n it ZlZ-change u n d e r  iso th e rm al cond itions w ith  t2 =  co n stan t.

O n the  analogy o f E q . (4), th e  ra tio  o f th e  tw o coefficients can  be w ritten  
as follow s:

Атпвх t e r n a r y

A Z m A X

t At b i n a r y

[A Z t o ■m AX

= 1\' (14)

S im ila rly , if (1) and  (3) h o ld , and

At =  t, ~f~ t,
a n d  if

— (/}Z)^B x ,l 2 =  c o n s ta n t v ^ / ( m AX) 

th e n  (14) assumes th e  fo llow ing form :

(15)

w h ere

zlm BX

At
=  N

U. m.

[ N = f m Ay] u

( 16 )

(17)

A ccord ing  to  (17), th e re fo re , an d  in  c o n tra s t w ith  (5), N  is no longer a fu n c tio n  
o f  Zli, and  thu s th e re  is ind eed  one few er in d ep en d en t v a ria b le  involved  in  
considera tions w ith  m e th o d  b).
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E q . (16) gives th e  ra tio  of th e  tw o  in d ep en d en t effects in  th e  case of 
id e n tic a l changes AZ,  c o n s tan t in  th e  w hole b in a ry  aq u eo u s A X  so lu tion  co n 
c e n tra tio n  range, a n d  p roduced  b y  th e  tw o  in d ep en d en t m e th o d s (i.e. te m p e ra 
tu r e  v a ria tio n  an d  a d d itio n  of th e  th i r d  com ponen t). E q . (17) shows th a t  th is  
ra tio  depends only  on th e  co n cen tra tio n  of th e  b in a ry  aqueous A X  so lu tio n  if 
th e  te m p e ra tu re  f2 is also co n stan t.

N  m ay  th ere fo re  be  considered as th a t  am o u n t o f  B X  correspond ing  to  
th e  te m p e ra tu re  change Zlt and  a d d ed  to  th e  b in a ry  aq u eo u s sa lt so lu tion  u n d e r  
iso th e rm a l cond itions (i2 =  c o n s tan t) , w hich  produces a g iven  — in th e  w hole 
b in a ry  aqueous A X  co n cen tra tio n  ra n g e  —  c o n s tan t p ro p e r ty  change zlZ.

B o th  (8) and  (16) h av e  th e ir  ow n a d v an tag es . T h e  a d v a n ta g e  of th e  u se  
o f  (8) is th a t ,  as we h a v e  seen, it  gives th e  e q u a tio n  of th e  th ic k  curves in  F ig u re
1. I n  sp ite  of the  fa c t t h a t  as a p rinc ip le  a correspond ing  cu rv e  can n o t be d raw n  
on  th e  te rn a ry  d iag ram  o f type  1, th e  ad v an tag e  o f u sing  (16) is th a t  th e  
dependence  o f N  on th e  co n cen tra tio n  o f  th e  b in a ry  aqueous A X  solu tion  u n d e r  
iso th e rm a l conditions (i2 =  constan t) is m u ch  m ore exp ressed , as can  be seen 
in  F ig u re  3. T hus, i t  m a y  possibly b eco m e easier to  d raw  conclusions fo r th e  
d ep en d en ce  on th e  s tru c tu re  of th e  b in a ry  aqueous so lu tio n , and  hence fo r 
th e  s tru c tu re  of th e  b in a ry  aqueous so lu tio n  too.

L e t us app ly  m e th o d  b) to  th e  system s CsCl—HC1— H 20  and  M gCl2— 
—H C 1-H 20 ,  assum ing th e  dependence o f  N  on th e  co n c e n tra tio n  of th e  CsCl 
o r M gCl2 solu tion  as o b ta in e d  from  (16) (F igure  3). T he sym bols used in  co n 
n ec tio n  w ith  m ethod  a)  a re  also used  in  th is  case.
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T he curves g iven  in  F igu re  3 in fac t e x h ib it a m ore exp ressed  line th a n  
th e  M  curves in  F ig u re  2 fo r th e  severa l g iven te m p e ra tu re  decreases At. 
In  a d d itio n , th e  cu rves a re  v e ry  d ifferen t. T h is shows w ell t h a t  fo r th e  sam e 
m o la litie s  th e  s tru c tu re s  o f  th e  tw o so lu tions d iffer con sid erab ly  (a so lu tion  o f  
M gCl2 contains 1.5 tim es  as m an y  ions a n d  tw ice as m uch ch arg e  as an  equi- 
m o la l so lu tion  of CsCl; in  th e  la tte r  so lu tio n , therefore , th e re  are  m uch m ore 
free  w a te r  m olecules b ecau se  of th e  v e ry  d iffe ren t sizes o f th e  ca tions an d  a 
1 0 0 %  difference in  th e  ca tio n  charge). T h ree  co n cen tra tio n  ranges can  be well 
d is tin g u ish ed  in  th e  N  cu rv e  for MgCl2, th e se  th ree  sections b e ing  to  a good 
a p p ro x im a tio n  linear. I t  ho lds for th em  th a t

d N
dm Mgci2

a MgCl2

a MgCl2 =  ' '̂aMgCi! +  ^MgCl2 m MgCl* 

a MgCl2 =  JV 4 U  +  *MgCl2 mMgCl2 

a MgCl2 =  iV«nic„ -)- &MgCh m MgCI2

(^м?С12 <  0)

(^MgCi2 >  0) 

(^Mgci2 0)

(18)

O n th e  o th e r h a n d , th e  N  curve fo r th e  CsCl-H Cl—H 20  system  exh ib its  
o n ly  tw o linear sec tions, w here

d N  ^CsCl — - ^ “csCl +  ^CsClm CsCl
" — — &CsCl
d m CsC\ a CsCI ^Csc.'! +  ^CsCim CsCl

(^CsCI ^MgCl2 <  0 )  

(^CsCl frcsCI <  0 )

(19)

I t  is rem ark ab le  th a t  in  b o th  sy stem s in te rv a l I  ex ten d s  to  the lim it 
o f com plete  h y d ra tio n  [4, 5], th a t  is w hile i t  is s till possible fo r th e  added  HC1 
to  be  h y d ra ted  b y  th e  free w ate r m olecules, or for th e  s tru c tu ra l  free w a te r  
frac tio n *  to  increase or decrease as a re su lt of th e  change o f At.

This clearly  show s th a t  a s tru c tu re  differing  from  th e  p rev ious ones is 
fo rm ed  in  th e  b in a ry  so lu tion  a fte r th e  a t ta in m e n t o f th e  lim it of com plete  
h y d ra tio n , w hich can  th e re fo re  be d e te rm in ed  from  th e  N  cu rves. In  th is case

* The views of a num ber of authors [6, 7] can be generalized by  saying th a t liquid w ater 
consists of at least two fractions: a statistically “'quasicrystalline” w ater fraction, where the 
w ate r molecules are bounded relatively strongly by  hydrogen bonds — th is is term ed “ s tru c tu 
ra l”  (ice-like, clustered, etc.) w ater —, and a fraction  consisting of monom ers, this is term ed 
“ monom eric” water. A t a given tem perature there  is an equilibrium betw een the two forms. 
T his can be described by  th e  relation

[H 20 ] structural js  / о т"ríTim--------- =  K (20)
1п,2и  Imonomeric

Decrease in tem pera tu re  shifts the equilibrium  tow ard the polym eric sta te  (the s tru c tu 
ral form ), and consequently there is an increase in the  viscosity of the  w ater. This is also true  
for dilute salt solutions w ith  concentrations less th an  the lim it of com plete hydration. On th e  
o th e r hand, the iso therm al addition of the th ird  salt component does no t change the equ i
librium , bu t only decreases the absolute am ounts [H 20 ] structura| and [ H 20 ] monom eric .

Acta Chim. ( Budapest)  74, 1972



BERECZ, BÁ DER: P R O P E R T IE S  OF BINARY SOLUTIONS 2 2 3

processes can ta k e  p lace such as th e  decrease of th e  e x te n t  of th e  h y d ra te  shell, 
th e  n u m b er o f h y d ra te d  w a te r  m olecules, possibly —  in  th e  case of sm all 
ions of high charge —  new , m ore com plex  ion-ion an d  ion -so lv en t associates, 
w hich can be a ffec ted  b y  th e  change o f tem p e ra tu re  an d  b y  th e  a d d itio n  of 
ZfiriHCi in  d ifferen t m an n er th e  p rev ious s tru c tu re . In te rv a l  I I  gives in fo r
m atio n  as to  th e  co n c e n tra tio n  ran g e  fo r th e  fo rm atio n  o f th is  new  s tru c tu re  
a n d  to  its re la tiv e  s tre n g th . In  th is  in te rv a l, fo r in s tan ce , N  increases as a 
fu n c tio n  of th e  MgCl2 c o n cen tra tio n , b u t  no t as a fu n c tio n  o f th e  CsCl concen
tr a t io n ;  in  th e  la t te r  case th e  slope is m erely  som ew hat g re a te r  (less negative) 
th a n  in  th e  f irs t in te rv a l.

T he N  curve fo r MgCL, begins to  rise very  sh a rp ly  a t  co n cen tra tio n s  n ear 
to  sa tu ra tio n . This m u s t obv iously  be re la ted  w ith  th e  fo rm a tio n  of a fu rth e r , 
th ird  so lu tion  s tru c tu re , considered  as a s ta tis tic a lly  q u asic ry sta llin e  p re 
s tru c tu re  app roach ing  th e  solid phase  w ith  th e  com position  of MgCl2 • 6 H ,0  
w hich  sep ara tes  from  th e  s a tu ra te d  so lu tion . The change in  th e  te m p e ra tu re  
is ab le to  produce  o n ly  sligh t v a r ia tio n  in th is  la t te r  so lu tio n  s tru c tu re  (only 
th e  solid MgCl2 • 6 H „0  gets p re c ip ita te d  b o th  from  th e  s a tu ra te d  b in a ry  and  
th e  hydroch lo ric  ac id -co n ta in in g  te rn a ry  MgCl2 so lu tions in  th e  te m p e ra tu re  
ran g e  0— 100 °C [8]), b u t  v e ry  m uch HC1 is requ ired  to  p roduce  th e  sam e 
change At] as th e  increase  of v iscosity  due to  th e  te m p e ra tu re  increase. This 
show s th a t  in  such co n c e n tra ted  MgCl2 so lu tions th e  degree o f d issociation  of 
dissolved HC1 is v e ry  low. A large p a r t  o f it  m erely undergoes physica l d issolu
tio n , rem ain ing  as an  und isso c ia ted , unch arg ed , qu asi-in e rt m olecule. I t  w eak
ens th e  s tru c tu re  w hich has developed , an d  th e  ion-ion in te ra c tio n s  producing  
an  increase in v iscosity  a re  increased  on ly  b y  th e  sm all a m o u n t of charge c a r
rie rs  re su ltin g  from  th e  v e ry  sligh t d issociation .

T h a t such a s ta tis tic a lly  q u asic rysta lline  p re -s tru c tu re  does in  fac t 
ex is t, an d  th a t  th e  HC1 ad d ed  to  such  so lu tions dissociates on ly  v e ry  sligh tly , 
h as  em erged from  our earlie r m easu rem en ts  [2]. I t  was fo u n d  th a t  th e re  is a l
so a sudden  and  g rea t increase in  th e  en tro p y  of a c tiv a tio n  o f viscous flow  in 
th is  co n cen tra tio n  range, w hile in  such co n cen tra ted  so lu tions th e  a d d itio n  of 
HC1 decreases th e  v iscosity  of th e  b in a ry  MgCl, so lu tion , a n d  also b a re ly  in 
creases th e  specific co n d u c tiv ity .

In te rv a l I I I  does n o t a p p ea r w ith  th e  C sC l-H C l-H 20  sy stem , an d  th u s  
th e  quasic rysta lline  p re -a rran g em en t an d  th e  repression o f th e  d issociation  of 
th e  HC1 do n o t occur (or to  an  ex trem ely  sm all e x te n t only) in  such system s. 
T h is is show n by  th e  fa c t th a t  an h y d ro u s  CsCl falls o u t from  its  sa tu ra te d  
so lu tions over a w ide te m p e ra tu re  range [9], while our ow n resu lts  [3] ind ica te  
th a t  w hen  HC1 is ad d ed  to  even th e  m ost co n cen tra ted  aqueous CsCl so lu tions 
th e  v iscosity  and  th e  specific co n d u c tiv ity  con tinue to  increase . S im ilarly  in 
th is  co n cen tra tio n  ran g e  th e re  is no increase in th e  curve o f  th e  co n cen tra tio n  
d ependence  of th e  e n tro p y  of a c tiv a tio n  o f viscous flow.
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A t p resen t for th e  s tru c tu ra l  re la tio n s of so lu tions b e tw een  th e  lim it of 
co m p le te  h y d ra tio n  an d  th e  s ta r tin g  p o in t of q u as ic ry s ta llin e  p re -a rran g em en t 
(or th e  sa tu ra tio n  c o n c e n tra tio n  in  th e  case of CsCl) we can  on ly  say  from  th e  
sh ap es  o f th e  N  cu rves t h a t  such  rea rran g em en ts  occur a n d  s tru c tu re s  are 
fo rm e d  w hich differ in c reasin g ly  from  th e  s tru c tu re  o f free  w a te r w ith  th e  
in c rea se  of the  co n cen tra tio n , an d  in  th e  case of sm all ca tio n s w ith  high charge 
th e y  p o in t a t  the  q u as ic ry s ta llin e  s tru c tu re , w hile fo r la rg e  ca tio n s w ith  sm all 
ch a rg e  th e y  a lte r lin ea rly  up  to  th e  s a tu ra tio n , w ith o u t a n y  p a r tic u la r  s tru c 
tu r a l  changes. S till fu r th e r  effo rts are  req u ired  to  s tu d y  th is  region m ore 
ex ten s iv e ly .
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A tracer investigation of the chemisorption of C02 on a Pt surface covered by 
hydrogen has led to the following conclusions:

1. Chemisorption may he described by the overall reaction:

н2(а) +  C02 =  CO(a) +  H ,0
2. Chemisorbed CO cannot be removed at room temperature either by evacua

tion or with hydrogen.
3. CO chemisorption proceeds at a measurable rate which can be described as 

the sum of three reactions, all first order with respect to the adsorbed hydrogen. There 
is a difference of nearly one order of magnitude between the rate constants of these 
reactions, therefore, the different active sites of the Pt surface can be selectively blocked 
by CO chemisorption.

P la tin u m  c a ta ly s ts  are w idely u sed  in  ca ta ly tic  h y d ro g en a tio n , d e h y d ro 
g en a tio n  an d  re fo rm in g  reactions, b o th  in  th e  gas an d  liqu id  phase. P u re  P t  
c a ta ly s ts  are, how ever, generally n o t  app licab le  for p rac tica l purposes, especi
a lly  in  th e  case o f gas-phase reac tio n s  for, in  p ara lle l w ith  th e  m ain  re a c tio n , 
s ide-reac tions w ith  p ro d u c ts  of low  hydrogen  co n ten t, occasionally  ca rb o n  
d ep o sits , w ill occur on  the  surface, w hich  leads to  a rap id  decrease in  th e  
a c tiv ity  o f th e  c a ta ly s t  [1, 2].

I n  fac t, th e  p u rp o se  of a p p ly in g  d iffe ren t alloys has been  to  red u ce  th e  
a c t iv i ty  o f th e  P t  c a ta ly s t  to w ard s side-reactions. In  case th e  surface o f a 
p u re  P t  c a ta ly s t c a n n o t be considered  hom ogeneous in  respect to  th e  c a ta ly tic  
a c tiv ity , it  m ay  be  assum ed th a t  th e  u n desirab le  side-reactions are ‘in i t ia te d ’ 
on ly  a t  ce rta in  p o in ts  o f  th e  surface a n d  th e  po lym ers of low h y drogen  c o n te n t, 
or th e  ca rb o n  dep o sits  th u s  form ed, b lo ck  p a r t  o f th e  surface, w hich resu lts  in 
th e  decrease  of c a ta ly tic  ac tiv ity  to w a rd s  th e  m ain  reac tio n . I f  th is  a ssu m p tio n  
holds tru e , th e  s tab iliz a tio n  of c a ta ly t ic  a c tiv ity  to w ard s th e  m ain  reac tio n  
can  be  ach ieved  b y  selective po ison ing  of th e  c a ta ly s t b y  chem iso rp tion . T h e  
poison ing  ag en t is req u ired  to u n d e rg o  tru ly  selective chem isorp tion  on th e  
ac tiv e  sites and , on th e  o ther h an d , sh o u ld  no t be suscep tib le  to  d isp lacem en t, 
u n d e r th e  ex p e rim en ta l conditions, b y  th e  com ponen ts of th e  m ain  reac tio n  
e ith e r  th ro u g h  co m p e titiv e  ad so rp tio n  or chem ical reac tions.
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T h e ca ta ly tic  a c tiv ity  of P t  in  h y d ro g en a tio n  reactions is closely re la ted  
to  its  a b ility  to  adso rb  hydrogen . E a rly  o b se rv a tio n s  reg ard in g  th e  h e te ro 
geneous a c tiv ity  of th e  P t  surface also re fer to  th e  inhom ogeneity  o f hydrogen  
ad so rp tio n . A n u m b er of stud ies on h y d ro g en  ad so rp tio n  b o th  in  th e  gas and  
liqu id  p h ase  confirm  th a t  hydrogen  is a d so rb ed  on P t  surfaces in  d ifferen t 
form s in vo lv ing  d iffe ren t b in d in g  energies [3— 10]. In  view  o f th e  above, it 
seem s reasonab le  to  c a rry  o u t selective po ison ing  w ith  a reag en t th a t  is adsorbed  
th ro u g h  th e  d isp lacem en t o f hydrogen  from  th e  surface sites w hich i t  occupies, 
an d  w hose p ro d u c t o f chem iso rp tion  c an n o t be d isp laced  e ith e r  b y  hydrogen  
or b y  th e  su b s tra te  u n d e r  th e  conditions o f h y d ro g en a tio n . A ccording to  ou r 
s tu d ies , th e  m ost su itab le  p rocedure for th is  p u rp o se  is to  allow  chem isorp tion  
of ca rb o n  dioxide a t  room  te m p e ra tu re  on th e  P t  c a ta ly s t covered b y  hydrogen . 
T he chem iso rp tion  of C 0 2 can be described  b y  th e  follow ing overall reac tion :

H 2(ű)+ C 0 2 =  C 0 (a) +  H 20  (1)

w here su b sc rip t (a) refers to  th e  adso rbed  s ta te .
A ccord ing  to  th e  above  ex p lan a tio n , w hich  rem ains to  be verified  b y  

ex p erim en ts , th e  co n d itio n s of app ly ing  CO , are  th a t
1. CO, should  undergo  chem isorp tion  on a P t  surface on ly  as a resu lt 

of re a c tio n  (1);
2. A t room  te m p e ra tu re , th e  ad so rb ed  CO should  n o t be rem ovab le  

e ith e r  b y  ev acu a tio n  or w ith  hydrogen ;
3. T he reac tio n  o f ca rbon  dioxide w ith  d iffe ren t ty p es of adsorbed  h y 

drogen  should  occur a t  d ifferen t ra tes  in  o rd e r to  ensure selective poisoning.

E xperim en ta l

The study of CO, chemisorption has been carried ou t by a m ethod described earlier 
[11], in which llC 02 is used as tracer. The accum ulation of chemisorbed CO on the surface 
and its  rem oval in desorption m easurem ents were followed by measuring the radioactivity  of 
the ca ta ly st.

The fulfilm ent of condition (1) has been proved by rem oving the chemisorbed carbon 
monoxide w ith 180-labelled oxygen in the form of CO, and determ ining the 180  content of the 
carbon dioxide by mass spectrom etry.

A pparatus

A p lastic  sc in tilla to r  (Sc) (a solid so lu tio n  o f P P O  an d  d im e th y l-P O P O P  
in po ly sty ren e) is g lued  to  th e  b o tto m  o f th e  m e ta l reac to r  (Fig. 1) and  iso lated  
from  th e  gas phase b y  a th in  m ica sheet. Iso la tio n  is req u ired  in  o rd er to  avoid  
co n tam in a tio n  of th e  sc in tilla to r by  C 0 2 an d  o th e r gases read ily  absorbed  bv  
p o ly s ty ren e  [12— 14], re su lting  in  a p ro n o u n ced  ‘m em ory ’ effect. T he c a ta 
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ly s t pow der (Ads) is p ressed  in to  a p e lle t an d  p laced  on th e  m ica sheet. T he gas 
space (Gas) is im m ed ia te ly  over th e  c a ta ly s t an d  co n stitu te s  p a r t  o f a gas 
c ircu la tio n  system . In  o rder to  avoid  po isoning  o f th e  c a ta ly s t b y  grease, all 
va lv es  have  been  m ade of m eta l. T he re a c to r  is connec ted  to  a v acu u m  system

Fig. 1. Schem atic diagram  of the m easuring section. Gas — gas space, Mica — th in  mica 
sheet, Ads — adsorbent, Sc — scintillator, Ph — phototube

w hich  allows ev acu a tio n  to  10-3— 10~4 T orr. T he sc in tilla to r is m o u n ted  
d irec tly  on to  th e  p h o to tu b e  (Ph). R a d io a c tiv ity  is m easured  by  a ty p e  GAMMA 
N P — 244 co u n te r.

In  th e  case of 180  m easu rem en ts , an  M I 1305 ty p e  mass sp ec tro m e te r 
w as used  fo r th e  d e te rm in a tio n  of th e  iso tope  c o n te n t o f carbon  dioxide.

Principle of tracer chem isorption measurem ents

W hen  14C -labelled gases are used , ra d ia tio n  from  th e  free gas ph ase  will 
n o t reach  th e  sc in tilla to r  if  th e  c a ta ly s t  lay e r is th ic k e r th a n  25 m g • c m “ 2. 
T he m easu red  co u n t ra te  {El)  can  be  expressed  in  th is  case as th e  sum  o f th e  
follow ing th re e  te rm s:

E l  =  I a +  Ip  +  h  (2 )

w here I a deno tes th e  ra d ia tio n  from  th e  ad so rp tio n  phase , I p is th e  ra d ia tio n  
worn th e  free gas held  in  th e  pores, an d  I b s tan d s  fo r th e  b ackground  ra d ia tio n .

T he va lu e  of I b can  be d irec tly  m easu red . F o r a given c i ta ly s t ,  p o ro s ity  
a rd  specific a c tiv ity  o f carbon  d ioxide, I p is p ro p o rtio n a l to  th e  gas p ressu re , 
ie.

I  p  — aP ( 3

w here p  is th e  p ressu re  of labelled  gas an d  a th e  p ro p o rtio n a lity  fac to r.
D e te rm in in g  th e  chem iso rp tion  of ca rb o n  d iox ide b y  a vo lum etric  m e th o d , 

we h av e  fo u n d  th a t  chem iso rp tion  reaches th e  s a tu ra tio n  level a lread y  a t  a 
low C 0 2 p ressu re  [11]. If , a f te r  hav in g  reach ed  ch em iso rp tion  equ ilib rium  (i.e.
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S I  re m a in s  unchanged  in  tim e), th e  p ressu re  o f labelled  ca rb o n  d iox ide is 
a lte red , w e m ay  ca lcu la te  p ro p o rtio n a lity  fa c to r  a on th e  basis o f re la tio n sh ip  
(3). T h e  know ledge o f th is , in  tu rn , allow s d e te rm in a tio n  of th e  I p v a lu e  in  
the  co u rse  of chem iso rp tion , a t  an y  gas p ressu re . I f  I b and  I p are  k now n , one 
m ay  ca lc u la te  I a an d  its  tim e  dependence  from  th e  S I  values d e te rm in ed  in  
th e  co u rse  o f so rp tion , using  E q . (2). U n d e r g iven exp erim en ta l cond itions 
(c a ta ly s t , po ro sity  an d  specific a c tiv ity ) , I a is p ro p o rtio n a l to  th e  specific 
a d so rp tio n  of th e  labelled  com ponen t, i.e.

I a =  S I - I p - I b =  ЬГ (4)

w here b is a p ro p o rtio n a lity  fac to r an d  Г  deno tes th e  specific ad so rp tio n .

Materials and procedure

The P t powder was prepared by the reduction of hexachloroplatinic acid. The cata lyst 
was purified  in perchloric acid by repeated anodic and cathodic polarization. Purification was 
carried o u t in an electrolyzer w ith a platinum  plate constitu ting  the bottom . A fter being washed 
in d istilled  w ater and dried in air, the ca ta lyst powder was pressed into a pellet (thickness
0.2—0.3 m m ; diam eter 2 cm) and placed into the reactor.

H ydrogen was purified by diffusion th rough  a Pd  thim ble. Oxygen was obtained from 
a cylinder and passed th rough  a trap  cooled by liquid nitrogen. 14C-labelled carbon dioxide 
was p repared  from labelled B aC 03 (specific ac tiv ity : 3.2 mCi/mmol) w ith sulfuric acid.

T he catalyst covered w ith hydrogen was obtained by allowing 300 Torr of hydrogen to 
circulate in the reactor a t room tem perature for about 2 hrs. The water formed was collected 
in a tr a p  cooled by liquid nitrogen. After trea tm en t w ith  hydrogen a t room tem perature , the 
reacto r was evacuated to 10“ 3 Torr.

In  the case of chemisorption m easurem ents, labelled carbon dioxide wras allowed to 
circulate a t  constant pressure and the count ra te  (E l)  was determ ined as a function of time.

T he adsorbed CO was removed by a lternative  trea tm en t of the cata lyst w ith  oxygen 
and hydrogen until the rad ioactiv ity  dropped to the background value.

In  order to confirm the unam biguity of reaction (1), the following m easurem ents were 
perform ed in the presence of a relatively large am ount of catalyst in a volum etric adsorption 
system . The catalyst was firs t trea ted  w ith hydrogen, the vessel was evacuated to  10“ 3 Torr, 
and inactive  carbon dioxide (50—60 Torr) was allowed into the system. A fter complete chemi
sorption (about 1 day), the apparatus was evacuated to 10~3 Torr and 180-enriched oxygen was 
allowed in to  the adsorption vessel. The 180  conten t of oxygen was about 20.1% . M easurem ents 
wuth radioactive carbon dioxide have shown th a t  oxygen removes the chemisorbed carbon 
m onoxide w ithin a few m inutes. Accordingly, a fter about 1 0 -T 5  min, the adsorption vessel 
was evacuated  through a trap  cooled w ith liquid N 2 and the ,80  content of the carbon dioxide 
collected in the trap  was determ ined by mass spectrom etry.

Results and discussion

In  o rder to  verify  th a t  th e  ch em iso rp tio n  of carbon  dioxide on th e  su rface 
o f th e  P t  c a ta ly s t tre a te d  w ith  h y d ro g en  (cond ition  1) occurs exclusively  b y  
o v era ll reac tio n  (1), ca rb o n  m onoxide was rem oved  w ith  oxygen  co n ta in in g  
2 0 .1%  o f 180 .  T he 180  co n ten t of th e  ca rb o n  dioxide form ed w as found  to  be 
10.5 0 .6% , co n seq u en tly  0.5 m ol of oxygen  was requ ired  to  co n v e rt th e
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chem isorbed  p ro d u c t in to  1 m ol o f  ca rb o n  dioxide. T h is m eans th a t  th e  chem i
so rbed  p ro d u c t on  th e  surface w as  o f th e  com position  CO, w hich  p ro v es th a t  
th e  chem isorp tion  o f  carbon d io x id e  on  th e  h yd rogen -covered  P t  su rface  tak es  
p lace  according to  overall re a c tio n  (1).

To confirm  th e  v a lid ity  o f c o n d itio n  (2), a f te r  th e  ch em iso rp tio n  o f ra d io 
ac tiv e  C 0 2 h ad  reach ed  eq u ilib riu m , we exam ined  th e  v a ria tio n  o f I a upon  
ev acu a tio n  an d  tr e a tm e n t  w ith  h y d ro g en . A ccording to  th ese  m easu rem en ts , 
no  decrease in  th e  I a values c a n  be  observed , w hich  m eans th a t  CO is so 
s tro n g ly  chem isorbed  th a t  it  c a n n o t be  rem oved from  th e  surface e ith e r  b y  
ev acu a tio n  or b y  tre a tm e n t w ith  h y d ro g en .

The ch em iso rp tion  of c a rb o n  d iox ide on th e  P t  c a ta ly s t  t r e a te d  w ith  
h y d ro g en  occurs a t  a fin ite  ra te , w h ich  can  be follow ed b y  m easu ring  I a as a 
fu n c tio n  of tim e  (t) (cf. Table I ) . A  n u m b e r of k in e tic  eq u a tio n s h a v e  been  
s tu d ie d  in  view  o f th e ir  ap p licab ility  fo r th e  m a th e m a tic a l descrip tio n  of th e  
ex p erim en ta l d a ta  g iven  in  T ab le  I .  T h e  following exp ression  was fo u n d  to  be 
th e  m ost su itab le :

( Ia)c =  A ,(  1 -  e -fci‘) +  A 2( 1 - e - teí) +  A 3( 1 -  e ~ ^ )  (5)

w h ere  A v  A 2, A 3 as w ell as kv  k 2 a n d  k 3 are  co n stan ts .
A ccording to  in v estiga tions b y  Cv e t a n o v iÓ et al. [10], fou r d iffe ren t 

k in d s  of adsorbed  h y drogen  (a, ß, у  a n d  b) can  be id en tified  on th e  P t  surface. 
O f these , oc and  ß  a re  hydrogen  m olecu les adsorbed  on  one or tw o s ites, re 
spec tiv e ly , while у  a n d  b are re g a rd e d  as hyd rogen  a to m s ad so rb ed  a t  one or 
tw o  sites, respective ly . T ype a w as fo u n d  to  be stab le  on ly  a t  low  te m p e ra tu re s , 
th e re fo re , only ty p e s  ß, у  and b sh o u ld  be  ta k e n  in to  a cco u n t here. E m p irica l 
■equation (5) can  be  in te rp re ted  b y  th e  follow ing m echan ism :

H 2(o) +  C 0 2— ^ c o (0) +  H2o , (slow) (6)

H (a) +  C 0 2Ä  C O O H (a), (slow) (7)

H (a) +  COOH(a)— * CO(a) +  H 20 , (fast)

A ccording to  re la tio n s (6) and (7), th e  system  of k in e tic  eq u a tio n s fo r ch em i
so rp tio n  is:

d±L
dt

dOto
dt Ц  ^H2/ ( P c o 2) ( 8 )

ГУ

rö =

1 d6\] _ d0'co
2 dt dt

1 ddóH d e j  о

2 dt dt

ь ; е ун / ( р с о г)

0 н / ( р Со2) (9)
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w here  r is the  ra te  o f  chem iso rp tio n , 0 deno tes th e  coverage o f th e  surface, k '  
s ta n d s  fo r the  ra te  c o n s ta n t of chem iso rp tion , an d  p co2 d esigna tes th e  pressure 
o f  ca rb o n  dioxide. U p p e r indices ß , у  an d  d re fe r to  d iffe ren t ‘a d so rp tio n  sites’ 
o r fo rm s of ad so rp tio n .

T ak ing  in to  ac c o u n t re la tionsh ips (6) an d  (7), th e  so lu tio n  o f th e  system  
o f eq u a tio n s is:

ö£o =  (0ft2)o(l - e ~ k ß ‘ )

б Ь  =  у ( б Ш !  - е - Ч )  (10)

0асо =  у ( б лн)о(1 -e -* V )

w here 0 refers to  tim e  t =  0 and

kp =  k ß f  (Pco-i)

k y ^ K f ( P c o t )  (И

К  =  K f ( p COi)

A ccording to  re la tio n sh ip  (4), I a is p ro p o rtio n a l to  th e  a m o u n t of adsorbed  
CO, w hich is, on th e  o th e r  han d , p ro p o rtio n a l to  th e  coverage (0). This m eans 
th a t

I  a ~  ®CO — ^CO +  ^CO +  ®CO (12)

O n th e  basis of th e  re la tio n sh ip s  (10) an d  (12),

l a  ~  (öfu)o(l e - V )  4- у  (Öi^)o(l e - V )  +

+  ~  (^h )o(I  e - V )  (13)

Com parison o f th e  expression found  su itab le  fo r describ ing  th e  ex p eri
m e n ta l resu lts w ith  E q . (13) o b ta in ed  from  th e  above m echan ism  shows th e  
tw o  rela tionsh ips to  be  analogous. A t p re sen t, i t  is n o t possib le  to  define th e  
co rre la tio n  be tw een  th e  co n stan ts  o f E qs (5) an d  (13) as th is  w ould re 
q u ire  fu rth e r co m p ariso n  w ith  o th e r ex p e rim en ta l d a ta , e,g. te m p e ra tu re -  
p ro g ram m ed  d eso rp tio n  (T PD ) m easu rem en ts . T he tim e  dependence of I a, 
de te rm in ed  ex p e rim en ta lly  for d iffe ren t P t  sam ples a t  35 a n d  58 T o rr of C 0 2 
a n d  th e  (Ia)c va lu es  ca lcu la ted  on th e  basis o f  E q . (5) are  lis ted  in  T able I. T h e
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Table I
Variation o f the measured ( Ia) and calculated [ ( Ia)c\ count rates during the chemisorption o f

l ,C 0 2 on Pt powders covered with hydrogen', b =  г
\Ia)c

p (*C 02) =  35 Torr p (* C 0 2) =  58 Torr

t
(*)

' I„ x  10“ 3
. counts \

( l . ) e x l o -
/ counts \ Ő

(% ) <■)

Ia x  1 0 -3  
/ counts \

( I + x l 0 ‘ 
1 counts \ Ő

(% )V 20 s / V 20 s / V 20 s t V 20 s )

0 0 0 0 0 0 0 0
10 8.0 7.7 — 3.9 5 17.0 15.4 — 10.4
35 15.7 15.0 — 4.7 20 34.6 34.6 0.0
60 19.8 20.3 +  2.5 35 45.0 44.8 —0.4
85 24.0 24.0 0.0 50 54.6 52.6 — 3.8

110 27.3 27.0 — 1 . 1 65 61.0 59.8 — 2.0
135 29.3 29.5 +  0.7 80 67.0 65.4 —2.4
160 31.8 31.7 — 0.3 95 71.0 71.2 +  0.3
185 33.5 33.6 — 0.3 110 75.4 75.2 — 0.3
210 35.0 35.3 +  0.9 125 79.4 79.0 —0.5
235 36.5 36.8 +  0.8 140 82.4 82.6 + 0 .2
260 38.0 37.7 +  0.5 155 85.2 85.8 +  0.7
285 39.2 39.4 — 0.5 170 87.6 88.6 +  1.1
310 40.7 40.5 — 0.5 185 91.0 91.2 +  0.2

360 42.5 42.5 0.0 200 91.0 93.6 +  2.8
410 44.2 44.1 — 0.2 215 95.0 95.6 +  0.6
460 45.8 45.7 — 0.2 230 96.6 97.8 +  1.2
510 46.8 46.9 +  0.2 245 98.6 99.4 +  0.8
560 48.6 48.2 — 0.8 260 101.0 101.4 +  0.4

610 49.5 49.3 — 0.4 290 104.0 104.4 +  0.4
660 50.8 50.5 — 0.6 320 107.0 107.4 + 0 .4
710 51.6 51.4 — 0.4 350 110.6 110.0 —0.5

810 53.2 53.3 +  0.2 380 112.6 112.6 0.0
910 55.2 54.9 — 0.5 410 115.0 114.6 —0.3

1010 57.0 56.5 -  0.9 440 117.0 116.8 -0 .2

1110 58.0 57.8 — 0.3 500 120.6 120.4 —0.2
1210 58.5 59.0 + 0 .8 560 123.0 123.6 +  0.5
1310 60.3 60.1 — 0.3 620 127.0 126.4 —0.5
1410 60.5 61.3 +  1.3 680 128.6 128.8 +  0.2
1510 62.0 62.1 +  0.2 740 131.0 131.0 0.0

1710 63.0 63.7 +  1.1 800 133.6 132.8 —0.6
1910 65.2 65.0 — 0.3
2110 66.0 66.2 + 0 .3
2310 67.2 67.1 — 0.1
2510 68.0 67.9 — 0.1
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la s t  co lum n shows th e  re la tiv e  difference b e tw een  th e  m easu red  an d  ca lcu la ted  
c o u n t ra te s . As can  be  seen fro m  T ab le  I ,  th e  m easu red  a n d  ca lcu la ted  values 
a re  in  good agreem ent.

T h e  co n stan ts  o f E q . (5) are  g iven in  T ab le  I I .  As show n b y  th e  tab le , 
th e  A  co n stan ts  o f E q . (5), w hich  a re  p ro p o rtio n a l to  th e  in itia l coverage of

Table II

Constants o f kinetic equation (5) applied in the calculations

p  co2
Torr

ki IO“2 S"1 A
„ counts

A i l  A ,
r  *” 20 s

1 2 3 1 2 j 3 1 2 I 3

35 5.32 0.99 0.0944 9.5
I

22.9 39.1 0.24 0.58 1

58 18.35 1.42 0.0966 19.6 4 9 .2  1 77 .2 0.25 0.64 1

th e  d iffe ren t k inds o f ad so rb ed  hy d ro g en , are  co m p arab le . [The p ro p o rtio n 
a l i ty  is s tric tly  v a lid  o n ly  i f  re a c tio n  (7) consists o f sequences H 7 -f- EL and  
H a +  H a, i.e. H Y - f  H a or H a -|- H 7 ty p e  processes do n o t  occur.] On th e  o th e r 
h a n d , th e  ra te  c o n s ta n ts  (к) in  E q . (5) differ b y  orders o f m ag n itu d e . Conse
q u e n tly , b y  a p ro p er choice o f th e  ch em iso rp tion  tim e  one m a y  achieve b lock 
in g  o f adso rp tio n  sites 1 or 1 - f  2 w ith  th e  chem isorbed  carb o n  m onoxide. 
A ccord ing ly , th e  m e th o d  allow s poisoning  of th e  p la tin u m  c a ta ly s t w ith  a fa ir 
deg ree  of se lec tiv ity .
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The selective sorption isotherm s of methanol, ethanol and n-propanol have been 
determined in aqueous solutions a t  25 °C in the range of 0—25 mol% of alcohol.

In this concentration  in terval th e  sorption coefficient m ay assume several ex tre 
ma and in some cases even changes sign. The alcohol concentration corresponding to 
m aximum alcohol sorption is com parable w ith the concentration of m axim um  s tab ili
zation.

The com plicated shape of th e  isotherm s is due to  the sim ultaneous effect of 
several factors. These effects may be  in terp re ted  in term s of struc tu ra l stabilization of 
the m ixtures, as well as specific in te rac tions between the com ponents of the m ix ture  
and the sorbents.

Studies on th e  equilib ria  b e tw e e n  chem ically  cross-linked  m acrom ole- 
c u la r  gels and  so lv en t m ix tu res  m ay  p ro v id e  a w ide v a r ie ty  of in fo rm a tio n  n o t  
on ly  a b o u t th e  in te ra c tio n  of the  co m p o n en ts  w ith  th e  m acrom olecules b u t  
also a b o u t changes in  th e  s tru c tu re  o f  th e  liqu id  m ix tu re . T he la t te r  effects 
a re  th e  m ore im p o r ta n t , the  less th e  d ev ia tion  b e tw een  th e  in te ra c tio n  
energies o f th e  co m p o n en ts  w ith e a c h  o th e r  and  w ith  th e  m acrom olecules. 
In  a d d itio n  to  th e ir  th eo re tica l an d  p ra c tic a l im p o rtan ce , th e  ap p lica tio n  of 
a lco h o l-w a te r  m ix tu re s  in  th e  p resen t w o rk  is m o tiv a ted  b y  th e  fa c t th a t  th e ir  
p ro p e rtie s  are ex ten s iv e ly  covered in  th e  lite ra tu re  and  num erous s tru c tu ra l  
m odels are availab le  [1].

In  th e  stud ies w e have used po ly (v iny la lcoho l) (PYA) gels cross-linked  
w ith  succinic d ia ld eh y d e  and  g e la tin  cross-linked  w ith  ch rom ium  a lu m , in  
co m b in a tio n  w ith  m ix tu re s  of w ate r w ith  m e thano l, e th an o l an d  n -p ro p an o l. 
All ex p erim en ts  h av e  b een  perfo rm ed  a t  25 °C.

Acta Chimica Academiae Scienliarum Hungaricae, Tomus 74 (2 ) , pp . 233—238 (1972)

E x p erim en ta l

The experim ental m ethod  and the p rep a ra tio n  of gels have been described elsewhere 
[2, 11]. The characteristic d a ta  for the gels a re  listed  in Table I.

The selective sorption coefficient (y M) w as calculated from the equation

__ <X0 — xe)n0
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234 NAGY e t al.: STRUCTURE OF LIQ U ID  M IXTURES

where x 0 and xe are the mole fraction  of alcohol in th e  in itia l and equilibrium  m ixture, respecti
vely, n 0 is the am ount (in mol) of th e  solvent com ponents in the system , and np is the num ber 
o f m onom er units (mol) in  th e  polym er. In  th is case y M denotes the am ount of excess alcohol 
(mol) bound by  1 mol of m onom er units, a q u an tity  analogous to the  Gibbs adsorption.

Table I

Characteristic data fo r  the gels used

vx 10“18
(cm-3)

Wp
(wfw %) v/v.

PVA 1.08 4.92 27.5
Gelatin

I 5.55 6.99 24.0
к 6.24 8.34 21.5

v — num ber of cross-links in 1 cm3 of the  swollen gel; 
Wp — polym er concentration in the gel;

V /V 0 —  degree of swelling in distilled w ater

R esults an d  d iscussion

T he so rp tio n  iso th e rm s  of m eth an o l, e th an o l an d  re-propanol on th e  tw o  
gels are  show n in  F igs 1— 5. These cu rves o f r a th e r  co m plica ted  form  revea l, 
in  fa c t, m ax im a a n d  m in im a , th e ir  sh ap e  being  m odified  b y  in d iv id u a l effects 
(e.g. P Y A -m e th a n o l-w a te r) . I t  is re m ark ab le  th a t  th e  equ ilib riu m  alcohol con
c e n tra tio n s  co rresp o n d in g  to  th e  ex tre m a  o f th e  selective so rp tio n  coefficien t 
yM are  a p p ro x im a te ly  eq u a l for th e  tw o , chem ically  s tro n g ly  d ifferen t gels. 
N a tu ra lly , th e  n u m erica l values of yM a re  d ifferen t.

T he in te rp re ta t io n  of th e  re su lts  invo lves consid era tio n  of th e  in te r 
ac tio n s b e tw een  th e  m acrom olecules a n d  th e  com ponen ts of th e  so lv en t 
m ix tu re , as well as th e  fac to rs  in fluencing  th e  s tru c tu re  of th e  m ix tu res. T h ere  
a re  tw o m ain  ty p e s  o f  in te ra c tio n  b e tw een  th e  po lym ers an d  alcohols s tu d ied : 
th e  alcohol m olecules can  be  a tta c h e d  to  th e  m acrom olecules e ith er b y  h y d ro 
gen  bonds or, especia lly  in  th e  case of h ig h e r alcohols, b y  h y d ro p h o b ic  b o n d in g .

In  considering  th e  s tru c tu re  of a lcoho l-w 'a ter m ix tu re s , th e  th e o ry  o f  
Sam oylo v  [3] m a y  serv e  as a guideline: th e  s tru c tu re  o f ice persists in  sm all 
regions of liq u id  w a te r . T he la ttic e  defects o f th is  ice-like s tru c tu re  are occupied  
b y  th e  m olecules o f th e  non -e lec tro ly te . To fill all o f th e  cav ities, 17 m o l%  o f 
n o n -e lec tro ly te  w ould  b e  requ ired . T his is ap p ro x im a te ly  co rrec t for m e th an o l, 
w hereas th e  a c tu a l a m o u n t is low er in  th e  case of e th an o l and  n -p ro p an o l. 
T h is is obv iously  d u e  to  th e  fac t th a t  th e  la t te r  m olecules m ay  occupy m ore  
th a n  one defect s ite  (cav ity ) a t a tim e . T he s tru c tu re  of w a te r is s tab ilized
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u n til  th e re  are av a ilab le  cav ities fo r th e  alcohol m olecules. In  th is  range  th e  
d e r iv a tiv e  of th e  p a r tia l m olar v o lu m e  w ith  respect to  th e  c o n c e n tra tio n  is 
n e g a tiv e . A t h igher co n cen tra tio n s  th is  d e riv a tiv e  changes sign [4], in d ica tin g  
th a t  th e  struc tu re-loosen ing  an d  -m odify ing  effect o f th e  alcohol becom es 
p re d o m in a n t. T hese tw o effects a re  m ore p ronounced  a t  low er te m p e ra tu re s
[5, 6].

T he presence of m acrom olecules, how ever, requ ires th a t  specific effects 
he  also tak en  in to  accoun t. In  o u r  op in ion , th e  m acrom olecu lar chains inside 
th e  gel m ay  also m odify  the  s tru c tu re  of w ate r, p resu m ab ly  b y  a m echan ism  
d iffe re n t from  th a t  opera tive  in  th e  case o f sm all m olecules: ow ing to  th e  
closely  spaced, id en tica l groups (e.g. th e  h yd roxy ls of PY A ), th is  effect m ay  
he  coopera tive  in  n a tu re .

Fig. 1. Sorption isotherm of m ethanol-w ater m ixtures on PYA gel

Fig. 2. Sorption isotherm of e thano l-w ater m ixtures on PYA gel

T h e  so rp tion  iso therm  of th e  m e th an o l—w ate r m ix tu re  (F ig . 1) has a 
m in im u m  a t  25 m o l% , an d  the  v a lu e  o f  yM is nega tive  in  th e  c o n cen tra tio n  
ran g e  s tu d ied . A n e x p lan a tio n  for th is  m ay  be th a t  th e  h y d ra tio n  of PV A  in 
m e th a n o l—w ater m ix tu res  is en e rg e tica lly  m ore fav o u rab le  th a n  its  so lva tio n  
b y  m e th an o l m olecules. T he m in im um  is p ro b ab ly  due to  changes in th e  so lven t 
s tru c tu re .

T h e  iso therm s o f th e  e thano l—w a te r  m ix tu res  (Figs 2 an d  3) are  m ore 
co m p lica ted  in  shape, w hich is p ro b a b ly  associated  w ith  th e  p red o m in an ce  of
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h y d ro p h o b ic  in te rac tio n s . T h is  receives su p p o rt from  th e  fa c t th a t  in  th e  case 
o f g e la tin , possessing a g re a te r  n um ber of la rg e r h y d ro p h o b ic  side chains, th e  
e ffec t is even m ore p ro n o u n ced  (Fig. 3). A fte r th e  in itia l n eg a tiv e  alcohol 
so rp tio n , even changes sign.

Fig. 3. Sorption isotherm  of ethanol—w ater m ixtures on gelatin I

Fig. 4. Sorption isotherm  of « -propanol-w ater m ixtures on PVA gel

Table II

Alcohol concentrations characteristic o f

Alcohol

M inim um  of
M inim um  o f partial j self-diffusion  

m olar volu m e coe ffic ien t for

water alcohol

M axim um  o f  
viscosity

Methanol 17— 19 [4] 15—20 [5] 17— 24 [7] 20—25 [6]
E thanol 8 [4] — 20—25 [8]
n-Propanol 4 — 5 [4] — 20—25 [9]
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Fig. 5. Sorption isotherm  of n-propanol-w  ater m ixtures on gelatin II

In  th e  case o f rc-propanol, th e  iso th e rm s are sim ilar to  th e  above. A n in i
tia l  po sitiv e  region is observed  owing to  th e  p ronounced  h y d ro p h o b ic  in te ra c 
tio n  (Figs 4 an d  5). T he m in im um  a t  v e ry  low  alcohol co n cen tra tio n s w ith  
g e la tin  is p ro b ab ly  due to  th e  s ta r t  o f th e  h y d ra tio n  process.

T he co n cen tra tio n s  or co n cen tra tio n  in te rv a ls  ch a rac te ris tic  o f changes 
in  th e  s tru c tu re  of th e  a lco h o l-w a te r m ix tu re s , de te rm ined  by  various m e th o d s , 
a re  sum m arized  in  T ab le  I I ,  to g e th e r w ith  th e  equ ilib rium  alcohol c o n c e n tra 
tio n s  co rrespond ing  to  th e  ex trem a  of th e  so rp tio n  iso therm s.

A ltho u g h  i t  c a n n o t be u n am b iguously  estab lished  a t  p re sen t w h e th e r 
th e  changes in  th e  s tru c tu re  d e tec ted  b y  o th e r m ethods co rrespond  to  th e  
m in im u m , m ax im um  o r th e  azeo trop ic  p o in t (y M =  0) of th e  so rp tio n  iso th e rm , 
th e  re su lts  c learly  in d ica te  th a t  th e  co n cen tra tio n  in te rv a ls  o f s tru c tu ra l 
ch an g es  are in th e  v ic in ity  of th e  ex trem a  o f th e  so rp tion  iso therm s.

structural changes in alcohol-water mixtures

W alden product 
KC1 and K F

M inimum of 
the heat of 

mixing

Minimum of the 
relaxation time

Gel sorption

PVA Gelatin

min. max. min. max.

8— 10 [6] 22— 25 [1] 25 — — —

8— 10 [8] 15 [1] 2—4 [10] 8 13 7 15
8— 10 [9] 10 [1] 3 4.5 1 4.S
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The effect of the wall on th e  oxidation  of га-heptane was studied in a specially 
designed appara tus. I t  was found th a t , depending on its position in the reactor, the 
wall and its various coatings exert a strong effect on the composition of th e  product. 
A reaction scheme was proposed for th e  oxidation  of n-heptane, and on the basis of this 
an in terp re ta tion  was given of th e  m uch-debated  mechanism of form ation of acetone. 
The scheme was brought into conform ity  w ith  the experim ental results. I t  is assum ed 
th a t the wall affects primarily th e  isom erization.

In  sp ite  of th e  large n u m b er o f  p ap ers  pub lished  in  th is  fie ld  in  recen t 
y e a rs , th e  m echan ism  of the  o x id a tio n  o f h y d ro ca rb o n s is s till fa r  from  h av in g  
b een  com pletely  elucidated . The a p p lic a tio n  o f gas ch ro m ato g rap h ic  an a ly sis  
o f  th e  p ro d u c ts  m e a n t a great s te p  fo rw ard  in  th e  s tu d y  of th ese  reac tio n s , 
w hile  an  advance  in  th e  research  in to  th e  m echanism  w as p ro v id ed  b y  th e  
a ssu m p tio n  of isom erization  steps [1, 2]. T he la t te r  raises ce rta in  energetic  
p ro b lem s, inc lud ing  th e  questions o f  th e  fo rm a tio n  of tra n s itio n  com plexes, 
th e  ring -m em ber n u m b er, etc. In  a d d itio n , th e  role of th e  w all o f th e  re a c tio n  
v esse l in  th e  gas-phase  oxidation  o f  h y d ro ca rb o n s  is s till largely  u n c la rified . 
A t th e  Seven th  Sym posium  on C o m b u stio n , Szabó  [3] expressed  th e  v iew  
th a t  th e  role of th e  w all of the re a c tio n  vessel in  th e  o x ida tion  of h y d ro ca rb o n s  
a p p e a rs  p rim arily  n o t in the in itia tio n , b u t  in  th e  b reak ing  dow n of th e  chains 
a lre a d y  form ed.

E a rlie r  in v estig a tio n s have in d ic a te d  th a t  th e  n a tu re  of th e  w all o f th e  
re a c tio n  vessel is o f im portance  w ith  re sp ec t to  th e  n a tu re  an d  life-tim e o f th e  
rad ica ls  form ed [4— 8]. I t  m ay be p re su m e d , th ere fo re , th a t  th e  w all p lay s  an  
im p o r ta n t  role in  th e  isom erization  [2]. I n  o rd er to  th ro w  fu r th e r  lig h t on 
th e se  phenom ena , a n  experim ent w as b eg u n  to  s tu d y  th e  n a tu re  o f th e  w all 
effec t. A m oving-w all ap p ara tu s  w as c o n s tru c te d  [9] fo r th e  in v e s tig a tio n  of 
th e  selec tive  w all e ffect, and the  o x id a tio n  o f n -h ep tan e  w as chosen as m odel 
re a c tio n .

Experim ental

The n-heptane was oxidized in a flow  system . The reactor was a Pyrex tube, 480 mm 
long and  14 mm in diam eter, into which ex tended  a sintered-glass wall p re treated  in various 
w ays [9]. The trea tm en ts comprised the w ashing of th e  wall surface w ith a 10% N aO H  solu
tion , cone. H N O s, or a sa tu ra ted  Na2H P 0 4 solution , respectively. The PbO layer was prepared
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by  transferring  a sa turated  solution of P b (N 0 3)2 in 90%  ethanol to the sintered-glass surface, 
where it  was first dried, and  then  kept at 450 °C for several hours. The yellow m odification 
develops. A ttem pts had previously been made by the  sublim ation of solid PbO according to 
H oake and W alsh  [10], b u t these experim ents did n o t resu lt in a uniform  coating of the wall.

The reaction vessel was heated by an electric furnace lined w ith copper. An indicating 
electrical m ultipoint controller was used to stabilize the  tem pera tu re : this ensured the desired 
tem pera tu re  of 229 °C to  an accuracy of + 1  °C in th a t  leng th  of the reaction space where the 
experim ents were carried ou t.

The reaction zone was divided into six different sections by changing the depth of p ro 
trusion of the  wall, and th e  reactions were carried ou t for these various ‘wall positions’. The 
space after the wall was cooled to  quench any fu rther reaction. A double-walled glass tube fixing 
the wall in  the reactor was used for this purpose, previously cooled b y  compressed air being 
circulated through it. P relim inary  investigation showed th a t  the tem perature  in this section 
was decreased to such an e x ten t (by about 100 °C) th a t no oxidation could occur.

The composition of th e  reaction m ixture was the  following: oxygen flow rate 120 m l/ 
m in; th e  am ount of hep tane flowing into the reactor could be calculated from its pressure, 
and corresponded to the sa tu ra ted  vapour pressure of hep tane a t 32 °C.

Analysis of the products

The to ta l peroxide con ten t was determ ined by  th e  iodom etric analysis of the m ixture 
condensed during one hour continuous reaction [11]. The aldehydes and ketones formed in  the 
reaction were determ ined gas chrom atographically. According to Sc h rö d er  et al. [12], the 
boiling-point range of th e  m ix tu re  formed in the oxidation  comprises about 300 °C. I t  contains 
some 75 compounds of th e  homologous series. N atu rally  the polarities are very different, and 
th is m akes the separation m ore difficult. A fu rther problem  is th a t a t low conversions the resid
ual n -heptane is present in  extrem ely high am ounts com pared to the products.

A study  was no t m ade of the concentrations of all the  products formed in the low- 
-tem perature  oxidation of n-heptane; m easurem ents were m ade for only a few of the products 
which can be readily determ ined gas chrom atographically, such as acetaldehyde, propional- 
dehyde, butyraldehyde, acetone and m ethyl e thy l ketone.

A /?-ray ionization detec tor was used in the m easurem ents, the column consisted of a 
10% squalane, 5% ethyleneglycol-bis-(propionitrile ether) and 5% silicone grease D.C. m ix ture  
liquid phase on a silanized porolite carrier about 2.5 m  long. Calibration curves were prepared 
for th e  evaluation of the experim ental chrom atogram s. These showed th a t in the concentration 
range employed the relations between the am ounts and the peak-heights were linear. The 
resu lts of the chrom atographic measurem ents were given as a function of the reciprocal of the 
space velocity.

Results

I t  was found  fro m  th e  iodom etric  m easu rem en ts  th a t  th ere  was no sie-О
n if ic a n t bu ild -up  o f perox ide , an d  th e  accu m u la tio n  w hich did occur w as 
in d e p e n d e n t of th e  w all position .

F o r  purposes o f  com parison  o x id a tio n  reac tio n s were also carried  o u t 
w ith o u t th e  use o f th e  w all, b y  cooling th e  reac tio n  volum e beyond  th e  co r
re sp o n d in g  w all p o sitio n ; in  effect, th is  m eans d iffe ren t reac tio n  tim es, an d  
gives th e  m ix tu res o f  o x id a tio n  p ro d u c ts  fo rm ed  d u rin g  these  reac tion  periods. 
T h e  reac tio n  is n o t com plete ly  quenched  even a f te r  th e  cooling, an d  w ith  th e  
in crease  of th e  re a c tio n  volum e th e  c o n cen tra tio n s  o f all th e  p ro d u c ts  fo rm ed  
in  th e  reaction  increase . T he an a ly tica l re su lts  w ere o b ta in ed  from  th e  c a lib ra 
tio n  curves in u n its  o f  mmole/1 (Table I).
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Table I

A m o u n ts  o f  o x id a tio n  p ro d u c ts  in  the case o f 'u n in f lu e n c e d  exp erim en ts

W all position
Acetaldehyde

Propional-
dehvde Acetone

Butyral
dehyde

j M ethyl ethyl 
ketone

mmole/1

0 2.785 1.474 4.200 0.737 4.571
I 2.942 1.765 4.856 0.828 5.782

II 3.185 1.880 5.342 1.000 6.834
III 3.494 2.057 6.885 1.377 9.271
IV 6.473 4.014 8.321 2.571 14.571
V 11.320 6.485 15.571 4.034 23.313

T he values o b ta in e d  are g iv en  in  Fig. 1 as a fu n c tio n  of th e  rec ip rocal 
o f t h e  space v e lo c ity . I t  can be w ell seen from  th e  F ig u re  th a t  th e  a m o u n ts  
o f th e  p ro d u c ts  m easu red  b y  gas ch ro m ato g rap h ic  analysis increase m o n o 
to n o u sly  w ith  th e  increase  of th e  rec ip ro ca l o f th e  space velocity . M ethyl e th y l 
k e to n e  is form ed in  th e  greatest a m o u n t, follow ed in  tu r n  b y  acetone, a c e ta l
d eh y d e , p ro p io n a ld eh y d e , and le a s t  o f all b u ty ra ld e h y d e . T hus, th e  k e to n es  
a re  fo rm ed  in g re a te r  am ounts th a n  a n y  of th e  aldehydes (in mmole/1).

3.12 6 26 1126 21.31 31.36 40.18
1/SV ,5

F ig .  1.  C oncentrations o f re ac tio n  p ro ducts w ith o u t wall. 1. ace ta ld eh y d e ; 2. p rop io n ald eh y d e ;
3. a ce to n e ; 4. b u ty ra ld e h y d e ; 5. m e th y l e th y l k e to n e
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T a b le  I I

Amounts o f oxidation products in  the case o f sodium hydroxide coating

W all position
Acetaldehyde

P ropional
dehyde Acetone B utyraldehyde

M ethyl ethyl 
ketone

mmole/1

0 1.694 0.628 2.056 0.788 5.220
I 5.967 2.572 4.524 2.204 10.260

и 3.30 1.964 4.00 1.028 5.620
h i 14.76 9.976 19.312 4.640 23.428
IV 15.40 10.740 15.120 5.804 29.028
V 8.327 5.740 10.192 3.768 20.068

N aO H  wall-coating. T he am o u n ts  o f  th e  in d iv idua l p ro d u c ts  o b ta in ed  a t  
d iffe re n t w all po sitio n s in  th is  case are  g iven  in  T able I I .  S ince i t  is d ifficu lt 
to  co m p are  th e  n u m erica l d a ta , fo r th e  sake  o f c la rity  th e  ex p e rim en ta l resu lts  
w ere also com pared  w ith  th e  w all-free v a lu es ; in  th is  w ay  a series of reduced  
cu rv es  w as o b ta in ed  w hich  p rov ided  d ire c t in fo rm ation  on w h e th e r th e  reac-

1 /S V , S

F i g .  2 .  R e la tiv e  c o n ce n tra tio n s  of re ac tio n  p ro d u c ts  in  th e  case o f sod ium  hyd ro x id e-co ated
w all. 1. ace ta ld eh y d e ; 2. p rop io n ald eh y d e ; 3. a ce to n e ; 4. b u ty ra ld e h y d e ; 5. m e th y l e th y l

k e to n e
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tio n  w as ca ta lyzed  or inh ib ited  (F ig. 2). T he follow ing conclusions can  be  m ade 
from  th ese  curves: as com pared  w ith  th e  m ono tonously  increasing  cu rves fo r 
th e  w all-free reac tio n , tw o sharp  m ax im a  a p p ea r, th e  f irs t a t  w all p o s itio n  I ,  
th e  second  and  la rg e r one a t  w all positio n  I I I .  W hereas th e  a ldehydes w ere 
fo rm ed  to  co m p ara tiv e ly  low e x ten ts  in  th e  ‘w all-free’ reac tio n , th e ir  a m o u n ts  
are  h ig h er w ith  th e  sodium  h y d ro x id e  coating . F o r exam ple, in  w all positio n  I 
the a m o u n t of b u ty ra ld e h y d e  is increased  b y  a fac to r  of 2.7 co m p ared  to  th e  
w all-free reac tio n ; a t  th e  sam e tim e  th e  m e th y l e th y l ke tone  is increased  on ly  
a b o u t 1.7 tim es, w hile th e  acetone is p ra c tic a lly  unchanged  and  ex h ib its  no 
m ax im u m . In  wall positio n  I I I ,  how ever, th e  cu rv e  of acetone too  increases, 
b u t  n ev erth e less  th e  m ax im a fo r ace tone  an d  m eth y l e th y l k e to n e  a re  th e  
low est. S ince these  are re la tiv e  m ax im a , th is  does n o t m ean  th a t  th e  ab so lu te  
va lues fo r th ese  k e to n es are low er th a n  th o se  fo r th e  aldehydes in  th e  case of 
th e  N aO H -co a ted  w all. T he a m o u n t o f  b u ty ra ld e h y d e  is only a few  mm ole/1 
even in  th e  ca ta ly zed  case, b u t  th e  tw o m ax im a  on th e  above curve  d e fin ite ly  
show  t h a t  th e re  is a sign ifican t change in  th e  a m o u n t of p ro d u c t a c c u m u la ted , 
and  th is  c learly  po in ts  to  th e  effect of th e  sod ium  h y d rox ide  tre a tm e n t. I n  th e  
second m ax im u m  th e  a m o u n t of p ro p io n a ld eh y d e  is 4.8 tim es h ig h er th a n  in  
th e  w all-free reac tion . I n  wall positions О, I I  an d  У th e  values lie a b o u t u n ity , 
w hich m eans th a t  th e re  is no w all effect; th e  f lu c tu a tio n s  can be ex p la in ed  b y  
the  u n c e r ta in ty  in  th e  te m p e ra tu re  an d  th e  p o o re r rep ro d u c ib ility  o f th e  m ea 
su rem en ts . T he a m o u n t of ace ta ld eh y d e  is s ig n ifican tly  increased  a t  b o th  
m ax im a. T h e  increase here  is also considerab le  in  ab so lu te  va lue , because  th is  
is th e  a ld eh y d e  form ed in  h ighest a m o u n t.

Lead oxide wall-coating. In  th is  case th e  in d iv id u a l reac tion  p ro d u c ts  a re  
form ed in  re la tiv e ly  low  am o u n ts  (T able I I I ) .  T he d iagram  show ing th e  com -

Table III

Am ounts o f oxidation products in the case o f lead oxide coating

W all position
A cetaldehyde

Propional
dehyde Acetone

B utyra l
dehyde

M ethyl ethyl 
ketone

mmole/1

I 2.575 2.294 1.575 0.957 1.60
i i 3.423 2.794 2.160 1.574 2.45

h i 7.647 5.072 3.280 1.723 3.61

IV 5.735 3.814 4.162 2.039 6.26

p a ra tiv e  v a lu es  (F igure  3) illu s tra te s  th a t  th e re  is a m ark ed  difference b e tw een  
the  k e to n es  an d  th e  aldehydes. W hile ace tone  an d  m eth y l e th y l k e to n e  give 
w eakly  ris in g  s tra ig h t lines, b u t  neverthe less a re  w ith in  th e  ‘in h ib itio n ’ zone,
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th e  a ld eh y d es give curves w hich lie above u n ity  an d  w hich ex h ib it one m ax i
m um . T h e  various m ax im a  are found  in  th e  reg ions o f w all positions I I  an d  I I I .

I f  th e  w all is t r e a te d  w ith  nitric acid b efo re  th e  reaction , th e  reduced  
cu rves ex h ib it tw o m ax im a  and  one m in im u m  (F igu re  4). T he m ax im a are  a t 
po sitio n s I I  an d  IY , and  th e  m in im um  a t  p o sition  I I I .  A cetone form s an

1 / S VJs
F ig .  3 .  Relative concentrations of reaction products in the case of lead oxide-coated wall. 

1. acetaldehyde: 2. propionaldehyde; 3. acetone; 4. butyraldehyde; 5. methyl ethyl ketone

F ig .  4 .  R e la tiv e  co n cen tra tio n s  of reac tio n  p ro d u c ts  in  th e  case of n itr ic  a c id - tre a te d  wall.
1 . a ce ta ld eh y d e ; 2. p rop io n ald eh y d e ; 3. a ce to n e ; 4. b u ty ra ld eh y d e ; 5. m e th y l e th y l k e to n e
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ex cep tion : th e  f irs t  m ax im um  ap p ears  a t  w all p o sition  I ,  th a t  is so m ew h at 
before tho se  fo r th e  o th e r substances. T h e  second m ax im um  is re la tiv e ly  
s ign ifican t in  th e  case of acetone. T he n itr ic  ac id  ex e rts  th e  g rea te s t e ffec t on 
ace ta ld eh y d e . B o th  m ax im a are  v e ry  la rge , w hile th e re  is a v e ry  s tro n g  in h ib i
tion  effect in  w all position  I I I .  In  genera l, i t  can  be said  th a t  th e  n itr ic  acid  
tre a tm e n t p ro m o tes  th e  accum ulation  o f th e  aldehydes to  th e  g rea tes t e x te n t.

I n  th e  case o f th e  N a2HPO i treatment, th e re  are  m ax im a in  th e  b u ild -u p  
of th e  p ro d u c ts  a t  w all position  0 (F igure  5). A fte r th is  th e  am o u n ts  o f a ll th e  
p ro d u c ts  g ra d u a lly  decrease to  w all p o s itio n  I I ;  here  th e re  is a slight in h ib itio n

F ig .  5 . Relative concentrations of reaction products in the case of disodium hydrogen phos
phate-coated wall. 1. acetaldehyde: 2. propionaldehyde; 3. acetone; 4. butyraldehyde; 5. methyl

ethyl ketone

fo r ace tone  a n d  m e th y l e th y l k e to n e , w hile th e  re la tiv e  values for th e  a ld e 
hydes a re  n o t affec ted . A t w all position  I I I  s tro n g  m ax im a ap p ear, being  g re a te s t 
fo r p ro p io n a ld eh y d e  and  b u ty ra ld e h y d e . A lth o u g h  ace ta ld eh y d e  an d  ace to n e  
ex h ib it th e  sam e ten d en cy , th e  curves b a re ly  exceed th e  u n ity  line in d ic a tin g  
th e  n o n -ca ta ly zed  reaction . The curve fo r ace ta ld eh y d e  is less s tru c tu re d  th a n  
those  fo r th e  o th e r  a ldehydes. The m ax im u m  on th e  re la tiv e  curve fo r m e th y l 
e th y l k e to n e  is considerab le , b u t  th e  effect is v e ry  m uch sm aller fo r ace to n e .

D iscussion

A  d e ta iled  acco u n t was given above o f th e  changes observed  w hen a w all 
w ith  a la rge  su rface  p re tre a ted  in  v a rio u s w ays w as p laced  in to  th e  re a c tio n  
space of a flow  reac to r , a t  d ifferen t p o in ts  o f th e  reac tio n  zone. The different
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wall positions therefore corresponded to different conversions. To a ro ugh , f i r s t  
ap p ro x im a tio n , i t  can  be assum ed th a t  a t  th e  beg inning  of th e  re a c to r  th e  w all 
a ffec ts  p rim arily  th e  in itia l steps, w hile in  a la te r  section  i t  has an  effect on 
th e  chain  carriers  w h ich  p ro p ag a ted  th e  ch a in  fu r th e r  on, th e  in te rm e d ia te s  
a n d  th e  en d -p ro d u c ts . This effect m a y  v a ry  depend ing  on th e  conversion . 
S tu d ie s  of a sim ilar n a tu re  have so fa r  n o t  b een  rep o rted  in th e  lite ra tu re .

In  general tw o  stages can be d is tin g u ish ed  w ith  resp ec t to  th e  v a rio u s  
w all coatings. F o r  in s tan ce , on t r e a tm e n t  w ith  H N 0 3 or N aO H  tw o m a x im a  
can  be seen, w hereas a fte r  N a2H P 0 4 t r e a tm e n t  tw o m in im a are  fo u n d . T h e  
P b O  coating  is an  excep tion , its  e ffect d ep en d s on th e  com pounds fo rm ed . 
W ith  th is  coating  th e  re la tiv e  curves e x h ib it a t  m ost only  one m ax im um .

The e x p e rim e n ta l resu lts  w ere e v a lu a te d  in  th e  follow ing w ay. A ll th e  
possib le  reac tio n  s tep s  w ere collected , a n d  th e  m ost p robab le  of these  w ere  
se lec ted  in  acco rd an ce  w ith  th e  follow ing considera tions:

(a) th e  v a lid i ty  o f th e  p rincip le  o f th e  conserva tion  of sp in ;
(b) th e  in te rn a l isom erization  ta k e s  p lace  p rim arily  v ia  com plexes o f 4 or 

6 cen tre s ;
(c) consid era tio n  of th e  bond  s tre n g th s  fo r th e  ca lcu la tion  of th e  a c t iv a 

t io n  energies;
(d) it  is a lw ays th e  C-C bond  a d ja c e n t to  th e  0  0  group  w hich  b re a k s .
In  th is  w ay  i t  w as possible to  p ro d u ce  a m echanism  schem e b y  m ean s

o f w hich  th e  p a th w a y s  of th e  fo rm a tio n  o f  th e  o x ida tion  p ro d u c ts  could  be  
fo llow ed. E ach  p ro d u c t m ay  be fo rm ed  in  sev era l w ays, in  sp a tia l or in  s u r 
face  reac tio n s. T he com position  of th e  p ro d u c t  varies accord ing  to  w hich  ro u te  
p red o m in a tes .

The overall re a c tio n  schem e is enclosed  on th e  follow ing page.
The p rim a ry  s tep  of th e  o x id a tio n  is to d a y  generally  accep ted  to  be  th e  

s p littin g  off of a h y d ro g en  a tom  to  give a h y d ro c a rb o n  rad ica l: Ш  -* ÍTj. T h e  
h y d ro g en  m ay  be sp lit off as a re su lt of a t ta c k  b y  0 2, -О Н , Н О ,- or R 0 2- . 
I n  th e  case of oxy g en  as reaction  p a r tn e r  th e  ac tiv a tio n  energy  of th e  p rocess 
is th e  g rea tes t; L i s c h k e  et al. [13] re p o r t  36 kcal/m ole, an d  T i p p e r  [5] 43 
kca l/m o le  in th e  co ld -flam e region. T he sp lit t in g  off due to  -O H  is n o t selec
tiv e , an d  its a c tiv a tio n  energy is 1— 2 kca l/m o le  [14]. I f  th e  a tta c k in g  ra d ic a l 
is H 0 2- or R 0 2-, th e n  according to  F i s h  [1], in  su p p o rt of S z a b ó  [15], O t o z a i  

[16], R e n s o n  [17] a n d  K n o x  [2], th e  a c tiv a tio n  energy of th e  sp littin g  o ff o f  
h y d ro g en  is 6— 15 kcal/m ole. I t  c a n n o t be  g iven  m ore accu ra te ly  th a n  th is .

The step  fo llow ing th e  p rim ary  one is th e  fo rm atio n  o f th e  p e ro x y  rad ica l 
|3 J . T he ac tiv a tio n  energy  of th is  reac tio n  is p rac tica lly  zero. A t te m p e ra tu re s  
a b o v e  300 °C th e  process is displaced to w a rd s  hyd rogen  e x tra c tio n , w ith  th e  
fo rm a tio n  of H 0 2- an d  an  olefin.

F o u r d iffe ren t p e ro x y  rad icals can  p re su m a b ly  be fo rm ed  in  th e  o x id a 
tio n  o f n -h ep tan e ; th e se  m ay  be g en era ted  o n ly  in  p rim ary  steps b u t  in  l a t e r
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cycles too , b u t  th e y  e n te r  th e  chain  process here  (| 3 | —► | 6 |, | 7 | —► | 8 |). T he  
p e ro x y  rad icals th u s  fo rm ed  can re a c t fu r th e r  in  three w ays, w hich are th e  
p recu rso rs o f th e  fo u r m ain  e n d -p ro d u c t cycles (alcohol, a ldehyde , ke to n e , 
olefin) in th e  o x id a tio n  o f hep tane .

One of th e se  ro u te s  is in te rn a l iso m eriza tio n  th ro u g h  a tra n s itio n  s ta te  
■of fou r cen tres. T his lead s to  ketones v ia  GO - щ

L ong-chain  k e to n es  are  form ed on ly  in  th is  w ay . S h o rte r-ch a in  ketones 
are , how ever, also fo u n d  as reaction  p ro d u c ts ; th e ir  fo rm atio n  can  be conceived 
b y  th e  sam e cycle, w ith  th e  difference th a t  th e  above processes are rep ea ted  
b y  shorter a lky l rad ica ls  form ed in  th e  step s  |13] —► |2 j  an d  |14| — . T heir 
fo rm a tio n  will be d iscussed  la te r  on. A cetone  fo rm s an  ex cep tion , and  m ust be 
d ea lt w ith  sep a ra te ly .

T he energy re q u ire m e n ts  of th e  iso m eriza tio n  | 3 | —► 4 h av e  no t been  
com plete ly  e lu c id a ted . A ccording to  K n o x  [2], th e  a c tiv a tio n  energy  of such 
a process is 22— 27 kca l/m o le  in  th e  case o f th e  re a rra n g em e n t o f a secondary  
hydro g en  in  th e  /1-position, and  th is  w ill n a tu ra l ly  be co nnec ted  w ith  a low er 
ac tiv a tio n  energy. F is h  [1] assum es re a rra n g e m e n t via  a cyclic tra n s itio n  
s ta te , th e  ac tiv a tio n  en e rg y  of w hich is 17 kcal/m ole  for 5 or 7 -m em bered  rings, 
an d  11.1 kcal/m ole fo r 6-m em bered rings, in  th e  case of th e  sho rte r-cha in  
h y d ro ca rb o n s. B e n s o n  [18] also considers th e  fo u r-cen tre  re a rran g em en t to  be 
like ly , an d  estim ates  its  a c tiv a tio n  energy  as a b o u t 20 kcal/m ole . The ro u te  
[~3~| — 1 4 I, th ere fo re , is p ro b ab ly  n o t v e ry  fa s t, w hereas analogies ind ica te  
th a t  th e  step  [4 ] —>- 13 can  tak e  p lace fa irly  easily  [2]. I t  is n o t necessary to  
consider an  ex ten siv e  decom position  o f th e  k e to n es  fo rm ed , because th e  value  
o f  th e  ac tiv a tio n  en e rg y  ca lcu la ted  from  th e  b o n d  d issocia tion  energies b y  
Szabó’s fo rm ula , E  =  E D t —  ctED;, am o u n ts  to  65 kcal/m ole.

T he second ro u te  fo r th e  fu r th e r  re a c tio n  o f th e  p e ro x y  radicals is th e  
in te rn a l isom eriza tion  v ia  six cen tres 3 —* | 5 |. S p littin g  o ff th e  • OH from  
th e  h y d ro p ero x y  rad ica ls  th u s fo rm ed  gives olefins |12| an d  aldehydes [~9~|. 
O u r experim en ts w ere ca rried  ou t a t  low  te m p e ra tu re , th e  conversion  was v e ry  
sm all, an d  th e  m easu rem en ts  are ch a rac te rized  b y  th e  fa c t t h a t  we are a t th e  
beg inn ing  of th e  re a c tio n . Since u n s a tu ra te d  h y d ro ca rb o n s w ere no t found  
am ong ou r p ro d u c ts , th e  ro u te  j^3J —► 4 is ta k e n  to  be p re fe rred  to  |_3J —► | 5 |. 
I f  olefin  does fo rm , th e n  i t  is tran sfo rm ed  to  th e  h y d ro p e ro x y  rad ica l by  reac 
tio n  w ith  H 0 2- acco rd in g  to  eq u a tio n  (8) of F is h  [1].

T he third  cycle p ro p ag a te s  th e  in te ra c tio n  w ith  th e  h y d ro ca rb o n  m ole
cu le  itse lf  w hich p ro d u ces th e  hyd ro p ero x id e  m olecule | 6 |  a n d  regenerates th e  
rad ica l | 2 |, This is en erg e tica lly  sim ilar to  th e  s tep  | 1 | —► | 2 |, since there  also 
R 0 2‘ was assum ed  as th e  h y d ro g en -ab s trac tin g  rad ical.

T here  is no ex ten s iv e  accu m u la tio n  o f th e  h y d ro p ero x id e  m olecule, 
because  i t  is c o n v e rted  to  th e  a lkoxy  ra d ic a l | 7 | b y  th e  e lim in a tio n  of -OH. 
T h e  a lkoxy  rad ica ls can  re a c t fu rth e r  in  tw o w ays, an d  one of th e se  is rep resen t-
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ing  th e  fo u rth  p ro d u c t cycle. I f  th e re  is a repeated  h y d ro g en  a b s tra c tio n  from  
a n  o rig inal h y d ro ca rb o n  m olecule, th e n  w ith  the  s im u ltan eo u s reg en e ra tio n  of 
th e  ra d ic a l jj2j a new  m olecule, th e  alcohol |~8~|, is o b ta in e d . These com pounds 
w ere  n o t found am ong  th e  p ro d u c ts , a n d  were p ro b a b ly  qu ick ly  fu r th e r  ox i
d ized . (The course o f th is , how ever, is unexplored.) T he decom position  o f th e  
a lk o x y  rad icals leads to  th e  d ev e lo p m en t of the  a ld eh y d e  cycle [9~j. T h e  o th e r 
p ro d u c t  of th e  sp littin g  is an  a lk y l ra d ic a l, w hich b y  m eans o f iso m eriza tio n  
a n d  0 2-u p tak e  p rov ides peroxy  rad ica ls  of ty p e  3 , b u t  w ith  sh o rte r  chains; 
th e se  can  sim ilarly  re a c t fu r th e r  b y  th e  above cycles 0 -  S im ilar sh o rte r-c h a in  
a lk y l rad ica ls m ay  also be  form ed b y  th e  decom position  o f th e  ke to n es |I3 | —► 

(14|; as a resu lt o f th e  h igher a c tiv a tio n  energy, how ever, th is  is m uch  less 
p ro b a b le  th a n  th e  decom position  o f th e  a lkoxy  rad ica ls . T here a re  also acy l 
ra d ic a ls  am ong th e ir  decom position  p ro d u c ts , b u t th e se  read ily  e lim in a te  CO 
w ith  th e  fo rm ation  o f new , a lready  s till sh o rte r a lky l rad ica ls  via th e  reac tio n  
p a th  jl4j —*■ I 2 |.

I t  is m uch m ore likely , how ever, th a t  th e  a ldehydes fo rm ed  in  s tep  | 9 | 
a re  ox id ized  and  th e  acy l rad icals so fo rm ed  undergo a decom position  sim ilar 
to  th e  ro u te  14 —*■ | 2 |. I f  th e  rad ica ls  form ed are ox id ized  w ith o u t isom eriza
tio n , th is  provides th e  p ero x y  rad ica ls  |15|, w hich undergo  in te rn a l isom eriza
tio n  a n d  sp lit off 'O H  to  give a ld eh y d e  end -p roduc ts s im ila r to  9 .

T he aldehydes m a y  therefo re  a p p e a r  am ong th e  p ro d u c ts  via a n u m b e r o f 
p a th w a y s . On ex am in a tio n  of th e  a n a ly tic a l resu lts o b ta in e d  in  th is  w ork  i t  is 
s tr ik in g  th a t  th e  a ld eh y d es are found  in  re la tiv e ly  low am o u n ts . T h e ir o x id a tio n  
is assu m ed  in the  re a c tio n  schem e, b u t  a tte n tio n  m u s t also be d raw n  to  th e  
fa c t  t h a t  a lthough  th e  th e rm a l decom position  of th e  a ldehydes begins on ly  a t 
4 0 0 — 500 °C, in  th e  p resence  of oxygen  sensitized  decom position  an d  o x id a tio n  
o ccu r a t  m uch low er te m p e ra tu re s  [20— 22]. The decom position  o f ke to n es 
(ace to n e) can be in d u ced  only in th e  reg ion  of 450 °C.

I t  was m en tio n ed  earlier th a t  th e  fo rm ation  o f ace tone  m u s t be  d ea lt 
w ith  sep ara te ly . A lth o u g h  th ere  are  th re e  places in  th e  reac tio n  schem e w here 
p ro p y l radicals are  fo rm ed , as p recu rso rs  for ace tone  fo rm atio n , i t  is s till 
n ecessa ry  for them  to  isom erize. T h is can  tak e  place on th e  wall:

C H 2- C H 2- C H 3- ^ U C H 3 - C H - C H 3 —

0 0 - 0

—1̂ C H 3- C I 1  C H 3 ------->-CH3- C - C H 3 + -OH

C onsidering  a rem ark  b y  B e n s o n  [23 ] ,  an o th e r ro u te  fo r th e  fo rm a tio n  of 
ac e to n e  can be derived  from  th e  o x id a tio n  schem e in  th e  follow ing w ay : T he 
a lk o x y  rad icals Q J  can  reac t fu r th e r  n o t only by  th e  tw o  p a th w ay s  a lready
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discussed (C-C b o n d  sp litting , or a b s t ra c t in g  hyd ro g en  from  a n o th e r  h e p ta n e  
molecule), h u t  can  also undergo in te rn a l  isom eriza tion  to  form  an alcohol 
radical:

O- O H

C H 3- C H - C H 2- C H 2- C 3H 7 ------ •> C H 3- C H  C H 2- C H - C :sH 7

The la t te r  takes up  a n o th e r  oxygen molecule:

O H  O H  0 0  •

C H 3- C H - C H 2- C H - C 3H 7- ^ - > C H 3- C H - C H 2- C H - C 3H 7

nd  th e n  isomerizes:

O H  0 0 -  О Н  ООН

C H 3- C H - C H 2- C H - C 3H 7 ------- *-СН3- С - С Н 2- С Н - С 3Н 7

followed by  decom position  in an  ex o the rm ic  process:

О Н  О О Н

C H 3- C - C H 2- C H - C 3H 7

О Н  О О Н

—> CH3- C  =  CH2 +  - с н - с 3н 7
1
0

T
C H 3 C - C H 3 O H  +  C3H  - C H O

Thus, the  fo rm a t io n  of acetone can  be exp la ined  by  th is  series of e lem en
ta ry  s teps w ith  no d iff icu lty ,  via th e  eno l-keto  t ran s fo rm a tio n .

Table  IV shows th e  reaction s teps of th e  above  schem e g rouped  according 
to  th e  ind iv idual p ro d u c ts .  I t  can be seen from  th e  Tab le  t h a t  ace ta ldehyde , 
for instance, m ay  be form ed in th e  sys tem  via  f ive d ifferen t routes. (S teps 
p lay ing  a p a r t  in th e  form ation  of a given p ro d u c t  are given w ith in  a square  
frame.) Similarly, th e re  are five d ifferen t rou tes  for  th e  fo rm atio n  of p ropional- 
dehyde , th ree  for b u ty ra ld e h y d e ,  and  so on. T he  various fo rm a tio n  p a th w a y s ,  
however, can con ta in  th e  same steps, too.

I f  the  o x ida tion  scheme is com pared  w ith  th e  p ro d u c t  d is tr ibu tion , th e  
following conclusions can  be made.

The da ta  of  th e  wall-free experim en ts  are in ag reem en t w ith  the  proposed  
m echanism  as follows. I t  is probable  t h a t  th e  rou tes  3 —>- 4 and  QTj —>• | 5 |, 
t h a t  is the  fo rm ation  o f  aldehydes and  ke tones  b y  in te rn a l  rea rran g em en t ,  are
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Table IV

Pathways o f the form ation o f  the products

Ш 111 N 4 5 ш ш 8ш 10 11 12 13 14 15 16 17

Ш LU Ш Ш 5 6 7 8 9 10 11 12 N шш ш 17

A cetaldehyde ш ш ш 4 5 шш 8 9 ю | 11 12 13 14 Ш Ш 17

ш ш ш 4 ш 6 7 8 9 10 11 12 13 14 15 16 17

ш ш ш 4 5 шш 8 9 10 11 12 13 14 15 16 ш
шшш 4 5 Шш 8 и 10 11 12 13 14 15 16 17

ш ш ш ш 5 6 7 8 9 10 11 12 ш шш 16 17

Propionaldehyde шшш 4 5 шш 8 ШШ 11 12 13 14 ш 16 17

шшш 4 Ш 6 7 8 Ш 10 11 12 13 14 15 16 17

шшш 4 5 □О Ш 8 9 10 11 12 13 14 15 16 17

шшш 4 5 ш ш 8 ш 10 11 12 13 14 15 16 17

B utyraldehyde шшш 4 Ш 6 7 8 10 11 12 13 14 15 16 17

ш ш ш 4 5 шш 8 9 10 11 12 13 14 15 16 л
Acetone шшш 4 5 ш ш 8 9 10 11 12 13 14 15 16 Л

M ethyl ethyl шшш 4 5 шш 8 9 10 11 12 13 14 15 16 ш
ketone ш ш ш ш 5 6 7 8 9 10 11 12 13 14 15 16 17

p re fe rred  to  th e  ro u te  3 —► 6 . F o r th is  reason  alcohols w ere n o t d e te c te d , 
a n d  th e  peroxides d id  n o t  accu m u la te . T h e  fa c t th a t  k e to n es  w ere fo rm e d  in  
g re a te s t  am o u n ts  has a lre a d y  been  ex p la in ed  b y  th e  in d u ced  d eco m p o sitio n  
a n d  o x id a tio n  of th e  a ldehydes w hich has been  observed  a t  th is  te m p e ra tu re .

I n  th e  case of th e  N aO H  co a tin g  th e  am o u n ts  of a ldehydes a re  la rg e r 
(b y  a fa c to r  of five fo r a ce rta in  w all position) th a n  fo r th e  w all-free reac tio n . 
A t th e  sam e tim e , how ever, th e  a m o u n ts  o f ke tones are  also g re a te r  th a n  in  
th e  w all-free  s ta te . I f  th e  m echan ism  an d  th e  ex p erim en ta l d a ta  are  co m p ared , 
th e  s tep  [3 ] —► [4J is th e  s ta r tin g  p o in t o f a process w hich  leads to  b o th  k e to n es  
a n d  a ldehydes, and  th e re fo re  i t  ap p ears  obvious th a t  th e  w all exerts  an  effect 
on  th e  isom eriza tion  s tep  3 -+• [T j. I t  is , how ever, d ifficu lt to  ex p la in  th e  
a p p e a ra n c e  of th e  m ax im u m  in th e  v ic in ity  of wall p o sition  I I I .

W ith  th e  lead  oxide coating  th e  am o u n ts  of ke to n es decrease co n sid e r
a b ly , a n d  th e  p ro d u c t cu rv e  rises in  p ro p o rtio n  to  th e  residence tim e , b u t  to
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a sm all e x te n t on ly . H ere  too  th e re  is a m ax im u m  in  th e  case of th e  a ldehydes, 
an d  in  c o n tra s t w ith  th e  ketones th e ir  am o u n ts  increase . T h is shows th a t  th e  
lead  oxide in h ib its  th e  in te rn a l isom eriza tion  ta k in g  p lace th ro u g h  four cen tres , 
an d  th u s  e ith e r th e  reac tio n  p a th  [~3"j —*• [5J or |_3J —> j_6J m u s t prevail. S ince 
th e  a b s tra c tio n  o f  h y d ro g en  from  th e  s ta r tin g  h y d ro c a rb o n  occurs w ith  h ig h er 
p ro b a b ility  from  a secondary  carbon  a to m , i t  is u n d e rs ta n d a b le  th a t  a c e t
a ldehyde an d  p ro p io n a ld eh y d e  w ill he fo rm ed  p rim arily , because  these  re su lt  
from  th e  s tep  ĵ 5J —> | 9 | and  th e  step  |15| — |̂ 9J, w hile b u ty ra ld e h y d e  is 
fo rm ed  only  via  a p rim a ry  rad ical.

In  th e  case o f th e  wall tre a te d  w ith  N a 9H P 0 4, th e  re la tiv e  accum ula tions 
of p ro p io n a ld eh y d e  an d  b u ty ra ld e h y d e  are  th e  m ost sig n ifican t; these  are  
fo rm ed  in  th e  low est am o u n ts  in  th e  w all-free reac tio n . T h is suggests th a t  h e re  
th e  isom eriza tion  | 3 [ —>-1 4 | p redom inates.

W ith  th e  H N O g -trea ted  w all, th e  a ce ta ld eh y d e  ex h ib its  s ig n ifican t 
m ax im a  a t  p o sitions I I  an d  IV . H ere, too , th e  re la tiv e  increase  of th e  am o u n ts  
o f ke tones is less considerab le.
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The therm al degradation of poly(dim ethylsiloxanes) (PDMS) w ith various te r 
m inal groups, and w ith titanium  and potassium  as heteroatom s has been studied. The 
therm ogravim etric evaluation of th e  kinetics was perform ed by the DDTG m ethod 
proposed by th e  authors. As a fu rth er developm ent of th is m ethod a novel calculation 
procedure was elaborated perm itting th e  separation and accurate kinetic description of 
several consecutive degradation processes reflected by the changes in weight. All deri
vatives of PDM S were found to exh ib it a degradation step which is characterized by  an 
activation  energy of 43—46 kcal/mol.

I t  was shown by pyrolysis gas chrom atography th a t  th is decomposition step 
is characterized by  product ratios p rac tica lly  independent of the pyrolysis tem peratu re  
betw een 400 and 600 °C, the molecular w eight of the sample and the nature  of th e  te r 
m inal group. T hus the possibility of an  end group in itiation m ust be excluded. In  the 
presence of a heteroatom  (a term inal К  atom , or a Ti atom  in the chain), however, ini
tia tion  by th e  term inal atom and ca ta ly tic  depolym erization take place.

T he e x p e rim e n ta l results a n d  th e  ca lcu la ted  d a ta  su p p o rt th e  m echan ism  p ro 
posed  by  T hom as a n d  K en d r ic k  fo r th e  d eg rad a tio n  of PDMS.

In tro d u c tio n

P o ly (d im eth y ls ilo x an e) (PDM S) serves as th e  basis  of a n u m b er of sili
cone p ro d u c ts  w id esp read  in  in d u s tr ia l m an u fac tu re . B esides, th e  d e riv a tiv e s  
of PD M S p lay  a sig n ifican t role in  in o rg an ic  p o lym er chem istry . A ccord ingly , 
it  is q u ite  obvious t h a t  th e  th e rm al s ta b il i ty  of PD M S an d  of its d e riv a tiv e s  
h av e  been  a t tra c t in g  th e  in terest o f sc ien tis ts  since m ore th a n  tw o decades. 
D esp ite  th e  g rea t n u m b e r of results p u b lish e d  in  th is  fie ld  th e re  is no ag reem en t 
as reg a rd s  th e  in te rp re ta tio n  of th e rm a l d eg rad a tio n  an d  th e  d e te rm in a tio n  of 
th e  fa c to rs  lim itin g  th e rm a l s tab ility . T h is is p a r tic u la rly  tru e  for th e  a ssu m p 
tio n s concern ing  th e  m echanism  an d  m a in ly  th e  in itia tio n  of these  reac tio n s.

I t  has been  show n already b y  th e  v e ry  f irs t s tud ies [1] th a t  th e  th e rm a l 
d e g ra d a tio n  of PD M S affords exclusively  cyclic oligom ers, i.e. d epo lym eriza
tio n  occurs in s tead  o f pyrolysis. I t  is a lso  know n [2, 3] th a t  depo lym eriza tion  
is c a ta ly zed  b y  a lk a li m e ta l oxides a n d  hydrox ides, in  th e  presence o f w hich  
i t  ta k e s  place s ig n ifican tly  faste r o r a t  te m p e ra tu re s  low er b y  150—200 °C.

K uc e r a  [4] an d  L e w is  [5] h av e  p o in te d  o u t th a t  th e  th e rm al s ta b ili ty  
can  be g rea tly  im p ro v ed  b y  rem oving  th e se  ca ta ly tic  traces . In  view  o f th is  i t
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is r a th e r  d ifficu lt to  d istingu ish  c a ta ly tic  a n d  n o n -c a ta ly tic  dep o ly m eriza tio n  
ex p e rim en ta lly . T h u s  th e  problem  o f th e  a c tu a l, in trin sic  th e rm a l s ta b ility  o f 
P D M S  rem ains u n so lv ed .

T h e  role o f th e  c a ta ly s t seem s to  b e  a n o th e r  u n so lved  p rob lem . T h e  
d ep o lym eriz ing  e ffec t o f  m etals is reg a rd ed  b y  a n u m b er o f  au th o rs , e.g. b y  
N o l l  [6], as an  in v e rse  process of th e  k n o w n  p o ly m eriza tio n  reac tio n  ca ta ly zed  
b y  ac ids and  bases.

A ccording to  R o d e  et al. [7], th e  te rm in a l h y d ro x y l g roup  p lays a deci
sive ro le in  th e  d e g ra d a tio n  of sim ple siloxanes. C alculations h av e  been  ca rried  
o u t b y  these  a u th o rs  on  th e  secondary  b o n d  energies expected  u p o n  th e  fo rm a 
tio n  o f  th e  a c tiv a te d  com plex co rresp o n d in g  to  th e  so-called ‘b ack  b itin g ’ 
m ech an ism . I t  follow s from  these ca lcu la tio n s  th a t  th e  h y d ro x y l group re ta in s  
its  te rm in a l p o sitio n , seem ingly b y  in tra m o le c u la r  tran sfe r, w hile th e  cyclic 
o ligom er is sp lit off. A l e x a n d r o v a  et al. [8] h av e  show n b y  gas c h ro m a to 
g ra p h y  th a t  m e th a n e  is form ed d u rin g  d e g ra d a tio n : th is  o b se rv a tio n  has been  
u sed  to  in te rp re t th e  fo rm atio n  of rings an d  th e  d eg rad a tio n  o f  th e  po lym er. 
A cco rd ing  to  T h o m a s  an d  K e n d r i c k  [9] th e  a c tiv a te d  com plex  o f th e  decom 
p o s itio n  process is a rin g  form ed from  neighb o u rin g  segm ents of th e  in tra -  
m olec-ilar helix  ow ing  to  th e  in te ra c tio n  o f  —S i—О — groups. T he decom position  
o f th is  com plex lead s  to  a single sm all m olecule an d  a new  m acrom olecule o f  
lo w er m olecular w e ig h t. In  te rm s o f th e  k in e tic s  o f po lym er d eg rad a tio n  th is  
p ro cess  resem bles in itia tio n  b y  ran d o m  ch a in  scission w ith o u t an y  d ep ro p ag a 
tio n , follow ed b y  a single in tram o lecu la r tra n s fe r  an d  th e n  b y  reco m b in a tio n , 
since a f te r  th e  c leavage  of the  ring  a ch a in  com plete ly  sim ilar to  th e  in itia l one 
b u t  o f a sligh tly  lo w er m olecular w eig h t is fo rm ed .

T he purpose o f  th e  p resen t w ork  is to  con tinue  our earlie r s tud ies [10], 
on  th e  k inetics o f d ep o lym eriza tion  in  PD M S system s sig n ifican tly  d iffering  
fro m  one an o th e r. W e also in ten d ed  to  exam ine  th e  effect o f th e  end-group  o f 
th e  ch a in  and  of th e  h e te ro a to m s on  th e  m echan ism  of d eg rad a tio n . In  o rd e r 
to  so lve th e  k in e tic  p rob lem , th e rm o g ra v im e tric  investig a tio n s (TG) h av e  b een  
p e rfo rm ed . To e lu c id a te  th e  second g roup  o f prob lem s ex perim en ts b y  py ro lysis  
gas ch ro m a to g ra p h y  (PGC) have b een  ca rried  ou t.

K in e tic  analysis o f tw o  independen t reactions

T h e  th e rm o b a lan ce  often  p roduces d eg rad a tio n  curves w hich , a lread y  a t  
f i r s t  glance, ap p e a r to  ind ica te  tw o o r m ore  in d ep en d en t steps. T he d eg rad a tio n  
o f  sim p le  inorgan ic  o r organic com pounds m ay  ta k e  p lace in  a w ay  th a t  th e  
so lid  (or non -vo la tile ) d eg rada tion  p ro d u c t o f th e  in itia l su b stan ce  undergoes 
fu r th e r  tra n s fo rm a tio n  a t  a h igher te m p e ra tu re  w ith  a d d itio n a l loss of w eigh t. 
O ne o f  th e  best k n o w n  processes o f th is  ty p e  is th e  decom position  of ca lcium
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o x a la te :
Ca(COO)2 =  C a C 0 3 +  CO (1)

C aC 0 3 =  CaO -)- C 0 2

Processes o f th is  ty p e , w ith  th e  ch a ra c te ris tic  te m p e ra tu re  in te rv a ls  of 
decom p o sitio n  com plete ly  sep a ra ted  from  each  o th e r, are  ra th e r  ra re . N o d iffi
cu lties are  m e t in  th e  k in e tic  analysis because  th e  tw o p a r ts  of th e  th e rm o g ra v i-  
m e tr ic  cu rve  can  be  regarded  in d e p e n d e n t o f  each o th e r.

In  th e  case of p o lym er d e g rad a tio n  an d  th e  decom position  of som e o th e r 
o rg an ic  su b stan ces th e  re la tio n  b e tw een  th e  tw o chem ical processes is q u ite  
d iffe ren t from  th a t  in  th e  above exam ple . G enerally , th e  s ta r tin g  m a te ria ls  of 
in d e p e n d e n t reac tio n s are  p resen t a lre a d y  a t  th e  beg inn ing  of decom position  
b u t  th e ir  d eg rad a tio n  s ta r ts  an d  proceeds a t  d iffe ren t tem p era tu res . I t  is also 
conceivab le  t h a t  th e  tw o su b stan ces o f  d iffe ren t th e rm a l s ta b ility  a re  n o t 
p re se n t as a ph y sica l m ix tu re  b u t  as v a rio u s p a r ts  o f th e  sam e m olecule (e.g. 
m ain  ch a in  vs. side group , defect p o in ts  vs. basic  s tru c tu re , etc .). I n  th e  case 
o f such  processes th e  te m p e ra tu re  in te rv a ls  o f th e  tw o reac tions are  v e ry  ra re ly  
as fa r  fro m  each  o th e r as in  th e  case o f  inorgan ic  substances. T herefo re , th e  
in d iv id u a l T G  step s overlap  s tro n g ly  an d  o ften  can n o t be d is tin g u ish ed  b y  
in sp ec tio n  o f th e  TG  curve; th e ir  ex istence  can  be d e tec ted  only b y  a tra in e d  
e x p e rt. T h e  tw o  reac tions ap p ear m ore  clearly  on th e  D TG  curve. T h e  com plex 
c h a ra c te r  o f th e  d eg rad a tio n  process, how ever, becom es p a rtic u la rly  consp ic
uous if  th e  ex p erim en ta l resu lts  a re  tr e a te d  in  th e  w ay  described  b y  us 
earlie r [10, 11, 12]. T he m eth o d  u tiliz in g  besides th e  f irs t  d e riv a tiv e  also th e  
second  d e riv a tiv e  (DDTG) leads to  th e  e q u a tio n

T (d2wjdt2)T2 (dw/dtyr2 , E(dT/dt) „  , E B1 =5 ---- -------= ---------------- n H------------------ =  K ti ‘---------- (2)
(div/dt) w R  R

I f  th e  process can  be described  in  a sim ple 3 -p a ram eter fo rm , an d  th e  
rem a in in g  w eigh t frac tio n  (w) is used  as th e  reac tio n  coord inate  th e n

—  d u ^  __ ^ e -E /R T  ^ n ( 3 )

dt

a n d  a lin ea r co rre la tio n  is o b ta in ed  b e tw een  I  an d  K .
In  th e  k in e tic  analysis of po lym er d eg rad a tio n  one ra re ly  finds su b stan ces 

th a t  c an  be  tre a te d  in  th is  sim ple w ay . A t th e  beg inning  of th e rm a l t r e a tm e n t 
th e  d e g ra d a tio n  m echan ism  m o stly  d iffers from  th a t  in  a la te r  ph ase  o f  th e  
p rocess. T h e  ca lcu la tio n  m ethods described  in  th e  l ite ra tu re  genera lly  p ro v id e
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av erag e  values fo r th e  o vera ll process a n d  th u s  lead  to  erroneous k in e tic  p a ra m 
e te rs. T h e  in itia l re a c tio n  leads to  p a r tic u la r ly  g rea t d is to rtio n s if  th e  e v a lu a 
tio n  is ca rried  o u t b y  th e  com m on m e th o d  o f de te rm in in g  th e  in itia l ra te s . 
On th e  basis  o f th is  m e th o d , T hom as an d  K e n d r ic k  calcu la ted  a c tiv a tio n  
energies [13] for th e  d eg rad a tio n  of siloxanes from  th e  in itia l change a m o u n t
ing  to  on ly  ab o u t 20 %  o f th e  sam ple w eig h t, an d  drew  conclusions from  th e  
re su lts  o b ta in ed  in  th is  w ay.

I n  o u r opinion i t  is w orthw hile  to  a t te m p t  th e  sep ara tio n  o f th e  tw o reac 
tio n s in  all sim ilar in s tan ces  and  also in  th e  case o f reactions w hich ta k e  p lace 
consp icuously  in  tw o  steps. D oyle  [14] sugg ested  th a t  th e  p o in t of d iv ision  
b e tw een  th e  tw o consecu tive  d eg rad a tio n  p rocesses on th e  TG  curve shou ld  
be d e te rm in ed  v isu a lly  or b y  a g rap h ica l m e th o d . H ow ever, th is  p rocedure  m ay  
be th e  source of serious e rro r even if  we neg lec t th e  cases m en tioned  above in  
w hich  th is  m eth o d  fa ils , because th e  tw o  s tep s  on th e  TG  curve  c an n o t be  
o b serv ed  v isually . O u r k in e tic  t re a tm e n t is b ased  on th e  rem ain ing  w eigh t 
f ra c tio n  defined  b y

w = gt goo
go goo

(4)

w here g 0, gt an d  gж a re  th e  sam ple w eigh t a t  tim e  zero, a t  an  a rb itra ry  m o m en t 
t, a n d  a f te r  th e  decom position , re sp ec tiv e ly . T h e  erro r accord ing  to  th e  p ro 
ced u re  o f  D o yle  is due  to  th e  m ore or less a rb itra ry  choice of th e  in itia l 
w eigh t T h e  m eth o d  suggested  b y  us offers a sim ple m eans fo r th e  a c cu ra te  
d e te rm in a tio n  of th e  tru e  in itia l w eigh t (g0J  o f th e  second reac tio n  b y  e x tr a 
p o la tio n . T ak ing  in to  acco u n t th e  d efin itio n  o f w b y  E q . (4), one can rea rran g e  
E q . (2) using  th e  ex p e rim en ta l va lu e  o f gt a n d  o f its  deriv a tiv es:

(4%;i<‘)T‘ _ (ds ,/dt)T‘ _ , EidTidi) , i n
№ ,/ * )  к  +  R

E q u a tio n  (2a) does n o t co n ta in  th e  in itia l w eight, w hereas th e  f in a l 
w eigh t is iden tica l w ith  th e  la s t w eight d a ta  m easu red  (gTO). T he la t te r  is zero 
for su b stan ces  w ith o u t d eg rad a tio n  residues.

C onsequen tly , E q . (2a) m ay  be used  to  ca lcu la te  th e  a c tiv a tio n  energy  
an d  th e  a p p a re n t re a c tio n  o rder in  th a t  s tag e  o f th e  reac tio n  w here th e  f irs t  
d e g ra d a tio n  step  a lre a d y  does n o t p la y  a n y  role. T hus, b y  ca lcu la tin g  th e  
values o f  I  and  К  fro m  th e  ex p e rim en ta l d a ta  an d  p lo ttin g  I  ag a in st K , 
we sh a ll b y  all m eans fin d  a linear sec tion  on  th e  second p a r t  o f th e  d iag ram  
w hich  will be accep tab le  for th e  second reac tio n . On app ly ing  E q . (2a) to  th is  
sec tio n  we o b ta in  b o th  k in e tic  p a ram e te rs  (E 2 an d  n 2) for th e  second reac tio n .
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The in te g ra tio n  of E q . (3) an d  su b s titu tio n  o f  E q . (4) lead to  E q . (5), 
w h ich  is su itab le  fo r  th e  ca lcu la tio n  of th e  req u ired  v a lu es  in  all cases i f  n ^  1 :

1 --(g t/g0r n
1 n

A E e  x f  e~u
B R X J и

X

E
x  = -----

R T

A E
B R

p(x) (5)

O n app ly ing  E q . (5) to  th e  second reac tio n  a n d  rearran g in g :

8t m 8 1 2  "2
A 2E ,(n 2 1)в&0 2

B R P(x  a) +  go*
1 —П2

( 6)

F rom  E q . (6) now  the  v a lu e s  o f g 0г and  A 2 can  be  ca lcu la ted , using  th e  
w eigh ts (gt) for th e  section , se lec ted  as described above, th e  te m p e ra tu re  an d  
th e  tw o  k inetic  p a ra m e te rs  d e te rm in e d  earlier.

This p rocedure  yields all th e  k in e tic  p a ram e te rs  fo r  th e  second re a c tio n , 
m oreover the e x tra p o la te d  va lu e  o f  th e  in itia l w eigh t w hich  would h av e  been  
th e  tru e  in itia l w e ig h t of th e  sam p le  h a d  th e  f irs t re a c tio n  n o t occurred  an d  
h a d  th e  decom posing substance  v o la tiliz in g  in  th is  re a c tio n  n o t been p re sen t. 
H ow ever, the  w e ig h t g 0z is also th e  fin a l w eight in  th e  f i r s t  reac tion  (g00i =  
=  g 0) ,  w hereas th e  in itia l w eigh t o f  th e  firs t reac tio n  is o b ta in ed  b y  s u b tra c t  - 
ing  g 0 from  th e  in it ia l  w eight o f  th e  sam ple (g0). T h u s, on su b s titu tin g  th e se  
q u a n titie s  in to  E q . (4) and  ca lcu la tin g  th e  values o f g2, g2 an d  g2 on th e  basis  
o f th e  know n p a ra m e te rs  A 2, E 2 a n d  n 2 up  to  th e  te m p e ra tu re  correspond ing  
to  th e  beginning o f w eig h t loss, w e o b ta in  th e  q u a n titie s  gt , g'x and  g" b y  su b 
tra c tin g  th e  values o f  g2, g2 an d  g 2 from  th e  e x p e rim e n ta l d a ta  (gt) fo r th e  
overa ll process, a n d  from  the  v a lu e s  of g ' and  g" n u m erica lly  ca lcu la ted  from  
th e  la t te r .  The know ledge of th e se  d a ta  now perm its  to  d e te rm in e  th e  I  vs. К  
fu n c tio n  for the  f i r s t  reac tion , a n d  to  ca lcu la te  th e  v a lu es  o f  E x, nx an d  A v

As a te s t of th e  en tire  te c h n iq u e  le t us now ap p ly  E q . (5) sim u ltan eo u sly  
to  b o th  reactions in  o rd e r to  o b ta in  num erica lly  th e  T G  cu rv e  w hich is c h a ra c 
te ris tic  for the  o vera ll process. T h e  a lg o rith m  of th is  c a lcu la tio n  is sim ple, an d  
can  be perform ed b y  m eans of a H e w le tt— P ack a rd  9100A  C alcu lator, u sing  
an  a tta c h e d  9101A E x te n d e d  M em ory  U n it, and  m ay  be  p lo tte d  b y  m eans o f 
a H P  9125 P lo tte r  (see Figs 2 an d  3).

I t  m ust be n o te d  th a t  a c tu a lly  a n y  n u m b er o f step s  m a y  be analyzed  b y  
rep ea tin g  th e  above m ethod . T he ex am p le  of tw o-step  curves has been  d is
cussed only  for th e  sak e  of s im p lic ity .
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E xperim en ta l and  resu lts

T h e  substances in v e s tig a te d  are lis ted  in  T ab le  I . T he ap p lied  m ethods 
w ere th e rm o g ra v im e try  a n d  pyro lysis gas ch ro m ato g rap h y . H ow ever, b o th  
m e th o d s  could no t be a p p lie d  in  th e  case of a ll th e  substances. N am ely , ce rta in  
su b s ta n c e s  (e.g. th a t  d e n o te d  b y  F), ow ing to  th e ir  easy decom position , d id

Table I

Substances studied

S ym bol Chemical characteristics o f the m aterial

A PDMS, volatile components removed, molecular w eight 106;

В PDMS, volatile components no t removed;

C PDMS, narrow  fraction w ith Si—OH terminal groups, molecular
weight 11300;

D PDMS, narrow  fraction w ith  Si—OC,II5 term inal groups, molecular
weight 2250;

E PDMS, narrow  fraction w ith Si—CH3 term inal groups, molecular
weight 8600;

F PDMS, polydisperse, w ith Si—OK term inal groups;

G Ti { [Si(CH3)20 ] 75Si(CH3)20 H } 4
(metallosiloxane polym er w ith titanium  as heteroatom )

n o t  g ive a w ell-defined in itia l w eight u n d e r  th e  w ork ing  cond itions of th e  
th e rm o b a lan ce . T he v o la tile  com ponen ts leav in g  sam ple A  befo re  pyrolysis 
a n d  th e  deg radation  p ro d u c ts  evolving from  sam ple В  d u rin g  pyro lysis are  
id e n tic a l. C onsequently  no  d is tin c tio n  b e tw een  A  and  В  can  be  m ade b y  m eans 
o f  p y ro ly s is  gas ch ro m a to g ra p h y .

T herm ograv im etry

F ro m  substances A , В  an d  C sam ples n o t exceeding 8 m g w ere w eighed 
in to  f la t  p la tinum  p a n s . T he m easu rem en t w as carried  o u t in  h igh v acu u m  
(10 ~ 5) b y  m eans o f th e  M ettle r th e rm o b a lan ce  ‘T h erm o an a ly ze r’.

T he TG curves o b ta in e d  are show n in  Figs 1 to  3. T h e  d e riv a tiv es  have 
b e e n  ob tained  from  th e  TG  curves b y  th e  m a th em atica l m e th o d  described 
e a r lie r  [11]. The co rresp o n d in g  I  vs. К  d iag ram s are show n in  Figs 4 to  6. 
T h e  ex trap o la tio n  p e rfo rm ed  according to  E q . (6) is il lu s tra te d  in  Figs 7 an d  8.

T he k inetic  p a ra m e te rs  are lis ted  in  T ab le  I I .
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Fig. 1. Substance A . 1: TG curve (о denotes the m easured values); 2: DTG curve

Fig. 2. Substance В . 1: TG curve (o denotes the measured values); 2: DTG curve; 3:TG  curve 
of th e  first reaction; 4: DTG curve of the firs t reaction; 5: TG curve of th e  second reaction; 

6: DTG curve of the second reaction

Fig. 3. Substance G. 1: TG curve (o denotes the m easured values); 2: DTG curve; 3: TG curve 
of th e  first reaction; 4: DTG curve of the first reaction; 5: TG curve of the  second reaction; 

6: DTG curve of the second reaction

I t  is clear from  F igs 7 an d  8 th a t  th e  lin ea rity  req u ired  b y  th is  m eth o d  
is s tr ic tly  m e t. T he T G  curves s im u la ted  b y  th e  co m p u te r on th e  basis o f th e  
ca lcu la ted  k in e tic  p a ra m e te rs  are  in  excellen t ag reem en t w ith  th e  m easu red  
cu rves. This proves th e  correctness of o u r m ethod  ap p lied  fo r reso lv ing  th e  
com plex  process in to  com ponen ts.

Acta Chim. (Budapest) 74, 1972



2 6 0 LE N G Y EL e t al.: DEGRADATION IN  DIM ETH YLSILOX A NE

-К IO"4
Fig. 4. Substance A . P lo t of I  vs. K . The points refer to  values calculated from  the measured 

data ; the stra igh t line was obtained from these data  by  linear regression analysis

-К 10"4
Fig. 5. Substance B. P lo t of I  vs. К , for 1: the first reaction in th e  actual tem perature range 
of degradation; 2: the second reaction in the actual tem perature  range of degradation; 3: cal
culated  curve for the overall reaction; the points denote the calculated am ounts corresponding

to the m easured values

Fig. 6. Substance G. P lo t of I  vs. К , for 1: the first reaction in the actual tem perature range of 
degradation; 2: the second reaction  in the actual tem perature  range of degradation; 3; calcu
la ted  curve for the overall reaction; the points denote the calculated am ounts corresponding

to the m easured values

Ida  Chim. ( Budapest) 74. 1972



LE N G Y EL et al.: D EG RA D A TIO N  IN  D IM ETHYLSILOXANE 26 1

Fig. 7. Substance В. D eterm ination ofg02 on th e  basis of Eq. (6); the points denote the am ounts
calculated from  th e  m easured values

Fig. 8. Substance G. D eterm ination of g02 on th e  basis of Eq. (6); the points denote the am ounts
calculated from  th e  m easured values

Table II

K inetic parameters

Sym bol o f substance
A ctiv a tio n

energy
E , k ca l/m ol-1

Preexponential factor 
A , m in-1

Order of 
reaction, n

A 42 9.8 XlO11 1.6

В  first reaction 23 l . l x i o 6 0.6

second reaction 44 1.4 XlO12 0.7

G first reaction 35 6.7 XlO9 0.7

second reaction 43 2.5 XlO9 0.4
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Pyrolysis gas chromatography

B y  using th e  spec ia l m icropyro lysis device (m icro reacto r) designed 
ea rlie r [15], a tta c h e d  d ire c tly  to  th e  gas ch ro m ato g rap h ic  colum n, i t  is 
possib le  to  carry  o u t th e  reproducib le d e g ra d a tio n  of po lym ers a t  a know n 
te m p e ra tu re . The p y ro ly sis-ch ro m ato g ram s w ere reco rded  a t  p rog ram m ed  te m 
p e ra tu re s  in  a 50 m  s te e l cap illa ry  co lum n co a ted  w ith  A P L . T he q u a n tita tiv e  
e v a lu a tio n  was ca rr ied  o u t  b y  m eans o f a n  electron ic in te g ra to r .

W e w ished f ir s t  to  in v estig a te  th e  e x te n t  to  w hich th e  depo lym eriza tion  
o f PD M S depends on  th e  te rm in a l g roup , i.e. w h e th e r th e  in itia tio n  process 
is d u e  to  th e  end g ro u p  o f th e  chain  o r to  ran d o m  c h a in  scission. F o r th is  
p u rp o se  various PD M S sam ples were k e p t  fo r  th e  sam e periods (30 an d  10 sec), 
a t  450 and  600 °C, in  th e  m icro reacto r, a n d  th e  v o la tile  p ro d u c ts  w ere led 
d ire c tly  in to  th e  co lu m n  o f th e  gas c h ro m a to g ra p h . As regards th e  te rm in a l 
g ro u p  (trim eth y ls ily l), sam p le  E  can be  considered  as a com pletely  in ac tiv e  
co m p o u n d  and  p re su m a b ly  sam ple D is b u t  w eakly  reac tiv e . H ow ever, as 
a lre a d y  m entioned  in  th e  in tro d u c tio n , th e  opinions d iffer concerning th e  sila- 
no l g roup  (sam ple A ).

O u r ex p erim en ts , th e  resu lts  of w h ich  a re  sum m arized  in  T able I I I  (1— 4), 
h a v e  confirm ed t h a t  n e ith e r  th e  d ifferences in  th e  te rm in a l groups n o r th e  
s ig n if ic a n t d ev ia tions in  th e  m olecular w eig h ts  cause app rec iab le  a lte ra tio n s  in  
th e  d is tr ib u tio n  o f  th e  co n cen tra tio n  of th e  d eg rad a tio n  p ro d u c ts .

Table II I

Composition (in  % ) o f pyro lysis products at 450 and 600 °C, fo r P D M S with various molecular
weights and various terminal groups 

The da ta  are m ean values calculated from  several m easurem ents 
D n =  (—ISi(CH3)20 — )„ ring

S y m b o l o f N o. o f pyro- D , D t о. о. D ,
sub stan ce lysis  run 4 5 0  600 450 600 450 600 450 600 450 600

A 1 70 68 23 25 3 4 1 2 l l
C 2 71 69 22 20 5 4 3.5 1.5 1.5 0.5
D 3 71 73 14 16 4 4 2 2 1 3
E 4 69 73 21 21 3.5 4.5 2 2 1.5 0.5

Mean value for all
pvrolvsis runs carried
o u t a t  450 °C 70 20 4 2 1

Mean value for all
pvrolvsis runs carried
o u t a t  600 °C 70.5 20.5 4 2 1
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M oreover i t  is clear from  T ab le  I I I  t h a t  th e  re la tiv e  a m o u n ts  m easu red  
a t  tw o  d ifferen t te m p e ra tu re s  are  id en tica l w ith in  the  ex p e rim en ta l error. T h e  
re su lts  o b ta in ed  on tre a tin g  th e  fo u r sam ples e t 450 °C an d  600 °C have  b een  
su m m arized  in  th e  tw o  low est row s o f T ab le  I I I .  I t  can be seen th a t  these  values 
m a y  b e  considered as iden tica l w ith in  th e  ex p erim en ta l e rro r.

In  th e  p ro d u c ts  of pyro lysis ca rried  o u t a t 420 °C, a m ark ed ly  low er 
a m o u n t, only 4 3 .7 % , of D 3 w as fo u n d  b y  T h o m a s  and  K e n d r i c k  [9]. I n  o u r 
o p in io n  th is  m ay  be  due to  ce rta in  losses d u rin g  th e ir  ex p e rim en t p erfo rm ed  
in  v a c u u m , w hich in fluenced  m ain ly  th e  D 3 co n ten t, th a t  o f  th e  m ost v o la tile  
co m p o n en t. As in  o u r experim en ts th e  p ro d u c ts  were tra n s fe rre d  d irec tly  to  
th e  gas ch ro m a to g rap h , any  losses w ere excluded . Since b o th  th e  above e rro r  
a n d  a n y  possible co n tam in a tio n s of th e  sam ple  u n d e r in v es tig a tio n  m ay  m a n i
fest them selves o n ly  in  th e  decrease o f th e  a m o u n t of D 3, in  o u r opin ion , o u r 
re su lts  a re  m ore rea lis tic  th a n  th o se  g iven b y  T hom as  an d  K e n d r i c k  [9].

T h e  ex p erim en ta l resu lts w ith  PD M S sam ples (F  an d  G) co n ta in in g  p o ta s 
sium  or t i ta n iu m  as h e te ro a to m s a re  lis ted  in  T able IV. T he u n iv a le n t p o tas-

ТаЫе IV

Effect o f potassium and titanium  on the thermal degradation o f P D M S

Sym bol
o f

sub 
stance

No.
o f  pyro

ly s is  
run

Tem per
ature

o f
pyro
lysis
<°C)

T im e of 
pyrolysis 

(hr)

T otal peak  
area on 

th e  pyro- 
gram

C om position o f  pyrolysis  products, %

D. Dt D5 D, в, D, в,

c 5 150 1 400 — — — — — — —

6 250 1 1 423 73 18 5 3 — — —
F 7 150 1 10 854 5 39 31 23 3 — —

8 250 1 34 330 26 29 15 21 7.5 1.5 0.5

9 250 2 20 620 34 28 13 13 8 3 1

10 250 4 8 568 36 13 8 21.5 15 5.5 1

11 450 30 sec 25 403 66 25 6 2 1 — —
G 12 250 1 21 183 41 40 13 4 — — —

13 250 2 19 585 53 28 13.5 4.5 — — —
14 250 6 15 083 55 17 11 11 4 — —
15 600 10 sec 238 483 68.5 21 4.5 2 1 — —

sium  m a y  be lo ca ted  obviously  on ly  in  te rm in a l positions, w hereas th e  t e t r a 
v a le n t ti ta n iu m  a t  b ran ch in g  p o in ts  o f th e  ch a in . I t  has b een  know n  fo r long  
th a t  th e  Si—O K  end-groups o f th e  siloxane chains are cap ab le  o f ex ertin g  a 
c a ta ly tic  depo lym eriz ing  effect. T h is is c e rta in ly  reflec ted  b y  pyro lysis ru n s
7— 11. I t  can  be seen th a t  a s ig n ifican t a m o u n t o f d e g ra d a tio n  p ro d u c ts  is 
j ib e ra te d  a lread y  a t  150 °C as in d ic a te d  b y  th e  sum  of th e  p e a k  areas g iven
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as a reference n u m b e r in  colum n 5 o f T ab le  IV . F o r com parison  also th e  d a ta  
ch a rac teriz in g  th e  b e h a v io u r of su b stan ce  C a t  low te m p e ra tu re s  are lis ted  in  
T ab le  IV . A p p a re n tly  th is  sam ple does n o t  decom pose below  150 °C (5), an d  
gives only  an  ill-developed  c h ro m a to g ram  even a t  250 °C (6). I t  is w o rth  
n o tin g  th a t  th e  re la tiv e  am oun ts fo u n d  a t  th is  l a t te r  tem p e ra tu re  closely  
ap p ro ach  th e  va lu es  g iven in T ab le  I I I ,  th o u g h  th e  ra tio  is ac tu a lly  sh ifted  
s lig h tly  to w ard s D 3.

O n com paring  experim en ts  6 an d  8 i t  is conspicuous th a t ,  as a re su lt o f  
in itia tio n  a t  th e  ch a in -en d , th e  com position  of th e  v o la tile s  undergoes a sh ift 
in  fav o u r of _D4, a n d  in  general th e  com position  becom es m ore un ifo rm . T h is 
is p a rtic u la r ly  tru e  fo r experim en t 7 w here  D 3 a lm o st d isappears. I t  m a y  be  
assum ed  th a t  u n d e r  th e  conditions o f dep o ly m eriza tio n  w ith  low a c tiv a tio n  
energy , in itia te d  b y  th e  chain -ends, i.e. in  th e  case of depo ly m eriza tio n  occu rring  
a t  low  te m p e ra tu re s , D 3 is a lready  th e rm o d y n am ica lly  u n stab le  owing to  th e  
s tra in  ex isting  in  th e  ring , and  th u s  ‘b a c k  b itin g ’ m a y  be com m enced n o t 
n e a re r  th a n  a t  th e  fo u r th  siloxane u n it  from  th e  ch a in -en d .

T he resu lts  o f co n tin u ed  pyro lysis  o f th e  sam e sam p le  are given b y  th e  
d a ta  of ex p erim en ts  8, 9 and  10. I t  is o f in te re s t t h a t  w ith  th e  progress o f 
dep o ly m eriza tio n  th e  com position  o f p ro d u c ts  has a tre n d  tow ards th e  increase , 
in s te a d  o f decrease, in  th e  q u a n tity  o f  D 3. This is r a th e r  surprising  since th e  
co n cen tra tio n  of th e  c a ta ly s t increases w ith  th e  decrease of th e  rem ain in g  
a m o u n t of th e  sam ple . Since th ere  a re  no  reasons to  assum e th a t  above a c e r ta in  
c o n cen tra tio n  th e  c a ta ly s t  w ould tu rn  in to  an  in h ib ito r , we m ay  d raw  th e  
conclusion th a t  in  th e  course of th e  re a c tio n  th e  c a ta ly s t becom es d e a c tiv a ted .

E x p e rim en t 11 refers to  th e  py ro ly sis  of sam ple F  carried  o u t fo r 30 
sec a t  450 °C. T he cond itions of th is  ex p erim en t w ere th e  sam e as th o se  fo r 
sam ples A  to  E  a t  450 °C. On com paring  these  ex p e rim en ta l resu lts w ith  th e  
d a ta  in  T ab le  I I I ,  su rp ris in g ly  sm all d ifferences (of 4— 5% ) are observed. F ro m  
th is  we m ay conclude th a t ,  a t 450 °C, c a ta ly tic  d eg rad a tio n  due to  th e  te rm in a l 
O K  groups is in s ig n ifican t com pared  to  th e  in trin sic  d eg rad a tio n  o f PD M S. 
O bviously , slow h e a tin g  o f th e  sam ple to  450 °C w ould  lead  to  com plete  c a ta 
ly tic  decom position  before  a tta in in g  t h a t  te m p e ra tu re .

A t 250 °C an d  a t  th e  beginning o f pyro lysis sam p le  G shows a D 3 : D 4 
ra tio  of ab o u t 1 : 1, whi ch is c h a ra c te ris tic  of c a ta ly tic  depo lym eriza tion
[12], a lthough  th e  to ta l  am o u n t o f D s an d  D 4 is re la tiv e ly  h igher th a n  in  
th e  case of su b stan ce  F  w ith  O K  g roups a t th e  ch a in  ends. E x p e rim e n ts  
12 to  14, illu s tra tin g  th e  course o f stepw ise  th e rm a l d eg rad a tio n  of a g iven 
sam ple , again  in d ic a te  a sh ift to w ard s th e  p ro d u c t d is tr ib u tio n  ch a rac te ris tic  
o f th e  u n ca ta ly zed  decom position , as a lread y  seen in  th e  case of sam ple  F. 
P y ro lysis  a t  600 °C fo r 10 sec led to  a D 3 : Z)4 ra tio  o f 7 : 2, th u s revea ling  an  
‘in tr in s ic ’ PD M S c h a ra c te r . T herefore a t  th is  te m p e ra tu re  th e  role of in itia tio n  
b y  chain-ends becom es already  negligible.
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In  accordance w ith  py rog ram s 12 to  14, th e  th e rm o g ram  of sam ple  G 
can  b e  in te rp re te d  b y  assum ing  th a t ,  ow ing to  th e  presence o f tita n iu m , p a r t  
of th e  su b stan ce  is f i r s t  decom posed c a ta ly tic a lly  a t  low er te m p e ra tu re s . T h e  
p rocess a fte rw ard s s to p s due to  d e a c tiv a tio n  of th e  ‘c a ta ly s t’ an d  i t  s ta r ts  ag a in  
as soon as th e  in trin s ic  d eg rad a tio n  o f P D M S  becom es possible.

C onclusions

B o th  th e  th e rm o g rav im etric  a n d  gas ch ro m ato g rap h ic  in v estig a tio n s c a r 
r ied  o u t b y  us lead  to  th e  u n am biguous conclusion th a t  th e  dep o ly m eriza tio n  
of th e  p o ly d im eth y ls ilo x an e  chain ta k e s  p lace w ith  an  a c tiv a tio n  energy  of 
43 to  46 kcal/m ol, regard less of th e  n a tu re  o f th e  h e te ro a to m  or g roup  o f 
a tom s lo ca ted  in  th e  ch a in  or a t th e  c h a in  end. A ch arac te ris tic  p ro d u c t co m 
p o sitio n  ra th e r  c o n s ta n t w ith in  a b ro a d  te m p e ra tu re  range corresponds to  th is  
in tr in s ic  fea tu re . T his d eg rad a tio n  p a t t e r n  is, how ever, d is to rted  b y  c a ta ly tic  
d e g ra d a tio n , ev ap o ra tio n  or o th e r side  reac tio n s occurring  sim u ltan eo u sly . 
If , h ow ever, we succeed in  tak in g  th e se  accom pany ing  p henom ena se p a ra te ly  
in to  a c c o u n t b y  m eans of th e  ca lcu la tio n  m eth o d  suggested  above, we shall 
o b ta in  a b o u t th e  sam e ch arac te ris tic  d a ta  fo r PD M S sam ples o f an y  k ind .

C onsequen tly , w e are  of th e  o p in io n  th a t  th e  hypo thesis  of T h o m a s  a n d  
K e n d r i c k  [9] concern ing  th e  d e g ra d a tio n  o f d im ethy lsiloxanes seem s to  be  
co n firm ed . A ccording to  these  au th o rs , th e  in itia tio n  process in  th e  d eg rad a tio n  
o f p u re  PD M S (free o f ca ta ly sts) is an a lo g o u s to  ran d o m  chain  scission. In  co n 
co rdance  w ith  o thers, th e y  presum e t h a t  th e  chain  o f th e  m olecule is s tro n g ly  
sp ira lized . B etw een  Si—0  bonds of th e  v ic in a l sp irals, a te tra n u c le a r  a c tiv a te d  
com plex  is form ed, w hose re a rra n g em e n t is responsib le for th e  fo rm atio n  o f  
cyclic oligom ers D n. T h e  energy re q u ire m e n t of th is  process is considerab ly  
low er th a n  th e  S i-0  b o n d  energy. A cco rd in g  to  ou r experience, th e  c h a ra c te r 
istic  a c tiv a tio n  energy  fo r th e  d e g ra d a tio n  o f d im ethy lsiloxane is n ea rly  th e  
sam e in  th e  various po lym ers. T oge ther w ith  th e  fa c t th a t  th e  re la tiv e  am o u n ts  
o f th e  hom ologous d eg rad a tio n  p ro d u c ts  are  in d ep en d en t of th e  te m p e ra tu re  
w ith in  a b ro a d  range (from  450 to  600 °C), th is  su p p o rts  th e  v iew  th a t  th is  
d ep o ly m eriza tio n  process an d  its p ro d u c ts  are  re la te d  to  a secondary  m o lecu lar 
s tru c tu re  o f p refo rm ed  geom etry  an d  a v e ry  sign ifican t con fo rm ational energy . 
I t  also follow s from  th e  exp erim en ta l re su lts  th a t  th e  re la tiv e  am o u n ts  o f 
v o la tile  p ro d u c ts  in  th e  case of b o th  th e  c a ta ly tic  an d  n o n ca ta ly tic  process a re  
p r im a rily  con tro lled  th e rm o d y n am ica lly  a n d  n o t k inetica lly .

LE N G Y EL et al.: D EG RA D A TIO N  IN  DIM ETH YLSILOX A NE 2 6 5

10 Acta Chim. ( Budapest)  74, 1972



2 6 6 L E N G Y E L  e t a!.: DEGRADATION IN  D IM ETHYLSILOXANE

R E F E R E N C E S

1. L e w is , С. W.: J . Polym . Sei., 33, 153 (1958)
2. D B P 875046 (1942)
3. A P 2455999 (1944)
4. K u c er a , M., L a n ik o v a , J .: J. Polym. Sei., 59, 79 (1962)
5. L e w is , C. W.: J . Polym . Sei., 37, 425 (1959)
6. N oll W.: Chemie un d  Technologie der Silicone. Verl. Chemie, 1968.
7. R o d e , V. V., V e r h o t in , M. A., R a fik o v , S. R .: Yys. Soed., A, 11, 1529 (1969)
8. A le x a n d r o v a , Y u. A ., N ik it in a , T. S.: Vys. Soed., A, 10, 1078 (1968)
9. T hom as, T. H., K e n d r ic k , T. C.: J. Polym . Sei., A-2, 7, 537 (1969)

10. L e n g y e l , В.: Kém. Közi. 30, 271 (1968)
11. Sz é k e l y , Т.: Chim. Ind . Gen. Chim., 104, 905 (1971)
12. L e n g y e l , В., Sz é k e l y , T.: M onatshefte Chem. 24, (1972).
13. T hom as, T. H ., K e n d r ic k , T. C.: J . Polym . Sei., A-2, 8, 1823 (1970)
14. D o y l e , C. D.: J . Appl. Polym. Sei., 5 , 285 (1961)
15. Garzó , G., T amás, J .,  Sz é k e l y , T., Ú js z á s z i, К .: A cta Chim. Acad. Sei. H ung., 69, 273

(1971)

B éla  L e n g y e l  
T am ás  S zék e l y  
G abrie lla  Garzó

B u d a p e s t V I I I . ,  M úzeum  k r t .  6— 8.

Acta Chim. ( Budapest)  74, 1972



I N D E X

K iss, L ., F a rk a s , J . and F ó t h i, Á .: U ntersuchung der Ionisation von M etallen und der 
N eutralisation von M etallionen m it der R otierenden Ring-Scheibenelektrode, IX . 
(Investigation of the Ionisation of M etals and  of the N eutralisation of M etal Ions 
on the R o tary  Ring-and-Disc E lectrode, IX ) ....................................................................  123

K iss , L ., L a katos-Va r sá n y i, M. and Do N goc L i e n : Anodic Behaviour of Iron in For
m am ide Solutions .......................................................................................................................  135

LÉv a y , B.: New M ethod for the D eterm ination of S tab ility  Constants of Molecular Com
plexes from Self-Diffusion D a t a ...............................................................................................  143

V é r t e s , A., F r a k n ó y -K őrös, V., L év a y , В., Ge l e n c s é r , Р. A. and R a n o g a je c -K omob 
М.: Investigation of the A ntim ony Content o f Calcium H alophosphate Lum inescent 
Powders by  Mössbauer Spectroscopy ..................................................................................  151

V é r t e s , A., R a n o g a jec -K omor, M. and Su b a , M.: Investigation of th e  Hydrolysis of
A ntim ony Chloride by Mössbauer Spectroscopy .............................................................  159

L á zá r , К ., ILorváth-P a rd a v i, M. and V é r t e s , A.: M agnetic Properties o f th e  Binuclear
Ion [Fe2(0 H )2(H 20 ) 8]4 + ............................................................................................................  163

K a r á c so n y i, R ., K a po s i, 0 ., R ie d e l , M., H o b in k a , I. and P o d m a n iczk y , I.: A Study 
of the Positive Ion Emission of M olybdenum  b y  Means of a T im e-of-Flight Mass- 
Spectrom eter .............................................................................................................................. 169

F o d o r -Cs á n y i, P.: An In terp re ta tion  of the B ehaviour of Scintillation System s by the
Spectral Properties of the C o m p o n en ts ................................................................................ 179

Szabó , К ., M ih á l y i, L. and M ik a , J .:  E ffect of M ercury Im purities on th e  Hydrogen
O vervoltage on Gallium E le c tro d e s ......................................................................................  185

D é v a y , J . ,  L e n g y e l , В. J r ., Sa y e d  Sa b et  A bd  E l  R e h im  and  B a k o s , J .:  S tu d y  of th e
A. C. Corrosion of Nickel by L inear P o la r iz a t io n .............................................................. 193

D é v a y , J . ,  J a n á szik , F., Mészá ro s , L. and H o r k a y , F .: Electrochemical M ethod for the
Investigation  of the Corrosion Resistance of P a in t C o a tin g s ..........................................  199

D é v a y , J . ,  Mészá ro s , L. and Ga r a i, T.: T hird H arm onic Component of th e  Electrode 
C urrent Due to a Sinusoidal A. C. V oltage in the  Case of Diffusion and Transfer 
P o la r iz a tio n ..................................................................................................................................... 205

B e r e c z , E. and B ä d e r , I.: Comparative S tudy  of the  Variations in th e  Properties of 
B inary Solutions on Tem perature Change or on Addition of a T hird  Component, 
and  its Application to the Viscosity of M etal C hloride-H C l-H 20  S y s te m s .................. 213

N a g y , F., Min k , Gy . and Mó ger , D.: Selective Poisoning of P t C atalysts by  C 02 Che
m isorption, I. R eaction of C 0 2 w ith  A dsorbed H ydrogen ..........................................  225

N a g y , M., W olfram , E ., I n zel t , Gy . and В е к е , Gy .: E ffect of the S tructu re  of Liquid
M ixtures on the E quilibria of Polym er Gel—A liphatic Alcohol—W ater Systems . . . .  233

Szabó , Z. G., Ga lib a , I. and Gá l , D.: S tudy of th e  O xidation of n -H e p ta n e ........................  239

L e n g y e l , В., Sz é k e l y , T. and Garzó , G .: S tudy  o f D egradation in D im ethylsiloxane 
Containing Polym ers by  Dynamic T herm ogravim etry  and Pyrolysis Gas Chroma
tography  . . . .  I .....................................    253



Printed in  Hungary

A kiadásért felel az A kadém iai K iadó igazgatója
A  kézirat n yom d áb a  érkezett: 1972. V I. 14.

M űszaki szerkesztő: B o ty á n sz k y  Pál 
Terjedelem : 13 (A /5) ív , 61 ábra, 1 m elléklet.

72.73749 A kadém iai Nyomda, B udapest — Felelős vezető: B erná t György



ACTA CHIMICA
TOM 74 — ВЫ П. 2

РЕЗЮМЕ

Изучение ионизации металлов и восстановления ионов металлов с 
помощью вращающегося дискового электрода с кольцом, IX

Л . КИШ, Й. ФАРКАШ и А. ФОТИ

На основании уравнений, выведенных в предыдущих сообщениях [1 — 3], с помощью 
электронновычислительной машины были рассчитаны поляризационные кривые двухста
дийного двухэлектронного процесса, происходящего на вращающемся дисковом электроде 
и предельные токи, возникающие при этом на кольцевом электроде.

Изучение анодного поведения железа в формамидных растворах
Л . КИШ, Л . М. ВАРШ АНИ и ДО НГОК Л И Е Н

Было изучено гальваностатическим и потенциостатическим методами анодное 
растворение и пассивация железа в безводных и водных формамидных растворах КС1, 
КС104, СН3СООН и CHgCOONa.

Определено, что равномерное анодное растворение активного железа происходит 
только в растворах, содержащих уксусную кислоту или ацетат натрия. В растворах, содер
жащих только хлористый калий или перхлорат калия возникает питтинг.

В формамидных растворах уксусной кислоты и ацетата натрия пассивация имеет 
место только в присутствии воды.

Новый метод определения констант стабильности молекулярных 
комплексов, исходя из данных самодиффузии, I

Исследование равновесия молекулярного комплекса пиридин-йод 
в четыреххлористом углероде

Б. ЛЕВАИ

Коэффициент самодиффузии йода измерялся в четыреххлористом углероде, содер
жащем пиридин, в зависимости от концентрации пиридина при 25 и 35°С.

Был разработан новый метод измерения константы равновесия молекулярного 
комплекса с составом 1 : 1 .  Константа стабильности для молекулярного комплекса пири
дин-йод, рассчитанная из данных самодиффузии, равна 108 бм3/моль при 25°С и 70 йм3/моль 
при 35°С. Энтальпия комплексообразования равна —7,9 ккал/моль.

Коэффициент самодиффузии комплекса при 25 и 35°С равен 1,01 • НЕ 5 и 1,20 • 10 5 
см2/сек, соответственно.

Коэффициент самодиффузии комплекса равен 0,685 от коэффициента самодиффузии 
свободной молекулы йода. Это подтверждает те представления, что атомы йода в комплексе 
расположены в плоскости придинового кольца и на одной прямой с атомом азота.



Исследование содержания сурьмы в металлических порошках 
галофосфата кальция с помощью спектроскопического 

метода Мёссбауэра
А. ВЕРТЕШ , В. Ф РК Н О Й -К ЁРЁШ , Б . ЛЕВА И , П. А. ГЕЛ Е Н Ч Е Р и М. РАНОГАЕЦ-КОМОР

В связи с исследованиями металлических порошков галофосфата кальция, содер
жащего сруьму, спектроскопическим методом Мёссбауэра был разработан полуэмпири- 
ческий метод определения оптимальной толщины слоя абсорбента, а также минимальное 
время измерения, необходимое для достижения заданной точности. Были сняты спектры 
Мёссбауэра образцов металлического порошка, приготовленного различными способами. 
Согласно величине изомерного сдвига электронное строение сурьмы в металлических 
порошках подобно строению в S020 3, но может изменяться и приобретать более ион
ный характер в зависимости от условий приготовления. Величина уширения полос свиде
тельствует о присутствии атомов сурьмы с одинаковым состоянием окисления, но с раз
личающимся слегка окружением.

Исследование гидролиза хлористой сурьмы с помощью 
спектроскопического метода Мёссбауэра

А. ВЕРТЕШ , М. РАНОГАЕЦ-КОМОР и М. Ш УБА

Гидролиз хлористой сурьмы был исследован с помощью спектроскопического метода 
Мёссбауэра. Было утсановлено, что гидролиз протекает ступенчато, и донорность гидро
ксида в растворе больше, чем хлорида.

О магнитных свойствах двуядерного иона Fe2(0H ).,(H 20 ) í 4
К. Л А ЗА Р, М. ХОРВАТ-ПАРДАВИ и А. ВЕРТЕШ

При изучении магнитной восприимчивости и эффекта Мёссбауэра полимерных про
дуктов, образующихся при гидролизе растворов перхлората железа(Ш ), было найдено, 
что на один атом железа приходится около трех 3d электронов с неспаренными спинами.

Исследование эмиссии положительных ионов молибдена на основе 
времен полёта в масс-спектрометре

Р. КАРАЧОНИ, О. КАПОШ И, М. Р И Д Е Л Ь , И. ХОБИНКА и И. ПОДМАНИЦКИ

Молибден, полученный с помощью технологии порошковой металлургии, нагре
вался с определенной скоростью и до заданной температуры. Исследовались ионы, эми
тируемые молибденом при нагревании последнего. Было установлено, что за всё время 
нагрева наряду с ионами К + и Na+, при более высоких температурах, наблюдается эмис
сия ионов Rb+.

Рассматриваются кривые интенсивности ионной эмиссии во времени. В каждом 
случае, как для калия, так и для натрия, были получены кривые с двумя максимумами, 
почти экспоненциально затухающие. Первый максимум приписывается десорбции при
месей на поверхности, протекающей с увеличением температуры. В образовании второго 
максимума кривой могут принимать участие многие суперпонирующие процессы, а именно 
диффузия, испарение основного составляющего металла, его окисление и испарение про
дуктов окисления.



Было установлено, что доля калия в токе всех эмитированных ионов возрастает при 
уменьшении скорости нагрева.

На основе исследования отношения содержания ионов для волокон, прокаленных 
один раз и подвергнутых повторному нагреву, было доказано, что натрий быстрее дости
гает своей начальной концентрации на поверхности, чем калий. Это может быть объяс
нимо величинами радиусов ионов, оказывающих влияние на скорость диффузии. Таким 
образом, измерения ионной эмиссии могут быть также использованы для измерения коэф
фициентов диффузии.

Интерпретация поведения сцинтиляционных систем на основе 
спектральных свойств их компонентов

П. ФОДОР-ЧАНИ

Три различных типа явлений: фосфоресценция, хемилюминесценция и светоиспус- 
кание систем интерпретируются на основе спектральных свойств компонентов сцинтиля
ционных систем и на основе передачи энергии через радиацию.

Влияние примесей ртути на перенапряжение водорода на 
галлиевом электроде

К. САБО, Л . МИХАН и Й. МИКА

Было исследовано влияние небольших количеств примесей ртути (м. д.) на пере
напряжение водорода на твердом и жидком галлиевом электроде. Было установлено, что 
с увеличением содержания ртути увеличивается перенапряжение как на твердом, так и 
на жидком галлие.

Увеличение /л, при одинаковом содержании примесей, больше на твердом, чем на 
жидком электроде. Перенапряжение на твердом электроде, загрязненном ртутью, в изу
ченном интервале содержания ртути, всегда больше, нежели на жидком (%  >  %).

В случае твердого электрода, с увеличением содержания примесей ртути, в то время 
как  í? увеличивается, величина емкости уменьшается. В случае жидкого электрода, с 
увеличением содержания ртути наблюдается смещение кривых С—q> в положительном 
направлении.

Экспериментальные данные могут быть хорошо объяснены на основе адсорбции 
ртути на поверхности галлия.

На основе полученных результатов было сделано заключение о различиях в меха
низме влияния ртути на электроды галлия в двух различных фазах.

Исследования коррозии никеля за счет переменного тока с 
помощью метода линейной поляризации

Й. ДЕВАЙ, Б . Л Е Н Д Ь Е Л , МЛ., СА ЕД САБЕТ АБД ЭЛЬ РЕХИ М  и Й. БАКОШ

Коррозия никеля за счет переменного тока была изучена в 5%-ом растворе NaCl с 
помощью метода линейной поляризации. Сущность данного метода заключается в том, 
что переменный ток, регулируемый с помощью потенциостата, подавался извне на ячейку, 
т. е. суперпонировался на постоянный ток, и было исследовано его влияние на поляри
зационное сопротивление и на коррозионный ток. Было установлено, что переменный 
ток, в зависимости от его плотности и частоты, увеличивает значение коррозионного тока, 
т. е. коррозию металлического никеля.



Определение защитной способности красочных покрытий от 
коррозии с помощью электрохимического метода

й . д е в а й , ф . я н а с и к , л . МЕСАРОШ и  ф . х о р к а й

Был разработан электрохимический метод исследования коррозионных процессов, 
протекающих на поверхности окрашенной стали под влиянием агрессивных сред.

Метод основан на измерении поляризационного сопротивления электрода, погру
женного в корродирующую среду.

Исследования, проведенные на образцах, приготовленных различными путями и 
подвергнутых различной предварительной обработке и дальнейшему корродирующему 
влиянию различного качества, на протяжении различных времен и с различными интен
сивностями, и лишь после этого окрашенных, приводят к результатам, согласующимся с 
наблюдаемыми на практике.

Третий гармонический компонент тока, 
возникающий за счет напряжения переменного тока синусоидного 

характера, в случае электродной диффузионной поляризации и 
поляризации переноса

Й. ДЕВ А Й , л . МЕСАРОШ и T. ГАРАИ

Обсуждаются зависимости, касающиеся третьего гармонического компонента тока, 
возникающего за счет напряжения переменного тока синусоидного характера с неболь
шой амплитудой, суперпонируемого на напряжение постоянного тока, для случая поляри
зации переноса, комбинированной с диффузионной поляризацией. Полученные зависи
мости в предельном случае дают формулы, относящиеся к обратимым полярографическим 
процессам.

Исследование изменений свойств бинарных растворов, 
вызванных под влиянием изменения температуры и добавления к 

ним третьего компонента; применения на вязкость систем типа 
хлорит металла — НС1—Н.20

Э. Б Е Р Е Ц  и И. Б А Д Е Р

Авторами было исследовано отношение изменений свойств в бинарных системах, 
вызванных изменением температуры и добавлением к раствору третьего компонента. Были 
разработаны возможности общего описания явления и показаны возможность изображе
ния связи двух эффектов на бинарной и тройной диаграмме а также пригодность метода 
для сравнительного исследования систем типа хлорид металла — НС1 — Н20.

Выведенные соотношения были применены на вязкость систем MgCl2 — HCI —Н20  
и CsCl — HCl — Н ,0 и были сделаны выводы относительно зависимости от концентрации 
структуры соответствующих бинарных растворов при изотермических условиях, а также 
для диссоциации НС1 добавленного к бинарному раствору, и для её зависимости от кон
центрации соответствующих солей.

Селективное отравление платинового катализатора хемисорбцией
СО,, I

Ф. НАДЬ, ДЬ. МИНК И  Д . МОГЕР

При исследовании хемисорбции двуокиси углерода на поверхности платины,
покрытой водородом, с помощью радиоактивной техники было установлено, что

1. хемисорбция может быть описана следующим уравнением Н2(а) +  С02 =  СО(а) +



2. при комнатной температуре хемисорбированную окись углерода нельзя удалить 
ни эвакуированием, ни с помощью водорода,

3. хемисорбция СО, протекающая с измеряемой скоростью, является суммой трех 
реакций, каждая из которых носит первый порядок по адсорбированному водороду. 
Константы скоростей этих реакций отличаются друг от друга на целый порядок, и поэ
тому различные активные центры платиновой поверхности могут быть селективно блоки
рованы за счет хемисорбции СО.

Влияние строения жидких смесей на равновесие систем 
полимерный гель алифатический спирт — вода

М. НАДЬ, Э. ВОЛЬФРАМ, Д Ь . И Н ЗЕЛ ЬТ и Д Ь . Б Е К Е

Была исследована изотерма селективной сорбции метанола, этанола и н-пропанола 
в водных растворах при 25°С, в интервале концентраций спирта 0—25 мол.%-ов.

Коэффициент сорбции, в изученном интервале концентраций, принимает несколько 
граничных значений и изменяет знак. Концентрация спирта, соответствующая его макси
мальной сорбции, сравнима с концентрацией спирта, соответствующей максимальной ста
билизации.

Сложный ход изотермы вызван одновременным проявлением многих влияний. Эти 
влияния могут быть объяснимы стабилизацией структур водноспиртовых смесей, а также 
специфическим взаимодействием компонентов смеси с сорбентом.

Окислене н-гептана
3. Г. САБО, И. ТАЛИБА и Д . ТАЛ

Исследования эффекта стенок при окислении н-гентана производились в аппаратуре, 
конструированной авторами. Было обнаружено, что стенки и их покрытие оказывают 
сильный эффект на состав продуктов, в зависимости от местонахождения покрытия, т. е. 
в зависимости от времени пребывания. Была составлена схема окисления гептана, а также 
приводится возможная интерпретация широко дискутируемого механизма образования 
ацетона. Демонстрируется согласованность предложенной схемы с экспериментальными 
данными. Полагается, что стенки оказывают эффект, в первую очередь, на изомеризацию.

Исследование деградации полимеров, содержащих диетилсилоксан 
с помощью динамической термогравиметрии, и 

пиролитической газовой хроматографии
Б . Л Е Н Д Ь Е Л , T. СЕКЕИ и Г. ГАРЗО

Была исследована термическая деградация POMS, содержащего различные конеч
ные группы, а такж е титан и калий в качестве гетероатома. Термогравиметрическая 
оценка кинетики производилась с помощью метода DDTO. С целью дальнейшего совер
шенствования метода, был разработан новый способ расчета для разделения последова
тельных процессов разложения (изменения веса) и для кинетического описания таких 
сложных процессов. Было найдено, что деградация всех производных POMS протекает 
через ступень с энергией активации 43—46 ккал.

С помощью пиролитической газовой хроматографии было показано, что эта харак
терная степень разложения соответствует определенному соотношению продуктов разло
жения, которое в интервале 400—600°С практически не зависит от температуры пиролиза, 
молекулярного веса образца и конечных групп. Вследствие этого инициирование концов 
цепей может быть исключено. При наличии же гетероатома (в цепи Ti, а в конце цепи К) 
протекает инициирование концов цепи или каталитическая деполимеризация.

Экспериментальные и расчетные данные подтверждают механизм Томаса и Кенд
рика для разложения POMS.
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CONTRIBUTIONS TO THE ANALYSIS OF OSMIUM
COMPOUNDS

P. O rsós and J.  N y il a si

(Department o f General and Inorganic Chemistry o f the L. Eötvös University, Budapest) 

Received August 25, 1971

A method was developed for the quantitative determination of potassium ni- 
trido-osmate in the presence of osmium tetroxide and potassium osmate. The method 
is based on the property of 0 s0 4 that it can be expelled quantitatively from sulfuric 
acid solution by boiling, and determined by photometrically in form of its thiourea 
complex. Certain oxidizing agents (ILO.,, К2Сг20 7) oxidize potassium osmate to osmium 
tetroxide, whereas not potassium nitrido-osmate. When the distillation is carried out 
in the presence of these oxidizing agents, only osmium present in form of 0 s04 or K .OsO, 
can be removed and measured quantitatively. If, the oxidation is carried out in the 
presence of HN03 or HC104, or such oxidizing agents, which have a more positive stand
ard redox potential than about +1.5 V (KMn04, K2S20 8), the osmium content of 
K 0s03N can also be converted into 0 s04, i.e. the total osmium content can he measured. 
The difference of the two determinations yields the quantity of osmium present in form 
of potassium nitrido-osmate.

The  s tu d y in g  of th e  reac tio n s o f osm ium  com pounds w ith  am ines [1]. 
n ecess ita ted  th e  q u a n tita tiv e  d e te rm in a tio n  o f th e  osm ium  co n te n t o f v a rio u s 
osm ium  com pounds in th e  p resence o f each  o ther. T he li te ra tu re  co n ta in s  
v o lu m etric  [2], g rav im etric  [3] an d  sp cc tro p h o to m etric  [4] m ethods w hich h av e  
been  developed  for th e  d e te rm in a tio n  o f  osm ium , only in  ores an d  alloys. A n es
se n tia l s tep  in  these  processes is th e  d is tilla tio n  o f th e  vo la tile  osm ium  te tro x id e . 
O ur m ain  concern was to  e lab o ra te  a m e th o d  fo r the  q u a n tita tiv e  d e te rm in a tio n  
of osm ium , p resen t in various osm ium  com pound , in d iffe ren t o x id a tio n  s ta te s .

In  th e  p resen t p ap e r we re p o rt on th e  q u a n tita tiv e  d e te rm in a tio n  of 
p o tassiu m  n itrid o -o sm ate  ( K 0 s 0 3N) in th e  presence o f osm ium  te tro x id e  
( 0 s 0 4) and  p o tassiu m  o sm ate  (K 20 s 0 4), re spec tive ly . 0 s 0 4 used лгав a M erck 
p .a . p re p a ra tio n . P o tassiu m  n itr id o -o sm a te  and  p o tassium  osm ate  w ere p re 
p a red  b y  us from  0 s 0 4 [5].

Since p o tassium  n itrid o -o sm ate  is non  vo la tile  and  s tab ile  ag a in st ce rta in  
ox id izing  agen ts from  th e  o th e r  tw o osm ium  com pounds it  can  be sep a ra te d . 
0 s 0 4 can  be expelled  q u a n tita tiv e ly  from  su lfu ric  acid so lu tio n  by  boiling  and  
s im u ltan eo u s a ir purge, an d  can  be d e te rm in ed  p h o to m e trica lly  th ro u g h  
its  th io u re a  com plex. A m ong th e  ox id izing  ag en ts  listed  below , th e re  are  som e 
w hich oxidize K „ 0 s 0 4 to  osm ium  te tro x id e , b u t not KOsChN. F u r th e r  th e re  
are ox id izing  agen ts w hich oxidize KOsO.,N also to osm ium  te tro x id e .
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E xperim en ta l
The following p.a. grade oxidizing agents applied in an about houndredfold excess, 

were examined: 2 M  HNOa, 2 M  HC104, 5 M  HC104, H20 2, KMn04, K2Cr20„ K2S20 8, KC104, 
KBrOs, K I03 and K 04 in medium 1 M  sulfuric acid. The procedure is the following:

Osmium tetroxide, or potassium nitrido-osmate or potassium osmate solution, con
taining about 1 mg of osmium, is transferred into flask (1) of the apparatus, shown in the figure. 
The volume of the solution is made up to 50 ml. 20 ml of water is introduced into flask (2), 
and a 1 : 1 hydrochloric acid : ethanol mixture containing 2 per cent of thiourea is filled into 
flasks (3), (4) and (5), and into the bubbler (6). Flasks (3), (4) and (5) are placed into an ice 
bath, and after the starting circulation of the cooling water a slow stream of air is passed 
through the system by means of a water jet pump, connected to the bubbler. Then the oxidiz-

Fig. 1

ing agent is introduced into flask (1), and such quantity of water and sulfuric acid, respectively, 
to adjust to the required acid concentration if the final volume is 100 ml. First, the content 
of flask (1) is boiled for about 60 minutes, while keeping the volume of the liquid constant 
(by replacing the evaporated water time by time). Following this, the content of flask (2) is 
acidified in the same way as that of flask (1), then boiled for about 20 minutes. During distil
lation, the content of flask (3), and to a slighter extent that of the receiver (4) turn red, be
cause Os04 forms a red complex with thiourea. After boiling, flasks 3, 4 and 5 are placed for 
15 minutes into a water-bath kept at 80 °C, to allow the colour to develop completely. The 
content of the flasks are then poured into a 50 ml flask, and the flask is filled up with a 1 : 1 
hydrochloric acid : ethanol mixture to the mark. This solution is filtered and placed into a 
1 cm cell, and measured at 485 nm with a Hilger Uvispec photometer against a blank.

R esults

Osm ium  te tro x id e  can  be d istilled  q u a n tita tiv e ly  from  1 M  su lfuric acid  
b y  boiling  for SO m in u te s , an d  can be d e te rm in ed  b y  th e  th io u rea  m eth o d .

OsO,j is n o t lib e ra te d  from  p o tassium  n itr id o -o sm a te  w hen  boiled in  su l
fu ric  acid. The sam e w as fo u n d  when hydro g en  pero x id e , p o tassiu m  b ich ro m a te ,
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p o tassium  p erch lo ra te , po tassiu m  io d a te  or p o tass iu m  p e rio d a te  w as p re sen t 
in  th e  reac tio n  m ix tu re  (Table I).

2 M  n itric  ac id , p o tassiu m  p e rm an g an a te  or p o ta ss iu m  p e rsu lfa te  (th e  
la t te r  tw o in  1 M  su lp h u ric  acid) oxidize K 0 s 0 3N  q u a n tita tiv e ly  osm ium  te- 
tro x id e . O sm ium  te tro x id e  can be d istilled  from  th e  reac tio n  m ix tu re .

O th er oxidizing ag en ts  (K C 103, K B r 0 3, 2 an d  5 M  HC104, resp .) co n v ert 
n itrid o -o sm ate  only  p a r tia lly  in to  osm ium  te tro x id e . O u r experim en ts show ed 
th a t  in  th e  case o f K B r 0 3 an d  5 M  HC104 th e  o x id a tio n  is q u a n tita tiv e , w hen 
th e  follow ing double  d is tilla tio n  p rocedure  is ap p lied :

In  th e  f irs t d is tilla tio n  fla sk s  (3), (4) and  (5) a 3 p e rcen t H 20 2 co n ta in  
so lu tio n  as osm ium  co llector (6). A fte r ab o u t an h o u r  d is tilla tio n , th e  com bined  
c o n ten ts  o f th ese  flasks are  p o u red  in to  flask  (1), w h ich  has been  cleaned p re v i
ously . Now 20 m l o f a 30 p e rcen t H 20 2 so lu tion  is u sed  as oxidizing agen t. 
F ro m  th e  so lu tion  m ade up  w ith  w a te r  an d  th e  a p p ro p r ia te  am o u n t o f su lfuric  
acid  to  100 m l, a n o th e r  d is tilla tio n  is carried  o u t. In s te a d  of w a te r a 1 p e rcen t 
K M nO j so lu tion  is p laced  in to  fla sk  (2) for th e  d ecom position  of H 20 2 carried  
over. This double  d is tilla tio n  m eth o d  gives v e ry  good resu lts , w hen  
p o tassiu m  b ro m a te  o r 5 M  perch lo ric  acid is used , b u t  n o t in  th e  case of p o 
ta ss iu m  ch lo ra te  an d  2 M  perch lo ric  acid.

I t  is a know n fac t th a t  p o tassiu m  osinate  un d erg o es d isp ro p o rtio n a tio n  
in  n e u tra l m ed ium :

2 O s O r  +  2 H 20  ;f=± OsO, +  0 s 0 2 +  4 O l f -

T hus by  ac id ifica tio n , th e  equ ilib rium  can  be  sh ifted  to  th e  r ig h t. W e 
expec ted  th ere fo re  t h a t  from  a su lfuric  acid so lu tio n  h a lf  of th e  osm ium  con
te n t  o f K ,0 s 0 4 can  be rem oved  as 0 s 0 4. O ur re su lts  show ed, how ever, th a t  th e  
m easu red  0 s 0 4 q u a n ti ty  w as n o t in  sto ich iom etric  re la tio n  w ith  K 20 s 0 4 as 
expected  from  th e  d isp ro p o rtio n a tio n  reaction .

P o tassiu m  o sm ate  can  be converted  in to  osm ium  te tro x id e , an d  a fte r  
d is tilla tio n  m easu red  q u a n tita tiv e ly  in  form  o f a th io u re a  com plex , if  th e  
o x id a tio n  is perfo rm ed  in 1 M  su lfu ric  acid so lu tion  w ith  p o tassium  p e rm a n g a 
n a te , p o tassiu m  p e rsu lfa te , p o tassiu m  b ich ro m ate  or 2 M  n itr ic  acid . T he 
o x id a tio n  of p o tassiu m  o sm ate  in to  osm ium  te tro x id e  is q u a n tita tiv e  also in 
th e  case, w hen h a lo g en a tes , perha logena tes (K C 103, K C104, K B r 0 3, K I 0 3, 
K I 0 4) or 2 M  perch lo ric  acid  are  used , and  th e  do u b le  d is tilla tio n  m e th o d  
described  above is app lied .

T he d e te rm in a tio n  o f K 0 s 0 3N  in th e  p resence o f  0 s 0 4 or K 20 s 0 4 can 
be  carried  o u t as follows:

In  a 1 M  su lfu ric  acid  so lu tion  osm ium , p re se n t in  form  of 0 s 0 4 and  
K 20 s 0 4, resp ec tiv e ly , is d e te rm in ed  b y  an  o x id a tio n  w ith  h y d rogen  perox ide  
o r p o tassium  b ich ro m a te . T he to ta l  osm ium  c o n te n t is de te rm in ed  from  a
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T a b le  I

O xidizing agent K O s0 3N K ,O s0 4

m g w eighed: 1.75 
m g found:

m g weighed: 2.28 
mg found:

H M O j (2  M ) 1 .7 4 2 .2 6

1 .7 1 2 .2 6

1 .7 1 2 .2 5

H C IO , (2  M ) 0 .1 1 2 .2 9

0 .1 7 2 .2 5

0 .0 9 2 .2 4

H C 1 0 4 (5  M ) 1 .7 3 2 .2 7

1 .7 6 2 .3 0

1 .7 5 2 .2 6

H . ,0 , — 2 .2 5

— 2 .2 7

' — 2 .2 8

K M n 0 4 1 .7 7 2 .3 0

1 .7 4 2 .2 2

1 .7 1 2 .2 5

K .,C r „ 0 7 — 2 .3 2

— 2 .2 5

— 2 .2 6

k ,,s , o 8 1 .7 3 2 .2 8

1 .7 5 2 .2 2

1 .7 5 2 .2 2

К С Ю ., 0 .1 4 2 .2 3

0 .2 0 2 .2 5

0 .1 9 2 .2 4

K C 1 0 4 — 2 .2 2

— 2 .2 7

— 2 .2 5

K B r O ., 1 .7 2 2 .2 6

1 .7 0 2 .3 0

1 .7 0 2 .3 1

K i o 3 — 2 .2 3

— 2 .2 0

— 2 .2 5

K I 0 4 — 2 .2 4

— 2 .2 9

1
_ 2 .2 8
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second sam ple a fte r  o x id a tio n  w ith  2 M  n itr ic  acid, or w ith  p o tass iu m  p e rm a n 
g a n a te  or p o tassium  p ersu lfa te  in  1 M  sulfuric acid so lu tio n . T he q u a n ti ty  
o f  osm ium  p resen t in  th e  form  o f p o ta ss iu m  n itrid o -o sm ate  is o b ta in e d  from  
th e  difference of th e  tw o m easu rem en ts  (Table II).

T a b le  I I

Weighed Os:
In form of 0 s 0 4 
In  form of K2OsOj 
In form of KOsO.jN

Total

0.65 mg 
0.65 mg 
1.14 mg 
2.44 mg

1.31 mg
1.31 mg 
1.14 mg 
3.76 mg

Q uantity  of Os determined after 
oxidation with hydrogen peroxide 1.27 mg 2.57 mg

Q uantity  of Os determined after 
oxidation with nitric acid 2.38 mg 3.70 mg

Q uantity  of Os found in form 
of K 0 s 0 3N 1.11 mg 1.13 mg
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The stability constants of the cobalt(II). nickel(II). copper(ll) and zinc(II) 
complexes of D-glucosaminic acid (GAA) were determined pH -m etrically  a t 25 °C a t 
an ionic strength of 0.05 M . The en thalpy  and entropy data  for these complexes were 
obtained calorimetrically.

The stability  constants of the GAA complexes are alm ost th e  same as those of 
the alanine and norleucine complexes. A t the same time the corresponding 1H values 
are larger and the ,dS values smaller th an  those of the alanine and norleucine complexes. 
I t  was concluded from the therm odynam ic data  tha t the hydroxyl groups of the GAA 
partic ipate  in complex form ation in the undissociated form.

In tro d u c tio n

T he s tu d y  of th e  equ ilib ria  an d  th e rm o d y n am ics of com plexes w ith  am ino 
ac ids co n ta in in g  alcoholic h y d ro x y l g roups has recen tly  received  increasing  
a t te n tio n . T he s ta b ility  co n s ta n ts  an d  th erm o d y n am ic  p a ra m e te rs  of ce rta in  
tra n s i t io n  m e ta l com plexes o f serine an d  th reo n in e  have b een  d e te rm in ed  b y  a 
n u m b e r of au th o rs  [1— 9]. O n th e  b asis  of th e  s ta b ility  d a ta  a n d , in  p a r t ,  of 
th e rm o d y n a m ic  d a ta , these  a u th o rs  m ak e  conclusions on th e  b o n d in g  co n d i
tio n s  in  these  com plexes. T hus, S h a r m a  [5], F r e e m a n  an d  M a r t i n  [6] and  
L e t t e r  an d  B a u m a n  [7] in  genera l exclude  th e  possib ility  t h a t  th e  alcoholic 
h y d ro x y l groups are involved  in  th e  com plex  bonding. In  c o n tra s t , St a c k  
a n d  S k i n n e r  [8] conclude from  ca lo rim e tric  th e rm o d y n am ic  d a ta  th a t  th e  
alcoholic  h y d ro x y l groups do p a r tic ip a te  in  th e  bonding  in  th e  in n e r coo rd i
n a tio n  sphere. O n th e  o th e r h a n d , R a j u  an d  M a t h u r  [9] conclude  from  th e rm o 
d y n am ic  d a ta  o b ta in ed  w ith  th e  te m p e ra tu re  coefficient m e th o d  th a t  th e  a l
coholic h y d ro x y l groups occupy po sitio n s in  th e  o u te r sphere .

S tru c tu ra l stud ies on th e  above com plexes led to  so m ew h at m ore unam - 
b igo u s conclusions. T hus, accord ing  to  th e  c ircu la r d ichro ism  s tu d y  b y  K a t z in  
an d  G u l y a s  [10], th e  alcoholic h y d ro x y l g roup  takes p a r t  in  com plex  fo rm a 
tio n  in  th e  n icke l(II)-serine  sy stem . A ccord ing  to  n uclear m ag n e tic  resonance  
s tu d ie s  b y  M cCo r m ic k  et al. [11] an d  B o w l e s  et al. [12], th e  alcoholic h y d ro x y l 
g roups are  invo lved  in th e  bon d in g  in  th e  m an g an ese (II)-se rin e , m an g an ese (II)-  
th re o n in e  and  th e  iron (II)-se rin e , iro n (II)- th re o n in e  sy stem s, b u t  n o t in  th e  
co rresp o n d in g  copper(II) com plexes [11]. F rom  calo rim etric  s tu d ies  [13] we
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h av e  concluded th a t  th e  alcoholic h y d ro x y l groups p a r tic ip a te  in  com plex 
fo rm a tio n  in th e  serine  an d  th reo n in e  com plexes o f  c o b a lt( I I ) , n ick e l(II) , 
co p p e r(II)  and  z in c (II) .

I t  w as earlier recom m ended  [14] to  use as d rugs sev era l m eta l com plexes 
of D -glucosaininic ac id , w hich in  essence can  be reg a rd ed  as an a-am ino  acid. 
Since th e  ligand also co n ta in s  a n u m b er o f  alcoholic h y d ro x y l groups, it can serve 
as a good model for th e  s tu d y  of th e  p a r tic ip a tio n  of th e se  groups in com plex 
fo rm a tio n . On th e  basis  o f  equ ilib rium  stu d ies  on th e  com plexes of c o p p e r(II), 
s e ttin g  o u t from  th e  fa c t th a t  th e  s tab ilitie s  do n o t follow  th e  I r v i n g - R o s so t t i  
ru le  [15],  in our p rev ious papers [16, 17] we have  co n c lu d ed  th a t  th e  alcoholic 
h y d ro x y l groups m ay  possib ly  ta k e  p a r t  in  th e  com plex  fo rm atio n . M iy a z a k i  
et al. [18] have ca rried  o u t equ ilib rium  stud ies on m an g an ese (II) , co b a lt(II) , 
n ic k e l(II) , copper(II) an d  z inc(II) com plexes. In  th e  copper(II)-D -glucosam inic  
acid  system  th ey  p resu m ed  th a t  th e  h y d ro x y l g roups a re  bonded  in a lkaline  
m ed ia .

T he s ta b ility  c o n s ta n ts  o f th e  com plexes of D -glucosam inic acid d iffer 
s tr ik in g ly  from  tho se  o f  th e  co rrespond ing  glycine com plexes. To o b ta in  clear- 
c u t conclusions, how ever, i t  is necessary  to  ca rry  o u t o th e r  in v estiga tions as 
well. T he aim  of th e  p re se n t w ork was th e  equ ilib riu m  a n d  calo rim etric  s tu d y  
o f  som e tra n s itio n  m e ta l—D -glucosam inic acid  system .

E xperim en ta l

The m etal salt solutions used in the experim ents were prepared from Reanal chemicals 
of p .a. quality . Their concentrations were checked gravim etrically by  precipitating the oxine 
complexes. D-glucosaminic acid (GAA) was prepared from chitin , via  glucosamine hydrochlo
ride, by the method of W a ltr o n  and Cron [19]. The ionic stren g th  was adjusted to 0.05 M  
w ith  p .a. potassium chloride. The alkaline titra tio n s were carried ou t w ith sodium hydroxide 
stored in a nitrogen atm osphere.

The metal: ligand ratio  was 1 : 2 in the case of the copper(II) complexes, while the 
n ickel(II), cobalt(II) and zinc(II) complexes it  was 1 : 3. In all cases the GÄA concentration 
was 0.01 M.

The pH m easurem ents were made w ith a R adiom eter pHM-4 instrum ent, using a G 200B 
glass and a К  100 calomel electrode. The tem perature  was ad justed  to  25 +  0.1°C w ith an u ltra 
therm osta t. The method proposed by I rving  et al. [20] was used to  elim inate the error arising 
from the difference in the diffusion potential differences. A 0.25 M  NaOH solution was used 
for the pH -m etric titra tio n  and in every system  three parallel titra tio n s were carried ou t each 
containing 20 experim ental points. The volum e of the solution to be studied was adjusted  to  
25 ml in the pH -m etric m easurem ents, and to 500 ml in the calorim etric measurements. The 
la tte r  were carried out in th e  m anner reported earlier [21] w ith the  calorim eter made by our
selves.

The relative error of the stability  constants was about 0.02 log K . The evaluation o f 
the experim ental calorim etric da ta  and the calculation of the stab ility  constants from the 
pH -m etric titra tion  data  were performed as reported  in our earlier papers [21, 22].

R esults and  discussion

In  T able I are  lis ted  th e  d a ta  o b ta in e d  b y  us an d  b y  M iy a z a k i  et al. [18] 
fo r th e  d issociation  c o n s ta n ts  of GAA. F o r  com parison , th e  corresponding  d a ta  
for a lan in e  and  no rleu c in e  are  also g iven . I t  is clear from  th e  T able th a t  th e  p K
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v a lu es  o f  th e  th ree  a n d  six  carbon a to m  alan ine  an d  no rleu c in e  are a lm ost th e  
sam e. Those of GAA, how ever, an d  p a r tic u la r ly  p K 2, acco rd in g  to  b o th  our 
ow n d a ta  and  those o f  M iy a z a k i  et al. [18], are  s ig n ifican tly  d iffe ren t from  th e  
ab o v e  an d  are sim ilar to  th e  co rrespond ing  d a ta  for serine an d  th reo n in e  [7, 9, 
13]. A ccordingly, th e  p resence  of severa l alcoholic h y d ro x v l g roups in th e  ligand

T a b le  I

Protonalion constants o f alanine, norleucine and G AA  at 25 °C 
and I  =  0.05 M  (KCL)

A m in o acid PK 1 p K , Reference

alanine 2.28 9.72 [22]
norleucine 2.23 9.69 *

GAA 2.20 9.08 this work
2.01 9.06 [18]**

* unpublished da ta  m easured pH -m etrically  a t 25 °C and 1 =  0.05 M  (KC1)
44 30 °C and I  =  0.1 M  (K N 0 3)

does n o t affect the s ta b ilitie s  of the  p ro to n  com plexes o f th e  ca rboxy l and  am ino 
g roups com pared  w ith  th o se  of th e  fo rm er.

T he stab ility  c o n s ta n ts  of th e  m e ta l com plexes are  co n ta in ed  in T ab le  
II . F o r com parison th e  d a ta  availab le  fo r th e  a lan ine  and  norleucine com 
plexes are  also given in  th is  Table.

T h e  following em erge  from  th e  d a ta  in  T ab le  I I :
1. T he s tab ility  c o n s ta n ts  of th e  a lan in e  and  no rleu c in e  com plexes agree 

a p p ro x im a te ly  w ith  each  o th e r. (W e sh a ll re tu rn  to  th e  in te rp re ta t io n  o f th e  
sm all d ifferences be tw een  th em  in a su b seq u en t paper.)

2. Considering th e  differences in  ionic s tren g th  an d  te m p e ra tu re , th e  
s ta b ili ty  constan ts  o b ta in e d  b y  M iy a z a k i  et al. [18] an d  b y  ourselves agree 
cjuite w ell w ith  each o th e r . T he sm all differences can be ex p la in ed  b y  th e  fac t 
th a t  th e  graphical p ro ced u re , used fo r th e  ca lcu la tion  b y  th e  au th o rs  c ited , 
p ro v id es  less accura te  c o n s ta n ts .

3. A ccording to  b o th  our ow n d a ta  and  those  o f M iy a z a k i  et al. [18], 
th e  s ta b ili ty  constan ts  o f  th e  GAA com plexes are a lm o st th e  sam e as those for 
th e  a lan in e  and  no rleucine  com plexes. In  th e  cases o f c o b a lt( I I )  an d  n ickel(II) 
th e  MA2-ty p e  com plexes o f  GAA are m ore  s tab le  th a n  th e  co rrespond ing  a lan ine 
an d  no rleucine  com plexes.

4. I f  th e  p K 2 —  log K n d a ta  are  ta k e n  in to  co n sid e ra tio n , th e  increase of 
th e  s ta b il i ty  of th e  GAA com plexes co m p ared  w ith  th e  co rrespond ing  a lan ine 
a n d  no rleucine  com plexes is even m ore s trik in g . T h u s, co m p ared  w ith  th e
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T a b le  I I

Stability data for transition metal complexes o f alanine, norleucine and G A A  at 25 °C and / 0.05
M  (K C l)

Ligand log К, log  К о log  f t log K,/K, p X t —log A , log к г Reference

Co(II)

alanine 4.35 3.51 7.86 0.84 5.37 6.21 [22]

norleucine 4.33 3.56 7.89 0.77 5.36 6.13 *

GAA 4.35 3.69 8.04 0.66 4.73 5.39 this work

4.5 3.9 8.4 0.6 4.56 5.16 CO * *

N i(II)

alanine 5.46 4.47 9.93 0.99 4.26 5.25 [22]

norleucine 5.41 4.33 9.74 1.08 4.28 5.26 *

GAA 5.39 4.46 9.85 0.93 3.69 4.62 this work

5.6 4.4 10.0 1.2 3.46 4.66 [18]**

Cu(II)

alanine 8.17 6.78 14.95 1.39 1.55 2.94 [22]

GAA 8.07 6.69 14.76 1.38 1.01 2.39 this work

8.0 6.6 14.6 1.4 1.06 2.46 [18]**

Zn(II)

alanine 4.60 4.07 8.67 0.53 5.12 5.65 [22]

GAA 4.63 4.01 8.64 0.62 4.45 5.07 this work

4.90 — _1 _ 4.16 —

**CO

* unpublished d a ta  m easured pH -m etrically  a t 25 °C and I  — 0.05 M  (KCl) 
** 30 °C and I  =  0.1 M  (K N 0 3)

am in o  acid com plexes, th e  s ta b ili ty  co n stan ts  o f th e se  com plexes do n o t 
fo llow  the  I r v in g — R o s s o t t i  ru le  [15].

5. In  sp ite  of th e  g re a te r  b u lk  of th e  ligand  it  is ev id e n t from  th e  log К  J K 2 
d a ta  th a t  steric  h in d ran ce  does n o t p la y  a p a r t  in  th e  fo rm a tio n  of th e  GAA 
com plexes.

The ca lo rim etric  t i t r a t io n  d a ta  are  given in  T ab le  I I I .
The values o f th e  d issocia tion  h e a ts  of GAA are  as follow s:

/)H D1 =  0.7 k ca l/m o l; zlH D2 =  10.2 kcal/m ol.

A ccord ing  to  our ow n u n p u b lish ed  d a ta , th e  co rrespond ing  va lu es  for norleucine 
a re  0.7 and  10.7 kca l/m o l. T his d ifference, ju s t  as th e  p K 2 v a lu es , re flec t th e
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Table III

Calorimetric titration data for the C o (II) - ,  N i ( I I ) - ,  C u ( I I ) -  and Z n (  11) D-glucosaminic acid 
systems at 15 °C and I  =  0.05 M  ( K C l)

N a O H * Co(II) N i(II) N a O H * * C u(II) Zn(II)

ml p H -Qcal/1 p H  -Q cal/1 ml p H - 0cal/1 p H -Qcal/1

0.5 6.386 5.373 0.5 3.213 6.006
0.9 6.760 4.67 5.790 5.49 1 .0 3.390 10.83 6.514 4.96
1.3 7.047 4.88 6.113 5.59 1.5 3.601 10.48 6.869 5.36
1.7 7.319 5.09 6.420 5.69 2.0 3.859 9.85 7.203 5.13
2.1 7.563 5.09 6.732 5.79 2.5 4.168 9.45 7.550 5.25
2.5 — — 7.071 5.79 3.0 4.517 9.39 — —

3.5 4.919 9.16 — —

* NaOH concentration =  0.990 M  
** NaOH concentration =  1.0165 M

e le c tro n -a ttra c tin g  effect of th e  alcoholic h y d ro x y l groups. (See th e  d a ta  for 
serine and  th re o n in e  [13].)

T ab le  IV  co n ta in s  th e  th e rm o d y n am ica l co n s ta n ts  ca lcu la ted  from  th e  
d a ta  in  T ab le  I I I  w ith  th e  use o f th e  s ta b ility  co n stan ts .

F o r com parison , th e  values fo r th e  a lan ine and  no rleu c in e  com plexes are  
also given in  T ab le  IV .

The follow ing conclusions can  be d raw n from  th e  d a ta  in  T ab le  IV :
1. T ak in g  in to  acco u n t th e  e rro r of ab o u t 0.5 kea l/m o l in  th e  A H  d a ta , 

th e  AH  values of th e  GAA com plexes are  la rger, and  th e  e n tro p y  changes are  
sm aller th a n  th e  co rrespond ing  v a lu es  o f th e  alan ine an d  norleucine  com plexes. 
T his d ifference is p a rtic u la r ly  conspicuous in  a com parison  w ith  no rleucine  
co n ta in in g  six ca rb o n  a tom s. A ccord ing  to  th is , th e  h ig h er s ta b ility  of th e  GAA 
com plexes, w hich is expressed  m a in ly  in  th e  p K 0 —  log K n d a ta , is d e te rm in ed  
b y  th e  increased  v a lu e  of th e  e n th a lp y  change.

2. T he presence  of th e  alcoholic h y d ro x y l groups in  th e  GAA n a tu ra lly  
w eakens th e  b o n d  b e tw een  th e  m e ta l an d  th e  n itrogen . O n th is  basis, ju s t  as 
in  th e  d issocia tion  h e a ts  of th e  GAA, a low er en th a lp y  change w ould  be  ex 
p ec ted  in  th e  m e ta l com plexes to o . J u s t  like th e  am ino ac ids, th e  GAA lig an d  is 
bonded  f irs t o f a ll to  th e  m eta ls  th ro u g h  th e  oxygen of th e  ca rb o x y l g roup  an d  
n itro g en  o f th e  am ino  group. T he h ig h er e n th a lp y  change , re su ltin g  in  sp ite  
o f th e  decreased  s tre n g th s  of th e se  b o n d s, is therefo re  b e s t exp la ined  in  te rm s  
o f  bo n d  fo rm a tio n  b y  th e  alcoholic h y d ro x y l groups in  th e  in n er co o rd in a tio n  
sphere. This a ssu m p tio n  is in  ag reem en t w ith  th e  s tru c tu ra l  s tud ies b y  K a t z in  
an d  G u ly a s  [10] an d  B o w l e s  et ál. [12] (and  in  p a r t  w ith  th o se  of M cCo r m ic k

Acta Chim. (Budapest) 74, 1972



2 7  H G E R G ELY , SÓVÁGÓ: TRA N SITIO N  METAL COMPLEXES

Table IV

E nthalpy and entropy changes o f D-glucosaminic acid, alanine and norleucine complexes

Ligand
-  1 Hß,

keal/mol - А Щ ,kcal/mol /ISA
e.u. R eference

Í

Co(II)

alanine 1.3 3.6 24 [22]
norleucine — 5.9 16 *

GAA 3.0 7.0 13 this work

N i(II)

alanine 3.6 7.4 21 [22]
norleucine — 7.5 19 *

GAA 4.2 8.6 16 this work

Cu(II)

alanine 4.9 10.4 34 [22]
GAA 6.6 12.8 26 this work

Zn(II)

alanine 1.5 4.3 27 [22]

GAA 1.8 j 5.4 22 this work

* unpublished calorimetric data

et al. [11] too), acco rd in g  to  w hom , as we h av e  a lready  m en tio n ed , th e  alcoholic 
h y d ro x y l groups o f th e se  ligands do ta k e  p a r t  in  com plex fo rm atio n .

3. The e n tro p y  changes ch a rac te ris tic  o f th e  GAA com plexes, w hich are  
sm a lle r  th an  those o f  th e  correspond ing  a lan in e  and  no rleucine  com plexes, can  
a lso  be in te rp re ted  in  p a r t  b y  th e  fo rm atio n  of fu r th e r  bonds. In  all p ro b ab ility , 
h o w ev er, a role is also  p lay ed  in these d a ta  b y  th e  o rdering  effect exerted  on 
th e  w a te r by th e  sev e ra l h y d ro x y l groups in  th e  GAA m olecule.

*

The authors are indebted to T. Gaál for his participation in the experimental work.
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QUANTUM CHEMICAL INTERPRETATION OF THE 
SPECTROSCOPIC DATA OF PHARMACOLOGICALLY

ACTIVE HOMOPYRIMIDAZOLE DERIVATIVES

G. N á r a y -S za b ó ,* E . D u d a r  and G. H o r v á t h
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The charge distribution of 26 homopyrimidazole derivatives were calculated by 
the  Pariser—P arr—Pople and D e l  R e ’s semi-empirical m ethods, and correlations 
were found between the charge d is tribu tion  and the positions of certa in  IR  bands and 
NMR signals. An approxim ately linear relation holds true of the bond vibrations and 
the corresponding bond orders. Á sim ilar relationship exists betw een the NMR chemical 
shift of the C-2 proton of the ring a n d  th e  net charge of this carbon atom . An analysis 
of anomalies has resulted in the elucidation  of certain struc tu ra l characteristics. The 
pH -dependence of the UV spectra o f some compounds was also investigated.

MÉSZÁROS et al. h av e  re c e n tly  syn thesized  several hom opy rim id azo le  
d e riv a tiv e s  [1] w hich possess v e ry  fav o u rab le  pharm aco log ical p ro p ertie s . 
T he in te rp re ta tio n  of th e  UV, IR  a n d  N M R spectroscopic d a ta  has g rea tly  
c o n tr ib u te d  to  th e  e lucidation  of th e  s tru c tu ra l  problem s o f th e se  com pounds. 
Q u a n tu m  chem ical calcu lations h a v e  now  been  perform ed to  sy s tem a tize  th ese  
re su lts ; th e  charge d is trib u tio n s o f c e r ta in  com pounds, an d  in  som e cases also

In tro d u c tio n

II R К
Al : R COOMe

t i l l , 0  

“ C l”

CH3 О

“ C2”

Present address; In s titu te  of Physics, Technical University, B udapest.
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th e  electron ic e x c ita tio n  energies are  d e te rm in ed . A p p ro x im a te  co rrelations 
h a v e  been  found b e tw e e n  th e  q u a n tu m  chem ical p a ra m e te rs  and  spectroscopic 
d a ta ,  and  some c h a ra c te r is tic  b an d s  o f th e  IR  an d  N M R  sp ec tra  can be d is
cussed  on th is  basis. B y  com paring  th e  ca lcu la ted  a n d  m easu red  UV m ax im a, 
th e  m echanism  o f a n  in te re s tin g  acid—base  eq u ilib riu m  is revealed .

C alculations w ere p erfo rm ed  for th e  follow ing com pounds:

E l: R i =  H R. =  H R 3= H R, = M e
E2: R =  H R =  H R 3= M e R, =  Me
E3, F3: R =  COO Et R.'— Me R3 =  H R, =  H
£4, F4: R =  COO Et R.1=M e R 3 =  H R. =  Me
ES, F  5: R, =  COO Et R.' =  E t R 3= H R, =  Me
E6, F6: R, =  COOH RÜ=M e R 3 =  H Ri =  Me
E  7: R, =  H R.’=M e R 3= H R, — Me
E  8: R, =  CONH„ R', =  Me R 3 =  H % R, =  Me

К

G l: R =  H
02: R =  Me
G3: R =  COMe

‘G”

T h e num bering  o f th e  rin g s  is given in  F ig . 1. F o r a gen era l descrip tion  an d  th e  
n o m en cla tu re  of th e  com pounds d iscussed here , see R ef. [1].
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C alcu la tions

T he a and  л  ch arg e  d is tr ib u tio n s  w ere in d iv id u a lly  ca lcu la ted , acco rd in g  
to  th e  a— л  s ep a rab ility , apply ing  D e l  R e ’s [2] m eth o d  to  th e  form er, an d  th e  
c o n v en tio n a l P P P -m e th o d  [3, 4] to  o b ta in  th e  л  charge  d is tr ib u tio n ; th e se  
w ere com pleted  b y  th e  M a t a g a — N i s h i m o t o  ap p ro x im a tio n  [5]. The p a ra m e 
te rs  chosen are show n in  T able I; th e  h y b rid iz a tio n  s ta te s  o f th e  h e te ro a to m s  
a tta c h e d  to  th e  carb o n  a re  given in  b ra c k e ts . Since no ex p erim en ta lly  d e te r 
m ined  geom etrical d a ta  w ere ava ilab le  fo r  th e  com pounds s tu d ied , th e  s ta n d a rd  
b o n d  leng ths and  b o n d  angles given in  th e  lite ra tu re  [6] w ere used in  th e  c a l
cu la tio n s . The bo n d  angles were ch o sen  w ith in  th e  ran g e  of 115— 125c fo r 
s p 2 an d  betw een  105° a n d  115° fo r sp 3 h y b rid iza tio n  s ta te s . T he bond  le n g th s  
a re  lis ted  in  T ab le  I I .  I t  is well k n o w n  th a t  steric  a rran g em en t does n o t 
a ffec t s ign ifican tly  th e  resu lts  o b ta in a b le  by  th e  P P P -m e th o d , and  it  h as  no 
im p o rtan ce  a t  all if D e l  R e ’s m eth o d  is used , th erefo re  th e  erro rs arising  from  
th e  in ce rta in tie s  o f th e  geom etry  can  b e  neglected .

Table I

Parameters used fo r  the calculations

A tom I  (eV) E  (eV)

C {sp2) 11.42 0.58

Щ*р-) 13.83 0.45
N (sp:!) 29.16 14.49

О (sp ’) 17.28 2.70

0  (sp3) 35.76 17.70

ßcN(sp-) =  ßcc =  Iß 
ß c N (v * ) =  0 .8  ß
ß c o ( s p \  c a rb o n y l)  =  1.6 ß  

ß c o (*P2, ca rb o x y lic )  =  1.3 ß  

ß m ( s P 3) =  0.7 ß

Table II

Geometrical dala

Bond R (Á)

CC (sp2—sp'2) 1.4—1.45
ClS(sp-—sp-) 1.35—1.4
C i\(sp-—sp3) 1.4
CN(amide) 1.35
CO(sp-—sp-) 1.2
CO(sp2—sp3) 1.35
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T he accu racy  o f th e  to ta l-c h a rg e -d e n s ity  ca lcu la tio n  w as con tro lled  b y  
co m p arin g  th e  th e o re tic a l and  e x p e rim en ta lly  determ ined*  dipole m om en ts 
[7, 8]. In  th e  case o f  com pound  D 1, w h ich  h as  no ro ta tin g  g roups, th e  ex p e ri
m e n ta l an d  th e o re tic a l va lues are 2.9D  a n d  3.4D , re sp ec tiv e ly . The 17%  
difference co rresponds to  th e  usual e rro r o f ca lcu la tions g iven in  th e  l i te ra tu re  
[9]. In  th e  know ledge o f  th e  error o f d ipo le  m o m en t, th e  e rro r of th e  charge  
d is tr ib u tio n  can also b e  estim a ted  on th e  basis  of s ta tis t ic a l  consid era tio n s; 
w ith  com pound  D 1, th e  v a lu e  is ex p ec ted  to  fa ll betw een  15 a n d  20%  [10], an d  
i t  is logical to  p resu m e  th a t  the  erro rs o f  th e  ca lcu la ted  charge  d is trib u tio n s  
fo r th e  o th e r d e riv a tiv e s  do no t exceed th e  above va lu e . O n th is  basis, th e  
g rap h ica lly  o b ta in ed  co rre la tions (E qs (1)— (3)) can  be considered  sig n ifican t.

In  th e  case o f q u a te rn a ry  am m o n iu m  bases, th e  co n v en tio n a l P P P -  
m ethod  fails because  o f  th e  considerab le  p o la riza tio n  o f th e  cr-core; th is  can , 
how ever, be co rrec ted  b y  m eans of a cr-bond p o la riza tio n  m odel [11], in  w hich  
th e  io n iza tio n  p o te n tia ls  (I) and  e lec tro n  a ffin itie s  (E ) o f th e  q u a te rn a ry  n i 
tro g en  an d  th e  n e ig h b o u rin g  atom s a re  m odified . S ta r tin g  w ith  th e  d a ta  o f 
T ab le  I ,  th e  follow ing m odified va lu es  w ere found : I ( G, sp2) =  14.8 eV, 
/ ( N, s p *) =  19.0 eV, E(C , sp 2) =  1.78 eV, E (N , s p 2) =  4.2 eV.

UV S pectra

T he u ltra v io le t sp e c tra  of some co m pounds belonging  to  group E  show  
c h a rac te ris tic  a lte ra tio n s  w ith  the  changes in  p H , w hich are  due  to  th e  follow ing 
acid—base  eq u ilib riu m , w hose ex istence is also su p p o rted  b y  p rep a ra tiv e , IR  
an d  N M R ev idence:

E® F  +  H®.

To exam ine th e  prob lem  m ore closely , th e  e lectron ic  ex c ita tio n  energies 
w ere ca lcu la ted  an d  com pared  w ith  th e  ex p erim en ta l re su lts . The d a ta  a re  
show n in  T able  I I I .  O w ing to  th e  sh o rtco m in g s of th e  P P P -m e th o d , no d iffe r
ence could be o b serv ed  betw een  s u b s ti tu te d  v arie ties , e.g., th e  m ethy l- a n d  
e th y l de riv a tiv es . T h e  sh ifts  of th e  b a n d s  d u e  to  th e  acid—base  equ ilib rium  can  
be p red ic ted  b y  th e  ca lcu la tions, w ith  th e  excep tion  of th e  I  я  -+ л* b a n d  o f  
com pound  E6, a l th o u g h  th e  m agn itu d e  o f th e  exp erim en ta l sh ifts is less th a n  
th e  e rro r  o f th e  ca lcu la tio n s. The a ssig n m en ts  of th e  b a n d s  h av e  been m a d e , 
and  th e  ex istence  o f th e  ac id -h ase  e q u ilib riu m  can be d em o n stra ted .

IR  S pectra

In  o rder to  fa c il i ta te  th e  sy s te m a tiz a tio n  o f th e  IR  sp e c tra , i t  was a t te m p t
ed to  find  an  in te r re la tio n  betw een c e r ta in  b a n d  frequencies and  th e  re la tiv e  
q u a n tu m  chem ical p a ra m e te rs . I t  is wrell k n o w n  th a t  th e  v ib ra tio n a l freq u en cy ,

* Thanks are due to  Mrs. A. I l l ÉNYI and  to  Mrs. I. Gr e s z  for performing the experi
m ental work.
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T a b le  H I

Singlet excitation energies

Compound
Exc. energy, eV

Compound
E xc. energy, eV

Exp. Calc. Exp . Calc.

I 71 71* 4.44 4.00 I 71 —-  71* 4.50 4.60
E l E l  base

II Л  Л * 5.45 5.95 II 71 —  71* 5.87 6.08

I 71 —e 71* 4.40 4.00 I 71 — 71* 4.60
E  2 E 2 base

I I  Л  —► Л * 5.45 5.95 II 71 —  71* — 6.08

I 71 — 71* 4.32 3.99 I 71 —*■ 71* 4.53 4.42
E3 F i

I I  71 —-  71* 5.34 5.53 II 71 —  71* 5.26 5.41

I 71 —-  71* 4.34 3.99 I 71 -► 71* 4.42
4.68*

E4> 11 л  —*■ л * 5.30 5.55 F 4  11 л  —  7 i* 5.41
3.46

П  -1- 71* 3.48 — П — 71* —

I 71 —*■ 71* 3.99 I 71 —-  71 * 4,42
4.76* 4.68*

ES II  71 —*■ 71* 5.55 FS I I  71 71* 5.41
3.45 3.46

11 —>- Л * — 11 71* —

I л  —*■ Л * 4.43 3.99 I 71 —► 71* 4.13 4.42
Eb F 6

II  71 • 71* 5.27 5.55 II 71 71* 4.84 5.41

* Bands I and II  are merged

fo rce  c o n s ta n t an d  bond  o rd er a re  a lte re d  m ore or less in  para lle lism  w ith  
one a n o th e r  [12]. This holds tru e  especia lly  of such g roup  frequencies w hich  
a re  in d e p e n d e n t o f th e  m ass a n d  c o m b in a tio n  effects [13]. T he s tre tc h in g  fre 
quencies o rig in a tin g  from  th e  v ib ra tio n  along th e  > X —Y  b o n d , w here in  
X  is coup led  on ly  w ith  Y , are o f th is  ty p e . In  these  cases, a lin ea r  re la tio n sh ip  
can  be found  betw een  th e  g roup  frequencies and  th e  H a m m e tt co n s ta n ts  
[14— 16], an d  o th e r physica l p a ra m e te rs  [14]. S im ilar re la tio n s  ex is t in  som e 
cases b e tw een  th e  charge on a to m  X  o r th e  X —Y  b o n d  o rd e r an d  th e  g roup  
freq u en c ies  [17— 19].

T he com pounds s tu d ied  h a v e  tw o  functions co rrespond ing  to  th e  above 
c r ite r ia , th e  este r group, an d  th e  C-4 ca rb o n y l group. T he re la tio n sh ip  of these  
fu n c tio n a l g roups to  th e  c o rre sp o n d in g  q u an tu m  chem ical p a ra m e te rs  w as 
s tu d ie d , a n d  th e  num erica l d a ta  a re  g iven  in  Table IV.

T he follow ing linear re la tio n s  ho ld  tru e  of th e  e s te r and ca rb o n y l fre 
quencies an d  th e  n e t (er -|- тг) ch a rg es  o f th e  C and  О a to m s:

vco (ester) =  1000<7C -)- 750go -f- 1580, (1)

1-co (C-4) =  -  15009c +  5009o +  2506. (2)

2 * Acta Chim. (Budapest) 74, 1972
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T a b le  IV

IR  frequency da ta : Charge distributions and bond orders

Compound VCO
ester ic - io О

4° Í'CO
(C-4 carbonyl) «С - io dco

a
A 1

1708 0.474 0.513 0.864 — — ■ —
b 1680 0.502 0.514 0.854 — — — --- .
a

A 2
1717 0.474 0.513 0.864 — — —

b 1677 0.502 0.514 0.854 — — — —

a
B l

— 0.506 0.528 0.850 — — — —
b — 0.513 0.531 0.846 — — — —
a

В  2
— 0.506 0.528 0.850 — — — —

b — 0.513 0.531 0.846 — — — —

C l 1740 0.513 0.529 0.848 1688 0.396 0.517 0.854
C2 1760 0.510 0.484 0.867 1705 0.390 0.458 0.887

D1 — — — — 1662 0.401 0.500 0.863
D2 1722* 0.531 0.496 0.869 1615 0.411 0.494 0.872
m 1757 0.517 0.499 0.869 1674 0.411 0.494 0.872
m 1736 0.517 0.499 0.869 1670 0.411 0.494 0.872
D5 1670** 0.466 0.524 0.850 1670** 0.407 0.501 0.867

E l — — — — 1722 0.383 0.425 0.896
E2 — — — — 1720 0.383 0.425 0.896
£3 1764 0.513 0.443 0.888 1704 0.392 0.428 0.901
£4 1732 0.513 0.443 0.888 1666 0.392 0.428 0.901
£5 1737 0.513 0.443 0.888 1670 0.392 0.428 0.901
E l — — — — 1712 0.383 0.425 0.896
£ 8 1660*** 0.465 0.468 0.869 1720 0.390 0.430 0.900

£2 1732 0.519 0.518 0.857 1682 0.420 0.477 0.884

G1 1680 0.518 0.504 0.875 1610 0.420 1 0.477 0.884
G2 1683 0.518 0.504 0.875 1630 0.423 0.479 0.888
G3 1720 0.518 0.497 0.871 1670 0.422 0.472 0.886

* acid
** prim ary am ide +  C-4 carbonyl 

*** prim ary amide

T h e  co n stan ts  in  E q s  (1) a n d  (2) were g rap h ica lly  d e te rm in ed . The ca lcu la ted  
v a lu e s  are p lo tted  v e rsu s  th e  ex p erim en ta l re su lts  in  F igs 2 an d  4. The d ep en d 
en ce  o f th e  b an d  freq u en c ies  of th e  b o n d  o rders is il lu s tra te d  in  Figs 3 an d  5.

Owing to  th e  a n a lo g y  in  th e  s tru c tu re , th e  s tre tc h in g  v ib ra tio n s  o f th e  
p r im a ry  am ide an d  th e  CO group of th e  free ac id  (D 2, D 5, £ 8 )  were classified 
to g e th e r  w ith  th e  e s te r  b a n d s , th o u g h  i t  is q u ite  ra re  to  discuss these  b a n d s
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F ig .  2

to g e th e r  in IR  spectro scopy . T he reaso n  fo r th is  is p a r tly  th e  fa c t th a t  th e  d iffe r
e n t  e lec tron  a ffin ities of th e  O H  an d  N H 2 groups affect th e  charge d is tr ib u tio n  
o f  th e  CO bond to  such  an  e x te n t  th a t  th e  re la tiv e  a b so rp tio n  b an d  can  sig 
n if ic a n tly  be sh ifted , an d  th e  re la tio n  to  th e  e s te r b a n d  becom es un recogn izab le . 
In  th e  know ledge o f th e  charge  d is tr ib u tio n , how ever, th is  sh ift can  be  ta k e n  
in to  acco u n t and th e  a p p ro x im a te  p lace o f th e  bands are  o b ta in ab le  by  a p p ly in g  
E q . (1) to  th e  above com pounds.

In  th e  case o f com pound  D 5, th e  p rim a ry  an d  te r t ia ry  am ide  b a n d s  
o v e rlap , an d  th e  freq u en cy  can  be q u ite  co rrec tly  ca lcu la ted  using E q . (1) 
o r (2). In  com pound E 8 th e  p rim a ry  am ide  b a n d  occurs a t  an  e x tra o rd in a r ily  
low  frequency , b u t  here  th e  charge  d is tr ib u tio n  is also d iffe ren t from  th a t  o f  
th e  o th e r  com pounds. T he b a n d  a t  1720 c m -1 can  be assigned to  a te r t ia ry  
am id e  v ib ra tio n , w hich  is sh ifted  to  r a th e r  h igh  frequencies w ith  th e  m em bers 
o f  g roup  E. The es te r b an d  o f com pounds A l  an d  A 2 is sp lit accord ing  to  th e
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Fig. 5

d iffe ren t s teric  a rra n g e m en t of th e  c a rb o x y l groups. This is also reflec ted  b y  th e  
ca lcu la tio n s, since b o th  th e  charges on th e  carbon  an d  oxygen  atom s an d  th e  
bo n d  o rders are  d iffe ren t (see T ab le  IV ). In  p rinc ip le , th e  m em bers of g roup  
A  m ay  form  ta u to m e ric  couples an d  В  m ay  becom e stab ilized  u n d er c e r ta in  
co n d itio n s, b u t  no ev idence was found  to  su p p o rt th is  a ssum ption . The ca lcu 
la tio n s perfo rm ed  w ith  tw o m em bers o f g roup  В  are  in d ica ted , for com parison , 
in  F igs 2 an d  3; th e  cu rves do n o t follow  e x a c tly  th e  re la tio n sh ip  b e tw een  th e  
freq u en cy  an d  b o n d  o rder, b u t  co rrespond  ra th e r  to  E q . (1). The d ifferences, 
how ever, are  n o t sig n ifican t, and  th e re fo re  th e  problem  can n o t be decided  on 
th e  basis  of ca lcu la tio n s.
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NMR spectra

I t  is well know n th a t  th e  p ro to n  chem ical sh ift is in  co rre la tio n  w ith  
th e  H a m m e tt c o n s ta n t [20— 22] an d  w ith  th e  n e t charges o f th e  n e ig h b o u rin g  
a to m s [23— 27]. D e l  R e  found  a s im ila r lin e a r  re la tionsh ip  b e tw een  th e  charge  
d is tr ib u tio n  an d  chem ical sh ift o f am ino  acids [28]. Such a co rre la tio n  was 
observed  in  o u r experim en ts b e tw een  th e  chem ical sh ift of th e  p ro to n  b o u n d  to  
C-2 o f  th e  rin g  an d  th e  to ta l n e t (cr -|- rr) charge  of th e  sam e ca rb o n  a to m  (see 
F ig . 6, an d  T ab le  V).

F ig. 6

T he re la tio n sh ip  can be described  b y  th e  follow ing eq u a tio n :

b =  5.5qc -f- 70^H -f- 5.3 (3)

T he c o n s ta n ts  in  E q . (3) were d e te rm in ed  g raph ica lly .
I t  can  be  seen th a t  groups F  an d  G d iffer su b s ta n tia lly  from  th e  o th e r  

g roups; th is  fa c t can  be a ttr ib u te d  to  th e  changes in m agnetic  a n iso tro p y  [29], 
since th e  co n ju g a tio n  in  ring  A  invo lves on ly  a to m s 2— 3—4— 11— 12— 13 —14, 
an d  th e  lone p a ir  of n itrogen  1 is c o n ju g a te d  on ly  to  a v e ry  s lig h t degree, due 
to  th e  u n fav o u rab le  steric  position .

T he p o in t corresponding  to  th e  h y p o th e tic a l com pound В  is also p lo tte d  
in  F ig . 6, b u t  no sign ifican t d ifference is fo u n d  w ith  re sp ec t to  g roup  A .  In  
case o f g roups D, E, F, and  G, th e  p ro to n s  a tta c h e d  to  C-6 h av e  chem ical 
sh ifts b e tw een  4.9 an d  6.2 p. p . m . qc ~  0.016 an d  qH =  0.042. T here  is no 
m e th y l g roup  a t  position  6 of com pounds D 3 an d  E 3, and  th e  chem ical sh ift

Acta Chim. (Budapest) 74, 1972



2 9 0 NÁRAY-SZABÓ e t a t :  QUANTUM CHEMICAL IN T E R PR E T A T IO N

T a b le  V

Chemical shifts and charge distributions

Compound
Chem. shift,

P P - rn . ЧС 9Н

A 2 9.16 0.183 0.037

B 2 — 0.154 0.037

C l 8.81 0.138 0.037

C  2 9.16 0.097 0.040

D 1 7.80 0.102 0.033
D 2 8.83 0.174 0.037
m 8.59 0.174 0.037
£>4 8.57 0.174 0.037
n s 8.86 0.167 0.037

E l 8.00 0.015 0.040
E S 8.37 0.049 0.040
£4 8.42 0.051 0.037
ES 8.41 0.051 0.037
E l 8.03 0.015 0.040
E8 8.72 0.057 0.040

F 2 7.91 0.171 0.037

Gl 8.20 0.190 0.038
G2 7.80 0.183 0.037
G3 8.17 0.164 0.037

is accord ingly  4.0 p . p . m ., qc =  — 0.028, qH =  0.044. T he chem ical sh ift o f th e  
p ro to n s  of the  m e th y l group a t C-6 is fo u n d  be tw een  1.09— 1.45 p . p . m ., 
qc =  — 0.113, qH — 0.039. A nom alies w ere found  in  th e  follow ing cases: 
.42 (b =  2.47 p. p . m ., qc =  — 0.118, qH =  — 0.041), C l (Ó =  3.09 p . p . m ., 
qc =  0.051, qH =  — 0.028), C2 (b =  3.23 p. p . m .,q c =  —  0.051, qH =  — 0.028). 
H y p e rc o n ju g a tio n  w as also tak en  in to  co n sid e ra tio n  w hen ca lcu la ting  th e  elec
tro n  d ensity  of g ro u p  C.

Experimental

The UV spectra were recorded on a Unicam  SP 500 and SP 800, the IR  spectra on a 
Zeiss UR 20 and U nicam  SP 200, and the NMR spectra on a Perkin-E lm er R12 spectrom eter. 
All m aterials used were of spectroscopical purity . The IR  spectra were recorded by the K B r 
pellet technique, and some compounds were also exam ined in solution.

*
The authors are indebted  to Dr. G. Biczó and Dr. J . L a d i k  for performing the PP P - 

calculations. Thanks are  also due to Dr. L. R a d i c s  for recording and to Mr. P. D v o r t s á k  for 
the in terpretation  of some NMR spectra.
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RELATIONSHIP BETWEEN THE SPIN RELAXATION 
AND CERTAIN CHEMICAL PROPERTIES OF 

PARAMAGNETIC IRON(III) SALT SOLUTIONS

A . VÉRTES* and F . P a RAK**
(* Department o f Physical Chemistry and Radiology L . Eötvös University, Budapest, ** P hysik  

Dep. E-15 der Technischer Universität M ünchen)

R e c e i v e d  J u n e  2 1 ,  1 9 7 1

P a r a m a g n e t i c  s p i n - r e l a x a t i o n  in  ir o n  s a l t  s o l u t i o n s  w a s  s t u d i e d  b y  M ö s s b a u e r  
s p e c t r o s c o p y .  T h e  c h e m ic a l  b o n d in g  b e t w e e n  ir o n  a n d  i t s  c o o r d i n a t i o n  s p h e r e  ( b o n d 
i n g  c o n d i t i o n s )  w a s  f o u n d  to  in f l u e n c e  t h e  m a g n i t u d e  o f  t h e  in t e r n a l  m a g n e t i c  f i e l d  
p e r t a i n i n g  t o  t h e  =  i 3 /2  + 1 / 2  t r a n s i t i o n  o f  t h e  S z =  + 5 / 2  K r a m e r  d o u b l e t
a n d  b y  i n c r e a s i n g  t h e  a s y m m e t r y  o f  t h e  3 d  o r b i t a l s ,  t h e  f r e q u e n c y  o f  s p i n - l a t t i c  r e 
l a x a t i o n ,  i.e. t h e  r e l a x a t i o n  t im e .  T h e  m e t h o d  p r o v i d e s  i n f o r m a t i o n  o n  t h e  t y p e s  o f  
s o l v a t e s  a n d  c o m p l e x e s  o f  ir o n  in  t h e  s o l u t i o n  u n d e r  i n v e s t i g a t i o n ,  a s  w e l l  a s  o n  t h e  
r e l a t i v e  a m o u n t  o f  t h e  c o m p o n e n t s .  T h e  e x p e r i m e n t s  h a v e  s h o w n  t h a t  t h e  s t u d y  o f  p a r 
a m a g n e t i c  s p i n  r e l a x a t i o n  p r o v id e s  u s e f u l  in f o r m a t io n  o n  t h e  c h e m ic a l  s t r u c t u r e  o f  
t h e  s y s t e m s  i n v e s t i g a t e d .

Introduction

In  our ea rlie r  com m unications [1— 7] we h av e  assum ed  th a t  ra p id ly  
frozen  so lu tions (cooled a t  a ra te  o f 15 °C/sec) p reserve  th e  chem ical s tru c tu re  
th e y  h av e  in  th e  liq u id  s ta te . T hus th e  s tru c tu re  of com plex  com pounds a n d  
ions fo rm ed  in  th e  course o f hyd ro lysis , h y d ra tio n  an d  so lv a tio n  rem ains es
sen tia lly  u n ch an g ed  du ring  ra p id  freezing.

C onsequen tly , from  th e  re su lts  o f M össbauer spectroscop ic  s tu d ies  on 
frozen  so lu tions, conclusions can  be d raw n  as to  th e  s tru c tu re  of th e  so lu tio n .

In  our p a p e rs  re fe rred  to  above, we m en tio n ed  ce rta in  ex p erim en ts  
w hich suggested  (b u t did n o t prove) th a t  ra p id  freezing  leads to  a q u asi-so 
lu tio n  s tru c tu re . T hese  ex perim en ts w ere o f th e  fo llow ing ty p e .

Changes in  th e  M össbauer sp ec tru m  due to  chem ical changes b ro u g h t 
ab o u t in  th e  s tru c tu re  of th e  so lu tion  (e.g. as a re su lt o f a change in  pH ) can  
alw ays be u n eq u iv o ca lly  in te rp re te d  [1, 5, 6].

In v e s tig a tio n  o f th e  M össbauer p a ra m e te rs  as a fu n c tio n  of freezing ra te  
has show n th a t  ab o v e  a th resh o ld  ra te  ( ^ 1 0  °K /sec), th e  M össbauer p a ra m e te rs  
becom e in d e p e n d e n t of th e  ra te  of cooling [11].

I t  has to  be  m en tio n ed  here th a t  x -ra y  d iffrac tio n  te s ts  [9, 10] fa il to  
give an  u n eq u iv o ca l answ er to  th is  p ro b lem , since th e  ice fo rm ed  from  a tm o s 
pheric  m o istu re  p re c ip ita te d  on th e  sam ple  su rface u n d e r in v estig a tio n  h as  
a cubic s tru c tu re , w hich  m ay  m ask  th e  n o n -c ry s ta llin e  s tru c tu re  of th e  glass 
o r so lu tion  u n d e r  i t  in  th e  course of x -ra y  d iffrac tio n  te s ts . This explains w hy
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c e r ta in  au th o rs  [11] found  th a t  ra p id ly  fro zen  solutions h a v e  a cubic s tru c tu re  
w h ile , accord ing  to  o th ers , cubic  ice can  be  p roduced  only  b y  th e  co n d en sa tio n  
o f  w a te r  v ap o u r.

R e c e n t D TA  e x p e r im e n ts  c a r r ie d  o u t  b y  R u b y  et al. [9] n o t  o n ly  le n d  
s u p p o r t  to  b u t  p ro v id e  p ro o f  fo r  o u r  e a r l ie r  a s s u m p tio n  t h a t  in  th e  co u rse  o f  
r a p id  fre ez in g  v itre o u s  ice , a ‘so lid ified  s o lu t io n ’ is fo rm e d .

W hen so lu tions rap id ly  frozen a t  liqu id  n itro g en  te m p e ra tu re  were 
h e a te d , th e  DTA te s ts  signalled  an  ex o th e rm ic  peak  in d ic a tin g  c ry s ta lliz a tio n , 
w hile  w hen  ice p rep ared  b y  slow cooling w as h ea ted , th is  ex o th e rm ic  s tru c tu ra l 
c h an g e  could n o t be observed , fo r in  th e  course of slow cooling, ‘freezing’ itse lf  
h a d  p ro d u ced  cry sta llin e  s tru c tu re s  (ice, eu tec tics , c ry s ta l h y d ra te s ) .

In  th is  p a p e r  we p re sen t a s tu d y  o f p a ram ag n e tic  sp in  re la x a tio n  in  fro 
zen  iro n ( I I I )  sa lt so lu tions b y  m eans o f  M össbauer sp ec tro sco p y . F ro m  th e  
re s u lts ,  conclusions are d raw n  on th e  chem ical p ro p erties  o f th e se  so lu tions.

Param agnetic spin relaxation

M össbauer spectro scopy  p e rm its  a th o ro u g h  in v e s tig a tio n  o f th e  h y p e r-  
f in e  m ag n etic  in te rac tio n s  b e tw een  p a ra m a g n e tic  sy stem s. T herefo re , these  
p ro b lem s have been s tu d ied  b y  a n u m b e r o f  au th o rs  [12— 16] so th a t  th e  th e o ry  
o f  h y p e rfin e  m agnetic  in te ra c tio n s  is to d a y  fa irly  clear a n d  tim e  is rip e  for 
th e  u tiliz a tio n  o f these  re su lts  o f th e o re tic a l and  p a r tly  ex p e rim en ta l physics 
in  som e m ore ‘p ra c tic a l’ d iscip lines, e.g. in  chem istry .

T he source of th e  energy  n ecessary  fo r p a ram ag n e tic  re la x a tio n  can  be:
(1) energy transm issio n  o rig in a tin g  from  th e  ‘tu rn in g ’ o f a n o th e r sp in ;

(S t S2— ), th e  so-called sp in  flip -flop ;
(2) lib e ra tio n  o f a phonon  from  th e  c ry s ta l la ttice  su rro u n d in g  th e  p a ra 

m a g n e tic  ion or a tom .
T he f irs t case is re fe rred  to  as sp in —spin (S S R ), th e  second as s p in -  

la t t ic e  re lax a tio n  (SLR).  I f  th e  av e rag e  tim e s  of S S R  an d  S L R  a re  g iven  th e  
sy m b o ls  Tssr and  tSLR' re sp ec tiv e ly , th e n  th e  tim e  of sp in  re la x a tio n  (SR) 
w ill be

1
Ts/? — - -  —

1 I t $ s r ~ L l I t s l r

w h ere  t $ s r  is in d ep en d en t of th e  te m p e ra tu re , while r s l r  is te m p e ra tu re  de
p e n d e n t. F o r in stan ce , in  th e  case of ra re  e a r th  m etals [17]:

TsI r =  ( A T + B e - W + C T *), s - i  (2)

w h ere  th e  v a rious te rm s rep re sen t th e  possible re la x a tio n  m echan ism s (so- 
ca lled  d irec t, O rbach , an d  in d ire c t, R a m a n , m echanism s).
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I f  th e  average  life-tim e of th e  ex c ite d  M össbauer a to m  is t M and  tsr  is 
n o t  less th a n  th e  rec ip rocal freq u en cy  o f th e  so-called L a rm o r precession of 
th e  m ag n etic  m o m en tu m  of th e  a to m ic  nucleus

TS/?’ TM ^  b ) L  (3)

th e n  th e  M össbauer nucleus ‘senses’ a m agnetic  field, hence  th e  M össbauer 
sp e c tru m  w ill show  a Zeem an sp littin g .

T h e  rea liza tio n  o f th e  c rite rio n  im p lic it in ineq u a lity  (3) m a y  be p ro m o ted  
b y  increasing  г sr o r decreasing  (o^1. I t  follows from  E q . (I) t h a t  th e  increase 
o f b o th  t SSR and  t SLR will re su lt in  th e  increase of rSR. T he v a lu e  o f rSSR m ay  
be  in c reased  b y  increasing  th e  d is ta n c e  betw een  th e  p a ra m a g n e tic  a to m s or 
ions (d ilu tio n ), since in  th is  w ay th e  po ssib ility , th a t  is th e  freq u en cy , o f s p in -  
sp in  in te ra c tio n  decreases (resu lting  in  th e  increase of t SSR).

T h e  increase o f t SLR can  be ach iev ed  b y  decreasing th e  te m p e ra tu re  
(see e.g. E q . (2)). I t  shou ld  be p o in ted  o u t here  th a t  SL R  —  w hich  is th e  in te r 
a c tio n  betw een  la tt ic e  oscillations a n d  th e  spin  system  —  is m an ife s t th ro u g h  
th e  o rb ita l m o m en tu m . C onsequen tly , in  th e  case of F e3+ ions w hich  possess 
a sp h e rica lly  sy m m etrica l 3d° e x te rn a l shell configura tion  te rm  an d  (eS5i2 
b asic  L  =  0), a slow  S L R  is ab ovo to  be  expected .

In  th e  case o f th e  °”F e M össbauer nucleus, depend ing  on  th e  effective 
m a g n e tic  field , th e  value  of 10~8 < / и ^ 1 < / 10-7 , th a t  is th e  va lu e  of co£ 1 
can  o f course be defined  w ith  th e  help  o f th e  ex te rn a l m ag n e tic  fie ld  too ;

=  “у -  gt*n I I  (4)

w h e re  is th e  m ag n e tic  q u a n tu m  n u m b e r, I  th e  nuclear sp in , g th e  so-called 
g y ro m ag n e tic  fac to r , fin th e  n u c lea r m ag n e to n  and  H  th e  e ffec tive  m ag n etic  
fie ld . coL is te m p e ra tu re  in d ep en d en t.

To th e  descrip tio n  of th e  v a rio u s  in te rac tio n s  w ith in  th e  p a ra m a g n e tic  
fie ld  th e  ‘sp in  H a m ilto n ia n ’ te ch n iq u e , f re q u e n tly  used in  th e  s tu d y  of e lec tron  
sp in  resonance  (E S R ), can  be ap p lied :

H s =  H z -\-HCF-\-H,nhf-\-Hq (5)

w h ere  H s is th e  sum  o f th e  m ost im p o r ta n t  in te rac tio n s and  th e  o th e r  o p era to rs  
(rep re sen t) th e  Z eem an , c ry s ta l fie ld , m ag n e tic  hyperfine an d  e lec tric  hyper- 
f in e  in te ra c tio n s  in  t h a t  order. T he v a rio u s  in te rac tio n s can be described  in th e  
fo llow ing  m an n er:

H z =  ßHgs

H CF =  D [S j  (1 /3 ) S ( S + l ) ] + E ( S j —Sy)

( 6 )

(7)
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( 8 )

(9 )

«
H mhf — A z Sz I ZA-AX S x I x-\-Ay S y ly  

H Q =  P[{Il  1/3) ( J + l )  +  l / 3  - Ц)]

w here  H  is th e  e x te rn a l m ag n etic  fie ld , D  an d  E  a re  c ry s ta l  field  p a ram e te rs , 
A 2, A x an d  Ay  are  th e  m a in  com ponen ts o f h y p e rfin e  m agnetic  in te ra c tio n  
d ep en d in g  on th e  c ry s ta l  fie ld  p a ra m e te rs  o f th e  H a m ilto n  o p era to r, P  an d  r] 
are  p a ram e te rs  o f th e  H  o p e ra to r  describ ing  electric  q u ad ru p o le  in te ra c tio n  
(e.g. in  th e  case o f iro n  P  =  1/4 e 2@).

T he ra tio  X — E /D  is used  to  describe th e  ab so lu te  m ag n itu d e  of th e  c ry s
ta l  f ie ld  [13], w hich fo r  m o st system s h ith e r to  in v e s tig a te d  does n o t exceed 
th e  v a lu e  of 1/3. T h u s  acco rd in g  to  experience, 0 <[ X < / 1/3.

In  th e  v itreo u s  sy s tem s (rap id ly  frozen  so lu tions) in v estig a ted  b y  us, 
X ^  0 an d  th e  h y p e rfin e  in te rac tio n s  (H F I ) can  be considered  iso tropic. T h u s 
in  th e  case of H  =  0, th e  follow ing H am ilto n  o p e ra to r  is o b ta ined  from  E q s 
(5) to  (9) for th e  en e rg y  levels of th e  ll7F e nucleus.

H  =  A[1ZS Z +  1 /2 ( S . J -  +  S _ I  h)] +  P [I:  —  1/31(1 +  1)]. (10)

I t  follows from  E q . (10) th a t ,  b y  acco u n tin g  fo r th e  th ree  K ram er d o u b 
le ts  (S z — + 3 /2 , + 3 /2 ,  + 1 /2 )  and  th e  n uc lear sp ins o f  I  =  1/2 and  I  =  3/2 
p e r ta in in g  to  th e  g ro u n d  s ta te  and  to  th e  exc ited  s ta te , resp ec tiv e ly , th e  va lu es  
o b ta in e d  for th e  v a r io u s  energy  levels (H  e igenvalues) are:*

1 1 4  A*  P , l / 4 d *
3/2

1 + / 7
p i

A*

S , -  +  1/2

S- 3/2

S z =  ±  5/2

3/4 A* I P, — 13/4 A* —  P 

1 = 1/2 — 7/4 A ,  1/4 A ,  1/4A,  5/4 A 

[ 1 = 3/2 +  9/4 A*  +  P , +  3/4 A* P  

\ I =  1/2 +  3/4 A

Í /  =  3/2 ±  15/4 A*  +  P, • 5/4 A*  —  P  

{ I  =  1/2 ±  5/4 A

T he ra tio  of A*  an d  A  p e rta in in g  to  the  ex c ited  an d  ground s ta te , re 
sp ec tiv e ly , is th e  sam e  as the  ra tio  o f th e  co rrespond ing  g facto rs. In  th e  case 
o f 57Fe:

A* IA  — 0.571 [18].

* T h e  K r a m e r  g r o u n d  l e v e l s  a r e  d u e  t o  t h e  p r e c e s s io n  o f  t h e  r e s u l t a n t  s p i n  v e c t o r  o f  t h e  
e l e c t r o n s .  A c c o r d in g ,  h o w e v e r ,  t o  q u a n t u m  m e c h a n ic a l  c o n c e p t s ,  t h e  a n g le  o f  t h i s  p r e c e s s io n a l  
m o v e m e n t  c a n  h a v e  o n l y  c e r t a i n  d e f i n i t e  v a l u e s .  I n  t h e  c a s e  o f  i r o n ( I I I )  fo r  in s t a n c e  t h e  e i g e n 
v a l u e s  o f  t h e  p r e c e s s io n  a n g l e  a r e  s u c h  t h a t  t h e  p r o j e c t io n  o f  t h e  a b s o lu t e  s p in  o n  t h e  p r e 
c e s s i o n  a x i s  is  Sz =  5 /2 ,  3 /2  o r  1 /2 .
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T he v alues o b ta in e d  fo r th e  position  of th e  M össbauer lines from  th e  
e igenvalues p e r ta in in g  to  th e  s ta te s  I  =  3/2 an d  I  =  1/2 are p re sen ted  in
T ab le  I.

Table I

Position o f lines

Sz =  +1 /2

7/4+ — 13/4+* — P  +  <5 
7/4+ — 1 /4+ *(1 +  4 Я)1) +  Ö 
—1/4+ — 13/4+* — P  +  Ő 
—1/4+ — l/4 + * (l +  4Я) +  <5 
— 5/4+ — 1 /4+ *(1 +  4R) +  <5 
7/4+ — 1/4+ *( 1 — 4R) +  ö 
— 1/4+ +  3/4+* +  P  +  ő 
— 1/4+ — 1/4+ *(1 — 4R) +  ö 
— 1/4+ +  11/4+ * — P  +  Ő 
— 5/4+ — l/4 + * (l — 4R) +  Ő 
—5/4+ +  11/4+* — P  +  b

Sz =  ± 3 /2

± 3 /4 (+  — 3+*) +  P  +  <5 
+  3/4(+ — + *) — P  +  8 
■ 3 4(1 - + * ) -  P +  Ő

S z =  + 5 /2

± 5 /4 (+  — 3+*) +  P  +  d 
i-5/4 (+  — +  *) — P  +  ő 
; 5/4(+ +  + * ) — P  +  ä

R  =  \1  — PI A * —  P*IA*7-

E xperim ental

The solutions were prepared from m etallic iron containing 90% of 5IFe. (The Fe20 3 
obtained from  Oak Ridge was reduced in a H 2 atm osphere.) The pH  was ad justed  w ith N aH C 03: 
using pH  titrim eter or a precision pH  paper, it  was determ ined w ith an accuracy of + 0 .1  pH.

The reagents were analytical grade Mercxk preparations.
The solutions were placed in teflon sample holders provided w ith H ostafan windows. 

The p a th  length of the gam m a-rays in the solution was 1.5 mm. The sample holders w ith the 
solutions in the cryostat were im mersed directly into liquid helium.

The 10 mCi, 57Co P t rad iation  source was kep t a t room tem perature . The device moving 
the rad iation  source was controlled by a sinus signal. The pulses were detected by means of 
a 0.2 mm thick  N al scin tillator and a ‘Laben’ type 400 channel analyzer in multi-scaler mode 
of operation.

For the determ ination and evaluation of the у-resonance spectra an IBM 360/91 com
puter was used. In the course of m easurem ents two identical spectra were recorded, so th a t 
as the firs t step in com puter evaluation these spectra had to  be united . The filling and de
composition of the individual spectral lines were performed by m eans of the Lorentz functions 
and the conventional least-squares m ethod. Because of the com plicated shape of the relaxation 
spectra, only the lines shown in Table II  were fitted.

The num ber of pulses collected in each channel varied between 10s and 2 X l0 6.
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1.  2 .

C om position o f solution m ol (kg H 20 )—1

1. . 0.05 FeCl3 +  2 HC1
2. : 0.05 FeCl3 +  2 (NaCl +  HCl); pH  1

3. 0.05 FeCl3 +  2 (NaCl +  HC1); pH  2

4. 0.2 FeO.I3 +  2 ГТГ.1
5. ! 0.2 FeCl3
6. 0.5 FeCl3 +  1 HCI
7. 1 FeCl3 +  0.5 HCI
8. ! 0.025 Fe2(SO,)3 +  1 H..SO,
9. 0.025 Fe,(SO,)3 +  I (Na2SO, +  J+SO,): pH  1

10. 0.025 Fe2(SO,)3 +  1 (Na,SO, +  H2SO,); pH  2
11. ' 0.025 Fe2(SO,)3 +  1 (Na.SO, +  H,SO,); pH 2.4
12. 0.3% Fe(III) +  65% H N 0 3
13. j 0.3% F e(III) +  30°,', H N 0 3
14. I 0.05 F e(N 03)3 +  2 H N 0 3
15. 0.05 Fe(N 03) +  2 (N aN 03 +  H N 0 3); pH  1

16. I 0.05 Fe(N 03)3 +  2 (N aN 03 - f  H N 0 3); pH  2
17. 0.05 Fe(CIO,)3 +  2 HCIO,
18. 0.05 F p(C104)3 +  2 (NaCIO, +  HCIO,); pH  0.5

19. 1 0.05 Fe(CIO,)3 |- 2 (NaCIO, | HCIO,); pH 1

3.

H,/,
kOc

549 I 1.4
548 +  1.2

561 +  1.2 
561 +  1.6 

558 +  4.9

569 ! 1.4
570 +  1.5
568 +  2.1

569 +  0.9 
567 +  1.3 
582 +8.0 
578 1-0.5

4 . 5. 6.

Ő
m m /sec

2 P
m m /sec

Area o f pair o f the 
± 5 /4 ( A - 3 A * )  +  P +  <5 

lin es, %

0.22 +  0.05 0.10 +  0.05 17.5 +  2.4
16.1 2.6

11.4 2.1

5.04 1.7

14.2 1 3.2

0.20 1 0.02 1.83 +1.7
10.1 +  3.4

2.5 1.8
0.135 +  0.017 0.03 +  0.02 19.8 3.0
0.135 +  0.02 0.03 +  0.25 13.0 -3.0

11.4+4.0
0.147 +  0.02 1.3+1.1

ÖccÖ

0.00 +  0.01 27.6 1.1
0.175+: 0.003 0.022 +  0.003 22.1 + 1.6
0.155 +  0.02 0.03 +  0.02 21.3 3.00

0.14 +  0.02 0.04 +  0.02 20.4 1.1
0.145 +  0.04 0.05 +  0.04 17.7 2.5

0.165 1 0.01 0.02 0.01 19.3 1 1.7

3.24 1 0.64
19.15 1 1.70
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20.

w  21. 
22.

0.05 Fe(C104)3 +  2 (NaCIO, +  HC104); pH  2 

0.05 Fe(C10,)3 +  2 (NaCIO., +  HCIO,): pH 2.3 
0.01 Fe(C10,)3 +  2 HCIO,

23.
24.
25.
26.

0.2 Fe(C104)3
0.5 Fe(C104)3 +  1 HCIO,
1 Fe(C10,)3 +  0.5 HC104 

0.25% F e(III) +  96% CH3COOH
27.
28.

0.2% F e(III) +  65% CH3COOH 
0.2% Fe(III) +  40% CH3COOH

29. 0.02 (Fe(C104)3 +  0.06 NTA +  1 NaC104; pH  4

30.
31.

0.02 Fe(C104)3 +  0.06 NTA +  1 NaC104; pH  2.5 
0.02 Fe(C104)3 +  0.06 NTA +

+  1 (NaCIO, +  HC104); pH  1

32. 0.02 Fe(C104)3 +  0.05 F.DTA +  1 NaCIO.,: pH  4

33.
34.

Ci
35.

1 36.

0.02 Fe(C104)3 +  0.05 EDTA +  1 NaC104; pH 3 
0.05 Fe(C104)3 +  1.8 HCIO, +  0.17 KSCN 
0.2 K 3Fe(CN)3 
0.05 FeS04 +  1 H2S04

% =  weight per cent or area-percentage

583 +  96 
582+1.5 
586 +  4.3

583 +  6.0

500+15
540+15

546 +  4.0 
0

553+1.75

557+1.1

540+2 
463 14

540 +  1.8 
542 +  3

0.155 +  0.016 0.05 +  0.02 20.5 • 3.0
0.17 +  0.02 18.1 +  2.4 

9.1 +  3.1 
6.0 +  3.8 
6 .5+  3.0 

3 .1+1.7
0.194 +  0.008 0.58+0.05

11.2 +  2.2

0.13 +  0.01 1.43 +  0.017

0.15+0.03 0.036 +  0.03 21.7 +  3.2

27.86 + 3.0

14.6 +  1.6
11.5+2.3

21.4 1-2.4

0.33 + 0 .016 0.54 + 0.03
1.025 +0.004 3.30 +  0.007

tototo
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Magnetic susceptibility measurements were carried out with a Foner-type vibrational 
magnetometer.

The sensitivity of the measuring equipment was + 1 0 “ 9 cgs, while in the solutions under 
investigation the susceptibility corrected by a value accounting for the glass tank, varied be
tween 0.6 and 1.5X10“ 7 cgs.

R esults and  discussion

The m ost im p o r ta n t  p a ram ete rs  o f th e  M össbauer sp ec tra  of th e  in v e s ti
g a te d  solu tions a t  H e  (4.5 °K) te m p e ra tu re  a re  g iven in  T ab le  I I .  (H5I,  is th e  
in te rn a l m agnetic  f ie ld  p e rta in in g  to  th e  S z =  5/2 K ra m e r doub let.)

The d a ta  in  T a b le  I I  ind ica te  th e  follow ing im p o r ta n t co rrelations.
T he value o f H 5I2 is re la ted  to  th e  degree o f covalence of th e  chem ical 

b o n d  betw een iro n ( I I I )  in  so lu tion  and  its  in te rn a l ligand  sphere. T his m ay  be 
ex p la in ed  by  th e  d ire c tio n  of the  p o la riza tio n  o f th e  b o n d in g  e lectron  p a irs  in  
th e  f irs t in te rn a l lig a n d  sphere w hich is oppo site  to  th e  d irec tion  of th e  3d5 
e lec trons in h igh-sp in  i ro n ( I I I ) ,  so th a t  th e  b o n d in g  e lec tro n  pairs can  h av e  a 
sh ie ld ing  effect on th e  la t te r .  In  th is  w ay  th e  po lariz ing  effect of th e  3d5 elec
tro n s  on th e  s e lec tro n s an d  consequen tly  th e  F e rm i-c o n ta c t in te ra c tio n  too  
will be lower.

In  ag reem ent w ith  th e  above, of th e  an ions lis ted  in  T ab le  I I ,  th e  b o n d 
ing  o f ace ta te  to  iro n ( I I I )  involves a considerab le  degree o f covalency. O n th e  
o th e r  h an d , iron h as  th e  m ost m ark ed ly  ionic s tru c tu re  in  th e  presence o f 
C104-  ions.

T he ex p erim en ts  h a v e  show n th a t  th e  u tiliz a tio n  o f re lax a tio n  p h e n o m 
en a  fo r th e  s tu d y  o f  chem ical bonds is an  ex trem e ly  sensitive  m e th o d . F o r 
in s ta n c e , in th e  case o f  such  anions as N O ^ an d  CIO^ i t  is d ifficu lt to  d is tin 
gu ish  th e  ligand sp h eres  o f  iron  by  an y  o th e r  m e th o d  (accord ing  to  th e  l i te r a 
tu re ,  in  th e  case o f  b o th  anions a h ex aaq u o  com plex  is fo rm ed), w hile th e  
p re se n t m ethod  o f in v e s tig a tio n  ind ica tes a d ifference (Zlif5(2) one o rder h ig h er 
th a n  th e  ex p erim en ta l e rro r  for b o th  an ions. (This is in  good ag reem en t w ith  
som e of our earlier M össbauer spectroscopic re su lts  [6].) I t  should  be m en tioned  
h ere  th a t  the  p re se n t re su lt  is no t eq u iv a len t to  th e  s ta te m e n t th a t  iro n (I I I )  
in  N O , and  C104‘ so lu tio n s  is no t p re se n t as th e  h ex aaq u o  com plex, since 
th e  difference in  i f - /2 m a y  be due to  th e  com position  of th e  second ligand  
sphere .

In  th e  case o f  som e solutions listed  in  T ab le  I I ,  th e  M össbauer sp ec tru m  
does n o t show a h y p e rf in e  m agnetic  s tru c tu re . This m ay  h av e  th ree  d iffe ren t 
ex p lan a tio n s. In  th e  case of low -spin com plexes (e.g. K 3Fe(CN )6 so lu tio n , 
T ab le  I I ,  No. 35) th e  re s u lta n t  spin of th e  3 #  elec trons (S =  1/2) is n o t su ffi
c ie n t for bring ing  a b o u t a po la riza tion  w hich w ould  re su lt in  th e  F e rm i-co n tac t 
in te ra c tio n  of e lec tro n s. T he o th e r possible e x p lan a tio n  is th a t  th e  3d o rb ita l 
is h igh ly  sy m m etrica l, w h ich  enhances sp in -la ttic e  in te ra c tio n , th a t  is th e  prob-
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a b ility  o f sp in - la ttic e  re lax a tio n  ( t SLR <  1 0 -10 sec.). T h is is for in stan ce  th e  
case w ith  iro n (I l)  (see T able I I ,  N o. 36).

T he th ird  reaso n  for th e  lack  o f hyperfine  m ag n e tic  s tru c tu re  m ig h t b y  
th e  d im eriza tio n  o r p o ly m eriza tio n  o f com plex iro n  ions in  th e  so lu tion , le a d 
ing to  a s ig n ifican t increase in  th e  p ro b a b ility  o f sp in —sp in  re lax a tio n . T he 
ag g reg a tio n  o f  tw o  m olecules d ra s tic a lly  reduces th e  d is tan ce  betw een  th e  tw o 
Fe a to m s.

v (mm Is)
Fig. 1. M össbauer spectra of FeCl3 solutions of various concentrations, a) 0.05 mol kg-1 

FeCl3 +  2 mol k g 1 HC1; b) 0.2 mol k g -1 FeCl3 +  2 mol kg "1 HC1; 
c) 0.5 mol k g -1 FeCl3 +  1 mol kg-1 HC1

T his is fo r in s ta n c e  th e  case in  96%  acetic  acid  (T able  I I ,  No. 26). (W e 
have show n in  a n  earlie r com m unica tion  th a t  iron  po lym erizes in  acetic  ac id
[3] )

F rom  th ese  ex p erim en ta l re su lts  conclusions can he d raw n  w ith  re sp ec t 
to  th e  co rre la tio n  be tw een  th e  average  d istance  of th e  i ro n ( I I I )  ions (iro n (III)  
co n cen tra tio n ) a n d  t SSR. F igures 1 an d  2 illu s tra te  th e  M össbauer sp ec tra  of 
iro n (I I I )  so lu tions o f  d iffe ren t co n cen tra tio n s  in  th e  p resence  o f Cl an d  CIO^ 
ions. T he p H  o f a ll so lu tions is <" 0. I t  was found  fo r b o th  series of so lu tions 
th a t  a s ligh t h y p e rfin e  m agnetic  s tru c tu re  is a p p a re n t on th e  sp ec tra  even  in  
th e  case o f th e  h ig h es t co n cen tra tio n s  (0.5 an d  1 m ol [kg H ,0 ]  x). T his 
h y p erfin e  m ag n e tic  s tru c tu re  can be  assigned to  t SSR 2 • 1 0 -9 . In  th e  case o f
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v (m m Is)

F ig. 2. Mössbauer spectra  o f Ге(СЮ4)3 solutions of various concentrations, a) 0.01 mol kg-1 
Fe(C104)3 -f- 2 mol kg-1 HC104; b) 0.05 mol kg-1 Fe(C104)3 +  2 mol kg "1 HC104: c) 0.5 mol kg*1 

Fe(C104)3 -f- 1 m o lk g -1 HC104; d) 1.0 mol kg -1 Fe(C104)3 +  0.5 mol kg-1 HC104

a co n cen tra tio n  of 1 m o l (kg H 20 ) _1 th e  average  F e -F e  d is tan ce  is 11.6 Á. 
( I f  th e  co n cen tra tio n  is 0.05 m ol (kg H ^O ^)1 th e  F e—F e d is tan ce  is 31.7 Á.)

T he decrease o f  th e  an ion  c o n c e n tra tio n  (F ig. 3) re su lts  in  an  increase 
in  th e  frequency  o f re la x a tio n . T h is o b se rv a tio n  in d ica tes  t h a t  an  increase in  
th e  a m o u n t of d ia m a g n e tic  anions b e tw een  th e  iro n (III)  ions in h ib its  (shields) 
th e  in te rac tio n s  w hich  m a y  raise th e  freq u en cy  of re la x a tio n . T he m echanism  
o f th is  phenom enon is n o t  y e t clear.

M oreover, th e  p o ss ib ility  c a n n o t b e  d ism issed th a t  in  so lu tions c o n ta in 
in g  n o m a tr ix  sa lt o r a c id , a sligh t seg rega tion  of th e  iro n  m a y  ta k e  p lace d u ring  
freez in g , resu lting  in  a  h ig h er p ro b a b ility  o f sp in -sp in  re la x a tio n .

I t  should be n o te d  th a t  a s im ila r phenom enon  h as  b een  observed  w hen 
th e  experim en ts w ere ca rried  o u t a t  th e  te m p e ra tu re  o f liq u id  n itro g en  [19].

So fa r we h av e  d e a lt  w ith  g enera l p ro p ertie s  of p a ra m a g n e tic  sp in  re- 
la x a to n  in  iro n (III)  so lu tio n s as th e y  a p p e a r from  o u r ex p e rim en ta l re su lts . 
W e shall now in v e s tig a te  w h a t fu r th e r  in fo rm atio n  of chem ical n a tu re  can  be
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v (m m /s)
Fig. 3. M össbauer spectra of a) 0.2 mol kg-1 FeCl3 and  b) 0.2 mol kg-1 Fe(C104)3 solutions

o b ta in ed  fo r d iffe ren t so lu tion  ty p es  from  p a ra m a g n e tic  sp in  re lax a tio n  as 
observed  b y  m eans o f M össbauer spectro scopy .

Fig. 4 show s th e  M össbauer sp ec tra  o f FeCl% solutions o f  different p H 's .  
T he in te rn a l p a r t  o f th e  sp ec tra  rep resen ts  th e  su p erp o sitio n  of th e  fo llow ing 
lines:

-*-10+8 +61-4 +■2 Ó -2 -A -6 -8 -10 
v (m m Is)

Fig. 4. M össbauer spectra  of FeCl3 solutions of various pH . a) p H  <  0; b) pH  =  1.0; c)
pH  =  2.0
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a ) r S R  p erta in in g  to  S z =  +  1/2 is s ig n ifican tly  sh o rte r  th a n  th e  re la x a 
t io n  t im e s  belonging to  th e  o th e r  tw o K ra m e r  doublets*  [12] a n d , co n seq u en tly , 
th is  d o u b le t in  general fails to  show  a h y p erfin e  m agnetic  s tru c tu re . In  th is  
w a y  th e  resonance ab so rp tio n  o f th e  iro n  a to m  in s ta te  S z == + 1 /2  raises th e  
in te n s i ty  o f lines in  th e  c e n te r  o f th e  sp e c tru m .

b) A ll lines p e rta in in g  to  th e  d o u b le t S z =  + 3 /2  (see T ab le  I).
c) T he lines re su ltin g  from  th e  tra n s it io n s  m: =  + 1 /2  —► + 1 /2 , p e r ta in 

in g  to  th e  K ram er d o u b le t S z — — 5/2.
d) L ines resu lting  from  co m p o n en ts  in  th e  solu tion  w h ich , if  d im erized  

o r p o ly m erized , lead  to  a rSR <C ft)-1 , hence  th e  sp ec tru m  h as  no h y p e rfin e  
m a g n e tic  s tru c tu re .

T h u s  th e  in te rn a l p a r t  o f th e  sp e c tru m  is th e  su p erp o sitio n  of so m an y  
lines t h a t  a g rea t u n c e r ta in ty  is in tro d u c e d  in to  th e  decom position .

A  fu r th e r  cond ition  w hich  h in d ers  succesful decom position  of th e  in te r 
n a l lin es  is th a t  a low er m ag n e tic  fie ld  is associa ted  w ith  th e  lines p e rta in in g  
to  th e  nij -■= + 1 /2  —>- + 1 /2  tra n s itio n s  o f  S z =  + 5 /2  an d  to  S z =  + 3 /2  an d  
S z — + 1/2 th a n  to  th e  tw o  o u te r  lines o f th e  sp ec tra  (Sz =  + 5 /2 ;  m r =  + 3 /2 —*■ 
—> 1/2 a n d  rrij =■— 3/2 —>- — 1/2). A cco rd ing  to  E q. (4), th is  re su lts , in  low er 
co1 v a lu e s , a fac t associa ted  w ith  g re a te r  line  w id th  since in  case o f a g iven  re 
la x a t io n  tim e , T  is inverse ly  p ro p o rtio n a l to  oq ( / 1~  0+ 1 t SR). D ecom posi
t io n  is fu r th e r  h indered  b y  th e  fa c t t h a t  th e  po pu la tions of th e  v a rious K ra m e r 
d o u b le ts  a re  n o t know n.**

H ow ever, it  can  be  a sce rta in ed  ev en  w ith o u t decom position  th a t  an  
in c rea se  in  th e  p H  resu lts  in  an  increased  in te n s ity  of th e  sp e c tra l c en te r, g iven 
b y  th e  follow ing area p ro p o rtio n s :

(fo r id e n tic a l ra te  in te rv a ls) p H  <+ 0 49 .2%
pH =  1 55.5%
pH =  2 58.6%

T h is  increase of th e  a rea  is re la te d  to  th e  fac t th a t  th e  n u m b e r of F e — O H
b o n d s  increases w ith  increasing  p H  a n d  th e  com plex ions fo rm ed , co n ta in in g  
also  “ O H ”  and  “ Cl” bon d s m ay  cause d im eriza tion . T hese com plexes belong  
to  c a te g o ry  “ d ”  of th e  above c lassifica tion . W e have d e m o n s tra te d  on th e  
b as is  o f  e lec tron  exchange s tud ies in  an  ea rlie r paper [6] t h a t  Cl rem ains in  th e

* Transitions w ith ASZ >  1 are forbidden, so th a t  from the s ta te  Sz =  + 5 / 2  relaxation  
can re su lt only in the sta te  S z =  +  3 / 2  (bu t e.g. th e  S z =  + 5 / 2  —*- — 5 / 2  transition  is no t pos
sible), th a t  is from state  Sz =  + 3 / 2  the transitions S z =  + 3 / 2  —*■ + 5 / 2 ,  + 3 / 2  —*- + 1 / 2 , — 3 / 2  —► 
— 5/2 and  — 3 /2  —*■ — 1 /2  are possible. In  case of S z =  + 1 / 2  transition w ith in  the eigenstate, 
requ iring  less energy (Sz =  + 1 / 2  — — 1 /2  or — 1 / 2  —► + 1 / 2 )  is possible, th u s the probability  
o f th is  la s t relaxation is higher th an  th a t  in the  firs t two cases.

** The populations pertain ing to  the various S z values can be calculated by means of 
th e  B oltzm ann statistics (IV/ =  C(e~Ei-/KT), k u t the values of E z- are no t known for the solu- 
t  ions u nder investigation.
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in n e r coord ination  sp h ere  o f iron  even if th e  pH  is in creased . O ur p re sen t w ork, 
on th e  o th e r h an d , seem s to  in d ica te  th a t  th is  co n d ition  does n o t p rev en t d i
m eriza tio n  th ro u g h  th e  O H  or Cl bridges.

The ou te r lines o f th e  sp ec tra  can only  he assigned  to  th e  lines p e r ta in 
ing  to  Sr =  +  5/2 ( +  3.391 A  +  P  -f- b). The in te rn a l m ag n e tic  field , H 5/2 
^  550 kO e, w hich can  be  ca lcu la ted  from  th e  positio n  o f  th e se  lines seem s to  
in d ica te  th a t  in th e  case o f so lu tions con ta in in g  2 m ol kg  1 o f Cl -  ion, one ch lo 
rid e  is coordinated  to  th e  m a jo rity  (> 6 0 % )  of iron  a to m s irre sp ec tiv e  of th e  p H . 
Tw o p a irs  of lines o f low er in te n s ity  correspond ing  to  a low er, and  a higher- 
in te rn a l m agnetic fie ld  a re  also superim posed  on th e  p a ir  o f lines H 5i2 =  550 
kO e (see Fig. 4). T hese p a irs  o f lines can  be ascribed  to  th e  ions [FeCl2(H 20 ) 4] + 
a n d  [F e(H 20 ) e]3+, re sp ec tiv e ly . F o r so lu tions w ith  p H  =  2 th e  decom position  
o f  th e  tw o ex te rn a l p a irs  of lines will fu rn ish  th e  a rea  p e rcen tag es of 11.4 7+ 
+  2 .1%  and  5.0 +  1 .7 % . T h is p e rcen tag e  ra tio  is p ro p o rtio n a l to  th e  am o u n t 
o f [FeC l(H 20 )5] 2+ an d  [F e C l,(H ,0 )4] + ions.*.

I t  follows from  th is  th a t  in a 2 M  NaCl so lu tion  a t  p H  =  2 th e  s ta b ility  
c o n s ta n t of th e  d ich lo ride  w ill be log K., =  — 0.64 +  0.28.

F ig . 5 shows the spectra o f  solutions containing 1 m ol k g -1 0/  S o >  ion. On 
sp ec tru m  p e rta in in g  to  p H  < ' 0 th e  ap p earan ce  of a ll th re e  K ra m e r doub le ts  
is q u ite  clearly  v isib le . F ro m  th e  value  Н 5(2 =  560 kO e, th e  conclusion can 
be  d raw n  th a t  th e  su lfa te  ion  is p re se n t in  th e  in n er c o o rd in a tio n  sphere o f iron . 
As th e  p H  increases, m ore  an d  m ore of th e  iron  in  so lu tio n  loses its  hy p erfin e  
m ag n e tic  s tru c tu re  (H M S) w hich in d ica tes  th e  fo rm a tio n  o f h y d ro x o  com plex
es w ith  a higher degree o f  covalence. (W e h av e  d e m o n s tra te d  [4] b y  electron 
exchange stud ies fo r su lfa te  too  th a t  in  th e  case of O H  com plex  fo rm atio n , 
a n d  d im eriza tion , th e  su lfa te  is s till p re se n t in  th e  in n e r  coo rd ina tion  sphere 
o f iron .) F rom  th e  decom p o sitio n  of sp ec tra  th e  fo llow ing va lu es  are o b ta in ed  
fo r th e  am o u n t of iro n  com plexes w ith  no HMS in so lu tio n s of d ifferen t p H :

p H  =  0 0 %
p H  =  1.0 50 +  12%

* I 11 the case of M össbauer spectra of m ulticom ponent sam ples th e  relationship between 
th e  areas of the various lines and the quantities of the com ponents is described on the basis 
o f the L am bert—Beer law  by  the following equation:

— =  — -07 Щ0 )
where A j  is the area of th e  M össbauer line (s) pertaining to the i- th  com ponent, 07 is the cross- 
section of the resonance-absorption boundary  of the i-th  com ponent and  щ  the  quan tity  (num 
ber of atom s) of the same com ponent, while ( J 0 — A j) is the area under the entire Mössbauer

UA 1
spectrum . Since in these experim ents r 1 <z 1nn , the approper approxim ationthese

— у—— =  2J(7jTij . Assuming 

and П[ will be directly p roportional to

In 100 is

fu r th e r th a t 07 is the same for all com ponents, the values A j 

one another.
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pH =  2.0 6 5+  8%
pH =  2.4 98.7 +  6%

T h e M össbauer sp e c tra  o f  solutions containing N 0 ^  ion  a re  show n in 
F ig . 6. A ccording to  th e  l i te ra tu re , in  so lu tions of low  p H  co n ta in in g  NO-f

v (m m /s)

Fig. 5. Mössbauer spectra of Fe„(S04)3 solutions of various pH . a) pH  <  0; b) pH  =  1.0;
'c) p H  =  2.0; d) pH  =  2.4

a n d  C K V , iro n (III)  is a lw ays p re se n t as th e  h ex a-aq u o  co m plex . T he d ifference 
b e tw e e n  th e  H 3/2 v a lu es  fo r th e  tw o  an ions in d ica tes , h ow ever, as p o in ted  o u t 
e a rlie r , th e  presence o f th e  n i t r a te  in  th e  o u th e r  co o rd in a tio n  sp h ere  of iro n (III) . 
I t  sh o u ld  be n o ted  th a t  th e  va lu e  H 5/2 =  570 kO e, as m easu red  b y  us in  th e  
p re sen ce  of NOj" ions, d iffers from  th e  v a lu e  o f 588 kO e re p o r te d  b y  N ozik  
a n d  K a pl a n  [2]. T his m a y  p e rh ap s  he a t t r ib u te d  to  th e  f a c t  t h a t  th e  concen
t r a t io n  of solu tions in v e s tig a te d  b y  us w as tw ice as h igh (2 m ol k g -1 ) as th a t  used  
b y  N ozik  and K a p l a n  (1 mol/1), w hich  causes a sh ift in  th e  eq u ilib riu m  of NOj" 
co o rd in a tio n . The d ifference m ay , how ever, be  due also to  th e  fa ir ly  g rea t line 
w id th  in  th e  sp ec tru m  re p o rte d  b y  th ese  au th o rs , a fa c t w h ich  g rea tly  im p a irs
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th e  accu racy  o f th e  d e te rm in a tio n  o f H 5/2 as p o in ted  o u t b y  th e  au th o rs  th e m 
selves.

I t  ap p ea rs  from  th e  m easu red  sp ec tra  th a t  in  th e  case of n itra te  so lu tio n s 
th e  p o p u la tio n  of th e  S? =  + 5 /2  level is g re a te r  th a n  th a t  o f th e  o th e r  tw o  
d oub le ts .

------1---------------------------- i l l  I ) I .1 ,1 I I . f

■*•10+8+6+4+2 0 -2 -4 -6 -8 -1 0  
v (mm Is)

Fig. 6. Mössbauer spectra of F e(N 0 3)3 solutions of various pH . a) 65% H1N03; b }30% H N 0 3, 
c) 11.2 H N 0 3; d) pH  =  1.0; e) pH  2.0

The line intensities pertain ing to the various K ram er doublets are p lo tted  w ith the assum p
tion th a t the population and Tfí values of the  doublets are equal. This assumption is, how ever;

not valid for practical conditions

I t  follows from  th e  in te n s ity  o f th e  lines [ + 5 / 4 ( yI  —  ЗА*) +  P  +  Ó] 

th a t  th e  S z =  + 5 /2  level is p o p u la te d  b y  m ore th a n  50%  of th e  to ta l  q u a n t i ty  
of iron . (On th e  basis  of B o ltzm an n  s ta tis tic s  i t  follow s from  th is  t h a t  o f  th e  
th ree  d iffe ren t K ra m e r doub le ts  th e  low est energy  level belongs to  S z =  5/2.)

In  th e  sp ec tru m  p e rta in in g  to  p H  =  2.0 th e  a rea  ra tio  of th e  q u ad ru p o le  
p a ir  o f lines (2P  =  0 .4 3 ^ 0 .0 3  m m /s), w hich h a v e  no hyperfine  m a g n e tic
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s t ru c tu re  is 21.8 +  5 .6 % . This p a ir  o f lines can  in  all p ro b a b ility  be  ascribed  
to  th e  [Fe2(0 H )2(H 20 ) 8] 4+ com plex  ion.

T h e  M össbauer sp ec tra  o f perchlorate solutions are show n in  F ig . 7. Com 
p a re d  w ith  th e  so lu tions d iscussed so fa r , a new  fac t arises, n am e ly  a sudden  
in c rease  in  th e  re la x a tio n  frequency , xSR ~  5 X l 0 -9 s , a t  p H  <7 0. (A b ro a d e n 
ing  o f  th e  e x te rn a l lines in d ica tes  t h a t  w e a re  dealing  here  n o t w ith  th e  super-

v (mm / s )
Fig. 7. M össbauer spectra of Fe(C104)3 solutions of various pH. a) pH  <  0; b) pH  =  0.5; 

c) pH  =  1.0; d) pH  =  2.0; e) pH  =  2.3

p o s itio n  o f a new  line w ith o u t h y p e rfin e  m ag n e tic  s tru c tu re , as is th e  case e.g. 
a t  p H  2.) T he p ro b ab le  e x p lan a tio n  o f th is  phenom enon  is t h a t  in  frozen  so lu 
tio n s  p e rc h lo ra te  ions g rea tly  loosen th e  s tru c tu re , hence lack  a s ta b le  h y d ra 
tio n  s h e a th  a n d  m a y  a c t as ph o n o n  sou rces, th e re b y  ra ising  th e  p ro b a b ility  
o f  s p in - la t t ic e  re la x a tio n . T he in te n s ity  o f  th e  line due to  th e  d im er [20] is
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6 0 + 1 5 %  a t p H  2 an d  67 +  14%  a t p H  2.3. (W e wish to  add here  th a t  th e  
a m o u n t of th e  d im er can  be d e te rm in ed  m ore accu ra te ly  from  th e  m easu rem en t 
o f e lec tro n  exchange [23].)

F ig . 8 shows th e  M össbauer sp e c tra  of some CH-fiOOH— H 20 — Fe sys
tems. T he values of Ö in d ic a te  th a t  iro n  is in  th e  o x id a tio n  s ta te  o f 3 H. N early  
th e  w hole am o u n t (m ore th a n  90% ) o f th e  iron  in 96%  ace tic  acid fu rn ish es  a

v ( mm I s )

Fig. 8. Mössbauer spectra of some CH3COOH — H „ 0 — Fe system s, a) 96% CH3COOH: 
b) 65% CH3COOH; c) 40%" CH3COOH

q u ad ru p o le  p a ir  of lines, th u s  lacks H M S. The re la tiv e ly  large  q u ad ru p o le  
sp lit t in g  (2P  =  0.58 m m /s) in d ica tes  t h a t  th e  iron  has a m ixed  ligand  so lv a tio n  
shell. Since iron  w as d isso lved  in ace tic  ac id  in  th e  p resence  of a ir, t h a t  is of 
o x y g en , th is  re su lt, n am e ly  th e  lack  o f H M S, su p p o rts  o u r ea rlie r su p p o sitio n  
[3] t h a t  u n d e r such co n d itio n s p o ly m er fo rm a tio n  s ta r ts  a f te r  d isso lu tion .

I n  system s co n ta in in g  35%  or 6 0 %  H 20  a considerab le  frac tio n  o f th e  
iro n  is p re sen t in  a fo rm  w ith  a h y p e rf in e  m agnetic  s tru c tu re . T his obv io u sly  
in d ic a te s  th a t  in  th e  la s t  tw o  cases th e  w a te r  m olecules also p a r tic ip a te  in  th e  
fo rm a tio n  of th e  in n e r co o rd in a tio n  sp h ere  o f iron  an d  h in d e r  p o ly m eriza tio n . 
T h e  sh o rt re lax a tio n  tim e  (t SR ~  2 X lO -9  sec), w hich follow s from  th e  re la 
t iv e ly  sm all in te rn a l m ag n e tic  field (H 5/2 500 kOe) an d  from  th e  shape  o f th e
sp e c tru m , ind ica tes t h a t  even  large a m o u n ts  o f w a te r do n o t  d isp lace th e  ace-
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t a t é  or O H  groups, from  th e  in n e r sphere  ow ing to  th e ir  s tro n g er co v a len t 
b o n d in g .

Iro n —a c e ta te  b o n d s  a re  fo rm ed  in  a s im ila r m an n e r if  th e  so lu tion  con
ta in s  e th y le n e -d iam in e-te tra -ace tic  acid  (E D T A ) or n itr ilo tr ia c e tic  acid (N TA ).

T he M össbauer sp e c tra  o f N T A  solutions o f  different p H  are p re sen ted  
in  F ig . 9 (for th e  c o n c e n tra tio n s  see T ab le  I I ) .  A t p H  4 th e  sp ec tru m  can  b e

v (mm Is)
F ig. 9. Mössbauer spectra  of NTA solutions of various pH . a) pH  =  4.0; b) pH  =  2.5;

c) pH  =  1.0

decom posed  in to  a q u a d ru p o le  p a ir  o f lines a n d  a sp ec tru m  com ponen t show ing  
Z eem an  sp litting .

In  th is  so lu tio n  th e  lack  of h y p e rfin e  m ag n e tic  s tru c tu re  m ay be d u e  
e ith e r  to  d im eriza tio n  (po lym eriza tion ) or to  a low -sp in  e lec tron  s tru c tu re . 
To c la rify  th is  p ro b lem  th e  m ag n etic  su sc e p tib ility  o f a so lu tio n  co n ta in in g
0.33 m ol of FeCl.j a n d  0.68 m ol of NTA p er 1000 g o f H 20  w as m easu red  at 
p H  4 th e  te m p e ra tu re  in te rv a l be tw een  95 an d  295 °K . (The co n cen tra tio n  
could  n o t be as low as t h a t  used  in  M össbauer m easu rem en ts , since in  such  a 
case th e  error of su sc e p tib ility  m easu rem en ts  w ould  be  to o  h igh .) The ex p e ri
m e n ta l  resu lts follow  th e  C urie—W eiss law  w ith  i =  30 +  5°. T he ‘sp in -on ly ’* 
v a lu e  is 2.8 +  0.2 В. M .

* The magnetic susceptib ility  m easurem ents were carried ou t in the Central Research 
In s titu te  of Physics, H ungarian  Academ y of Sciences, by Mrs. P a r d a v i-H orváth  to whom 
th e  au thors are indebted for her very careful work.
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T his v a lu e  in d ica tes  low -sp in  s tru c tu re  w hich, h o w ev er, does n o t  u n 
am b iguously  exclude th e  p o ss ib ility  o f d im eriza tion  (p o ly m eriza tio n ), since 
s im ila r ‘sp in -on ly ’ values h a v e  b een  fo u n d  [24] in th e  h ig h s-p in  p o ly n u c lea r 
iro n ( I I I )  a c e ta te  com plex. I n  th e  d im er (or polym er) th e  sp in  of som e iro n  
a to m s m ay  h av e  an  oppo site  o r ie n ta tio n . The re la tiv e ly  h ig h  W eiss c o n s ta n t 
also po in ts  to  an  an tife rro m a g n e tic  in te ra c tio n  and, th e re fo re , if  these  e x p e ri
m e n ta l resu lts  are  e v a lu a te d  to g e th e r , i t  appears th a t  th e  q u ad ru p o le  p a ir  
o f lines can b e  ascribed  to  a p o ly n u c lea r  com plex.

The va lu e  o f H-l2 g ra d u a lly  increases w ith  decreasing  p H  (see T ab le  I I ) ,  
in d ic a tin g  a decrease in  th e  n u m b e r  o f  ace ta te  bonds. T h e  g re a t q u ad ru p o le  
sp lit t in g  of th e  com plex  w ith o u t H M S (2 P  =  1.43 +  0.02 m m /s) show s th a t  
th e  in n er coo rd in a tio n  sphere , th a t  is th e  electron s tru c tu re  o f iron , is h igh ly  
asy m m etric . F ro m  th e  deco m p o sitio n  o f th e  spectra  th e  fo llow ing values are 
o b ta in e d  a t d iffe ren t p H  v a lu es  fo r th e  com ponen t w ith o u t H M S :

p H  =  4.0 68.9 +  4 .5%
p H  =  2.5 58.5 +  14%
p H  =  1.0 0%

In  th e  case of iron—E D T A  complexes no com plete d isap p earan ce  o f th e  
h y p erfin e  m agnetic  s tru c tu re  w as o b serv ed  (Fig. 10). In  th e  so lu tion  of p H  4 
th e  lines [ + 5 /4 (A  —  3 A + ) +  P  +  Й] doubled ; (H 3/2)7 =  540 kOe an d  
(H J2)n  =  460 kO e. T he in te rn a l m a g n e tic  field  of 460 kO e in d ica te s  a s tro n g  
covalence effect. C erta in  a u th o rs  h a v e  concluded from  x - ra y  d iffrac tio n  [25] 
an d  M össbauer m easu rem en ts  [26] t h a t  in  th e  N aF e(O H )2 — E D T A —n .H 20  
com plex , iro n (I I I )  has a co o rd in a tio n  n u m b er of seven, so t h a t  th e  p o ssib ility  
o f  iro n ’s h av in g  a co o rd in a tio n  n u m b e r o f seven in  so lu tion  c a n n o t be dism issed. 
In  th is  case p ro b a b ly  (H 3/ *)// is a ssigned  to  th e  com plex w ith  a coo rd in a tio n

v (m m /s)
Fig. 10. Mössbauer spectra of EDTA  solutions of various pH . a) pH  =  4,0; b) pH  =  3.0
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n u m b e r  of seven, a n d  to  th e  com plex  w ith  a co o rd in a tio n  n u m b er of
s ix . T his a ssum ption  is su p p o rte d  b y  th e  fa c t th a t  a t  p H  3 o n ly  th e  lines o f th e  
l a t t e r  com plex are  p re s e n t, w hile a t  p H  4 th e  ra tio  of th e  tw o com plexes is 
14.6 : 11.5. (In  th e  m o re  acid ic  so lu tion  th e  n u m b er o f non -co o rd in a ted  ace ta te  
g ro u p s  is g reater.)

v ( mm/ s )
F ig. 11. Mössbauer spectra of KSCN solution

The M össbauer sp e c tru m  of th e  so lu tio n  co n ta in in g  th io c y a n a te  is show n 
in  F ig . 11 (for th e  c o n c e n tra tio n s  see T ab le  I I ) . T he sp e c tru m  is th e  superposi
t io n  of the  lines o f th re e  d iffe ren t com plexes (Fe(SC N )x, x  =  1, 2, 3), a fa c t 
t h a t  m akes th e  d eco m p o sitio n  of th e  sp ec tru m  ex trem ely  d ifficu lt. (The possi
b i l i ty  of sep a ra tin g  th e  th re e  com ponen ts in  a sp ec tru m  reco rd ed  w ith  h ig h er 
s ta t is t ic s  over sev e ra l w eeks is, how ever, th eo re tica lly  n o t  .un likely .) The in 
fo rm a tio n  o b ta in ed  fro m  th is  sp ec tru m  is th a t  th e  h ig h e s t H 5I2 =  540 kO e, 
th u s  th e  Fe-SC N  b o n d  h as  a h igher degree o f covalency  th a n  th e  Fe—Cl b o n d .

*
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The in frared  spectra of fifteen 1 ,2 ,3 ,5-tetrasubstitu ted  benzene derivatives are 
analyzed in  detail. Relations are established, p artly  for the frequencies and the in te n 
sities of th e  bands, and partly  for the effects of the substituents on th e  electronic dis
tribu tions, betw een the coupling of v ibrations of the same sym m etry and the stiffening 
effects of th e  interm olecular forces. I t  is clearly established th a t gallic acid tr im ethv l 
e ther forms dim ers to only a sm all ex ten t, while interm olecular hydrogen bonds are 
form ed m ostly  betw een the carboxylic hydroxyl groups and the oxygen atom  of th e  
m ethoxy group. The ő^CH 3 bands of the  sterically hindered m ethoxy groups are strong  
and have anom alously low frequencies.

In tro d u c tio n

In  th e  p re se n t p a p e r th e  in fra red  sp e c tra  o f tho se  1 ,2 ,3 ,5 - te tra su b s titu te d  
benzene  d e riv a tiv e s  are in te rp re te d , in  w hich  th e  f irs t a tom  ( th a t  b o u n d  d i
re c tly  to  th e  a ro m a tic  ring) of each  o f th e  fo u r su b s titu e n ts  is a l ig h t a to m ,
i.e. i ts  a to m ic  w e ig h t is less th a n  20.

I t  can  be  seen from  T able I  th a t  w ith  th e  excep tion  of th e  f in a l co m p o u n d  
th e  s u b s titu e n ts  in  th e  1 an d  3 p o sitions a re  id en tica l.

T he n o rm a l v ib ra tio n s  of th e  com pounds can  be classified in to  tw o  m ain  
g ro u p s [1]. O ne o f th ese  groups c o n ta in s  th e  a ro m atic  ring  v ib ra tio n s , in c lu d 
ing  th o se  n o rm a l v ib ra tio n s  in  w hich  a decisive role is p layed  b y  th e  s tre tc h in g  
a n d  b e n d in g  o f  th e  b o n d  betw een  th e  f ir s t  a to m  o f th e  su b s titu e n t a n d  th e  
co rresp o n d in g  ca rb o n  a to m  of th e  ring . T h ere  are 30 o f th ese  in  each  co m p o u n d , 
an d  th e y  are  d e n o te d  b y  th e  W ilson n u m b erin g  system  [2] re ferring  to  b en zen e . 
T h e  second  g roup  co n ta in s  th e  in te rn a l v ib ra tio n s  o f th e  su b s titu e n ts .

S ch em atic  d iag ram s of th e  n o rm a l v ib ra tio n s  belonging to  th e  f i r s t  g roup  
a re  show n in  F ig . 1. T hese 30 n o rm al v ib ra tio n s  can be classified as fo llow s:

1. T a n g e n tia l ske le ta l v ib ra tio n s  (8a, 8b , 14, 19a, 19b).
2. In -p la n e  b en d in g  C— X  v ib ra tio n s  (3, 9a, 9b, 15).
3. In -p la n e  b en d in g  C— H  v ib ra tio n s  (18a, 18b).
4. R a d ia l sk e le ta l v ib ra tio n s  (1, 6a, 6b , 12).
5. C— X  s tre tc h in g  v ib ra tio n s  (2, 7a, 7b , 13).
6. C— H  s tre tc h in g  v ib ra tio n s  (20a, 20b).
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7. O ut-o f-p lane  ske le ta l v ib ra tio n s  (4, 16a, 16b).
8. O u t-o f-p lane  С—-X v ib ra tio n s  (5, 10a, 10b, 17b).
9. O ut-o f-p lane C— H  v ib ra tions (11, 17a).

Table I 

Ri

K*

N um ber o f  
compound

S u b stitu en t

R 2 R 1 R 3 R 5

I OH OMe COOH
и OMe OMe COOH
h i OEt OMe COOH
IV O-fi-propyl OMe COOH
V OAc OMe COOH
VI OH OH COOMe
v n OH OMe COOMe
VIII OMe OMe COOMe
IX OMe OMe CONH,
X O-allyl OMe CONH,
XI OMe OMe CHO
XII O-allyl OMe CN
XIII OMe OMe NO,
XIV OH NO, NO,
XV CO-n-propyl

l

OH OAc OAc

I t  m u st be n o te d  th a t  qu ite  a few  of th e  lis te d  v ib ra tio n s do n o t co rre 
spo n d  to  th e  sim ple classify ing  n o m en c la tu re : th e y  a re  often  m ix tu res  of severa l 
ty p e s  o f v ib ra tio n  m ode  (e.g. th e  sk e le ta l a n d  C— X  v ib ra tio n s can  n ev e r be  
s e p a ra te d  from  th e  C— H  v ib ra tio n s , or th e  sk e le ta l v ib ra tio n s from  th e  v i 
b ra tio n s  of th e  s u b s ti tu e n ts , and  vice versa).

E xperim en ta l cond itions

T he com pounds w ere stud ied  in  K B r p e lle ts  w ith  P e rk in — E lm er 457 
an d  U R -10 sp ec tro m e te rs . The sp ec tra  are  show n in  Figs 2— 16.
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F i g .  4 . 3,5-Dimethoxy-4-ethoxy benzoic acid (III)

F i g .  3. 3,4,5-Trimethoxy benzoic acid (II)

F i g .  5. 3,5-Dimethoxy-4-propoxy benzoic acid (IV)
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F ig .  8. 3,5-dimethoxy benzoic acid methyl ester (VII)
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F i g .  1 0 . 3,4,5-Trimethoxy benzoic acid amide (IX)

F i g .  1 1 .  3,5-Dimethoxy-4-allyloxy benzoic acid amide (X)

F i g .  1 2 .  3,4,5-Trimethoxy benzaldehyde (XI)



VARSÁNYI, SOHÁR: IN FR A R E D  SPECTRA, 321

2000 1500 1000 700 700 400

3500  3000 2500 2000

Fig. 15. Picric acid (XIV)
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Fig. 13. 3,5-Dim ethoxy-4-allyloxy benzonitrile (X II)

Fig. 14. 3,4,5-Trimethoxy nitrobenzene (X III)
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Fig. 16. 2-H ydroxy-4,6-diacetoxy propiophenone (XV)

Discussion
T h e freq u en cy  regions 

a re  g iven  in  T ab le  I I .
for th e  30 n o rm a l v ib ra tio n s  of th e  a ro m atic  rin g  

Table II

cm - 1 cm  1

1 480—570 11 830—950

2 1150— 1320 12 700—800

3 < 300 13 1090—1200

4 680—740 14 1230— 1260*

5 <300 15 < 300

6a 360 16a 410—480

6b 400—490 16b 520—600

7a 760—830 17a 870

7b 830—970 171. < 300

8a 1570— 1640 18a 1060—1120

8b 1530—1620 18b 1150-1170

9a <300 19a 1470— 1550

9b <300 19b 1410—1440

10a <300 20a 3060 -3120

10b <300 20b 3000—3050

* 1270 — 1380 in phenols
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Tangential skeletal vibrations

T he b a n d  of v ib ra tio n  8a is a lw ays strong . T he freq u en cy  is s tro n g ly  
in creased  b y  n itro  groups s u b s titu te d  in  th e  1 an d  3 po sitio n s (com pound  XIV, 
1637 c m " 1), because th e  v ib ra tio n  is coup led  w ith  th e  s tre tc h in g  v ib ra tio n s  
o f th e  n itro  g roup , and  as a re su lt th e  freq u en cy  is sh if te d  to  h ig h er v a lu es . 
T he freq u en cy  ranges for th e  fiv e  ac ids, th e  th ree  esters a n d  th e  ac id  am ides 
a re  1585— 1622, 1577— 1613 an d  1580— 1583 c m “ 1, re sp ec tiv e ly . T he h igh  
freq u en cy  h a n d  o f  com pound  VI a t  1613 c m -1 can be asc rib ed  to  th e  h y d ro x y l 
g roups in  th e  1 an d  3 positions.

T he freq u en cy  of v ib ra tio n  8b is low er in  every  case th a n  th a t  o f v ib ra 
tio n  8a (th e  carb o n  a tom s s u b s titu te d  a t  positions 2 an d  5 e ith e r  do n o t  v i
b ra te  a t  all, or do so w ith  on ly  a sm all a m p litu d e , in  v ib ra tio n  8a, see F ig . 1). 
T he  freq u en cy  o f v ib ra tio n  8b is also in creased  b y  th e  n itro  su b s ti tu tio n . In  
gen era l th e  b a n d  is w eak ; i t  is s tro n g  on ly  in  th e  sp ec tra  o f th e  esters  a n d  of 
p icric  acid .

T he b a n d  o f v ib ra tio n  14 is g en era lly  stro n g , h u t  in  a few  cases an  acci
d e n ta l d eg en eracy  occurs w ith  n o rm a l v ib ra tio n  2. The freq u en cy  is an o m a lo u s
ly  h igh  if  th e re  is an  in te rm o lecu la rly  b o u n d e d  h y d ro x y l g roup  a t  p o s itio n  2 
in  th e  m olecule (1338— 1374 c m “ 1 in  com pounds I, VI a n d  VII), b ecau se  h e t 
v ib ra tio n  is coup led  w ith  th e  /ЗОН v ib ra tio n  [3]. T he freq u en cy -in creasin g  
effect o f th e  /ЗОН v ib ra tio n  in  th e  sp ec tru m  o f p icric acid  is p a r tia lly  co m p en 
sa te d  b y  a n o th e r  coupling w ith  th e  com ponen ts of th e  N 0 2 v ib ra tio n s  o f b2 
sy m m e try  (1278 c m “ 1).

T h e  b a n d  o f v ib ra tio n  19a is g en era lly  stro n g , w ith  th e  excep tions o f  th e  
n itro  d e riv a tiv e s  an d  of com pound  XV [4, 5]. The freq u en cy  an d  th e  in te n s ity  
d ep en d  to  a large e x te n t on th e  in d u c tiv e  effects of th e  s u b s titu e n ts  (n itro  an d  
a c e to x y  groups). A ccording to  B r o w n  [6], th e  frequency  in  th e  n itro  d e riv a tiv e s  
is a fu n c tio n  of th e  H a m m e tt a. T h e  freq u en cy  of v ib ra tio n  19a is a n o m 
a lo u sly  h igh  in  com pound II; th is  can  be  exp la ined  b y  th e  decreased  c o n ju 
g a tio n  o f th e  g roups su b s titu te d  a t  po sitio n s 2 an d  5. I t  can  be  seen fro m  F ig . 
1 t h a t  v ib ra tio n  19a is to  a la rg e  e x te n t  co n cen tra ted  in  th e  s tre tc h in g  o f  th e  
b o n d s a d ja c e n t to  carb o n  a to m s 2 a n d  5. A ll th e  fif te en  com pounds co n ta in  
o p p o site ly  o rien tin g  su b s titu e n ts  in  th e  2 an d  5 positions, an d  th e re fo re  th e  
q u in o id a l fo rm  is rep re sen ted  to  a fa ir ly  la rg e  p e rcen tag e  am ong  th e  m esom eric  
lim itin g  s tru c tu re s  of th e  ring . I n  th is  lim itin g  s tru c tu re  th e  o rd e r o f th e  b o n d s 
v ib ra tin g  w ith  large  am p litu d e  is sm alle r. T he frequency  is th u s  in c reased  b y  
th e  d ecreased  co n ju g a tio n . T he decreased  co n juga tion  o f com p o u n d  II ca n  be 
ex p la in ed  in  t h a t  ca rboxy lic  ac id  d im ers fo rm  to only  a sm all e x te n t in  th e  
c ry s ta l, w hile in  c o n tra s t w ith  th is  a w eak  hydrogen  b o n d  is fo rm ed  m a in ly  
b y  th e  h y d ro x y l g roup  o f th e  ca rb o x y l w ith  th e  e th e r o x ygen  o f  th e  m e th o x y  
g roup  a t  p o sitio n  5. This h y d ro g en  b o n d  decreases th e  co n ju g a tio n  o f b o th  th e
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c a rb o x y l and  th e  m e th o x y  group. T he fo rm a tio n  of an  in te rm o lecu la r h y d ro g en  
b o n d  w ith  such a s t ru c tu re  can be deduced  from  th e  frequenc ies of o th e r b an d s  
to o  (1, 2, 7a, 7b, 13, <5^CH3, r C = 0 ,  ß О Н , у  O H ).

T he b an d  o f v ib ra t io n  19b is g en era lly  s tro n g , b u t  in  m an y  cases i t  a p 
p e a rs  only  as a sh o u ld e r  because of ac c id e n ta l degeneracy .

In-plane bending C—X  vibrations

A ll in -p lane b e n d in g  C— X  v ib ra tio n s  a re  o f low freq u en cy  and  n o t c h a r
a c te ris tic .

In-plane bending C— H vibrations

T he b an d  o f v ib ra t io n  18a is w eak in  genera l, w ith  th e  excep tion  of com 
p o u n d  XV in  w hich  th e  su b s titu e n t to  be  fo u n d  a t  p o s itio n  5 (acetoxy) is ex 
c ep tio n a lly  of -\-M  e ffec t. As a consequence o f th is , th e  d ifference in  th e  p o la r 
itie s  o f th e  4 and  6 C H  bonds is la rger here . T he b a n d  o f v ib ra tio n  18b is a l
w ays w eak and  n o t  ch a rac te ris tic .

Radial skeletal vibrations

T he b and  of th e  b re a th in g  v ib ra tio n  1 is genera lly  w eak . I t  is o f m ed ium  
in te n s i ty  in  th e  sp e c tra  o f th e  acids an d  o f tr im e th o x y b en za ld eh y d e . T he v i
b ra t io n  is sensitive to  th e  m ass of th e  su b s titu e n ts , an d  th e re fo re  th e  freq u en cy  
is h ig h e r in  th e  case o f  h y d ro x y l groups (529— 565 c m -1). As a re su lt of cou
p lin g  w ith  th e  /Sas N O , v ib ra tio n , th e  n itro  g roup  decreases th e  freq u en cy  
(490 c m -1). The fre q u e n c y  is anom alously  h ig h  in  com p o u n d  II (561 c m -1), 
in  w hich  a hyd ro g en  b o n d  is assum ed to  th e  oxygen  a to m  of th e  m e th o x y  
g roup  a t  position  2. S ince norm al v ib ra tio n  1 is rad ia l i t  is p e rp en d icu la r to  
th is  hydrogen  b o n d , a n d  th is  corresponds to  a freq u en cy  increase.

Because of th e  m a n y  su b s titu en ts  v ib ra tio n  6a is o f low  frequency  an d  
c a n n o t be iden tified  in  th e  spectra  of th e  m a jo r ity  of th e  com pounds. T he b a n d  
o f v ib ra tio n  6b is also  w eak , w ith  th e  ex cep tio n  of com pound  XY in  w hich 
th e  ca rb o n  atom s h a v e  p a rtic u la r ly  v a riab le  p o la ritie s . I t  follow s from  th e  n o r
m a l coord inate  o f th e  v ib ra tio n  th a t  th e  v a ria b le  p o la r ity  re su lts  in  a la rge  
d ipo le  m om ent change . I n  th is  case too  th e  n itro  group reduces th e  freq u en cy  
(404— 455 c m -1).

W ith  th e  e x c e p tio n  of th e  ally l d e riv a tiv e s , th e  b a n d  of v ib ra tio n  12 
is s tro n g . Coupling o f  th e  /3C =  0  v ib ra tio n  o f th e  a ldehyde  an d  ketone  g roups 
a n d  th e  /5SN 0 2 v ib ra tio n  o f th e  n itro  g roups in  th e  1 an d  3 positions decreases 
th e  frequency  (709— 734 c m -1). T he freq u en cy  is ano m alo u sly  high in  com 
p o u n d  II for th e  re a so n  m entioned  in  con n ec tio n  w ith  n o rm a l v ib ra tio n  1.
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С—X stretching vibrations

T he b an d  of n o rm a l v ib ra tio n  2 of th e  sam e p h ase  is alw ays s tro n g , a l
th o u g h  in  a few cases i t  ap p ea rs  as a shou lder as a re su lt o f a cc id en ta l degener
acy . I ts  frequency  depends to  a la rge  e x te n t on th e  m asses of th e  su b s titu e n ts  
in  th e  1 an d  3 positions. In  com pound  VI i t  is a t  1313 c m “ 1, an d  in  th e  tw elve
1 ,3 -d im eth o x y  com pounds i t  is b e tw een  1213 and 1248 c m -1 . O f th e se  th e

Fig. 17

freq u en cy  is th e  sm allest in  com pound  II, in  w hich th e  su b s titu e n ts  are m ore 
w eak ly  con juga ted  w ith  th e  a ro m atic  ring , and  th u s  th e  o rd er o f som e of th e  
C— X  bonds is low er. T he freq u en cy  is m in im um  in  th e  sp ec tru m  o f picric 
ac id , as a re su lt of coup ling  w ith  th e  i>sN 0 2 v ib ra tio n s  o f th e  sam e sy m m etry  
(1159 c m - 1).

In  norm al v ib ra tio n  7a th e  su b s ti tu e n ts  in th e  2 an d  5 positions v ib ra te  
w ith  a la rg e r am p litu d e  th a n  th e  o th ers  (see Fig. 1). T he frequencies can  be 
co rre la ted  w ith  th e  m asses of th e  su b s titu e n ts  in  th e  2 an d  5 p o sitions (Fig. 
17). E x cep tions are  com pounds XI an d  XIV, in w hich th e  /3C =  0  frequencies 
o f  th e  aldehyde group  an d  th e  /?SN 0 2 frequencies of th e  n itro  groups a t  positions
I an d  3 couple w ith  v ib ra tio n  7a an d  decrease th e  freq u en cy , an d  com pound
II w hich has a lread y  b een  m en tio n ed  severa l tim es, in  w hich  th e  o rders o f ju s t  
th e se  C— X  bonds a t  p o sitions 2 an d  5 a re  lower. T he frequency  fo rm u la  ob
ta in e d  for th e  o th e r 12 com pounds b y  th e  m ethod  of le a s t squares is:

v =  873.5— 0.877 M

In  th e  case o f e th o x y , p ro p o x y , ace to x y  or p rop iony l groups a t  p o sition  2 
th e  h a n d  is w eaker, b u t  o therw ise  i t  is o f m edium  in te n s ity  or s tro n g .
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T he m ain  fac to rs  a ffec tin g  th e  freq u en cy  o f v ib ra tio n  7b are  th e  e x te n t 
to  w h ich  th e  m olecule is s tab ilized  b y  in te rm o lecu la r forces, a n d  th e  n a tu re  
o f  th e  groups in v o lv ed  in  th is . The freq u en cy  is th e  g re a te s t (968 c m -1) in  
co m p o u n d  II, in  w hich  i t  is p resu m ed  th a t  th e  m e th o x y  g roup  form s a h y d ro 
gen  b o n d  w ith  th e  c a rb o x y l g roup . Since th e  v ib ra tio n a l a m p litu d e  o f th e  su b 
s t i tu e n ts  in  th e  1 a n d  3 p o sitio n s  is th e  g re a te s t in  th e  v ib ra tio n , th e  sm aller 
o rd e r  o f  th e  bonds a t  p o s itio n s  2 an d  5 does n o t  h o ld  good in  th e  frequency  o f 
v ib ra tio n  7b of co m p o u n d  II. T he v e ry  low in te n s ity  o f th e  b a n d  in  th e  spec tru m  
o f tr im e th o x y b e n z a ld eh y d e  is s tr ik in g ; th is  can  be ex p la ined  in  th a t  th e  c a r
b o n y l oxygen and th e  o x ygens o f th e  m e th o x y  g roups a t  positions 1 an d  3 
v ib ra te  in  opposite  d irec tio n s . A ccordingly , th e re  m u st be  coupling  be tw een  
v ib ra tio n s  7b and  ß C = 0 ;  th is  is also su p p o rted  b y  th e  fa c t th a t  th e  frequency  
o f  th e  fo rm er v ib ra tio n  is re la tiv e ly  h igh (917 c m “ 1), a lth o u g h  th e re  are  no 
in te rm o lecu la r  h y d ro g en  b o n d s . O n th e  basis o f th e  frequencies th e  com pounds 
c a n  be  classified in  th e  fo llow ing groups:

1. In te rm o lecu la r h y d ro g e n  bond  w ith  a m e th o x y  g roup  (com pound II): 
968 c m “ 1.

2. Carboxyl an d  ac id  am ide  d im ers (com pounds III, IV, IX, X): 935 — 
944 c m “ 1.

3. P e rtu rb ed  c a rb o x y l d im ers and  picric  acid  (com pounds I, V, XIV): 
905— 915 c m “ 1.

4 . T rim e th o x y b en za ld eh y d e  (com pound X I): 917 c m “ 1.
5. E sters an d  2 -h y d ro x y -4 ,6 -d iace to x y p ro p io p h en o n e  (VI, VII, VIII, 

XV): 899— 917 cm  “ 1.
6. O ther m onom ers (com pounds XII, XIII): 832— 858 c m “ 1.

T he band  of v ib ra t io n  13 of trig o n a l sy m m e try  is s tro n g  in  general. I ts  
f re q u e n c y  is th e  low est in  th e  spec trum  o f com pound  II (1106 c m “ 1), p re 
su m a b ly  as a re su lt o f  th e  decreased  C—X  b o n d  s tre n g th s  w hich  have  a lread y  
b e e n  m en tioned  sev era l tim e s , an d  in  th e  sp ec tru m  o f p icric  ac id  (1093 c m “ 1), 
w h ere  th e  frequency  is d ecreased  to  such an  e x te n t  b y  th e  coupling  w ith  th e  
jijNOj v ib ra tions.

C— H stretching vibrations

T h e bands of v ib ra tio n s  20a and  20b in  th e  u su a l freq u en cy  in te rv a l [7] 
a re  genera lly  w eak a n d  a re  n o t  ch a rac te ris tic .

O ut-of-plane skeletal vibrations

T h e b an d  of v ib ra t io n  4  is s tro n g  in  th e  sp ec tra  of th e  acids an d  acid 
am id es. T he frequency  is g re a te r  th a n  700 c m “ 1 in  th e  sp ec tra  o f th e  a ldehyde, 
th e  ac id s and  th e  e s te rs , a n d  low er th a n  th is  in  th e  o th e r  sp ec tra . C om pound I 
is a n  excep tion  (691 c m “ 1).
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T he b a n d s  o f v ib ra tio n s  16a an d  16b are  w eak o r a t  m ost o f m ed iu  m  in 
te n s ity . T he b a n d  o f  v ib ra tio n  16b in  th e  sp ec tru m  o f com pound II is s u p e r 
im posed on th e  s tro n g  an d  diffuse b a n d  of th e  yO H  v ib ra tio n .

O ut-of-plane C—X vibrations

All o f th e  v ib ra tio n s  are  of low frequency , so t h a t  th e y  can n o t be  id e n 
tif ied  in  th e  sp e c tra  in  general.

O ut-of-plane С— H vibrations

W ith  th e  ex cep tion  o f th e  cyano  an d  n itro  d e riv a tiv e s  v ib ra tio n  11 a l
w ays ap p ears  as a s tro n g  b a n d . I ts  freq u en cy  can  be  g iven b y  th e  m od ified  
fo rm ula  o f an  ea rlie r p u b lica tio n  [8]:

w here n is th e  n u m b e r of su b s titu e n ts , M  is th e  sum  o f th e  P la t t  spec tro scop ic  
m om en ts o f  th o se  su b s titu e n ts  w hich  are  in  positions ortho or para  to  a t  le a s t 
one h y d ro g en  a to m , M m is th e  sum  of th e  spec tro scop ic  m om ents o f th o se  
su b s titu e n ts  w h ich  are  in  positions meta to  a t  least one su b s titu e n t o f th e  sam e 
o rien ta tio n , a n d  m  is th e  n u m b er o f su b s ti tu e n t p a irs  o f  th e  sam e o r ie n ta tio n  
in  positions meta to  each o th e r. (T hus, in  com pounds XIV and  XV m =  3, an d  
in  all th e  o th e r  cases m — 1). T he v a lu e  o f v0 is d efin ed  b y  th e  fo llow ing  
e q u a tio n  [8]:

v 0 =  932.5 —  56.9* +  4.67 \x —  1.8 (x —  1.8) (2)

x  is a p a ra m e te r  expressing  th e  e x te n t of th e  o rb ita l follow ing, у  c h a rac te rize s  
th e  effects o f  th e  su b s titu e n ts  on th e  basis  o f th e ir  p o sitio n s and  of th e  a m p li
tu d e  re la tio n s  o f  th e  hyd rogen  a tom s.*  In  th e  case o f  1 ,2 ,3 ,5 - te tra su b s titu tio n  
x  =  0 (since th e re  a re  no n e ighbouring  hydrogens), w hile у  can have e ith e r  of 
tw o va lues, d ep en d in g  on w h e th e r th e  tw o hydrogen  a to m s v ib ra te  in  th e  sam e 
(y  =  16) o r in  opp o site  (y =  9) phases. A ccordingly , in  1 ,2 ,3 ,5 - te tra su b s titu 
tio n  v0 =  917 c m -1  an d  n =  4. T he f irs t  te rm  of e q u a tio n  (1) is th ere fo re  877 
c m -1 . In  a d d itio n  to  th is  are  th e  co n tr ib u tio n s  from  th e  spectroscopic m o m en ts . 
T he m od ified  spectroscop ic  m om en ts of th e  su b s titu e n ts  in  positions ortho or 
para  to  h y d ro g en s are  given in  T ab le  I I I  for th e  fif te en  com pounds.

1 0 n 4 -M -L m
6 ( 1 )

* For th e  definition of x, and of у  in Eq. (2), see Reference [8].
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Table III

n o 2 —45 CHO — 19
СООИ —41 OCOCH3 +  8
COOCH, —38 OH +  14

CONH, — 32 OCH3 +  21

CN — 20

T he n itro  g roup  beh av es an o m alo u sly , in  as m uch as th e  spectroscop ic  
m o m e n ts  of th e  o th e r  su b s titu e n ts  can  n o t  be  ta k e n  in to  a c c o u n t a t  all in  th e  
n i tro  d e riv a tiv es . T he frequencies th u s  ca lc u la ted  and  th e  co rrespond ing  ex 
p e rim e n ta l va lues are g iven in  T ab le  IV .

Table IV

Compound
Calculated  

c m ' 1
Experim ental

cm -1 Com pound
Calculated

cm -1
Experim ental

cm -1

I 869 869 IX 860 860

и 869 875 X 860 860

h i 869 863 XI 847 850
IV 869 869 XII 848 852

V 869 871 XHI 912 922

VI 882 881 XIV 944.5 945

VII 866 864 XV 832 832
VIII 866 869

V ib ra tio n  17a is in ac tiv e  in  th e  p o in t-g ro u p  C2y, and  acco rd ing ly  th e  b an d  
is v e ry  w eak an d  can  be id en tified  in  on ly  a few  cases; these a re  g iven  in T ab le  V 
to g e th e r  w ith  th e  frequencies ca lcu la ted  from  equation  (1).

Table V

Compound
Calculated  

cm" 1
Experim ental

cm - 1 Com pound
Calculated

cm -1
E xperim ental

cm -1

I 890 889 IV 890 886

11 890 899 V 869 872

h i 890 883

The characteristic vibrations o f the methyl group

In  th e  case of th e  m e th o x y  g roup  th e  1»SC H 3 v ib ra tio n  ap p ea rs  b e tw een  
2838 an d  2848 c m -1 , genera lly  as a m ed iu m  or strong  b a n d . In  groups o th e r  
th a n  m e th o x y  g roups th e  b a n d  of th e  v ib ra tio n  is very  w eak , w ith  a freq u en cy
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of 2905— 2920 c m -1 . T he rasCH3 is g en era lly  sp lit in to  tw o  com ponen ts, in  th e  
ran g e  2945— 2990 c m ^ 1. The v ib ra tio n a l b a n d  o f th e  dsC H 3 is s trong  fo r th e  
m e th o x y  group, a n d  lies betw een  1310 an d  1345 c m -1 . T h a t  for o th e r m e th y l 
g roups lies betw een  1365 and 1390 c m -1 , b u t  is m uch  w eaker. In  th e  case o f 
th e  m e th o x y  group th e  bands of th e  d^C H g v ib ra tio n s  a re  fa ir ly  s tro n g ; th e ir  
freq u en cy  range is 1435— 1475 c m - 1 . In te re s tin g  freq u en cy  sh ifts can  be  o b 
served  for th e  0 ^ C H 3 v ib ra tio n s. I f  th e  m e th o x y  g roup  is a t  position  2, an d  
is th u s  betw een tw o  o th e r  su b s titu e n ts , o r if  th e re  is a b u lk y  su b s titu e n t (prop- 
o x y  o r ace toxy  g roup) in  its  v ic in ity , th e n  th e  freq u en cy  is v e ry  close to  
1000 c m “ 1. I t  is p ossib le  th a t  in  su ch  a case th e  m e th y l g roup  does n o t lie in  
th e  p lan e  of the  rin g . T he e th o x y  a n d  a lly loxy  g roups do n o t cause su ch  a 
decrease  of the  freq u en cy . In  th e  sp e c tru m  of com pound  II, in  w hich m e th 
oxy—carboxy l b ridges a re  assum ed, th e  b a n d  of th e  m e th o x y  group in  th e  2 
p o sitio n  can no t be id en tified . In  th e  sp ec tra  of th e  o th e r  fo u r tr im e th o x y  d e 
r iv a tiv e s  (com pounds VIII, IX, X I a n d  X III) th e  tw o  <5^CH3 b an d s a p p e a r 
reg u la rly . The m e th o x y  group a t p o s itio n  2 absorbs b e tw een  996 an d  997 c m “ 1, 
an d  th o se  in  positions 1 an d  3 b e tw een  1015 and 1042 c m “ 1, w hile w hen  in  th e  
n e ighbourhood  of p ro p o x y  and a c e to x y  groups th e y  ab so rb  a t  1008— 1012 
c m “ 1. T he rocking b a n d s  of o th e r  m e th y l groups a p p e a r b e tw een  1029 an d  
1040 c m “ 1.

The characteristic frequencies o f the m ethylene group

M ethylene g ro u p s are p resen t in  com pounds III, IV, X an d  XII. T h e 
freq u en cy  ranges o f th e  r sCH2 an d  th e  vasC Il, v ib ra tio n s  are  2880— 2885 an d  
2935— 2942 c m “ 1, re sp ec tiv e ly . T he h a n d s  o f th e  /?SCH., an d  /?asCH„ v ib ra tio n s  
could  n o t be id en tified , b u t  in th e  case o f th e  ally l g roup  a b a n d  of m ed ium  
s tre n g th  appeared  a t  1360 c m “ 1, w h ich  can  be ascribed  to  th e  ysCH2 v ib ra tio n .

Other C— H vibrations in  the side-chain

T he rC H  and /ICH  hands of th e  a ldehyde  group w ere id en tified  a t  2756 
an d  1398 c m “ 1. The th re e  rCH  b a n d s  o f th e  allyl g roup  a p p e a r  a t  ab o u t 3080 
c m “ 1, an d  in the ran g es  3018— 3022 an d  2972— 2980 c m “ 1, respective ly . T he 
la s t o f th ese  th ree  b a n d s  is the  s tro n g e s t. O f th e  in -p lane  b en d in g  v ib ra tio n s , 
tw o can  he iden tified  sa tis fac to rily : th e  one appears b e tw een  1410 an d  1418 
cm 1 as a strong  b a n d  (in th e  acid am id e  th is  overlaps w ith  th e  b an d  o f v i
b ra tio n  19b), and th e  o th e r  is a t 1315 c m “ 1 (th is can  be  fo u n d  on ly  in  th e  spec
tru m  o f th e  n itrile , X II, because in  th e  sp ec tru m  of th e  acid  am ide  i t  is m asked  
b y  th e  ŐSC H 3 band). T h e  frequency  ran g es  o f th e  ou t-o f-p lane  b an d s  are  982— 
987, 9 2 6 —930 and 630— 635 cm 1 (in  th e  acid am ide th e  la s t  o f these  can  sim 
ila rly  n o t  be sep ara ted  from  th e  am id e  V I b an d ). The f irs t  o f th ese  th ree  h a n d s  
is th e  strongest.
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vC =  C vibration

The frequency  o f  th e  v ib ra tio n  in  th e  ally l g roup  is 1644— 1648 c m “ 1, 
w h ile  th e  b an d  its e lf  is w eak.

C— (O H ) vibrations of the carboxyl group

Only th e  s tro n g  s tre tc h in g  v ib ra tio n  b an d  can  be id en tified , be tw een  
1268 and  1278 c m - 1.

О—(CH3) vibrations

The 0 — C s tre tc h in g  v ib ra tio n  of th e  m e thoxy  g roup  ap p ears  betw een  
1179 and  1199 c m “ 1 as a re la tiv e ly  s tro n g  b an d . T he s tre tc h in g  v ib ra tio n  is 
co u p led  w ith  th e  d “sC H 3 v ib ra tio n ; th is  is generally  also show n b y  th e  fa c t 
t h a t  th e  frequency  courses o f th e  tw o v ib ra tio n s  are  o p p o site . W here th e  fre 
q u e n c y  of th e  d ^ C H 3 v ib ra tio n  is 996— 997 c m -1 , th a t  o f th e  rO — (CH 3) is 
1190— 1199 c m “ 1. In  th e  case of m e th o x y  groups in th e  1 a n d  3 positions th e  
freq u en cy  is 1179— 1188 c m “ 1 if  th e re  is no  steric  p e r tu rb a tio n . T he sp littin g  
o f  th e  b and  in  th e  sp e c tru m  o f com pound III is an  in te re s tin g  phenom enon; 
th is  shows th a t  th e  n e ig h b o u rin g  e th o x y  g roup  p e r tu rb s  one o f th e  m e th o x y  
g ro u p s. (There is also a w eak  shou lder on  th e  low er w av e len g th  side of th e  

ban d , w hich  m a y  co rrespond  to  th e  v ib ra tio n  o f th e  p e r tu rb e d  m e th o x y  
g ro u p .) In  m ost cases th e  in -p lane  b en d in g  v ib ra tio n  to o  can  be id en tified  
b e tw een  333 an d  365 c m “ 1.

Stretching vibrations of the C—C—С, C—0 —C and О—C—C chains

The C— C— C ch a in  occurs in  th e  p rop iony l g roup  o f  p rop iophenone 
(com pound ХУ). T h e  frequencies a t t r ib u te d  to  th e  s tre tc h in g  v ib ra tio n s  of 
th e  chain  are 1094 a n d  957 c m “ 1; b o th  b a n d s  are s tro n g . T he C—-0— C group  
ca n  be found in  th e  m e th y l esters  (com pounds VI, VII a n d  VIII). T he frequencies 
o f  th e  asym m etric  s tre tc h in g  v ib ra tio n , in  w hich th e  g re a te r  ro le is p lay ed  b y  
th e  s tre tch in g  o f th e  b o n d  b e tw een  th e  ca rb o n y l carbon  a n d  th e  e th e r oxygen , 
a re  1264, 1290 a n d  1261 c m “ 1 in  com pounds VI, VII a n d  VIII, re spec tive ly , 
a n d  all th ree  b a n d s  a re  v e ry  strong . T h e  C(O)— О b o n d  is s tronger in  com 
p o u n d s  VI an d  VII, because  th e  ca rb o n y l oxygen fo rm s a H -b o n d  w ith  th e  
h y d ro x y l groups, th is  decreases th e  C = 0  b o n d  o rder, a n d  as a re su lt th e  o rd e r 
o f  th e  C(O)— О b o n d  increases (th is is confirm ed b y  th e  rC =  0  frequencies). 
A t th e  sam e tim e , th e re  is coupling  w ith  th e  rO — (CH 3) v ib ra t io n  in  com pounds 
VII and  VIII, a n d  th is  increases th e  freq u en cy  of th e  e s te r  g ro u p . T he freq u en cy  
o f  com pound VII th e re fo re  s tan d s  o u t, w hile in  th e  case o f com pound  VIII th e
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low er frequency  co rrespond ing  to  th e  w eaker bond  an d  th e  increase caused  bv  
th e  coupling com pensate  each o th e r. T he o th e r s tre tc h in g  v ib ra tio n  o f  th e  
ch a in  sim ilarly  gives rise  to  a s tro n g  b an d , be tw een  1004 an d  1007 c m “ 1.

T he s tre tch in g  frequenc ies o f  th e  0 — C— C chain  of th e  ace to x y  group 
a re  1182— 1205 and  944— 957 c m -1 . T he 1182 and 944 c m -1 b an d s  occur in 
th e  sp ec tru m  of com pound  Y, in  w hich  th e  acetoxy  g roup  is s i tu a te d  be tw een  
tw o  m eth o x y  groups. T he frequency-decreasing  effect of th e  s teric  h in d ran ce  
does n o t ap p ear in th e  sp ec tru m  of com pound XV. T he s tre tc h in g  frequencies, 
ascribed  to  th e  О— C— C ch a in  of th e  e th o x y  group are  1114 and  903 c m -1 , 
w hile th e  b an d s for th e  О— C— C— €  chain  of th e  p ropoxy  g roup  are  1130, 964 
an d  820 cm 1 (the 1130 c m -1 b a n d  is m asked  b y  th e  b a n d  of th e  13 v ib ra tio n ).

vC =  0  vibrations

T he carbony l b a n d  can  be found  for com pounds I, III, IV and  V betw een  
1682 an d  1697 c m -1 . In  th e  tw o s tro n g est dim ers, com pounds III an d IV, it  is 
a t  1684 an d  1682 c m -1 . T he freq u en cy  s tan d s  ou t in  com pound  II, in  w hich 
i t  is assum ed  th a t  th e  overw helm ing  p ro p o rtio n  of th e  c a rb o n y l oxygen  is no t 
hyd ro g en -b o n d ed . (The sm all a m o u n t of d im er p resen t is in d ica ted  b y  a sh o u l
d er on th e  low -w avelength  side o f th e  hand .) The s tre tch in g  freq u en cy  of the  
ca rb o n y l group in com pound  II is 1708 c m -1 . W hen th e  h y d ro x y l g roup  is p re s 
e n t in  th e  esters th e  freq u en cy  is 1672— 1677 c m “ 1, an d  o therw ise it  is 1714 
c m -1 . In  com pound VII a fu r th e r  ca rb o n y l b an d  ap p ears  a t  1693 c m “ 1, in 
d ic a tin g  tw o typ es o f in te rm o lecu la r coupling. The rC =  0  frequency  o f th e  
a ld eh y d e , XI, is 1693 c m “ 1, and  th a t  o f th e  ketone , XV, is 1640 c m “ 1. In  th e  
la t te r  case th e  carbony l form s a ch e la te  w ith  th e  h y d ro x y l g roup  in  th e  o rth o  
positio n . The frequency  range  of th e  ace to x y  groups (com pounds V an d  XV) 
is 1763— 1777 c m “ 1. In  th e  d iace to x y  com pound , XV, th e  b a n d  is sp lit.

T he am ide-I v ib ra tio n  has in  th e  m ain  th e  n a tu re  of th e  rC =  0  v ib ra tio n . 
I t s  freq u en cy  is 1660— 1662 c m “ 1.

ßC 0  vibrations

T he ß C = 0  b an d  o f th e  ca rb o x y l an d  este r g roups is w eak or m ed iu m , 
an d  is found  betw een  738 an d  757 c m “ 1. T he ßC= 0  v ib ra tio n s  o f th e  a ld eh y d e , 
th e  ace to x y  group an d  th e  k e to n e  w ere iden tified  a t  788, 818 an d  842 c m “ 1, 
re sp ec tiv e ly . T he b an d s a t  839 an d  840 c m “ 1 were ascribed  to  th e  am id e-IV  
v ib ra tio n , w ith m ain ly  such  a ch a ra c te r .

y C ~ 0  vibrations

T he frequencies o f th e  b an d s  ascribed  to  these  v ib ra tio n s  are : ca rb o x v l 
an d  este r, 668—693 c m “ 1; a ldehyde , 629 c m “ 1 (strong); a ce to x y , 647— 650 
c m “ 1; k e to n e , 587 c m “ 1; am ide-V , 655— 665 c m “ 1.
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The phenolic О— H vibrations

T he vOH b an d  is g en e ra lly  a s trong  d o u b le t b e tw een  3260 an d  3560 c m -1. 
T he frequency  is leas t in  com pound  I, in w hich  th e  h y d ro x y l group form s a 
b rid g e  w ith  th e  ca rb o x y l g ro u p ; here, how ever, th e  h igh er-freq u en cy  com po
n e n t belongs no t to  th e  p h en o lic , h u t to  th e  carboxy lic  h y d ro x y l. I t  is g rea te s t 
in com pound  VII, in w hich  th e  m ethoxy  g roups a d ja c e n t to  th e  h y d ro x y l group 
p re v e n t th e  association  o f  th e  ester ca rbony l. (Two ca rb o n y l b an d s can be 
fo u n d  in th is sam e sp e c tru m  !) The do u b le t in  com pound  VI there fo re  arises 
b ecau se  of tw o ty p es  o f h y d ro x y l group, an d  th a t  in  com pound  VII as a re su lt 
o f  tw o  typ es of in te rm o le c u la r  bond.

T he /ЗОН frequencies arc  in accordance w ith  th e  conclusions d raw n from  
th e  s tre tch in g  v ib ra tio n s . C orresponding to  th e  associa tion , th e  frequencies 
in  com pounds I, VI an d  XV are  1200—1207 c m 4  (it is concealed  b y  th e  acet- 
o x y  h an d  in com pound XV), an d  in com pound VII is 1190 c m -1 . The frequency  
ran g e  of th e  yO H  v ib ra tio n s  in  th e  case o f in te rm o lecu la r b ridges of d iffe ren t 
s tre n g th s  is 550— 590 c m -1 , an d  a t the  sam e tim e  th e  b an d s  are also very  
d iffuse . On th e  o th e r h a n d , in  th e  spec trum  o f th e  che la te -fo rm ing  com pound 
XV th e  b and  is sh a rp  a n d  ap p ears  a t 617 c m -1 .

0 —H vibrations of the carboxyl group

The b an d  of th e  s tre tc h in g  v ib ra tio n  is sh a rp  in  com pound  I (3405 c m -1 ), 
b ecau se  here th e  h y d ro x y l group does n o t fo rm  a b ridge . In  com pounds II, 
III, IV and V can be fo u n d  th e  ch a rac te ris tic  b a n d  s tru c tu re  for b ridg ing  c a r
bo x y lic  hydroxy l. In  th e  case of the  dim eric s tru c tu re  th e  /Ю Н v ib ra tio n  a p 
p ea rs  a t  1415— 1420 c m -1 as a strong  b a n d . In  th e  sp ec tru m  of com pound II 
(b ridge  form ed w ith  m e th o x y ) it is a t  1388 c m -1 . I t  c an n o t be iden tified  in  th e  
sp e c tru m  of com pound  I. T he yO H  b and  is d iffuse, an d  its  frequency  is 925—  
927 c m -1 in the  sp ec tra  o f com pounds III, IV an d  V, w hile in  th e  very  m uch 
w eak er in te rm o lecu la r b o n d  in  com pound II th e  b an d  ap p ears  a t  a m axim um  
o f 580 c m -1 . The p e rp e n d ic u la r  v ib ra tio n  o f th e  free h y d ro x y l group in  com 
p o u n d  I gives a band  a t  a p p ro x im a te ly  th e  sam e position  as does th e  phenolic 
h y d ro x y l in th e  b rid g e  (ca. 580 cm -1).

C N vibrations

In  th e  sp ec tru m  o f com pound  XII th e  rC s= N  v ib ra tio n  appears a t  2235 
c m -1 , and  th e  b en d in g  a t  563 c m -1 .

N —H vibrations

The vsN H , and  r asN H 0 v ib ra tio n s o f th e  am ino  g roup  can be found a t 
3185— 3190 and  3355— 3365 c m -1, resp ec tiv e ly , in  th e  sp ec tra  of th e  tw o acid

Acta Chim. (Budapest) 74, 1972



VARSÁNYI, SO H Á R: IN FR A R E D  SPECTRA, I 3 3 3

am id es. A b a n d  o f m edium  s tre n g th  is found  alike a t  747 c m -1 in  b o th  sp e c tra ; 
th e se  are  te n ta t iv e ly  ascribed to  th e  /?QSN H 2 v ib ra tio n  of th e  am ide g roup  in  
p ra c tic a lly  a p la n e  con figu ra tion .

Vibrations o f the nitro group

The freq u en cy  range of th e  r asN 0 2 v ib ra tio n  is 1526— 1555 c m -1 , an d  
th a t  o f th e  t sN 0 2 one is 1322— 1348 c m '1. In  th e  sp ec tru m  of p icric ac id  b o th  
a re  sp lit b y  20— 25 w avenum bers, th is  can  be exp la ined  b y  th e  c h e la te -fo r
m a tio n  of one o f  th e  n itro  groups. T he scissoring v ib ra tio n  appears as a w eak  
b a n d  a t  828— 836 c m -1 , b u t in  th e  sp e c tru m  o f p icric  acid  th e re  is a lso  a s tro n g  
b a n d  a t  924 c m -1 , w hich may b e  asc rib ed  to  th e  ßs N 0 2 v ib ra tio n  o f th e  n itro  
g ro u p  in  th e  c h e la te . The /?ŰSN 0 2 v ib ra tio n  can be found  as a w eak b a n d  a t  
524— 528 c m -1 . T h e  strong  b an d s  o f th e  ysN 0 2 v ib ra tio n  ap p ear b e tw een  734 
a n d  753 c m -1 , as a half-m erged d o u b le t in  th e  sp ec tru m  of p icric acid , a n d  sim 
ila r ly  doubled  as a consequence o f  F erm i resonance in  th e  sp ec tru m  o f com 
p o u n d  XIII.

Amide-II, am ide-III and amide-IV

T h e a m id e -II  b a n d  appears in  b o th  sp ec tra  a t  1620 c m -1 , th e  a m id e - I I I  
a t  1393— 1397 c m -1 , and  the am id e-V I a t  630— 635 c m -1 . T he la t te r ,  in  acco rd 
ance  w ith  its w agg ing  charac ter, g ives a diffuse ban d .
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FERMI STATISTICAL TREATMENT OF ACID-BASE

D I S T R I B U T I O N  A N D  A C I D I T Y  O F  I N D I V I D U A L  P R O T O N  H Y D R A T E S  

I N  C O N C E N T R A T E D  A Q U E O U S  S O L U T I O N S  O F  P E R C H L O R I C  A C I D

I . R u f f  and B . L aczkó

( Department o f Inorganic and Analytical Chemistry, L. Eötvös University, Budapest)

A  F e r m i  s t a t i s t i c a l  a p p r o x i m a t i o n  h a s  b e e n  a p p l i e d  t o  d e s c r ib e  t h e  r e s u l t a n t  
a c i d i t y  f u n c t i o n  o f  c o n c e n t r a t e d  a q u e o u s  p e r c h lo r i c  a c i d  s o l u t i o n s  f r o m  2 t o  2 5  m  i n  
t e r m s  o f  v a r i o u s  i n d i v i d u a l  p r o t o n  h y d r a t e s  o f  d i f f e r e n t  a c i d  s t r e n g t h .  T h e  r e s u l t s  
i n d i c a t e  t h e  p r e s e n c e  o f  m o n o - ,  d i - ,  t r i - ,  p e n t a - ,  n o n a - ,  a n d  d e c a - h y d r a t e s  o f  t h e  h y -  
d r o n iu m  io n  in  t h i s  c o n c e n t r a t i o n  r a n g e .

In  a p rev ious p ap e r [1] a new  d efin itio n  o f th e  p H  has been  given on th e  
basis o f th e  F e rm i s ta tis tic s  o f p ro to n s  in  p ro to n ic  so lv en ts . A ccording to  th is  
de fin itio n , th e  p H  is equal to  th e  F e rm i energy  o f p ro to n s , if  th e  energy  is 
m easured  in  k T  In 10 u n its , th e  ze ro -p o in t o f th e  energy  scale is su itab ly  a d 
ju s te d , an d  th e  co n cen tra tio n  of th e  acid—b ase  com ponen ts is given in  m o la lity . 
The m odel used led to  a general e q u a tio n  for th e  precise  ca lcu la tion  o f p H  in  
an y  d ilu te  ac id -b a se  system . T his e q u a tio n  is free of an y  restric tio n s w ith  r e 
spect to  acid  s tre n g th  and  th e  co m position  o f th e  so lu tio n .

The m a th e m a tic a l a d v a n ta g e  o f th e  F e rm i s ta tis t ic a l  tre a tm e n t p ro m p te d  
us to  ex ten d  its  ap p lica tio n  to  c o n c e n tra te d  so lu tions. B ecause o f th e  d ifficu l
ties a rising  from  th e  com plica ted  n a tu re  o f th e  in te ra c tio n s  in  such sy s tem s, 
th e  te s t  o f a p p licab ility  w as lim ited  to  th e  s im p lest case o f aqueous perch lo ric

F erm i s ta tis tic s  gives co rre la tio n  be tw een  th e  energy  s ta te s  of c e r ta in  
p artic les in  a system  and th e ir  d is tr ib u tio n  over th ese  s ta te s :

PROCESSES, II

R e c e i v e d  S e p t e m b e r  2 0 ,  1 9 7 1

1. Introduction

acid.

2. The model

( 1 )

w here N  is th e  to ta l  n u m b er of p a rtic le s  w hose s ta tis tic s  is considered, nt is 
th e  n u m b e r of possib le  energy levels JE,-, an d  th e  fu n c tio n  F, is
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E f b e in g  th e  F e rm i level, к th e  B o lzm ann  c o n s ta n t, and  T  th e  te m p e ra tu re  in  
K .  T h u s , for th e  d esc rip tio n  of a sy stem , one has to  know  all th e  energy  and  
d e g en e ra tio n  o f a ll s ta te s , and  th e  to ta l  n u m b e r  of pa rtic le s  invo lved . I f  so, 
th e  F e rm i energy  o f  th e  system  is defined , an d  i t  rep resen ts th e  “ average  o u t
w a rd s  b e h a v io u r”  o f th e  system .

F o r d ilu te  so lu tio n s, it  has been  show n  th a t  th e  F erm i level o f an  a c id -  
b ase  sy stem  can be  d efin ed  b y  four te rm s  accord ing  to  E q . (1):

n a “f~ na — П1){Е/г Ч- Fp) “b naFa -(- Hb Fb , (3)

w h ere  n 0, na, an d  пь a re  th e  n u m b er o f w a te r , acid , and  base  m olecules, resp ec
t iv e ly , w hile th e  F ”s co rrespond  to  th e  energ ies of p ro tons in  w a te r  (E h), h y d r-  
o n iu m  ion (Ep), ac id  (Ea), and  base m olecule  (Ef,). Since in fin ite  d ilu tio n  has 
b e e n  assum ed, th e  n u m b e r of possib le levels can  be s im p ly  ca lcu la ted  w ith  
re sp e c t to  th e ir  d eg en eracy  w hich is eq u a l to  th e  num ber of like m olecules d is
so lv ed , th e re  bein g  no in te rac tio n  b e tw een  th e m , and  th u s  no sp littin g  occurs. 
(O n ly  one p ro to n  p e r w a te r  m olecule h as  b een  ta k e n  in to  acco u n t, because  
th e  d issocia tion  o f th e  second one can  be  safe ly  neglected .) E q . (3) is v a lid  fo r 
u n iv a le n t acids an d  bases. I f  m u ltiv a le n t ones are to  be considered , th e  th ird  
a n d  fo u r th  te rm s on  th e  rig h t h an d  side o f  E q . (3) m ust be rep laced  b y  a su m  
o f th e  form  na(F ai +  Fa2 +  • • . +  F ak).

I t  has also b een  show n th a t  th e  im p lic it E q . (3) gives good resu lts  w hen  
so lv ed  w ith  re sp ec t to  E F b y  n u m erica l m e th o d s. I t  a c c u ra te ly  describes th e  
p H  o f th e  so lu tions o f s tro n g  and  w eak  ac ids an d  bases, h y d ro ly z in g  sa lts  w ith  
s tro n g —weak as w ell as w eak -w eak  co m p o n en ts , bu ffer so lu tio n s, e tc . B y  c e r ta in  
sim p lifica tio n s, i t  can  he  tran sfo rm ed  in to  th e  w ell-know n ap p ro x im a te  e q u a 
tio n s .

T he f i t t in g  o f  th e  energy  scale re la tiv e  to  w hich th e  levels should  be m eas-
u re d  leads to  th e  re la tio n  [I] :

E p =  k T  In n 0 (4)
a n d , there fo re :

E h =  — k T (In K w +  In n 0). (5)

A ccord ing  to  E q . (4), it  is v e ry  c o n v en ien t to  choose n 0 as h av in g  th e  c o n s ta n t 
v a lu e  o f 55.5 m ol fo r w a te r. This is w h y  m o la lity  should  be u sed , since o th e r 
w ise th e  energy  scale w ould be sh ifted  w ith  changing m o la r ity  an d  w ould  
d ep en d  on th e  d e n s ity  o f th e  so lu tion . T h e  erro r caused b y  re fe rrin g  th e  p H  
to  m o la r ity  becom es ev iden t in  th is  w ay , an d  one source o f th e  m islead ing  
u sag e  o f ‘a c tiv ity  coeffic ien t’ —  a co n cep t t h a t  has too  m a n y  ph y sica l m ean ings 
to  h a v e  an y  —  is im m ed ia te ly  rev ae led . I f  E q s  (4) and  (5) h o ld , we h av e :

p H  =  — E F/k T  In 10 . (6)
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I f  E a an d  Ei, a re  be tw een  th e  tw o lim its  o f E p a n d  E h, th e y  co rrespond  
to  weak acids and  b ases, re spec tive ly . T he te rm  s tro n g  acid m eans th a t  E a is 
in th e  energy  ran g e  above level £  , an d  sim ilarly  a s tro n g  base is re p re se n te d  
b y  a level below  E h. E x c e p t energy , th e  levels are  n o t d istingu ished  b u t  b y  
th e ir  occu p a tio n  in th e  in itia l s ta te , w hile in  eq u ilib riu m , every  occupied  s ta te  
gives an  acid ic  species an d  every  unoccup ied  one co rresponds to  a basic  species. 
F o r th e  four ty p es  of levels in the  sim p lest case th e se  cond itions are  show n in  
T able I.

Table I

No.
Symbol 
of the 
energy

Value of the  levels 
a t 298 К 

(kcal/mol)

Occupied
state

Unoccupied
state

«0 E n 2.38 H30.+ (H ,,0)~ (H20 ) M

Щ e p
variable BH + в

na E„ variable HA A -

«0 E h —21.15 (H20)=o 0 H - ( H 20)oo

The energy  of th e  (in itia lly ) acid ic an d  basic  levels should  he ca lcu la ted  
as follows:

E 0 =  —  AT In K a (7)
and

Eh =  — k T (In K b —  ln  K J  (8)

w here K a an d  Кь a re  th e  d issociation  c o n s ta n ts  o f th e  acid  and  base, re sp ec 
tive ly .

F o r c o n c e n tra ted  so lu tions, th e  p ic tu re  becom es m u ch  m ore com plica ted  
owing to  sev era l fa c ts , viz.

(i) T he in te ra c tio n  betw een  th e  species is m a in ly  o f th e  ‘charge—ch a rg e ’ 
an d  ‘d e h y d ra tio n ’ ty p e . T his la t te r  arises from  co m p e titio n  betw een  th e  sp e 
cies for w a te r m olecules w hich involves charge—dipole in te ra c tio n , as w ell as 
hydrogen  b o n d in g . T he charge—charge in te ra c tio n  a lw ays lowers th e  energy  
o f th e  ions in  q u es tio n , w hile m u tu a l d e h y d ra tio n  increases it, affecting  b o th  
ions and  u n ch a rg ed  m olecules.

In  genera l, th e  re su lt  of these  in te rac tio n s  is th a t  th e  levels whose degree 
o f degeneracy  can  be reg a rd ed  as equal to  th e  n u m b e r o f id en tica l m olecules 
involved  in  th e  d ilu te  sy stem , undergo  sp littin g  in to  a b a n d . The s tro n g er th e  
in te rac tio n , th e  g re a te r  th e  b an d  w id th .

(ii) Once a co n c e n tra tio n  has been  reached  above  w hich th e  acid  or 
base  ex h ib its  w eak  c h a ra c te r , p o ly m eriza tio n  becom es possib le, i.e. th e  pro - 
to n a te d  species form  c lu ste rs  like, e.g., A— H  . .A — H  . . A - . In  o th e r w ords, 
d e h y d ra tio n  w ould  co m p ete  w ith  depo ly m eriza tio n . S uch  a b eh av io u r can

Acta Chim. (Budapest) 74, 1972



338 R U F F , LACZKÓ: ACID BASE PROCESSES, I I

m ain ly  be  expected  fo r h y d ro g en  h a lid es , b u t ,  of course, i t  m u s t ex ist in  all 
cases w hen  w ater ten d s  to  be th e  so lu te  a n d  base  anions s ta r t  to  so lv a te  th e ir  
ow n p ro to n a te d  form .

C om petition  is re flec ted  q u a n ti ta t iv e ly  in  th e  s ta tis t ic a l  d is tr ib u tio n . 
Since a v e ry  com plicated  p rob lem  is en co u n te red  in  th e  u su a l t r e a tm e n t, viz. 
th e o re tic a l d e te rm in a tio n  o f th e  possib le  levels, and , th e n , d esc rip tio n  of th e  
av e rag e  b eh av io u r o f th e  sy stem , we in te n d  to  app ly  th e  rev e rse  p ro ced u re : 
from  th e  know ledge o f  th e  F erm i level as a fu n c tio n  of th e  c o n c e n tra tio n , le t 
us f in d  th e  energy of th e  s ta te s  w hich a re  in d ep en d en t of c o n cen tra tio n .

L e t us choose th e  s im p lest possib le case, th e  c o n cen tra ted  so lu tion  o f an  
in f in ite ly  s trong  acid . N m r d a ta  on p e rch lo ric  acid show [2] th a t  i t  beh av es 
as a s tro n g  acid up to  a b o u t 27 m  (m is m o la lity ).

W e can u tilize , f ir s t ,  th e  sim p lifica tio n s following from  th e  case chosen:

nb — 0, (9)

F a  =  o ,  ( 1 0 )
since E a E h;  and

F h  =  1 ,  (1 1 )

b ecau se  E h E F. T his la t te r  co rre la tio n  m eans th a t  no H 3O f is form ed due 
to  th e  self-ionization  o f  w a te r  w hich  is d o u b tless tru e  in  co n c e n tra ted  acid 
so lu tio n s . Consider now  th e  only  rem a in in g  b an d , th a t  o f  th e  h y d ro n iu m  
ions. In  co n stru c tin g  a m odel to  o b ta in  in fo rm a tio n  ab o u t th e  s tru c tu re  o f th is  
b a n d , one can in tro d u ce  th e  follow ing ap p ro x im atio n s .

Approxim ation 1 : T he  so lu tion  is assum ed  to  consist o f a m ix tu re  of 
H 3O t - iH 20  species su rro u n d ed  b y  CIO^ ions in  such a w ay  th a t  (a) th e re  are  
no com m on w ater m olecules b e tw een  tw o  or m ore such  p ro to n  h y d ra te s ; 
(b) p e rch lo ra te  ions are  n o t so lv a ted , an d  th e  w a te r dipoles in  th e ir  v ic in ity  
(o r ie n ta te d  in the  sam e w ay  w h e th e r u n d e r th e  influence of th e  n eg a tiv e  charge 
o f th e  p erch lo ra te  ion or th e  positive  ch arg e  of th e  p ro to n  from  th e  opposite  
d irec tio n ) belong to  th e  p ro to n ; (c) th e  an io n s, how ever, belong  a t  leas t to  
tw o  p ro to n  h y d ra tes  s itu a te d  a t  th e ir  b o rd e r  line.

Approximation 2: All w a te r m olecules are  involved  in  a h y d ra te , i.e. no 
w a te r  c lu ste rs  are fo rm ed .

Approxim ation 3: C harge—charge in te ra c tio n  is lim ited  to  th a t  betw een  
p ro to n s  an d  th e ir  c losest p erch lo ra te  ne ig h b o u rs; an y  o th e r  effects of th is  
ty p e  a re  assum ed to  be  sh ielded  by  th is  c losest sphere of an ions.

W ith  these ap p ro x im a tio n s  th e  m o st ad v an tag eo u s p ro p e r ty  of th e  sy s
tem  is th a t  the  s tru c tu re  of th e  species rem ain s u n a lte red  w ith  chang ing  con
c e n tra tio n , i.e. th e  g enera l b eh av io u r o f th e  system  is d e te rm in ed  solely b y  
th e ir  re la tiv e  am o u n t.

Acta Chim. ( Budapest)  74, 197?



R U FF, LACZKÓ: ACID-BASE PROCESSES, 3 3 9

T hus assign ing  an  energy E; to  th e  i th  h y d ra te , one o b ta in s

na =  _>; n, F,
i = o

( 12)

w here re, is th e  m ax im u m  n u m b er o f  th e  i th  h y d ra te  t h a t  can  be fo rm ed . D ue 
to  th e  in te ra c tio n s  to  be considered , all re,’s would d ep en d  on th e  p o p u la tio n  
o f  th e  o th e r levels, th u s , rigorously , F e rm i s ta tis tic s  w ould  have  to  be rep laced  
b y  o th e r s ta tis tic s  allow ing th is  ty p e  o f in te rac tio n s , in  w hich  th e  occu p a tio n  
Fj w ould d iffer from  th a t  given b y  E q . (2). R e ta in in g  th is  fo rm u la , one m ay  
in tro d u ce  approximation 4., viz. t h a t  th e  p ro b ab ility  o f  occu p a tio n  is given 
b y  th e  F erm i s ta tis tic s  even if  th e  n u m b e r of levels w ith  id en tica l energies is a 
fu n c tio n  of th e  F erm i level.

The co rrec tn ess  of th is  a ssu m p tio n  can be checked  m a th e m a tic a lly  by  
exam in ing  w h e th e r th e  dependence o f th e  Ferm i energy  on th e  co n cen tra tio n  
can  be described  b y  E q . (12), in w hich  th e  re,'s are fu n c tio n s  of E F b u t  th e  F,-’s 
a re  n o t.

Since i t  can  be expec ted  th a t  th e  energy of an y  h y d ra te  is low er th a n  th e  
energy  of tho se  co n ta in in g  few er w a te r  m olecules in  th e ir  h y d ra tio n  spheres, 
th e  i th  h y d ra te  m ay  ta k e  aw ay xvater m olecules from  th e  h igher ones an d  
su p p ly  th em  to  th e  loxver h y d ra te s , depend ing  on w h e th e r  th e  o ccu p a tio n  of 
its  oxvn level or th a t  o f th e  levels o f  loxver h y d ra tes  is req u ired  b y  th e  ac tu a l 
v a lu e  of th e  F e rm i energy . In  o rder to  fo rm u la te  th is , le t  us define th e  av erag e  
h y d ra tio n  n u m b e r as follows:

(13)

T hus th e  p lo t o f th e  to ta l acid c o n c e n tra tio n  vs. i gives a h y p erb o la :

1 +  i
(14)

A t any  value o f i, th e  to ta l  c o n c e n tra tio n  of the  acid co rresponds to  th e  sum  
o f indiv idual h y d ra te s . C onsider e.g. th e  case of i =  1: i f  no species o th e r  th a n  
H 30  + • H 20  a re  fo rm ed  ( i = l ) ,  its  m ax im u m  n u m b er cou ld  be re0/2. H ow ever, 
since n o n -h y d ra te d  H 30 ^  m ay  also ex is t a t  th is  av e rag e  co n cen tra tio n , th e  
v a lu e  of re1 shou ld  be co rrec ted  to  ( n j 2) (1 — F 0). (N o n -h y d ra te d  H 30 T is 
th e  ‘s tro n g e s t’ in  ta k in g  aw ay w a te r  m olecules from  th e  h igher h y d ra te s ) . 
S im ilarly , re2 =  (re0/3) [(1 —  F (t) F , ], a n d  following th is  p rocedure  we h av e  
in  general:

n_ 1 l )J+1 i l  Fn ■
k=i—j —1
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S u b s titu tin g  th is  an d  E q . (14) in to  E q. (12), we o b ta in  th e  f in a l fo rm :

у
1= 0

1

1 -(- i i + 2 ( -  iy+1 f f  F i
y=0 k=i—j — 1

1

T + i
( 1 6 )

E q . (16) co n ta in s  o n ly  th e  c o n s tan t p a ra m e te rs  of th e  energies of th e  levels 
a n d  a single value o f th e  F e rm i energy w ith  re sp ec t to  th e  a c tu a l  value of th e  
av e rag e  h y d ra tio n  n u m b e r  i. In  th is  w ay , a se t o f eq u a tio n s can  be c rea ted , 
u s in g  th e  exp erim en ta l d a ta  o f th e  E F(i) fu n c tio n , invo lv ing  as m an y  equa tions 
o f th e  ty p e  of E q . (16) as th e re  are  d iffe ren t ones w ith  re sp ec t o f  th e  pairs of 
E f an d  i values ta k e n . T h is  se t of eq u a tio n s  p e rm its , th e n , to  com pute th e  
u n k n o w n , co n stan t E,-’s.

3. R esults and discussion

T he com p u ter p ro g ra m  is based  on a sim ple i te ra tio n  p ro ced u re , m odify 
ing one Е г a t a c o n c e n tra tio n  w here its  c o n tr ib u tio n  to  th e  to ta l  ac id ity  can  
b e  expected  to  be s ig n if ic a n t, u n til th e  e q u a lity  in  E q . (16) is sa tisfied  to  five 
s ig n ifican t digits. I te r a t io n  w as s ta r te d  w ith  i =  1, b y  ta k in g  sm all, a rb itra ry  
v a lu e s  for th e  o th e r E ^s. I f  no eq u a lity  could  be reached  ow ing to  th e  w rong 
en e rg y  values n o t v a r ie d  in  th a t  s tep , th e  energy , a c tu a lly  m odified , w as 
low ered  to  one h a lf  o f  i ts  fo rm er value , an d  ite ra tio n  was s ta r te d  again  w ith  
i =  1. The h ighest possib le  va lu e  of th e  energy  w as allow ed to  be  10E r  I f  th is  
lim itin g  value o ccu rred  in  severa l runs for a ce rta in  i, regard less o f th e  s ta r tin g  
p a ra m e te rs  v a ried , we a c c e p ted  i t  as p ro o f o f th e  absence o f th is  species, i.e. 
no so lu tion  of th e  e q u a tio n  could  be o b ta in ed  w ith  an y  v a lu e  com m ensurab le  
w ith  th e  o ther energ ies.

The sum m atio n  in  E q . (16) was m ad e  over th e  range  o f 1 to  27 for i. 
S ince th e  n on -ex istence  o f  species w ith  i  23 was in d ic a te d  in  th e  above 
m ean in g , no ap p rec iab le  e rro r was caused  b y  c u ttin g  th e  series a t  i — 27.

The H a m m e tt a c id ity  fu nc tion  of co n c e n tra ted  perch lo ric  acid  was used 
as th e  corresponding  F e rm i energy value . A lthough  i t  is n o t  confirm ed th a t  
H 0 ac tu a lly  m easures th e  a c tiv ity  of th e  p ro to n s  w ith o u t a n y  correction  fo r 
th e  in d ica to r a c tiv itie s , th e re  is no o th e r fu n c tio n  availab le  in  th e  higher con
c e n tra tio n  range. T h u s  approximation 5 seem s to  be th e  choice: E F =  — H nk T  
In 10. The correc tness o f  th is  assu m p tio n  can n o t be co n firm ed  b y  an y  in 
d ep en d en t re su lt, a n d  so th e  fu r th e r  conclusions are  on ly  ‘se lf-consisten t’ 
w ith  respect to  th e  m o d e l used , b u t  i t  w ould  req u ire  fu r th e r  p ro o f th a t  i t  re 
f lec ts  rea lity  indeed .

The resu lts  o f  th e  ca lcu la tio n  are co llec ted  in  T able I I .  T he accuracy  of 
th e  energies s lig h tly  decreases w ith  increasing  i (m ain ly  in  th e  range of i =  6 
to  9 and  i =  15 to  27), as show n b y  re p e a te d  ru n s  w ith  v a rio u s s ta r tin g  p a ra m 
e te rs .
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T he o ccu p a tio n  o f th e  in d iv id u a l levels is show n in F ig . 1. T he d ev ia tio n  
from  th e  1/(1 -(- i) cu rv e  (d o tte d  line), w hich co rresponds to  o m ittin g  th e  case 
o f i =  22, is q u ite  sm all, th o u g h  s ign ifican t below  3.5 m . T his can  be a t tr ib u te d  
to  th e  fa c t th a t  e ith e r  a p p ro x im a tio n  2 does n o t hold  in  m ore d ilu te  so lu 
tions or som e la rg e  h y d ra te s  are  p resen t indeed  w hich  la t te r  in te rp re ta tio n  
is m ore  p robab le  in  lig h t of som e newr resu lts on th e  m ob ility  of p ro to n s [3].

Concentration , m

Fig. 1. Population of th e  individual hydronium  hydrates, n / l ':. vs. the average hydration  
num ber, J (lower scale) or concentration  (in molality, upper scale). The num ber of additional 
w ater molecules hound to  H 30 + are indicated by the figures nex t to the given curves. The 

hyperbola n j n 0 — 1/(1 -f- 7) corresponds to the am ount relative to th a t of w ater

I t  is to  be n o te d  th a t  —  ex cep t for th e  case of i =  5 —  th e  energy values 
give a reaso n ab ly  series w ith  re sp ec t to  th e  s tru c tu re  of th e  h y d ra te s . T he 
sy m m etrica l species H 210/o a n d  H 230 ( i  do m in a te  in  a b ro a d  range, w hile th e  
a sy m m etrica l ones (H ^O ,/", H 17Ojf, H 190 ^ )  do n o t ex is t p rac tica lly .

T h e  t r ih y d ra te  o f  th e  h y d ro x o n iu m  ion, H gO f, h as  a co p lan ar a rra n g e 
m en t o f  th e  four o x ygen  a to m s [4]. T hus th e  n o n a h y d ra te  can  be considered  
as a t r ih y d ra te  c o o rd in a tin g  six  fu r th e r  w a te r m olecules to  its  free p ro to n s . 
In  th e  d irec tion  p e rp e n d ic u la r  to  th e  p lane o f th e  tr ih y d ra te , th e  h y d ro g en  
b o n d  is m ark ed ly  w eak er th a n  w ith in  th e  p lane , a lth o u g h  i t  seems to  com pete  
w ith  w a te r  m olecules in  th e  second coo rd ina tion  sphere. H ence, th e  decahy-
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Table II

i formula £ ’i/kcal/mola pKi

1 H5O t 10.70o —7.89 j
2 H 7O j 7.89„ - 5 .8 1 ,
3 H,,0+ 5.79 —4.2,
4 H „ o t noneb
5 H ,30 ‘ 3.9 - 2 . 9
6 H 150+ none
7 H 17OJ none
8 ^19^9 none
9 H 21O+0 3.8 2.8

10 H 230+ 2-l„ 1.5,

11—21 none
22 H470 t 3 uncertain ca. 1.2 ca. —0.9

23—27 none

a Energy is given relative to the zero point defined by Eq. (4), i.e. it is fitted to the 
conventional pH scale.

b T h e  occurrence is neg lig ib le  due  to  th e  h igh  va lue  of Е / .

d ra te  lias p robab ly  th e  sam e s tru c tu re  as th e  n o n a h y d ra te  b u t  stab ilized  b y  
th e  ax ia l w ate r m olecule in  th e  f irs t co o rd in a tio n  sphere.

T h e  p red o m in an t p a r t  of th e  co n c e n tra tio n  range s tu d ie d  is covered  b y  
th e  f i r s t  th ree  h y d ra te s . T h e  m ono- an d  d ih y d ra te  have  less sy m m etrica l s tru c 
tu re s  th a n  th e  t r ih y d ra te , b u t  th e y  s till a p p e a r in  th e  h ig h er co n cen tra tio n  
ra n g e  sim ply  because no h y d ra te -free  h y d ro n iu m  ion can ex is t, i t  being 
a s tro n g e r  acid th a n  p erch lo ric  ac id  itse lf. T he self-ion ization  o f perch loric  
acid h as  n o t been ta k e n  in to  acco u n t in  th e  eq u a tio n s. This is w h y  th e  case of 
i = 0  could no t be c a lc u la ted .

T he m ost su rp ris in g  re su lt is th e  re la tiv e ly  h igh  p o p u la tio n  of th e  p en ta - 
h y d ra te  levels. This species co rresponds to  th e  te tra h y d ra te  o f H 20 — H — O H %  
a n d  —  since th e  sam e energy  v a lu e  w as o b ta in ed  even w ith  a s ta r tin g  value 
o f  E- =  80 kcal/m ol, i.e. w ith  no p e n ta h y d ra te  p resen t —  one shou ld  th in k  
o f som e resonance b e tw een  th e  s ta te s  (H 20 ) 2—H 20 — H 30  +— (H 20 ) 2 and 
(H 20 ) 2— H 30 — hh,0— (H 20)o, re su ltin g  in  s tab iliz a tio n . In  o rd er to  p ro v e  th a t  
th is  re su lt is n o t an  a r t ifa c t  arising  from  th e  i te ra tio n  p rocedure , in  som e runs, 
p e n ta h y d ra te  was co m p le te ly  o m itte d . In  th is  case, th e  energy  o f th e  hexa- 
h y d ra te  was low ered to  3.6 kcal/m ol, b u t  a d ev ia tio n  of a b o u t 10%  from  th e  
1/(1 - j -  i) curve was o b ta in e d  w ith in  th e  range  of 8 to  14 m . T h u s, th e  ex istence 
o f  th e  p e n ta h y d ra te  is a consequence o f th e  m odel app lied  an d  n o t t h a t  of th e  
a c tu a l  ca lcu la tio n .
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T he re su lts  o b ta in ed  in d ica te  th a t  F e rm i s ta tis tic s  is m a th e m a tic a lly  
su ita b le  for describ in g  acid—b ase  equ ilib ria  in  c o n cen tra ted  so lu tions w ith  th e  
g iven  ap p ro x im a tio n s , b u t  —  as a lread y  em phasized  —  th e  d is tr ib u tio n  an d  
a c tu a l  values o f  th e  energies d ep en d  on th e  choice o f th e  ac id ity  fu n c tio n . 
T h u s , once an  a c id ity  fu n c tio n  is physically  ap p ro v ed , a s im ila r c a lc u la tio n  
w ould  yield m ore  reliab le  re su lts .
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6,7-D iisobutoxy-4-hydroxy-3-cyanoquinoline was prepared from 3,4-diisobu- 
toxyaniline and ethyl-ethoxym ethylenecyanoacetate in one step a t 255— 260 °C; th is 
compound could be hydrolyzed only under extremely vigorous conditions. The required 
compound, e thy l 6,7-diisobutoxy-4-hydroxyquinoline-3-carboxylate was prepared 
from the corresponding carboxylic acid through the acid chloride or w ith diazoethane, 
by selective esterification.

In tro d u c tio n

P rice  et al. [1] an d  S n y d e r  an d  J ones [2] sy n th esized  7-chloro-4-hy- 
d roxy-3 -cyanoqu ino line  by  th e  th e rm a l cyclization  o f e th y l a-cyano-/?-(m* 
ch lo ro )-an ilin o acry la te ; th e  co rrespond ing  qu ino line-3 -carboxy lic  acid was 
o b ta in ed  b y  su b seq u en t h y d ro lysis  o f th e  n itrile . In  o u r p re se n t w ork  th is  re 
ac tio n  p a th  was u tiliz ed  for th e  p re p a ra tio n  of e th y l 6 ,7 -d iisobu toxy-4-hy- 
d ro x y q u in o lin e -3 -ca rb o x y la te  (V ):

C4H:,0
COOC..H-,
1

+  C2HsO—CH =  C iC4H90 ^ - / \ C„H3OOC
1

С4НуО - l^ J l - N lH 1CN ^  iC .H y O -M j-N H - C H = C
j

(I) (П) CN

OH OH

iC4H90

iC,H!,0

_ y \ / \ - C N

N^
(III)

iC.H„0— COOH

(IV)

( 1 )

OH
I

i C, H„0— ICOOC„H,

iC4H.jO

(V)
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T h e p rocedures re p o rte d  in  th e  l i te ra tu re  [1, 2] h ad  to  be m od ified  sign ifican tly  
in  th e  case of th is  co m p o u n d ; th e  re su lts  o f o u r ex am in a tio n s  are repo rted  
s h o r tly  in th e  follow ing.

R esults an d  discussion

Cyclization

S u b s titu te d  4 -h y d ro x y -3 -cy an o q u in o lin es  are  - p re p a re d , in  general, b y  
th e  re a c tio n  of a s u b s ti tu te d  an ilin e , o rthoform ic  es te r an d  cyanoacetic  ester
[4], o r o f a s u b s ti tu te d  an iline a n d  e th o x y m e th y len ecy an o ace tic  ester [1]; 
th e  a-cyano-/3 -(su b stitu ted )-an ilin o acry lic  e s te r p roduced  a t  120— 160 CC is 
iso la te d , purified  an d  th e n  cyclized  in to  th e  co rrespond ing  qu ino line  deriv a tiv e  
in  a n  in e r t o rganic  so lv en t bo iling  above 250 °C.

In  th e  p re p a ra tio n  o f 6 ,7 -d iiso b u to xy-4 -hydroxy-3 -cyanoqu ino line , th e  
re a c tio n  tim e of cy c liza tio n  is a b o u t 6 hours a t  255 °C, w hile th e  reaction  of
3 ,4 -d iiso b u to x y an ilin e  an d  e th o x y m e th y len ecy an o ace tic  e s te r  re su lting  in 
co m p o u n d  II  req u ires  o n ly  1— 2 h o u rs  a t  140 °C. Since com pounds I I  and  I II  
a re  v e ry  stab le  an d  th e y  undergo  on ly  sligh t decom position  even  a t th e  te m 
p e ra tu re  o f cycliza tion  d u rin g  8— 10 hours, i t  seem ed reaso n ab le  to  p repare  
co m p o u n d  I II  in  one s te p , from  3 ,4 -d iisobu toxyan iline  an d  e th o x y m e th y len e 
cy an o ace tic  es te r in  th e  re a c tio n  m ed ium  of cyc liza tion  a t  255 °C. The ring  
c lo su re  was effected  in  “ D o w th erm  A ” (an eu tec tic  m ix tu re  o f d iphenyl and  
d ip h en y l oxide). A t th is  te m p e ra tu re  th e  fo rm atio n  o f com pound  I I  is a very  
ra p id  process, follow ed b y  its  con v ersio n  in to  com pound  I I I  o b ta in ab le  in good 
y ie ld s  (75— 80% ) in  th is  w ay.

Hydrolysis

Gilm an  an d  S patz  [3] described  th e  hydroch lo ric  ac id , su lfu ric  acid and  
so d iu m  hydrox ide  h y d ro ly ses  o f 3 -cyanoqu ino line to  qu ino line-3-carboxylic  
ac id . In  each case, th e  reac tio n  ta k e s  p lace in  a sh o rt tim e . 7-C hloro-4-hydroxy-
3-cyanoqu ino line  can  also  be h y d ro ly zed  w ith  su lfuric  ac id  in  1 hour [2]. On 
th e  o th e r  han d , co m p o u n d  I I I  w as fo u n d  to  resist hy d ro ly sis  in boiling  60%  
aq u eo u s  sulfuric acid  a t  130— 140 °C for 12 ho u rs , w hile a t  140— 150 C a 
re la tiv e ly  v io len t re a c tio n  s ta r te d  a n d  su lfonated  n itr ile  w as o b ta ined .

No hydro lysis o ccu rred  on  boiling  for several h ou rs in  10— 15%  aqueous 
so d iu m  or p o tassium  h y d ro x id e  so lu tions, or in  bo iling  e th y len e  glycol, i.e. 
a t  a h igher te m p e ra tu re .

R eflux ing  in  13%  aqueous alcoholic (1 : 1) p o tassiu m  h y d ro x id e  solutions 
re su lte d  in a m ix tu re  o f  decreased  n itro g en  c o n te n t; th e  in fra red  spectrum  of 
th is  p ro d u c t show ed a r C = 0  b a n d  a t  1675 c m -1 , w hile th e  rC N  b a n d  also 
ap p e a re d  a t 2220 cm  (This la t te r  b a n d  was sh ifted  s lig h tly  as com pared  
w ith  th e  rCN peak  o f  th e  pu re  n itr ile  observed  a t  2190 c m -1 . A t th e  sam e tim e,
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th e  r C = 0  b a n d  w as found  a t  a h igher w av en u m b er th a n  th a t  co rresp o n d in g  
to  th e  p u re  qu ino linecarboxy lic  acid.)

Q u a n tita tiv e  hydro lysis was ach ieved  fin a lly  b y  boiling  in  a lk a lin e  m e
d ium  for 100 hours or h ea tin g  in  an  au to c lav e  a t  150— 160 °C for 6 h o u rs ; in 
b o th  cases, ab o u t 13%  aqueous alcoholic (1 : 1) p o tassium  h y d ro x id e  so lu tion  
w as u sed . T he rCN  peak  was ab sen t in th e  in fra red  sp ec tru m  of th e  p ro d u c t 
an d  its  m . p. and in fra red  sp ec tru m  were id en tica l w ith  the  d a ta  o f 6 ,7-diiso- 
b u to x y -4 -h y d ro x y q u in o lin e -3 -carb o x y lic  acid  p rep a red  [5] in  a n o th e r  w ay , 
b y  th e  a lka line  hydro lysis of e th y l 6 ,7 -d iisobu toxy -4 -h y d ro x y q u in o lin e-3 -car- 
b o x y la te  (V ) o b ta ined  from  th e  cycliza tion  of e th y l « -carbethoxy-/?-(3 ,4-diiso- 
b u to x y p h e n y l)-a m in o a cry la te  (V I):

OH
I

COOC..H- iC4H90 - / N j / V -  COOC.H5

C iC4H90

COOC,,H3 (V) (2)

OH
I

iC4H90 — COOH 

iC4H90

(IV)

T hese ex p erim en ta l fac ts  in d ica te  th a t  th e  h y d ro lysis  of 6 ,7 -d iisobu toxy-
4 -h y d ro x y -3 -cy an o q u in o lin e  is g re a tly  h in d ered .

iC4H90 —j / \  

iC4H80 — N H — CH =  

(VI)

Esterification

T he p reco n d itio n  of th e  e s te rifica tio n  o f com pound  IV was to  accom plish  
i t  in  a se lective m anner, th a t  is, a lk y la tio n  o f th e  C— H  h y d ro x y l g roup  or th e  
n itro g en  a to m  in th e  ring  had  to  be avoided .

T he desired  este r can  he o b ta in ed  from  6 ,7 -d iiso b u to x y -4 -h y d ro x y q u i- 
n o line-3 -carboxy lic  acid th ro u g h  its  acid ch lo ride  [5]: how ever, th is  reac tio n  
is le n g th y  an d  com plica ted  in  th is  case, th e re fo re , o th e r  este rifica tio n  m ethods 
w ere also s tu d ied .

P re p a ra tio n  of com pound V could  n o t be ach ieved  by  m eans of d ie th y l 
su lfa te , e th y l p -to lu en esu lfo n a te  [6], e th y l iod ide , e th an o l in  th e  p resence  of 
su lfu ric  acid  [3] or in  th e  presence o f trich lo ro ace tic  an h y d rid e  [7, 8].

O n th e  o th e r h a n d , th e  qu ino lin ecarb o x y lic  e s te r requ ired  was o b ta in e d  
in  q u a n ti ta t iv e  yield  b y  th e  re a c tio n  o f com pound  IV and  d iazo e th an e . T he 
re a c tio n  w as carried  o u t in  a he terogeneous sy stem , since th e  poo rly  soluble
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com p o u n d  (IV ) could n o t  be dissolved in  th e  cold reac tio n  m ix tu re . No side 
re a c tio n  w as observed , even  w hen d iazo e tlian e  w as used in  severa l tim es ex 
cess. T h is  m ethod  p e rm itte d  selective a lk y la tio n  an d  b o th  th e  C— H  h y d ro x y l 
g roup  a n d  th e  ring  n itro g en  a tom  rem ain ed  u n ch an g ed  as in d ica ted  b y  th e  
in fra re d  sp ec tru m  o f th e  p ro d u c t. T he com p o u n d  V ob ta in ed  in  th is  w ay  was 
p e rfe c tly  id en tica l w ith  e th y l 6 ,7 -d iisobu toxy-4 -hydroxyqu ino line-3 -carboxy- 
la te  p re p a re d  b y  R eac tio n  (2), as show n b y  th e  m ixed  in. p. d e te rm in a tio n  
an d  th e  in fra red  sp ec tra . T h is experience also su p p o rts  th e  s tro n g  C = 0  ch a r
a c te r  o f  th e  C— H  h y d ro x y l group.

E xperim en ta l

Ethyl ethoxymethylenecyanoacetate

A m ixture of 70 g cyanoacetic ester, 100 g e thy l orthoform ate, 160 g acetic anhydride 
and 0.02 g nickel sulfate was stirred a t 120— 130 °C for 2.5 hrs w ith sim ultaneous rem oval of 
the e thy l ace tate  formed by means of distillation. A fter the accom plishment of the reaction, 
the m ix tu re  was concentrated to  a head tem perature  of 85 °C a t a pressure of 10 to rr, then  the 
unchanged cyanoacetic ester was recovered betw een 85 and  90 °C. The ethyl e thoxym ethylene
cyanoacetate  distilled a t 144— 148 °C a t 4 to rr and it  solidified in the receiver. The yield was 
60% and  85%  calculated for ethyl orthoform ate and cyanoacetic ester, respectively (recovery 
being tak en  into account).

6,7-Diisobutoxy-4-hydroxy-3-cyanoquinoline (III)

23.7 g 3,4-diisobutoxyaniline, 16.9 g ethoxym ethylenecyanoacetic ester and 720 ml 
“ D ow therm  A” were m ixed, the solution was heated  to  255 °C in 20—30 min. and stirred  a t 
this tem pera tu re  for 6 hrs, while the ethanol form ed was distilled off. The solution was cooled 
to 20 °C, and the white crystalline substance which separated  was filtered off, washed with 
acetone and dried. Yield: 75— 80%. After recrystallization from dim ethylform am ide, m. p.
354__355

Ci8H 22N20 3. Calcd. C 68.77; H 7.05; N 8.91. Found C 68.41; H 7.16; N 8.80%.
In  the infrared spectrum  the i>CN band  appears a t 2190 c m ' '.

Hydrolysis of 6,7-diisobutoxy-4-hydroxy-3-cyanoquinoline

(a )  31.4 g 6,7-diisobutoxy-4-hydroxy-3-cyanoquinoline was dissolved in 420 g 50% 
aqueous ethanol containing 65 g potassium hydroxide, and th e  m ixture was heated for 100 hrs 
under reflux. After cooling and  acidifying, th e  p roduct which precipitated was filtered off and 
washed un til neutral; Yield: 98% . After recrystallization from dim ethylform am ide the m. p. 
was 268— 270 °C. Mixed m. p. w ith 6,7-diisobutoxy-4-hydroxyquinoline-3-carboxylic acid, 
p repared according to R eaction (2) as reported  in the lite ra tu re  [5]. was 269 —270 °C.

C18H23NO,. Calcd. C 64.85; H 6.95; N 4.19. Found C 65.12; H 6.84; N 4.12% .
In  the infrared spectrum  the vCN band (2190 cm -1 ) was missing and the vC =  0  band 

appeared a t 1640 cm-1 .
(b) A m ixture of 31.4 g 6,7-diisobutoxy-4-hydroxy-3-cyanoquinoline, 62 g potassium  

hydroxide and 400 g 50% aqueous ethanol was heated  a t 150— 170 °C under pressure for 10 hrs. 
The m ix tu re  was cooled to 20 °C and trea ted  as described under (a).

Esterification of 6,7-diisobutoxy-4-hydroxyquinoline-3-carboxylic acid by means of diazoethane

A solution of diazoethane prepared from  50 g nitrosoethylurea w ith cone, potassium  
hydroxide solution in 100 ml ether was added to  an ethereal suspension of 33 g 6,7-diisobutoxy- 
4-hydroxyquinoline-3-carboxylic acid. The applied tem perature  was — 5 °C. The suspension 
was ag ita ted  a t —5 °C for 2 hrs and a t 20 °C for 1 hr then  boiled for 1 hr. The p roduct was 
filtered  off, washed w ith w ater and dried. Yield: 96—98% . A fter recrystallization from di-
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methylform am ide, m. p. 288— 290 °C (lit. [5] m. p. 288—291 °C). Mixed m. p. w ith the e thy l 
quinoline carboxylate (m. p. 288— 290 °C) prepared b y  the cyclization of ethyl a-carbethoxy- 
3-(3.4-diisobutoxуphenyl)-aininoacrylate in “ D ow therm  A”  a t 255 °C [5] was 288—290 °C.

C20H 27NO3. Calcd. 66.46; H 7.53; N  3.87. Found  C 66.83; H  7.72; N  3.74%.
In the infrared spectrum  the v C = 0  band of the corresponding quinolinecarboxylic 

acid was shifted from  1640 cm-1 to  1680 cm“ 1.
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SYNTHESIS OF SUBSTITUTED 
4-HYDROXYQUINOUINE-3-CARBOXYLIC ESTERS, III

Л O NE-STEP PROCESS STARTING FROM  SUBSTITUTED PH EN Y U IM IN O  ESTERS

J .  E g r i , J . H a l m o s  and  J .  R á k ó c z i  

(  EG yT Pharmacochemical Works, Budapest)

Received June  1, 1971

3,4-D isubstituted N -ethoxym ethyleneanilines were converted into the corre
sponding ethyl 6 ,7-disubstituted-4-hydroxyquinoline-3-carboxylates in the presence of 
a te rtia ry  organic base catalyst a t  255— 270 °C, in one step and in satisfactory yields. 
The procedure is suitable for continuous operation.

In tro d u c tio n

In  1954, G l i c k m a n  [1] p a te n te d  a procedure  fo r th e  p re p a ra tio n  of N- 
e th o x y  m et by lene-(m -chloro)-an iline an d  po in ted  o u t th e  p o ssib ility  of th e  use 
o f th is  com pound in  th e  syn thesis  o f  quinoline d e riv a tiv e s  w ith  an tim a la ria l 
a c tio n . This can  be done by  allow ing  th e  im ino es te r to  re a c t w ith  d ie th y l 
m a lo n a te  a t 140 °C fo r a t  least 24 h o u rs , followed b y  th e  cycliza tion  of th e  
e th y l x -carbethoxy :/?-(m -ch lo ro )-4n ilinoacry la te  form ed in  R eac tio n  (1) to  
7 -ch lo ro -4 -hydroxy-qu ino line-3 -carboxy lic  ester in  an  in e r t o rganic  so lven t a t  
255— 270 °C. This la t te r  com pound is an  in te rm ed ia te  [2] in  th e  syn thesis  o f 
a n tim a la r ia l drugs.

У
Cl- N = C H  -  ОСЛ1,

✓ 4

COOC.H.5

CH,
24 h, 140 °C

C.H-.Olf"
COOC2H 5

COOC..H,
( 1)

Cl—’ — N H —CH =  C
'Ч /  I

COOC..H,

Cl

У \

4 / - N H -

COOC..H,

-CH =  c
I

255— 270 °C
c„h -,o h "

OH
I

COOC..H, Cl

-C O O C ..H ,
( 2)

In  our w ork we aim ed a t  e x te n d in g  th is  m e th o d  to  th e  p re p a ra tio n  of 
6 ,7 -d ia lk o x y -4 -hydroxyqu ino line-3 -carboxy lic  esters  h av in g  coccid iosta tic  ac
tio n , an d  developing a sim ple, p ra c tic a l p rocedure.
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R esu lts an d  discussion

T h e  s ta rtin g  s u b s ti tu te d  N -e th o x y m eth y len ean ilin es  w ere syn th esized  
acco rd in g  to  know n m e th o d s  [1, 3], b y  th e  reac tio n  o f th e  re q u ire d  su b s titu te d  
an ilin e  an d  ethy l o r th o fo rin a te  in  th e  presence of a c a ta ly tic  a m o u n t of p -to l-  
uen esu lfo n ic  acid:

Ri
R„

_ / \
J

Л /
—NH„

HC(OC2H3)3
CJIOII R  __Л1 I

p-TsO H  r ,
Л /

—N =  CH— OC..H-
(3)

T h e imino esters  p re p a re d  are  lis ted  in T able  I , to g e th e r  w ith  th e ir  
m . p .’s or b. p .’s an d  e lem en ta l a n a ly tic a l d a ta . T hese co m pounds a re  ra th e r  
u n s ta b le  and  can n o t be  s to re d  fo r a long  tim e. In  ou r experience , one o f th e ir  
d eco m p o sitio n  p ro d u c ts  is N ,N ’-b is-(su b stitu ted  p h en y l)-fo rm am id in e :

R ,—/ \ R[—^  \ A - R '

R 2— N =  C H — O G . H -
R 2 _ ч / - 1

Si =  C H  - N H — R 2

T his is in  a g reem en t w ith  th e  observa tion  o f P i n n e r  [7] s ta tin g  th a t  
fo rm im in o  ethyl e s te r h y d ro ch lo rid e  is converted  in to  fo rm am id in e  h y d ro 
c h lo r id e  on heating .

In  order to  d eve lop  an  in d u s tr ia lly  applicab le  qu ino line  sy n thesis , th e  
20— 25 h r  d u ra tio n  o f  R eac tio n  (1) should  be red u ced ; th e re fo re , th e  effect 
o n  th e  reaction  tim e  o f (a )  increased  te m p e ra tu re  an d  (b )  th e  use o f a ca ta ly s t 
w a s  stu d ied . R eac tio n  (1) was fo u n d  to  ta k e  place v e ry  ra p id ly  in  p a ra ffin  or 
“ D o w th erm  A” (a e u te c tic  m ix tu re  o f d ipheny l an d  d ip h en y l oxide) so lu tion  
a t  255— 270 °C, p a r tic u la r ly  in  th e  presence o f c a ta ly tic  am o u n ts  o f a high- 
b o ilin g  te r tia ry  am ine (e. g., d im eth y lan ilin e), re su ltin g  d irec tly  in  the  quinoline 
c o m p o u n d  requ ired . A lth o u g h  th e  s ta r tin g  N -e th o x y m e th y len e -(su b s titu ted )- 
a n ilin e s , as m en tioned  p rev io u sly , are  ra th e r  u n s tab le  com pounds, th e  ra te  
o f  fo rm a tio n  of th e  ac ry lic  es te r a t  255— 270 °C is p ro b a b ly  fa r  h ig h er th a n  th a t  
o f  th e  decom position  re a c tio n , an d  th e  acrylic es te r fo rm ed  in situ  is converted  
im m ed ia te ly  in to  th e  co rresp o n d in g  quinoline d e riv a tiv e . T his is in d ica ted  b y  
th e  r a th e r  high y ields o b ta in a b le  (T able II).

In  th is  w ay, th e  sy n th es is  o f 6 ,7 -d ia lkoxy-4 -hydroxyqu ino line-3 -carboxv- 
lic  e s te rs  from  th e  co rresp o n d in g  im ino esters can  be  accom plished  in  30— 60 
m in . T h is m akes also possib le  c a rry in g  ou t th e  reac tio n  c o n tin u o u sly  in a tu b e  
re a c to r . The p a ra ffin  so lu tio n  co n ta in in g  th e  su b s titu te d  an iline , m alonic e s te r 
a n d  th e  ca ta ly s t is c irc u la te d  th ro u g h  th e  tu b e  re a c to r  h e a te d  to  270 °C u n til  
co m p le tio n  of th e  fo rm a tio n  o f th e  corresponding  qu ino line  com pound. T he 
e n d  p ro d u c t sep a ra tes  from  th e  so lu tio n  and  can  be f ilte re d  off.
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Table I

New 3,4-disubstitnted N-ethoxymethyleneanilines

N o. 3 -R , 4 -R , В . p . or m . p ., °C
Y ield

0//0
calculated %

Ana у  sis

found %

C H N c H N

l — OCH3 OCH., 133— 136/1.5 torr 89 63.14 7.22 6.69 63.38 7.01 6.62
2 — OC,H5 — OC2H5 150—152/4 torr 87 65.80 8.07 5.90 65.39 7.83 6.18
3 — OiC4H3 — OiC4H3 38— 42 (ethanol 91 69.59 9.27 4.77 69.42 9.47 4.71
4 — OC12H„-

sfи01 56— 57 (ethanol) 94 76.54 11.48 2.72 76.83 11.29 2.58
5 — OCH3 — OC,.,H25 54—  56 (ethanol) 91 72.68 10.26 3.85 72.39 10.45 3.92
6 — OCH2Ph — OCH,Ph 40— 42 (methanol) 92 76.43 6.41 3.88 76.17 6.80 4.03
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Table II

6 , 7 - d i s u b s t i tu t e d  4 - h y d r o x y q u in o l in e - 3 - c a r b o x y l ic  e th y l  e s te rs  p r e p a r e d  f r o m  3 ,4 - d i s u b s t i t u t e d  N - e th o x y m e th y le n e a n i l in e s

No.

—

6-K t 7-Rj M. p„ 
“C

L it m . p .,
°C

Mixed m. p.,
°c

Yield,
%

calculated

Ana lysis

found %

c и 1 N c H N

1 - О С И . , O C H ., 285—287 280—283 [6] — 6 i 60.64 5.46 5.06 60.91 5.19 5.15
2 - O C J J , O C .,H 5 280—282 275 280 [5] 66 62.94 6.27 4.59 63.47 6.51 4.35

285 286 141
3 — O iC 4H 9 — O iC 4H 9 288 290 288 291 [4] — 79 66.46 7.53 3.87 66.22 7.68 3.99
4 — ОС|2Н25 O C 12H 25 220—222 — 221—222 76 73.80 10.15 2.39 74.02 9.98 2.47
5 — O C , , H 25 - O C H 3 249—252 — 249—251 74 69.58 8.64 3.24 69.27 8.87 3.36
6 — O C H .P h — O C H „ P h 291—293 — 291—293 59 72.71 5.40 3.26 72.38 5.23 3.39
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The qu ino line  com pounds p re p a re d  accord ing  to  th e  above m ethod  a re  
lis ted  in T ab le  I I  to g e th e r w ith  th e ir  m . p .’s an d  e lem en ta l an a ly tica l d a ta . 
F o r th e  6 ,7 -d im eth o x y -, d ie th o x y - an d  d iiso b u to x y  d e riv a tiv e s  th e  l i te ra tu re  
m . p .’s are also g iven  in  th e  T a b le ; in th e  case of th e  o th e r  su bstances, m ixed  
m . p .’s were m easu red  w ith  th e  co rrespond ing  6 ,7 -d isu b s titu te d  4 -hydroxy  - 
qu ino line-3 -carboxy lic  esters p re p a re d  b y  in d ep en d en t sy n th es is  according to  
l ite ra tu re  m e th o d s [4, 5]:

R ' - / 4}

R= - 4 / —NH,
C,.H50 —CH

COOC.H,
R ,—

C ——► Í
1
COOC2H5

r 2— y y — N H — CH

OH
I

R t — COOC2H5

R I I I«2—'Y/XN#-

COOC.,H6
Ic
I
COOC.,H-

(5)

T hese m ixed m . p .’s are  also g iven  in  T ab le  I I .

Experim ental

Substituted N-ethoxymethyleneanilines (General method)

A m ixture of 0.1 mole of the su b s titu ted  aniline, 0.15 mole e thy l orthoform ate and 
0.05—0.1 g p-toluenesulfonic acid was k ep t a t 130— 140 °C for 7 —10 hrs and the ethanol 
formed was distilled off. The solution was evaporated  and the residue distilled in vacuum  (when 
liquid) or filtered off and recrystallized (if a crystalline substance precip itated); the yields were 
about 90%.

Ethyl 6,7-disubstituted-4-hydroxyquinoline-3-carboxylate (General method)

0.05 equivalent of dim ethylaniline was added to an equim olar m ixture of N-ethoxy- 
m ethylene-(3,4-disubstituted)-aniline and diethyl m alonate: the m ixture was heated to 120— 
150 °C and added to  6—8 parts of paraffin  heated to 150 °C. The solution was then heated 
to  270 °C and kept a t  th is tem perature for 15—30 min. A fter cooling to  60—70 °C, the product 
which separated was filtered  off, washed w ith  toluene, dried and recrystallized from dim ethyl- 
formamide.

Ethyl 6,7-disubstituted-4-hydroxyquinoline-3-carboxylate (Literature procedure, general
method) [4, 5]

0.1 mole of substitu ted  aniline was allowed to react w ith 0.1 mole of ethoxym ethylene- 
malonic ester a t 120 °C for 2 hrs: the e thano l formed was distilled off simultaneously. After 
completion of the reaction , the solution was evaporated in vacuum  and heated in 6 -  10 parts 
of “ Dowtherm A” a t  255 °C until the cyclization reaction was completed (this usually required 
20—60 min.). The quinoline derivative w hich separated on cooling was filtered  off and recrys
tallized from diinethylform am ide. Of the com pounds given in Table II , 4— 6 were prepared 
in this way too.
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SYNTHESIS OF 2,4,6-TRIARYLPYRYLIUM  
FLUOROBORATES FROM AROMATIC ALDEHYDES 

AND ARYLMETHYL KETONES, H P
T H E  CLAISEN— SCHM IDT CONDENSATION  

Z . C s ű r ö s , P .  S a l l a y  and G y . D e á k **
(Department o f Organic Chemical Technology, Technical U niversity , Budapest) 

Received Ju n e  25, 1971

A qu an tita tiv e  method of m easurem ent has been evolved for the investigation 
of the Claisen— Schm idt condensation of benzaldehyde and  acetophenone in anhydrous 
acetic acid, in the  presence of boron trifluoride ca ta ly st, resulting in chalcone. This 
method was used for reaction k inetical m easurem ents w hich have shown th a t  th is 
reaction follows second order kinetics, and it is of first order in respect of the components. 
In the rate equation  of the reaction th e  exponent of the ca ta ly st concentration is 1.5, 
and the activation  energy is 18.3 kcal/mole.

The reaction  ra te  and ac tiva tion  energy were also m easured in the case of sub
stitu ted  benzaldehydes and acetophenones. The rate  constan t is altered by para  su b s tit
uents of the benzaldehyde in the  order N 0 2 >  CH3 >  Cl >  H >  CH30 , and  by the 
para substituents of the acetophenone in the order H >  OCH3 ^  CH3 >  Cl N 0 2.

The H am m ett equation holds for the substitu ted  benzaldehydes q being equal 
to 0.50.

The py ry liu m  sa lt syn thesis [1] s ta r tin g  from  b en za ld eh y d e  an d  a c e to 
phenone com prises th re e  consecu tive  reac tions: th e  C laisen— S chm id t co n d en 
sa tio n  (a ), th e  M ichael add ition  (b )  an d  th e  fin a l rin g  closure ( c):

О О

О О

* P art II : Z. Cs ű r ö s , G y . D e á k , P. S a l l a y : Acta Chim. Acad. Sei. Hung. 70, 123
(1971.)

** Present address: Research In s titu te  of Experim ental Medicine of the H ungarian 
A cadem y of Sciences, B udapest.
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О

In  a previous p u b lic a tio n  [2] th e  effect o f th e  su b s titu e n ts  o f  th e  benzalde- 
h y d e  a n d  acetophenone com ponen ts on th e  y ield  of p y ry liu m  sa lt h as  been  inves
t ig a te d . I t  appeared  in te re s tin g  to  exam ine now  th e  effect of su b s ti tu t io n  on th e  
re a c tio n  ra te . C onsidering th e  com plex n a tu re  o f th e  overall re a c tio n , th is  can  
b e  d o n e  b y  the  re a c tio n  k in e tica l in v e s tig a tio n  o f th e  single p a r t ia l  reactions.

T he firs t s tep  o f  th e  overall re ac tio n  is th e  co ndensa tion  b e tw een  benz- 
a ld e h y d e  and ace to p h en o n e  to  chalcone. T his reac tio n  is c a ta ly z e d  in  general 
b y  b ases  [3], th o u g h  in  som e cases ca ta ly sis  b y  acids has also b een  rep o rted . 
T h u s  th e  p rep a ra tio n  o f chalcones is ca ta ly zed  b y  su lfuric  ac id  accord ing  to  
N o y c e  and  P ryor  [4], an d  by  h y d ro ch lo ric  acid accord ing  to  S zéll  et al. [5]. 
L ew is acids can also be  effic ien t: th e  fo rm atio n  of chalcones in  th e  presence 
o f  b o ro n  trifluo ride  h as  been observed  by  H a u s e r  and  В r e s l o w  [6], and  a 
n u m b e r  of new s u b s ti tu te d  chalcones h av e  been  p rep a red  b y  Csűrö s  a n d  
D e á k  [7], using b o ro n  tr if lu o rid e  in an h y d ro u s  acetic  acid. In  ace tic  acid and  
in  th e  presence of su lfu ric  acid c a ta ly s t , th e  reac tio n  is k in e tic a lly  o f second 
o rd e r  [4]. A ccording to  reaction  k in e tica l m easu rem en ts , th e  su b s titu e n ts  o f 
b en za ld eh y d e  have o n ly  a weak effect on th e  ra te  c o n s ta n t a n d  on th e  a c ti
v a t io n  energy [8]. T h e  ra te  c o n s ta n t is a lte re d  b y  th e  su b s ti tu e n ts  in  th e  fo l
lo w ing  order:

CH3 >  Cl >  H  >  N 0 2 .

T his order is th e  sam e as th a t  o b ta in e d  b y  Széll  et al. [5, 9] in  th e ir  
p re p a ra tiv e  ex p erim en ts  carried  o u t w ith  hydroch lo ric  ac id  c a ta ly s t.

Selection of conditions suitable for follow ing the reaction quantitative

T he conditions o f  reac tio n  h ad  to  be chosen in  a w ay  t h a t  on ly  th e  Clai- 
s e n — S chm idt co n d en sa tio n  should  ta k e  p lace w hile th e  o th e r  consecu tive  r e 
a c tio n s  rem ain su p p ressed . A ccording to  our earlier in v e s tig a tio n s  [1], th i s
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can  be  ach ieved  b y  using  a reac tio n  m ix tu re  co n ta in in g  excess b en za ld eh v d e. 
T herefo re , a 2 : 1 m o lar ra tio  of benza ld eh y d e: ace to p h en o n e  w as applied  as 
th e  in itia l ra tio  in  o u r m easu rem en ts . T he ac tual degree o f conversion  was 
alw ays de te rm in ed  b y  u ltra v io le t sp ec tro p h o to m e try . T he u ltra v io le t spectra  
o f th e  s ta r tin g  m a te ria ls  an d  of th e  chalcone arc show n in  F ig . 1. I t  can  be seen 
th a t  a t  310 nm  th e  chalcone has a v e ry  high ab so rp tio n  co m p ared  w ith  th e  
re a c ta n ts , th ere fo re  th e  d e te rm in a tio n s  were carried  o u t a t  th is  w aveleng th .

Л [nm]
F i g .  1.  U ltra v io le t  sp ec tra  o f  th e  c o m p o n e n ts  o f  th e  reaction . 1: ch a lco n e; 2: aceto p h en o n e

3: b en za ld eh y d e

Ow ing to  th e  co inplex ing  effect o f bo ron  triflu o rid e , th e  co rre la tio n  E  =  Ed • 
• SjCi (w here d is th e  o p tica l d is tan ce , e,- th e  specific e x tin c tio n  o f th e  single 

com ponen ts and  ct th e ir  co n cen tra tio n ) va lid , in g enera l, fo r th e  ex tin c tio n  
o f m u ltico m p o n en t m ix tu re s  does n o t  ho ld . C onsequen tly , i t  w as n ecessary  to  
p re p a re  a ca lib ra tio n  d iag ram  b y  th e  sp ec tro p h o to m e try  o f  c o m p ara tiv e  m ix 
tu re s  correspond ing  to  v a rio u s  degrees o f  conversion. T hese c o m p ara tiv e  m ix 
tu re s  co n ta in ed  a ld eh y d e , k e to n e , chalcone, w a te r an d  bo ron  trif lu o rid e  in 
a m o u n ts  co rrespond ing  to  th e  p resu m ed  degree of conversion  (F ig . 2).

K in e tica l m easurem ents

T he progress in  tim e  of th e  re a c tio n  ta k in g  place b e tw een  acetophenone 
an d  benza ld eh y d e  a t  v a rio u s te m p e ra tu re s  is show n in  F ig . 3. T he reac tio n  
c a ta ly zed  b y  su lphuric  ac id  w as fo u n d  to  be of k in e tica lly  second o rd e r accord-
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in g  to  N o y c e  and P r y o r  [4]. P resu m in g  sim ilar k in e tic s  also for th e  reac tio n  
c a ta ly z e d  by  boron tr if lu o rid e , th e  overall o rder o f  re a c tio n  w as estab lished  
b y  p lo tt in g  the  linearized  ra te  eq u a tio n . I t  can  be seen in  F ig . 4 th a t  th e  p o in ts  
o f  m easu rem en t lie a lo n g  a s tra ig h t  w ith  fa ir  a p p ro x im a tio n , p rov ing  th a t  
th e  re a c tio n  follows in d e e d  second o rd e r k inetics.

Fig. 2. C alibration diagram  for following the progress of the reaction

Fig. 3. Progress in tim e of the  reaction of acetophenone and benzaldehyde a t  various tem per
atures

T he p a rtia l o rd e r in  re sp ec t o f ace tophenone w as estab lish ed  b y  app ly ing  
a hundred fo ld  excess o f  b en za ld eh y d e . In  th a t  case th e  change in  th e  concen
t r a t io n  of benza ldehyde  d u rin g  th e  reaction  is neg lig ib le, an d  th erefo re  th e  
re a c tio n  is of firs t o rd e r  in re sp ec t o f ace tophenone, as show n b y  Fig. 5. The 
ra te  constan ts  m easu red  a t v a rio u s  te m p e ra tu re s  are  lis ted  in  T able I . F rom  
th e se  d a ta , th e  a p p a re n t  a c tiv a tio n  energy can  be  d e te rm in ed  b y  m eans o f 
th e  A rrhenius eq u a tio n . G raph ic  d e te rm in a tio n  using  th e  co rre la tio n  log к —  
—  1 /T  gave the  v a lu e  o f 18.3 kcal/m ole (Fig. 6).

In  fu rth e r e x p e rim e n ts , th e  effect o f c a ta ly s t c o n c e n tra tio n  on th e  ra te  
o f  reac tio n  was in v e s tig a te d . T he m easu red  ra te  c o n s ta n ts  are  lis ted  in  T able I I .  
N o lin e a r  co rrelation  w as found  be tw een  th e  va lu es  o f к an d  th e  co n cen tra tio n
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o f b o ro n  trif lu o rid e . T he co rre la tio n  can  on ly  be o b ta in ed  b y  p lo ttin g  th e  v a lu es  
o f logic a g a in s t log cBF3 (see F ig . 7):

к =  fc '[B F ,]" , and  

log к =  log k ’ +  n log [B F 3] .

Fig. 4. D iagram  of the linearized ra te  equation (based on Fig. 3) : A  — concentration of 
acetophenone; В  =  concentration of benzaldehyde, m ole/liter; A 0B 0 =  in itia l concentrations
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T h u s, th e  v alue  o f  n is th e  slope o f th e  o b ta in ed  s tra ig h t and  к , th e  ra te  
c o n s ta n t in d ep en d en t o f  th e  ca ta ly s t.

Since in  th e  g iven  case th e  value o f  n is 1.5, th e  dependence  o f th e  ra te  
c o n s ta n t on th e  c a ta ly s t  c o n cen tra tio n  can  be expressed  by  th e  form ula

k =  k ' [B F 3]b5,

a n d  th e  ra te  eq u a tio n  o f  th e  reac tion  is:

v =  fe '[B F3]1,3[B zH ] [B zM e].

T he resu lts  o b ta in e d  so fa r  d id  n o t affo rd  a sa tis fa c to ry  ex p lan a tio n  fo r 
th e  v a lu e  1.5 of th e  ex p o n e n t.

log C+4
F ig . 7. Dependence of the rate constant on the catalyst concentration
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Table I

Rate constants fo r  the Claisen Schmidt condensation o f benzaldehyde and acetophenone
at various temperatures

Tem perature к • 10\
°C 1 • m ole-1 • sec-1

29 1.28
40 1.95
50 4.72
60 11.95

The re a c tio n  w as carried  o u t also w ith  in itia l com pounds s u b s ti tu te d  
in  para  positio n . T he ra te  c o n s ta n ts  an d  th e  ap p a re n t a c tiv a tio n  energies ca l
c u la te d  from  th e  va lu es  o f th e  r a te  c o n s ta n ts  are sum m arized  in  T ab le  I I I .

I t  ap p ears  from  T ab le  I I I  t h a t  th e  su b s titu e n ts  o f  th e  b en za ld eh y d e  
com ponen t h av e  a som ew hat g re a te r  in fluence  on th e  reac tio n  ra te  th a n  th e  
s u b s titu e n ts  o f th e  acetophenone.

Table II

Dependence o f the rate constants o f the Claisen-Schmidt condensation on the amount o f  catalyst
applied (at 50 °C)

C atalyst
concentration,

m ole/liter

к • 10«,
1 • m ole-  1 ,sec-1

0.2 1.25
0.3 1.94
0.4 3.20
0.5 4.72

Table III

Effect o f para substituents on the rate o f reaction

к • 1 0 1, 1 • m ole-  1 • sec" 1

Tem perature Parent
com pound

p -S u b stitu ted
b enzaldehyde

p-Substitu ted
acetophenone

°C H N O , CH3 Cl OCH3 N O , CH3 Cl I OCH3

29 1.28 1.83 1.80 1.53 0.52 0.85 0.89 0.56 0.97
40 1.95 7.50 4.44 2.92 1.30 1.28 3.47 1.35 2.28
50 4.72 9.45 6.25 4.31 3.06 2.14 4.31 1.69 3.61
60 11.95 20.30 13.60 12.10 7.36 2.92 9.87 6.11 9.72

JH * , kcal/
mole 18.28 15.10 14.62 14.17 16.90 8.23 15.10 15.10 15.10
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T he ra te  c o n s ta n ts  o f th e  reac tio n  a re  a lte re d  b y  th e  p a ra -p o sitio n ed  
s u b s titu e n ts  of b e n z a ld e h y d e  in th e  o rd e r

N 0 2 >  C H 3 >  Cl >  H  >  O C H 3,

w h ereas  th e  s u b s titu e n ts  o f  acetophenone a ffec t th em  in th e  o rder

H  >  O CH 3 ~  C H 3 >  Cl §> n o 2.

T he H a m m e tt e q u a tio n  can be ap p lied  to  th e  re a c tio n  o f su b s titu te d  
benza ld eh y d es and  ace to p h en o n e. G raph ic  re p re se n ta tio n  o f the  e q u a tio n  
gives a s tra ig h t line (F ig . 8) th e  slope o f w h ich  is Q =  0.50.

6
Fig. 8. Diagram of the H am m ett equation

I t  follows th a t  th e  C laisen— S chm id t co n d en sa tio n  ca ta ly zed  b y  boron  
tr if lu o rid e  is a re a c tio n  o f  second order w here  ben za ld eh y d e  is th e  e lectrophilic  
a t ta c k in g  agent.

E xperim en ta l

The benzaldehyde used was liberated from benzoic acid by trea tm en t w ith sodium 
carbonate , distilled and sto red  in nitrogen atm osphere; tw ice-distilled acetophenone, anhydrous 
acetic acid, and distilled boron trifluoride acetic acid complex (BD H) were applied.

The composition and  concentration of the reaction  m ixtures were as follows: 0.1 mole/1 
of benzaldehyde, 0.05 mole/1 of acetophenone, and 0.5 mole/1 of boron trifluoride. (One-ml 
portions of stock solutions o f tenfold higher concentrations than  those given above were 
m easured in 10-ml volum etric flasks, and filled up to the m ark w ith anhydrous acetic acid.) 
The reactions were carried o u t in an u ltra therm ostat.

Sampling m ethod: A 0.1 ml sample was w ithdraw n by means of a p ipette and d ilu ted  
to th e  hundredfold volum e w ith  acetic acid: the extinction  of the sample was measured w ith 
a Spektrom om  201 pho tom eter, and its composition determ ined by means of calibration.
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The synthesis of 3’,7-dihydroxy-4’-m ethoxyisoflavone ( I )  and its 7-glucoside 
(H ) is described. The identity  of I and  II w ith  calycosin and its  7-glucoside, respectively, 
is probable, b u t n o t firmly established.

In  1967 a new  isoflavone n a m e d  ca lycosin  was iso la ted  from  B aptisia  
lecontei (L egum inosae) by  Ma b r y  et al. [1]. U ltrav io le t a n d  n uc lear m ag n e tic  
resonance  sp ec tra  in d ica ted  th a t  calycosin  w as 3’,7 -d ih y d ro x y -4 ’-m ethoxy- 
isoflavone (I ) . T h e 7-glucoside (I I )  an d  7 -rham nog lucoside  o f calycosin w ere 
also iso lated  from  th e  sam e p la n t.

One y ear la te r  a n  isoflavone o f  id e n tic a l s tru c tu re  ( I )  w as rep o rted  to  be  
p re se n t in  Pterocarpus dalbergioides b y  S e s h a d r i  et al. [2]. T he s tru c tu re  o f  
th is  p ro d u c t, n a m e d  b y  them  З’-h y d ro x y fo rm o n o n e tin , w as su p p o rted  b y  
d eg rad a tio n  and  sy n th es is  as w ell [3].

Since m. p . 228— 230 °C w as re p o rte d  fo r calycosin , an d  m. p. 245—  
247 °C was found  fo r b o th  n a tu ra l  and  sy n th e tic  З’-h y d ro x y fo rm o n o n e tin , 
th e  id e n tity  of th e  tw o  substances w as q u estio n ed  in S e s i i a d r i ’s p ap e r [2].*

In  order to  e lim in a te  th is  c o n tro v e rsy  we carried  o u t th e  to ta l  sy n th esis  
o f  3 ,,7 -d ih y d ro x y -4 ,-m ethoxy iso flavone-7-g lucoside  (II) an d  an  in d ep en d en t 
syn th esis  of th e  ag lycone (I).

З’-H y d ro x y fo rm o n o n e tin  ( I )  w as f irs t p rep a red  [3] b y  ac id -ca ta ly sed  
rea rran g em en t o f th e  correspond ing  chalcone. In  our la b o ra to ry  I was o b ta in ed  
b y  rin g  closure o f 2 ,4 -d ih y d ro x y p h en y l 3 -h y d ro x y -4 -m eth o x y b en zy l k e to n e  
(IV ) w ith  e th y l o rth o fo rm a te  [4].

The keto n e  IV w as prepared  b y  H oesch syn thesis  from  resorcinol an d  
(3 -h y droxy-4 -m ethoxypheny l) ace to n itrile .

W o ng  [5] r e p o r t e d  d if f icu l t ie s  w h e n  a t t e m p t i n g  t h e  p r e p a r a t io n  o f  th i s  
n i t r i l e  b y  th e  a z l a c to n e  m e th o d  [6],  so h e  a v a i le d  h im s e l f  o f  t h e  less c o n v e n ie n t

* The extrem ely sm all amounts isolated from  calycosin (1.4 mg), its  7-glucoside (0.5 mg) 
and 7-rhamnoglucoside (0.1 mg) confined the American workers to  the  use of spectroscopic 
m ethods, and except for I  no m.p.s. were given, and except for the aceta te  of II no derivatives 
'lave been prepared.
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I: R i= R 2 = H
II: R 1=^3-D-glucosyl, R 2= H  

III: R 1= te tra a c e ty l-^ -D -g lu c o sy l, R -  -CH.,CO

rh o d a n in e  p rocedure. In  o u r h an d s, u n d e r  selected  co n d itio n s th e  classical 
a z la c to n e  approach  p ro v e d  to  be sa tis fa c to ry .

O ur specim en o f sy n th e tic  3 ’,7 -d ih y d ro x y -4 ’-m eth o x y iso flav o n e  (I) 
as w ell as its  a ce ta te  h a d  m . p .’s w hich w ere in  con fo rm ity  w ith  th e  d a ta  o f th e  
In d ia n  au tho rs [2, 3] a n d  th e  N M R sp e c tru m  of I (see E x p e rim e n ta l)  w as as 
e x p e c te d . In  w an t o f a sam ple  of n a tu ra l  calycosin  no d irec t com parison  w as 
possib le .

Selective coup ling  o f  3’,7 -d ih y d ro x y -4 ’-m ethox y iso flav o n e  w ith  2 ,3,4,6- 
te tra -O -ace ty l-a -D -g lu co p y ran o sy l b ro m id e  in  acetone in  th e  presence o f one 
m o la r  eq u iva len t of p o ta ss iu m  h y d ro x id e  involv ing  th e  m ore  re ac tiv e  7 -h y 
d ro x y l gave, a f te r  sap o n ifica tio n , 3’,7 -d ih y d ro x y -4 ’-m ethoxyisoflavone-7-/?-D - 
g lucoside (calycosin-7-glucoside?) (II) of m . p. 231— 233 °€ . T he p e n ta a c e ta te  
o f II  m elted  a t 120— 122 °C and  show ed th e  expec ted  N M R  sp ec tru m  (see 
E x p e rim e n ta l) . The U V  sp ec tru m  of II is in  close ag reem en t w ith  th a t  re p o rte d  
fo r calycosin-7-glucoside [1].

In  conclusion, th e  evidence p ro d u ced  in  th e  p re sen t in v es tig a tio n  seem s 
to  su p p o rt th e  id e n ti ty  o f  calycosin an d  3’,7 -d ih y d ro x y -4 ’-m eth o x y iso flav o n e .

E xperim en ta l

7-(3-Benzyloxy-4-methoxybenzylidene)-2-phenyI-zl2-oxazolin-5-oiie

A n intim ate m ix tu re  of 3-benzyloxy-4-m ethoxybenzaldehyde [8J (23.8 g), benzoyl- 
glycine (19.7 g) and fused sodium  acetate (9.8 g) was heated in acetic anhydride (60 ml) for 
2 h rso n 'a  steam bath . A fter cooling, the brigh t yellow product was filtered  off, washed thorough
ly  w ith  w ater and finally  w ith  m ethanol to  give the crude azlactone (26.4 g; 69% ), m. p. 
155— 156 °C. A sample recrystallized from benzene-m ethanol had m. p. 157— 158 °C.

C24H i9N 0 4 (385.4). Calcd. C 74.79; H  4.97; N  3.63. Found C 74.66; H  5.00; N 3.64% .

3-Benzyloxy-4-methoxyphcnylpyruvic acidoxime

The crude azlactone (23.6 g) was gently boiled for 2.5 hrs w ith  a solution of potassium  
hydroxide (44 g) in w ater (160 ml). H ydroxylam ine hydrochloride (15.2 g) was added to  the 
chilled and filtered solution; i t  was allowed to  s tan d  for a few hours and  then  acidified, w ith 
vigorous stirring and cooling, to  pH  4 w ith hydrochloric acid. An oily precip itate form ed from 
w hich the  solution was decan ted  and acidified to pH  1. This p rec ip ita ted  the oxime (13.3 g, 
69% ). A sample recrystallized twice from n itrom ethane melted a t 157— 158 °C (lit. m. p. [5] 
155— 156 °C).
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3 -Hydroxy-4-ihethoxyphenyl acetonitrile

3-Benzyloxy-4-m ethoxyphenyl acetonitrile (2.24 g) prepared from  the above oxime 
as described [5] was hydrogenated in the presence of palladium -on-charcoal catalyst. The 
usual work-up gave a yellow oil 1.3 g w hich solidified on standing. A sam ple was several times 
recrystallized from chlorobenzene-ligroin to give colorless prism s, m. p. 58—59 °C.

C9H9N 02 (163.2). Calcd. C 63.26; H  5.56: N 8.58. Found C 63.28; H 5.58; N 8.73°, .

2,4-Dihidroxyphenyl 3-hydroxy-4-methoxybenzyl ketone (IV)

A solution of the above nitrile (1.2 g), dry resorcinol (1.3 g) and anhydrous zinc chloride 
(2 g) in dry ether (40 ml) was sa tu ra ted , w ith stirring and cooling, w ith hydrogen chloride gas 
and then  left standing overnight. The e ther layer was decanted from  the oil which separated , 
the la tte r  was tr itu ra te d  w ith 3X 20 ml of dry ether and then  boiled w ith  40 ml of w ater for 
90 min. On cooling th e  ketone crystallized. I t  was separated (0.8 g: 41% ), m. p. 155—158 °C, 
and recrystallized repeatedly  from aqueous ethanol. Long colorless needles, m. p. 161— 162 °€.

C15H 140 5 (274.3). Calcd. C 65.69; H 5.15. Found C 65.91: H 5.09% .

3%7-Diacetoxy-4’-methoxyisoflavone

The above ketone (IV) (2.6 g), e thy l orthoform ate (9 ml) and piperidine (1 ml) were 
boiled in dry pyridine (9 ml) for 3 hrs and poured into a stirred  m ix ture  of 150 ml ice-watcr 
and 15 ml cone. HC1. A fter a few hours the crude isoflavone was separated , dried and acety lated  
w ith acetic anhydride in pyridine on a w ater bath. The product w hich crystallized on cooling 
was filtered off and washed w ith ethanol to  give the alm ost pure d iacetate  (2.5 g), m. p. 204— 
206 °C. R ecrystallization from a large am ount of ethanol raised the m. p. to 207 —209 °C 
(lit. m. p. [2, 3] 208—209 °C).

C20H lf,O7 (368.3). Calcd. C 65.21: H 4.38. Found C 65.13: H  4.34% .

3’,7-Dihydroxy-4’-methoxyisoflavone (I )

Saponification of the above d iace ta te  (0.85 g) w ith 1 A sodium m ethoxide (10 ml) gave 
I as colorless glistening plates (0.49 g), in. p. 248—249 “C (lit. m. p. [2, 3] 247 °C).

NMR (100 MHz, in DMSO-d6, TMS): d =  3.76 (s, OCII.,), (6.80— 7.00 m, 5H, 6 ,8 ,2 \5 \6 ’- 
H). 7.95 (d, J  =  8 Hz, 5-H), 8.22 (s, 2-H), 8.90 and 10.66 p. p. in. (s, З’-OH and 7-OH). 

С16Н 1Ч0-, (284.3). Calcd. C 67.60; H  4.26. Found C 67.22; H 4.24% .

3%7-Dihydroxy-4’-methoxyisofIavone-7-/?-D-glucopyranoside (II)

To a suspension of I (0.284 g; 1 mmole) in acetone (4 ml) 9%  aqueous potassium  h y 
droxide (0.75 ml) was added and thereafte r a solution of acetobrom oglucose (0.50 g) in acetone 
(3 ml) was added dropwise w ith stirring . After 10 hrs more potassium  hydroxide solution 
(0.70 ml) and acetobromglucose (0.50 g) were added. A fter an additional 10 hrs of stirring the 
solution was filtered in to  water (100 ml). The precipitate was separated , dried (0.3 g), and 
tr itu ra ted  w ith chloroform. The chloroform  solution w'as evaporated , the residue dissolved in 
ho t ethanol (3 ml) and  3% aqueous potassium  hydroxide (2 ml). A fter 15 min. heating on a 
w ater ba th  w ater (1 ml) was added and  the solution neutralized w ith  5% sulfuric acid. The 
glucoside (80 mg) crystallized as tin y  colorless needles, in. p. 219— 221 °C. Repeated recrys
tallizations from aqueous ethanol raised  the in. p. to 231 233 °C. No in. p. was reported for
the natu ra l glucoside [1].

UV (in m ethanol), Amax (log e): 220 (4.37). 247 (4.25), 258 (4.27) and 2.87 (4.06) nm. 
(L it. [1]: 248, 254 and  287 nm). [a]Lg  29.Г  (c =  0.99. pyridine).

Co.,H.,n0 10.2 H.,0 (480.4). Calcd. C 55.02: H 5.04. Found C 55.32: H 5.39%.

3’-Acetoxy-4’-m ethoxy-7-hydroxyisoflavone-7-tetra-0-acetyl-/7-D-glucopyranoside; ealycosin 
pentaacetate (H I)

Acetylation of II (50 mg) in acetic anhydride-pyridine gave after crystallization from 
chloroform -ethanol colorless needles (32 mg), m. p. 120— 122 °C.

NMR (60 MHz, CDC13, TMS): ó =  2.08 (15H, Glucose-(OAc)4) 2.32 (s, 3H, 3’-OAc);

Acta Chim. (Budapest) 74, 1972



3 7 0 FARKAS et al.: SYNTHESIS OF CALYCOSIN

1
M a r k h a m , K. R ., Ma b r y , T. J . ,  Sw if t , T. W .: Phytochem istry 7, 803 (1968)

O. P a r t h a s a r a t h y , M. R ., P u r i , R. N., S e s h a d r i , T. R.: Ind ian  J .  Chem. 7, 118 (1969) 
•*. J a i n , A. C., Lal P y a r e , S e s h a d r i , T. R .: Ind ian  J .  Chem. 7, 305 (1969)

. K a g a l , S. A., K a r m a k a r , S. S., V e n k a t a r a m a n , K .: Proc. Indian  Acad. Sei. 44A, 36 (1956)
5. W o n g , E.: Org. Chem. 28, 2336 (1963)
6. Adams, R.: Organic R eactions, Yol. I l l ,  p. 193. Wiley, New York, 1946
7. Z e m p l é n , G., F a r k a s , L.: B er. 76, 1110 (1943)
8. R o b in s o n , R ., S u g a s a w a , S .:J . Chem. Soc. 1931, 3163.

V ale ria  O l e c h n o w i c z - S t e p i e n ; W roclaw , P iac  N an k ie ra  1, P o lan d .

R E F E R E N C E S

G elle rt té r  4.

Acta Chim. (Budapest) 74, 1972

3.86 (s, ЗН , OMe), 3.18—3.35 (m, 2Н, Glucose-CH.,), 5.10—5.40 (m, 4H , Glucose-CH), 6.95— 
7.15 (m , 3H, 2 \5 ’,6’-H), 7.35— 7.55 (ш, 2H, 6,8-H)“ 7.96 (s, 1H, 2-H), 8.22 (d. 1H, J  =  8 Hz, 
5-H).

C3.,H3.,013 (656.6). Calcd. C 58.53; H  4.91. Found C 58.07; H  4.92% .



Acta Chimica Academiae Scientiarum Hungaricae , Tomus 74 (3 ) , pp . 371— 81 (1972)

THE SYNTHESES OF METHYL- AND 
DIMETHYL-SUBSTITUTED AMINO ACID HYDRAZIDES, 

AS POTENTIAL CYTOTOXIC AGENTS
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N 1-A m inoacyl-N 2,N 2-dim ethylhydrazines were prepared from N-benzyloxycar- 
bonyl amino acids by  coupling the free carboxylic groups w ith unsym .-dim ethylhy- 
drazine in the presence of dicyclohexylcarbodiimide. In  the case of dicarboxylic acids 
the corresponding monobenzyl esters or their dicyclohexylam ine salts were used as 
starting  m aterials. The blocking groups can be rem oved by cata ly tic  hydrogenation 
in the presence of Pd-on-charcoal. Two dipeptides were also prepared, l-(N -benzyl- 
oxycarbonyl-L-phenylalanyl-L-phenylalanyl)-2,2-dim ethylhydrazine and l-(N -f-butyl- 
oxycarbonyl-L-phenylalanyl-L-phenylalanyl)-2,2-dim ethylhydrazine.

The synthesis of N -m ethylhydrazides of amino acids and dipeptides has been 
realised by the reductive  condensation of N -protected amino acid or peptide hydrazides 
w ith form aldehyde in the presence of P t0 2 (Adams) cata lyst. p-Toluenesulfonyl and
i-butyloxycarbonyl N -protecting groups were employed.

The com pounds were subm itted  to  prelim inary screening against different tran s
plantable tum ours. On the dose levels used only a m arginal an ti-tum our activ ity  could 
he observed, never exceeding 50% grow th inhibition.

M any papers h a v e  appeared  re c e n tly  concern ing  th e  to x ic ity  and  m ech 
an ism  of action  in  th e  living o rg an ism  of h y d raz in e  an d  u n sy m .-d im eth y l- 
h y d raz in e  [1, 2]. S u ch  stud ies h av e  b een  s tim u la te d  b y  th e  use of these  com 
p o u n d s as rocket fu e ls .

W hen  te s tin g  a series of h y d ra z in e s  for a n o th e r  p u rpose , l-m e th y l-2 - 
benzy lh y d raz in e  [3, 4] was found to  have  a pronounced  tu m o u r in h ib ito ry  
effect. A fte r th e  sc reen in g  of severa l h u n d red  analogous com pounds, f in a lly
l-m e th y l-2 -p -(iso p ro p y lcarb am o y l)-b en zy lh y d raz in e  h y d ro ch lo rid e  and  1-m eth- 
y l-2 -p -a llo p h an o y l-b en zy lh y d raz in e  h y d ro b ro m id e  w ere chosen for ex tended  
bio logical and clin ica l tria ls .

A m ino acid h y d raz id es  s u b s ti tu te d  w ith  a lky l, a ra lk y l, alicyclic, e tc . 
rad ica ls  [5] were fo u n d  to  be v a lu a b le  th e ra p e u tic  ag en ts . T hese su b stan ces 
are am ine oxidase in h ib ito rs ; some o f  th e m  show  rem ark ab le  an ti-d ep ressiv e  
a c tiv ity . No m eth y l- o r  d im e th y l-su b s titu te d  d e riv a tiv e s  w ere m en tioned  in 
th is  series of co m p o u n d s [5].

I t  seem ed in te re s tin g  therefore  to  syn thesize  som e m eth y l- and  d im ethy l- 
su b s ti tu te d  h y d raz id es  of am ino ac id s , as a new  co m b in a tio n  of tw o g roups 
of b io logically  a c tiv e  com pounds, a n d  in v es tig a te  th e ir  b io logical a c tiv ity , 
f irs t of all th e ir  possib le  tu m o u r in h ib ito ry  p o ten tia l.
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T he choice o f th e  co rrespond ing  g lu tam ic  acid an d  a sp a rtic  acid d e riv 
a tiv e s  has been b ased  on th e  fin d in g s of R o b e r t s  et al. [ 6 ] ;  th e y  h av e  show n 
t h a t  g lu tam in e  p lay s a k ey  role in  th e  m etabo lism  o f tu m o u r  cells. This en 
co u rag ed  th e  p o s tu la tio n  th a t  som e analogues o f g lu tam in e  m ig h t fu n c tio n  
as in te rfe rin g  a n ta g o n is ts  and  in fluence  th e  m etabo lic  p a th w a y s  o f tu m o u rs . 
S ev era l deriv a tiv es  h a v e  been te s te d  a n d  som e show ed a considerab le  tu m o u r  
g ro w th  in h ib ition , am o n g  o thers 1 -y -L -g lu tam ylhydrazine  [7] an d  1 - / ? - d l - 

a sp a rty lh y d ra z in e  [8].
T h e  L -a sp a ra g in a se  d e p e n d e n c e  o f  c e r t a in  t u m o u r s  h a s  b e e n  d e m o n s t r a t e d  

b y  B r o o m e  [9], t h e  g r o w t h  o f  s u s c e p t ib le  t u m o u r s  b e in g  in h ib i t e d  b y  t r e a t 
m e n t  w i th  L -a sp a ra g in a se  d e r iv e d  f ro m  e i th e r  g u in e a  p ig  s e ru m  o r  Escherichia 
Coli. R e c e n t ly  S c h l e s i n g e r  et al. [10] in  a se a rch  fo r  L -a sp a ra g in e  an a lo g u e s  
f o u n d  t h a t  N -b e n z y lo x y c a r b o n y l - L -a s p a r a g in e  c a u se d  a m o re  t h a n  5 0 %  in 
h i b i t i o n  o f  th e  g r o w th  o f  a n  L -a sp a ra g in a se -s e n s i t iv e  m u r in e  l y m p h o m a  [11].

I t  is o f in te re s t to  n o te  th a t  N -b enzy loxycarbony l-L -pheny la lan ine  has 
also show n tu m o u r in h ib ito ry  p o te n c y  [12]. I t  has been  observed  th a t  benzyl- 
o x y ca rb o n y l d e riv a tiv e s  o f am ino acids b earin g  an  a d d itio n a l a ro m atic  ring  
s tro n g ly  in h ib it a m u lti tu d e  of enzym es, i.e. r a t  liver a sp arag in ase , r a t  liver 
g lu tam in ase , ra t  liv e r g lu tam in e  sy n th e ta se , e tc . T he s tro n g  in h ib ito ry  a c tiv 
i ty  o f  th e  d e riv a tiv es  co n ta in in g  tw o a ro m a tic  groups m ay  he exp la ined  b y  an  
in te ra c tio n  of th e  a ro m a tic  rings th ro u g h  h y d ro p h o b ic  bonds w ith  tw o su itab le  
s ite s  in  th e  enzym e m olecule. T his causes in h ib itio n  e ith e r  b y  b locking  th e  
a c tiv e  sites per se, o r b y  ex e rtin g  an  allosteric  effect [12].

In  view  of th e  ab o v e  resu lts  we ap p lied  in  m ost cases N -ben zy lo x y carb o n - 
y l p ro te c tin g  groups. T h e  presence o f  a second a ro m atic  ring  in  th e  m olecule 
cou ld  be estab lished  b y  fo rm ing  b e n z y l h a lf  esters in  th e  case of g lu tam yl- 
a n d  a sp a rty l d e riv a tiv e s . N -B en zy lo x y carb o n y l-p h en y la lan in e  d e riv a tiv es  
w ere  also syn thesized .

In  th e  case of d icarboxy lic  acids y- an d  /S-hydrazides w ere fo rm ed , r e 
sp ec tiv e ly . The in v e s tig a tio n  of a -h y d raz id es  seem ed w o rth  w hile too , since 
o u r p rev ious experiences w ith  g lu ta in y lp ep tid e s  [13] in d ica ted  th a t ,  in  sp ite  
o f  o u r  ex p ec ta tio n s, a -L -g lu tam yl-M elphalan  e th y l es te r w as a m ore effective 
tu m o u r  in h ib ito r th a n  its  y -g lu tam y l analogue.

A few p ep tid e  d e riv a tiv e s  h av e  b een  included  in  th e  series of ou r m odel 
co m p o u n d s, based  on in d ica tio n s  th a t  c e rta in  p ep tid e  d e riv a tiv e s  of M elphalan  
[13, 14] and  S arco lysin  [15, 16, 17] are  less tox ic  th a n  th e  p a re n t com pound , 
h a v e  a d ifferen t sp e c tru m  o f a n titu m o u r  a c tiv ity  an d  m ay  possess an  im proved  
ch em o th e rap eu tic  in d ex . T he n o n -m u s ta rd  am ino acid  has considerab le  in 
f lu en ce  on th e  a c t iv i ty ;  fo r exam ple  N -ace ty l-sa rco lysy l-va line  e th y l ester in 
h ib ite d  th e  g row th  o f sp ind le  cell sarcom é 45 in  ra ts  as d id  Sarco lysin , b u t 
d am ag ed  no rm al tissu e , especially  h em opo ie tic  tissue  to  a lesser e x te n t, sug
g es tin g  a m uch m ore selec tive  a n ti- tu m o u r  ac tion  [18].
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N ’-A m inoacyl —N 2, N2-d iinethy lhvdrazines

F ro m  ex p erim en ts  w ith  m e th y lh y d ra z in e  an d  w ith  u n sy m .-d im eth y l- 
h y d ra z in e  it  has b een  concluded [19] th a t  the  o rd e r o f re a c tiv ity  w ith  respect 
to  th e  fo rm ation  o f acy lh y d raz id es  from  an este r is: N H 2— N H , ]> C H 3N H — 
— NH„ (CH3),N — NH.,. U n sy m .-d im e th y lh y d raz in e  d id  n o t re a c t w ith  sim ple
este rs  la rger th a n  fo rm ates.

T he syn thesis o f N 1-am in o acy l-N 2,N 2-d im e th y lh y d raz in es  w as realized  
th e re fo re  from  N -p ro tec ted  am ino  ac ids b y  coupling  th e  free carboxy lic  group 
in  th e  presence o f d icyclo h ex y lcarb o d iim id e  [20] w ith  u n sy m .-d im e th y lh y d ra - 
zine (libera ted  from  its  h y d ro ch lo rid e  [21] w ith tr ie th y la m in e ) , using  ace to n itr il 
as so lven t. In  th e  case of d ica rb o x y lic  acids th e  co rrespond ing  m onobenzyl 
e s te rs , or th e ir  d icyc lohexy lam ine  sa lts  were used as s ta r t in g  m ateria ls .

T h e  N -benzy loxycarbony l- a n d  benzyl e s te r b lo ck in g  g roups can  be re 
m oved  b y  ca ta ly tic  h y d ro g en a tio n  in  th e  presence o f P d -o n -ch arco a l. In  a few 
cases th e  u n p ro te c te d  am ino ac id  N ,N -d im e th y lh y d raz id es  w ere also p rep ared  
an d  su b m itte d  to  an im a l te s ts , h a v in g  a b e tte r  w a te r  so lu b ility  th a n  th e  p ro 
te c te d  derivatives.

T he following com pounds h a v e  been sy n th esized :

Z—N H — CH—CH„— CH2— COR1
I
COR2

/С Н ,
I: R 1 =  N H —N< R 2

CH,
Z =  OCOCH2CeH ,

l-(a -benzy l N -b en zy loxycarbony l-y -L -g lu tam yl)- 
2 ,2 -d im eth y lh y d raz in e

/С Н ,
II : R 1 =  OCH.,CrH , R 2 =  N H —N \ CH:,

Z—N H — CH—CH, CO R 1 

COR2

Z—NH CH COR1
I

CH-

IV

Pd/Fb

Pd/llz

l-(y-benzyl N-benzyloxycarbonyl-a-L-glutam yl)
2.2- dim ethylhydrazine

/С Н ,
I I I :  R 1 =  OCH„CcH 5 R 2 =  N H —N<

\ c h ,
z =  OCOCH,CflH-

l-(/?-benzyl N -b en zy lo x y carb o n y l-a-L -asp arty l)-
2.2- dim ethylhydrazine

A. I I ,
IV : R 1 N H —NY Z =  OCOCH,C(lH,

C H 3
l-(N -benzyloxycarbonyl-L-phenylalanyl)-2,2-di- 
m ethylhydrazine

/ C H 3
H 2N - C H - C H ,  C H ..-C O  NH - N <

I ‘ " 'C H ,
COOH

V : l- (y -L -g lu ta m v l) -2 ,2 -d im e th y lh y d ra z ii ie
yC H ,

H..N— CH—CO —N H  — N /
I / = \  CH3

CH2-<_>
V I: l-(L-phenylalanyl)-2,2-dim ethyIhydrazine
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Tw o d ipeptides, V II a n d  V III, w ere inc luded  in  th is  series o f  com pounds.
l-(N -B en zy lo x y carb o n y l-L - ph en y la lan y l-L - ph en y la lan y l) - 2,2 - d im e th y lh y d ra -  
z in e  (V II)  was sy n th esized  from  N -b en zy lo xycarbony l-L -pheny la lan ine  [22] 
a n d  l-(L -p h en y la lan y l)-2 ,2 -d im eth y lh y d raz in e  (V I) , using  d icyclohexy lcarbo- 
d iim id e  in te tra h y d ro fu ra n  fo r th e  p ep tid e  coupling.

T h e  second d ip ep tid e , l-(N -i-b u ty lo x y carb o n y l-L -p h en y la lan y l-L -p h en y l- 
a lan y l)-2 ,2 -d im e th y lh y d raz in e  (V III)  was o b ta in ed  b y  a th re e -s te p  synthesis. 
N -t-B u ty lo x y carb o n y l-L -p h en y la lan in e  [23] an d  L -pheny la lan ine  ben zy l ester 
[24] w ere  coupled to  a d ip e p tid e  [25] b y  m eans o f th e  m ixed  a n h y d rid e  m ethod. 
A f te r  rem oval of th e  b e n z y l e s te r g roup  by  ca ta ly tic  h y d ro g e n a tio n  in  th e  p res
ence  o f  P d /charcoal, u n sy m .-d im e th y lh y d ra z in e  w as coup led  to  th e  free ca r
b o x y lic  group of the  N -p ro te c te d  d ip ep tid e  [26] in  th e  presence o f dicyclohcxyl- 
c a rb o d iim id e .

CeH5CH,OCO—N H — CH— CH—CO—N H —CH— CO—N H —N-
I I
CH2C„H, CiI,C,,II.-

CH3

CH3

V II: l-(N -benzyloxycarbonyl-L-phenylalanyl-L-phenylalanyl)-2,2-dim ethylhydrazine

(CH3)3COCO —N H — C H — CO—NH CH—CO—N H —N
I

CH2C„H- CHXEH,

CH3

CH.

V III: l-(N -i-butyloxycarbonyl-L-phenylalanyl-L-phenylalanyl)-2,2-dim ethylhydrazine

N ’-A m inoacy l-N --m ethy lhydrazines

T h e  m onoacylation  o f  m e th y lh y d raz in e  is co m plica ted  b y  th e  presence 
of tw o  nitrogens which c a n  undergo  acy la tio n . C onsidering th e  e lec tron-do
n a t in g  ch a rac te r of th e  m e th y l g roup , acy la tio n  m igh t be ex p ec ted  to  occur 
m o re  read ily  a t the  m e th y l-b e a r in g  n itro g en . E x p e rim e n ta l ev idence  has shown 
[19] t h a t  th e  reaction  o f ca rb o x y lic  acid esters w ith  m e th y lh y d ra z in e  yields 
p re d o m in a n tly  the  l-a c y l-2 -m e th y lh y d ra z in e  along w ith  a sm aller b u t  su b stan 
t ia l  a m o u n t of the 1 ,1 -d isu b s titu te d  isom er. T he reac tio n  of an  a n h y d rid e  w ith 
an  aq u eo u s  solution o f m e th y lh y d ra z in e  yields m ain ly  1 -acy l- l-m e th y lh y d ra -  
z in e , to g e th e r  w ith a tra c e  o f  th e  l-acy l-2 -m eth y l isom er. S e p a ra tio n  an d  p u ri
f ic a tio n  o f th e  p roducts c o n ta in in g  th e  m ix tu re  of isom ers is e x tre m e ly  d ifficult 
a n d  cou ld  not be effected  by  th e  usual techn iques.

A  su itab le  m ethod  fo r  th e  syn thesis  of d iffe ren t N -m onoalky lhydraz ides 
o f  am in o  acids has been  rea lized  b y  th e  red u c tiv e  co n d en sa tio n  o f aldehydes 
w ith  th e  corresponding am in o  acid  hyd razides in  th e  p resence of PtCb, (Adams) 
c a ta ly s t  [5, 27]. The N -m e th y l deriv a tiv es  could be o b ta in ed  b y  using  form 
a ld e h y d e  as the  aldehyde co m p o n en t. F ree am ino groups o f  am ino  acids w ould
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in te rfe re  w ith  th e  c o n d en sa tio n  reac tio n , there fo re  N -p ro tec tin g  g roups w ere 
em ployed , such  as p -to lu en esu lfo n y l an d  i-b u ty lo x y ca rb o n y l, w hich are  n o t 
affec ted  b y  c a ta ly tic  h y d ro g en a tio n .

T he fo llow ing com pounds w ere syn thesized :

C H .,C 6H 4S O , — N H — C H — C O O H

I
( C H 2) 2— C O — N H — N H — C H j

IX: l-(N -p-toluenesulfonyl-y-L-glutam yl)-2-m ethylhydrazine

( C H 3) 3C O C O — N H — C H — C O — N H — N H — C H 3

I
C H ..O H

X: l-(N -t-b u ty lo x y ca rb o n y l-L -sery l)-2 -m e th y lh y d raz in e

( C H 3) 3C O C O  - N H — C H — C O  - N H  C H — C O — N H — N H — C H 3

I !
C H 2C6H 5 С Н 2С ,Д -

XI: l-(N -í-butyloxycarbonyl-L-phenylalanyl)-
—L -pheny la lan y l)-2 -m eth y lh y d raz in e

So fa r com pound X I h as  been th e  on ly  d ip ep tid e  d e riv a tiv e  p re p a re d  in  th is  
series of com pounds. T h e  syn thesis  w as achieved b y  coupling  N -t-b u ty lo x y - 
carbony l-L -p h en y la lan in e  [23] w ith  L -phenylalan ine m e th y l e s te r [28] using  a 
w ater-so lub le  ca rb o d iim id e  [29]. T he correspond ing  h y d raz id e  w as o b ta in ed  
from  th e  d ip ep tid e  e s te r  w ith  h y d raz in e  h y d ra te . T he la s t  s tep  of th e  syn th esis  
was th e  red u c tiv e  co n d e n sa tio n  o f th e  h y d raz id e  d e r iv a tiv e  w ith  fo rm ald eh y d e  
in th e  p resence o f P tO „  ca ta ly s t.

E xperim en ta l

The compounds w ere checked for pu rity  by TLC on silica gel. The m ost useful solvent 
systems were found to  be: (a) MeOH—CHC13 (5 : 95); (b) BunOH AcOH H.,0 ( 4 : 1 :  1); 
(c) E tO A c-P y r-A cO H -H 20  (60 : 20 : 6 : 11).
The spots were located w ith  iodine vapour.

All m. p .’s are uncorrected  and were taken  on a Kofler appara tus
The presum ed stru c tu res  were confirmed by IR  spectra, recorded in K B r pellets w ith 

an IR  10 spectrom eter (Carl Zeiss, Jena). In  a few cases the nuclear m agnetic resonance spectra 
were also obtained in DM SO(dc) solution using a ZKR-60 type spectrom eter (Carl Zeiss, Jena).

Starting materials (prepared according to the literature) 
a-Benzyl N -benzyloxycarbonyl-b-glutam ate [30]
-/-Benzyl N -b en zy lo x y carb o n y l-L -g lu tam ate  [31]
y-Benzyl N-benzyloxycarbonyl-L-glutam ic acid dicyclohexylam ine salt [32] 
/J-Benzyl N -benzyloxycarbonyl-L-aspartate [33]
N-Benzyloxycarbonyl-i,-phenylalanine [22] 
unsym .-N ,N -D im ethylhydrazine hydrochloride [21] 
N -t-Butyloxycarbonyl-L-phenylalanine [23]
L-Phenylalanine benzyl ester hydrochloride [24] 
N-p-Toiuenesulfonyl-L-glutamic acid y-hydrazide [34] 
N-t-Butyloxycarbonyl-L-serine hydrazide [35]
L-Phenylalanine m ethy l ester hydrochloride [28]
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N-i-Butyloxycarbonyl-L-phenylalanyl-L-phenylalanine m ethyl ester [29] 
Dicyclohexylcarbodiim ide, N -ethyl-N ’-(3-dim ethylam ino-propyl)-carbodiim ide, iso
bu ty l chloroform ate (Fluka).

All o ther reagents were of analytical grade.

protected amiiioacyl)-N2,N-’-dimethylhydrazines
A m ixture of the N -benzyloxycarbonylam ino acid (10 mmoles) (or in  the case of di- 

carboxylic acids the appropriate  monobenzyl ester), unsym .-dim ethylhydrazine hydrochloride 
(10 mmoles) and triethylam ine (10 mmoles) was stirred in acetonitril (125 ml) for 15 min a t
0 ----- (-2 °C, followed by the addition of dicyclohexylcarbodiim ide (11 mmoles). S tirring
was continued in the cold for 4 hrs and then  the m ixture set aside for 12 hrs a t room tem per
atu re . A few drops of glacial acetic acid were added, the precipitate rem oved, and the filtra te  
evaporated  to dryness in vacuum . An ethy l acetate  solution of the residue was washed w ith 
5% sodium hydrogen carbonate  solution and w ater, dried (M gS04), and the solvent removed 
in vacuum . The residue was purified by crystallisation from ethyl acetate-petro leum  ether.

Com
pound

M. p.,
°C Y ield Optical rotation A nalysis

T 111—2°

c' - 
ot- M B  =  -1 1 .7 3 ° C,2H2.0 5N3 (413.482)

(c =  2.5: MeOH) Calcd. ( % )  C 63.9; H 6.6; N  10.2 
Found ( % )  C 64.1: H 7.0; N 10.0

i i

ОCM1 74% [a]b« =  -1 2 .4 ° C jjH jjO jN a  ( 4 1 3 .4 8 2 )

(c =  2.3; MeOH) Calcd. ( % )  C 63.9; H 6.6; N  10.2 
Found ( % )  C 64.15; H 7.05; N 10.6

h i 124—5° 72% Ы В  =  4.4° C21Hj50 ,N 3 (399.455)
(c” 2.7; MeOH) Calcd. ( % )  C 63.15; H 6.3; N 10.5 

Found ( % )  C 63.0; H 6.5; N 10.7

IV 142° 75% M B ’ =  +4-3° C19H230 3N3 (341.417)
(c= 2 : E tO H ) Calcd. ( % )  C 66.84; H 6.79; N 12.3 

Found ( % )  C 67.0; H 6.9; N 12.5

Catalytic hydrogenolysis of protected derivatives
The protected derivatives (10 mmoles) were dissolved in anhydrous m ethanol (250 ml) 

and hydrogenated in a stream  of hydrogen a t room tem perature in the presence of palladium - 
on-charcoal (10%) until developm ent of C 02 was no longer detectable. The reaction m ixture 
was filtered  from the ca ta ly st and the filtra te  evaporated to dryness in vacuum .

Com 
pound

M .p .,
°c O ptical rotation Y ield A nalysis

V 176—8° M B  =  +11.1°
(c= 2 .1 ; w ater)

87.4% C7H lä0 3N3 (189.221)
Calcd. (% ) C 44.43; H 7.99; N 22.2 
Found (% ) C 44.35; H 7.73; N 22.3

VI amorphous hygroscopic 

solid
95.5% Cu H „O N 3 (207.281) 

Calcd. (% ) N 20.3 
Found (% ) N 19.9
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l-(N-Benzyloxycarbonyl-L-phenylalanyl-L-phenylalanyl)-2,2-dimethylhydrazine (VII)

N -B en zy lo xycarbony l-L -pheny lalan ine  (10 m m oles) an d  l-(L -pheny la lany l)-2 ,2 -d i- 
m e th y lh y d raz in e  (10 m m oles) (VI) were coupled  in te tra h y d ro fu ra n  (100 m l) by  th e  d icyclo- 
h ex v lcarbod iim ide  m eth o d  in th e  usual w ay.

M. p. 179— 181°; [a]f>° =  — 11° (c =  2% ; CHC13). Y ield: 75%.
C28H 320 4N4 (488.596). Calcd. C 68.83; H 6.6; N 11.47. Found C 68.82; H 6.8; N 11 .27% .

l-(N-t-butyloxycarbonyl-L-phenylalanyl-L-phenylalanyl)-2,2-dimethylhydrazine (VIII)

To a cold (— 5 °C) solution of N-t-butyloxycarbonyl-L-phenylalanine (10 mmoles) in 
te trahydro fu ran  (50 ml) triethylam ine (10 mmoles) was added followed by isobutyl chloro- 
form ate (10 mmoles). The m ixture w as stirred for 20 min. a t  — 5 °C and a solution of L-phenyl- 
alanine (25 ml) was added. The solution was stirred for 3 hr a t 0 °C and a t room tem perature  
overnight. The precipitate was filtered off and the solvent evaporated in vacuum . The ethyl 
acetate solution of the residue was washed successively w ith  H 20 ,  5% N aH C 03 solution, 0.1 N  
citric acid and H20 , dried (MgS04), and the solvent rem oved in vacuum. The residue was 
purified by crystallisation from  ethyl acetate-petroleum  ether. Yield 88%. The p roduct ob 
tained proved to be identical w ith the N -t-butyloxycarbonyl-L-phenylalanyl-L-phenylalanine 
benzyl ester reported  in the literature  [25], bu t prepared by  a different method.

A solution of N -i-butyloxycarbonyl-L-phenylalanyl-L-phenylalanine benzyl ester in 
anhydrous m ethanol was subjected to cata ly tic  reduction  w ith  palladium -charcoal according 
to the conventional procedure. After completion of the reaction  (1/2—1 hr) and rem oval of 
the cata lyst, th e  filtra te  was concentrated under reduced pressure to a crystalline mass. Re- 
crystallisation of the residue from ether-petro leum  ether yielded a compound identical w ith 
N-t-butyloxycarbonyl-L-phenylalanyl-L-phenylalanine ob tained  previously by the saponifi
cation of the corresponding m ethyl ester [26].

Coupling of the N -protected dipeptide w ith unsym .-dim ethylhydrazine in the presence 
of dicyclohexylcarbodiimide was achieved as described for the N -protected amino acid deriv
atives.

M. p. 159—160 °C; [a]&° =  —6° (c == 2, MeOH). Y ield: 77%.
C25H 340 4N4 (454.579). Calcd. C 66.06; H 7.54; N 12.33. Found C 65.92; H 7.56; N 12.5%.

N-t-butyloxycarbi>nyl-L-phenylalanyl-L-phenylalanylhydrazide

H ydrazine hydrate  (0.65 ml; 95%,) was added to a solution of N-i-butyloxycarbonyl-L- 
phenylalanyl-L-phenylalanine m ethyl ester (10 mmoles) in dry  ethanol (30 ml). The reaction 
m ixture was kep t for 5 days a t room tem perature. The crystals were collected and recry sta l
lised from ethanol-ether.

M. p. 178— 179 °C; [oc]5° =  — 19.1° (c =  1.98; MeOH). Yield: 66%.
C23H 30N4O4 (426.525). Calcd. C 64.77; H 7.1; N 13.14. Found C 64.47; H 7.5; N  13.45%.

Reaction of N-protected amino acid and peptide hydrazides with formaldehyde and simultaneous 
hydrogenation of the hydrazone thus formed

To a solution of the N -protected amino acid hydrazide (10 mmoles) in e thano l-w ater 
(1 : 1) (200 ml), or the N -protected peptide hydrazide (10 mmoles) in m ethanol-ethanol (1 : 1) 
(200 ml), aqueous form aldehyde solution was added (11 mmoles; 38%) and hydrogenated  in 
the presence of P t0 2 cata lyst (0.1 g). A fter the absorption of hydrogen had subsided (3—4 hr), 
the cata lyst was filtered off, the filtra te  concentrated in vacuum  and crystallised from  dry 
ethanol ether.

Spectral data
NMR assignm ent: 
IR : I: rmax:

II: vm a x -

III: vmax-

Ö 2.43 ppm  (N—CH3)
3300, 3225 (N H); 2822, 2780 (N CH 3); 1748 (C =  0 , ester); 1652 (C =  0 . 
amide); 1692 (C =  0 , Z) cm -1 .
3300, 3225 (N H); 2780, 2795 (N CH 3); 1735 (C =  0 , ester); 1659 (C =  0 ,  
amide); 1689 (C =  0 ,  Z) cm -1 .
3305, 3230 (N H); 2768, 2790 (N CH 3); 1735 (C =  0 , ester); 1660 (C =  0 . 
amide); 1686 (C =  0 ,  Z) cm -1 .
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IV: v„

V: vn

6 :

V II: vmi

6:
V III: vm:

6:
IX : vmi

Ő:
X : vm.

Ő:
XI:

3320, 3230 (NH); 2828, 2781 (NCH3); 1673 (C =  0 , am ide); 1700 (C =  0 , 
Z); 700, 740 (m onosubst. arom atic ring) cm ^1.
3300— 2500 (broad; N H 3+); 1620, 1318 (C 02); 2840, 2792 (NCH3); 
1679 (C = 0 , amide) cm -1 .
1558 (N H); 1595 (N H J) c m 1.
3280, 3220 (NH, broad); 2820, 2780 (NCH3); 1640 (C =  0 , amide); 
1690 (C =  0 , Z); 700, 748 (m onosubst. arom atic ring) c m ^ 1.
1548, 1532 (NH) c m 1.
3325, 3292, 3241 (N H ); 2822, 2780 (N H 3); 1651 (C =  0 , am ide); 1693 
(C =  0 ,  BOC); 3085, 3065, 3032 (CArH ); 750, 702 (m onosubst. arom atic 
ring) cm -1 .
1532 (N H, amide II )  cm “ 1.
3400—2000 (NH, O H ); 1720 (C =  0 , COOH); 1655 (C =  0 ,  amide): 
1335, 1165 (SO.,) cm “ 1.
1585, (N H 2) cm -
3330, 3300‘ 3270 (N H ); 3100 (O H, broad); 1715 (C =  0 , BOC); 1660 
(C =  0 ,  amide I) c m 1.
1530 (N H, amide II).
3350— 3230 (NH); 1655, 164 (C =  0 ,  amide); 1689 (C =  0 , Z); 700, 740 
m onosubst. arom atic ring) cm - 1.
1550, 1520 (NH) cm “ '.

Com 
pound

M. p.,
°c O ptical rotation Y ield A nalysis

IX 70—2° МЬ°= + 37Л° 74.7% C13H 190 5N3S (329.385)
(c =  2.1: MeOH) Calcd. (% ) C 47.4; H 5.8; N 12.7; S 9.7

Found (% ) C 47.1; H 6.1; N 12.5; S 9.5

X 147—8° M B  =  ~ 8 ° 78.1% C9H 190 4N3 (233.275)
(c =  2; E tO H ) Calcd. (% ) C 46.3: H 8.2; N 18.0

Found (% ) C 46.6: H 8.4; N 18.1

XI 119—20° M B  -  -9 -03° 50% C,4i l :,,0 4N4 (440.552)

(c =  2; MeOH) Calcd. (% ) C 65.4; H 7.3: N 12.7

Found (% ) C 65.1: H 7.3; N 12.8

The degradation of deoxyribonucleic acid by m ethylhydrazine derivatives

The effect of l-m ethyl-2-p-(isopropylcarbam oyl)-benzylhydrazine hydrochloride (Ro 
4-6467-1) and other com pounds of this type [3] on the viscosity of aqueous solutions of deoxy
ribonucleic acid has been examined by B o l l a g  et al. [36].

In  the presence of molecular oxygen a steady  decrease of the viscosity was observed 
over a period of several days. From the experim ental results it  was concluded th a t  this effect 
is due to  autoxidation of the m ethylhydrazine derivatives leading to the form ation of hydrogen 
peroxide. I t  may be assum ed th a t slow release of hydrogen peroxide is an essential require
m en t for cytotoxic ac tiv ity .

Experim ental conditions: the solution of 0.07% w/v sodium deoxyribonucleinate (Fluka) 
and 10%  sodium chloride to  stabilize the DNA against denaturation  in 1/30 m olar phosphate 
buffer of pH  =  7 was m ade 0.0005 molar w ith  respect to  Ro 4-6467-1. The solution w as stored 
a t 37 °C. The viscosity was measured periodically in an Ostwald type viscom eter a t 37 °C 
(sheer stress between 300 and  600 sec“ ‘).

The effect on the  viscosity of aqueous DNA (R EAN AL) solution of two w ater-soluble 
hydrazine derivatives reported  in this paper, V and  X, has been investigated under similar 
conditions, except in a m ore concentrated, 2.5 • 10~3 m olar solution.
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The results of viscosity  measurem ents are presented in Table Ijand  Fig. 1.

Time (hr)

Fig. 1. V: l-(y-L-G lutam yl)-2,2-dim ethylhydrazine: X: 1 -(A. - BO C - L-ser\7)-2-met hy 1 h yd razin  e

Table 1

rlsp
T im e,

hrs D N A
(R ea n a l)

DNA (R eanal) 

V

D N A  (R eanal) 

X

D N A
(Fluka)

D NA (Fluka) 
Ro 4-6467-1

0 1.194 1.194 1.194 0.63 0.63
24 1.194 1.114 0.38
72 1.139 0.58
96 0.978 0.969 0.1

160 0.03
216 0.783 0.652

Decrease ° о 35% 46% 95%

From  the experim ental results it  can be concluded th a t bo th  compounds cause a decrease 
in the viscosity of an aqueous DNA solution, b u t the process is less dram atic and also slower 
than  in the case of Ro 4-6467-1. A t the same tim e, it  cannot be overlooked th a t a direct com 
parison between the d a ta  obtained by B o l l a g  et al. [36] and our measurem ents might be in 
correct, since the p value  of the control DNA solution prepared from  DNA (Fluka) was ab o u t 
the half as m uch as in th e  case of the DNA solution used by us and prepared from a highly 
polymerised chicken blood DNA (REANAL, H ungary).

Biological data

Compounds I, II , III. IV, V, IX and X were subm itted  to prelim inary screening and  
tested for an ti-tum our ac tiv ity  on the following transp lan tab le  tum ours: Yoshida subcu tane
ous sarcoma in ra t (W istar, random ); S37 ascites tum our, E hrlich  ascites carcinoma and N K /L y 
ascites lym phom a in mice (Swiss, random ). The procedures adopted  corresponded to generally 
accepted screening m ethods.

Based on tox ic ity  estim ations (LD-0, L D ,0), the daily doses applied (i. p. or s. c.) fo r
8—10 days corresponded to  the LD10 dose levels (IV. IX. X) or were somewhat higher (I , II , 
III, V):
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1 I I I I I I V V I X X

50
mg/kg

50
mg/kg

50
mg/kg

1

mg/kg
50

mg/kg
5

mg/kg
10

mg/kg

Initia l results of testing  indicated th a t  on th e  above mentioned dose levels these com
pounds show only borderline anti-tum our ac tiv ity . E ven in the case of the m ost active compounds 
(IY , IX ) tum our grow th inhibition was less th a n  50% . A detailed study of the tum our inhibi
to ry  properties will be published elsewhere.
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RECENSIONES

В. T e z a k  an d  У. P r a v d i c , E d s.: The C hem istry o f  So lid lL iqu id  Interfaces.

Proceedings of the In ternational Sum m er School, D ubrovnik-Cavtat, Y ugoslavia. —
Zagreb 1971

The collection of papers edited by B. T ez a k  and B. P ravd ic  and published by Croatica 
Chemica Acta  under the above title , contains some of the lectures given a t the Sum m er School 
held betw een June 23 and Ju ly  4, 1969, in D ubrovnik-C avtat, Yugoslavia. The course has 
been organized by the Ruder Boskovic In s titu te , Zagreb, under the sponsorship of the Yugoslav 
Federa l R esearch Council, the corresponding C roatian federal council, and of th e  Nuclear 
E nergy  Council. The 18 papers included in the book were published in 1970 in Croatica Chemica 
A cta, together w ith the abstracts of o ther papers. As pointed out in the In troduction  by P ro 
fessor Tezak, the in itia to r of this Sum m er School, the purpose of this collection is to  arouse 
in te rest to  some problems on which the Y ugoslav colloid chem istry school focuses a tten tion . 
To serve th is objective, instead of m aking the book commercially available, it  is sent to  those 
in terested  against paym ent for the costs of publication.

The book is very a ttractively  made on 10 -f- 300 pages. I t  carries num erous figures and 
tab les, as well as subject and au thor indexes. The collection is not homogeneous: p a r t of the 
papers can be regarded as reviews of a given field or direction of research, whereas others re 
p o rt on resu lts of studies which are a t p resent in progress. The results presented are m ostly 
available as papers in specialist journals, some being known also as lectures of the au thors in 
H ungary  (the papers of J .  L y klem a  and M. M ir n ik  a t the 1st Conference on Colloid Chem istry, 
and  of G. D. P a r f it t  a t the Meeting of the Com m ittee on Colloid Chemistry las t year).

A lthough the topics discussed embrace a wide variety  of fields, the papers can be roughly 
classed into 3 m ain groups. This subdivision is na tu ra lly  no t the only possibility since th e  cor
responding areas often overlap.

The first group includes papers concerned w ith electrochem istry and the stab ility  of 
sols by  R. H. D orem us  (the potential of ion-specific electrodes), L. G ie r s t  and coworkers 
(effect of depolarization on the double layer), E. D. Godd a rd  (specific counterion effect) and 
J . L y k l e m a  (stability  of sols and the correlation between lyotropic series). The paper of M. 
M ir n ik  on the ion-exchange theory of coagulation is very interesting and deserves a tten tion . 
G. D. P a r f it t  trea ts  some stability  problem s of non-aqueous sols. The article by  W. S. Stum m  
and coworkers about the effect of specific in teractions on the stability  is also related  to  sol 
s tab ility . A som ewhat more rem ote aspect of the subject is represented by the papers of R. 
P a r so n s  about the transfer coefficient of electrode processes and G. H. N anco llas on the 
therm odynam ic analysis of metal complex form ation in non-aqueous media. Very enlighten
ing is B. T e z a k ’s paper concerning the correlation between the so-called m etoric (interphase) 
layers and the formation of phases.

The review by A. C. Zet t l e m o y e r  and F. J . M ic a le  on the sorption of b inary  liquid 
m ix tu res on solid surfaces represents a different group of subjects.

The th ird  group includes papers on the form ation of phases. A. E. N ie l s e n  gives a 
general survey of the field, A. R. D e s p ic  deals w ith  the electrocrystallization of m etals, R. H. 
D o r em u s  w ith nucleation and crystal grow th, and G. H. N ancollas trea ts some problem s of 
the  grow th of nucleation centers. The effect of in term ediate phases on crystallization  in the 
case of polym eric systems is surveyed by P e t e r l in ; A. G. W atson  reports on the nuclea
tion and crystallization of common polym ers and biopolymers.
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The good selection of papers emphasizes th a t  our knowledge about solid/liquid in te r
faces is of great im portance also in the in terp re ta tion  of phenom ena th a t seem to be only 
rem otely related to the sub jec t of the physical chem istry of phase boundaries. Let it be suffi
cient to  point out the electrochem ical and electrokinetic phenom ena a t phase boundaries, 
or the problem s of colloid stab ility , closely related  to  the la tte r , or of crystallization and  ad 
sorption.

The collection can be recom mended prim arily  to  scientists in terested  in surface chem istry , 
bu t it is no t w ithout in te rest for other specialists, m ainly electrochem ists.

I. PÁSZLI

L. E b e r s o n  a n d  H . S c h ä f e r : Organic electrochemistry

F ortsch ritte  der chemischen Forschung (Topics in C urrent Chem istry) 21 (182 pp). Springer 
V erlag, Berlin—H eidelberg—New Y ork 1971

This issue of the well-known series (previous review, see A cta Chim. Acad. Sei. H ung. 
69, 243, 1971) deals w ith  organic electrochem istry from the preparative organic chem ist’s 
view point. The am ount of inform ation and the p repara tive  possibilities available in the field 
are astonishing even to th e  organic chemist who uses electrochem ical methods fairly regularly  
as an analytical tool, and th e  review gives sufficient direct inform ation on basic electrochem ical 
techniques for the non-electrochem ist to choose his basic in strum entation  and fam iliarize 
him self w ith available techniques.

The organization of th e  book is logical and clear.
A fter an in troduction  the authors give a short classification of electroorganic reactions 

and a short assessment o f the  value of electrochem ical reactions in organic systems. This in 
troducto ry  part is followed by a review of the m ethods available for gathering inform ation 
on the relevan t electrochem ical processes in a specific system . The purpose of this p a rt of the 
review is obviously to call a tten tion  to the possibilities available on the analytical side, which 
aid th e  organic p repara tive  chem ist in the choice of his final m ethod.

The main body of th e  book is organized in tw o parts. The first contains a chapter on the 
experim ental factors and  a chapter on experim ental m ethods and on the mechanistic considera
tions involved. This las t chap te r is especially im portan t because the concepts and, therefore, 
the possibilities are in m any  cases different from  those to which organic chemist is accustom ed. 
The second p art of the book discusses the available da ta  on the various types of electrochem ical 
reactions as classified in  th e  introductory  chapter. E ach type  of reaction is trea ted  in a separate 
chapter. The titles of the chapters will suffice to give a general idea of the contents: conversion 
of one functional group in to  another functional group; electrochem ical substitu tion; e lectro
chemical addition; electrochem ical elim ination; electrochem ical coupling; electrochem ical 
cleavage; electron transfer; indirect electrochemical processes; electropolym erization and or- 
ganom etallics. The review ers give a complete sum m ary of the reactions treated  and evaluate 
older results in the light of th e  greater possibilities available now. These rem arks are very useful 
if fu r th e r work is contem plated  on the reactions m entioned as they  show ways and m eans for 
fu rth er progress. More th a n  680 references covering the lite ra tu re  up to 1970 are included.

The reviewer th inks it  appropriate to term inate  th is review w ith the conclusion quoted 
by th e  authors (Bockris 1965): “ Electrochem istry now adays has potentialities comparable w ith 
those faced by organic chem ists . . . say from 1920.”

M. V a j d a

R . A. H o f f m a n n , S. F o r s é n  and  B. G e s t b l o o m : A n a ly s is  o f  N M R  spectra

Volume 5 of NMR Basic Principles and Progress (NMR G rundlagen und Fortschritte); E d .: 
P. D iehl, E. Fluck, E. Kosfeld. Springer Verlag, B erlin—H eidelberg -New York, 1971. (165 pp)

As NMR instrum en ts become easier to operate, organic chemists constitute an increas
ing percentage of users. I t  was realized a t a very early stage th a t  only a detailed analysis of 
the spectra  can give the chem ist all the inform ation available. On the other hand, if the possi
bilities of gaining supplem entary  information by various experim ental methods are fully utilized 
and use is made of sim ple calculators and tables, a g reater p a rt of m oderately complex 
spectra can be analyzed w ith  reasonable ease.

Acta Chim . (Budapvs) 74, 1972
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The ways and m eans for this type of analysis can be found in various standard  tex ts  
b u t i t  is fairly difficult for the beginner to ex trac t th e  relevant inform ation. This is the  reason 
w hy th e  reviewer th inks th a t the publication  of the volum e reviewed fills a real need.

The book is w ritten  w ith the needs of organic chem istry in mind. The first p a rt of the 
book gives a brief review of the basic principles and  phenom ena of NMR spectroscopy, in
cluding the concepts of chemical shifts, coupling, intensities, groups of equivalent spins, tim e 
averaging phenom ena, the concept of weak and strong coupling and invariance of NMR spectra. 
A sh o rt chapter is devoted to the possibilities of obtain ing additional inform ation on a specific 
com pound by further spectroscopic experim ents, e.g. double resonance techniques. The second 
p a r t  o f the book is devoted to the analysis of spectra.

The trea tm en t is au thorita tive  w ith  a clear p resentation  of basic concepts, stepwise 
procedures for the analysis of spectra. Concepts w hich need clarification (e.g. the concept of 
equivalence) are discussed in detail. A short chapter on the quantum  m echanical trea tm en t of 
N M R  spectra, suggestions for fu rther reading and some useful tables are also included.

Almost half of th e  book deals w ith the main them e: in s tan t analysis of spectra. The 
au th o rs  give definite instructions for the beginner and stepwise procedures so th a t  it  is re la
tiv e ly  easy even for the beginner to ob tain  a reasonable knowledge in the field. The possibilities 
o f ite ra tiv e  procedures and fu rther trea tm en t of m ore complex spectra are also m entioned, 
a lthough  the in s tan t analysis chap te r contains da ta  up to  the A BPX  and AmBn spin system .

The book will, no doubt, be useful for organic chemists who w ant to  do more th a n  firs t 
o rder analyses of NMR spectra.

I t  is regrettable th a t  some d isturbing typographical errors escaped detection.

M. V a j d a

Acta Chim. ( Budapest) 74, 1972
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Р Е З Ю М Е

Некоторые данные к аналитической химии соединений осмия
П. ОРМОШ и Й. НИЛАШИ

Был разработан метод количественного определения нитридоосмата калия в при
сутствии тетраокиси осмия и осмата калия. Метод основан на том, что OsO, может быть 
полностью удален из сернокислой среды с помощью кипячения и фотометрически измерен 
в виде тиокарбаматного комплекса. Отдельные окислители (Н20 2, К»Сг20 7) превращают 
в тетраокись осмия лишь осмат калия и не влияют на нитридоосмат калия. Т. о., проводя 
дестиллядию в их присутствии, может быть отделен осмий, находящийся в форме OsO., 
и K2OsO,, который далее количественно измеряется. Если же дестиляцию проводят в 
присутствии НСЮ,,, H N 03, или в присутствии окислителей с нормальным окислительно
восстановительным потенциалом, более положительным чем +  1,5 V (KMnO.,, K2S20 8), 
то и KOs03N превращается в OsO.,, и, т. о., может быть измерено общее содержание 
осмия. Разница между двумя полученными результатами дает содержание осмия в форме 
нитридоосмата калия.

Термодинамические характеристики комплексов ионов переходных металлов 
с D-глюкозаминовой кислотой

А. ГЕРГЕЙ  и И . ШОВАГО

Константы стабильности комплексов D-глюкозаминовой кислоты (ГАК) с кобаль- 
том(П), никелем(П), медью (II) и цинком(П) были определены pH-метрически при 25° С 
и ионной силе 0,05 М. Энтальпии и энтропии образования этих комплексов были опре
делены калориметрически.

Константы стабильности комплексов ГАК являются почти такими же, как и в 
случае аланина и норленцина. Одновременно с этим, соответствующие величиы А Н и  
JS меньше полученных для аланина и норлейцина. Исходя из термодинамических дан
ных, было заключено, что гидроксильные группы ГАК участвуют в образовании комп
лекса в недиссоциированной форме.

Квантово-химическая интерпретация спектроскопических данных 
фармакологически активных производных гомопиримидазоля

Г. НАРАИ-САБО, Э. Д У Д А Р и Г. ХОРВАТ

Распределение заряда в 26 производных гомопиримидазоля было рассчитано полу- 
эмпирическими методами Паризер—Папп—Попла и Дель Ре. Были найдены корреляции 
между рассчитанными распределениями зарядов и положением некоторых ПК и ЯМР 
полос. Приблизительно линейное соотношение соблюдается для валентных колебаний и 
соответствующих порядков связей. Подобная зависимость наблюдалась между ЯМР 
химическим сдвигом протона на С—2 кольца и зарядом этого атома углерода. В резуль
тате анализа аномалий были объяснены некоторые структурные характеристики. Были 
проведены исследования зависимости УФ спектров он pH.



Зависимость между спиновой релаксацией растворов парамагнитных 
солей железа(Ш) и их некоторыми химическими свойствами

А. ВЕРТЕШ  и Ф. П А РА «

Явления парамагнитной спиновой релаксации, протекающие в растворах солей 
железа, изучались методом Мёссбауэра. Было установлено, что химическая связь между 
железом и его лигандной сферой влияет на величину внутреннего магнитного поля, от
носящегося к переходу гп/ =  ±  3/2 -► ± 1 /2  дублета Крамера Sz — ±  5/2, а также на 
частоту релаксации спин-решетка, и вследствие увеличения асимметрии электронной 
оболочки 3d, также на время релаксации. Метод позволяет получить информацию о 
числе сольватов и комплексных компонентов железа в исследуемом растворе, а также 
об их количественном соотношении.

Измерения свидетельствуют о том, что на основе изучения парамагнитной спино
вой релаксации можно получить многостороннюю картину относительно химической 
структуры исследуемой системы.

ИК спектры 1,2,3,5-тетразамещенных производных бензола, I
ДЬ. ВАРШ АНИ и Г1. ШОХАР

Подробно интерпретируются ИК спектры пятнадцати 1,2,3,5-тетразамещенных 
бензолов. Были установлены зависимости, с одной стороны, между частотой и интенсив
ностью полос, а с другой стороны, между влиянием заместителей на распределение элект
ронной плотности, взаимодействием колебаний с одинаковой симметрией и жестким влия
нием межмолекулярных сил. Однозначно было установлено, что триметиловый эфир 
галловой кислоты лишь в малой степени образует димеры, в большей же степени обра
зуются водородные мостики между карбоксильной ОН и кислородом метокси-группы. 
Полосы áöcCH3 пространственно-затрудненных метокси групп являются сильными и 
обладают аномально низкими частотами.

Расчеты по статистике Ферми для кислотно-основных процессов, II

Распределение и кислотность индивидуальных гидратов 
в концентрированных водных растворах хлорной кислоты

И. РУФФ и Б . ЛАЦКО

Приближение, основанное на статистике Ферми было использовано для описания 
результирующей функции кислотности концентрированных водных растворов хлорной 
кислоты от 2 до 25 м с различными индивидуальными протонными гидратами различной 
кислотности. Результаты указывают на присутствие моно-, ди-, три-, пента-, нона- и дека
гидратов иона гидроксониума в изученном интервале концентраций.

Синтез эфиров замещенных 4-гидрокси-З-хинолинкарбоновых кислот, II

Получение 6,7-диизобутокси-4-гидрокси-3-хинолинкарбоновой 
кислоты из нитрила и ее этерификация

Й. ЭГРИ, Й. ХАЛМОШ и Й. РАКОЦИ

Из 3,4-диизобутокси-анилина и цианоуксусного эфира этоксиметилена при 255 
260° С в одной ступени был синтезирован 6,7-диизобутокси-4-гидрокси-3-цианхинолин, 
который удалось гидролизовать лишь в экстремальных условиях. Соединение, которое 
было целью синтеза, а именно этиловый эфир 6,7-диизобутокси-4-гидрокси-3-хинолин 
карбоновой кислоты, было получено из соответствующей карбоновой кислоты через 
хлорид кислоты, или селективной этерификацией с помощью диазоэтана.



Синтез эфиров замещенных 4-гидрокси-З-хинолинкарбоновых кислот, III

Одноступенчатый синтез из замещенных фенил-имино-эфиров
Й. ЭГРИ, Й. ХАЛМОШ и Й. РАКОЦИ

Из 3,4-дизамещенного N-этоксиметилен-анилина в присутстствии четвертичного 
органического основания как катализатора при 255— 270° С в одной ступени был получен 
с хорошим выходом этиловый эфир соответствующей 6,7-дизамещенной 4-гидрокси-З- 
хинолинкарбоновой кислоты. Данный метод пригоден и для непрерывного осуществле
ния.

Изучение синтеза фторборатов 2,4,6-триарилпирилия из 
ароматических альдегидов и арилметилкетонов

3. ЧЮРЁШ, П. ШАЛЛАИ и ДЬ. Д ЕА К

Был разработан количественный метод исследования реакции конденсации Кляй- 
зена—Шмидта, приводящей к образованию халкона из бензальдегида и ацетона в среде 
абс. уксусной кислоты под влиянием бортрифтористого катализатора. С помощью дан
ного метода проводились кинетические исследования реакции. Было установлено, что 
кинетически реакци яносит второй порядок а по компонентам — первый порядок. В 
уравнении скорости концентрация катализатора находится в степени 1,5. Энергия актива
ции реакции равна 18,3 ккал/моль.

Были измерены также скорости реакции и ее энергии активации и в случае за
мещенных бензальдегидов и ацетофенонов. Было установлено, что заместители в бензаль- 
дегиде, находящиеся в пара-положении, изменяют скорость реакции в следующем по
рядке: N 0 2 >  CH:i >  Cl >  Н >  СН.,0, а заместители в ацетофеноне, находящиеся в пара
положении — в порядке Н >  ОСН3 «а СН,, >  Cl s> N 0 2.

В случае замещенных бензальдегидов уравнение Гамметта справедливо и д -  0,50.

Синтез каликосина и каликосин-7-/^-0-глнжозида
Л . ФАРКАШ, А. ВОЛЬФ Н ЕР и В. ОЛЕХНОВИЧ-СТЕПЬЕН

Описывается синтез 3’,7-дигидрокси-4’-метокси-изофлавона (I) и его 7-глюкозида 
(И). Идентичность 1 и II с каликосином и его 7-глкжозидом, соответственно, вполне ве
роятна, но не установлена точно.

Синтез гидразидов метил- и диметил-замещенных аминокислот, 
потенциально цитотоксичных агентов

М. С Е К Е Р К Е  и Б. СЕН ДЕ

Синтез производных М1-аминоацил-№,№-диметилгидразина был осуществлен из 
N-бензилоксикарбонил-аминокислот ы и асимм.-диметилгидразина с помощью дицикло- 
гексилкарбодиимида. В случае дикарбоновых кислот в качестве исходных продуктов 
могут быть использованы соответствующие монобензиловые эфиры или их дициклогек- 
силаминовая соль. Защитные группы могут быть удалены с помощью каталитического 
гидрирования в присутствии Pd/акт. уголь. Были получены также два дипептидных про
изводных, а именно 1-(М-бензилоксикарбонил-Б-фенилаланил-Б-фенилаланил)-2,2-ди- 
метилгидразин и 1-(М-т/?ет-бутилоксикарбонил-Б-фенилаланил-Б-фенилаланил)-2,2-ди- 
метилгидразин.

Аминокислота и дипептид N-метилгндразидов могут быть получены из аминокис
лоты с защищенной аминогруппой или из пептид-гидр азидов и формальдегида с помощью 
восстановительной конденсации в присутствии РЮ2 (Адамс) как катализатора; в качестве 
защитных групп были использованы п-толуолсульфониловая или трет-бутилоксикарбо- 
ниловая группы.

С ознакомительной целью отбор соединений производился на различных экспери
ментальных прививочных опухолях.

Противоопухольный эффект наиболее эффективных соединений (IV, IX), на уровне 
изученных доз, не превышал 50%-ов.





C O O R D I N A T I O N  CHEMISTRY:  
EXP ERIMENTAL M E T H O D S

b y  K . Burger

T he e x p e rim e n ta l m e th o d s  used  for th e  in v es tig a tio n  o f  
th e  s tru c tu re  of c o o rd in a tio n  com pounds a re  described; 
such as  electron  e x c ita tio n  a n d  in fra re d  sp ec tro m etry , 
th e  m e th o d  based  o n  th e  ap p lica tio n  o f  th e  M össbauer 
effect, m agnetic  su sc e p tib ility  m easu rem en t, nuclear 
m ag n e tic  resonance a n d  e lectronspin  resonance  sp ec tro s
copy , X -ra y  s tru c tu re  analysis , th e rm a l analy sis  (TG, 
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IODINE EXCHANGE BETWEEN MOLECULAR 
IODINE AND SOME IODOMETHYLCARBONYL 

COMPOUNDS IN BENZENE

E . K őrös , M. O r b á n , M. B u r g e r , K .  V örös and É . F u s s y  
( Department o f Inorganic and Analytical Chemistry, L. Eötvös University, Budapest)

Received M arch 8, 1971

Iodine exchange between molecular iodine and l-phenyl-2,3-dim ethyl-4-iodo- 
acetyl-pyrazolone (IA cpyr), monoiodoacetone (IA) and monoiodoacetic acid (IA cO H ) 
was studied in benzene. The reactions follow th e  ra te  law, v =  k 0 | RCOCH2I |. T he 
following activation param eters were ob ta ined : for IA cpyr: E a =  21.2 kcal • mole-  *, 
lg A =  11.35, z1S* =  —9 e.u.; for IA: E a =  17.8 kcal • mole-1 , lg A =  6.79, AS* =  
— 28 e.u.; for IA cO H : E a =  13.9 kcal • mole-1 , lg A =  6.14, AS* =  —31 e.u. The 
effect of light, oxygen and water was investiga ted . Based on the experim ental results 
the authors suggested th a t  the rate-determ ining steps were the form ation of excited 
RCOCH2I species, and  to  a less exten t the hom olytic dissociation of the RCOCHoI 
molecules.

In  p re lim in ary  com m unications we h a v e  re p o rte d  th a t  some iodom ethy l- 
ca rb o n y l com pounds as l-p h en y l-2 ,3 -d im eth y l-4 -io d o ace ty l-p y razo lo n e  
(IA cpyr) [1], m onoiodoacetone  (IA) [2] a n d  m onoiodoacetic  acid (IA cO H ) [3] 
exchange iodine a to m s w ith  m olecular io d in e . T he k inetics of these  exchange 
reac tio n s are  un like th e  o th e r iodine ex ch an g e  processes, since th e  ra te s  are  
in d ep en d en t on th e  iod ine co n cen tra tion .

In  th is  p u b lica tio n  we p resen t o u r re le v a n t s tud ies in de ta il, inc lud ing  a 
th o ro u g h  discussion on th e  m echanism  o f th e  exchange reactions.

Experim ental

Reagents and the ir purification

131IAcpyr was prepared as follows [4]: 18 g an tipy rine, 20 g alum inium chloride and 1 g 
chloroacetyl chloride were dissolved in carbon disulphide and the m ixture was kep t a t 50 °C 
for 4 — 5 hours. (The flask was provided with a reflux  condenser.) After the evolution of hydro
chloric acid had term inated  th e  carbon disulphide was distilled off, and its last traces were 
rem oved in vacuo. The residue was treated w ith  icy w ater, the separated white precip ita te  
filtered and recrystallized twice from ethanol. l-Phenyl-2,3-dim ethyl-4-chloroacetyl-pyra- 
zolone (ClAcpyr) separated in envelope-shaped crystals . (M.p. =  168-169 °C.)

To a saturated  acetone solution of 2 g ClAcpyr a sa tu ra ted  acetone solution of sodium 
iodide (labelled w ith 131I) was added in fivefold excess. A fter 3-4 hours standing the ClAcpyr 
was quan tita tive ly  converted to  131IAcpyr. The separated  sodium chloride was rem oved by 
filtration . The filtra te  was k ep t a t  30-40 °C on a w ater b a th  to  expel acetone, then  w ater was 
added to  precip itate the 131IA cpyr. The crystalline substance was washed w ith w ater to iodide- 
free. and dried. (Yield: 80% , m.p. =  132-133 °C.)

IA was prepared by  E m m erlin g ’s m ethod [5]. To 20 g monochloroacetone (m .p. =  
118-120 °C) the sa turated  aqueous solution of po tassium  iodide was added, and then  so m uch 
m ethanol to  obtain  a homogeneous liquid. After 2 days a brow n oil separated, it  was dried over
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anhydrous sodium sulphate, and distilled in vacuo a t a pressure of 2 to rr and a t 35 °C. P rio r to  
d istillation , iodine was rem oved by shaking the oil w ith m etallic mercury.

Monoiodoacetone is both ligh t and heat sensitive, and thus it  should be stored over 
copper turning in a bo ttle  wrapped in alum inium  foil, a t a cool place. The iodine conten t of IA  
was m easured by V olhard’s method, a fter alkaline hydrolysis.

IAcOH was recrystallized im m ediately before use from light petroleum . (M.p. =  82 °C.) 
Iod ine content was m easured as described above.

Labelled iodine (I— 131)

Carrier-free N a131I solution was evaporated  to dryness, then  0.5 g powdered K I, 1 g 
CaO and 5 g I2 were added, and the iodine was sublim ed in a tightly  closed sublim ation 
appara tus.

Benzene was purified as follows: In  a separatory  funnel to 500 ml benzene 25 ml con
cen tra ted  sulphuric acid was added, and vigorously shaken. The sulphuric acid was separated  
and  the procedure repeated as far as th e  isatin  tes t for thiophene was negative. Benzene was 
vashed w ith w ater and sodium carbonate solution, and again w ith water. Then benzene was 
allowed to stand over anhydrous calcium  chloride for 24 hours, and over sodium m etal for 
ano ther 24 hours, and then fractionated . (B .p. =  80.3 °C.)

The w ater content of the purified benzene — determ ined by K arl-Fischer’s m ethod —  
w as between 0.003 and 0.005%. O ther im purities (cyclohexane, cyclohexene, toluene, e thy l 
benzene) were absent according to gas-chrom atographic test.*

Exchange experiments

IAcpyr. I t  has been known from  a previous study th a t IAcpyr exchanges w ith  iodide 
ions w ith a considerable ra te  [6]. P relim inary  experim ents indicated th a t the iodine exchange 
betw een IA cpyr and molecular iodine is affected by ligh t and dissolved oxygen. The form er 
in troduced  some inaccuracy during the  separation procedure, the la tte r during the  whole 
exchange process.

The following procedure was adopted:
A gas (nitrogen or argon) cylinder was connected to  a gas washbottle which contained 

benzene, and it  was kep t in a w ater-bath  of approxim ately the same tem perature  as th e  
reaction  tem perature. This bottle was connected to another one which was placed in to  an  
u ltra therm osta te . The benzene solution of IA cpyr was transferred into the second bo ttle  and  
n itrogen  gas (in some cases argon) of spectroscopic pu rity  was bubbled through the solution 
for 30 minutes. The reaction was in itia ted  by adding the benzene solution of iodine —  w hich 
was also desaerated — to the IA cpyr solution. 5.00 ml aliquots were w ithdraw n a t  certa in  
in tervals and added to  a m ixture of 5.0 ml 0.01 M  arsenic acid and 30 ml benzene in a separa to ry  
funnel. After vigorous shaking, the phases were allowed to  separate, and the rad ioactiv ity  of 
4.00 ml of the aqueous phase was m easured w ith a N al(T l) well-type scintillator. R esults of 
th is  separation procedure could be reproduced w ithin 2% . Some runs were perform ed a fte r 
desaerating the solutions in vacuo. The iodine solution was placed into the inside vessel of th e  
desaerating flask (Fig. 1), the IA cpyr solution into the outer part. The flask was cooled to  th e  
tem pera tu re  of liquid air, evacuated w ith  a m ercury diffusion pump (5 • 10~4 torr) and  then  
m elted and agitated; the cycle freezing and evacuation was repeated five times. Then th e  flask  
was placed into a therm ostate, and th e  reaction s ta rted  by mixing the two solutions.

All the flasks used in these runs were w rapped in alum inium  foil.
The three desaerating methods furnished the same results, and thus the nitrogen b u b 

bling method was preferred.
IA. The procedure was the same as described above, except th a t the quenching solution 

w as a m ixture of 5.0 ml 0.1 M  ascorbic acid and 5.0 ml benzene, and the radioactiv ity  o f 4.00 m l 
of the benzene phase was measured.

IAcOH. The procedure was the same as described w ith IA cpyr, except th a t th e  quench
ing solution was 3X 5.00 ml 0.1 M  perchloric acid, and the radioactivity of 4.00 m l of th e  
aqueous phase was m easured.

* The gas-chromatographic p u rity  te s t of benzene was performed by Dr. T. T ó t h  (E ötvös 
U niversity , D epartm ent of Chemical Technology), to  whom the authors are indebted.
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Calculation o f the results

T h e h a lf-tim e  o f th e  exchange (t1/2) w as ca lcu la ted  graph ica lly  b y  p lo tt in g  
th e  lo g arith m  of th e  frac tio n  of exchange [ x f x ^ )  ag a in s t tim e , x „  w as o b ta in e d  
b y  m u ltip ly in g  th e  a c tiv ity  of 5.00 m l o f th e  re a c tio n  m ix tu re  b y  th e  | IA  |/ 
/(I IA  I —(- 2 I I 2 I). T h e  ra te  of exchange (v ) w as o b ta in ed  from  th e  fo llow ing 
re la tio n :

jIA |2 |I a| 0.693

IA |- ) -2 |I2| f1/2

P lo ttin g  lg v a g a in s t lg | I 2 | and  lg  | IA  |, re sp ec tiv e ly , while th e  concen 
tra tio n  of th e  o th e r  re a c ta n t was k e p t  c o n s ta n t, th e  o rder of th e  reac tio n  
could b e  o b ta in ed .

T he a c tiv a tio n  p a ram e te rs  (E a, lg  A  a n d  /IS*) w ere ca lcu la ted  as u su a l.

R esults

P relim inary experim ents
E ffect o f  light

IA cO H  an d  IA  decom pose b y  th e  e ffec t o f n a tu ra l  lig h t an d  th e  o rig i
nally  w h ite  c ry s ta ls  tu r n  to  brow n. A cco rd in g  to  our sp ec tro p h o to m etric  m eas
u rem en ts  a fte r  140 ho u rs , only 0 .15%  o f  th e  IA cO H  decom posed in  benzene .
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W e also checked th e  e x te n t of th e  decom p o sitio n  of IA cO H  in benzene in  th e  
p resen ce  of iodine. T h e  resu lts are g iven  in  T ab le  I.

T here is p ra c tic a lly  no change in  th e  o p tica l d ensity  of th e  so lu tio n s.

T a b le  1

Я =  500 nm

I IAcOH I 
M 1 4M E f Е Г

Length of 
cell 
cm

5 • 1 0 - 4 2 • 1 0 “ 3 0 .2 2 7 0 .2 2 4 0 .1

1 • 1 0 ~ 3 1 • 1 0 “ 3 0 .1 1 7 0 .1 1 7 0 .1

2 • 1 0 ' 3 5 - 1 0 " 0 .5 9 9 0 .6 0 0 1 .0

— 5 ■ 1 0 - 4 0 .5 9 7 0 .5 9 5 1 .0

— 1 • 1 0 “ 3 0 .1 1 9 0 .1 1 8 0 .1

— 2 • 1 0 ~  3 0 .2 1 7 0 .2 1 4 0 .1

5 • 1 0 ~ 4 — 0 .0 0 0 0 .0 0 5 1 .0

1 • 1 0 “ 3 — 0 .0 0 3 0 .0 0 0 1 .0

2 • 1 0 - 3 0 .0 0 0 0 .0 0 3 1 .0

* Optical density  of the original solutions.
** Optical density  of solutions after 6 hours, kep t in dark a t 60 °C.

E ffec t o f  water

Also th e  in fluence  of th e  w a te r  c o n te n t of th e  so lven t w as in v e s tig a te d  
in  th e  case of IA cO H . The resu lts  a re  com piled  in  Table I I .

T a b le  I I

t =  45.0 °C

1 IAcOH 1 • 103 
M 1 4 - wM

к ■ 10е
sec-1

к  • 10е
sec-1

W ater content 
of benzene %

0 .5 0 1.0 5 .1 7

0 .7 0 1.0 5 .0 8 5 .4 0 0 .0 2

2 .0 1.0 5 .7 8

2 .0 0 .5 5 .5 7

0 .7 0 1.0 4 .6 5

1.0 1.0 5 .7 3 5 .4 7 0 .0 0 3

1.0 1.0 5 .7 0

1.0 0 .5 5 .4 7
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Effect o f  oxygen

D issolved o x y g en  has an in flu en ce  on  th e  r a te  of exchange especially  in  
th e  case of th e  IA c O H — 12 system . Som e ru n s  w ere perfo rm ed  in  benzene 
s a tu ra te d  w ith  o x y g en  gas, and th e  re su lts  a re  show n in T ab le  I I I .

T a b l e  I I I

t =  45.0 °C

1 IAcOH 1 • 103 
M

11 . 1 • 10* 
M

”Ог ■ 10" 
M  • sec-1

uN2 • 109 
M  • sec-1 vn J vo t

0 .7 0 3 .0 3 .7 7 4 .2 3 1 .1

1 .0 0 .5 3 .6 8 6 .6 2 1 .8

1 .0 1 .0 3 .1 0 5 .7 2 1 .8

1 .0 3 .0 2 .7 8 6 .6 0 2 .3

3 .0 1 .0 8 .9 5 1 9 .1 5 2 .1

5 .0 3 .0 3 .0 8 3 1 .9 2 1 0 .3

vo2 a n d  ti;y2 are th e  ra te s  of th e  e x ch an g e  m easu red  in  oxygen s a tu ra te d  
and  in  n itrogen  s a tu ra te d  benzene, re sp ec tiv e ly .

Exchange kinetics

T he resu lts o f th e  exchange e x p e rim e n ts  w ith  IA cp y r, IA  an d  IA cO H  
are p resen ted  in  T ab les  IV , У and  V I.

T he ac tiv a tio n  p a ram ete rs  for th e  th re e  reac tio n s are  given in T ab le  V II .

D iscussion

T he ra te  e q u a tio n  describing th e  k in e tic s  of iodine exchange be tw een  
IA cp y r, IA , IA cO H  an d  I 2, respective ly , suggests th a t  th e  ra te -d e te rm in in g  
step  is th e  m onom olecu lar tra n sfo rm a tio n  of R C O C H 2I lead ing  to  a species 
w hich exchanges io d ine  rap id ly  w ith  m o lecu la r iodine.

(R stands for
СН3 -  C =  C-

I I
CH3 — N С =  О in IA cpyr,

N
I
C„HS

C H 3- in IA , and H O - in  IA cO H ).
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T a b le  I V

i ,  ° c
1 IA cpyr 1 ■ 103

M ''■к1' v • 108 
M  • sec-1

К  • I«5
sec-1

ko
sec-1

2 .0 0 1 .0 0 1 .1 4 0 .5 7

1 0 .0 3 .0 0 1 .0 0 1 .8 5 0 .6 2 0 .6 0  • 1 0 - 5

4 .0 0 1 .0 0 2 .4 4 0 .6 1 +  0 .0 2  ■ 1 0 “ 5

5 .0 0 1 .0 0 3 .0 7 0 .6 1

0 .5 0 0 .1 0 2 .7 5 5 .5 8

0 .5 0 0 .1 0 2 .4 7 4 .9 4

0 .5 0 0 .5 0 1 .3 3 2 .5 7

1 .0 0 0 .0 5 3 .5 1 3 .5 1

1 .0 0 0 .0 7 3 .5 5 3 .5 5

1 .0 0 0 .1 0 3 .4 6 3 .4 6

1 .0 0 0 .2 0 3 .6 9 3 .6 9

1 .0 0 0 .4 0 2 .0 7 2 .0 7

1 .0 0 0 .5 0 3 .3 3 3 .3 3 3 .2 4  • 1 0 - 5

2 0 .0 1 .0 0 1 .0 0 3 .3 5 3 .3 5 ± 0 . 8 4  • 1 0 ~ 5

1 .0 0 3 .0 0 3 .2 1 3 .2 1

1 .0 0 5 .0 0 3 .4 9 3 .4 9

2 .0 0 0 .1 0 6 .5 6 3 .2 8

2 .0 0 0 .5 0 5 .5 2 2 .7 6

3 .0 0 0 .1 0 1 0 .3 0 3 .4 3

3 .0 0 0 .3 0 7 .4 4 2 .4 8

3 .0 0 1 .0 0 7 .2 2 2 .4 2

3 .0 0 5 .0 0 6 .8 7 2 .1 5

4 .0 0 1 .0 0 9 .0 6 2 .2 7

5 .0 0 0 .1 0 1 8 .5 0 3 .7 0

5 .0 0 1 .0 0 1 3 .8 0 2 .7 8

5 .0 0 5 .0 0 1 6 .0 0 3 .2 0

0 .5 0 0 .1 0 3 .7 6 7 .5 3

1 .0 0 0 .1 0 8 .0 2 8 .0 2

1 .0 0 0 .5 0 8 .5 5 8 .5 5

1 .0 0 1 .0 0 7 .7 0 7 .7 0

1 .0 0 5 .0 0 7 .2 0 7 .2 0

1 .0 0 1 0 .0 0 8 .4 6 8 .4 6 7 .4 7  • 1 0 - 5

3 0 .0 2 .0 0 0 .5 0 1 4 .8 0 7 .4 0 ± 0 . 6 7  • 1 0 “ *

2 .0 0 1 .0 0 1 4 .1 0 7 .0 5

3 .0 0 1 .0 0 2 0 .1 0 6 .7 0

4 .0 0 1 .0 0 2 8 .0 0 7 .0 4

5 .0 0 1 .0 0 3 2 .4 0 6 .5 0
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Table V

1 °c ' 4 ' " lI* L 10’M
w • 109

M • sec-1 К ■ io*sec-1 kosec-1

10.0 1.0 9.72 0.97
10.0 7.0 8.90 0.89
10.0 3.0 10.20 1.00

30.0 10.0 5.0 8.67 0.87 1.05 • 10-«
4.0 4.0 4.75 1.19 +  0.18 • 10-°
7.0 4.0 7.99 1.14

3.0 4.0 3.82 1.27

5.0 5.0 29.4 5.89
5.0 4.0 27.7 5.54

5.0 6.0 29.5 5.90
2.0 4.0 7.7 3.85 4.37 • 10-«
3.0 4.0 11.7 3.89 +  0.94 • IO“ «

4.0 4.0 16.6 4.14

45.0 7.0 4.0 28.8 4.11
1.0 1.0 3.6 3.60
1.0 3.0 5.5 5.50

10.0 1.0 39.3 3.93

10.0 3.0 32.8 3.28
10.0 5.0 35.1 3.51

10.0 7.0 37.9 3.79

10.0 1.0 124.2 12.42
10.0 3.0 90.2 9.02 13.13 • 10“ «

10.0 5.0 120.3 12.03 ±1.03 • io -«

58.0 10.0 7.0 149.7 14.97

2.0 4.0 30.8 15.40

3.0 4.0 44.2 14.74
4.0 4.0 51.3 12.83

7.0 4.0 95.8 13.69

Acta Chim. ( Budapest) 74, 1972



394 KŐRÖS et al.: IO D IN E  EXCHANGE

Table VI

i ,  ° c
1 IAcOH [ 1 0 * 

M
11» 1- ™4 

M
t> • Ю9

M. • sec-1
К ■ io*
sec-1

Tco
sec _1

5.0 1 0 . 0 2.38 4.77
7.0 1 0 . 0 3.15 4.52
8 . 0 1 0 . 0 4.40 5.50

1 0 . 0 5.0 1.85 1.85
1 0 . 0 7.0 2.70 2.70 3.16 ■ 10“ e

35.0 1 0 . 0 8 . 0 4.53 4.53 +  1.38 • 1 0 -6
1 0 . 0 1 0 . 0 2 . 2 0 2 . 2 0

1 0 . 0 1 0 . 0 2.73 2.73
1 0 . 0 2 0 . 0 1.97 1.97
1 0 . 0 30.0 2 . 0 2 2 . 0 2

1 0 . 0 40.0 1.97 1.97

5.0 1 0 . 0 2.58 5.17
5.0 30.0 2 . 8 8 5.97
7.0 1 0 . 0 3.22 4.65
7.0 1 0 . 0 3.57 5.08
8 . 0 1 0 . 0 4.52 5.65

1 0 . 0 5.0 5.47 5.47
1 0 . 0 5.0 7.77 7.77
1 0 . 0 7.0 6.87 6.87
1 0 . 0 8 . 0 7.62 7.62 6.38 • 10“ e

45.0 1 0 . 0 1 0 . 0 5.73 5.73 ± 1.56  • IO "6
1 0 . 0 1 0 . 0 5.70 5.70
1 0 . 0 30.0 9.14 9.14
1 0 . 0 30.0 8.28 8.28
1 0 . 0 30.0 4.90 4.90
1 0 . 0 40.0 8.44 8.44
1 0 . 0 50.0 4.35 4.35
2 0 . 0 5.0 11.15 5.57
2 0 . 0 1 0 . 0 11.58 5.78
2 0 . 0 30.0 17.94 9.32

5.0 1 0 . 0 11.39 22.77
7.0 1 0 . 0 12.73 18.19

1 0 . 0 3.0 24.60 24.60
1 0 . 0 5.0 22.70 22.70

60.0 1 0 . 0 1 0 . 0 13.47 13.47 17.67 • IO’ 6
1 0 . 0 30.0 19.37 19.37 +  4.96 • 10-6
1 0 . 0 50.0 12.25 12.25
2 0 . 0 30.0 24.35 12.17
2 0 . 0 40.0 27.06 13.52
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Table VII

Ea
kcal • m o le-1 IgA

J S Í
e.u.

IA cpyr 21.2 11.35 — 9
IA 17.8 6.79 — 28
IAcOH 13.9 6.14 — 31

This reac tio n  m igh t he:
a)  hom oly tic  dissociation

RCOCHJ — RCOCH, +  I- ,

b)  h e te ro ly tic  dissociation

RCOCHJ — RCOCH+ +  I -  or RCOCRLf +  I + ,

c) ion -pair fo rm atio n

R C O C H J — R C O C H  + I -  or R C O C H 2 I+ ,

d)  fo rm atio n  o f an  excited m olecule

RCOCHJ — RCOCHJexc.

or e j in tram o lecu la r tra n sfo rm a tio n

R C O C H J R C (O I) =  C H 2 .

I f  1% I - ,  I  + , RCO CH 2“ I+ , R C O C H  + I - ,  R C O C H Jexc. or R C (0 I) =  C H 2 
exchange rap id ly  w ith  iodine, th e  exchange  reac tio n  is described  b y  a f ir s t  
o rder ra te  eq u a tio n .

B y in spec ting  th e  reactions one  b y  one, th e  follow ing conclusions can  
he d raw n :

a )  T he  h o m o ly tic  dissociation  m ig h t be follow ed b y  reco m b in a tio n  
reactions

I- +  Г  -> I3
RCO CH 2 +  C H 2CO R — RCOCH.,CH2COR

w hich re su lt in th e  deiodination  o f  R C O C H J. W e have  experim en ta l p ro o f 
for th e  non-ex istence  of such processes. F u r th e r  th e  m easured  a c tiv a tio n  
energies are low (be tw een  13.9 an d  21.0 k ca l • m o le-1 ) to  reg ard  th e  h o m o 
ly tic  d issociation  as th e  m ain ra te -d e te rm in in g  step .

I t  is obvious from  Table I I I  t h a t  th e  ra te  of exchange decreases in  th e  
presence o f oxygen. T he ra te -decreasing  effect of oxygen  is in d ependen t o f th e
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io d in e  co n cen tra tio n  an d  is th e  g rea te r  th e  h igher is th e  IA cO H  co n cen tra tio n . 
T h ese  find ings m ig h t be  com pared  w ith  th o se  of G a z it h  an d  N o y e s  [7] w ith  
th e  b en zy l iodide—iodine system s. T h e y  s tu d ie d  th e  iodine exchange b y  th e  
ex c lu sio n  of lig h t b e tw een  60 an d  90 °C in  hexach lo robu tad iene-1 ,3 . In  des- 
a e ra te d  so lven t th e ir  resu lts  could be  f i t te d  to  th e  ra te  law :

v =  к  I R I  I I I ,  |1/2

I n  th e  presence o f oxygen  th e  ra te  e q u a tio n  was d ifferen t:

v =  к '  I R I  |1/2 I I 2 I

G a z i t h  an d  N o y e s  concluded th a t  th e  oxygen  in h ib itio n  depended  on th e  
I R I  J / I I2 I ra tio , a n d  was th e  g re a te r , th e  g rea te r was th e  q u o tien t. O xygen  
re a c ts  w ith  th e  b e n z y l rad ica l an d  decreases th e  ra te  of th e  exchange reac tio n . 
I n  th e  ra te  eq u a tio n  describing th e  io d ine  exchange b e tw een  benzy l iodide 
a n d  iod ine, th e re  is io d in e  dependence, an d  th u s  i t  is obvious th a t  th e  oxygen  
in h ib itio n  depends on th e  | R I  | / | I 2 | ra tio . In  th e  case of th e  IA cO H —12 
sy s te m  th e  ra te  o f iod ine exchange is in d e p e n d e n t of th e  iodine c o n cen tra tio n , 
a n d  th u s  i t  is u n d e rs ta n d a b le  th a t  t h e v^ J vq2 ra tio  depends on ly  on th e  IA cO H  
c o n c e n tra tio n . T h is fin d in g  suggests t h a t  th e  hom oly tic  d issociation  of IA cO H  
c a n n o t be co m ple te ly  excluded  as a ra te -d e te rm in in g  step .

b)  The h e te ro ly tic  d issociation  can  be com pletely  neglected , again  
b ecau se  of th e  low  ac tiv a tio n  energies, fu r th e r  of th e  low d ielectric  c o n s ta n t 
o f  th e  m ed ium  (D =  2.28), and  because  th e  ra te  of exchange is n o t affec ted  
b y  th e  w a te r c o n te n t o f th e  so lven t (see T ab le  II) .

c)  The p o ssib ility  of ion -pa ir fo rm a tio n  depends on th e  n a tu re  of th e  
g ro u p  a tta c h e d  to  th e  — COCH2I  g roup . T he k 0 va lues (k 0 • 105 • se c -1  a t  
30 °C) are  th e  follow ing:

IA cO H  IA  IA cpyr
0.215 0.107 7.50

T h ese  figures show  th a t  there  is no co rre la tio n  betw een th e  e lec tro n -d is trib u tio n  
in flu en ce  of th e  a tta c h in g  group an d  th e  ra te  co n stan t. (B o th  th e  O H -group  
a n d  th e  py razo lo n e-rin g  have  e lec tro n -w ith d raw in g  ch a ra c te r , th e  C H 3-g roup , 
h o w ev er, is an  e lectron-releasing  one.) F o r  th 's  reason  th e  ion -pa ir fo rm a tio n  
c a n  be  excluded  as th e  ra te  d e te rm in in g  s tep  in  th e  exchange.

d)  T he ex p erim en ta l resu lts  m ak e  th e  exchange th ro u g h  an  ex c ited  
R C O C H 2I  h ig h ly  possible. Such m ech an ism  has been  suggested  b y  A n b a r  
a n d  R e i n  [8] fo r th e  iodine exchange be tw een  o-iodoanisole an d  iod ine in  
1 -b u tan o l. T he re su lts  could be f i t te d  to  th e  ra te  law  v =  fc0 [ R I  [. O n th e
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basis of th e  values o f ac tiv a tio n  p a ra m e te rs , effect of b o th  th e  so lvent a n d  th e  
add itives, th e y  conc luded  th a t  th e  ra te -d e te rm in in g  s tep  of th e  ex ch an g e  is 
th e  fo rm a tio n  of a low -level e lec tron ically  excited  m olecule.

W e are  on th e  op in ion  th a t  th e  sam e is va lid  fo r o u r system s, R CO CH 2I —12. 
I f  th e  in te ra c tio n  be tw een  RCOCH2I  an d  th e  so lven t is w eak, th e  a c tiv a tio n  
energy re q u ire m e n t of RCOCH2I  —► R C O C H 2 I exc is low, and  th e  a c tiv a tio n  
en tro p y  will be a h ig h ly  negative va lu e , in d ica tin g  th e  low  p ro b ab ility  o f  th e  
above tra n s fo rm a tio n . In  d ich lo roetane  —  w here th e  so lven t—solu te  in te r 
ac tio n  is w eak —  th e  following a c tiv a tio n  p a ra m e te r  figures correspond to  k 0:

R I Ea
kcal • m ole-1 e.u.

IA cpyr 9 .2 - 5 1  [9 ]

p-ClC6H 4COI 7 .7 — 55.6 [10]
p -N 0 2CcH 4C0I 9 .9 — 5 7 .4  [10]

In  a so lven t (e.g. benzene) w here th e  so lv e n t-so lu te  in te rac tio n  is s tro n g e r  
th e  n o n -exc ited  m olecule is s tab ilized  in  re la tio n  to  th e  excited  one, fo llow ed 
b y  an  increase  b o th  in  its  ac tiv a tio n  en erg y  an d  e n tro p y . (E .g. th e  a c tiv a tio n  
p a ram e te rs  of th e  IA c p y r— 12 exchange a re  th e  follow ing: E a =  21.1 k c a l • 
m o le-1 , dS* =  — 9 e.u .). I f  RCO CH 2 I  is m ore s tro n g ly  so lvated , th e  a c t iv 
a tio n  energy  of th e  fo rm atio n  of R C O C H 2I exc. increases fu rth e r , th e  so lv en t 
m ay  po larize  th e  ca rb o n —iodine b o n d , an d  a new  m echan ism  (8д,2) em erges. 
T h e  iod ine exchange betw een  IA cp y r an d  I  “ -ion in  e th an o l follows th e  above  
m en tio n ed  m echan ism  [6]. The sam e b e h av io u r has b een  observed b y  M a y  
and  D a u d e l  [11] in  th e  exchange reac tio n s  of iodide ion  w ith  o- an d  p>-iodo- 
n itro b en zen e , an d  p -iodopheno l, resp ec tiv e ly . In  o c tan o l th e  reaction  follow s 
a firs t-o rd e r, in  ace to n itrile , how ever, a second-order ra te  law.

e) T he in tram o lecu la r  tra n sfo rm a tio n  of RCO CH 2I  to  R C (0 I) =  C H 2 as 
a ra te -d e te rm in in g  s te p  is highly im p ro b ab le  especially  in  an  organic so lv en t. 
W e h av e  no chem ical evidence a t  all fo r th e  ex istence of th e  la t te r  species.

As a conclusion  i t  can  be d raw n  th a t  th e  non-d issocia tive  conversion of 
RCOCH2I  in to  R C O C H 2exc. seems to  be  th e  m ost p ro b ab le  one as a r a te 
d e te rm in in g  step

R C O C H J -*  R C O C H ,Iexc

w hich is follow ed b y  a rap id  exchange reac tio n

R C O C H 2 Iexc +  I I*  R C O C H J*  +  I 2
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Since lig h t a n d  oxygen have som e, th o u g h  n o t s ign ifican t, in fluence 
on  th e  ra te , th e  follow ing ro u te  should  also be tak en  in to  acco u n t to  som e 
e x te n t:

RCOCH2I —*■ RCOCH2 -(- I ’ ra te -d e te rm in in g  step  
I- +  II* — -I* +  I2
•I* +  r c o c h 2 — r c o c h 2i *

U n fo rtu n a te ly , RCO CH 2Icxc could  n o t  he iden tified  b y  a chem ical or 
p h y sica l m ethod , nevertheless th is  seem s to  be  th e  only s tra ig h tfo rw ard  in te r 
p re ta t io n  of th e  ex p erim en ta l findings.
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Form ation constants of thioglycolic and thiolactic acid chelates of B e(II), 
Zn(II) and C d(II) have been determ ined by the I rving- R o sso tti method using least 
square calculations wherever possible. The values have been in terpre ted  in term s of 
M-S я -interaction. The displacem ent of Zn(II) from the chelates by  Cd(II), H g(II) and 
Ag(I) has been explained by the stronger class В  character of the la tte r m etal ions 
than  th a t of Zn(II).

Thioglycolic an d  th io lac tic  ac id s are  know n to  fo rm  com plexes w ith  a 
n u m b e r of m e ta l ions [1—6]. T ra n s itio n  m eta l com plexes of these  ligands are 
especially  in te re s tin g  because o f th e  possib ility  of 7 r-in teraction  in  th e  M -S  
b o n d  as show n b y  earlier w orkers [7—12] and also in  o u r previous s tud ies 
[13—15]. In  a recen t com m unica tion  from  our la b o ra to ry , m e ta l exchange in  
th io m a la te  com plexes has been s tu d ie d  [16]. L ite ra tu re  d a ta  also rev ea l cases 
o f  th e  rep lacem en t o f w eaker accep to r m e ta l ions b y  s tro n g e r ones [17—18]. In  
th e  p resen t s tu d y , fo rm atio n  c o n s ta n ts  o f Be2+, Z n 2+ and  Cd2+ com plexes 
w ith  thioglycolic acid and th io lac tic  ac id  have been d e te rm in ed . Solids h av e  
b een  iso la ted  b y  th e  rep lacem en t o f Z n (II)  b y  C d(II), H g (II)  an d  Ag(I) in  th e  
chelates.

Experim ental

The stepwise form ation constants were determ ined by the I r v in g - R ossotti m ethod 
[19]. The solutions containing perchloric acid, perchloric acid +  ligand, perchloric acid -f- 
ligand -f- m etal ion in a constant volume (50 ml) and at constant ionic strength (0.2 M )  ad 
ju s ted  w ith NaC01„, were titra ted  against standard  alkali a t 35 °C. The values of ny[, n and 
p L were calculated from the equation given in Ref. [13]. The protonation  constants were 
determ ined by the  following relationship:

b g  rK ® =  В  +  log nH/( 1 — 5h )

where В  =  pH  under the experim ental conditions.
For the calculation of pK \l ,  the po in ts were chosen in the region where 0 <  пн <  1 

and for PK £1 in the region where 1 <  пн  <  2. In  the two different regions, the pH  was p lo tted  
against log пн/(1 — пн) an(l straight lines were obtained. The average values of the proto-
nation  constants (35 °C) are

Ligand P k ? РкЧ
Thioglycolic acid 9.922 X lO3 2.352 X 103
Thiolactic acid 1.881 X 1010 2.644 Х Ю 3
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n and pL  were calculated  (a t 35 °C) using known equations [13]. The formation curves 
ob tained  by the plot of n  and  p L  are shown in Fig. 1. In  cases where n exceeded 1, least squares 
calculations [20] were used to  determ ine the form ation constants, К л and  K 2. In other cases, 
average values were ob ta ined  from  the plot of p L  vs. log (1 -— n)ln  a t  different points. The 
log K 2 of the thioglycolato cadm ium (II) complex cannot be calculated because precipitation 
occurs a t low pH before n =  0.8.

C om plex log K t logK,

Thioglycolato-beryllium(II) 
Thiolactato beryllium (II) 
Thioglycolato zinc(II) 
Thiolactato zinc(II) 
Thioglycolato cadm ium (II) 
Thiolactato cadm ium (Il)

7.10 +  0.05 
7.25 ±  0.05 
7.76 ±  0.06 
7.93 ±  0.06 
9.92 ±  0.02 
9.23 ±  0.02

5.47 ±  0.05 
5.73 ±  0.05 
7.43 ±  0.06 
7.32 ±  0.06

8.08 ±  0.05

Since the Hg2+ and A g+ complexes are formed a t  very  low pH , th e ir form ation constants were 
n o t determined.
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Preparation o f thioglycolato or thiolactato com plex of zinc

Zinc ca rb o n a te  (1 g) w as refluxed  w ith  th iog lyco lic  or th io la c tic  ac id  
(10 m l, 0.25 M )  for a b o u t an  hour. A ddition  o f zinc c a rb o n a te  was c o n tin u e d  
u n til an  excess of i t  w as le f t u n reac ted , in d ica tin g  th a t  th e  w hole a m o u n t o f 
th e  lig an d  h ad  been  consum ed . T he solutions w ere filte red . To th e  f i l t ra te , 
a lcohol (20 m l, 98% ) w as ad d ed  to  p rec ip ita te  th e  th io g ly co la to  or th io la c ta to  
com plexes of zinc. T h e  solids w ere dried  in  v acu u m  a n d  analyzed . T he an a ly s is  
corresponds to  a zinc to  ligand  ra tio  of 1 : 1 in  b o th  cases as show n in T a b le  I I .

Preparation of thioglycolato or thiolactato com plexes of cadmium, mercury 
and silver from the corresponding zinc complexes

F resh ly  p rep a red  th io g lyco la to  or th io la c ta to  com plexes of zinc (1 g) 
w ere dissolved in  w a te r  (30 m l). To these  so lu tions w ere ad d ed  th e  so lu tions o f  
cad m iu m  n itra te , m ercu ric  chloride or silver n i tra te  (10 m l of 0.25 M  so lu tions). 
W h ite  p rec ip ita te s  w ere o b ta in ed  in  th e  case o f cad m iu m  an d  m ercury , an d  a 
yellow p rec ip ita te  in  th e  case of silver. T hey  w ere w ash ed  w ith  w a te r, d ried  
an d  analyzed . T he re su lts  of analysis correspond to  a 1 : 1 ra tio  of cadm ium  
or m ercu ry  and  th e  lig an d s , an d  to  a 2 : 1 ra tio  o f silv er a n d  th e  lig ands, as 
show n in T able I I .

Table II

Com plex
Percentage o f m eta l ion

calculated found

Thioglycolato complexes
Zn[Zn(TGA)2] 2H„0 37.66 37.16
Cd[Cd(TGA)2] 55.50 54.74
Hg[Hg(TGA)2] 69.00 68.52
Ag3[Ag(TGA)2] or Ag[Ag(TGA)] 70.50 69.83

Thiolactato complexes
Zn [Zn(TLA)2] 2H20 34.85 34.82
Cd[Cd(TLA)2] 51.90 51.57
Hg[Hg(TLA)2] 65.82 65.21
Ag3[Ag(TLA)2] or Ag[Ag(TLA)] 67.42 67.22

Discussion

T h e values of fo rm a tio n  co n stan ts  ind ica te  th a t  th e  s ta b ility  o rder o f th e  
com plexes is Cd2+ Z n 2+ ^> B e 2+. Since th e  ligands are  th e  sam e, th e  d if
ferences in  th e  fo rm a tio n  co n stan ts  m u st be a t t r ib u te d  to  th e  n a tu re  of th e

Acta Chim. (Budapest) 74, 1972



4 0 2 PANCHAL, BHATTACHARYA: STUDY OF METAL EXCHANGE, I I

m e ta l ions. B ery llium , th o u g h  o f class A  ty p e  [21], form s su ffic ien tly  stäh le  
com plexes w ith  th e  th io ac id s . T his is because  B e2+ has a sm all size an d  hence 
a s ta b le  L  —*- M cr-bond is form ed. W ith  increasing  size of th e  m e ta l ion, the  
L  —» M cr-bond becom es w eaker, re su ltin g  in  low er values o f th e  fo rm atio n  
c o n s ta n ts . H ow ever, in  case of class В  ty p e  m eta ls [21] w ith  filled  dn  o rb ita ls , 
th e re  is an  add itio n a l ten d en cy  o f  th e  m e ta l ion to  d o n a te  тт-e lec trons to  th e  
v a c a n t  d jt-o rb ita l o f su lfu r. In  th e  case of m eta ls  of th e  sam e g roup , o th e r 
fa c to rs  being sim ilar, тг- in te ra c tio n  is s tro n g e r w ith  la rg e r m e ta l ions. I t  can 
b e  a rg u ed , therefo re , t h a t  th e re  is m ore  ^ -in te ra c tio n  in  th e  Cd — S b o n d  th an  
in  Z n —S bond  an d  hence cad m iu m  com plexes are  m ore s ta b le  th a n  zinc 
com plexes. M ercury, w ith  a still la rg e r  size, should  have  a g re a te r  ten d en cy  to  
d o n a te  electrons b ack  to  su lfu r, re su ltin g  in  a stronger M —>- S тг-bond . Silver 
w ith  its  single positive  charge is less e lec tronegative  an d  hence  shou ld  also 
h a v e  a g rea te r ten d en cy  to  fo rm  M —>■ L Tt-bonding th a n  Cd2+ o f a lm o st th e  
sam e  size [22].

T hough th e  concep t of ^ - in te ra c tio n  explains th e  re su lts  sa tisfac to rily  
an d  h as  now su p p o rt from  v ario u s a c cu ra te  stud ies [9], th e  a lte rn a tiv e  ex 
p la n a tio n  in term s of p o la riza tio n  [23] re su ltin g  in  an  increased  s tre n g th  of 
th e  M ■*— S cr-bond c an n o t be ru led  o u t. In  th e  case of b e ry lliu m  com plexes 
K J K 2 is g rea ter an d  m ay  be due  to  th e  sm aller size of th e  m e ta l ion , w hich 
h in d e rs  th e  en try  o f th e  second lig an d . H ow ever, in  th e  case of Z n 2+ an d  Cd2+ 
com plexes, the  К г an d  K 2 values d iffer b u t  s ligh tly . T he ra tio  К  ml IK ml, is 
ex p ec ted  to  be large [24] if  th e  тг-c h a ra c te r  of th e  M —> L b o n d  is su b stan tia l. 
T h is  po in ts  to  th e  fa c t th a t  th e  c o n tr ib u tio n  of th e  M —>- S 7r-in teraction  is no t 
la rg e . S im ilar conclusions h av e  b een  reach ed  b y  P e t t i t  an d  cow orkers [25].

T he com pounds iso la ted  in  th e  case o f Z n (II) , C d(II) a n d  H g (II) cor
re sp o n d  to  th e  com position  M L. T hese com pounds have  th e  co m position  M2L2 
w ith  th e  s tru c tu re  M [M L2]. T he com position  of th e  silver com plex , A g2L, cor
resp o n d s to  th e  s tru c tu re  A g[A gL] or Ag3[AgL2]. T he ex p e rim en ta l d a ta  are 
n o t  su ffic ien t for u nequ ivocal d e te rm in a tio n  of th e  s tru c tu re  o f  th e  com pound. 
H o w ev er, th e  p resen t s tu d y  confirm s th e  fac t th a t  Cd2 + , H g2+ or Ag 1 m ay 
d isp lace  Z n(II) from  its  th io ac id  com plexes. This shows th a t  C d2+, H g 2+ and 
A g + h av e  stronger class В c h a ra c te r  an d  form  s tro n g e r M — S bonds th a n  
th o se  in  zinc com plexes. U pon th e  ad d itio n  of sa lts  of th e  ab o v e  m eta ls to  
zinc com plexes, th e re fo re , th e  w eak er Z n — S bond  b reaks easily , re su lting  in 
th e  fo rm atio n  of a new  M S b o n d .
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ON THE NICKEL HYDROXIDE ELECTRODE, VI

MECHANISM OF THE OXIDATION OF PRIMARY ALCOHOLS 
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(C entra l R esearch  In s t i tu te  f o r  C h em is try , H u n g a r ia n  A c a d e m y  o f  Sc ien ces , B u d a p e s t)
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The oxidation process of primary alcohols on the nickel hydroxide electrode has 
been studied in order to settle the question whether the rate-determining step of the 
reaction is ionic or radical.

The possible processes have been selected on the basis of a method used in the 
study of hydrogenation. Since the reaction rate is independent of the electrode potential, 
it is certain that the rate-determining step of the oxidation is a radical process. The 
analysis of kinetic data led to the conclusion that this step should occur at the dehydro
genation of alcohol to aldehyde, more specifically at the removal of one of the hydrogen 
atoms.

Taking into account that identical reaction rates were observed in solutions of 
different hydroxide ion concentrations, as well as considering the inductive effects 
widely used in the discussions of organic reaction mechanisms and the analogous 
features between the structures of possible intermediates and those of certain stable 
free radicals, it seems probable that the first, rate-determining step of the oxidation 
reaction is the homolytic splitting of an a-C-H bond followed by the removal of a 
proton and an electron.

P rev ious co m m u n ica tio n s [1] repo rtin g  our in v es tig a tio n s  on th e  o x i
d a tio n  reactions o f p rim a ry  alcohols on th e  n ickel h y d ro x id e  electrode dea l 
w ith  th e  ra te  of th e  o x id a tio n  process by  s tu d y in g  its  dependence  on th e  ty p e  
and  co n cen tra tio n  of th e  alcohol and  on th e  a m o u n t o f charge accum ula ted  
prev iously  on th e  e lec trode . B etw een these p a ra m e te rs , th e  following re la tio n  
has been found:

w =  k 0 ca Q (1)

w here w  deno tes th e  ra te  of th e  ox idation  reac tio n , k 0 —  a ra te  c o n s ta n t 
v a ry in g  w ith  th e  ty p e  o f alcohol, ca —  th e  c o n c e n tra tio n  o f th e  alcohol in  th e  
so lu tion , and  f in a lly  Q is th e  charge eq u iva len t to  th e  excess oxygen c o n te n t 
re la tiv e  to  th e  a m o u n t corresponding  to  th e  N i(O H )„ com position  of th e  
electrode (ac tive  oxygen).

The m echan ism  o f th e  ox ida tion , how ever, has n o t been  discussed so 
far. In  th e  in v es tig a tio n  of th e  m echanism  th e  f irs t  s tep  is to  se ttle  w h e th e r 
the  ra te -d e te rm in in g  s tep  is of ionic or radical c h a ra c te r .

S im ilarly  to  th e  m eth o d  used in stud ies on th e  m echan ism  of h y d ro 
genation  reac tions [2], tw o possible reac tio n  ro u tes  can  be  assum ed for th e  
ox idation  of a com p o u n d  S:
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(A)
o* A  H 20  +  2 e -  2 0 H - (a )

S Sn+ +  п е г (b)
S"+ +  re O H -  P r  +  га/2 H 20 (c)

(B)
s +  o* — P r (a)

(О* +  H 20  +  2 e -  — 2 0 H - )

w h ere  О* corresponds to  th e  ac tiv e  o x ygen  con ten t, Sn+ d en o tes  th e  electro- 
ch em ica lly  oxidized su b s tra te , P r  den o tes  th e  oxidized p ro d u c t, an d  re denotes 
th e  n u m b e r of e lectrons req u ired  fo r th e  ox idation  reac tio n . R eac tio n  schem e 
(A) corresponds to  th e  ionic, w hereas schem e (B) to  th e  a to m ic  m echanism . I t  
is to  be  no ted  th a t  in  th e  case o f th e  rad ica l m echanism  an  electrochem ical 
re a c tio n  tak es  p lace sim u ltan eo u sly  w ith  th e  ox idation , w h ich , on one h an d , 
chan g es th e  am o u n t o f ’oxidizing a g e n t’ and , on th e  o th e r h a n d , affects the  
e lec tro d e  p o ten tia l, so i t  c an n o t be  n eg lec ted  in  th is case e ith e r.

T h e  com parison  o f k in e tic  e q u a tio n s  derived on th e  basis  o f assum ing  
d iffe re n t ra te -d e te rm in in g  steps w ith  E q . (1) de te rm in ed  ex p erim en ta lly  
a p p e a rs  to  he helpful in  th e  deeper u n d e rs ta n d in g  of th e  re a c tio n  m echanism .

Ionic rate-determ ining step

L e t us firs t in v es tig a te  th e  k in e tic  re la tions th a t  shou ld  hold  if  th e  r a te 
d e te rm in in g  step  o f th e  o x id a tio n  re a c tio n  is an  ionic process (case A). I t  can 
be  seen th a t  th e  th ird  s tep , (c), a re a c tio n  in  solu tion  b e tw een  ions o f opposite  
ch a rg es , canno t be ra te -d e te rm in in g . B y  elim inating  th is  p ossib ility , only 
processes (a) and  (b) need fu r th e r  d iscussion.

P ro v id ed  th a t  th e  ra te -d e te rm in in g  step  is the re d u c tio n  o f th e  active 
o x y g en  of th e  nickel h y d ro x id e  e lec tro d e , th e  reaction  ra te  shou ld  depend  on 
th e  ac tiv e  oxygen co n te n t, th e  p H  o f th e  solu tion , a n d  on  th e  electrode 
p o te n tia l. A ccording to  E q . (1), how ever, th e  ra te  of th e  overa ll process is 
p ro p o rtio n a l to  th e  alcohol c o n c e n tra tio n  of the  so lu tion . T h is experim en ta l 
f a c t ,  in  th e  case of an  ionic m echan ism , can  be accoun ted  fo r on ly  if  step  (b) 
is ra te -d e te rm in in g . W ith  th is  a ssu m p tio n  th e  reaction  ra te  can  he expressed 
b y  th e  following eq u a tio n

w =  a ca exp (bE ) (2)

w here  a and  b are co n stan ts  an d  E  d en o tes  th e  electrode p o te n tia l.
A ccording to  ex p erim en ta l d a ta ,  th e  reaction  ra te  is, indeed , p ropo rtio n a l 

to  th e  co n cen tra tio n  of th e  p r im a ry  alcohol. A co n trad ic tio n  will arise, how-
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ever, if  one a tte m p ts  to  express th e  p o te n tia l dependence  o f  th e  reac tio n  ra te  
b y  E q . (2). In  th is  case tw o  p rob lem s m ay  occur.

T he f irs t p rob lem  is th a t  E q . (2) gives an  e x a c t re la tio n  b e tw een  th e  
re a c tio n  ra te  and  th e  e lec trode  p o te n tia l. As was show n, how ever, in  P a r t  IV  
[1] o f th is  series, no u n eq u iv o ca l re la tio n  can be fo u n d  b e tw een  these  p a ra 
m e te rs , i.e. th e  sam e reac tio n  ra te  m ay  correspond to  d iffe ren t e lectrode 
p o te n tia l values. T h is co n tra d ic tio n  can , perhaps, be reso lv ed  b y  ta k in g  in to  
acco u n t th a t  th e  o x id a tio n  of alcohols tak es  place a t  th e  en tire  surface o f th e  
n ickel hydrox ide  g ra ins in  c o n ta c t w ith  th e  e lec tro ly te , w hereas th e  electrode 
p o te n tia l is de te rm in ed  b y  processes ta k in g  p lace along th e  surface w here th e  
g ra in s , e lectro ly te  an d  th e  co n d u c to r are con tac ted . I f  th e  degree of o x id a tio n  
an d  th e  physical s tru c tu re  o f th e  la t te r  do n o t agree w ith  th e  average  o f th e  
re a c tio n  zone, th e  sam e reac tio n  ra te  value m ay  be o b serv ed  in  tw o d iffe ren t 
ex p erim en ts , because th e  ’e lectrode p o ten tia ls  of th e  re a c tio n  zone’ h ap p e n  
to  be  th e  sam e, a lth o u g h  th e  m easu red  electrode p o te n tia ls  a re  d ifferen t.

T he second p rob lem  arises from  th e  com parison  o f  E q . (1) o b ta in e d  
ex p erim en ta lly  w ith  th e o re tic a l eq u a tio n  (2). I t  has b een  observed  th a t  th e  
en tire  d ischarge process, from  Q =  Q0 to  Q — 0, obeys E q . (1). S im u ltaneously  
w ith  th e  change in  Q th e  p o te n tia l also changes m o n o to n o u sly : it  sh ifts in to  
th e  n eg a tiv e  d irec tion  b y  ab o u t 100 mV. A ccordingly , th is  eq u a tio n  is v a lid  
also w hile th e  p o te n tia l is chang ing . T his leads to  th e  conclusion  th a t  since 
c o n s ta n t k 0 o f E q . (1) is in d ep en d en t o f th e  p o ten tia l (as w ell as, obviously , ca), 
th e  p o te n tia l dependence  of Q shou ld  correspond to  E q . (2). F o r k in e tic  an d  
th e rm o d y n am ic  reasons [1, 3], th e  e lectrode p o ten tia l is n o t  ch a rac te ris tic  of 
th e  a m o u n t of n ick e l(III)o x id e  h y d ro x id e  deposited  on  th e  electrode, so th e  
p o te n tia l dependence m a y  n o t, b y  a n y  m eans, co rrespond  to  E q . (2). C on
seq u en tly , th e  a ssu m p tio n  th a t  th e  ra te -d e te rm in in g  s tep  is th e  o x id a tio n  
e lec trode  process of th e  su b s tra te , shou ld  be d iscarded.

T hus, i t  m ay b e  concluded  th a t  th e  ra te -d e te rm in in g  s te p  in  th e  o x id a tio n  
of p r im a ry  alcohols on  th e  n ickel h y d ro x id e  e lectrode c a n n o t be an  ionic 
process, i.e. a process invo lv in g  charge tran sfe r.

Radical rate-determ ining step

I f  a rad ical m echan ism  is assum ed , th e  ra te  of re a c tio n  (B) should  depend  
on th e  co n cen tra tio n  o f  th e  su b s tra te , on th e  ac tive  o x y g en  c o n ten t, an d  on 
th e  a m o u n t of charge  on th e  elec trode . C onsequently , E q . (1), found  e x 
p e rim en ta lly , can  be in te rp re te d  on th e  basis of a rad ica l m echanism . T he 
p o te n tia l independence of th e  reac tio n  ra te  can  also be acco u n ted  for, since in  
th e  case of rad ica l ra te -co n tro llin g  steps th e  electrode process d e te rm in ing  th e  
p o te n tia l takes p lace s im u ltan eo u sly  w ith  th e  form er, a n d  so th e  p o te n tia l has 
no d ire c t role in  th e  chem ical reac tio n .
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A ccordingly, i t  can  be  concluded  th a t  th e  ra te -d e te rm in in g  step  in  tlie  
o x id a tio n  of p r im a ry  alcohols on th e  n ickel h y d rox ide  e lec tro d e  is a rad ica l 
p rocess.

T he o x id a tio n , co n seq u en tly , can  on ly  ta k e  place acco rd in g  to  a rad ica l 
p rocess given b y  th e  follow ing eq u a tio n :

S +  n  0 *  — P r  («)

As is know n from  our p rev ious s tu d ies , th e  o x id a tio n  o f p rim a ry  alcohols 
on th e  nickel h y d ro x id e  e lec trode  y ields carboxy lic  ac ids accord ing  to  th e  
follow ing eq u a tio n :

r _ C H 2— O H  - f  4 N iO O H  - f  O H ~ -> R — C O O " +  4 N i(O H )2

I t  m ay  n o t be  assum ed  th a t  th is  process, req u irin g  th e  tran sfe r o f four 
e lec trons, tak es  p lace  in  one s tep . A ccord ingly , th e  on ly  conclusion from  th e  
fa c t th a t  th e  ra te -d e te rm in in g  step  is reac tio n  (a) is th a t  a t  least one step  of 
th e  overall re ac tio n  shou ld  be of rad ica l m echanism . H en ce , on th e  basis of 
th e  availab le  ev idence th e  ionic or rad ica l ch a ra c te r  o f th e  rem ain ing  steps 
c a n n o t be estab lished .

As fa r as th e  ro le o f n ickel h y d ro x id e  is concerned, i t  h as  been assum ed 
on th e  basis of p u b lish ed  d a ta  th a t  in  1 N  N aO H  so lu tion , u sed  in th e  experi
m en ts , th e  com position  of th e  charged  n ickel h y d ro x id e  e lec trode  is N iO O H , 
w hereas th a t  o f th e  d ischarged  e lectrode is N i(0 H )2. T hese  su b stan ces t r a n s 
fo rm  in to  each o th e r  v ia  th e  follow ing rad ica l reac tio n :

N iO O H  +  H 20  — N i(O H ), +  OH- (a,)

I t  shou ld  be n o ted  th a t  chem ical s tud ies o f th e  nickel h y d ro x id e  electrode [4] 
a n d  d eu te rium  exch an g e  in v estig a tio n s [5] h av e  led to  th e  conclusion th a t  th e  
red u c tio n  of N iO O H  ta k e s  p lace v ia  th e  gain  o f a h y d ro g en  ion  an d  an  electron , 
a n d  n o t by  th e  a b s tra c tio n  of oxygen. R eac tion  (a,) refers to  th e  rad ica l 
vers io n  of th is  process. T he ra te  of th is  reac tio n , how ever, is ra th e r  low, d e 
fin ite ly  lower th a n  th e  ra te s  in v es tig a ted  in  ou r ex p erim en ts , since otherw ise 
th is  reac tio n  w ould  also ta k e  p lace in  th e  p u re  b a c k g ro u n d  so lu tion , w hich 
w ould  lead to  th e  re d u c tio n  of th e  am o u n t o f ac tive  oxygen .

If, desp ite  th e  above fa c t, th e  re d u c tio n  of N iO O H  is observed , nam ely  
in  a rad ica l reac tio n  s tep , th e  hyd rogen  a to m  can  on ly  arise  from  th e  alcohol 
m olecule accord ing  to  th e  follow ing reac tio n :

N iO O H  +  R — H  -> N i(O H )2 +  R- (a2)

The consequence of reac tio n  (a2) is th a t  th e  o x id a tio n , or a t  least its 
ra te -d e te rm in in g  s tep , invo lves th e  rem o v al of a h y d ro g en  a to m . E ssen tia lly
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sim ilar conclusions h av e  been reached  on th e  basis o f d iffe ren t considera tions, 
in  a s tu d y  of o x id a tio n  in  non-aqueous so lven ts [6]. In v es tig a tio n s  of P i c k e r i n g  
[7] on a series of ox ide  c a ta ly s ts  also confirm  th a t  th e  ox idation  of alcohols 
takes place v ia  d eh y d ro g en a tio n .

A fu r th e r  ta s k  is to  fin d  th e  steps invo lved  in  th e  following o vera ll 
reac tion :

R — C H 2O H  +  O H -  — R — C O O - +  4H-

T he possib ility  o f th e  fo rm atio n  of th e  m ost p ro b ab le  in te rm ed ia te , a ld eh y d e , 
h ad  a lread y  b een  assum ed  in  an  earlie r p h ase  of th e  experim en ts. T his p o s
sib ility  is also con firm ed  b y  th e  fac t th a t  N a k a g a w a  et al. [8] succeeded in  
oxidizing p rim a ry  alcohols to  a ldehydes b y  ’nickel p e ro x id e ’. (This su b s ta n c e  
is, in  fac t, n ick e l(II)  h y d rox ide  oxidized b y  sodium  hypo ch lo rite , an d  h as  a n  
em pirical co m position  of N i0 2.77H 2 85. As w as m en tio n ed  in  P a r t I  of th is  
series, th e  in v es tig a tio n s  of L a b a t  [9] in d ica te  no reaso n  to  assum e th a t  n ick e l 
hyd rox ides w ould y ie ld  d ifferen t substances if  ox id ized  chem ically  or e lec tro - 
chem ically ; hence, b y  e lem en ta ry  algebraic ca lcu la tio n  i t  is ob ta ined  th a t  th e  
above fo rm ula co rresponds to  th e  com position  of 0.31 N i(O H )2 • 0.69 N iO O H  • 
• 0.77 H L0 .  T he ac tiv e  oxygen co n ten t ca lcu la ted  from  th is  com position is in  
good ag reem en t w ith  th e  exp erim en ta l va lue  of 3.5 X lO - 3  g atom  oxygen/g .) 
I t  w as show n in o u r prev ious p a p e r [10] th a t  th e  o x id a tio n  ra tes of a ld eh y d es 
on th e  nickel h y d ro x id e  electrode are h igher b y  ro u g h ly  th re e  orders of m a g n i
tu d e  th a n  those  o f th e  co rresponding  alcohols. P ro v id ed  th a t  the  reaction  does 
proceed  v ia  an  a ld eh y d e , th e  ra te -d e te rm in in g  s tep  shou ld  be searched  fo r 
am ong th e  steps o f th e  follow ing reac tio n :

r _ C H 2— O H  — R — CHO +  2H-

Since th is  reac tio n  h a rd ly  tak es  place in a single s tep  (p ro b ab ly  tw o step s  are  
invo lved  a t  le a s t) , e q u a tio n

r _ C H 2— O H  -f  2 N iO O H  — R — CHO +  2 N i(O H )2

is n o t necessarily  id en tica l w ith  reac tio n  (a).

Possible m echanism s of the oxidation

In  re la tiv e ly  sim ple cases like th e  reac tio n  d iscussed  here th e  e x p e ri
m e n ta l fac t th a t  th e  reac tio n  ra te  is, on th e  basis o f E q . (1), p ro p o rtio n a l to  
th e  alcohol c o n c e n tra tio n  and  to  th e  am o u n t of n ic k e l(III)  oxide h y d ro x id e  
deposited  on th e  e lec trode  ind ica tes  th a t  p ro b ab ly  on ly  one alcohol an d  one 
N iO O H  m olecule ta k e  p a r t  in  th e  ra te -d e te rm in in g  s tep . As was show n ab o v e , 
in  th is  step  a h y d ro g en  a to m  o f th e  alcohol is rem o v ed , nam ely  in a ra d ic a l 
process, b y  th e  n ickel hvdrox ide .
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In  th e  sim p lest case th e  alcohol—ald eh y d e  reaction  can  ta k e  p lace in 
tw o  w ays. E ith e r  b o th  hydrogen  a to m s a re  sp lit off in rad ica l processes, o r one 
is rem o v ed  in a rad ica l an d  th e  o th e r  in  a n  ionic process.

As fa r as n ickel h y d ro x id e  is co n cern ed , b o th  w ays a re  possib le. T he gain 
o f  a hyd ro g en  a to m  in  an  ionic process is, in  fac t, eq u iv a len t to  th e  e lec tro 
chem ical d ischarge of th e  charged  n ick e l hydrox ide  e lec trode , i.e. th e  tw o 
processes ta k e  place in  th e  sam e m an n e r. T he d irect u p ta k e  o f  a hyd rogen  
a to m  ap p ears  to  be  also possible, since, as m en tioned  earlier, N iO O H  is a good 
h y d ro g e n  a to m  accep to r. This is also co n firm ed  by  severa l d eh y d ro g en a tio n  
ex p e rim en ts  in  non-aqueous so lven ts [6, 8, 11].

In  th e  follow ing considera tions th e  m o st probable s tep  is selected  from  
th e  possible d eh y d ro g en a tio n  steps o f alcohols. In  the  process tw o  hydrogens 
a re  rem oved  from  th e  alcohol m olecule, invo lv ing  th e  h o m o ly tic  sp littin g  of a 
C— H  bond  an d  th a t  of an  0 — H  b o n d . T h is process m ay  ta k e  place, e.g. in 
th e  follow ing order:

-H* H H- H
R CH„ OH R — C : Ö :H ------->■ R — C:0-

Scheme I

T he rad ica l scission of C— H  b o n d  can  well be a ssum ed ; hydrogens on 
th e  a -ca rb o n  a to m  o f alcohols can  be  p a r tic u la r ly  easily rem o v ed  v ia  rad ica l 
m echan ism . T he follow ing tw o exam ples are  considered as a p ro o f fo r th is  
a ssu m p tio n : In  th e  p h o to -o x id a tio n  process o f p rim ary  alcohols in  th e  pressnce 
o f  Ce(IY) ions a rad ica l sim ilar to  th e  one form ed in th e  f irs t s te p  of Schem e I 
co u ld  be d e tec ted  b y  E S R  m ethods [12]. I n  an o th e r s tu d y  [13], a n  a  d eu te riu m  
s u b s ti tu te d  alcohol w as reac ted  w ith  m e th y l radicals (p rep a red  e.g. from  
d ia c e ty l perox ide), an d  C H 3D w as o b ta in e d . On the  o th e r h a n d , no tra c e  of 
su c h  a reac tio n  w as found  w hen re a c tin g  (C H 3)3C—OD w ith  th e  sam e rad ica l. 
T h is  la t te r  ex p erim en t ind ica tes, a t  th e  sam e tim e, th a t  th e  ra d ic a l sp littin g  of 
a lcoho lic  0  — H  bonds is ra th e r  d ifficu lt. J u s t  as th e  h e te ro ly tic  sp littin g  of 
C— H  bonds ap p ears  to  be h a rd ly  p ro b ab le , i t  is m ore lik e ly  th a t ,  g iven th e  
ch an ce , th e  0 — H  bo n d  of an  alcoholic h y d ro x y l group undergoes o x ida tion  
in  an  ionic process; th e  possib ility  fo r h e te ro ly tic  sp littin g  is u n d o u b ted ly  
p ro v e d  b y  th e  acid  d issociation  of alcohols. C onsequently , in  o u r opin ion , th e  
re a c tio n  ro u te  given b y  Schem e I  is h a rd ly  p robab le , th e  h o m o ly tic  sp littin g  of 
th e  C— H  bo n d  is ra th e r  follow ed b y  th e  h e te ro ly tic  sp littin g  o f th e  0 —H  
b o n d  b y  th e  n ickel oxide hyd ro x id e .

T he ionic sp littin g  of a bond in v o lv in g  hydrogen  can be  im ag ined  as th e  
rem o v a l of an  e lec tron  and  a p ro to n  fro m  th e  m olecule. A ccord ing ly , th e  
o x id a tio n  of alcohols to  aldehydes ta k e s  p lace  in  th ree  e le m e n ta ry  steps: th e  
rem o v a l of a h y d ro g en  a tom , of a p ro to n  a n d  of an  e lectron , re spec tive ly . B y 
p e rm u tin g  th ese  th re e  steps, 3 ! =  6 d iffe ren t m echanism s can  be  co n stru c ted ,
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from  w hich th e  m ost p ro b ab le  one shou ld  be selected on  th e  basis o f ex p e ri
m e n ta l d a ta  and  th e o re tic a l considera tions.

a)  L e t us f irs t exam ine  th e  cases w here th e  rad ica l s te p  comes firs t.
T he f irs t s tep  given in  Schem e I  is still invo lved  in  these  cases. T h e  

re a li ty  of th is  s tep  has a lread y  been  discussed. Now le t  us assum e th a t  th e  
n e x t  step  is th e  rem o v a l of an  e lec tron :

H H + H

R  C : Ö : H
— e

R  Ö : Ö H
— H *

R  -  C : Ö  •

S c h e m e  I I

T h e rad ica l form ed v ia  th e  a b s tra c tio n  of a hydrogen  a to m  m ig h t, in  p rinc ip le , 
un d erg o  e lectrochem ical o x id a tio n  a t  th e  h igh positive p o te n tia l  of th e  n ickel 
h y d ro x id e  electrode. T h e  e lec tron  d efect of th is rad ica l, how ever, exerts  an  
e lec tro n  a ttra c tio n  effect o f som e degree, an d  so th e  e lec tro n  p a ir  of th e  О — H  
b o n d  sh ifts tow ards th e  oxygen  a to m . F rom  th is  p a r t  o f th e  m olecule, due to  
its  p o sitive  charge, a p ro to n , h av in g  also a positive ch a rg e , c an  be a b s tra c te d  
w ith  a h igher p ro b a b ility .

N ow  le t us tu rn  to  th e  re a c tio n  ro u te  given in  Schem e I I I :

H
- H  +

H H

R  —  C : Ö : H R  -  C : Ö : ----- > R  —  C : ( ) •

S c h e m e  I I I

T he rea lity  of th e  second s tep  has a lready  been d e a lt  w ith , so only  th e  
rem o v a l of th e  e lec tro n  shou ld  be d iscussed here. In  p rin c ip le  no p rob lem  
occurs a t  th e  elec trochem ical o x id a tio n  of a negatively  c h a rg ed  ion, even m ore  
so i f  th e  e lectron  is rem oved  from  an  oxygen atom  h av in g  excess electrons.

A lthough  i t  can  be  estab lish ed  a t  th is  po in t th a t  th e  reac tio n  can ta k e  
p lace  accord ing  to  th e  m echan ism  given in  Scheme I I I ,  i t  is w orthw hile  to  
d iscuss th e  rem ain ing  cases, too .

b)  I f  it  is assum ed  th a t  th e  f irs t  s tep  of the  process is th e  rem oval of a 
p ro to n , th e  reac tio n  can  no m ore be  reg a rd ed  as irreversib le ; f irs t th e  rev e rs
ib le d issociation  o f th e  alcohol shou ld  be ta k e n  in to  a c c o u n t, an d  th e  a b 
s tra c tio n  of hyd ro g en  o r e lec tron  m a y  only  follow th is  f ir s t  s tep .

R - C I L  O H  4- O H "  ^  Н 20  +

I------’

H

R  —  C : 0 :  

H

! -H-

H

R — C : Ö  • 

H

H

R  C : 0 :

->■ R - C H O

R - C H O

S c h e m e  I Y
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A lth o u g h  th e  d issocia tion  c o n s ta n t of alcohols is very  low , th e  high hydrox ide 
io n  co n cen tra tio n  o f I N  N aO H  so lu tio n  sh ifts th e  e q u ilib riu m  tow ards th e  
fo rm a tio n  of a lcoho la te  ions. T he an ion  fo rm ed  in  th is  equ ilib rium  reaction  
m a y  e n te r  fu r th e r  reac tio n s  in  th e  n e x t s tep . E lec tro ch em ica l ox idation  m ay , 
p re su m ab ly , tak e  p lace  easily  since an  ion  o f negative  ch a rg e  can read ily  lose 
e lec tro n s. The rad ica l fo rm ed  in th e  process, how ever, w ill be  polarized due to  
th e  elec tron  defect o f th e  oxygen  a to m , i.e. th e  e lec trons o f  th e  C—О bo n d  
w ill be  sh ifted  to w ard s  th e  oxygen, w hereas th e  e lec tro n  p a ir  of th e  C—H  
b o n d  tow ards th e  ca rb o n  a to m . H ence, th e  h e te ro ly tic  sp littin g  of C—H  
b o n d s  becom es easier, a n d  th e  hom oly tic  sp littin g  m ore d ifficu lt (relative to  
th e  unpo larized  s ta te ) . I f , on th e  o th e r h a n d , th e  alcoho la te  ion  reacts in  a w ay 
in d ic a te d  b y  th e  low er a rro w  in Schem e IV , th e  above p ro b lem  does no t occur. 
T h e  elec tron  excess a t  th e  oxygen a to m  of th e  an ion , c o n tra ry  to  the  previous 
case, sh ifts th e  e lec tro n  p a ir  o f th e  C— H  bond , th ro u g h  th e  carbon a tom , 
to w a rd s  th e  h y d ro g en  a to m , p ro m o tin g  th e reb y  th e  ra d ic a l sp litting . The 
ra d ic a l ion form ed in  th is  process is s tab ilized , by  th e  rem o v a l of an elec
tro n , a t  th e  re la tiv e ly  po sitiv e  e lec trode  p o ten tia l o f th e  nickel hyd rox ide  
e lec tro d e .

c) To com plete  th e  p e rm u ta tio n  of th e  processes, re a c tio n s  s ta rtin g  w ith  
th e  rem oval of an  e lec tro n  m ay  also be discussed. The elec trochem ical ox idation  
m a y , m ost ce rta in ly , ta k e  place a t  p o ten tia ls  exceed ing  th e  equilibrium  
p o te n tia l  by  ab o u t 1000 mV. P rob lem s occur, how ever, a t  th e  subsequen t 
a b s tra c tio n  of h y d ro g en  a to m  since, due  to  th e  elec tron  defec t, the  electrons 
o f  C— H  bonds are sh ifted  tow ards th e  carbon  a to m , a n d  th is  a rrangem en t 
does n o t favour th e  h o m oly tic  decom position .

T hus, as a f irs t a p p ro x im a tio n , tw o reac tio n  rou tes a p p e a r  to  be probable , 
n a m e ly  those w here th e  rem oval of th e  elec tron  is th e  la s t  step . These rou tes 
a re  given b y  Schem e I I I  and  b y  th e  low er p a r t  of Schem e IV . F o r deciding as 
to  w hich  of these  possib ilities  is realized  in  th e  reaction , fu r th e r  considerations 
a re  needed.

One of th e  d ifferences betw een  th e  tw o possible m echan ism s is th e  fac t 
t h a t  in  one of th em  th e  ra te -d e te rm in in g  step  is p reced ed  b y  an equilib rium  
process. I f  th e  f irs t  s tep  is th e  rad ica l rem oval of h y d ro g en , the  n ex t tw o 
s tep s , being p ra c tic a lly  irreversib le , h a v e  no role, since i t  is only the  rad ica l 
s te p  th a t  determ ines th e  ra te . In  th e  o th e r m echanism , how ever, th e  r a te 
d e te rm in in g  process is proceeded  by  th e  dissociation  o f alcohol, so b o th  p ro c 
esses should be ta k e n  in to  accoun t. T h is difference m a y  give th e  k ey  to  
choosing  betw een  th e  possib ilities since th e  sh ift of th e  d issoc ia tion  equilibrium  
in  a n y  d irection  will a ffec t th e  reac tio n  ra te  only if  th e  reac tio n  takes place 
accord ing  to  Schem e IV .

T here are, in  p rinc ip le , tw o m eth o d s for sh ifting  th e  d issociation  eq u i
lib riu m . I f  group R in p rim ary  alcohols of ty p e  R — C H 2— O H  is varied , th e
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d issoc iab ility  of th e  p ro to n  of th e  O H  g roup  will also change as a fu n c tio n  of 
th e  elec tron  a t tr a c t io n  or repulsion  p ro p ertie s  of g roup  R . L e t us, how ever, 
consider th e  effect of an  e lec tro n -w ith d raw in g  R g roup  on  th e  reaction  ra te . 
In  th is  case th e  e lec tron  d en sity  on th e  a -ca rb o n  a to m  is red u ced  to  a ce rta in  
degree. As a re su lt, th e  acid  d issociation  of th e  alcohol becom es easier, te n d in g  
to  increase th e  ra te  of a reac tio n  accord ing  to  Schem e IV  w ith  respect to  th e  
o x id a tio n  ra te  o f th e  alcohol hav ing  a ’n e u tra l’ R  g roup . A n e lec tro n -w ith 
d raw ing  g roup , how ever, influences th e  reac tio n  a t  o th e r  p o in ts , too. T h e  
red u c tio n  of e lec tron  d en sity  a t  th e  a -ca rb o n  a to m  ren d ers  th e  hom oly tic  
sp littin g  of th e  C —H  bond  in ev itab ly  m ore d ifficu lt in th e  m olecule, or ra th e r  
in  th e  one fo rm ed  from  th e  m olecule in  th e  d issociation  process. Since th e  r a te 
de te rm in in g  s tep  of th e  reac tio n  rep resen ted  b y  Schem e IV  is ju s t  th is  process, 
th e  change o f R  fo r R  w ould, a t  th is p o in t, p resu m ab ly  te n d  to  decrease th e  
reac tio n  ra te .

I t  could  be  p ro v ed  b y  sim ilar considera tions th a t  th e  s itu a tio n  w ould be 
no b e tte r  if  e lec tro n  repelling  groups w ere applied . T h e  elec tron  defect or 
excess on th e  a -ca rb o n  influences b o th  th e  C —H  and  th e  О —H  bonds, p o la riz 
ing  b o th  of th e m  in th e  sam e sense, i.e. sh iftin g  th e  e lec tro n  p a ir of th e  bon d s 
s im u ltan eo u sly  n ea re r  to  or fa r th e r  from  th e  hyd ro g en . Since th e  hom oly tic  
sp littin g  of a C —H  bo n d  w ould  requ ire  a p o la riz a tio n  opposite  to  th a t  needed  
for th e  h e te ro ly tic  sp littin g  of th e  О— H  b o n d , th e  sam e po lariza tio n  of b o th  
bonds, obv iously , p rom otes only  one o f th e  step s , h in d erin g  a t  th e  sam e tim e  
th e  o th e r. To p re d ic t w h e th e r th e  reac tio n  ra te  increases or decreases as th e  
n e t re su lt o f th e se  opposite  tendencies is a ta s k  one can  h a rd ly  u n d e rtak e  on 
l he basis o f q u a lita tiv e  considerations.

A n o th e r feasib le m eth o d  for sh ifting  th e  equ ilib riu m  is th e  v a ria tio n  of 
hydrox ide  ion  c o n cen tra tio n . Should th e  reac tio n  ta k e  p lace according to  
Schem e IV , th e  reac tio n  ra te  will be p ro p o rtio n a l to  th e  h y d ro x id e  ion  co n 
c e n tra tio n , since th e  s te a d y -s ta te  co n c e n tra tio n  of th e  co m p o n en t tak in g  p a r t  
in  th e  ra te -d e te rm in in g  step  is, in  th e  case o f  a fa s t p re-eq u ilib riu m , p ro p o r
tio n a l to  th e  h y d ro x id e  ion co n cen tra tio n . O n th e  o th e r h a n d , th e  ra te  of th e  
reaction  g iven  b y  Schem e I I I  is in d ep en d en t of th e  h y d ro x id e  ion concen
tra tio n , since i t  is n o t invo lved  in  th e  ra te -d e te rm in in g  s tep , p a rtic ip a tin g  on ly  
in th e  su b seq u en t fa s t, irreversib le  process.

T he effect o f h y d ro x id e  ion  co n c e n tra tio n  on th e  o x id a tio n  ra te  w as 
s tu d ied  b y  k in e tic  m eth o d s an d  rep o rted  in  P a r t  IV  o f th is  series [1]. I t  has 
been  found  th a t  on th e  nickel hyd rox ide  elec trode , in  th e  co n cen tra tio n  ran g e  
of 0.01 <  c0H-  <C 1.0, th e  ra te  of th e  o x id a tio n  of e th a n o l is, w ith in  th e  e x 
p e rim en ta l e rro r, in d ep en d en t of th e  p H  o f th e  so lu tion . T h is exp erim en ta l 
fa c t co n trad ic ts  th e  reac tio n  m echanism  g iven  b y  Schem e IV , su p p o rtin g  
th e re b y  th e  m echan ism  ou tlin ed  in  Schem e I I I .  A ccord ingly , th e  firs t s tep  of 
th e  reac tio n  is th e  h o m oly tic  sp littin g  of th e  C— H  b o n d , a n d  th is  is follow ed

Acta Chim. (Budapest) 74, 1972



414 V ÉRTES, NAGY: N IC K E L H Y D R O X ID E  ELECTRODE, V I

b y  th e  a b s tra c tio n  of a p ro to n  an d  f in a lly  b y  th e  rem o v al o f an  e lectron . This 
m ech an ism  can be  described b y  th e  fo llow ing set of eq u a tio n s .

R — C H 2—O H  +  N iO O H  ^  N i(O H )2 +  [R — C H — O H ]

[R — C H — O H ] +  O H -  — > [R — C H — 0 ] -  +  H 20  

[R —C H —O ] - ---- > R —C H O + e -

to g e th e r  w ith  th e  electrochem ical re a c tio n  coupled w ith  th e  la s t process:

N iO O H  +  H 20  +  e~  ---- > N i(O H )2 +  0 H ~

(T he rad ica l or ionic ch a rac te r in  th e  reac tio n s does n o t, o f course, m an ifest 
i ts e lf  on a single a to m ; th e  do ts  in  th e  above schem e are fo r illu s tra tio n , 
a ssigned  to  th e  a to m  from  w hich th e  co rrespond ing  p a rtic le  has been  rem oved.)

The m echanism  ou tlined  here  is v e ry  convincingly  su p p o rte d  also b y  th e  
f a c t  th a t  am ong th e  possible in te rm e d ia te  rad icals occu rring  in  th e  reac tio n  
schem es th e  ra d ic a l ion p receding  th e  rem oval of e lec tron  can  be  reg a rd ed  as 
th e  m ost stab le  one, since, based  on analogous fea tu res  w ith  k e ty ls , a th ree - 
e lec tro n  resonance s ta te  can  be assu m ed  fo r th e  C— 0  b o n d . T his is o f p a r tic u la r  
im n o rta n c e  if  th e  electrons of th is  th ree -e lec tro n  b o n d  are  ab le to  fo rm  a 
c o n ju g a te d  system  w ith  th e  я -e lec trons of an  a rom atic  rin g  a d ja c e n t to  th e  
c a rb o n y l group . T h is co n juga tion  fu r th e r  increases th e  s ta b ili ty  of th e  rad ica l 
io n , so its  fo rm atio n  is easier. T he increasin g  s ta b ility  o f th e  rad ica l ion  is ex 
ce llen tly  d em o n stra ted  b y  th e  e x p e rim e n ta l fac t (see P a r t  IV  [1]) th a t  th e  
s u b s ti tu tio n  of th e  hyd rogen  or th e  m e th y l group b y  b en zy l or 2 -fu ry l g roups 
in c reases  th e  reac tio n  ra te  b y  a b o u t an  o rd e r of m ag n itu d e .
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The sorption rate of several hydrocarbons on porous aluminum oxide, aluminum 
silicate and charcoal grains was determined in an apparatus suitable for the direct 
measurement of the rate of sorption. The experimental results were evaluated by 
digital parameter estimation, on the basis of sorption rate equations described earlier. 
It turned out that the rate of sorption on the porous materials is correctly described by 
the rate equation(s) derived theoretically if the coverage is low, and correspondingly if 
the proper adsorption step following the diffusion transport processes can be described 
by Langmuir’s linear rate equation. The values of the parameters determining the rate 
of sorption (the thickness of the diffusion boundary layer, the effective pore-diffusion 
constant, the slope of the isotherm, the coefficients of the Langmuir-type rate equation) 
are physically realistic. The adsorption rate constant for example agrees with the gas- 
kinetic collision numbers within two orders of magnitude.

1. In tro d u c tio n

In  th e  f irs t  p a p e r of th is  series [1] ra te  re la tions w ere deduced  fo r a 
sy stem  in  w hich an  ad so rb a te  d ilu ted  w ith  an  in e rt gas w as adso rbed  on  a 
single, porous p a rtic le . In  o rder th a t  th e  m a th em a tica l t re a tm e n t be sim plified  
as m uch  as possib le, in  th e  model u sed  to  describe th e  system  th e  p a rtic le  w as 
sph erica l, th e  co n c e n tra tio n  of th e  su b s tra te  in th e  gas-space w as c o n s ta n t, 
an d  th e  follow ing consecu tive processes w ere ta k e n  in to  co nsidera tion :

I :  t ra n s p o r t  of th e  su b s tra te  in  th e  diffusion b o u n d a ry  lay e r fo rm in g  
a ro u n d  th e  p a rtic le ;

I I :  diffusion process in  th e  pores o f th e  partic le ;
I I I :  a d so rp tio n  of th e  su b s tra te  on th e  surface.
Processes I  an d  I I  could be fo rm u la ted  on th e  basis o f F ick ’s F irs t an d  

Second L aw s, resp ec tiv e ly , an d  process I I I  w ith  th e  sim plified  L an g m u ir 
k in e tic  e q u a tio n  correspond ing  to  a lin ea r  iso therm  (in ag reem en t w ith  th is  
s im p lifica tio n  th e  surface coverage o f th e  ad so rb en t w as k e p t  a t  a low value).

T h e  rad iu s  of th e  p a rtic le  w as d en o ted  b y  r 0 [cm ], an d  th e  c o n s ta n t 
co n c e n tra tio n  of th e  gas phase b y  c0 [m ole • c m -3 ]. T he co n cen tra tio n  fu n c tio n  
w as c(r, t) [m ole • c m -3 ], while th e  a m o u n t of su b stan ce  adso rbed , referred  
to  th e  a p p a re n t vo lum e o f th e  a d so rb en t, w as expressed b y  a (r ,t) [mole • c m - 3 ]. 
In  th e  fu n c tio n s th e  rad iu s  w as d en o ted  b y  r, and  th e  tim e  coo rd ina te  b y  t .  

Processes I — I I I  w ere ta k e n  in to  co nsidera tion  in tu rn  b y  th e  follow ing re 
la tio n s :
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w here D  [cm 2 • s ~ x] is th e  effective d iffusion  c o n s ta n t fo r th e  pore phase; 
К  =  DgldD; Dg [cm 2 • s ~ x] is th e  d iffusion  c o n s ta n t o f th e  ad so rb a te  in  
n itro g en ; d [cm] is th e  average th ickness o f th e  b o u n d a ry  lay e r a ro u n d  th e  
p a r tic le ; a  is th e  free po re  volum e re la tiv e  to  th e  a p p a re n t volum e of th e  
a d so rb e n t (i.e. th e  p o ro s ity ); ka [s~ x] an d  k d [s_1] a re  th e  ad so rp tio n  and  de
so rp tio n  ra te  c o n s ta n ts , respectively . k„lkd =  a.q, w here q is th e  slope of th e  
assum ed  linear a d so rp tio n  iso therm . T he in itia l cond ition

c(r, 0) =  a(r, 0) =  0
a n d  th e  cond ition

(4)

c(r, r) <  oo (5)

can  be  used  for th e  so lu tio n  of th e  p a r tia l  d iffe ren tia l e q u a tio n  system  (1), (2) 
an d  (3).

T he so lu tion  o f p ro b lem  (1)—(5) ex p lic itly  p rov ides th e  am o u n t o f su b 
s t r a te  so rbed  b y  th e  p a rtic le  in  u n it tim e , i.e. th e  so rp tio n  ra te  expressed in 
th e  d im ensions [m ole • s -1 ]:

d M
dr

=  8л:ас0 r0 D
/ = 1

S j - ) - h + 1
Sj-j -h +

s i + h .

CO,

Kr
+ 1 1

K r n

( 6)

w here g =  kajD  an d  h =  a kdjD. The q u a n titie s  s,- an d  со,- (i =  1, 2, . . .) neces
sa ry  fo r th e  so lu tion  o f  th e  series can  be  ca lcu la ted  from  th e  conditions

si +  [ h + g  +  K / r 0)2]s,- +  h(co,/r0)2 =  0
an d

со,- cot со,- = 1  —  K r 0

T he so rp tio n  ra te  e q u a tio n  (6) also co n ta in s  ra te  eq u a tio n s va lid  as lim iting  
cases for th e  sim pler m odels (see m odels В , C an d  D in [1]).

In  th e  second p a p e r  of th e  series we d ea lt w ith  th e  know n th eo re tica l 
possib ilities o f d ig ita l p a ra m e te r  e s tim a tio n ; it  was found  th a t  th e  M arq u ard t
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m od ifica tio n  of th e  G auss—N ew ton  m e th o d  can su itab ly  be  ap p lied  as o p tim iz
ing  p rocedure  for th e  d e te rm in a tio n  o f th e  physica l p a ra m e te rs  occurring  in 
th e  so rp tio n  ra te  eq u a tio n s [2]. In  ad d itio n  to  a few  ra tio n a liz a tio n s  of th e  
ca lcu la tio n  techn ique w hich w ere o f m inor im p o rtan ce , we also succeeded in 
developing  a new p rinc ip le  of g en era tin g  in itia l e s tim a tes  to  th e  m in im um  of 
th e  ob jec tive  fu nc tion  b y  th e  com bined  ap p lica tion  o f d raw in g  a n d  th e  steepest 
d escen t m ethod  [3]. F in a lly , th e  com plete  op tim izing  a lg o rith m  w as w orked 
u p  fo r G IE R  and IC T 1905 co m p u te rs . T his m ade possib le th e  ev a lu a tio n  of 
th e  exp erim en ta l re su lts  in  acco rdance  w ith  th e  four ra te  eq u a tio n s  involved , 
t h a t  is th e  calcu la tion  o f th e  va lu es  of th e  d iffusion, eq u ilib riu m  and  ra te  
c o n s ta n ts , and  also th e  confidence in te rv a ls  of th e  p a ra m e te r  es tim atio n .

In  add itio n  to  th e  d ed u c tio n  o f th e  theo re tica l r a te  eq u a tio n s  and  th e  
d ev e lopm en t of th e  ev a lu a tio n  p ro ced u re , th e  th ird  fu n d a m e n ta l p roblem  of 
so rp tio n  ra te  stud ies consists o f th e  elaboration o f  an experim ental method p ro 
v id in g  th e  m ost in fo rm atio n  w ith in  th e  fram ew ork  o f th e  g iven  m odel. F o r 
th is  p u rpose  some a p p a ra tu s  is req u ired  w hich is devised in  such a w ay that the 
experim ental conditions be in  agreement with the sim p lifica tio n s introduced in  
deducing the mathematical model. D irect measurement o f  the gas uptake is to be 
prefered  to  th e  know n in d irec t m eth o d s.

T he objec t of th e  p re sen t p a p e r  is th e  co n firm a tio n  o f th e  deduced 
so rp tio n  ra te  equation(s), on th e  basis of th e  co m p u te r  e v a lu a tio n  of th e  
ex p e rim en ta lly  d e te rm in ed  so rp tio n  ra te  curves.

2. E xperim en ta l

2.1. Experimental method

In the rate equation, forming the theoretical basis of the sorption rate studies, the value 
of dM/dr is expressed as a function of time and the parameters occurring in the model. Our 
task is to elaborate an experimental method or apparatus which enables the quantity dM/dr 
to be measured d irectly  as a function of time.

In accordance with what was said in the introduction, it is favourable to measure the 
sorption rate on a sing le , spherical grain, under conditions such that the concen tra tion  of the 
adsorbate in the indifferent carrier gas remains almost constan t in the course of the sorption. 
This condition can be fulfilled most simply by means of streaming the gas mixture. Before the 
measurement is begun, therefore, a g a s m ix tu r e  o f  concen tra tion  c0 m u s t be p re p a re d , and then 
streamed through the detector with a co n sta n t f lo w  rate v 0 [cm3 • s-1]. Taking into consider
ation the adsorption properties of the particle, in every measurement the values of r0, c0 and 
v 0 should be selected so that the relative decrease of the amount of substance c0 • v 0 [mole • s~*] 
flowing through the detector cell in unit time (in the following: the flux) does not attain 10%. 
In this way the condition of constant concentration is fulfilled p ra c tic a lly .

The simplified Langmuir kinetic equation was used in the models; this is presumably 
also valid in the range of low concentrations. I t  is thus desirable to carry out the measurements 
at a partial pressure of the adsorbate of a few Torr, i.e. at a concentration c0 ^  10-8-10-7 
mole • cm- 3. For the measurement of such low concentrations, however, it is advisable to 
employ a flame ionization detector, and accordingly to use some hydrocarbon as adsorbate. 
The carrier gas can be nitrogen, for example.

After this there remains only one fundamental problem in the measurement: the in 
s ta n ta n eo u s  introduction of the adsorbent particle into the gas mixture. I t  is known from ex
perience in gas chromatography, etc. that the problem cannot be solved by turning a tap
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(and  thus by ‘switching over’ from  the inert gas w ith the particle p resen t to the flow of the 
gas m ixture). In doing th is the sorption effects to be investigated become distorted, and m ay 
even be obscured, by the undefined ra te  of tapturning, the local pressure changes, and other 
unknow n factors. We have succeeded in elim inating these possibilities of experim ental error by 
im m e rs in g  the adsorbent p a r tic le  in  m ercu ry  before commencing th e  m easurem ent, and then a t 
a suitable moment in tro d u c in g  it  m o m en ta n eo u s ly  into the flow of th e  gas m ixture.

The apparatus is shown in Figure 1. The measurem ents were carried ou t in the following 
w ay [4].

vacuum vacuum

P re p a ra tio n  o f  the p a r tic le :  The adsorbent particle “ 17” was held on the end of the 
screw “ 15” by means of a tungsten  wire net attached to the n u t “ 14” , the jo in t was opened, 
and  the particle on its support was placed into the e m p ty  adsorbent-holder tube; this was 
evacuated  via the three-w ay tap  “ 11” and heated by the furnace “ 8” . A fter the heat trea tm en t 
n itrogen was adm itted  into the system , followed by m ercury from  th e  reservoir (adjustable 
height) “ 7” . As can be seen in Fig. 1, the particle floats on the m ercury, and takes up a position 
in line w ith the gas-inlet tube  “ 13” . A therm ostating liquid circulates in the jacket “ 16” sur
rounding the adsorbent-holder tube. Up to the beginning of the m easurem ent the particle was 
k ep t immersed in the m ercury by means of the perm anent m agnet “ 9” .

P rep a ra tio n  o f  the g a s m ix tu re :  The gas burette  “ 2” and the tap  system  were evacuated 
( 1 0 ~ 2 Torr), and by m eans of th e  m anom eters “ 5” and “ 6” the am ounts of hydrocarbon and 
nitrogen corresponding to  the desired concentration were adm itted . The ra p id  a n d  perfec t 
m ix in g  of the two gases could be achieved by flushing of the contents of the gas burette into 
vessel “ 4” and back again. This m ixing operation is a fundam ental p a r t of the m easurem ent, 
because the accuracy of the dilution in the two-step ad justm ent of the very low concentrations 
depends on perfect m ixing, and also because another condition of th is is the establishm ent of 
a constant hydrocarbon flux.

E sta b lish m en t o f  the co n sta n t f lo w  rate: As can be seen from  th e  Figure, the gas bu rette  
“ 2”  and the reservoir “ 1”  operate as a m anostat. Thus, by ad ju s tm en t of the height of the 
reservoir “ 1” (containing m ercury !) the ra te  of flow of the gas from  the bure tte  can be m ain
tained  a t an optional, preselected value (between the lim its 0.2 and 2 ml • s~ *). Before the 
m easurem ent is begun the gas m ixture of concentration c0 flows into the atm osphere w ith a 
ra te  v 0 through the four-w ay tap  “ 10” .

Acta Chim. ( Budapest) 74, 1972
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The taps in contact with the gas mixture (also including 4411”) are coated not with one 
of the usual 44tap greases” , but with a mixture of mannitol in glycerine. The hydrocarbons 
dissolve to a minimal extent in this polar coating.

R ecord ing  o f  the a d so rp tio n  rate curve: Nitrogen is streamed through the cell by the 
suitable positioning of taps 4410” and 4411” . In accordance with the null-signal of the detector, 
the recorder registers the base line. Tap 4410” is turned, and the gas mixture is introduced. The 
recorder registers the detector signal y 0 [mm] proportional to the flux c0 • v 0. When the magnet 
is taken away, the particle rises up momentaneously* from the mercury and the sorption 
begins. The recorder now registers the y0— у(т) [mm] curve. The decrease of the recorder 
deflection, y(r), is proportional to the amount of substance sorbed at a given instant. The pro
portionality factor arises from the deflection corresponding to the total flux, and so:

d M
d r У о

y(r)

As a result, therefore, у(т) provides the sorption rate curve directly.
Considering that in accordance with what was said above about the fulfilment of the 

condition y0 >  10 • у(т) in every experiment, it is practical to compensate electronically for 
90% of the deflection after registering the flux, and then to measure the y0—у(т) curve 
with a 10 times amplification. This enables the rate of gas uptake to be registered on the full 
width of the recorder paper and so the precision of the measurement can be increased.

R ecord ing  o f  the deso rp tio n  rate curve: If it proves possible to saturate the particle with 
the solute (this is indicated by the deflection y 0 of the recorder), there is also the possibility of 
recording the desorption curve. In this case the particle is again immersed in mercury. The gas 
burette is filled with pure nitrogen. After the establishment of the flow rate, the base-line is 
plotted with appropriate sensitivity, and the particle is then introduced into the path of the 
’flushing gas’.

2.2. Materials

The choice o f  adsorben t is determined by the magnitudes of many well and less well 
defined parameters (specific surface area, porosity, pore distribution and pore radius, activity 
of the surface). In the majority of the experiments aluminum oxide (Leuna catalyst carrier) 
and aluminum silicate (a cracking catalyst from the USSR) were used. In addition to these, a 
few types of charcoal were also investigated: Nuxit BO, Decolor and Akvapur (products of the 
Charcoal Producing Company, Budapest). The most important features of the adsorbents are 
given in the first part of Table I (based on [5], and in the case of the charcoal samples [6]).

The aluminum silicate catalyst was used in form of spherical particles. Grains 1-7 mm 
in diameter were prepared from bigger pellets by grinding. The weight of the particles was 
measured after drying to a constant weight in vacuo at 150 °C. The radii of the adsorbent 
particles were in part calculated from the weights and volumes, and in part measured directly 
with a caliper gauge. The two values practically agreed.

The nature of the adsorbate  can influence the values of the physical parameters involved 
to a considerable extent, and so, in addition to isobutane, other hydrocarbons were also used 
in the experiments. The hydrocarbons studied are shown in Table II, together with the diffusion 
constants of the individual gases in nitrogen [7, 8], and also their molecular cross-sectional 
areas [9].

2.3. Experimental conditions

It is well known (see e.g. [10]) that the activity and the sorption capacity of porous 
aluminum oxides depend sensitively on the heat treatment. Accordingly, before the measure
ments were begun the following methods of pretreatment were applied. The air-dry aluminum

* The time required for the formation of the quasi-steady diffusion film is at most a few 
tenths of a second. The recording of the rapidly occurring concentration changes was impeded 
not only by this, but by other reasons too (e .g . the 1.5 s required for full-scale deflection of the 
recorder), and so the first part of the rate curve in the time interval 0-5 s was not used in the 
later evaluation (since it was really not required).

3* Acta Chim. (Budapest) 74, 1972
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Table I

C h a ra c ter is tic  da ta  o f  the adsorben t p a rtic le s  a p p lie d

Adsorbent
Specific 
surface 

F [m 2 ■ g-»]
Porosity

a
Average pore 

diam eter
[A]

A pparent 
density 

e [g • cm “3]
Particle
num ber

Mass of 
particle

[mg]

Radius of 
particle 
r0 [cm]

A120 3 catalyst 2 14.0 0.132
carrier 299 0.58 55 1.390 8 87.7 0.248

11 122.5 0.275
12 179.8 0.310

Aluminium silicate
cracking catalyst 357 0.50 28 1.058 20 41.2 0.210

“ Nuxit” 864 0.69 26 0.653 16 6.2 0.118
17 15.8 0.181

“ Decolor” 860 0.80 46 0.499 26 27.3 0.236

“Akvapur—FD” 379 0.62 68 0.525 23 23.1 0.219

oxide particles were f lu s h e d  with pure nitrogen gas for 1-2 hours; alternatively, they were 
eva cu a ted  for several hours at room temperature, at a pressure of 10“ 2 Torr; as a third alter
native, they were h ea t-trea ted  for 60 min in vacuo at 150, 200 or 300 °C. A 200 “C heat-treatment 
was applied in all cases before the use of the aluminum silicate and charcoal particles.

For the sake of reproducibility, the measuring cell was strictly thermostated. The meas
urements were for the most part carried out at 20.0 °C. In the case of isobutane, however, it 
was expected on the basis of the known adsorption isotherm that the rate of sorption would 
be influenced considerably even by a relatively small tem p era tu re  change, and hence sorption 
rate curves were also recorded at 40.0 and 55.0 °C.

The majority of the measurements were made at an adsorbate concentration of 0.1 
vol. % (ca. 10 7 mole • cm3); differences from this value by one order of magnitude (upwards 
or downwards) occurred only in a few cases. The applied flow rate varied between 0.1 and 2 
cm 3 • s"h

Table II

T h e  adsorbates a p p lie d

H ydrocarbon
Dg [cm2 • s -1] 

a t  25 °C, in N 2
Molecular cross- sectional area, q>

[A!] [m2 • m ole-1]

Methane 0.190 17.8 1.07 • 105
Ethane 0.145 23.0 1.38 ■ 105
Propane 0.110 36.4 2.19 • 105
Isobutane 0.080 50.7 3.06 • 105
n-Butane 0.085 44.8 2.70 • 10“

Acta Chim, ( Budapest)  74, 1972
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2.4. Experimental results

About a hundred measurements were made. Two-thirds of the determined sorption 
rate curves could be evaluated. Of these, about 40 are utilized in this paper.

The effect of the h ea t tre a tm en t on the rate of sorption was studied in the aluminum 
oxide/isobutane system (Table III). The changes resulting from the various methods of heat 
treatment (primarily the increase of q) are well illustrated by Figure 2, which contains the 
sorption rate curves measured on particle no. 8. In order that the curves should be easy to 
compare, plots were made in the Figure of the ratio of the sorption rate and c0.

The v a r ia tio n  o f  th e  p a r t ic le  r a d iu s  apparently affected the course of the sorption rate 
curves to a very considerable extent (see Figure 3). By increasing the particle radius (particles 
no. 2, 8, 11 and 12), the sorption rate curves normalized by c0 are displaced towards higher

F ig . 2 . E f fe c t  o f  th e  p r e tr e a tm e n t o f  the a d so rb en t o n  th e  s o r p t io n  ra te  
(isobutane/aluminum oxide system; particle no. 8; curves 1, 2, 3 and 4 are the results of 

measurements 5, 4, 41 and 43, respectively)

F ig .  3 . R a te  o f  s o r p t io n  o f  iso b u ta n e  o n  a lu m in u m  o x id e  p a r t i c le s  o f  d if fe r e n t s ize s  
(curves 1, 2, 3 and 4 are the results of measurements 74, 41, 27 and 16, respectively)

Acta Chim. (Budapest) 74, 1972



Table III
X S tu d y  o f  the ra te  o f  s o r p t io n  o f  iso b u ta n e  on  a lu m in u m  o x id e  p a r t ic le s

T e m p .
°C

D  103 К  ■ io-• К k d  ■ io-* d
P r e t r e a t m e n t n o . c m n o . m o le /c m 8 c m 3/s 4 c m 2/s 8-1 m o le /

/(m 2 • s  • T o r r )
8-1 m o le /(m 2 • s) c m

5 8.00 0.489 21.0 60 5.7 59 0.0077 1.7 3.2 0.14
Flushing 8 0.248 6 7.59 0.495 20.0 46 5.5 13 0.0017 1.1 2,0 0.14

7 8.09 0.501 20.5 54 6.1 42 0.0054 1.3 2.5 0.13

0.132
14 5.95 0.293 25.0 147 5.0 42 0.0055 0.5 0.95 0.15
15 5.96 0.291 25.0 170 4.5 400 0.0500 3.3 6.3 0.15
1 2.05 1.38 22.6 136 6.3 67 0.0086 0.99 1.9 0.18

Evacuation 9 1.54 0.451 22.0 85 5.7 280 0.036 5.7 10.5 0.13

О
1 H
 о »1 •4

8 0.248
13 2.51 0.470 22.5 101 5.8 570 0.074 9.8 19 0.12
2 3.96 0.506 21.0 94 5.9 230 0.030 4.2 7.9 0.26
4 4.26 0.873 22.5 102 5.5 91 0.012 1.5 2.9 0.20

12 7.81 0.465 22.0 92 5.7 100 0.013 1.8 3.5 0.25
12 0.310 20 8.04 0.557 30.0 70 6.5 260 0.033 6.5 12 0.09

19 4.82 0.546 20.0 205 6.2 152 0.020 0,98 1.9 0.19
150 °C 12 0.310 21 7.12 0.569 40.0 103 6.6 88 0.011 1.5 2.8 0.10

О
3

22 6.56 0.566 55.0 39 4.9 533 0.062 24 45 0.11
03> 2 0.132 74 4.01 0.535 20.0 253 9.4 507 0.066 3.4 6.5 0.01

8 0.248 41 4.01 0.553 20.0 210 10.3 930 0.12 7.6 14 0.18
4->
c 11 0.275 27 3.33 0.552 20.0 275 9.9 730 0.095 4.6 8.8 0.40
i 200 °C 70 46.2 1.67 20.0 230 9.7 790 0.10 5.5 10 0.04
03
<v£ 16 8.03 0.902 20.0 280 10.4 312 0.041 1.6 3 0.16
4->
c3 12 0.310 17 7.35 0.562 20.0 313 9.3 250 0.033 1.4 2.7 0.11
HHЬЧ 71 46.2 1.67 20.0 219 11.0 827 0.108 7.7 15 0.12

300 °C 8 0.248 43 4.30 0.555 20.0 410 6.7 720 0.94 3.1 6.0 0.09
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Table IV
S tu d y  o f  th e ra te  o f  s o r p tio n  o f  v a r io u s  h yd ro c a rb o n s

Particle
Meas

urem ent
no.

A dsorbate
c0 • 10» 

m ole/cm 3 cm 3/s 9
D • 10-3  

cm 2/s
ka . 1 0 -«

s - 1
К

m ole/
/(m 2 • s • Torr)

kd ■ 10«
8_ 1

R ’d
m ole/(m 2 • s)

d
ß

Ai2o 3 26 methane 3.85 0.555 5.4 6.4 1350 0.18 528 2860 0.23 0.021
r0 =  0.275 24 ethane 4.01 0.564 15 6.0 1670 0.21 278 1170 0.43 0.035
heat-treated 25 propane 4.01 0.551 86 7.7 540 0.070 1.1 2.9 0.16 0.014
at 200 °C 27 isobutane 3.33 0.552 275 9.9 730 0.095 4.6 8.8 0.40 0.021

28 n-butane 4.42 0.563 382 13.6 340 0.045 1.5 3.4 0.12 0.010

Aluminum 33 methane 4.42 0.561 10 4.0 1120 0.16 217 1020 0.00 0.019
silicate 32 ethane 3.59 0.560 35 3.1
r0 =  0.210 34 propane 4.82 0.564 90 6.2 170 0.024 3.8 8.6 0.19 0.005
heat-treated 31 isobutane 3.73 0.548 125 6.9 410 0.059 6.8 11 0.02 0.013
at 200 °C 36 n-butane 4.05 0.566 235 7.2 360 0.052 3.1 5.8 0.05  ̂.012

Table V
S tu d y  o f  the ra te  o f  s o r p t io n  o f  iso b u ta n e  on  ch arcoa ls

Adsorbent
Particle

no.
r0

cm
Meas- Wf  

urem ent 
no.

c, ■ 10» 
m ole/cm 3

l’o
cm 3/s 4

D  • 103
cm 2/s

ka • 10-e 
8_1

k'a
m ole/

/(m 2 • s • Torr)

kd • 10-«
S “ 1

k2
m ole/(m 2 • s)

d
cm ß

52 2.77 0.551 19 000 7.9 550 0.052 0.041 0.1 0.01 0.012
17 0.181

iNuxit-BO 53 45.0 1.610 1 900 8.0 240 0.023 0.18 0.41 0.11 0.005

16 0.118 66 4.02 0.552 5 600 7.8 118 0.011 0.030 0.07 0.06 0.003

Decolor 26 0.219 82 47.8 1.68 4 800 19.0 220 0.028 0.059 0.15 0.04 0.006

Akvapur 23 0.236 86 47.8 1.68 2 900 39.0 200 0.055 0.11 0.22 0.05 0.012
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ordinate values. I t can be seen from Table III, however, that in spite of this the values of the 
various parameters determined from these curves are in d e p e n d e n t o f  th e  p a r t i c le  s iz e .

Figure 4 shows the te m p e r a tu r e -d e p e n d e n c e  of the sorption rate. In this case too it was 
practical to plot the curves normalized by e0. The determined parameters can he seen in the 
first part of Table III. The slope of the adsorption isotherm decreases with increasing tem
perature, in accordance with expectations. On the other hand, the value of the effective dif
fusion constant exhibits a maximum at 40 °C.

The n a tu re  o f  th e  a d so r b a te  affected the rate of sorption considerably. Studies were 
made of the sorption of methane, ethane, propane, isobutane and »-butane on aluminum 
oxide (see Fig. 5) and on aluminum silicate (see Fig. 6). In order that the effects caused by the 
different factors should be more easily distinguished, the curves were plotted in two different 
ways. The ’direct’ plotting of the curves reflects primarily the effect of the slope of the iso-

T [ s ]

F ig . 4 . R a te  o f  s o r p tio n  o f  iso b u ld n e  a t  d if fe r e n t te m p e r a tu r e s  
(aluminum oxide particle no. 12; curves 1, 2 and 3 are the results of measurements 19, 21 and

22, respectively)

therm. In the curves normalized by (amount of material adsorbed at equilibrium [mole]), 
the effect of the nature of the adsorbate is reflected; it can be seen, for example, that methane 
is sorbed much more quickly than butane. It is clear from Table IV also that the values of the 
determined parameters in general follow the trends to be observed in Figs 5 and 6.

Figure 7 contains the sorption rate curves measured in the isobutane/charcoal system, 
and plotted in two ways (Y [cm3] is the volume of the particle). The corresponding parameter 
values are given in Table Y. I t  can be seen from the normalized curves that the corresponding 
curves for Nuxit-ВО and Decolor lie close to each other, whereas that for Akvapur lies much 
lower, and thus the difference in the specific surfaces of the adsorbents shows up with regard 
to the slopes of the individual isotherms. As a result of the very low average pore size of the 
Nuxit, the rate curve measured for the particle of smaller radius has a much higher slope than 
tha t for the larger particle; that is, the rate of sorption is visibly decreased by the pore-diffusion 
hindrance. It can also be seen from the curves measured for Nuxit and from Table V that the 
slope of the adsorption isotherm decreases significantly with the increase of the concentration 
of the adsorbate. The lower degree of curvature of the isotherm was also observed in the case 
of aluminum oxide (for example, see measurement no. 71 in Table III).

To complete the account of the measured adsorption rate curves, it must be mentioned 
tha t in a few cases the d e s o r p t io n  ra te  cu rve  too  was determined. When it proved possible to 
attain the adsorption equilibrium reflected on the reading of the recorder then the course of the 
desorption rate curve measured immediately afterwards under identical conditions agreed 
perfectly (it was symmetrical) with that of the adsorption rate curve, while otherwise in the 
ratio of the amount of material adsorbed up to the interruption of the adsorption process, it 
turned out to be ’flatter’.

Acta Chim. ( Budapest)  74, 1972
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2.5. Reliability of the experimental results

The numerical results reported in the previous section were provided by a computer 
evaluation procedure.

At least 10, but a t most 30, r z- [s], yz [mm] value pairs were read off the recorded plot. 
When supplemented by other data characteristic of the experimental conditions, these served 
as the input data for the optimizing procedure. In the calculation of the theoretical relation (6), 
accurate values were obtained in general up to 10 terms, inclusively. The optimization was 
carried out (in accordance with what was said in [2]) by proceeding from the most simple

t  Cs]

F ig . 5. R a te s  o f  s o r p tio n  o f  d if fe r e n t h yd ro c a rb o n s  o n  a lu m in u m  o x id e  
(particle no. 11; curves 1, 2 ,3, 4 and 5 are the results of measurements 26, 24, 25, 27 and 28,

respectively)

model, D, to the most complex, A. In each model the computer programme provided the 
parameter optimum for the measurement, the measured and calculated sorption rate values 
relating to the chosen points of time, and also their differences, and in addition the sum of 
squares of the deviations. Their magnitude reveals that it was not possible to attain perfect 
fitting of the data with the rate equations referring to models D and B. The other two models 
are suitable to describe the sorption rate.

The optimizing procedure also provided the confidence intervals relating to the para
meters at a 95% significance level. An enumeration of these values extending to every meas
urement would be very difficult to survey, and would increase the size of the above Tables 
unjustifiably. We consider it more practical to give one such Table, in which we show the 
average reliability (relating to a significance level of 95% and valid for all the models con
sidered) of the physical parameters. In addition to this, Table VI also gives the percentage

Acta Chim. (Budapest) 74, 1972
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t  Cs]

F ig . 6. R a te s  o f  s o r p t io n  o f  d if fe r e n t h yd ro c a rb o n s o n  a lu m in u m  s i l ic a te  
(particle no. 20; curves 1, 2, 3, 4 and 5 are the results of measurements 33, 32, 34, 31 and 36,

respectively)

Table VI

E r r o r  o f  th e  p h y s ic a l  p a ra m e te rs

Param eter
R eliab ility  o f the 

estim ation
Spread o f  th e  

data

D +  8 % ±  7%

4 ±30% ±  7%

К one order of 
magnitude

±46%

one order of 
magnitude

±90%

d ±30%

o
'-

CO+
1
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F ig . 7. R a te s  o f  s o r p tio n  o f  iso b u ta n e  on  ch a rco a ls  
(c u r v e s  1, 2, 3, 4 and 5 are th e  resu lts  o f  m ea su rem en ts 66, 52, 53, 86 and  82, re sp e c tiv e ly )

d e v ia t io n s  o f  the  p a ra m eters ca lcu la ted  from  stu d ies  rep eated  u n d er p ra c tica lly  id en tica l co n 
d itio n s . T hese la tte r  in  e ffe c t  g iv e  in form ation  on  th e  r e p r o d u c ib i l i ty  o f  the m e a s u r e m e n ts , an d  
b eca u se  o f  th is  th e y  are n o t  su p p o sed  to  be id e n tic a l w ith  th e  r e lia b ility  o f  th e  p aram eter e s t im a 
t io n  (nor becau se  o f  th e  d ifferen ce  in  th e  s ig n if ica n ce  levels).

3. Conclusions

3.1. P hysica l reality o f  the determined param eters 

Sorption equ ilibrium  coefficient
D irectly  or in d ire c tly , every  m odel provides a v a lu e  of q. T he confidence 

in te rv a l of th e  p a ra m e te r  is th e  least in  th e  case of m odel C (ca. + 1 0 % ) , an d  
fo r th is  reason  th e  q co lum ns in  T ab les I I I —У co n ta in  th e  re su lts  o f th e  e v a l
u a tio n  in  accordance  w ith  m odel C. I t  can  also be seen from  th e  T ables t h a t

Acta Chim. (Budapest) 74, 1972
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th e  values ca lcu la ted  from  th e  ra tio  o f k a an d  kd, in  sp ite  o f th e ir  u n c e rta in ty , 
ag ree fa irly  well w ith  th e  d a ta  in  co lum n q.

The value o f q (i.e. th e  slope o f th e  s tra ig h t line jo in in g  th e  po in ts o f th e  
a d so rp tio n  iso th e rm  a t  c =  0 and  c =  c0), in d ep en d en tly  o f th e  d ig ita l p a ra 
m e te r  estim atio n , c an  also be ca lcu la ted  from  th e  am o u n t of adso rbed  m a te ria l 
de te rm in ed  b y  n u m erica l in teg ra tio n  (or p lan im etry ) o f th e  so rp tion  ra te  
cu rves. The re la tio n

d M
M  =  -------d r  ^  a  • q -V  ■ c0

Jo dr

is va lid  for th e  a m o u n t o f m ateria l so rbed , an d  hence

1 f~  d M  , 
q ------— 1 -------dr

ocVc0 Jo dr

T h e  v alue  th u s  ca lc u la ted  also coincides w ith  th e  above o p tim ized  values, an d  
even  agrees w ith  th e  adso rp tio n  iso th erm s m easured  b y  o th e r  au tho rs [5].

I t  can be seen from  Tables I I I — Y th a t  th e  va lu e  o f th is  p a ra m e te r  
changes in  acco rdance  w ith  ex p ec ta tio n s on th e  v a ria tio n  o f  th e  ad so rb en t an d  
ad so rb a te , and  o f th e  exp erim en ta l co n d itions. F o r exam ple , on  th e  increase 
o f th e  specific su rface  a rea  of th e  a d so rb e n t (d ifferen t ad so rb en ts), or on th e  
a c tiv a tio n  of th e  su rface  (h e a t- tre a tm e n t) , q increases; on  th e  o ther h a n d , 
w hen  th e  te m p e ra tu re  is ra ised , or th e  a d so rb a te  is changed  for one w ith  a 
low er n u m b er of c a rb o n  a tom s, q decreases.

The v alue  o f q decreases ap p rec iab ly  w ith  th e  increase o f th e  concen
tra t io n  of th e  so lu te  on  th e  N u x it-B O  p a rtic le s . T he sam e w as also observed to  
a lesser e x te n t on  a lu m in u m  oxide. A ccording to  w h a t w as said above 
[see E q . (7)], th is  c lea rly  ind icates th a t  in  th e  co n cen tra tio n  ran g e  in v estig a ted  
th e  adso rp tio n  iso th e rm s of isohu tane  on charcoal ad so rb en ts  ex h ib it a s tro n g  
dow nw ard  c u rv a tu re  w hereas th is  b e h a v io u r is visible to  a lesser ex ten t a t  th e  
iso therm s m easu red  on a lum inum  oxide.

Effective d iffu s io n  coefficient. T he  value, o f D  can  be d e te rm in ed  re liab ly  
b y  th e  op tim izing  p ro ced u re . In  a d d itio n  to  th e  re su lt o f th e  s ta tis tic s  th is  
can  also be seen from  th e  fac t th a t  w hen  th e  ev a lu a tio n  o f a given m easu re 
m e n t was carried  o u t  b y  p roceeding  from  th e  sim plest m odel to  th e  m ore 
com plex  ones, th e  o therw ise  sm all d ifferences in  th e  fo u r num erica l va lues 
o b ta in ed  for th e  d iffu sion  coefficients w ere n o t random , e ith e r . In  th e  case of 
m odels in  w hich no d iffusion  b o u n d a ry  lay e r was considered , D  was alw ays 
sm aller th a n  th e  v a lu e  o b ta in ed  on th e  basis o f th e  m ore genera l m odel. T his 
o b se rv a tio n  is in  ag reem en t w ith  th e  p h y sica l p ic tu re , since a fu r th e r  re ta rd in g  
tra n sp o r t  effect is also inc luded  in th e  effective diffusion coeffic ien t de term ined  
on  th e  basis o f th e  sim pler m odels, w hereas th e  m ore genera l m odel p roved  
su itab le , accord ing  to  th e  evidence, for th e  sep ara tio n  o f th is  fac to r.

(? )
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A lthough  a fu ller exp lan a tio n  is req u ired , th e  v a lu e  of D  also follows th e  
changes in  th e  ex p e rim en ta l conditions. F o r  exam ple, i t  can  be seen d ire c tly  
from  th e  Tables th a t  D  is sm aller on a lu m in u m  silicate , w ith  its  sm aller av e rag e  
pore d iam ete r, th a n  on a lum inum  oxide, e x h ib itin g  a g rea te r  pore d iam e te r. 
T he sam e tre n d  can  also be observed on th e  charcoal sam ples.

T he effect o f o th e r  fac to rs  canno t b e  considered  so easily , since th e  p o re  
d iffusion cha rac terized  b y  D  is in itse lf also a v e ry  com plex process. To a f ir s t  
ap p ro x im atio n , i t  is in fluenced  b y  th re e  m ain  p h enom ena: th e  Poiseu ille  
tra n sp o r t , th e  K n u d sen  diffusion and  th e  su rface  m ig ra tio n . As will be c lea r 
from  th e  analysis to  be  rep o rted  la te r, in  th e  system s s tu d ied  th e  size o f th e  
effective d iffusion c o n s ta n t is influenced to a considerable extent by the surface  
migration.

I t  was in te re s tin g  to  observe t h a t  b y  increasing  th e  te m p e ra tu re  D  
reached  a m ax im um  va lu e . This p h enom enon  po in ts  to  surface m ig ra tio n ; a t  
20 °C th e  am o u n t so rbed  is g rea t, and  hence  th e  va lu e  o f D  is also le la tiv e ly  
h igh. A t 40 °C th e  a m o u n t adsorbed  decreases ap p rec iab ly , b u t  (as c h a ra c te r 
istic  fo r a process b e ing  a c tiv a te d  to  a sm all ex ten t) th e  ra te  of surface m i
g ra tio n  increases, a n d  because  of th is th e  v a lu e  o f D  does n o t decrease. A t 55 °C, 
how ever, th e  su rface coverage is a lread y  decreased  to  such  an  e x te n t th a t  n o t  
even th e  increased  te m p e ra tu re  is ab le to  com pensa te  fo r th is  effect, a n d  
therefore  a low er v a lu e  is ob ta ined .

T he num erica l v a lu e  of th e  d iffusion  c o n s ta n t depends sh a rp ly  on th e  
n a tu re  of th e  a d so rb a te  (see Table IV ). O n b o th  a lum inum  oxide an d  a lu 
m inum  silicate i t  can  be  observed th a t  o f th e  five  hy d ro carb o n s s tu d ied  th e  
effective diffusion c o n s ta n t of e thane is th e  sm allest.

To decide w h a t th e  role of the  K n u d se n  diffusion is in  D , th e  v a lu e  of 
D K w as ca lcu la ted  fo r v a rio u s adsorbates.*  O n th e  basis o f th e  D K values g iven  
in  T able Y II  i t  can  be s ta te d  th a t  th e  e s tim a te d  d iffusion co n stan t is a p p ro x 
im a ted  to  b y  th e  o therw ise  m uch la rg e r ex p e rim en ta l v a lue  to  be seen in  
T ab le  IV  only in  th e  cases o f m ethane a n d  e th a n e ; th is  is again  in d ica tive  o f 
surface m ig ra tion  (p rim arily  w ith  reg ard  to  p ro p an e  an d  th e  bu tanes).

I t  can  be seen from  th e  ex p erim en ta l resu lts  th a t ,  in  th e  case o f th e  
charcoals, th e  d iffusion  coefficient depends on  th e  co n cen tra tio n ; th is  is also 
tru e  to  a lesser e x te n t fo r a few  of th e  m easu rem en ts  on a lum inum  oxide. T h is 
too  can be exp la ined  b y  surface m igra tion .

T he considerab le  sy m m etry  in th e  ra te s  of ad so rp tio n  and  deso rp tio n  
in d ica tes  th a t  th e  P oiseu ille  tra n sp o rt c a n n o t p lay  an  ap p reciab le  role. I f  th is

* D k  =  2/3 rp ■ va, where fp [cm] is the average pore radius of the adsorbent (see 
Table II), and v a [cm • s~ 1 ] is the average velocity of the adsorbate molecules. It holds for this 
latter that v a =  ^(8RT)/(jrMa) where M a is the molecular weight [g • mole 1 ] of the ad
sorbate. The effective diffusion coefficient also contains the so called labyrinth factor, x  **  

1/У2; hence, D K  — x  • D'k .
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Table VII

P a ra m e te r  v a lu e s  d e te rm in e d  b y  o th er  a u th o r s  [ 1 1 ]  o r c a lc u la te d  th e o re tic a lly

A dsorbate

DK • 103, at 20 °C  [cm 2/s]
ka, at 50 °C* 

[»-']
ké, a t 20 °C 

[m ole/(m 2 • s • torr)]on aluminum  
oxide

on a lum inum  
silicate

Methane 8.1 4.0 8.54
Ethane 5.8 3.0 170 6.24
Propane 4.9 2.5 250 5.15
Isobutane 4.3 2.1 — 4.49
n-Butane 4.3 2.1 1500 4.49

* The adsorption rate constants were determined by Sc h n e id e r  and Sch m id t  [11] on 
silica gel, by an elution gas chromatographic method. The original units of the data given were 
cm3 • s-1 • g_1. In the absence of the apparent density relating to the adsorbent, the accurate 
transformation could not be made, but there is no need for this because the conversion factor 
as could be estimated, lies between 1 and 0.5, and thus the numerical values of the very in
accurate k a quantities, expressed in the units used in this paper, practically do not change.

w ere  n o t th e  case, even w ith in  th e  fram ew o rk  of th e  s tu d ied  m odel (w hich 
does n o t ta k e  in to  accoun t th e  c u rv a tu re  of th e  ad so rp tio n  iso th e rm , th e  
p o ss ib ility  o f p a r tia lly  or com plete ly  irreversib le  ad so rp tio n , e tc ., w hich  are  
th e  m a in  causes of th e  asy m m etry ) i t  w ou ld  have been possible to  observe  a 
s lig h t difference b e tw een  th e  ra te s  o f  a d so rp tio n  and  deso rp tio n ; th e  reaso n  
fo r  th is  is s im ply  th a t  in  th e  case o f  a d so rp tio n  th e  ad so rb a te  m u st ad v an ce  
in  th e  pores o f th e  adso rben t a g a in s t a n itro g en  flow  o f re la tiv e ly  low  f lu x , 
w hile  in  th e  d eso rp tio n  the  n itro g en  causing  th e  deso rp tion  m u st p e n e tra te  
in to  th e  p a rtic le  ag a in st a high a d s o rb a te  flux . In  ad d itio n  to  th is , th e  p o s
s ib ility  of Poiseu ille  tra n sp o rt is also  ex c lu d ed  b y  th e  v e ry  low av erag e  po re  
size o f th e  ad so rb en ts .

Rate coefficient o f  adsorption. B ecause  of th e  o therw ise u n d e rs ta n d a b le  
d ifficu lties, th is  p a ra m e te r  can  b e  e s tim a te d  only w ith  a h igh confidence  
in te rv a l (the  o rd er th e  sam e as th e  v a lu e ). In  th e  case of a lm o st p ara lle l m eas
u re m e n ts , how ever, a small f lu c tu a tio n  can  be observed in  general.

T he d a ta  of T ab le  Y are b y  no m ean s  so clear-cu t. B ecause of th e ir  v e ry  
la rg e  f lu c tu a tio n s , i t  is only p ro b ab le  t h a t  on proceeding  from  th e  b u ta n e s  to  
m e th a n e  th e  k a v a lues do increase to  a l i ttle  ex ten t. T his increase, how ever, 
b a re ly  exceeds th e  erro r of th e  p a ra m e te r  estim atio n . W ith o u t re se rv a tio n s , 
th e re fo re , i t  can  be  s ta ted  only t h a t  the value o f ka does not increase w ith  the 
increase o f  the carbon atom num ber, w hereas i t  m ay  ra th e r  decrease.

O n th e  o th e r  h an d , accord ing  to  th e  experim en ta l re su lt to  be fo u n d  in  
th e  lite ra tu re , w hich  presum ably  is th e  o n ly  one referring  to  th is  (see T ab le  V II) , 
th e  values of th e  adsorp tion  ra te  c o n s ta n ts  in  question  are  5—6 o rd e rs  of 
m a g n itu d e  sm aller and  th ey  change in  ju s t  th e  opposite  d irec tion , as co m p ared
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w ith  ou r d a ta . A lth o u g h  a t te n tio n  is d raw n  in  th e  p u b lica tio n  of Sc h n e i d e r  
a n d  S c h m id t  [11] to  th e  in accu racy  of th e  given ka v a lu es , nevertheless, no 
closer d a ta  re la ting  to  th is  are rep o rted . In  ou r view , th e ir  ex p e rim en ta l m e th o d  
is u n su ita b le  to  d e te rm in e  th e  real v a lue  of th is  p a ram ete r.*  As a re su lt of th e  
sim p lic ity  of th e  system  stu d ied  in  th is  w ork, how ever, i t  is to  be expected  th a t  
th e  descrip tion  of th e  p h enom enon  is b e tte r  assured  b y  th e  applied  m odel 
(w hich  w as th e  sam e in  b o th  cases !). In  add itio n  to  th is , th e  ev a lu a tio n  too  
w as carried  ou t on th e  basis of an  exp lic it so lu tion  a n d  using  th e  directly  
m easu red  so rp tion  ra te  cu rves. T he o rd er of m ag n itu d e  o f th e  co n stan ts  o b 
ta in e d  w ith  our m e th o d  su p p o rts  th is  ex p ec ta tio n  in  all respects .

F o r th e  m ore d irec t d e m o n s tra tio n  of th e  physica l m ean ing  of th e  ra te  
c o n s ta n ts  th e  k a d a ta  g iven in  u n its  o f s -1  w ere also ca lcu la ted  in  u n its  of 
m ole • m -2 • s -1  • T o r r -1 , an d  th ese  la t te r  ká values are  also given in  T ab les 
I I I — Y. The re la tio n  be tw een  th e  tw o q u an titie s

k a =  R T F  g • ká
can  easily  be p roved .

T he ra te  of p h y sica l ad so rp tio n  can also be e s tim a te d  th eo re tica lly  on 
th e  basis  of w ell-know n re la tions. W ith  th e  assu m p tio n  o f zero ac tiv a tio n  
en erg y  and  a con d en sa tio n  coefficien t v a lu e  of u n ity  (ß  =  1), th e  ad so rp tio n  
ra te  coefficient is equal to  th e  q u o tie n t o f th e  collision n u m b e r and  th e  p ressu re :

k'e =  1/У2я M a R T

H ence, a f te r  th e  s u b s titu tio n  o f th e  ap p ro p ria te  tra n s fo rm a tio n  co n stan ts  an d  
fac to rs :

k'e =  24.2 /УM a T  [mole • m -2  • s -1 • T o r r -1 ]

T he v a lu e  of k'e w as ca lcu la ted  in  every  m easu rem en t. (T he ‘th eo re tica l’ a d 
so rp tio n  ra te  co n stan ts  a t  20 °C for th e  ind iv idual h y d ro ca rb o n s  are given 
in  T ab le  V II.)

T here  is a d ifference o f  tw o  orders of m agn itude  b e tw een  th e  ca lcu la ted  
k'e a n d  th e  m easured k'a v a lu e s  (see T ables I I I —V). A t th e  sam e tim e, i t  is t ru e  
th a t

K I K  =  ß

T h u s , if  zero ac tiv a tio n  energy  is assum ed, th e  condensation coefficient can  be 
ca lcu la ted . Since th is  q u a n ti ty  is ch a rac te ris tic  of am ong o th e rs  th e  m ob ility  
of th e  adsorbed  lay e r, its  va lues are  also g iven in Tables IV  an d  Y.

* In the relatively complex gas-chromatographic system the effects of many factors not 
considered by these authors can be conceived, and consequently not only the rate of the 
physical adsorption but also the effects of phenomena superimposed on it (or possibly con
cealing it) are reflected in the k a value obtained by evaluation of the elution curves.
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In  th e  case o f a lu m in u m  oxide a n d  a lum inum  s ilica te  th e  ß  values 
ca lc u la ted  by  using th e  correspond ing  collision num bers f lu c tu a te  ab o u t 0.02. 
T h e y  are  thu s decidedly  la rg e r th a n  th e  v a lu e  of ab o u t 1 0 “ 4 fo r th e  localized 
a d so rp tio n  com plex, a n d  in d ica te  m obile adso rp tio n . T h is fin d in g  is in  ag ree
m e n t w ith  th e  p ro b ab le  su rface  m igration .

A lthough  for ac tiv e  carbons th e  v a lu e  of th e  co n d en sa tio n  coefficient 
(ß  ^  0.004) is su b s ta n tia lly  sm aller th a n  in  th e  fo rm er cases, th e  possib ility  
o f m ob ile  adsorp tion  is s till n o t com pletely  excluded.

To sum  up , i t  can  be  s ta te d  th a t  th e  ex p erim en ta lly  d e te rm in ed  k'a values 
a p p ro x im a te  th e  th e o re tic a lly  es tim ated  k'e values w ith in  tw o  orders of m ag n i
tu d e . T h e  re la tive ly  n o t v e ry  large d ifference can  read ily  be  exp la ined  w ith  th e  
v a lu e  o f th e  co n d en sa tio n  coefficient be ing  ab o u t 10 -2 ; th is  still ind ica tes 
m obile  physical ad so rp tio n , and  a t th e  sam e tim e  also su p p o rts  th e  physica l 
re a l i ty  of the  d e te rm in ed  k'a values. I t  seem s to  be an  in te re s tin g  resu lt th a t  
w h en  increasing th e  n u m b e r of carbon a to m s of th e  so lu te  th e  adso rp tion  ra te  
c o n s ta n ts  show a d ecreasing  tendency , in  ag reem en t w ith  th e  ca lcu la ted  values.

Rate coefficient o f  desorption. W h a t w as said in  con n ec tio n  w ith  th e  a d 
so rp tio n  ra te  co n stan ts  also holds as reg a rd s  th e  re lia b ility  o f th e  desorp tion  
ra te  co n stan ts . T heir v a lu es  too  are given in  tw o d iffe ren t u n its  in  th e  above 
T ab le s . I t  can be sim p ly  confirm ed th a t  th e  values of kd [s - 1 ] and k'd [mole • 
• m ~ 2 • s -1 ] are re la te d  b y  th e  expression

k'd = ----k d
V

w here , assum ing a m obile  ad so rp tio n  lay e r, cp  is th e  m o lecu la r cross-sectional 
a rea  o f th e  ad so rb a te , expressed  in u n its  o f [m 2 • m o le-1 ] (see T able I I I ) .

F rom  th e  above conclusion th a t  th e  values of q an d  k a are physically  
rea lis tic , th e  sam e follow s fo r kd, too. T ak in g  th is  in to  co n sidera tion , we should  
ag a in  like to  draw  a t te n tio n  to  th e  fa c t t h a t  th e  d e te rm in a tio n s  of q and  kd 
w ere  perfo rm ed  b y  c o m p u te r  com pletely  independently  o f each  o ther: q an d  k d 
a c te d  as in d ependen t o p tim iza tio n  p a ram e te rs  in  th e  co m p u te r  p rogram m e.

Thickness o f  the d iffu s io n  boundary layer. The in a ccu racy  in th e  d e te r
m in a tio n  of th is  p a ra m e te r  is re la tive ly  large. In  sp ite  o f th is , in  all cases th e  
th ick n ess  of th e  d iffusion  b o u n d a ry  lay e r is very realistic , in  general being 
a few  m m .

A lthough  it  is t ru e  th a t  d has an  accep tab le  order o f m ag n itu d e  in every  
m easu rem en t, its  f lu c tu a tio n  is a p p a re n tly  in d ep en d en t o f th e  flow ra te  and  
o f th e  n a tu re  of th e  a d so rb a te . This could  be exp la ined  sim ply  b y  th e  in 
accu racy  of th e  e s tim a tio n , b u t the  rea l reason  is p re su m ab ly  th a t  th e  a p p a 
ra tu s  p e rm itted  th e  ap p lica tio n  of only a re la tiv e ly  n a rro w  flow  ra te  in te rv a l. 
In  ad d itio n , th e  d esc rip tio n  of th e  tra n s p o r t  th ro u g h  th e  b o u n d a ry  lay er in
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th e  model serving as th e  basis fo r th e  d ed u c tio n  of th e  ra te  eq u a tio n  is m ere ly  
of an  ap p ro x im a te  n a tu re . I n  re a lity  th e  c o n cen tra tio n  change in  th e  gas film  
is n o t linear, b u t  th e re  is an  even  m ore serious erro r th a n  th is :  th e  th ickness o f 
th e  film  varies w ith  t im e  (th e  v alue  of d is in itia lly  0, i t  th e n  sudden ly  increases 
an d  a fte r  passing  th ro u g h  a m ax im um  app ro ach es 0 asy m p to tica lly ).

3.2. Confirmation o f  the validity o f the deduced sorption rate equation

I f  a s tu d y  is m ad e  of th e  conditions u n d e r  w hich so rp tio n  ra te  re la tio n  
(6) is su itab le  for th e  d escrip tion  of th e  r a te  of p h ysica l adso rp tion , i t  c an  
easily  be verified  t h a t  th e  v a ria tio n  o f th e  values of th e  physica l co n stan ts  
serv ing  to  describe th e  processes m en tioned  influences th e  so rp tion  ra te  va lu e  
ca lcu la ted  on th e  b as is  o f th e  eq u a tio n  in  acco rdance  w ith  expec ta tions. W h en  
th is  conclusion is ex am in ed  fo r th e  in d iv id u a l p a ra m e te rs , th e  firs t fin d in g  is 
th a t  th e  change o f th e  ex p erim en ta l p a ra m e te rs  w hich  can  affect th e  sy s tem  
d irec tly  is t ru ly  re fle c ted  b y  th e  m easu red  ra te  curves. T h is is revealed  b y  th e  
fa c t th a t  the variation o f  r0 and  c0 in the individual experiments really does not 
influence the values o f  the parameters independent o f them (q, D, etc.).

T he ex p e rim en ta l re su lts  p rove th a t  in  th e  case o f a linear adsorption 
isotherm w ith  a c o n s ta n t ex te rn a l co n cen tra tio n , eq. (6) is indeed suitable 
fo r  the description o f  the rate o f physical sorption. A t h ig h er adso rba te  co n 
cen tra tio n s , and  in  th e  case of ‘ac tiv e ’ a d so rb en ts  (i.e. th o se  o f h igh ad so rp tio n  
cap ac ity , e.g. ch arcoal), th e  fu n d a m e n ta l co n d itio n  re la tin g  to  th e  lin ea rity  o f 
th e  iso th e rm  is n o t fu lfilled , an d  because of th is  th e  ap p lica tio n  of th e  e q u a tio n  
becom es q u estionab le . T h e  la t te r  find ing  is also su p p o rted  b y  th e  difficulties o f 
g e ttin g  a good f i t  in  su ch  cases.

I t  appears from  th e  in v estig a tio n s th a t  an  essen tia l p a r t  of th e  m a th e 
m a tica l m odel is th e  a ssu m p tio n  of a diffusion boundary layer a round  th e  
p a rtic le . A lthough  th e  m a th e m a tic a l d esc rip tio n  of th e  m a te ria l tra n s p o r t  
th ro u g h  th e  b o u n d a ry  lay e r w as achieved in  a re la tiv e ly  sim ple m anner (we 
h av e  a lread y  p o in ted  o u t th e  deficiencies of th e  s te a d y  s ta te  approach), th is  
neverthe less m eans a s tep  fo rw ard  as co m p ared  w ith  th e  earlie r so rp tion  ra te  
eq u a tio n s; th is  is show n  u p  am ong o thers b y  th e  fa c t th a t  in  th is  w ay i t  w as 
possib le to  ensure a ‘p e rfe c t’ f i t  in  a large n u m b e r of cases. T h is in  itself w ould  
n o t be  surp rising , since a g rea te r  n u m b er o f th e  p a ra m e te rs  fo r describing th e  
m odel leads a u to m a tic a lly  to  a b e tte r  f it .  I n  th is  w ay , how ever, it  p ro v ed  
possible to  sep ara te  e ffec tively  th e  d is to rtin g  effect o f th e  m a te ria l tra n sp o r t  
th ro u g h  th e  a d h e re n t film  (neglected  in  earlie r stud ies) from  th e  effective 
diffusion co n stan t.

As regards th e  d esc rip tio n  of th e  pore d iffusion  tra n s p o r t ,  th e  ap p ro ach  
must be  accep ted  as co rrec t as fa r  as th e  v a rio u s  tra n s p o r t  processes w ith in  a 
p a rtic le  can  be described  b y  a single ‘c o n s ta n t’. Since u n d er otherw ise id en tica l
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e x p e rim e n ta l cond itions, b u t  a t  v a ry in g  co n cen tra tions even  in  th e  case o f th e  
same a d so rb en t, th e  K nu d sen  d iffusion , th e  surface m ig ra tio n  and  (possibly) 
th e  Poiseuille  flow  all v a ry  in  im p o rta n c e , i t  is no t to  be  expec ted  th a t  th e  
e ffec tive  d iffusion c o n s tan t shou ld  re m a in  s tr ic tly  co n cen tra tio n -in d ep en d en t. 
I n  fa c t,  i t  is possible on ju s t  th is  basis  to  a t te m p t  to  ‘b re a k  dow n’ th e  effective 
d iffu sion  c o n s tan t fo r th e  c o n tr ib u tio n s  b y  th e  phenom ena m en tioned . ( In  th is  
case th e  p lac ing  of D on th e  r ig h t-h a n d  side of (2) in  f ro n t o f th e  d iffe ren tia l 
s ign  is rea lly  eq u iv a len t to  a new  ap p ro ach .) F o r th is , how ever, i t  w ould  have  
b een  necessary  to  s tu d y  th e  change of D  in  a la rger in te rv a l o f th e  ex p e rim en ta l 
co n d itio n s , an d  on several occasions in  th e  absence of a ca rrie r gas, w hich 
w o u ld  h av e  been  beyond  o u r p re se n t concern .

T he m ost serious lim ita tio n  is due to  th e  use of a ‘lin e a r’ k inetics (i.e . a 
k in e tic s  in w hich th e  p ro d u c t o f th e  so rbed  am o u n t an d  th e  gas co n cen tra tio n  
does n o t ap p ear); a t  th e  sam e tim e  th is  also inev itab ly  m eans a linear iso th erm . 
T h is  sim p lifica tion  w as in ev itab le  in  o rd e r to  be able to  use th e  L ap lace t r a n s 
fo rm s and  to  get th e  so lu tion  in  a closed form . I f  non -linear k inetics h a d  been 
assu m ed , we could have  relied on ly  on n u m erica l m ethods, w hich  are n o t only 
d ev o id  of descrip tiveness, b u t  a t  th e  sam e tim e  w ould h a v e  m ade th e  p ra c tic a l 
so lu tio n  of th e  p a ram e te r  e s tim a tio n  ex trem ely  d ifficu lt ( th e  so lu tion  o f one 
p a r t ia l  d ifferen tia l eq u a tio n  on  even  a h igh-speed  co m p u te r often  req u ires  10 
m in u tes).

a  s  a(r, t)

Symbols

amount of the adsorbed substance referred
to the apparent volume of the adsorbent [mole • cm“ 3]

c =  c(r, t) concentration [mole • cm- 3]
cu constant concentration in the gas phase [mole • cm- 3]
d thickness of the diffusion boundary layer [cm]
D effective diffusion coefficient in the pore

phase [cm2 • s_ *]
D e diffusion coefficient in the gas phase [cm2 • s~ l ]
D gK Knudsen diffusion coefficient [cm2 • s-  J]
F specific surface area of the adsorbent [m2 • g“ 1]
g  =  k J D  
h  =  at^/D 
к  a adsorption rate coefficient [ s ' 1]
к  a adsorption rate coefficient [mole • m 2 • s 1 • Torr 11
k d desorption rate coefficient [ s - 'l
k'd desorption rate coefficient [mole • m 2 • в 3]
kf> “theoretical” adsorption rate coefficient [mole • m- 2 • s~ 1 ■ Torr“ *]
К  =  D J d D  
M {  r ) amount of substance adsorbed by the

particle [mole]
M a molecular weight of the adsorbate [g • mole- ']
q slope of the linear isotherm
r radial coordinate [cm]
r o radius of the adsorbent particle [cm]
r p average pore radius [cm]
R universal gas constant [Torr • cm3 • mole 1 ■ deg
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T absolute temperature [deg]
Pfl average velocity of the adsorbate

molecules [cm • s~ x]
v o flow rate of the gas mixture [cm3 • s-  *]

4/3 n r l volume of the particle [cm3]
У]  — y(tj) the measured sorption rate, as the deflec

tion of the pen-arm of the recorder [mm]
Уо corresponding deflection for the

hydrocarbon flux [mm]
a quotient of the pore volume and the

apparent volume of the adsorbent
ß condensation coefficient
<p molecular cross-sectional area of the

adsorbate [m2 • mole-  *]
о apparent density of the adsorbent [g • cm- 3]
т time coordinate
X labyrinth factor
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STUDY OF THE ELECTRON-EXCHANGE REACTION 
BETWEEN IRON(II) AND IRON(III) IN FORMAMIDE
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The electron exchange reaction between iron(III) and iron(II) was studied by 
means of the Mössbauer effect. No electron exchange can be detected in anhydrous 
formamide solution. After the addition of water, iron ions solvated by both water and 
formamide are formed; the rate constant for the electron exchange between these 
species is greater than 2 1 • mole- 1 • s-1.

T he m a jo rity  of m odels describ ing th e  m echan ism s of electron tra n s fe r  
reac tions can  be d iv ided  in to  tw o m ain  groups d ep en d in g  on w hether th e y  
assum e an  indirect or a direct e lec tron  tran sfe r. In  th e  in d irec t m echanism  th e  
elec tron  tra n s fe r  is b ro u g h t a b o u t b y  som e a to m , m olecule, ion or ra d ic a l 
[1—9], w hile in  th e  d irec t m echanism  th e  ra te  c o n s ta n t o f th e  electron tra n s fe r  
reac tio n  is a ffec ted  b y  th e  C oulom bic repulsion  b e tw een  th e  po lar so lven t a n d  
th e  ion  ta k in g  p a r t  in  th e  elec tron  exchange reac tio n  [10—19].

I t  can  be  seen from  th e  above th a t  in  th e  case o f g iven  reaction  p a r tn e rs  
(e.g. F e (II)  an d  F e (III))  th e  v a ria tio n  of th e  so lven t m a y  be  used to  decide 
w h e th e r th e  e lec tron  exchange proceeds b y  a d irec t o r an  in d irec t m echan ism . 
T ak ing  th is  in to  considera tion , R u f f  et al. [20] s tu d ie d  th e  F e (II)—F e ( I I I )  
exchange in  fo rm am id e ; b o th  th e  dipole m om en t ( > 3 )  an d  th e  d ielec tric  
c o n s tan t (117 a t  25 °C) of fo rm am ide  a re  la rg e r th a n  th o se  o f w ater, an d  so, in  
th e  case o f a d irec t m echanism , th e  r a te  c o n s ta n t o f th e  electron  exchange 
reac tio n  shou ld  be  la rger in  fo rm am ide  th a n  in  w a te r. I n  c o n tra s t w ith  th is , 
how ever, i t  w as fo u n d  th a t  th e  ra te  c o n s ta n t of th e  F e ( I I I ) -F e ( I I )  e lec tro n  
exchange reac tio n  w as tw o orders of m ag n itu d e  sm aller in  form am ide th a n  in  
w a te r (in fo rm am id e  a t  50 °C к 5 X lO -2 1 • m o le -1  • s -1 ). I t  w as co n 
cluded  from  th is  th a t  th e  e lec tro n -tran sfe r reac tio n  ta k e s  p lace b y  an  in d ire c t 
m echanism .

R u f f  et al. m easu red  th e  e lec tron  exchange b y  an  iso topic  tra c e r  te c h 
n ique. T he g rea t d raw back  of th is  m e th o d  is th a t  a f te r  each  given re a c tio n  
tim e  th e  reac tio n  com ponen ts m u st be  sep a ra ted  from  each  o ther, an d  o n ly  
th e n  can th e  ra d io a c tiv ity  of th e  labelled  com ponen t be  m easured . This s tep  
of th e  m e th o d  co n ta in s  several possib ilities o f ex p e rim en ta l error, and  so we 
too  h av e  s tu d ied  th e  above elec tron  exchange re a c tio n  in  form am ide, u sing  
ou r m eth o d  based  on M össbauer spectroscopy  an d  n o t req u ir in g  a sep ara tio n [2 1 ].
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Experim ental method

The principles of the method have already been described [21].
Anhydrous 57FeCl3 was prepared by the oxidation of iron powder containing 86% 

57Fe in a chlorine atmosphere. Anhydrous FeCh* was prepared by deoxygenation of hydrated 
FeCL in a current of hydrogen and argon, and then by dehydration with dry hydrogen chloride 
at 800 — 850 °C. The FeCl2 was prepared from natural iron. The formamide was purified by 
repeated vacuum distillation.

Solutions of 57FeCl3 and of FeCl2 containing 0.02 mole per 1000 g formamide were 
prepared in a nitrogen atmosphere. Equal volumes of these solutions were mixed to give a 
solution containing 0.01 mole each of S7FeCl3 and FeCl2 per 1000 g formamide.

The electron exchange reaction took place at 20 °C in an atmosphere of nitrogen.

Results and discussion

M össbauer lines co rrespond ing  to  F e (II)  did no t ap p ea r fo r th e  an h y d ro u , 
fo rm am id e  so lu tion  48 hours a fte r  th e  m ix in g  of th e  57FeC l3 an d  FeC l2 solu tionss 
a n d  th u s  no m easu rab le  e lec tron  ex ch an g e  could be d e tec ted  u n d e r  such con-

F ig .  1. Mössbauer spectrum of a formamide solution containing 0.01 mole each of 57FeCl3 and 
FeCl2 per 1000 g solvent, and 8 weight % H 20  (at liquid nitrogen temperature). Electron 
exchange reaction time, t =  20 seconds. (The solutions had stood for 1 week before mixing.)

d itio n s . T he elec tron  exchange b egan  d ire c tly  a fte r th e  a d d itio n  of w a te r only 
w h en  th e  w a te r co n ten t w as g rea te r  th a n  г^25 w eight % . If , how ever, th e  
F e ( I I )  an d  F e (I I I )  so lu tions w ere le ft to  s ta n d  for some day s before m ixing, 
th e n  a rap id  e lectron  exchange could he  m easured  in th e  so lu tio n  even w hen 
i t  con ta ined  8%  w ater.

F igure  1 shows th e  M össbauer sp ec tru m  of a so lu tio n  con ta in in g  0.01 
m o le  each of 37FeC l3 an d  FeCl2 p er 1000 g solvent an d  8 w eigh t %  w ate r,

* The authors acknowledge the assistance of Mrs. J. T a ká cs , of the Central Physics 
Research Institute, in the preparation of the anhydrous FeCl2.
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a fte r  an  elec tron  exchange reaction  tim e  of 20 seconds. T he F e(II) an d  F e ( I I I )  
so lu tions h ad  stood  fo r a week before m ix ing . T he iro n (II)  lines in d ic a te  th e  
e lectron  exchange. I n  th e  p resen t case th e  ra te  c o n s ta n t к 2 1 • m o le-1  • s -1 .

In  th e  an h y d ro u s  form am ide so lu tion  of 57FeC l3 th e  F e (III)  e x h ib its  a 
m agnetic  liyperfine  s tru c tu re , and  th u s  th e  e lec tro n  sp in  re laxation  tim e  (xR) 
and  th e  average life tim e  of th e  excited  57Fe nucleus ( t)  exceed th e  L a rm o r 
p recession  tim e  (со-1 ): i.e. T, xR to -1 [22].

v (m m /s)

F ig . 2 . Mössbauer spectrum of a formamide solution containing 0.02 mole 57FeCl3 per 1000 g 
solvent, and 9.07 weight % H 20  (at liquid nitrogen temperature), (a) Fresh solution, (b) After 
standing for 6 days. (The value of the internal magnetic field H =  560 kOe. This value in
dicates that at most one chlorine occupies a place in the inner ligand-sphere of the iron [22].)

A fte r th e  a d d itio n  of w ate r th e  m agnetic  h y p erfin e  s tru c tu re  is g ra d u a lly  
lost, an d  fin a lly  on ly  one quad rupo le  lin e -p a ir is seen in th e  M össbauer 
spectrum .*  F ig u re  2 show s th e  M össbauer sp ec tru m  of a so lu tion  c o n ta in in g
0.02 m ole 57FeC l3 p e r  1000 g fo rm am ide an d  9.07 w eigh t %  w ater, as a fu n c tio n  
of tim e .

T his ex p e rim en ta l resu lt c learly  in d ica tes  th a t  th e  inner ligand sp h ere  
of th e  iron  changes a fte r  th e  ad d itio n  of w a te r, som e o f th e  form am ide m ole-

* The loss of the magnetic hyperfine structure and the decrease of the relaxation time 
indicate that dimerization (and possibly polymerization) occurs in the solution after the 
addition of water, and thus there is a large probability of spin-spin interaction (relaxation), 
which leads to a decrease of the relaxation time.
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cules be ing  expelled  b y  w a te r m olecules. T h e  e lectron  exchange ta k e s  p lace 
b e tw e e n  th e  m ixed  so lven ts of iro n (I I I )  a n d  iro n (II)  so fo rm ed , w hereas th e  
r a te  c o n s ta n t for th e  elec tron  exchange in  an h y d ro u s fo rm am ide  so lu tion  is 
p ra c tic a lly  zero. O n th e  above basis i t  c an  b e  clearly  es tab lish ed  th a t  th e  
e le c tro n  exchange b e tw een  F e (II)  an d  F e ( I I I )  in  aqueous fo rm am id e  so lu tion  
p ro ceed s  v ia  an  in d ire c t m echanism .

In  th e  m easu rem en ts  of R u f f  et al. [20] th e  solutions co n ta in ed  sm all 
a m o u n ts  of w a te r  a n d  HC1, an d  th is  is w h y  e lec tro n  exchange could  be  d e tec ted . 
I t  m u s t  be n o ted , how ever, th a t ,  as follow s from  th e  above exp erim en ta l 
re su lts , th e  ra te  c o n s ta n t m easured  in  w a te r-co n ta in in g  fo rm am id e  so lu tions 
is ch a rac te ris tic  n o t  o f  th e  elec tron  ex ch an g e , b u t  of th e  w ate r-fo rm am id e  
lig an d -ex ch an g e, an d  th is  is a re la tiv e ly  slow  process leading to  equ ilib rium . I t  
m a y  be  assum ed on th e  basis of th e  F ra n k —C ondon princip le an d  th e  sy m m etry  
co n d itio n s necessary  fo r th e  e lectron  ex ch an g e , th a t  th e  ligand  exchange m u st 
ta k e  p lace to  id en tica l ex ten ts  in  th e  en v iro n m en ts  of th e  iro n (II)  an d  iro n (III)  
p r io r  to  th e  elec tron  exchange. I t  is n ev e rth e le ss  n o t know n w h e th e r th e  ligand  
exch an g e  ra te s  are  th e  sam e in  th e  e n v iro n m e n ts  of th e  tw o form s of th e  iron , 
o r even  w heth er o n ly  one of th em  is th e  ra te -d e te rm in in g  process.

In  th e  p re se n t sy stem , th ere fo re , th e  m e th o d  is su itab le  fo r th e  s tu d y  of 
th e  k in e tics  of th e  lig an d  exchange (or th e  slow er ligand exchange), b u t  th e  
e lec tro n  exchange a f te r  th e  dev e lo p m en t o f  equ ilib rium  is so fa s t  th a t  only  a 
low er th resh o ld  v a lu e  can be d e te rm in ed  fo r th is  ra te  c o n s ta n t (fc > 2  1- 
• m o le “ 1 • s “ 1).

As show n b y  th e  loss of th e  m ag n e tic  h y p erfin e  s tru c tu re , e ith e r  a fte r  or 
p a ra lle l w ith  th e  lig an d  exchange a process occurs (possibly a po lym eriza tion ) 
w h ich  resu lts  in  a sp in —spin  in te ra c tio n . H ow ever, th e  m easu rem en ts in d ica te  
t h a t  th is  process does n o t h inder th e  e lec tro n  exchange (it does n o t decrease 
i ts  ra te ) . T he la t te r  re su lt m eans th a t  th e  r a te  co n stan ts  for th e  fo rm a tio n  an d  
decom position  of th e  p o lynuc lear species in  so lu tion  are v e ry  large . B ecause of 
th e  cond itions a lre a d y  m en tioned , th e  e lec tro n  exchange re a c tio n  can  ta k e  
p lace  only  in  th e  case o f m onom ers.

*

The authors wish to express their thanks to Dr. Imre R u ff  and Dr. Mária K omor for 
their participation in the discussion of the results.
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Die vorliegenden Ergebnisse zeigen, daß die Aufnahme von Platinverbindungen 
durch Alumosilikate je nach deren chemischen Eigenschaften sehr unterschiedlich 
sein kann. Die Aufnahmegeschwindigkeit ist sowohl von der Art der Platinverbindung 
als auch von der chemischen Zusammensetzung des verwendeten Alumosilikates 
und einer eventuellen chemischen Modifizierung abhängig. Von uns wurden Alumo
silikate mit einem Si02-Gehalt von 20 und 85% untersucht, als Platinkomponenten 
wurden H2PtClß und Pt(NH3)4Cl2 verwendet. Es wird vermutet, daß die Aufnahme 
dieser Platinverbindungen durch Alumosilikate auf einer chemischen Wechselwirkung 
mit der Trägeroberfläche beruht, wobei die Platinchlorwasserstoffsäure wahrscheinlich 
mit amphoteren Aluminiumoxidanteilen der Oberfläche reagiert, während das Platin- 
tetramminion gegen Protonen der Si-OH-Gruppen ausgetauscht wird. Dieses Ergebnis 
steht in Übereinstimmung mit B e n e s i , C u r t i s  und S t u d e r  [ 4 ] ,  die fanden, daß der 
Platintetramminkomplex am reinen Silicagel wesentlich stärker als am A120 3 adsorbiert 
wird. Eine bessere Aufnahme der Platinkomponente führt meist zur Erhöhung der 
Metalldispersität, wobei zu beobachten ist, daß eine starke Bindung des Metall
komplexes an der Oberfläche zu einer Erschwerung ihrer Reduktion führen kann. 
Die von D s i s k o  und Mitarbeitern aufgestellte Regel, daß die erzielbare Metalldispersität 
bei Metall-Trägerkatalysatoren der Oberflächenkonzentration der Metallkomponente 
umgekehrt proportional ist, gilt nach unseren Ergebnissen nur dann, wenn gleichartige 
Bindung der Platinkomponente an der Oberfläche vorliegt.

Die von uns erzielten Ergebnisse dürften auch für die Herstellung von getränk
ten Trägerkatalysatoren von Bedeutung sein, da die von uns gefundenen Unterschiede 
in der Platinaufnahme bei der Verwendung verschiedener Träger bzw. Platinkompo
nenten gerade bei kurzer Einwirkzeit besonders groß sind.

I. Einleitung

Die D isp e rs itä t des M etalls h a t  bei M eta ll-T räg erk a ta ly sa to ren  b e k a n n t
lich w esen tlichen  E in flu ß  au f A k tiv i tä t  und  S e lek tiv itä t. E s  g ib t ab er b ish er 
n u r  wenige sy stem atisch e  U n te rsu ch u n g en  über den Z u sam m en h an g  zw ischen 
T rägere igenschaften , H erste llungsbed ingungen  und  d er erzielbaren  M eta ll
d isp e rs itä t.

Sa id m a n  und  M ita rb e ite r [1] u n te rsu ch ten  die D isp e rs itä t des P la tin s  
a u f  A lum in iu m o x id träg ern  m it u n tersch ied licher O berflächengröße u n d  
fan d en , daß  die erzielte  M e ta lld isp e rs itä t der O b erfläch en k o n zen tra tio n  des 
M etalls u m g ek eh rt p ro p o rtio n a l is t, d. h. bei gleichem  P la tin g e h a lt s te ig t 
die M eta lld isp e rs itä t m it zu n eh m en d er G röße der T räg ero b erfläch e  an. Diese
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G esetzm äßigkeit w u rd e  v o n  D s is k o  u n d  M ita rb e ite rn  au ch  an  anderen  M etall- 
T räger-S ystem en  b e s tä t ig t .

Die von Sa i d m a n  u n d  M ita rb e ite rn  gefundene G ese tzm äß igke it d ü rfte  
je d o c h  n u r dann  g e lten , w enn bei der A u fb rin g u n g  d er M eta llkom ponen te  
a u f  den  T räger eine gleichm äßige oder zum indest g le ichartige  V erteilung  
d e r M eta llverb indung  ü b e r die gesam te T räg ero b erfläch e  e rz ie lt w ird, u n d  
w en n  eine g leichartige  B in d u n g  aller M eta lla tom e bzw . -ionén  an  die T rä g e r
oberfläche  vorlieg t.

In  früheren  M itte ilu n g en  [2, 3] k o n n te n  w ir b e re its  nachw eisen , daß  bei 
d e r  V erw endung v o n  m ikroporösen  T räg ern  (m it P o ren , deren  D urchm esser 
k le in e r  als 30 Á w aren ) erhebliche A bw eichungen von  d ieser G esetzm äßigkeit 
b e o b a c h te t w erden.

B e n e s i , Cu r t i s  u n d  S t u d e r  [4] w iesen d a ra u f  h in , d aß  bei der A us
b ild u n g  der M e ta lld isp e rs itä t an  P latin -S ilicagelen  die W ah l der P la tin -  
A usgangskom ponen te  eine en tscheidende Rolle sp ielt. D ab e i is t offensichtlich  
d ie W echselw irkung zw ischen dem  v e rw en d e ten  P la tin k o m p le x  u n d  der 
T rägeroberfläche  v o n  g roßer B edeu tung .

In  einer v o ra n g e h e n d e n  A rbeit [3] k o n n te n  w ir nachw eisen , daß  die 
e rz ie lbare  M eta lld isp e rs itä t auch  beim  S ystem  P t-A k tiv k o h le  erheblich  von  
d e r W echselw irkung zw ischen T räger u n d  T rä n k k o m p o n en te  ab h än g t.

Bei den b ish e r u n te rsu c h te n  M eta ll-T räger-S ystem en  h an d e lte  es sich 
je d o c h  durchw eg u m  T räg e r m it einer chem isch e in h e itlich en  O berfläche.

In  der vo rlieg en d en  A rbeit w ird  n u n  das —  auch  p ra k tis c h  n ich t u n in te 
re s sa n te  — S ystem  P t-A lu m o silik a t u n te rsu c h t. H ie r  h a b e n  w ir es m it 
e inem  Träger zu tu n ,  dessen  O berfläche chem isch n ich t e inhe itlich  is t, sondern  
au s  versch iedenen  ox id isch en  Z en tren  bzw . B ereichen a u f  d er B asis von  A l u n d  
Si zusam m engesetzt is t. Als P la tin k o m p o n en ten  w u rd en  H 2P tC l6 (wo P la tin  
an ion isch  e n th a lte n  is t) u n d  P t(N H 3)4Cl2 (kation isches P la tin )  verw endet.

II. Herstellung der Pt-A lum osilikate

Als O bjek t u n se re r  U n te rsu ch u n g en  w urde  das b e re its  in  [2] besch rie
b e n e  A lum osilikat m it  85%  S i0 2 ausgew äh lt. Zu V erg le ichsun tersuchungen  
w u rd e  das ebenfalls b e re its  beschriebene h y d ro th e rm a l be i 40 a t  2 h  b eh an d e lte  
A lum osilika t m it 8 5 %  S i0 2, ein m it N H ,F  flu o rie rtes  A lum osilikat m it 
8 5 %  S i0 2 und  ein A lum o silik a t m it an d erem  A l/S i-V erhältn is (20%  S i0 2) 
e ingesetz t. D as le tz te re  h a t te  eine n ach  B E T  gem essene O berflächengröße 
v o n  220 m 2/g, das f lu o rie r te  A lum osilikat v o n  26 m 2/g.

Die K a ta ly sa to re n  w urden  durch  A dso rp tion  der P la tin k o m p o n en te  am  
T rä g e r, der bei 350 °C ausgeheiz t w urde, aus ü b e rs teh en d e r v e rd ü n n te r  L ösung 
h e rg este llt, w obei jew eils  5 bzw . 50 m g P la tin  je  G ram m  T räg e r in  der L ösung 
e n th a lte n  w aren. E s  w u rd en  im m er 10 g T räg e r u n d  50 m l L ösung  verw endet.
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Tabelle I

P la t in d is p e r s i tä t  vo n  P la t in - A lu m o s i l ik a t-T r ä g e r k a ta ly s a to r e n , h erg este llt m it  H „ P tC le, 
R e d u k tio n  bei 4 2 0  °C , M e th o d e  n ach  W e i d e n b a c h  u n d  F ü r s t  [5 ]

Träger
P latin geh alt

(%)
Platindispersi

(m7g)

Alumosilikat, 85% Si02 0,45 48
4,40 7

Alumosilikat, 85% Si02 0,72 36
mit NH4F fluoriert 3,32 4

Alumosilikat, 85% Si02 0,40 52
hydrothermal behandelt 2,15 2

Alumosilikat, 20% Si02 0,48 37
4,37 22

N ach  A ufnahm e d er zu r V erfügung  steh en d en  P la tin m en g e  bzw . n ach  
E rre ich u n g  eines A dsorp tionsg leichgew ichtes w urde  die ü b ersteh en d e  L ösung 
a b filtr ie r t, der T räg er an  d er L u f t  g e trocknet u n d  d a n n  be i 420 °C im  W asser
sto ffs tro m  red u z ie rt. D an ach  w urde  die partie lle  P la tin o b e rfläch e  n ach  der 
M ethode von  W e i d e n b a c h  u n d  F ü r s t  [5] b es tim m t.

D ie bei der V erw endung  v o n  H 2PtC le erzie lten  E rgebn isse  zeigt T ab . I.
Diese T abelle zeig t, d aß  m it H 2P tC l6 au f A lu m o silik a t v e rh ä ltn ism äß ig  

geringe W erte  der P la tin d isp e rs itä t  erzielt w erden. B esonders auffällig  is t der 
s ta rk e  A bfall bei E rh ö h u n g  des P la tin g eh a ltes . E in e  A usnahm e b ild e t h ier 
lediglich das P t-A lu m o silik a t m it 20%  S i0 2, wo au ch  be i einem  P t-G eh a lt 
v o n  4 ,37%  noch eine w esen tlich  höhere P la tin d isp e rs itä t e rzielt w ird  als bei 
den  anderen  P t-A lu m o silik a ten  m it verg leichbarem  P t-G e h a lt.

T abelle I I  zeig t die en tsp rech en d en  E rgebnisse be i d er V erw endung von  
P t(N H 3)4Cl2 als P la tin k o m p o n e n te .

B ei der V erw endung  v o n  P la tin te tra m m in c h lo rid  als P la tin k o m p o n en te  
w ird  also am  S i0 2-reichen  T räg e r eine w esentliche V erbesserung  der P la t in 
d isp e rs itä t erzielt, besonders be i hohem  P la tin g e h a lt. B eim  Al20 3-reichen 
T räg e r w ird  dagegen m it P la tin te tra m m in c h lo rid  als P la tin k o m p o n en te  kein  
w esen tlicher d isp e rs itä tsv e rb esse rn d er E ffek t e rz ie lt. D ie  F luo rierung  des 
T räg ers  fü h r t  bei be id en  P la tin k o m p o n en ten  zu e iner V erm inderung  d er 
P la tin d isp e rs itä t.
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Tabelle II

P la t in d is p e r s i tä t  von  P t- A lu m o s i l ik a te n ,  h erg este llt m it  P t ( N H 3) tC l2, R e d u k tio n  bei 4 2 0  ° C ,  
M e th o d e  n a ch  W e i d e n b a c h  u n d  F ü r s t  [5]

Träger
Platingehalt

(%)
P latin  dispersität

(m 2/g)

Alumosilikat, 85% Si02 0,5 69
4,86 50

Alumosilikat, 85% Si02 0,34 29
mit NH4F fluoriert

Alumosilikat, 85% Si02
hydrothermal behandelt 0,455 44

Alumosilikat, 20% Si02 0,40 29
2,98 32

III. A ufnahm egeschwindigkeit von H.,PtCI(. und Pt(N H 3) 4Cl2 an Alum osilikaten

D ie u n te rsch ied lichen  D isp e rs itä tse ffek te  bei unseren  V ersuchen  deu ten  
offensich tlich  d a ra u f  h in , daß  die W echselw irkung  zw ischen T rä g e r und  der 
T rän k k o m p o n en te  in  den  u n te rsu c h te n  F ällen  un te rsch ied lich  u n d  fü r die 
A u sb ild u n g  der M eta lld isp e rs itä t v e ran tw o rtlich  ist.

W ir u n te rsu c h te n  d ah er die A ufnahm egeschw ind igkeit b e id e r K om po
n e n te n  an  den g e n a n n te n  T räg ern  aus w äßriger Lösung u n te r  T rän k b ed in 
g u n g en , wie w ir sie be i der H ers te llu n g  d er K a ta ly sa to re n  an w an d ten .

D ie jeweils in  d e r L ösung v o rh an d en e  P la tinm enge w u rd e  ko lo rim etrisch  
m it  SnCl0 b estim m t. D abe i s te llte  sich  zu n äch st heraus, d aß  A lum osilikate 
die P la tin ch lo rw assers to ffsäu re  w esen tlich  langsam er au fn eh m en  als A k tiv 
k o h len . W ährend  eine A k tiv k o h le , w ie in  [3] b e ric h te t, 5 %  P t  e tw a in  einer 
S tu n d e  au fn im m t, w ird  d ieser P la tin g e h a lt bei A lu m o silik a ten  in  den 
m e is te n  Fällen g a r n ich t e rre ich t. P t(N H 3)4Cl2 nehm en  A lum osilika te  da
gegen  m eist besser a u f  als A k tiv k o h len . A bb. 1 und  2 zeigen die be i V erw en
d u n g  von  H 2PtC le e rh a lten en  A u fn ah m ek u rv en .

Die A ufnahm e des P t(N H 3)4Cl2 d u rch  versch iedene A lum osilika te  ist 
in  A bb . 3 und 4 d a rg es te llt.

Die B e tra c h tu n g  der e rh a lte n e n  A ufnahm ekurven  zeig t, d aß  sich die 
v e rw en d e ten  T räg er in  bezug a u f  die A ufnahm e der beiden  P la tin k o m p o n en ten  
e rheb lich  un te rsche iden . Im  a llgem einen  nehm en  die m ik roporösen  T räger die 
P la tin k o m p o n e n te n  schneller a u f  als g robporöse T räger. Z ieh t m an  jedoch  die 
un te rsch ied lich en  O berfläch en g rö ß en  in B e tra c h t, so e rk e n n t m an , daß die

Acta Chim. ( Budapest)  74, 1972



CZÁRÁN, SCHNABEL: D ISPER SITÄ T DES PLA TIN S 4 4 9

bei m ikroporösen  T räg e rn  m ehr ad so rb ie rte  Menge keinesw egs der O ber- 
fläch en zu n ah m e ä q u iv a le n t ist. D as sp rich t dafü r, d a ß  bei m ikroporösen  
T räg e rn  n ich t die g esam te  O berfläche fü r  die A dso rp tio n  d er P la tin v e rb in 
d u ngen  au sg en u tz t w ird .

A b b . 1 . H,PtCl6-Aufnahme durch verschiedene Alumosilikate. (Ausgangslösung: 50 mg Pt in 
50 ml H 2Ö—10 g Träger.) 1. Alumosilikat mit 85% Si02; 2. Alumosilikat mit 85% Si02 
mit NH4F fluoriert; 3. Alumosilikat mit 85% Si02, hydrothermal behandelt, 4. Alumosili

kat mit 20% Si02

A b b . 2 . H 2PtCle-Aufnahme durch verschiedene Alumosilikate (Ausgangslösung 500 mg Pt 
in 50 ml H ,0  —10 g Träger.) Bezeichnungen wie Abb. 1

E in  V ergleich zw ischen der A ufnahm e der P la tin ch lo rw asse rs to ffsäu re  
u n d  des P la tin te tra m m in c h lo rid s  ze ig t jedoch , daß au ß e rd em  eine spezifisch  
chem ische W echselw irkung  vorlieg t. W äh ren d  die P la tin ch lo rw asse rs to ffsäu re  
am  schnellsten  v o n  einem  A lum osilika t m it 20%  S i0 2 aufgenom m en w ird , 
am  A lum osilikat m it 85 %  SiO, ab e r eine w esentlich langsam ere  A ufnahm e 
erfo lg t, geh t die A ufn ah m e des P la tin te tram m in ch lo rid s  an  diesen beiden
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T rä g e rn  in  u m g e k e h rte r  W eise vo r sich : A m  A lum osilika t m it 85%  S i0 2 
e rfo lg t eine ausgesp rochen  schnelle A u fn ah m e, sie is t v e rg le ich b ar m it der 
A ustausch g esch w in d ig k e it des P la tin te tra m m in io n s  an  einem  N aY -M olekular- 
sieb  u n te r  ähnlichen  experim en te llen  B ed ingungen , w äh ren d  d ie  A ufnahm e an

A b b . 3 . Aufnahme von Pt(NH3),Cl2 durch verschiedene Alumosilikate. (Ausgangslösung 
50 mg Pt in 50 ml H 20  —10 g Träger.) Schwarze Kreise: Molekularsieb NaY; Schrägkreuze: 
Alumosilikat mit 85% Si02; Dreiecke: Alumosilikat mit 85% Si02, hydrothermal behan
delt; Kreuze: Alumosilikat mit 85% Si02, mit NH4F fluoriert; Kreise: Alumosilikat

mit 20% Si02

CM

A b b . 4 . Aufnahme von Pt(NH3)4Cl2 durch verschiedene Alumosilikate. (Ausgangslösung 
500 mg Pt in 50 ml H 2O — 10 g Träger.) Kreise: Alumosilikat mit 85% Si02; schwarze 

Kreise: Alumosilikat mit 20% Si02

einem  A lum osilikat m it  20 %  S i0 2 w esen tlich  v e rlan g sam t is t u n d  auch n ich t 
zu  e iner vo llständ igen  A dso rp tion  der an g eb o ten en  M enge fü h r t .

Diese E rgebn isse  k ö n n te n  so g ed e u te t w erden, d aß  H 2P tC l6 infolge des 
sa u re n  C harak ters m it am pho teren  Al— O H -G ruppen  d e r O berfläche u n te r  
S a lzb ildung  reag ie rt, w äh ren d  das P la tin te tra m m in io n  gegen P ro tonen  in
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Si— O H -G ruppen  a u sg e tau sch t w ird. Z ur B es tä tig u n g  e iner d e ra rtig en  D eu tu n g  
b e d a rf  es jed o ch  noch  w eiterer U n te rsu ch u n g en .

Bei der A ufn ah m e größerer M engen an  H 2PtC l0 verlie ren  die chem ischen  
F a k to re n  o ffensich tlich  an  B edeu tung . D ie aufgenom m ene M enge r ic h te t sich  
h ier h au p tsäch lich  n ach  der O berflächengröße. D ies d e u te t  d a ra u f  h in , d aß  
bei der A ufnahm e g rößerer M engen von  H 2P tC lG h a u p tsäch lich  eine p h y s ik a 
lische A dso rp tion  erfo lg t (A bb. 2).

IV. D iskussion der E rgebnisse

Die vorliegenden  E rgebnisse  sp rechen  d a fü r, daß  fü r  die A usbildung  d er 
D isp e rsitä t des M etalls bei M eta ll-T räg erk a ta ly sa to ren  n ic h t allein die O b er
fläch en k o n zen tra tio n  d er a u f  dem  T räg e r b e find lichen  M eta llkom ponen te  
von  B edeu tung  is t. E in  ebenso w ichtiger F a k to r  fü r  die A usb ildung  der M eta ll
d isp e rs itä t is t die chem ische W echselw irkung  zw ischen M eta llkom ponen te  
u n d  T räger.

Bei dem  v o n  u ns u n te rsu ch ten  S ystem  P t-A lu m o silik a t b e s teh t o ffen
sich tlich  ein Z usam m enhang  zw ischen d er A ufnahm egeschw ind igkeit d e r 
P la tin k o m p o n en te  am  T räg er u n d  der e rz ie lten  M eta lld isp e rs itä t. Die u n te r 
schiedliche A ufnahm egeschw ind igkeit d er P la tin k o m p o n e n te n  w ird  vor allem  
bei geringen P la tin m en g en  d u rch  eine un te rsch ied lich  s ta rk e  chem ische W echsel
w irkung  zw ischen M etallkom ponen te  u n d  T räg ero b erfläch e  bed ing t. D a ra u f  
w eist das u n te rsch ied liche  V erhalten  d e r b e id en  P la tin k o m p o n en ten  sow ohl 
bei der V erän d eru n g  d er chem ischen Z usam m en se tzu n g  des T rägers als au ch  
bei seiner chem ischen  M odifizierung h in .

E ine  schnellere A ufnahm e der P la tin k o m p o n e n te  fü h r t  im  allgem einen 
auch  zu einer E rh ö h u n g  der M eta lld isp ers itä t. E ine  A u sn ah m e b ild e t die D is
p e rs itä t des P la tin s  a u f  dem  Al20 3-reichen  A lum osilika t u n te r  V erw endung  
von  H 2P tC le als P la tin k o m p o n en te , wo tro tz  h o h er A ufnahm egeschw ind igkeit 
eine v e rh ä ltn ism äß ig  geringe D isp e rs itä t des P la tin s  erz ie lt w urde. H ier geben  
jedoch  einige V ersuche A ufschluß, die zum  V erh a lten  d er h ergeste llten  K a ta 
ly sa to ren  bei versch iedenen  R eduk tio n s- bzw . T e m p e rte m p era tu re n  d u rch g e
fü h r t  w urden . T ab . I I I  zeig t einige dabei e rh a lten e  E rgebn isse .

Bei den b e id en  m ittle ren  T e m p e ra tu rsp a lte n  h a n d e lt es sich um  die 
T em p ertem p era tu r , bei der ein bere its re d u z ie rte r  K a ta ly s a to r  im  H 2-S trom  
b eh an d e lt w urde.

W äh ren d  also alle K a ta ly sa to re n  zw ischen 300 u n d  400 °C die h ö chste  
P la tin d isp e rs itä t e rre ichen  u n d  d ann  zu  s in te rn  beg innen , s te ig t die D ispersi
t ä t  des P la tin s  a u f  dem  Al20 3-reichen A lum o silik a t b is 520 °C noch an. W ir 
v e rm u ten , daß  d ieser K a ta ly sa to r  infolge d er s tä rk e re n  B indung  der H 2P tC l6 
an  den  T räger w esen tlich  schw erer red u z ie rb a r is t u n d  d a h e r e rs t bei h o h en  
T em p era tu ren  v o lls tän d ig  red u z ie rt w ird.
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Tabelle III

P la t in d is p e r s i tä t  vo n  P la t in - A lu m o s i l ik a t-T r ä g e r k a ta ly s a to r e n , h erg este llt m it  H .,P tC l6, in  
A b h ä n g ig k e i t  vo n  d e r  R e d u k tio n s -  b zw . T e m p e r te m p e r a tu r , M e th o d e  W e id e n b a c h  u n d  FÜBST [5 J

Träger
P latin geh alt

(%)
P latindispersität (m 2/g)

200 °C 300 °c 400 °C 520 °C

Alumosilikat, 85% SiO, 0,45 31 40 56 28
4,40 16 14 14 —

Alumosilikat, 20% Si02 0,48 22 38 59 117
4,37 47 25 11 —

D er s ta rk e  A bfall der P la tin d is p e rs itä t  bei höherem  P la tin g e h a lt, d er am  
SiO,,-reichen A lum osilika t bei der V erw endung  von  H 2P tC l6 als P la tin k o m 
p o n e n te  a u f tr i t t ,  lä ß t  v e rm u ten , d aß  ein T eil des P la tin s  n u r  locker g eb u n d en  
w ird  u n d  d ah er bei der R ed u k tio n  a u f  bere its  geb ildeten  P la tin k ris ta llite n  
au fw äch st.

A uf eine n u r  lockere A d so rp tio n  g rößerer H 2P tC l6-M engen d eu ten  ja  
au c h  die H 2P tC l6-A ufn ah m ek u rv en  h in . D er w esentlich geringere D isp e rs itä ts 
ab fa ll bei g rößerem  P la tin g e h a lt am  Al20 3-reichen A lum o silik a t sp r ic h t 
d a fü r , daß  die festere  A dsorp tion  an  A l— O H -Z entren  oder -B ereichen  e rfo l g t
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ИССЛЕДОВАНИЕ ФИЗИКО-ХИМИЧЕСКИХ СВОЙСТВ 
ПРИВИТЫХ СОПОЛИМЕРОВ п о л и в и н и л о в о г о  

СПИРТА С ПОЛИВИНИЛПИРИДИНОМ

С. А. ТАШМУХАМЕДОВ, П. П. ЛАРИН, А. Ш. КАРАВАЕВ, Ш. А. АЗИЗОВ, 
Р. С. ТИЛЛАЕВ, X. У. УСМАНОВ

( С С С Р ,  Т а ш к е н т с к и й  Г о с у д а р с т в е н н ы й  у н и в е р с и т е т  и м .  В .  И .  Л е н и н а )

1971. IX. 2

Работа заслушана на Международном симпозиуме макромолекулярной химии, 
Будапешт, 25—30 августа 1969 г.

1. Показано, что присутствие воды или метанола в реакционной смеси из
меняет соотношение компонентов в сополимере, и зависимость отношения О пнп 
(1956 см 'Д /О пвс (1100 см-1) от дозы облучения в растворе метанола имеет 
более плавный ход, чем в водном растворе.

2. Показана возможность использования ИК-спектроскопии для количе
ственного определения содержания поливинилпиридина в его сополимере с поливи
ниловым спиртом.

3. Исследованием растворимости, набухания и плотности привитых сополи
меров поливинилового спирта с поливинилпиридином установлено, что в ходе их 
радиационно-химического синтеза протекают процессы структурирования макро
молекул, степень которого растет с увеличением дозы облучения.

4. Показано, что плотность привитых сополимеров помимо химического со
става и дозы облучения зависит также и от природы растворителя, используемого 
при синтезе.

В последние годы привитая сополимеризация как метод направлен
ного изменения свойств полимеров получила настолько большое распростра
нение при решении различных задач в полимерной химии, что к настоящему 
времени возникает необходимость в конкретизации изучения свойств моди
фицированных полимеров в зависимости от условий синтеза. Особенно это 
относится к радиационно-привитым полимерам, так как характер радиацион
но-химических эффектов, наблюдаемых в полимерах, зависит от используе
мого диапазона доз и мощностей излучения, в которой проводится облучение 
температуры, а также от химической природы составляющих компонентов, 
Вследствие этого привитой сополимер, полученный таким способом, отлича
ется по свойствам от сополимеров, полученных другими путями [1, 2]. Ранее 
нами на примере привитых сополимеров перхлорвинила с полистиролом, 
поливинилацетатом и полиметилметакрилатом был обнаружен ряд законо
мерностей изменения свойств полученных продуктов в зависимости от усло
вий их синтеза (3—5).

В данной работе приводятся результаты исследований физико-хими
ческих свойств привитых сополимеров поливинилового спирта (ПВС) с 
поливинилпиридином (ПВП).
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Экспериментальная часть

Привитые сополимеры ПВС—ПВП синтезировали радиационно-хими
ческим способом, используя у-излучение от источника Со60. Использовали про
мышленный образец ПВС, растворимый в горячей воде, (содержание гидрок
сильных групп 28,7%) с характеристической вязкостью, равной 0,58 и плот
ностью, равной 1,300 г/см3 при 30°С. Мономер -2- винилпиридин перед 
использованием очищался от ингибитора перегонкой в вакууме при 69—71°С 
(18 мм рт. ст., п“  =  1,5490, d21 =  0,9827 г/см3). Для получения привитых со
полимеров применяли метод одновременного облучения смеси полимера и 
мономера в вакууме (при 10_3 мм рт. ст) в интервале доз облучения от 0,1 до 
10,0 Мрад при мощности дозы 8; 19; 70 рад/сек. Ставили несколько серий 
опытов, в ходе которых изменяли дозу облучения и мощность дозы, а также 
концентрацию растворителя (вода, метанол). Подробные данные по кинетике 
прививки описаны в работе (6). Для выделения привитых сополимеров, про
дукты привитой сополимеризации подвергали экстракции бензолом для уда
ления гомополимера ПВП, после чего обработкой в течении трех суток дистил
лированной водой при 75°С извлекали не вошедший в реакцию ПВС.

Образцы для получения спектров готорились по методу прессования с 
КВг (7). Запись спектров производилась на инфракрасном двухлучевом спек
трофотометре 1R 10 в областях 3700 2600 см-1 (призма из L1F), 1800—700 
см-1 (призма из NaCl) и 700 -400 см-1 (призма КВг). Для сравнения со спек
трами поглощения сополимеров приведены ИК-спектры исходных веществ— 
поливинилпиридина и поливинилового спирта. Степень набухания, теплоту 
набухания, плотность и сорбционную способность полученных продуктов 
измеряли при 25°С, методика определения которых не отличалась от приве
денной в (3—5).

Экспериментальные результаты и их обсуждение

На рис. 1 приведены ИК-спектры привитых сополимеров ПВС—ПВП, 
полученных при действии различных доз радиации на смесь ПВС — и ВП в 
растворах воды и метанола. Наличие полос поглощения, характерных для 
ПВП (3100, 3080, 3025, 1595, 1572, 1480, 1440, 1000, 790, 752 см"1) и ПВС 
(3430, 2965, 2940, 1710, 1630, 1330, 1100, 850 см-1) свидетельствует об образо
вании привитого сополимера ПВС и ПВП, причем, с увеличением дозы облу
чения растет интенсивность ПВП полос поглащения и соответственно умень
шается интенсивность полос пеглащеиня, характерных для ПВС.

Полное отнесение частот для ПВС к соответствующим видам колебания 
было сделано Криммом, Лянгом, Сатерлендом (8). Наблюдаемое заметное 
уменьшение полосы поглощения ОН-групп, связанных водородными связями, 
в привитом сополимере связано о тем, что ПВС значительную часть гидрок-
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сильных групп расходует на образование привитого сополимера с поливинил- 
пиридином. Симбатно уменьшается интенсивность полосы поглощения при 
1100 см-1, которая соответствует валентным колебаниям С—О связей ПВС. 
Полоса поглощения с частотой 1144 см-1 некоторыми авторами (9) отнесена к 
валентным колебаниям С—О связей и в кристаллических областях ПВС. Крим- 
мом, Лянгом, Сатерлендом (8) эта полоса отнесена к валентным колебаниям 
С-О-С связей, образующихся в результате сшивки цепей ПВС с выделением 
воды. Отнесение полосы поглощения 1144 см-1 к кристаллическим областям 
ПВС, сделанное (9), они считают неверным. К аналогичному выводу пришли 
и другие авторы (10).

В привитых сополимерах ПВС и ПВП полоса поглощения 1144 см-1 
отсутствует. Исчезновение данной полосы поглощения связано, повидимому, 
с тем, что в процессе прививки под действием облучения происходит разрыв 
эфирных связей между цепями поливинилового спирта. При сопоставлении
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Рис. 1. ИК-спектры привитых сополимеров 11ВС -Г1ВП: а) ПВП; Привитые сополимеры, 
полученные в растворе воды: б) Доза 0,25 Мрад; в) Доза 1,0 Мрад; г) Доза 2,0 Мрад; д) ПВС 
Привитые сополимеры, полученные в растворе метанола е) Доза 0,25 Мрад; ж) Доза 1,0

Мрад; з) Доза 2,0 Мрад
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ИК-спектров привитых сополимеров ПВС и ПВП, полученных при одной 
интегральной дозе, но в разных растворителях, видно некоторое различие в 
интенсивностях полос поглощений. Интенсивность полос поглощений, харак
терных для ПВП в привитых сополимерах, полученных в случае применения 
в качестве растворителя воды, несколько выше, чем в привитых сополимерах, 
где в качестве растворителя применен метанол. Следовательно, эффективность 
прививки ВП и ПВС в растворе воды выше, чем в растворе метанола, то есть 
вода является более эффективным растворителем, чем метанол.

Аналогичная картина наблюдается и в случае привитых сополимеров, 
полученных при одной интегральной дозе и разных концентрациях раствори
теля. В этом случае ИК-спектры привитых сополимеров идентичны, однако, 
интенсивность полос поглощения привитого ПВП выше там, где в качестве 
растворителя была взята вода.

Полоса поглощения 1596 см-1 очень чувствительна к содержанию ПВП 
в привитом сополимере. Поэтому эта полоса поглощения была использована 
нами, как аналитическая, для количественного определения привитого гомо
полимера по ИК-спектрам.

Зависимость отношения оптических плотностей полос поглощения 
1596 см-1 (ПВП) и 1100 см-1 (ПВС) от общей дозы облучения приведена на 
рис. 2 (а, б). Как видно из рисунка, присутствие метанола в смеси дает более 
п л а в н о е  увеличение содержания ПВП в сополимере, чем присутствие воды. 
Для получения привитого сополимера ПВС с ВП в водном растворе с содер
жанием привитого ПВП 75—80% достаточно общей дозы облучения 1 Мрад, 
в то время как в растворе метанола этот предел увеличивается до 4 Мрад.

Зависимость отношения оптических плотностей вышеуказанных полос 
поглощения от содержания ПВП, определенного гравиметрическим методом, 
дает возможность количественного определения процентного содержания 
ПВП в сополимере по ИК-спектрам (рис. 2, в).

Линейная закономерность данной зависимости показывает, что с увели
чением содержания привитого полимера в сополимере линейно увеличивается 
интенсивность полос поглощения, характерных для ПВП.

Как известно, одним из характерных свойств привитого сополимера 
является его растворимость, на которую кроме химического строения замет
ное влияние оказывает метод синтеза. Оказалось, что синтезированные нами 
привитые сополимеры ПВС—ПВП не растворяются в воде и разбавленных 
водных растворах минеральных кислот, хлорированных и ароматических 
углеводородах, спиртах и кетонах, а также в диметилформамиде, диоксане, 
пиридине, бензиловом спирте и др. Подобное поведение привитых сополи
меров могло быть объяснено тем обстоятельством, что компоненты сополимера 
резко отличаются друг от друга по растворимости. Однако использование 
смесей растворителей гомополимеров, составляющих основные и привитые 
боковые цепи, а также растворителей промежуточного типа, в частности
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бензилового спирта, в молекулах которого наряду с бензольным кольцом со
держатся и полярные гидроксильные группы, не привело к желаемым резуль
татам. Эти исследования свидетельствуют о протекании под действием 
ионизирующего излучения процессов сшивания макромолекул привитого 
сополимера в ходе его синтеза с образованием структурированной трехмер
ной сетки.

ДОЗА МРАД

Рис. 2. Зависимость отношения оптических плотностей полос поглощения 1596 см-1 (ПВП 
и 1100 см -1 (ПВС) от общей дозы облучения (а, б) и от содержания ПВП в сополимере (в) 
а—в растворе воды; б—в растворе метанола; -о— в растворе воды; -х— в растворе метанола

Из литературных данных известно, что ПВП относится к сшивающимся 
под действием излучения полимерам (11). Относительно же ПВС имеются 
противоречивые сведения, когда речь идет об облучении его в твердом виде, 
но в присутствии воды он сшивается с образованием геля (12). В связи с этим 
представляло интерес исследование набухания привитых сополимеров ПВС— 
ПВП в различных растворителях, в качестве которых были выбраны бензол, 
бензиловый спирт и смесь воды и метанола в соотношении 1:1.

Из данных, представленных на рис. За видно, что по мере увеличения 
содержания ПВП в привитых сополимерах набухаемость их в вышеуказанных 
растворительях повышается. Причем наименьшая степень набухания на
блюдается в бензоле, вследствие отсутствия его сродства к ПВС. В смеси 
воды и метанола, являющихся растворителями ПВС и ПВП, степень набуха
ния больше, чем в бензоле, а в бензиловом спирте является средней между 
степенью набухания в бензоле и смеси воды и метанола. Это обусловлено при
сутствием в его молекулах бензольных ядер и гидроксильных групп, что 
обеспечивает сродство и к ПВС и ПВП. Но при высоком содержании ПВП в 
сополимере ( ~  70—80%) набухание в нем резко увеличивается.

Из рисунка 36 следует, что для привитых сополимеров, составы кото
рых близки между собой (78, 05; 78, 20; 78, 69; 79, 80% ПВП), степень набу
хания уменьшается с увеличением дозы облучения, при которой они синтези
ровались. Такая закономерность имеет место в случае всех вышеуказанных
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растворителей и свидетельствует о протекании процессов сшивания макро
молекул привитого сополимера при его синтезе. Причем с увеличением дозы 
облучения степень сшивания возрастает. Тем самым эти результаты подтвер
ждают данные по растворимости полученных привитых сополимеров.
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Р ис. 3 . Зависимость равновесной степени набухания от содержания (а) привитого сополи 
мера и от общей дозы облучения (б): 1 — бензиловый спирт; 2 — смесь метанол-вода (1 : 1);

3 — бензол

На основании вышеизложенного следует полагать, что характер радиа
ционно-химических эффектов будет влиять и на другие физико-химические 
характеристики радиационно-привитых сополимеров, и в частности на их 
плотность. Хорошо известно, что ПВС относится к полимерам с плотной упа
ковкой макромолекул, связанной с наличием межмолекулярных водородных 
связей. Прививка к нему ПВП, имеющего объемные боковые группы, очевид
но должна привести к разрыхлению структуры исходного полимера. Действи
тельно, данные рис. 4 а подтверждают это. В то же время, помимо химического 
состава, видно влияние природы растворителя, в присутствии которого прово
дится реакция прививки. Вода, являющаяся растворителем ПВС, по сравне
нию с метанолом в большей степени разрыхляет его структруру, т. е. вода в 
большей степени разрыхляет надмолекулярные структуры полимера, прони
кая не только между ними, но и внутрь структур. Очевидно, поэтому приви
той сополимер, полученный в присутствии воды обладает несколько меньшей 
плотностью. Помимо этого данные рис. 4 б указывают на рост плотности при-
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витых сополимеров, имеющих близкий состав, но синтезированных при раз
ных дозах. Этот факт также можно интерпретировать как свидетельство уве
личения степени структурирования на это свойство.

ЛОЗА, МРАД

Рис. 4 . Зависимость плотности привитых сополимеров от содержания (а) и от общей дозы 
облучения (б): 1 — образцы, полученные в растворе метанола: 2 — образцы, полученные в

растворе воды

10 20 30 40 50 60 70 80 90
СОДЕРЖАНиЕ ПВП •/.

Рис. 5. Зависимость теплоты набухания от состава привитого сополимера.

Рис. 6. Изотермы сорбции паров воды привитыми сополимерами, 1 — ПВС; 2 — 23,57%
ПВП; 3 — 67,47% ПВП
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Различие в теплотах набухания привитых сополимеров, имеющих близ
кий состав и синтезированных при разных дозах облучения, было незначи
тельным, очевидно вследствие небольших тепловых эффектов, сопровожда
ющих процесс набухания. В том случае, когда содержание ПВП в сополи
мере повышалось, теплота набухания (рис. 5) уменьшалась по сравнению с 
исходным ЛВС.Такая же картина наблюдается и в изменении сорбции паров 
воды (рис. 6) привитыми сополимерами, т. е. имеет место определенная кор
реляция данных по теплотам набухания в воде и сорбции паров воды привиты
ми сополимерами.

SUMMARY

It has been shown that in the presence of water or methanol in the reaction mixture the 
ratio of components in the copolymer changes, and the dependence of D p v p ( 1596 c m 1)/  
I(D p v a (1 1 0 0  cm-1) on the irradiation dose in methanol is smoother than in water.

The possibility of quantitative determination of poly(vinylpyridine) in its copolymer 
with poly(vinyl alcohol) by means of IR spectroscopy has been demonstrated.

Studies on the solubility, swelling and the density of PVA—PYP graft copolymers 
have revealed that in the course of radiation chemical copolymerization the macromolecules 
undergo structuration to a degree increasing with increasing irradiation dose.

It has been shown that, in addition to the chemical composition and irradiation dose, 
the density of graft copolymers depends also on the nature of solvent used in the synthesis.
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RECHERCHES DANS LE DOMAINE DES 
POLYPHÉNYLACÉTYLÈNES DE POLYCONDENSATION

( I I )

C r . S i m i o n e s c u  e t  S .  V a s i l i ü

( I n s t .  P o ly techn ique , J a s s y ,  R o u m a n ie )

Reçu le 14 Septembre, 1971

Une étude systématique a été effectuée sur [14] dérivés halogénures en vue d’établir 
leur activité catalytique dans la réaction de polycondensation du phénylacétaldéhyde 
donnant des polyphénylacétylènes à structure régulière.

La conversion de la phénylacétaldéhyde varie avec la nature du catalyseur, ce 
qui permet d’établir la série de l’activité catalytique suivante: SnCl4 >  ZnCl., >  BF3 >  
>  SbCl5 >  FeCl3 >  TiCl4 ^  HgCl2 >  Â1C13 >  SnCl2 >  CoCl2 >  NiCL >  MgCl2 >  CdCl2.

Les polymères synthésisés possèdent des poids moléculaires élevés par rapport 
aux polyphénylcétylènes de polymérisation. On a envisagé aussi l’influence du cata
lyseur sur le degré moyen de polycondensation.

Les déterminations de la structure des polyphénylacétylènes de polyconden
sation ont été effectuées par voie chimique aussi que par spectroscopie IR, ce qui nous 
a conduit à la configuration (ro/is-alcénique de ces polymères.

Les propriétés électrophysiques envisagés par des spectres RPE et par la déter
mination de la conductibilité électrique et celle de l’énergie d’activation situent les 
polyphénylacétylènes de polycondensation dans le domaine des polymères semicon
ducteurs de propriétés satisfaisantes (1015—1019 spin/g, a  =  10“ 15—10~12 Q ~ l cm-1, 
E a  =  0,98—2,1 eV).

L’analyse thermique différentielle montre, que les polyphénylacétylènes obtenus 
par la polycondensation du phénylacétaldéhyde sont des polymères à stabilité thermique 
remarquable.
D ans u n e  n o te  an té rieu re  [1], nous avons p résen té  quelques ré su lta ts  

su r la p o ly co n d en sa tio n  du  p h én y lacé ta ld éh y d e  en présence du ch lo ru re  de 
zinc, (et ré a c tio n  a é té  effectuée p o u r  o b te n ir  des p o lyphény lacéty lènes à 
s tru c tu re  régu lière .

O n co n tin u e  ces recherches en v u e  d ’env isager la possibilité d ’u tilise r  
d ’au tres  ha logénures m éta lliques dans la réac tio n  de po lycondensation  des 
com posés carb o n y liq u es. Ces ré su lta ts  o b ten u s  que nous allons p ré sen te r ici 
p e rm e tte n t de t i r e r  certa ines conclusions se r a p p o r ta n t  à l’ac tiv ité  c a ta ly tiq u e  
de ces ha logénures.

Selon Y .  A. K a r g i n  e t ses co llab o ra teu rs , il est possible d ’ob ten ir ce rta in es  
po lym ères acé ty lén iq u es  en ch au ffan t l’acé ty lad éh y d e , l’acétone ou l’acéto - 
phénone avec ZnCl2, BeCl2 e t TiCl, [2, 3].

Nos recherches o n t t ra ité  l’a c tiv ité  c a ta ly tiq u e  des halogénures su iv a n ts : 
MgCI2, ZnCl2, CdCl2, HgCl.,, B F 3, A1C13, SnCl2, SnCl4, TiCl4, SbCl3, FeCl3, CoCl, 
e t NiCl2.

Les conclusions co n cern an t l’ac tiv ité  de ces halogénures dans la réac tio n  
de p o ly co n d en sa tio n  du  p h én y lacé ta ld éh y d e  o n t é té  tirées  de l’é tude  de la 
s tru c tu re  e t des p ro p rié té s  é lec trophysiques des po lym ères syn thétisés.
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P o u r les ha logénures h y d ra té s , le p rocédé de d é sh y d ra ta tio n  p a r  c h a u f
fag e  d an s l’a tm o sp h ère  de chlore a é té  su iv i, conform ém ent au x  in d ica tio n s des 
do n n ées b ib liog raph iques. P a r  c e tte  m an iè re , on a o b ten u  les ch lo ru res a n 
h y d re s  de m agnésium  [4], de cadm ium  [5], le ch lo ru re  s ta n n e u x  [6], le ch lo ru re  
de c o b a lt [7] e t de n ickel [8],

Les m êm es cond itions ex p érim en ta les  o n t été u tilisées, que dans le cas 
d u  ch lo ru re  de zinc. Les po ly co n d en sa tio n s o n t é té  ainsi réalisées p a r  le p rocédé 
de b lo c , tra v a illa n t en tu b e  ferm é, dan s l’a tm osphère  d ’azo te , dans u n e  co n 
c e n tra tio n  de 0,2 m ole ha logénure /m ole  m onom ère, à la  te m p é ra tu re  de  
230 °C; la  durée de réac tio n  é ta n t  18 heures.

P o u r  pu rifie r les p o ly p h én y lacé ty lèn es synthésisés ils o n t é té  d issous 
d a n s  le  benzène e t p réc ip ités  ap rès p a r  l ’alcool m éthy lique.

Les degrés de la  conversion p o u r la  po lycondensation  d u  p h é n y la c é t
a ld é h y d e  avec p lusieu rs ca ta ly seu rs  (m êm e concen tra tio n , te m p é ra tu re , e t 
d u ré e  de réaction ), so n t rassem blés d an s le T ab leau  I.

Tableau I

N o
crt. Catalyseur

Conversion
%

1 SnCl4 94,25
2 ZnCl2 93,06
3 b f 3 90,74
4 SbCl., 89,00
5 FeCl3 80,71
6 TiCl4 67,54
7 HgCl2 66,97
8 A1C13 62,38
9 SnCl, 53,45

10 CoCl2 49,21
11 NiCl2 42,00
12 MgCl2 38,79
13 CdCI2 12,07

L e T ab leau  m o n tre  l’a c tiv ité  c a ta ly tiq u e  su iv an te : SnCl4 >  ZnCi2 >  
>  B F .f >  ShCl5 >  FeC l3 >  TiCl, ~  H gC l, >  A1C13 >  SnCl2 >  CoCl2 >  
NiCL >  MgCl2 >  CdCL.

L a p o lycondensa tion  du  p h én y lacé ta ld éh y d e  se déroule selon le m éca
n ism e  classique des réactions p ro to n ca ta ly sées  de condensation , spécifique 
a u x  com binaisons carbony liques. L ’a c tiv ité  ca ta litiq u e  des halogénures se 
t r a d u i t  p a r  la fo rm a tio n  des com plexes de coord ination  avec les m onom ères
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carb o n y liq u es. C ette  proprié té  s’en su it de F au g m en ta tio n  de la ré a c tiv ité  d u  
groupe ca rb o n y l e t du  d é tach em en t des hydrogenes devenus labiles d u  Ca. II 
se form e a insi des carbanions ac tifs  qu i in itie n t le processus de p o ly co n d en 
sa tio n , avec la  fo rm atio n  in te rm éd ia ire  des com poses aldoliques, d ’ap res  le 
schem a su iv a n t:

0 |  MeX <-)|0 | — MeX 
1II ( - >

H 2C - C H
1

C H - C H  =  0 | -  M eX
1

H 2C -  CH -  CH -  CH =  01—-MeX.
1 1 H\

Л  + 0 У \  y \  
1 1 1

\ / \ / Ч / 4 /
HO

I
MeX

y \
! II I II
4 /  \ /

dim ere  к s t ru c tu re  
aldolique

H 2C —CH =  C —CH =  O i — MeX

+  H o O M e X

M eX  =  ha logénure  
m é ta l l iq u e

L ’halogénure  h y d ra té , qui se fo rm e dan s la  réac tio n  n ’est pas s tab le  e t se 
décom pose re fa isa n t le sel libre, c ap ab le  d ’ac tiv e r de nouveau  le m onom ère . 
L a réac tio n  con tinue  su r le co m p te  des carban ions com plexés en ré a lisa n t 
l ’au g m en ta tio n  de la chaîne d ’h y d ro c a rb u re  avec une s tru c tu re  po ly én iq u e  
conjuguée.

Les ré su lta ts  confirm en t l’efficac ité  des halogénures m éta lliques d an s  le 
p rocessus de la  po lycondensation  e t p ré se n te n t de nouvelles possib ilités de 
l’u tilisa tio n  de ces ca talyseurs.

Les p o lyphény lacé ty lènes sy n th é tisé s  son t com plètem en t solubles dan s 
les so lven ts o rgan iques h ab itue ls: benzène , to luène , chloroform e, acé to n e , di- 
m é th y lfo rm am id e  e t insolubles dans les alcools, pé tro le  é th e r, l ’eau , les h y d ro 
carbu res no rm ales.

Les po lym ères se p ré sen ten t en fo rm e de poudres. L eurs couleurs v a r ie n t 
d u  ja u n e  pâ le  au  m arro n  foncé, selon la  n a tu re  du  ca ta ly seu r. Les te m p é ra tu re s  
de fusion se tro u v e n t dans l’in te rv a lle  de 78°— 185 °C (T ableau  II) .

A fin  d ’é ta b lir  la  s tru c tu re  des po ly p h én y lacé ty lèn es de p o ly co n d en sa tio n , 
on a d é te rm in é  p rem ièrem en t leu rs poids m oléculaires m oyens. P a r  c e tte  
m an ière , l ’in fluence  du  ca ta ly seu r su r  le degré m oyen de p o ly co n d en sa tio n  
p o u v a it ê tre  é tud iée . Les d é te rm in a tio n s  o n t é té  effectuées p a r  cryoscop ie , 
dans le benzène. Les données so n t consignées dans le T ab leau  I I I .

O n co n s ta te , que dans les réac tio n s  catalysées p a r  SnCl4, H gCl2, ZnCl2, 
SbCl2, CoCl2, B F 3, TiCl4, AlClg e t SnCl2 le degré m oyen  de p o ly co n d en sa tio n
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Tableau II

Certaines earactéristiques des polyphénylacétylénes de polycondensalion

N o
crt. Catalyseur Couleur du polym ére

Température 
de fusion, °C

1 SnCl4 m arron foncé 185
2 ZnCL jaune pále 138
3 BF3 jaune intense 126
4 SbCl5 m arron 135
5 FeCl3 m arron foncé 148
6 TiCl4 jaune intense 140
7 HgCl2 m arron foncé 160
8 A1C13 jaune pale 121
9 SnCl, jaune intense 137

10 CoCl2 jaune 84
11 NiCl, jaune 79
12 MgCl., jaune 80
13 CdCL, jaune 78

Tableau II I

N o
crt. Catalyseur

D egré m oyen  
de polycond.

Calculé % Trouvé %

C H c H

1 SnCl4 15 9 3 ,0 2 5,94 92,81 93,00 5,52 5,66
2 HgCl, 15 9 3 ,0 2 5,94 92,47 92,87 5,33 5,17
3 ZnCl2 14 92,94 5,94 91,67 92,34 5,61 5,38
4 SbCl5 13 92,85 5,95 92,46 91,90 5,26 5,85
5 CoCl2 10 92,48 5,97 88,94 89,37 5,50 5,56
6 BF3 9 92,30 5,98 90,25 92,14 5,36 5,40
7 TiCl4 9 92,30 5,98 91,50 92,20 5,64 5,50
8 A1C13 9 92,30 5,98 89,33 90,00 5,78 5,23
9 SnCl2 9 92,30 5,98 91,33 92,10 5,66 5,82

10 FeCl3 8 92,08 5,99 91,81 92,04 5,86 5,37
11 MgCl2 7 91,80 6,01 90,50 90,71 5,80 5,93
12 NiCl, 5 90,90 6,06 90,02 90,84 6,01 5,81
13 CdCl2 5 90,90 6,06 89,42 89,98 5,61 5,87

v a rie  en tre  9 e t 15, v a le u rs  com parab les à celles, ob tenus p a r  P au sh k in  dans 
la p o lycondensa tion  de l’acéty lferrocène [9, 10, 11].

P o u r les q u a tre  halogénures su iv a n ts : FeC l3, MgCl2, NiCl2 e t CdCl2, le 
degré m oyen de po lyco n d en sa tio n  est de m êm e o rd re  de g randeur, que celui
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des po lym eres p h én y lacé ty len iq u es, ob tenus dans les reac tions de p o lym eri
sa tion  [12, 13, 14].

Ces ré su lta ts , ainsi que  ceux de l’analyse ch im ique  (T ab leau  I I I )  e t des 
spectres IR  son t en bonne co rre la tion , con firm an t la s tru c tu re  a ttr ib u é e  ä ces 
polym eres. Les po ly p h én y lacé ty len es ob tenus du  p h én y lacé ta ld éh y d e  p a r  p o ly 
condensation  o n t des s tru c tu re s  régulieres, a y a n t des groupes m é thy lén iques 
e t carbony ls au x  ex trém ités  de la  chaíne m acrom oléculaire:

H ..C-
I

I

CH =  с
I

сн = о

/ \
п  — 1 15

F ig . 1. Spectre infrarouge des polyphénylacétylenes de polycondensation

Les spectres IR  o n t é té  enreg istrés p a r  un  sp ec tro p h o to m e tre  de ty p e  
P erk in  — E lm er, en K B r.

On c o n s ta te  que to u s les spectres son t id en tiq u es, co n firm an t, que la  
n a tu re  du  ca ta ly se u r n ’in fluence  pas la  s tru c tu re .

D ans les spectres a p p a ra issen t to u tes  les ab so rp tio n s  carac téris tiq u es au  
n o y au  b enzen ique  m o n o su b stitu é . A insi rem arq u e-t-o n  dans la  région 3020 — 
3080 c m ” 1 les b an d es d ’ab so rp tio n  des v ib ra tio n s, v a r (C— H ), la  b an d e  de 
3020 c m ” 1 é ta n t  fo n d am en ta le .

E n tre  690— 750 c m ” 1 on rem arq u e  les b andes de v a r (C— H) correspon
d e n t au x  a to m es d ’hydrogene, restés dans le n o y au  su b s titu é .

Les b an d es  se tro u v a n t  en tre  1440 c m ” 1 e t 1590 c m ” 1 son t a ttr ib u é e s  
au x  v ib ra tio n s  de гад(С-*-С). Les absorp tions de 1440 c m “ 1 e t 1490 c m “ 1 son t 
dues ä la scission de la  v ib ra tio n  doub lem ent dégenérée á une fréquence de 
1485 c m ” 1, spécifique au  n o y au  benzenique. C ette  scission est ca rac té ris tiq u e  
au x  com posés m o n o su b stitu és . E lle  es t dé term inée  p a r  la  d isp aritio n  de la  
sym étrie  m oléculaire  [15].
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Les bandes de ce dom aine  in d iq u e n t aussi la  co n juga ison  du  noyau  
a ro m a tiq u e  avec les lia isons C = C  du  systhèm e conjugué o u v e rt e t avec le 
g ro u p em en t C = 0 .  C e tte  con jugaison  en tra în e  l’au g m e n ta tio n  de l’in ten sité  
de  la  b an d e  située à 1570 c m -1 [15].

P a r  suite de c e tte  con jugaison , les v ib ra tio n s  de va lence  j»C=C du 
sy s tè m e  conjugué a lip h a tiq u e  e t les v ib ra tio n s  de la liaison = C H  v iny lique  se 
su p e rp o sen t à celle d u  n o y au  a ro m a tiq u e .

L e group ca rb o n y l qu i se tro u v e  à l’ex trém ité  de la  ch a în e  m acrom olé
cu la ire  s’identifie  p a r  la  v ib ra tio n  p C = 0  (1680— 1700 c m '1) e t p a r  la  v ib ra tio n

Fig. 2. Spectre R P E  des polyphénylacétylènes de polycondensation

de la  liaison rC H  de l’a ld éh y d e  de 2900 c m -1 . De m êm e, la v ib ra tio n  des liaisons 
rC H  d u  groupem ent C H 2 te rm in a l se situe  à la  m êm e fréquence  (2900 c m -1), 
les b an d es  respectives se su p erp o san t.

Les Spectres I R  p e rm e tte n t aussi de tire r  certa ines conclusions relatives 
à la  configura tion  s té riq u e  des po lyphén y lacé ty lèn es de po lycondensation , 
g râce  au x  bandes d ’in te n s ité  m oyenne de 1150— 1170 c m -1 , carac téris tiq u es 
a u x  v ib ra tions de d é fo rm a tio n  dans le p lan  de la  liaison C—H  trans-alcériiques 
[15]. O n a ttrib u e  a in si au x  p o lyphény lacé ty lènes de po ly co n d en sa tio n  une 
s t ru c tu re  transa lcén ique.

Les p o lyphény lacé ty lènes p e u v e n t ê tre  considérés com m e des polym ères 
sem iconducteurs.

A fin de c a rac té rise r  la structure électronique et les propriétés semicon- 
ductrices on a en reg is tré  des spectres R P E . Ils son t en co rré la tio n  avec les 
r é s u lta ts  m o n tra n t la  v a r ia tio n  de la  co n d u c tib ilité  é lec triq u e  avec la  te m 
p é ra tu re .

Les spectres R P E  o n t été en reg istrés p a r  u n  sp ec tro m ètre  de ty p e  E — 12 
E P R  Y A R IA N , U .S .A . P o u r to u te s  les p reuves, les spectres R P E  p ré sen ten t 
u n  signal é tro it, sy m é triq u e , de ty p e  sin g le tte  sans s tru c tu re  h y p erfin e .
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L a c o n c e n tra tio n  de spin a été d é te rm in ée  p a r  com para ison  avec l’é ta lo n  
de g rap h ite , a y a n t  u n e  co n cen tra tio n  de 3 • 1015 spin/g  e t u ti l is a n t la  m é th o d e  
de la  double  in té g ra tio n  g raph ique des su rfaces. Les données t r a i ta n t  du  p a r a 
m agnétism e des po lyphén y lacé ty lèn es de p o ly co n d en sa tio n  so n t consignées 
d ans le T ab leau  IV .

Tableau TV

Tableau synoptique des caractéristiques électrophysiques des polyphénylacétylènes de polyconden
sation selon la nature du catalyseur

N o
crt. Catalyseur

Spectres R P E  

sPm/0  ; (gauss)

C onductibilité  
spécifique 

oh m -1  c m -1

Energie
d ’activation

eV

1 SnCl4 1,631 1018 8,76 2 ,4 1 0 - 13 1.5

2 ZnCl2 2,686 1019 8,3 1,4 1 0 - 13 1,41
3 b f 3 2,296 1019 8,8 8 ,0 10“ 15 1,26
4 SbCl5 1,846 1018 8,9 2 ,0 I O - 1 2 1,32
5 FeCl3 1,640 1018 8,25 1,0 1 0 -u 1,75
6 TiCl4 6,994 1016 7.25 4,17 1 0 - 14 1,4
7 HgCl2 1,56 1018 8,2 4,0 10 - 15 2,1
8 A1C13 5,80 1018 7,5 1 ,3 1 0 - 14 1,77
9 SnCl2 9,55 1018 8,8 1,13 1 0 '13 1,27

10 CoCl2 1,02 1018 6,3 2,1 1 0 - 14 1,46
11 NiCl2 7,30 1015 9,2 2,51 1 0 -u 1,12
12 MgCb 4,63 1015 8,8 9,09 1 0 - 14 0,98

O n rem arq u e , q u e  les p ro d u its  se tro u v e n t dans le dom aine  des po lym ères 
sem ico n d u cteu rs , p o u r  lesquels les spec tres  R P E  p ré se n te n t u n  con tenu  de 
1015— 1022 sp in /g  [16]. V ers la lim ite  in fé rieu re  de ces v a leu rs  se s itu e n t les 
p o ly p h én y lacé ty lèn es o b ten u s avec NiCl2 e t MgCl2.

La conductibilité électrique a été d é te rm in ée  p a r  la  m esure de la  rés is tan ce  
é lec triq u e  dans l’in te rv a lle  de te m p é ra tu re  23°— 149 °C su r des ta b le tte s  
com prim ées, fa ites a u x  pressions d ’a p p ro x im a tiv e m e n t 10 t/c m 2. Les ré su lta ts  
o b ten u s in d iq u e n t q u e  la  loi exponentie lle  des sem iconducteu rs est respectée: 
a =  a 0 ■ e( ' .

O n a d é te rm in é  dès courbes log a =  /(1 /T ) . Les v a leu rs  de l’énergie 
d ’ac tiv a tio n  o n t é té  com parées au x  ré su lta ts  o b ten u s p a r  la  m éthode R P E , 
en v u e  d ’é ta b lir  la  co rré la tion  en tre  la  c o n cen tra tio n  en  sp in  e t la  con
d u c tib ilité  é lec triq u e  d u  polym ère. Les v a le u rs  de la  co n d u c tib ilité  spécifique 
e t de l ’énergie d ’a c tiv a tio n  son t consignées d an s  le T ab leau  IV .

On observe en  général que, au x  co n cen tra tio n s  de sp in  re la tiv e m e n t 
faib les co rresp o n d en t des énergies d ’a c tiv a tio n  p lus élevées e t inversem en t, ce 
qu i p ro u v e  q u ’il y  a u n  ra p p o rt d irect e n tre  le nom bre  des é lectrones libres e t
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Fig. 3. V ariation de la conductibilité électrique avec la tem pérature selon la nature  du catalyseur 
1 -  SnCl4; 2 -  ZnCl2; 3 — B F3; 4 -  SbCl5; 5 — FeCl3; 6 -  TiCl4; 7 -  HgCl.,; 8 -  A1C13;

9 — SnCl2; 1 0  -  CoCl2; 11  -  NiCl2; 1 2  -  MgCl2

la  co n d u c tib ilité  é lec trique . Selon les va leu rs ob ten u s (cr =  1 0 -15— 1 0 -12 
Q ~ x • c m -1 ), les po ly p h én y lacé ty lèn es de p o lycondensa tion  que nous avons 
é tu d ié s  se c lassen t p a rm i les po lym ères sem iconducteurs de c a ra c té ris tiq u e s  
sa tis fa isan te s .

P o u r fa ire  la  com paraison , nous p résen to n s u n  ta b le a u  c o m p re n a n t les 
c a rac té ris tiq u es  élec trophysiques de p o ly p h én y lacé ty lèn es o b ten u s p a r  d iv ers  
a u te u rs . (T ableau  Y.)

P o u r ca rac té rise r les propriétés thermiques, on a en reg is tré  les s ta b ili té s  
des po lym ères o b ten u s , dans ’in te rv a lle  de tem p érâ t!  re 20°— 900 °C. Les an-

Tableau V

Auteur
R P E

spiu/g
(T

ohm 1 cm -1
E A

(eV)

О к а м о т о  [1 7 ] — 10“ 16 0 ,4 8

SCHA N TA ROW ICH  [1 4 ] 1017— 3  • 1 0 19 — —

B e r l i n  [1 8 — 2 0 ] 2 ,4  ■ 1 0 17— 3 ,4  • 1 0 19 3 • 1 0 - 1 9 — 3 • 1 0 - 1B 1 ,1 — 1 ,4

S i m i o n e s c u , C r ., 101R— 1 0 17 10- 1 » _ 1 0 - 13 0 , 1 8 9 - 0 , 0 5 5

D u m i t r e s c u , S v . [1 2 ]

Nos propres données 1015— 1 0 19 4  • 1 0 - 15— 2 • 1 0 - 12 0 ,9 8 — 2 ,1

Acta Chim. (Budapest) 74, 1972



SIMIONESCU, V ASILIU : POLYCONDENSATION (II) 469

9 0 0 -

Fig. 4. Courbes d’analyse therm ique differentielle du polyphénylacétylene de polycondensation

re g is tre m e n ts  o n t  é té  e ffec tu és  p a r  u n  a p p a re il  de ty p e  P a u l ik  F ., P a u l ik  J . ,  
E r d e y  L .,  MOM B u d a p e s t .

Les po ly p h én y lacé ty lèn es de po ly co n d en sa tio n s p ré sen ten t une s ta b ili té  
th e rm iq u e  re m arq u ab le , les pertes de po ids ne com m encen t q u ’à p a r t i r  de
230°— 320 °C.

D ans le p rocessus de th e rm o d e s tru c tio n  deux  p lus im p o rtan te s  é tap es  
ap p a ra ise n t qui se s itu e n t dans les dom aines su iv an ts :

I re é tap e : 230— 512 °C
I I e é tap e : 435— 820 °C
P o u r les d eu x  é tap es la c in é tiq u e  de la d e s tru c tio n  a été é tu d iée  à 

l’excep tion  des po lym ères ob tenus en  p résence  de SnCl4 e t SbCl5 p our lesquels 
on n ’a p u  é tu d ie r  que  la  deuxièm e p h ase  du  processus destru c tif. Les p a r a 
m ètres c inétiques o n t é té  calculés p a r  la  m éthode  F r e e m a n — Carrol  [21].

Les données de l’analyse th e rm iq u e  d ifféren tie lle  son t consignées dan s 
le T ab leau  V I.

P o u r  la I rc é ta p e  l’ordre de ré a c tio n  est com pris en tre  0,4— 0,9, e t 
l’énergie d ’ac tiv a tio n  e n tre  17— 35 kcal/m ole .

P o u r  ce qu i e s t de la I I e é ta p e , qu i se s itu e  dans le dom aine des 
te m p é ra tu re s  élevées, elle est carac térisée  p a r  un  p u issa n t effet ex o th erm iq u e .
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Tableau VI

Les données de Vanalyse thermique differentielle

N o
crt. Catalyseur

Ire Etape I I е Etape

Tem p.
°C

Pertes
%

Ordre de 
réact.

Energie
d ’a ctiv .

(kcal/m ole)
Temp.

°C
Pertes

%
Ordre de 

réact.

Energie
d’activ.

(kcal/m ole)

1 SnCl4 320—512 22,50 — — 512—820 70 1,2 68,32
2 ZnCl2 240—484 48,43 0,9 35,00 484—723 51,57 1 55,27
3 BF3 244—440 22,84 0,7 29,38 440—700 57,36 1 44,26
4 SbCl5 296—470 12,50 — — 470—693 80,25 1 59,46
5 FeCl3 260—456 20,60 0,6 22,29 456—726 75,88 1,7 37,20
6 TiCl4 285—450 25,77 0,6 17,41 450—716 62,88 1 24,14
7 HgCI2 264—470 23,23 0,8 21,18 470—740 70,20 1,7 32,51
8 A1C13 260—477 33,18 0,4 23,03 477—698 66,72 1,3 43,98
9 SnCl, 275—435 18,46 0,8 26,11 435—730 71,75 0,9 29,38

10 CoCl, 248—460 35,78 0,9 28,97 460—664 59,00 1 65,12
11 NiCL 234—480 59,47 0,9 24,11 480—540 33,63 0,8 56,74
12 MgCl, 230—480 59,57 0,9 21,78 480—638 29,25 1 77,01

L ’o rd re  de reac tio n  v a r ié  en tre  0,8— 1,7 e t l ’énergie d ’a c tiv a tio n  est de 24— 77 
k ca l/m o le .
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Catalytic reduction of 2-carbethoxycyclopentanone (V) w ith R aney nickel 
cata lyst in ethanol as well as reduction w ith sodium borohydride and subsequent 
fractional distillation of the resulting cis- and írans-2-carbethoxycyclopentanol (VI, VII) 
gave gas-chrom atographically homogeneous products.

The analogous reductions of 2-carbethoxycycloheptanone (XIII) yielded a 
m ixture of cis- and trans-2-carbethoxycycloheptanol (XIV, XV) as shown by  gas- 
chrom atographical and p reparative evidence, contrary to  a recent publication [13] 
according to  w hich the product of these reactions was stereohomogeneous cis-2- 
carbethoxycycloheptanol (XIV). The cis- and trans-isomers (XIV, XV) were successfully 
separated by fractional distillation.

In  th e  course o f o u r s tu d ies  [1-4 ] on th e  s te reo ch em is try  an d  confor
m a tio n a l p roblem s o f com m on-m em bered  alicyclic sy stem s an d  aim ing a t  th e  
e lu c id a tio n  of th e  m echan ism  of som e reactions of cyclic am inoalcohols and  
re la te d  com pounds, well rep roduc ib le  syntheses o f cis- an d  irures-cyclopen- 
tano l-2 -carboxy lic  acid  (L II) an d  o f cis- and  írans-cyclohep tano l-2 -carboxy lic  
acid  (III, IV) were req u ired , su itab le  for th e  p re p a ra tio n  o f la rg e r q u an titie s  of 
th ese  com pounds. T h e  syn thesis  o f th e  re la ted  cis- a n d  irem s-l-te tra lo l-2 - 
carboxy lic  acid w as re p o rte d  earlie r [5, 6].

T he syn thesis  o f cis- an d  tran s-2 -ca rb e th o x y cy c lo p en tan o l (VI, VII) 
an d  cis- an d  íran s-cyc lopen tano l-2 -carboxy lic  acid (I, II), as well as th e  d e te r
m in a tio n  o f th e ir  con fig u ra tio n s w as ach ieved  b y  P a s c u a l  an d  Ca s t e l l s  [7]. 
A m ix tu re  of cis- an d  íran s-2 -ca rb eth o x y cy c lo p en tan o l (VI, VII) o b ta in ed  b y  
ca ta ly tic  red u c tio n  o f 2 -ca rb e th o x y cy c lo p en tan o n e  (V) w ith  A dam s P t 0 2 
c a ta ly s t was sep a ra ted  b y  a ted io u s frac tio n a l c ry s ta lliz a tio n  o f th e ir  3,5-di- 
n itro b en zo a tes . In  our experience th is  m ethod , w hich , accord ing  to  recen t 
l ite ra tu re  d a ta  [8] has been  in  c u rre n t use, is tim e-consum ing  an d  gives v e ry  
poor yields, especially  of th e  trans isom er iso la ted  from  th e  m o th e r liquors. 
R ecen tly  M ö h r l e  a n d  B a u m a n n  e lab o ra ted  a con tin u o u s c o u n te rcu rren t d is
tr ib u tio n  m eth o d  fo r th e  se p a ra tio n  of cis- an d  írons-2 -carbethoxycyclo -

* P a rt X : B e r n á t h , G., L á n g , К . L., K ovács, К ., R a d ic s , L.: A cta Chim. Acad. Sei. 
H ung. 73, 81 (1972)

** As P a rt I  of this Series is regarded: R e r n á th , G., So h á r , P., L á n g , К. L., T o r n y a i, 
I., K ovács, Ö. К . J .: A cta Chim. Acad. Sei. Hung. 64, 81 (1970)
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p e n la n o l [9]. F o r th e  p re p a ra tio n  o f stereohom ogeneous V I an d  V II in larger 
q u a n titie s , i t  proved  m ore  su itab le  to  sep a ra te  th e  m ix tu re  o f cis- and  trans-2- 
ca rb e th o x y cy c lo p en tan o l, o b ta in ed  b y  ca ta ly tic  or sod ium  borohydride  re 
d u c tio n  of 2 -ca rb e th o x y cy c lo p en tan o n e  (V), b y  m eans o f an  effic ien t irac tion- 
a t in g  colum n. R ed u c tio n  w ith  R an ey  nickel c a ta ly s t in  e th an o l so lu tion  a t 
60 °C and  120 a tm . in itia l p ressu re  gave a p ro d u c t co n ta in in g  87 .3%  cis- and  
1 2 .7%  tran s-2 -ca rb e th o x y cy c lo p en tan o l (F ig . 1). M ore trans isom er was 
fo rm ed  in  th e  sodium  b o ro h y d rid e  red u c tio n  of V a t  low  tem p era tu res ; in

e th an o lic  so lu tion  a t  — 65 °C th e  VI : V II ra tio  was 34.7 : 65.3. W e found a 
s im ila r change of th e  cis : trans isom er ra tio  in  th e  red u c tio n  o f 2 -carbethoxy- 
4 -i-b u ty lcy c lo p en tan o n e  w ith  sodium  b o rohydride  [10]: th e  ra tio  of isom ers 
co n ta in in g  th e  h y d ro x y l an d  ca rb e th o x y l functions in  trans p o sition  increased 
w ith  decreasing te m p e ra tu re . T he red u c tio n  of 2 -carb e th o x y cy c lo p en tan o n e  
(V) w ith  sodium  b o ro h y d rid e  has also been  m ade b y  L a c a sa  and  P a sc u a l  
[1 1 ].T he reaction  gave, how ever, m a in ly //o n s-2 -h y d ro x y cy c lo p en tan e  carboxy l
ic ac id  instead  of cis- a n d  tran s-2 -carb eth o x y cy c lo p en tan o l.

The isom er ra tio  of th e  red u c tio n  of 2 -carb e th o x y cy c lo p en tan o n e  (V) 
w ith  R aney  nickel, p o ta ss iu m  b o ro h y d rid e  an d  A dam s P t 0 2 ca ta ly s t was 
s tu d ie d  b y  P a sc u a l  a n d  V i n a s  [12]. T he cis : trans ra tio  w as de te rm ined  b y  
sep a ra tio n  of th e  3 ,5 -d in itro b en zo a tes  b y  frac tio n a l c ry s ta lliza tio n , or by  
com paring  the  m elting  p o in ts  o f th e  crude 3 ,5 -d in itrobenzoa tes w ith  a m elting  
p o in t d iagram  p rep a red  w ith  d ifferen t m ix tu res of p u re , a u th e n tic  cis- and  
ti an s-2 -carb eth o x y cy c lo p en tan o l d in itrobenzoa tes. T he resu lts  ob ta ined  in 
clude , how ever, som e u n c e rta in tie s  re su lting  from  th is  ap p ro ach .

F rac tio n a l d is tilla tio n  on a colum n of h igh efficiency of th e  m ix tu res of 
cis- an d  íran s-2 -carbethoxycyc lopen tano ls (VI, VII) o b ta in ed  in  our reduction  
processes gave gas-ch ro m ato g rap h ica lly  hom ogeneous cis- and  trans-2- 
ca rb e th o x y cy clo p en tan o l.

In te restin g ly , w hile b o th  cis-cyclohexanol-2-carboxylic acid  (X) and  cis- 
cyc lopen tano l-2 -carboxy lic  acid  (III) can  be isom erized b y  pro longed  reflux ing  
w ith  co n cen tra ted  sod ium  hydrox ide  or po tassium  h y d ro x id e  solution, and 
th e  trans isom ers can be  recovered  from  th e  equ ilib rium  m ix tu re  in good yields
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[13, 14], c is-cyclopentanol-2-carboxylic  acid  (I) undergoes d eh y d ra tio n  u n d e r  
sim ilar conditions [15] giving cy c lo p en ten e-l-ca rb o x y iic  acid  (IX) (Fig. 2). 
T herefore, alkaline isom eriza tion  can n o t be  used  for th e  p re p a ra tio n  of trans- 
cyc lopen tano l-2 -carboxy lic  acid (II). E th y l  cycloh ep tan o n e-2 -carb o x y la te  
(X III) was o b ta ined  b y  P a l a u , P a s c u a l  an d  R á fo l s  [16] b y  condensation  o f

Fig. 2

cyclohep tanone an d  d ie th y l oxalate in  e th e r  so lu tion  w ith  sodium  ethoxide in  
a y ield  of m erely  17 .4% . A b e tte r  y ie ld  (73— 84% ) re su lted  from  using th e  
m e th o d  of J akob  a n d  D e v  [17, 2 0 ], condensing  cy c lohep tanone  and d ie th y l 
ca rb o n a te  w ith  sod ium  hydride  in e th e rea l so lu tion  (Fig. 3). A still h igher y ie ld

Fig. 3
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(90% ) Avas o b ta in ed  b y  R h o a d s  et al. in  1963 [18] b y  condensing  cyclohep- 
ta n o n e  and  d ie th y l ca rb o n a te  w ith  sod ium  hydride  in  d ie th y l c a rb o n a te  
so lu tio n  a t  room  te m p e ra tu re .

W e tr ie d  th e  co n d en sa tio n  o f cyc lo h ep tan o n e  (XII) a n d  d ie th y l c a rb o n a te  
in  th e  presence o f sodium  am ide as c a ta ly s t  and  an  excess o f d ie th y l c a rb o n a te  
as so lv en t; 61 .4%  2 -c a rb e th o x y cy c lo h ep tan o n e  (XIII) w as o b ta in ed .

C onsiderably  h ig h er y ields th a n  th o se  described b y  P a l a u , P a s c u a l  an d  
RÁFOLS [16] re su lted  from  our ex p e rim en ts  condensing cy c lo h ep tan o n e  an d

F i g .  4

d ie th y l oxa la te  in  e th an o lic  so lu tion  w ith  sodium  ethox ide . O ur y ields (60.3— 
66 .8% ) sligh tly  exceeded  tho se  o b ta in e d  b y  a recen tly  p u b lished  an d  p ra c 
tic a lly  iden tical m e th o d  of th e  In d ia n  a u th o rs  [13].

T he red u c tio n  o f 2 -ca rb e th o x y cy c lo h ep tan o n e  (XIII) w as effected  b y  
P a l a u , P a sc u a l  an d  R á fo l s  in  e th an o lic  so lu tion  w ith  P t 0 2 c a ta ly s t, or in  
m e th an o lic  so lu tion  w ith  sodium  b o ro h y d rid e . The re su ltin g  m ix tu re  o f cis- 
a n d  írem s-2-carbethoxycyclohep tano l (XIV, XV) was n o t sep a ra ted , n e ith e r  
w as th e  isom er ra tio  de te rm in ed . P u re  c is-cycloheptanol-2-carboxylic  ac id
(III) w as iso la ted  b y  c ry s ta lliz a tio n  a f te r  hydrolysis o f  th e  p ro d u c t of th e  
c a ta ly tic  red u c tio n . T he s te reo h o m o g en e ity  o f th e  h y d ro x y carb o x y lic  acids w as 
su p p o rte d  b y  th e  in fra re d  sp ec tra . T h e  frans-cyclohep tano l-2 -carboxy lic  acid
(IV) w as p repared  b y  a lkaline iso m eriza tio n  of th e  c is-h y d ro x y carb o x y lic  
ac id  (III).

In  th e ir  recen t p a p e r [13], th e  In d ia n  au thors also deal w ith  th e  sy n 
th e s is  of III and  IV w ith o u t referring  to  th e  above p a p e r [16] of th e  Span ish  
a u th o rs . T hey  declare  th e  red u c tio n  p ro d u c t o f 2 -ca rb e th o x y cy c lo h ep tan o n e  
(XIII) ob ta ined  in  e thano lic  m ed ium  w ith  sodium  b o ro h y d rid e  to  be cis-2-
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ca rb e th o x y cy c lo h ep tan o l (XIV), b u t  no ev idence o f th e  stereohom ogeneity  is 
given. The re frac tiv e  index  ( t i q  — 1.4768) o f  th e  reac tio n  p ro d u c t ev id en tly  
con ta in ing  b o th  cis an d  trans isom ers (XIV, XV), is considerab ly  h igher th a n  
th a t  found b y  us fo r e th y l cis- an d  trons-cyc lo h ep tan o l-2 -carb o x y la te  (n& =  
1.4705 and  1.4740, respectively). T hey  also reg ard  th e  red u c tio n  p ro d u c t
o f 2 -carb e th o x y cy c lo h ep tan o n e  (XIII) m ade a t  a tm ospheric  pressure in  abs. 
e th an o l w ith  W —7 R an ey  nickel c a ta ly s t, as a hom ogeneous cis com pound , 
afford ing  again  no p ro o f of th e  stereohom ogeneity .

On th e  analogy  of th e  red u c tio n  of re la te d  cyclic 2 -oxocarboxy la tes , it  does 
n o t seem convincing  th a t  th e  ca ta ly tic  or sod ium  b o ro h y d rid e  redu c tio n  o f 2- 
ca rb e th o x y cy clo h ep tan o n e  should  resu lt in  hom ogeneous c is-2 -carbethoxy- 
cyclohep tano l (XIV). W e found b y  gas ch ro m ato g rap h ic  analysis th a t  th e  
reac tio n  p ro d u c t o f th e  red u c tio n  of 2 -carb e th o x y cy c lo h ep tan o n e  (XIII) in  
e thano lic  so lu tion  w ith  R an ey  nickel c a ta ly s t a t  70 °C an d  100 a tm . s ta r t in g  
p ressu re  w as a m ix tu re  of 85 .4%  cis- a n d  14.6%  íraras-2-carbethoxycyclo- 
h ep tan o l (XIV, XV). In te re s tin g ly  in  th is  case th e  isom er ra tio  of th e  sod ium  
b o rohydride  red u c tio n  was n o t sign ifican tly  d iffe ren t from  th a t  of th e  c a ta ly tic  
red u c tio n , th o u g h  w ith  th e  analogous com pounds h av in g  cyclopen tane  a n d  
cyclohexane sk e le ton  th e  fo rm atio n  of th e  trans isom er p red o m in a ted  in  th e  
sodium  b o ro h y d rid e  reduc tion . In  th e  re d u c tio n  of 2 -carb e th o x y cy c lo h ep ta - 
none, th e  sodium  b o ro h y d rid e  m ethod  gave less trans isom er th a n  th e  c a ta ly tic  
process. T he sam e re la tio n  was observed in  th e  red u c tio n  of 2-carbethoxycyclo - 
o c tanone. C onsequen tly , th e  isom er ra tios in  th e  ca ta ly tic  and  sodium  b o ro 
h y d rid e  red u c tio n s  are  h igh ly  dep en d en t on th e  ring  size.

B h a k g a v a , M a t h u b  an d  Sa h a r ia  p re p a re d  c is-cycloheptanol-2-carbox- 
ylic acid (III) b y  th e  hydro lysis of th e  red u c tio n  p ro d u c t of 2 -carbethoxycyclo - 
h ep tan o n e . T he m eltin g  p o in t of th e  acid is n o t  given, only  t h a t  o f th e  S-benzyl- 
iso th iu ron ium  sa lt an d  of th e  3 ,5 -d in itro b en zo a te  w as de te rm in ed . T hey  p re 
p a re d  th e  tr<m s-cycloheptanol-2-carboxylic ac id  from  th e  cis isom er b y  iso 
m eriza tio n  w ith  K O H . T he m elting  p o in t o f trares-cycloheptanol-2-carboxylic 
acid  (IV) is 86— 87 °C. This is p rac tica lly  in  acco rdance  w ith  th e  value g iven  
earlie r b y  P a l a u , P a sc u a l  and  R á fo ls  [16] an d  Sa n c h e z  [21] for IV o b 
ta in e d  b y  th e  sam e m eth o d  b y  alkaline iso m eriza tion  (87—88 °C).

B y  su b jec tin g  th e  m ix tu re  of cis- an d  fro n s-2 -carbethoxycyc lohep tano l 
(XIV, XV) to  f rac tio n a l d is tilla tion  on a co lum n o f high efficiency, we succeeded  
in  o b ta in in g  b o th  isom ers in  g as-ch rom atog raph ica lly  hom ogeneous p u rity . 
M ild hydro lysis o f th e  stereohom ogeneous e th y l h y d ro x y carb o x y la tes  gave  
cis- an d  irans-2 -cyclohep tano l-2 -carboxy lic  acid  (III, IV). As u n d e r th e  con
d itions of hyd ro lysis  no isom erization  can occur, th e  cis- an d  irons-cyclohep- 
tano l-2 -carboxy lic  acids p roduced  are u n d o u b te d ly  stereohom ogeneous su b 
stances (m .p. 70 .5 -71 .0  °C and  86.5-87.5 °C, respectively ).
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E xperim en ta l

Cis- and íraTis-2-carbethoxycyclopentanol (VI, V II)

(а) 100.0 g (0.64 mole) 2-earbethoxycyclopentanone (V) was dissolved in 250 ml ethanol 
and  hydrogenated in an autoclave a t 60 °C in th e  presence of R aney nickel cata lyst (35 g), 
w ashed several times w ith ethanol; the s ta rting  pressure was 120 atm . A fter the calculated 
q u a n ti ty  of hydrogen had been absorbed, th e  ca ta lyst was filtered off and the solvent eva
po ra ted . According to gas chrom atographic analysis, the reaction product contained 87.3% 
cis- and 12.7% ír<ms-2-carbethoxycyclopentanol (VI, VII). (S tationary  phase: polyethylene
glycol adipate 20% ; column height: 2 m; d iam eter: 0.4 cm; tem perature: 160 °C; re ten tion  
tim e: 6 min. for VI, 12.5 min. for VII.) Three combined runs were distilled a t reduced pressure. 
T he m ain distillation product collected a t 34-36 to rr between 118-125 °C was 270.2 g (88.8% ), 
n ff  =  1.4550.

The separation of the cis and trans isomers was achieved using Ab b e g ’s “ D rehband- 
ko lonne” (W. Büchi Glassware Factory, Flawil, Switzerland) of 30 theoretical p lates. For 
separa ting  larger quantities, a homem ade colum n of 120 cm length, isolated by a silver-coated 
vacuum  jacke t of 10“ 3 to rr, covered with asbestos string, was used. The filling of th e  column 
consisted of 0.3-0.5 mm glass filam ent wound up into a spiral of 5 mm diam eter and broken to 
pieces of 1.5-2 windings. Fractions 1-18 collected a t 121-124 °C and 36-37 to rr (183.0 g; 
67 .7% ; no =  1.4547-1.4551 (lit. no  =  1.4553 [8])) consisted of stereohomogeneous cis-2- 
carbethoxycyclopentanol (VI); the combined fractions 19 and 20 (21.5 g; 7.95% ) were a m ixture 
o f th e  cis and trans isomers (VI, VII) in a ra tio  of about 3 : 7. The distillation residue and the 
colum n washing were combined and redistillated  to  give 39.7 g (14.7% ) stereohomogeneous 
trans isomer (VII). D istillation losses am ounted to 26.0 g (9.65%).

(б) In  a 2-1 three-necked round-bottom ed flask equipped w ith a m echanical stirrer, a 
re flu x  condenser connected to a CaCl2 drying tube , and a dropping funnel, 30.0 g (0.80 mole) 
sodium  borohydride and 2 1 ethanol were placed. The flask was cooled to  —65 °C in a b a th  of 
acetone and solid carbon dioxide. 250 g (1.6 mole) 2-carbethoxycyclopentanone (V) was added 
dropw ise to the reaction m ixture, which was stirred  a t this tem perature  for fu rther 5 hrs. and 
le t to  stand  a t room tem perature  overnight. The reaction m ixture was decomposed by drop- 
wise addition of 150 ml glacial acetic acid, d ilu ted  w ith w ater and filtered on a flu ted  filter 
paper. A fter evaporating the ethanol a t 38-40 to rr, the residue spontaneously separated  to an 
organic and an aqueous phase. The aqueous p a rt was extracted  w ith 3X 500 ml ether, the 
com bined organic ethereal phases were washed twice w ith 5% N aH C 0 3 solution and twice 
w ith  w ater, then  dried over anhydrous Na2SOj. A fter filtration  and evaporation of the  ether, 
th e  residue was fractionated  a t diminished pressure. The main distillation product collected 
betw een 120 and 128 °C a t 36 to rr was 201.1 g (79.4% ) (nf>5 =  1.4540) and contained 65.3% 
trans- and 34.7 cis-2-carbethoxycyclopentanol (VII, VI).

Fractional distillation, starting  w ith 230.0 g gave in the fractions 1 to 6 (b.p. 129-130 °C 
a t  42 torr) 63.1 g (27.4%) stereohomogeneous cis-2-carbethoxycyclopentanol, n 2o =  1.4549 
(lit. no5 =  1.4551 [8]). F ractions 7 and 8 (36.1 g; 15.7%; b.p. 130-140 °C a t 42 to rr; nfc5 =  
1.4541) contained the cis and trans isomers together, whereas fractions 9 to  12 (85.7 g; 37.2% ; 
b .p . 140 °C a t 42 to rr, n\) =  1.4538; lit. no =  1.4534 [8]) consisted of stereohomogeneous 
trans-2-carbethoxycyclopentanol (VII). R edistillation of the combined distillation residue and 
colum n washing yielded 21.9 g (10.3%) írarcs-2-carbethoxycyclopentanol. D istillation losses 
am oun ted  to 21.5 g (9.4% ).

2-CarbethoxycycIoheptanone (X III)

(а) In  а 2-1 round-bottom ed flask fitted  w ith a stirrer and reflux condenser, sodium 
ethoxide was prepared in 1.2 1 abs. ethanol from  23.0 g (1.0 g-atom ) sodium. To th is ice-cool 
solution a m ixture of 112.2 g (1 mole) cycloheptanone (XII) and 147.2 g (1 mole) diethyl 
oxala te  was added dropwise in 30 min, under stirring. The m ixture was stirred for 2 hrs. under 
ice cooling, then for fu rther 8 hrs. a t room tem perature. A fter standing overnight and the 
usual [13, 19] decomposition w ith dil. H2S 04, extraction  with benzene and decarbonylation, it 
was redistilled to obtain 110.6-123.0 g (60.3-66.8% ) 2-carbethoxycycloheptanone (XVI), b.p. 
126-128 °C a t 12-13 to rr (lit. 122— 124 °C a t  9 to rr [18] and 125-126 °C a t 12 to rr [13]).

(б) 112.2 g (1 mole) cycloheptanone and 1.5 1 diethyl carbonate was placed in a 4-1 
three-necked round-bottom ed flask provided w ith  a stirrer and reflux condenser, and  31.0 g
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{0.13 mole) sodium hydride was added cautiously, in portions, under stirring and bubbling 
nitrogen through the mixture. It was refluxed and stirred under a protective atmosphere of 
nitrogen for 3 hrs., then cooled to room temperature. 500 ml water and 1 1 18% H2S04 were 
added dropwise under continuous stirring and cooling. The upper organic phase was separated 
in a separating funnel, and the excess of diethyl carbonate was distilled off at 35-40 torr. The 
fraction collected between 90-145 °C (142 g; 76.5%) was redistilled and the fraction boiling at 
140-146 °C at 35-40 torr collected to obtain 115 g (62.1%) 2-carbethoxycycloheptanone (XIII), 
nh* =  1.4670 (lit. b.p. 106-107 °C at 4.5 torr, 125-126 °C at 12 torr [13] and 122-124 °C at 9 
torr [18]).

C10H16O3 (185.2). Calcd. C 65.21; H 8.69. Found C 65.56: H 9.09%.

C is -  and írcms-2-carbethoxycycloheptanol (XIV, XV)

( a )  100.0 g (0.54 mole) 2-carbethoxycycloheptanone (XIII) in 100 ml ethanol was 
hydrogenated in an autoclave at 60 °C and 120 atm. initial pressure in the presence of 30 g 
Raney nickel catalyst washed to neutral with ethanol. After completing the hydrogenation, the 
catalyst was filtered off and the reaction product remaining after evaporation of the ethanol 
was analyzed by gas chromatography. (Column height 2 m; stationary phase: polyethylene
glycol adipate 20%; temperature 160 °C; temperature of detector 180 °C; retention times 
(relative to cyclohexanol): cís-2-carbethoxycycloheptanol (XIV): 8.4; t r a n s -2-carbethoxycyclo- 
heptanol (XV): 11.3). The reaction product containing 85.4% c is - and 14.6% t r a n s - 2-carbethoxy- 
cycloheptanol was redistilled at diminished pressure. From three combined runs 232.0 g 
(76.5%) main product, b.p. 135-145 °C at 30 torr, was obtained (lit. b.p. 120-122 °C at 15 
torr [13]). The yield, with the forerun and distillation residue, was nearly quantitative.

(b) 260 ml abs. ethanol was placed in a 750-ml three-necked round-bottomed flask equip
ped with a stirrer and reflux condenser, and 4.4 g (0.116 mole) sodium borohydride was added in 
portions under stirring, followed by the dropwise addition of a solution of 35.4 g (0.192 mole)
2-carbethoxycycloheptanone in 70 ml abs. ethanol while the flask was cooled with sodium 
chloride-ice mixture to — 8 °C. After the addition of the oxoester, the reaction mixture was 
stirred at —8 to — 10 °C for 2 hrs and at room temperature for further 15 hrs, then 16.5 ml 
acetic acid was added dropwise. After adding 300 ml water, the ethanol was distilled off at 
reduced pressure (35—40 torr) and the residue extracted with 3X200 ml ether. The combined 
ether solutions were washed until neutral with 5% NaHC03 solution, then with water, and 
dried over Na2S04. The crude ester (25.1 g) left behind after the distillation of the ether, was 
distilled at reduced pressure (at 35-40 torr) to yield 19.6 g (54.8%) c is - and <ro7is-2-carbethoxy- 
cycloheptanol (XIV, XV). Gas-chromatographic determination of the isomer ratio showed 
90.4% c i s -  and 9.6% t r a n s - 2-carbethoxycycloheptanol content. The c is  and t r a n s  isomers were 
separated by fractional distillation on a column of high efficiency at a rate of collection of 6-8 
ml/hr. Cis-2-carbethoxycycloheptanol (XIV) had b.p. 150-151 °C at 39-40 torr, and /id =  
1.4705 (lit. b.p. 112-113 °C at 1.6 torr, n 2b  =  1.4768 [13]); írcms-2-carbethoxycycloheptanol 
(XV) had b.p. 156-157 °C at 39-40 torr, n g  =  1.4740.

C 7 S -cy c lo h ep tan o l-2 -ca rb o x y lic  acid (III)

8.0 g (0.043 mole) gas-chromatographically homogeneous cis-2-carbethoxycycloheptanol 
(XIV) was shaken with 100 ml 2 N  NaOH solution at room temperature for 10 hrs. To remove 
contaminations, the alkaline solution was extracted with 2X100 ml ether and acidified by 
cautiously adding cone. HC1, then extracted with 5X200 ml ether. The combined ethereal 
solution was dried over Na2S04 and evaporated to give 5.8 g (85.4%) cis-cycloheptanol-2- 
carboxylic acid (III). After repeated recrystallization from benzene the m.p. was 70.5-71 °C 
(lit. m.p. 71-72 °C [16], [21]).

T r a n s - cycloheptanol-2-carboxylic acid (IV)

From 4.0 g (0.0215 mole) gas-chromatographically homogeneous írcms-2-carbethoxy- 
cycloheptanol (XV) 2.9 g (85.4%) lrcms-cycloheptanol-2-carboxylic acid (IV) was obtained by 
the method described for the c is  isomer. After repeated recrystallization from benzene the 
m.p. was 86.6-87 °C (lit. m.p. 86.5-87 °C [16], 87-88  °C [21]).

*
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Cis- and írons-2-aminomethylcyclopentanol and cis- and írans-2-hydroxymethyl- 
cyclopentylamine were prepared from cis- and tr<ms-2-hydroxycyclopentanecarbox- 
amide and cis- and írans-2-aminocyclopentanecarboxylic acid, respectively, by re
duction with lithium aluminium hydride. The kinetics of the N —► О acyl migration 
reaction of cis- and trons-N-benzoyl-2-aminomethylcyclopentanol and of cis- and 
írans-N-benzoyl-2-hydroxymethylcyclopentylamine have been studied. The measure
ments were made in abs. dioxane solution in the presence of an 0.5 mole excess of 
hydrochloric acid. The second order rate constants for N-benzoyl-cís-2-aminomethyl- 
cyclohexanol at temperatures of 100.8, 110.0 and 125.0 °C were к.г ■ 10s • sec-1 =  2.89, 
3.37 and 5.35, respectively, the activation energy AEt =  11.70 kcal/mole, the acti
vation entropy dS t =  —41.8 e.u., whereas the corresponding values for N-benzoyl- 
cis-2-hydroxymethylcyclopentylamine were found to be k.z ■ 103 ■ sec “1 =  3.87, 7.80 
and 10.31 at 84.0, 100.4 and 110.0 °C, AEt =  11.22 kcal/mole, and ASX =  —36.9 
e.u. The rate of N —► О acyl migration in the trans isomers was essentially lower than 
in the cis isomers. The rate constants of the N О acyl migration reaction of N- 
benzoyl-írans-2-aminomethylcyclopentanol and N-benzoyl-íraras-2-hydroxymethylcyclo- 
pentylamine at 130.2 °C were k„ ■ 103 • sec-1=0.74 and 0.87, respectively. I t has been 
shown that the N—>-0 acyl migration occurs with inversion in N-benzoyl-/run.s-2-aminő
mé thylcyclopentanol. The transition states of the N О acyl migration reactions are 
discussed and compared with those of 1,3-aminoalcohols with cyclohexane skeleton, 
studied earlier.

A d a  Chimica Academiae Scientiarum Hungaricae ,  Tomus 74 (4 ), pp . 479— 497 (1972)

In tro d u c tio n

In  th e  .course o f our stud ies to  c la rify  th e  stereochem ical an d  co n fo rm a
tio n a l re la tio n s o f com m on-m em bered  alicyclic system s as well as th e  m ech a
n ism  o f som e reac tions of cyclic am inoalcohols an d  re la te d  com pounds, we d e 
scribed  earlier [1, 2] N  —>- О acyl m ig ra tio n  reac tions o f  N -benzoyl an d  p -su b -  
s t i tu te d  N -benzoyl derivatives of cis-  a n d  trans-2 -am inom ethy lcyclohexano l 
an d  o f cis-  an d  tn m s-2 -h y d ro x y m eth y lcy c lo h ex y lam in e . O n th e  basis o f th e  
d ifferences in  th e  reac tio n  ra te s  of th e  d iastereom ere and  th e  th e rm o d y n am ic  
d a ta  of th e  reac tions, conclusions w ere d raw n  regard ing  th e  co n fo rm atio n a l

* Part XI: B e r n á t h , G., Gond o s, Gy ., Má r a i, P., Ge r a , L.: Acta Chim. Acad. Sei. 
Hung. 74, 471 (1972)

** Part IV: B e r n á t h , G., L áng , К . L ., K ovács, К ., R a dio s , L .: Acta Chim. Acad. Sei. 
Hung. 73, 81 (1972)

*** Preliminary communication: B e r n á t h , G., L á n g , К . L ., Go n d o s , Gy ., M á r a i, P., 
K ovács, К . : Tetrahedron Letters 1968, 4441.
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re la tio n s  of th e  m odel com pounds an d  th e  p a r t  processes o f th e  N —► О acyl 
m ig ra tio n  reaction .

T he p resen t p a p e r  deals w ith  th e  stereospecific  syn thesis  of th e  co r
resp o n d in g  cy c lo p en tan e  d eriva tives: cis- an d  írans-2 -am inom ethy lcyclopen - 
ta n o l (I. И) an d  cis- an d  írcm s-2 -hydroxym ethy lcyclopen ty lam ine  (III , IV) 
(F ig . 1). On th e  basis  o f th e  p re p a ra tiv e  re su lts , o f th e  reac tio n  ra te  c o n s ta n ts

a n d  th e  th e rm o d y n am ic  d a ta , th e  m echan ism  of th e  N — О acyl m ig ra tio n  o f  
th e se  1,3-am inoalcohol N -benzoyl d e riv a tiv e s  (XXV, XXVIII) has been  s tu d ied  
a n d  com pared  w ith  th a t  of th e  analogous com pounds (XXIX—X X X II) w ith  
cyclohexane ske le to n , w hich were s tu d ie d  in  d e ta il b y  us earlier [2]. O u r 
re su lts , pub lished  in  pre lim inary  fo rm  [3, 4] are  p resen ted  here in  d e ta il.

N um erous fu r th e r  N -acyl d e riv a tiv e s  of 1 ,3-am inoalcohols w ith  cyclo
p e n ta n e  skeleton  serv ing  as m odel co m pounds for th e  p re sen t k inetic  in v e s ti
g a tio n  were also p rep a red . These com p o u n d s, to g e th e r  w ith  th e ir  analogues 
w ith  cyclohexane sk e le ton , were used as m odel com pounds in  th e  investig a tio n s 
to  e lucidate  th e  re la tio n s betw een  chem ical s tru c tu re  and  pharm aco log ic  
effect [5]. Several com pounds p roved  to  be  v a lu ab le  because o f th e ir  a c tiv ity  
on  th e  cen tra l n e rv o u s system . T h e  d esc rip tio n  o f th e  com pounds, m a in ly  
carboxam ides, is to  be  found elsew here [6 -8 ].

Synthesis o f th e  m odel com pounds

The stereospecific  syntheses of cis- an d  tr<m s-2-am inom ethylcyclopen- 
ta n o l  (I, II) an d  o f cis- and  tran s-2 -h y d ro x y m eth y lcy c lo p en ty lam in e  (III , IV) 
w ere achieved b y  th e  lith ium  alu m in iu m  h y d rid e  red u c tio n  of cis- and  trans-
2-liyd ro x y cy c lo p en tan ecarb o x am id e  (V, VI) an d  cis- an d  írans-2-am inocyclo- 
p en tan eca rb o x y lic  acid  (VII, V III), re sp ec tiv e ly .

T he syn thesis  o f 2 -am in o m eth y lcy c lo p en tan o l has been described  ea rlie r 
b y  M o u s s e r o n  et al. [9]. H ow ever, th e  co n fig u ra tio n  of th e  2 -am in o m eth y l-

Acta Chim. ( Budapest)  74, 1972



BERN Á TH  et al : STEREOCHEM ICAL STU D IE S, X II 481

cyclopen tano l o b ta in ed  from  2-cyanocyclopen tano l (X) (p repared  from  2- 
ch lo rocyclopen tano l (IX) w ith  sodium  cyanide) b y  re d u c tio n  w ith  sodium  in 
boiling  ethanolic  so lu tion , has n o t been given. I t  could  be expected , th a t  
s im ilarly  to  th e  2 -am inom ethy lcyclohexano l [2], o b ta in e d  from  2-cyanocyclo- 
hexano l w ith  th e  sam e m e th o d  b y  M o u s s e r o n  et al. th is  m ethod  of p re 
parin g  2 -am inom ethy lcyc lopen tano l w ould also give a m ix tu re  of th e  cis- an d  
trans-isom ers I, II  (F ig. 2).

S im ilarly , th e  syn thesis  o f 2 -h y d ro x y m eth y lcy c lo p en ty lam in e  described 
b y  G a ssm a n  and  H e c ic er t  [10] (F ig . 3) is no t stereospecific  e ither; th e  lith iu m  
a lum in ium  h y d rid e  red u c tio n  of th e  oxim e (XII) p re p a re d  from  2 -carbethoxy- 
cyclopen tanone (XI) y ields a m ix tu re  of cis- and  tran s-2 -h y d ro x y m eth y lcy clo - 
pen ty lam in e  (III, IV).

Fig. 3

T he syntheses o f cis- an d  frans-2 -hydroxycyclopen tanecarboxy lic  acid 
(X III, XIV) and  cis- and  íran s-2 -ca rb e th o x y cy c lo p en tan o l (XV, XVI) w ere 
achieved by  P a s c u a l  et al. [11]. T he m ix tu re  of cis- a n d  trans-2 -carbethoxy- 
cyclopen tano l (XV, XVI) o b ta in ed  on th e  red u c tio n  o f 2-carbethoxycyclo- 
p en tan o n e  (XI) in  th e  presence of A dam s’ P t 0 2 c a ta ly s t ,  was sep ara ted  b y  
ted ious frac tio n a l c ry s ta lliza tio n  o f th e  3 ,5 -d in itrobenzoates .

R ecen tly  M ö h r l e  an d  B a u m a n n  [12] e lab o ra ted  a con tinuous coun ter- 
c u rre n t d is trib u tio n  m eth o d  for sep a ra tin g  cis- an d  frans-2 -carbethoxycyclo - 
p en tan o l. T hough th is  m eth o d  is excellen t for se p a ra tin g  sm aller q u an titie s , in  
our experim en ts, especially  in  th e  p rep a ra tio n  of la rg e r q u a n titie s , i t  was m ore 
conven ien t to  use frac tio n a l d is tilla tio n  on a co lum n o f h igh  efficiency for th e  
sep a ra tio n  of th e  m ix tu re  o f cis- an d  írans-2 -carb eth o x y cy c lo p en tan o l (XV, 
XVI) o b ta in ed  b y  th e  red u c tio n  of 2 -carb e th o x y cy c lo p en tan o n e  in  th e  presence 
of R an ey  nickel c a ta ly s t or w ith  sodium  b o ro h y d rid e . T he frac tio n a l d is til
la tio n  y ielded gas-ch ro m ato g rap h ica lly  hom ogeneous cis- an d  trares-2-carbeth-
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oxycy c lo p en tan o l [3, 14], an d  is less tim e  consum ing th a n  th e  m e th o d s m en
tio n e d  above, th o u g h  th e  m e th o d  o f P a s c u a l  e t  al. has been s till in  use accord
in g  to  th e  lite ra tu re  [13].

T h e  cis- and  íro n s-2 -h y d ro x y cy c lo p en tan ecarb o x am id es (V, VI) were 
p re p a re d  from  these  stereohom ogeneous e th y l 2 -h y d ro x ycyc lopen tanecarboxy- 
la te s  b y  reaction  in  s a tu ra te d  m ethano lic  am m onia so lu tio n  a t  room  te m 
p e ra tu re .  R eduction  o f th e  2 -h y d ro x y cy c lo p en tan eca rb o x am id es w ith  lith ium

F ig . 4

a lu m in iu m  h y dride  in  abs. te tra h y d ro fu ra n  a t  60 °C gave cis- an d  Irans-2- 
am in o m eth y lcy c lo p en tan o l (I, II) in  good yields (Fig. 4). T h e  stereohom o
g e n e ity  of the  com pounds I ,  I I  w as p roved  b y  IR  an d  N M R  spectroscopy. 
A  d e ta iled  analysis o f th e  I R  an d  N M R  sp ec tra  as well as th e ir  com parison 
w ith  th e  spectra  of analogous com pounds w ith  cyclohexane a n d  cyclohep táne 
sk e le to n , will be p re se n te d  in  a su b seq u en t paper.

W e prepared  c is-am inocyc lopen tanecarboxy lic  acid (VII) b y  th e  m ethod  
o f P l i e n i n g e r  and  S c h n e i d e r  [15], b y  H ofm ann  d e g rad a tio n  o f cis-2-car- 
b am o y lcy c lo p en tan eca rb o x y lic  acid (XX); irans-am inocyc lopen tanecarboxy lic  
ac id  (VIII) was o b ta in ed  b y  am m onia  ad d itio n  to  1 -cyc lopen tene-l-carboxy lic  
ac id  (XXI) [15, 16].

F o r th e  syn thesis  o f c is-cy c lo p en tan e-l,2 -d icarb o x y lic  a n h y d rid e  (XIX), 
n ecessa ry  for th e  p re p a ra tio n  o f c is-2 -carbam oy lcyclopen tanecarboxy lic  acid 
(X X ), several m ethods are know n  [17—23].
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F or th e  p re p a ra tio n  of c y c lo p en tan e-iran s-l,2 -d ica rb o x y lic  acid (XVIII) 
we used  th e  P e r k in  m eth o d  [17—19] (Fig. 5) im p ro v e d  b y  B a il e y  an d  
S o r e n s o n  [20], w ith  som e m o d ifica tio n . W e found  in  th e  d eca rb o x y la tio n  
reac tio n  of e thy l c y c lo p e n ta n e - l ,l ,2 ,2 - te tra c a rb o x y la te  (XVII) th a t  th e  re 
ac tio n  tim e  of ab o u t th re e  hours su g g ested  b y  B a il e y  a n d  S o r e n s o n  (u n til 
th e  d is tilla tion  of e th y l ace ta te  h a s  been  finished) w as insuffic ien t. T h e  re 
ac tio n  tim e  necessary  fo r  th e  oily p h a se  to  d isappear to o k  20 to  25 hours. T he 
y ie ld  given b y  B a il e y  an d  So r e n s o n  w as a tta in ed  o n ly  w ith  th is  essen tia lly  
longer reaction  tim e . T he tra n s fo rm a tio n  of c y c lo p en tan e-tra /is -l,2 -d ica r-

,(:o( >h

COOH

XVI I  X V I I I

Fig. 5

boxy lic  acid (XVIII) in to  cyc lo p en tan e-c is-l,2 -d ica rb o x y lic  anhydride  (XIX) 
can  be accom plished in  an  essen tia lly  b e t te r  yield th a n  t h a t  rep o rted  [15], b y  
increasing  th e  q u a n ti ty  o f th e  ace tic  an h y d rid e  used.

T he solid d is tilla tio n  residue o f  th e  cyclopen tan e-c is-l,2 -d icarb o x y lic  
an h y d rid e  (XIX) w as crysta llized  f ro m  benzene-petro leum  ether. W e fo u n d  
th a t  th e  residue m ain ly  consisted o f  cy c lo p en tan e-iran s-l,2 -d ica rb o x y lic  acid , 
w hich  can be used in  a su b sequen t re a c tio n  for p re p a rin g  th e  an hydride . In  
th is  w ay  th e  yield cou ld  be fu rth e r  increased .

O ur m ethod  used  fo r th e  p re p a ra tio n  and  H o fm an n  d eg rad a tio n  of cis-2- 
carbam oy lcyclopen tanecarboxy lic  ac id  (XX) was, a p a r t  from  som e m o d ifi
ca tio n s, essentially  t h a t  described b y  P l i e n i n g e r  an d  S c h n e i d e r  [15]; ou r 
y ie ld , how ever, essen tia lly  exceeded th o se  repo rted  in  th e  lite ra tu re . T he m .p . 
o f c is-2-am inocyclopen tanecarboxy lic  ac id  (VII) w as fo u n d  to  be 223—224 °C 
in s te a d  of th e  rep o rted  va lu e  of 202—204 °C [15]. A t th e  la t te r  te m p e ra tu re  
on ly  a tran sfo rm atio n  o f th e  cry sta l fo rm  takes place a n d  th e  new form  m elts 
a t  223-224 °C.
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Co o k  a n d  L in s t e a d  [24] p re p a re d  1 -c y c lo p e n te n e - l-c a rb o x y lic  ac id  b y  
t h e  h y d ro ly s is  o f 1 -c y c lo p e n te n e - l- e a rb o n i tr i le  o b ta in e d  b y  th e  d e h y d ra tio n  
o f  c y c lo p e n ta n o n e  c y a n o h y d r in .  S c h a r f  a n d  K ö r t e  [25] sy n th e s iz e d  e th y l
1- cy c lo p e n te n e -l-c a rb o x y la te  b y  d eh y d ra tio n  of th e  m ix tu re  o f  cis- and  trans-
2- ca rb e th o x y cy c lo p en tan o l (XV, XVI) w ith  P 4O10. This m ix tu re  was ob ta ined  
b y  red u c in g  2 -carb e th o x y ey c lo p en tan o n e  (XI) w ith  A dam s’ P t 0 2 ca ta ly s t [11]. 
A s m ain ly  the  /]2-isom er fo rm ed , pu re  e th y l 1 -cy c lo p en ten e-l-ca rb o x y la te  
co u ld  b e  ob ta ined  b y  iso m eriza tion  w ith  sodium  e th o x id e  in  abs. ethanol. 
F ro m  th e  fac t th a t  th e  d e h y d ra tio n  process gave m ain ly  th e  /P -isom er olefinic 
ac id , S c h a r f  an d  K ö r t e  concluded  th a t  th e  red u c tio n  in  th e  presence of P t 0 2 
led  to  íran s-2 -ca rb e th o x y cy c lo p en tan o l (XVI) as th e  m ain  p ro d u c t

T his is co n sis ten t n e ith e r  w ith  ou r resu lts  ob ta in ed  in  reproducing  th e  
m e th o d  of P a sc u a l  a n d  Ca s t e l l s  [11], n o r w ith  th e  isom eric ra tio s  produced  
in  th e  presence of o th e r  c a ta ly s ts . T he m ain  p ro d u c t of re d u c tio n  of 2-carbeth- 
o x y cy c lo p en tan o n e  (XI) in  th e  presence of d ifferen t c a ta ly s ts  w as always cis-2- 
ca rb e th o x y cy c lo p en tan o l (XV). T he sodium  borohydride  re d u c tio n  of b o th  2- 
ca rb e th o x y cy c lo p en tan o n e  an d  2 -ca rbe thoxycyc lohexanone  resu lted  in  a 
la rg e r  am o u n t of th e  trans isom er. B y  perfo rm ing  th e  sod iu m  borohydride  re 
d u c tio n  a t lower te m p e ra tu re s , th e  fo rm a tio n  of th e  trans iso m er becam e even 
m o re  pronounced , w h ich  is in  accordance w ith  our experience in  th e  reduction  
o f  2 -ca rb e th o x y -4 -t-b u ty lcy c lo p en tan o n e  [26].

P r o c h á z k a  an d  L e s e t i c k y  [27] s ta te d  in  a p a p e r pu b lish ed  in  1966 
t h a t  th e  earlier m e th o d s  of p rep arin g  e th y l 1 -cy c lo p en ten e-l-ca rb o x y la te  w ere 
u n sa tis fa c to ry  and  b a d ly  rep roducib le . B y  d eh y d ra tio n  o f c is-2-carbethoxy- 
cy c lo p en tan o l in  abs. p y rid in e  w ith  th io n y l chloride in  ch lo ro fo rm  th ey  o b ta in 
ed  e th y l 1 -cy c lo p en ten e-l-ca rb o x y la te  of 98%  p u rity  in  7 0 %  yield .

W e found th a t  o u r m e th o d  used fo r th e  synthesis o f  1-cyclohexene-l- 
ca rb o x y lic  acid [28] w as also su itab le  fo r th e  p rep a ra tio n  o f 1-cyclopen tene-l- 
ca rb o x y lic  acid (X X II) b y  th e  d is tilla tio n  of cyclopen tanol-2-carboxylic  acid 
(X X I) a t  a tm ospheric  p ressu re . F o r th is  pu rpose  we used th e  cyclopentanol-2- 
ca rb o x y lic  acid (~ X I) o b ta in e d  by  th e  hydro lysis of th e  frac tio n s  contain ing  
b o th  isom ers froi.i th e  f ra c tio n a l d is tilla tio n  of th e  m ix tu re  o f  cis- and  trans-2- 
ca rb e th o x y cy c lo p en tan o l (XV, XVI). In  th e  course of a slow  d istilla tion  a t  
a tm o sp h eric  p ressu re , d e h y d ra tio n  ta k e s  p lace and su b se q u e n t isom erization  
w ith  K O H  gives 1 -cy c lo p en ten e-l-ca rb o x y lic  acid (X X II) in  a good yield . 
F ro m  th is , írons-2 -am inocyclopen tanecarboxy lic  acid can  b e  prepared  w ith  
th e  m eth o d  of P l ie n in g e r  an d  S c h n e id e r  [15] (Fig. 6).

R eduction  of e th y l cis- and  trans-2 -am in o cy clo p en tan ecarb o x y la te  
(X X III, XXIV) w ith  l ith iu m  alum in ium  h y d rid e  gave cis- a n d  trans-2 -hydroxy- 
m e th y lcy c lo p en ty lam in e  (III , IV). T he cis- and  trans-2 -am inocyclopen tane- 
carb o x y lic  acid (VII, V III) can  also be reduced  d irec tly  in  te tra h y d ro fu ra n  a t  
60 °C. Though th e  re d u c tio n  tak es  an  essen tia lly  longer t im e , we found th is
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Fig. 6

la t te r  process m ore conven ien t, because th e  losses arising  from  th e  e s te rifi
ca tio n  and  th e  recovery  of th e  este r from  th e  sa lt can  th u s  be avoided .

R esu lts an d  discussion

N —>- О acyl m ig ra tio n  has been  discussed in  num ero u s p ap ers  [29—32]. 
T he m echanism  an d  k inetics, s tereochem ical, p re p a ra tiv e  an d  o th e r a p p li
ca tio n s of th e  process have  been ex ten siv e ly  stud ied . T he im p o rtan ce  of О —*• О, 
N —► О an d  N  —*• S acy l m igra tions and  acy l exchange processes in  b io logy has 
also been  review ed [31]. A v e ry  com prehensive review  o f acy l m ig ra tio n  p ro 
cesses is to  be  found  in a recen t p a p e r of P a v l o v a  an d  R a c h i n s k i i  [32]. w ith  
228 references, com prising  th e  w ork done in  th e  fie ld  o f acy l m ig ra tio n  u p  to  
1968.

In  ou r p ap er [2], su b m itted  for pub lica tio n  ju s t  before  th e  p a p e r  of 
P a v l o v a  and  R a c h i n s k i i  ap p eared , we also th o ro u g h ly  discussed several 
aspects  of th e  N —► 0  acyl m ig ra tion  reac tio n  in  1,2-, 1,3- an d  1,4-am inoalcohols, 
in  connection  w ith  k ine tic  investig a tio n s on N —► О acy l m ig ra tio n s in  N- 
henzoyl- an d  p -su b s titu te d  N -benzoyl deriva tives o f cis- an d  trans-2-am ino- 
m ethy lcyc lohexano l an d  cis- an d  írares-2 -hydroxym ethy lcyclohexy lam ine . 
T herefo re, we shall n o t discuss here  th e  l ite ra tu re  of th e  N  —► О acyl m ig ra tio n .

T he N  —► О acyl m ig ra tion  reac tio n s of th e  N -benzoyl-cis-2-am ino- 
m eth y lcy c lo p en tan o l (XXIV) w as s tu d ied  in  th e  te m p e ra tu re  range  100.8 to  
125 °C, an d  th a t  of N -benzoy l-c is-2 -hydroxym ethy lcyclopen ty lam ine  (XXVII) 
be tw een  84.0 an d  110.0 °C. B ecause o f th e  essen tially  low er re a c tiv ity  of th e
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correspond ing  tians  iso m ers , th e  N —>- О acyl m ig ra tio n  reac tio n  of N -benzoyl- 
íra ras-2 -am inom ethy lcyclopen tano l (XXVI) an d  N -benzoy l-írans-2 -hydroxy- 
m e th y lcy c lo p en ty lam in e  (XXVIII) was s tu d ied  only  a t  130.2 °C. T he ex trem ely  
low  reac tiv ity  of th e  trans isom ers (XXVI, X X V III) a t  low er te m p era tu res  an d  
th e  side reactions o ccu rrin g  a t  h igher te m p e ra tu re s ’d id  n o t allow  to  o b ta in  w ell 
rep ro d u c ib le  ra te  c o n s ta n ts , th erefo re  i t  w as n o t possible to  de term ine  th e  
a c tiv a tio n  energies a n d  a c tiv a tio n  en trop ies o f these  reac tio n s. T he reac tio n  
r a te  constan ts ca lc u la ted  from  th e  second o rder eq u a tio n , th e  ac tiv a tio n  
energ ies and a c tiv a tio n  en tro p ies  are lis ted  in  T ab le  I . F o r  com parison , th e  
correspond ing  c o n s ta n ts  o f  th e  analogous cyclohexane d e riv a tiv es  (XXIX— 
X X X II) de term ined  u n d e r  id e n tic a l cond itions a re  g iven in  b rack e ts .

The d a ta  in  T ab le  I  show  th a t  —  in  c o n tra s t w ith  th e  analogous cyclo
h e x a n e  derivatives s tu d ie d  earlie r — th e  ra te  o f th e  N —>■ О acyl m ig ra tio n  
re a c tio n , as well as th e  a c tiv a tio n  energy an d  a c tiv a tio n  e n tro p y  of th e  re 
ac tio n s  of cis- and  íra res-N -benzoy l-2 -am inom ethy lcyclopen tano l (XXV, XXVI) 
a n d  cis- and  íra ras-N -benzoy l-2 -hydroxym ethy lcyc lopen ty lam ine  (XXVII, 
X X V III) are essen tia lly  h ig h er for th e  cis d e riv a tiv es  (XXV, XXVII) th a n  for 
th e  trans deriva tives (XXVI, X X V III). This re su lt is in  good agreem ent w ith  
t h a t  found  in th e  N  — О acy l m ig ra tio n  reac tio n  of cis- an d  trares-2-benzam ido- 
cyclopen tano l an d  cis- a n d  tran s-2 -p -n itro b en zam id o cy c lo p en tan o l [33], w here 
th e  reaction  ra te  o f th e  cis isom ers also exceeds th a t  of th e  trans isom ers b y  
o rd e rs  of m agn itude . I t  h as  been  show n th a t ,  w hereas cis-2-benzam idocyclo- 
p e n ta n o l gave 4 2 .2%  cis-O -benzoy l-2 -am inocyclopen tano l hydroch lo ride  w ith  
re te n tio n  and 36 .4%  u n c h a n g e d  s ta rtin g  m a te ria l a t  20 °C in  15 hours, from  
th e  reaction  of th e  trans isom er u n d er id en tica l cond itions 100%  unchanged  
s ta r t in g  m ateria l w as reco v ered . In  th e  case of trans-2 -benzam idocyclopen tano l, 
rem ark ab le  N —>- О acy l m ig ra tio n  could only  be observed  a t  100 °C. T he 
s tr ik in g  ra te  d ifference is d u e  to  th e  fac t t h a t  th e  N —>- О acyl m ig ra tion  
re a c tio n  of íran s-2 -b en zam id o cy c lo p en tan o l ta k e s  p lace w ith  inversion.

H ow ever, th e  N  —► О acy l m ig ra tion  reac tions o f cyclic 1,2- an d  1,3- 
am inoalcohols do n o t n ecessarily  show  p ara lle lism  [1, 2 ]; w hereas th e  reac tio n  
r a te  of th e  N — 0  acy l m ig ra tio n  of c is-2 -benzam idocyclohexanol [34] m a rk 
ed ly  exceeds th a t  o f th e  trans isom er (302 : 76), in  th e  case of th e  1,3-cyclo
h e x a n e  derivatives in v e s tig a te d  b y  us (th e  N -benzoyl- a n d  p -s u b s titu te d  N- 
b en zo y l derivatives o f cis- a n d  tr<m s-2-am inom ethylcyclohexanol and  cis- and  
tran s-h y d ro x y m eth y lcy clo h ex y lam in e) i t  w ere th e  trans isom ers w hich h ad  
th e  h igher reaction  ra te s . T h e  ra tio  of th e  reac tio n  ra te s  w as a b o u t th e  sam e as 
in  th e  case m en tio n ed  above. This w as ex p la ined  b y  us w ith  th e  reac tio n  
m echan ism , w ith  th e  con fo rm ations o f th e  m onoazam onooxadecalin -like 
tra n s it io n  s ta te s  o f th e  reac tio n s .

The first s tep  o f  N  —>- О acy l m ig ra tio n  is th e  p ro to n a tio n  of th e  oxygen 
a to m  of th e  acid am id e ; i t  is know n th a t  acid am ides in  acid ic so lu tion  are
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T able I

Reaction rate constants, activation energies and activation entropies o f  the N  О acyl migration 
reactions o f cis- and trans-N-benzoyl-2-aminomethylcyclop ntanol (XXV, XXVI) and cis- and 

trans-N-benzoyl-2-hydroxymethylcyclopentylamine (XXVII—XXVIII)

n = 1 : XXV 
n =  2 : XXIX

n =  1 : XXVII 
n =  2 : XXXI

t, °C • 103 • sec“ 1 t, °C К  • 103 • sec 1
84.0 3.87

100.8 2.89 (2.20) 100.4 7.80 (5.15)
110.0 3.37 110.0 10.31
125.0 5.33

J E *  = 11.70 (15.84) kcal/mole J E *  = 11.22 (11.66) kcal/mole
J S *  = —41.8 (—30.7) e.u. СЛ •H

-

II — 36.9 (— 40.0) e.u.

n =  1 : XXVI 
n =  2 : XXX

!, °C k2 • 103 • sec
100.0 — (4.80)
130.2 0.74

n =  2 :  XXVIII 
n =  2 : ХХХП

!, °C k2 ■ 103 • sec
100.0 —  (20.28)
130.2 0.87

Note. The corresponding constants of th e  analogous cyclohexane derivatives ( n =  2, 
X XIX —XXXII) are given in brackets. The ra te  constan ts were determ ined a t  100.0 +  0.3 °C

[ 1 , 2 ].

p ro to n a te d  m ain ly  a t  th e  carbonyl o x y g en  [35, 36]. T h is is follow ed b y  a 
n uc leoph ilic  a tta c k  b y  th e  oxygen a to m  o f th e  alcoholic h y d ro x y l group a t  th e  
c a rb o n y l carbon a to m , resu lting  in  th e  fo rm atio n  of th e  b icyclic  tra n s itio n  
s ta te . T h is a tta c k  tak es  p lace on th e  q u asi-ca rb o n iu m  ca rb o n  a to m  of th e  pro -
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to n a te d  acid am ide, p e rp en d icu la rly  to  th e  p lane o f th e  th re e  su b s titu e n ts  
a t ta c h e d  to  it. This p e rp en d icu la r  a t ta c k  is also th e  m o st fa v o u re d  energetically , 
as th is  tran s itio n  s ta te  allow s th e  m ax im u m  overlap  o f  th e  я -electron clouds 
o f  th e  nucleophilic p a r t  an d  th e  carboxy l group — as i t  is th e  case, e.g., in acid- 
c a ta ly se d  este rifica tio n  [37].

T he re la tive  s ta b ilitie s  of th e  bicyclic  tra n s itio n  s ta te s  alone, how ever, 
in su ffic ien tly  exp la in  th e  re la tiv e  reac tio n  ra te s  because  th e  tendency  to  rin g  
c losure  does n o t go p a ra lle l w ith  th e  s ta b ility  of th e  p ro d u c t, even if th e  
re a c tio n  p ro d u c t is iso lab le  and  stab le  [38]. T he ra te  d ifference  in th e  N —*- О 
acy l m igra tion  re a c tio n  o f cis- and  tr<m s-2-benzam idocyclohexanol can n o t he  
ex p la in ed  m erely on th e  basis of th e  sm all difference in  th e  en tha lpy  of cis- 
an d  iran s-h y d rin d an e  (0.74 +  0.52 kcal/m ole a t  292 °K  [39]). The m ore  
m a rk e d  ra te  difference in  th e  N —>- О acy l m ig ra tio n  re a c tio n  of the  cis- an d  
fr<m s-l,3-am inoalcohols w ith  cyclopen tane  skeleton  w o u ld  be  even m ore d if
f ic u lt  to  explain  on th is  basis , because in  th is  case th e  h e te ro  ring  of th e  m ono- 
azam o n o o x ah y d rin d an e-lik e  tra n s itio n  s ta te  is s ix -m em bered .

A com parison o f  th e  ra te s  of th e  N  —► О acyl m ig ra tio n  reactions of N- 
benzoy l-c is-2 -am inom ethy lcyclopen tano l (ХХУ) an d  N -benzoyl-cis-2-hydroxy- 
m e th y lcy c lo p en ty lam in e  (XXVII) shows th e  reac tion  r a te  o f th e  la tte r  to  be  
h ig h e r —  in  acco rdance  w ith  our resu lts  on th e  ana logous cyclohexane d e r iv 
a tiv e s  (XXIX, XXXI) —  since th e  h y d ro x y m e th y l g ro u p  is less shielded th a n  
th e  secondary  h y d ro x y l group of N -benzoy l-c is-2 -am inom ethy lcyclopen tano l
(XXV).

I t  is w orth  m en tio n in g  th a t  th e  ac tiv a tio n  energies o f th e  N —>- О acy l 
m ig ra tio n  reactions o f N -benzoy l-c is-2 -am inom ethy lcyclopen tano l (XXV) a n d  
N -benzoy l-c is-2 -h y d ro x y m eth y lcy c lo p en ty lam in e  (X X V II) do no t show  a 
m a rk e d  difference (AE* =  11.70 an d  11.22 k ca l/m o le , respectively). T h e  
re a c tio n  rates of b o th  com pounds are , how ever, e ssen tia lly  d ifferen t; th is  can  
b e  explained  b y  th e  c ircu m stan ce  th a t  th e  ac tiv a tio n  e n tro p y  of N -benzoyl- 
c is -2 -h y d ro x y m eth y lcy clo p en ty lam in e  (XXVII) has a considerab ly  sm aller 
n eg a tiv e  value (dS* =  — 36.9 e.u.) th a n  th a t  o f  N -benzoyl-cis-2-am ino- 
m eth y lcy c lo p en tan o l (XXV) (dS* =  — 41.8 e.u.).

In  the  p re se n t case th e  reac tio n  m echanism  can  b e  explained b y  th e  
h ig h e r ac tiv a tio n  e n tro p y  of N -benzoy l-c is-2 -am inom ethy lcyclopen tano l (XXV) 
co n ta in in g  a seco n d ary  h y d ro x y l group . N am ely , in  th e  N  —*■ О acyl m ig ra tio n  
reac tio n s  of N -benzoy l-c is-2 -am inom ethy lcyclohexano l (X X IX ) and  N -benzoyl- 
c is-2 -hyd ro x y m eth y lcy clo h ex y lam in e  (XXXI) th e  re la tio n s  betw een th e  r e 
ac tio n  ra tes analogous to  th a t  of th e  co rrespond ing  cy c lo p en tan e  deriv a tiv es  
(XXV, XXVII) co n ta in in g  a p rim ary  or secondary  h y d ro x y l group and  th e  
ap p ro x im a te ly  eq u a l ra tio  of th e  reac tio n  ra te s  are  d u e  to  th e  co u n te rac tin g  
effects of th e  p ro n o u n ced  difference b e tw een  th e  a c tiv a tio n  energies of th e  tw o  
isom ers (XXIX, X X X I) (15.84 and  11.66 kcal/m ole, respectively ) and  th e
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m ark ed  difference of opposite  d irec tio n  b e tw een  th e  a c tiv a tio n  en tro p ies  
(— 30.7 an d  — 40.0 e.u.) of th e  reac tio n s.

In  th e  N  —► 0  acyl m ig ra tio n  of th e  cyclopen tane  d e riv a tiv es  (XXV, 
X XVII) i t  is th e  ac tiv a tio n  e n tro p y  of XXV, con ta in ing  a secondary  h y d ro x y l 
g roup , w hich is th e  h igher, w hereas in  th e  case of th e  analogous cyclohexane 
d e riv a tiv es  (XXXIX, XXXI) th e  ac tiv a tio n  en tro p y  of X X X I co n ta in in g  a 
p r im a ry  h y d ro x y l group is h igher. T he th re e  su b s titu e n ts  a tta c h e d  to  th e  
ca rb o n y l carbon  a to m  of th e  ac id  am ide invo lved  in  th e  fo rm atio n  of th e  bi- 
cyclic tra n s itio n  s ta te  from  th e  p ro to n a te d  fo rm  of N -benzoy l-cis-2 -hydroxy-

m eth y ley c lo p en ty lam in e  (X X V II), considered to  be in  th e  h a lf-cha ir con fo r
m a tio n  of th e  cy clopen tane  sk e le to n  [13, 4 0 -4 2 ], lie in  a p lan e  p e rp en d icu la r 
to  th a t  of th e  figu re . The h y d ro x y l group  is a tta c k in g  in  th e  p lane  o f th e  
fig u re , a t  rig h t angle to  th e  p lan e  d e te rm in ed  b y  th e  th ree  su b s titu e n ts  (F ig . 7).

I n  th e  case of N -benzoy l-c is-2 -am inom ethy lcyclopen tano l, th e  fo rm a tio n  
of th e  b icyclic tra n s itio n  s ta te  is, of course, less favoured ; th is  accoun ts fo r th e  
v e ry  h igh  neg a tiv e  ac tiv a tio n  e n tro p y  of th e  reaction . I t  is, how ever, to  be 
em phasized  th a t  in  th e  p resen t case, c o n tra ry  to  th e  trans isom ers, th e  h y d ro 
g e n -h y d ro g en  in te rac tio n s do n o t  increase du ring  th e  ring  conversion  req u ired  
for th e  fo rm atio n  o f th e  bicyclic  tra n s itio n  s ta te .

T h e  ra te  co n stan ts  of th e  N  — О acyl m ig ra tion  reac tio n s of N -benzoyl- 
ín m s-2 -am in o m eth y lcy c lo p en tan o l (XXVI) an d  .N -benzoyl-írares-2-hydroxy- 
m eth y lcy c lo p en ty lam in e  (XXVIII) are low er b y  ab o u t an  o rd er of m a g n itu d e  
even a t  130.2 °C th a n  those o f th e  cis isom ers (XXV, XXVII) d e te rm in ed  a t  
100.8 an d  100.4 °C, respective ly  (see T ab le  I). T his m ay  seem  surp rising , as th e  
b icyclic  tra n s itio n  s ta te  of th e  N  —»- О acyl m ig ra tio n  is six -m em bered  in  1,3-
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am inoalcohols, an d  its  fo rm a tio n  could be ex p ec ted  to  occur read ily  also in  th e  
trans isom ers, as th e  en e rg y  difference b e tw een  th e  analogous cis an d  trans 
carbocyclic com pounds (cis- and  tran s-h y d rin d an e) is negligible.

Fig. 8

Fig. 9

H ow ever, an  e x a m in a tio n  of th e  D re id in g  m odels show s convincingly  
t h a t  w hereas th e  a t ta c k  o f th e  alcoholic h y d ro x y l group on th e  ca rbony l 
ca rb o n  atom  of th e  a c id  am ide  can easily occur in  th e  cis isom ers because o f th e  
sm all d istance o f th e  a to m s tak in g  p a r t  in  th e  reac tio n  (F ig. 8), in  th e  trans iso
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m ers, ow ing to  th e  rig id ity  of th e  cy c lo p en tan e  skeleton, th e  fu n c tio n s are  
p laced  so fa r  from  each  o ther th a t  th e  a t ta c k  of th e  h y d ro x y l g roup  becom es 
in co m p arab ly  m ore d ifficu lt, even in  th e  case of th e  h y d ro x y m e th y l d e riv a tiv e
(X X V III) (Fig. 9).

N  —> О acyl m ig ra tio n  in  N -benzoy l-tn m s-2 -am in o m eth y lcy c lo p en tan o l 
can  occur m ore fav o u rab ly  w ith  th e  in v ers io n  m echanism  because o f th e  g rea t 
d is tan ce  betw een  th e  secondary  h y d ro x y l group and  th e  c a rb o n y l ca rb o n

HC1

СбН5

е /
H ’Фт,ОНZJ

н  о  с н 2

\  \ \  е  /
о; и»  — m i

н Нг,Сб н

С Г

X X V I

XXXIII
Fig. 10

a to m  o f th e  acid am ide. T hough th e  in v e rs io n  m echanism  is energ e tica lly  m uch 
less fav o u red  th a n  th e  re ten tio n  m ech an ism , in  th e  p resen t case th e  oxygen 
a to m  o f th e  acid am ide group m ay  assu m e  a co m para tive ly  n ea r p o sitio n  to  th e  
cy c lo p en tan e  ring  so th a t  th e  N —*■ О acy l m ig ra tion  reac tio n  m ay  occur w ith  
inversion  (F ig. 10).

T h e  m elting  p o in t of th e  p ic ra te  p rep a red  from  O -benzoyl-2-am ino- 
m eth y lcy c lo p en tan o l hydrochloride o b ta in e d  b y  N —*- О acyl m ig ra tio n  from  
N -benzoy l-tran s-2 -am in o m eth y lcy c lo p en tan o l (XXVI), was id en tica l w ith  
th a t  o f th e  p ic ra te  p rep a red  from  O -benzoy l-c is-2 -am inom ethy lcyclopen tano l 
m ad e  b y  N  -*■ О acyl m igration  fro m  N -benzoyl-cis-2-am inom ethylcyclo-
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p e n ta n o l (XXY). T h e  cis configura tion  of X X X III w as also supp o rted  b y  th e  
fa c t  t h a t  th e  О —>- N  a cy l m igra tion  reac tio n  of X X X III effected in  a lka line  
m ed iu m  gave N -benzoy l-c is-2 -am inom ethy lcyc lopen tano l (XXY) (F ig. 11). 
T h e  m eltin g  po in t a n d  I R  spectrum  of th e  p ro d u c t w ere iden tica l w ith  th o se  
o f  th e  au th en tic  cis d e r iv a tiv e  (XXV).

C„H, c = o

с 6н 5
XXXIII

Fig. 11

XXV

In  view  of th e  fa c t  th a t  N —* 0  acy l m ig ra tio n  occurs in  N-benzoyl-irares- 
2 -am in o m e th y lcy c lo p en tan o l (XXVI) w ith  inversion , it  is no t su rp rising  th a t  
th e  reac tio n  ra te  fo u n d  is essen tially  low er th a n  th a t  o f th e  cis isom er (XXVI. 
T h e  m o d era te  re a c tio n  ra te  of th e  IN —*• О acy l m ig ra tio n  reaction  of N -benzoy-) 
trans-2- h у  d г о x у m e t h у 1 с yc lo p en ty l am ine (X X V III), w hich seems less ev id en t 
b ecau se  of th e  presence  o f a p rim ary  h y d ro x y l g roup , m ay  also be well i n t e r 
p re te d  w ith  th e  a id  o f th e  D reiding m odels.

A  com parison o f th e  reac tion  ra te s  of th e  N  —► О acyl m igra tion  reac tio n s 
o f analogous cy c lo p en tan e  an d  cyclohexane d e riv a tiv e s  shows th e  r ig id ity  o f 
th e  cy clopen tane  rin g ; th e  ra te  co n stan t of th e  N —>■ О acyl m ig ra tion  of N- 
benzoy l-e is-2 -ain inom ethy lcyclohexano l (XXIX) increases to  its  th ree -fo ld  
v a lu e  b y  rising th e  te m p e ra tu re  from  80 to  100 °C an d  is ap p ro x im ate ly  th e  
sam e  a t  100 °C as t h a t  of th e  analogous cy c lo p en tan e  com pound (XXV); b y  
c o n tra s t ,  in th e  case o f  N -benzoy l-cis-2 -am inom ethy lcyclopen tano l a rise  in  
th e  te m p e ra tu re  b y  25 °C increases th e  ra te  c o n s ta n t on ly  b y  a fa c to r  o f 1.5.

In v estig a tio n s on  th e  N  —► 0  acy l m ig ra tio n  reac tions of analogous 1,3- 
am inoalcohols w ith  cy c lo h ep tan e  skeleton  a re  in  progress.

E xperim en ta l

eis-2-Hydroxycyclopentanecarboxam ide (V)
15.8 g (0.10 mole) o f cis-2-carbethoxycyclopentanol (XV) [3, 14] in 90 ml of abs. m ethanol 

sa tu ra te d  w ith amm onia w as allowed to stand a t room  tem perature  for 10 days. The p roduct 
left a fter evaporation of th e  m ethanol was recrystallized twice from  benzene to obtain 7.3 g 
(56.52% ) of white crystal p lates, m.p. 86.5—87.5 °C.

C6H n N 02 (129.15). Calcd. C 55.79; H  8.58; N 10.85%. Found C 55.90; H 8.47; N 11.06% .
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írans-2-Hyclroxycyclopentanecarboxamide (VI)

From  10.0 g (0.06 mole) of ír<ms-2-carbethoxycyclopentanol (XVI) [3, 14], sim ilarly as 
described for the cis isomer (V), after recrystallization from benzene 5.6 g (68.6% ) of trans-2- 
hydroxycyclopentanecarboxam ide (VI), m.p. 101.5-102.5 °C, was obtained. R epeated  re 
crystallizations for analysis gave m.p. 102.5-103.5 °C.

CeH n N 0 2 (129.15). Calcd. C 55.79; H 8.58; N 10.85%. Found C 51.91; II 8.32; N 10.98% .

cis-2-Aminoinethylcyclopentanol (I)

In  a 1-1 three-necked round-bottom ed flask, equipped w ith a reflux condenser w ith  
CaCl2 tube and w ith a dropping funnel, 500 ml of abs. te trahydrofuran  was placed, to  w hich 
13.3 g (0.35 mole) of lithium  aluminium hydride was added in portions, under stirring. To th is 
m ixture, warmed to 60 °C, 12.9 g (0.10 mole) of cis-2-hydroxycyclopentane carboxam ide (V) 
was given in portions during 2 hrs. The reaction m ixture was stirred a t 60 °C for fu rther 20 
hrs., then (according to  the method of M ic o v ic  and M ih a il o v ic  [43] successively 13.3 m l of 
w ater, 13.3 ml of 5% NaOH solution and 40 ml of w ater were added. The m etal hydroxide was 
filtered off, and the filtra te  dried over Na2S 04. The product which remained after evaporation 
of the te trahydro fu ran  was distilled under diminished pressure to obtain 6.6 g (57.31% ) of a 
colourless viscous oil, b.p. 124-128 °C a t 38 to rr; nj> =  1.4886. (Lit. b.p. 122 °C a t 15 to rr , 
rij)' =  1.4886, w ithout indication of the configuration [9].)

N-Benzoyl-cís-2-aminomethylcyclopentanol (XXV)

From  1.2 g (0.01 mole) of cis-2-am inom ethylcyclopentanol (I) and 1.7 g (0.012 mole) of 
benzoyl chloride, w ith the Schotten-B aum ann m ethod [44] 2.2 g (96.1%) of N-benzoyl-cis-2- 
am inom ethylcyclopentanol, m.p. 97.5-98.0 CC, was obtained. Recrystallized twice from  
benzene, m .p. 99.0-99.5 °C.

C13H i;NO., (219.27). Calcd. C 71.20; H 7.82; N 6.39% . Found C 71.69; II 7.89; N 6.43% .

írfms-2-Aminomethylcyclopentanol (II)

From  12.9 g (0.10 mole) of írans-2-hydroxycyclopentanecarboxam ide (VI), w ith the 
m ethod described for the cis isomer (I), 9.1 g (79.01% ) of a colourless viscous oil was obtained. 
B.p. 85-87.5 °C a t 4 to rr; nj} =  1.4790. (L it. b.p. 122 °C a t 15 torr, n2£ =  1.4886, w ithou t 
indication of the configuration [9].)

N-Benzoyl-íröns-2-aminomethylcyclopentanol (XXVIII)

From  1.75 g (0.015 mole) of ír<ms-2-aminomethylcyclopentanol (II), similarly to th e  
m ethod described for the cis isomer, 3.20 g (95.9% ) of N-benzoyl-írans-2-am inom ethylcyclo- 
pentanol (XXVIII), m .p. 77.5-78.5 °C, was obtained. After repeated recrystallizations from  
benzene, m .p. 78.5-79.0 °C.

Ci3H 17N 0 2 (219.27). Calcd. C 71.20; H 7.82; N 6.39%. Found C 71.14; H 7.82; N 6.18% .

1-Cyclopentene-l-carboxylic acid (X XII)

A m ixture of 79.1 g (0.50 mole) cis- and írcms-2-carbethoxycyclopentanol (XV, XVI) 
and  320 ml 20% N aOH  solution was shaken for 2 hrs. The unchanged starting  m aterial was 
ex tracted  w ith 2X 100 ml ether, then the aqueous phase was acidified w ith a 1 : 3 m ixture of 
hydrochloric acid and water. The solution was sa tu ra ted  w ith amm onium chloride, then  
extracted  w ith 5 X 200 ml ether. The combined ethereal extracts were dried over anhydrous 
N a2S 04 and evaporated. 54.2 g (83.3%) of a m ixture of cis- and írems-cyclopentanol-2-carbox- 
ylic acid (X III, XIV) was obtained, which was then distilled a t atm ospheric pressure. On 
heating dehydration  occurred and cyclopentenecarboxylic acid distilled as a colourless liquid, 
which solidified in the receiver in the form of white crystals. A fter refluxing with 30% K OH  
for 20 hrs., the  usual work-up gave 1-cyclopentene-l-carboxylic acid (38.2 g; 82.9% , calculated 
for cyclopentanol-2-earboxylic acid) suitable for fu rther reactions w ithout purification. By 
crystallizing a small p a rt from water, w hite needles were obtained, m.p. 121-121.5 °C (lit. 
m .p. 121 °C [45]).
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írans-2-Am inocyclopentanecarboxylic acid (VIII)

44.8 g (0.40 mole) of 1-cyclopentene-l-carboxylic acid (XXII) was shaken w ith 25% 
am m onium  hydroxide solution in an autoclave a t  170 °C for 64 hrs. Application of the p ro 
cedure described by P l ie n in g e r  and Sc h n e id e r  [15] gave 19.9 g (38.6%) of frans-2-amino- 
cyclopentanecarboxylic acid (VIII), m.p. 239-240 °C (lit. m.p. 240 °C [15]).

trans-2-Hydroxym ethylcyclopentylamine (IV)

From  15.5 g (0.12 mole) of íran.s-2-aminoeyclopentanecarboxylic acid (VIII) in 600 ml 
abs. te trahydrofuran  w ith  15.9 g (0.42 mole) of lith ium  alum inium  hydride, similarly as 
described for the prepara tion  of cis-2-am inom ethylcyclopentanol, 11.0 g (80.0%) of trans-2- 
hydroxym ethylcyclopentylam ine (IV) was ob ta ined , b.p. 136-139 °C a t 36 to rr; n 2̂  =  1.4794. 
(L it. b.p. 120-125 °C a t  30 to rr  [10], w ithout ind ication  of the configuration.)

C6H 13NO (115.18). Calcd. C 62.58; H 11.30% . Found C 62.66; H 11.03%.
The hydrochloride crystallized from e th an o l-e th e r had m.p. 117 °C.
C6H 14C1N0 (151.64). Calcd. C 47.52; H 9.31; Cl" 23.38%. Found C 47.48; H 9.40; 

C l' 24.46% .

N-Benzoyl-frans-2-hydroxymethylcyclopentyIamine (XXVIII)

Schotten-B aum ann acylation of the form er ir<ms-2-hydroxymethylcyclopentylam ine 
(VI) gave white crystals, m .p. 133.5-134.0 °C, in nearly  quan tita tive  yield. Recrystallization 
from  ethano l-w ater gave m .p. 134.0-134.5 °C.

C13H 17N 02 (219.27). Calcd. C 71.20; H 7.82; N  6.39% . Found C 70.74; H  7.70; N 6.60% .

Cyclopentane-irans-l,2-dicarboxylic acid (XVIII)

69.8 g (69.4%) of e thy l n -pen tane-l,l,5 ,5 -te tracarboxylate  (XVII) was prepared by the 
m ethod of B a il e y  and S o r en so n  [20] by condensing 972.0 g (6.0 moles) of diethyl m alonate 
and 101.0 g (0.5 mole) of trim ethylene dibrom ide w ith sodium ethoxide prepared from 23.0 g 
(1.0 mole) of sodium. F rom  this 117.9 g (0.33 mole; 65.8% ) of ethyl cyclopentane-1,1,2,2- 
te tracarboxy la te  (XVII) was obtained (the yield is no t given by B a il e y  and S o ren so n  [20]). 
This p roduct was placed, w ithout further purification , in a 2-1 round-bottom ed flask. A fter 
the addition  of 250 ml of cone, sulfuric acid, 250 m l acetic acid and 550 ml w ater, the m ixture 
was slowly distilled for ab o u t 25 hrs. applying a 40 cm long Vigreaux column (until the  distil
lation  of the ethyl acetate  form ed ceased). The concentrated  reaction m ixture was cooled, the 
brow n crystals which separated  (43.6 g; 83.8% ) were filtered off, and recrystallized from w ater 
using decolourizing charcoal. 35.1 g (67.5%) of w hite crystals (XVIII) were obtained, m.p. 
159.0 160.5 °C (lit. m .p. 161-162 °C [20] and 160 °C [19]).

CycIopentane-cis-l,2-dicarboxylic anhydride (XIX)

35.1 g (0.22 mole) of cyclopentane-irans-l,2-dicarboxylic acid (XVIII) and 250 m l of 
acetic anhydride were refluxed in a 500 ml round-bottom ed flask for 10 hrs., then  the acetic 
acid form ed and the excess acetic anhydride were distilled off a t 38-40 to rr. The rem aining 
cyclopentane-cis-l,2-dicarboxylic anhydride was distilled a t 3 to rr and the fraction boiling 
betw een 95 and 100 °C was collected. R ecrystallization of the crystalline distillation product 
from petroleum  ether gave white crystal p lates (25.2 g; 81.3%), m.p. 73-74 °C (lit. m.D. 
73.5-74.0 °C [21]).

cis-2-Carbamoylcyclopentanecarboxylic acid (XX)

To 100 ml cone, am m onium  hydroxide 25.2 g (0.18 mole) of cyclopentane-cis-1,2- 
dicarboxylic anhydride (XIX) was added in sm all portions, under constant shaking. The re 
action m ixture was allowed to stand a t room tem peratu re  for half an hour, then the excess 
am m onia was rem oved a t  40 torr. The rem aining aqueous solution was acidified a t 10 °C by  
adding cone. HC1. The w hite crystals which separated  after standing a t 4 °C were filtered off, 
washed w ith cold w ater and  dried to give 25.0 g (88.45% ; lit. yield 54% [15]) of cis-2-carba- 
m oylcyclopentanecarboxylic acid, in suitable pu rity  for fu rther use; m.p. 126-128 °C (lit. 
m .p. 126-129 CC [15]).
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cis-2-Aminocyclopentanecarboxylic acid (V II)

To an aqueous solution (125 ml) of 32.0 g (0.80 mole) sodium hydroxide, 32.0 g (0.20 
mole) of brom ine was added, w ith intense stirring , a t 0 °C. The reaction m ixture was cooled to 
0 °C again, and in small portions 25.0 g (0.16 mole) of finely powdered cis-2-carbamoylcyclo- 
pentanecarboxylic acid (XX) was added during 1 hr. A fter adding 24.0 g (0.60 mole) of sodium 
hydroxide dissolved in 100 ml of water, the reaction  m ixture was warmed to 75 °C in abou t 15 
min. and allowed to stand  a t this tem perature for fu rther 5 m in., then  cooled and neutralized 
w ith cone. HC1. 30 ml of acetic acid was added  and the m ixture was evaporated to dryness at 
38-40 torr. The distillation residue was refluxed w ith 4X 250 ml abs. ethanol. The combined 
ethanolic solutions were evaporated, the residue was dissolved in 500 ml of water, decolourized 
w ith charcoal and purified on Dowex 50 ion exchange resin. The column was washed w ith 
w ater and then  the produced cis-2-am inocyclopentanecarboxylic acid (VII) was eluated w ith 
a 1 : 10 m ixture of cone, am m onium  hydroxide and water. The crude product rem aining after 
evaporation of the w ater was recrystallized from  aqueous acetone, to give 15.6 g (75.93% ) of 
VII as colourless needles. A fter changing the crystal form a t 202 °C, the substance had m.p. 
223-224 °C [15].

cis-2-Hy(lroxymetliylcyclopentylainine (III)

From  15.5 g (0.12 mole) of cis-2-am inocyclopentanecarboxylic acid (VII), w ith  the 
m ethod described for iran.s-2-hydroxym ethylcyclopentylam ine (IV), 11.1 g (80.68%) of a 
colourless viscous oil was obtained, n2ß =  1.4930, b.p. 95-97 °C a t  2 torr. (Lit. b.p. 76.5-77 °C, 
a t 0.3 to rr, w ithout indication of the configuration [10].)

C ,H 13ON (115.18). Calcd. C 62.57; H 11.38% . Found C 62.74; H 11.58%.
The hydrochloride of II I  separated from  abs. ethanol-abs. ether in the form of hygro

scopic w hite crystals. The hydrobrom ide was obtained  from abs. ethanol-abs. ether as mildly 
hygroscopic w hite crystals, m .p. 82-83 °C.

CflH ,4BrNO (196.10). Calcd. C 36.75; H  7.20; Br~ 40.75% . Found C 36.55; H 7.55; 
Br" 40.47%.

N-Benzoyl-cis-2-hyílroxymethyleyclopentylamine (XXVII)

This compound was prepared from cis-2-hydroxym ethylcyclopentylam ine (HI) w ith 
S cho tten -B aum ann benzoylation, in nearly q u an tita tive  yield; m .p. 108.0-108.5 °C (from 
ethanol- water).

C13H 17N 0 2 (219.27). Calcd. C 71.20; H 7.83; N 6.39%. Found C 70.99; H 7.39; N 6.10% .

N —*- О acyl m igration of N-berzoyl-cis-2-aminomethylcyclopentanol (XXV)

N -Benzoyl-cis-am inom ethylcyclopentanol (XXV) (0.828 g; 0.0037 mole) was dissolved 
in 80 ml abs. ethanol and 9 ml of 3.9 N  (0.035 mole) of ethanolic hydrochloric acid solution 
was added. The reaction m ix ture  was heated in a sealed tube a t  100 °C for 12 hrs., then  eva
porated  to dryness and the residue extracted by  refluxing twice w ith 7 ml of water. D uring the 
extraction  0.80 g of the m ateria l was dissolved and 0.03 g insoluble residue rem ained in the 
flask. The aqueous solution was decolourized w ith  activated  carbon and evaporated to  dryness 
a t 40 to rr. The residue was crystallized from a m ix tu re  of abs. ethanol and abs. ether. The w hite 
crystals which separated  on cooling liquified a fter filtration . The picrate (0.82 g, m .p. 205- 
207 °C)was recrystallized three times from ethano l to  obtain yellow crystals, m.p. 217-218 °C.

C19H.,0O9N4 (448.38). Calcd. C 50.89: H  4.50: N 12.50%. Found C 50.65; H 4.80; N 
12.67%.

N —>- 0  acyl m igration reaction of N-benzoyl-írans-2-am inom ethylcyclopentanol (XXVI)

N -B enzoyl-írans-2-am inom ethylcyclopentanol (XXVI) (0.828 g; 0.0037 mole) was dis
solved in 80 ml abs. ethanol and to this solution 9 ml of 3.9 N  (0.035 mole) ethanolic HC1 
solution was added. The reaction  m ixture was heated  in a sealed tube  a t 130 °C for 20 hrs., 
then  evaporated to dryness, and the residue (0.80 g) extracted  tw ice by refluxing w ith 7 ml of 
w ater. 0.2 g of the m ateria l dissolved during th e  extraction , and 0.6 g insoluble residue re 
m ained in the flask. The aqueous solution was decolourized w ith charcoal and trea ted  as 
described for the cis isomer (XXV). The hydrochloride of the O-acyl derivative obtained was
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hygroscopic and liquified on standing. The p icrate (0.19 g. m.p. 203-206 °C) was prepared by  
add ing  an aqueous solution of sodium p icrate to  the aqueous solution of O-benzoyl-2-amino- 
m ethylcyclopentanol; a fter three recrystallizations from  ethanol it weighed 0.1 g, m.p. 217 °C.

C19H20O9N4 (448.38). Calcd. C 50.89; H 4.50; N 12.50%. Found C 50.82; H 4.85; N 
12.48% .

О N acyl migration

0.1 g (0.004 mole) of O-benzoyl-2-aminomethylcyclopentanol hydrochloride (obtained 
by  th e  N —> 0  acyl m igration reaction of N-benzoyl-írans-2-am inom ethylcyclopentanol 
(XXVI) was dissolved in 3 ml of water. On the addition  of 4 ml 1.0 N  (0.004 mole) sodium 
hydroxide, the N-benzoyl-2-am inom ethylcyclopentanol immediately separated . The crystals 
were filtered off after short standing a t room tem perature , washed w ith w ater and dried to  
o b ta in  83 mg of w hite crystals, m.p. 95-96 °C. R ecrystallization from aqueous ethanol gave 
50 m g of white crystals, m.p. 97-98 °C, m elting w ithout depression in adm ixture w ith an 
au th en tic  sample of N -benzoyl-cis-2-am inom ethylcyclopentanol (XXV). The IR  spectrum  was 
iden tica l w ith th a t of authen tic  N -benzoyl-cis-2-aminomethylcyclopentanol.

Kinetic measurements

The kinetic m easurem ents of the N —► О acyl m igration reaction were made by th e  
m ethod  described in our earlier paper [2]. The da ta  obtained are listed in Table I.
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RECENSIONES

Nomenclature o f  Inorganic Chemistry D e fin itive  R u les  1970 
In ternational U nion o f  Pure and A p p lie d  Chem istry ( IU P A C )

2nd Edition, pp. 110. Issued by the Commission on the N om enclature of Inorganic Chem istry. 
B utterw orth , London

The new nom enclature of inorganic chem istry  is a p a rtly  revised and greatly  extended 
version of the rules accepted by the IU PA C  in 1957; it  includes the nom enclature of the 
following classes of compounds:

1. E lem ents; 2. Form ulae and Names of Compounds in General: 3. Names for Ions and 
Radicals; 4. Iso- and H eteropolyanions; 5. Acids; 6. Salts and  Salt-like Compounds; 7. Coordi
nation  Compounds; 8. A ddition Compounds; 9. Crystalline Phases of Variable Composition; 
10. Polym orphism ; 11. Boron Compounds. The correct application of the nom enclature is as
sisted by 5 tables.

The 1957 Rules have been subjected to m ajor revision w ith special em phasis on the 
following points:

(a) In  accordance w ith the generally accepted alphabetical principle, the com ponents 
are listed, wherever possible, in alphabetical order. Thus, the earlier, complicated order of 
listing electropositive and electronegative com ponents is replaced by the alphabetical order 
w ithin both  groups of components. Sim ilarly, in the names of coordination com pounds the 
ligands are listed in alphabetical order. The adoption of th is principle greatly simplifies nam ing 
in a system atic m anner.

Exam ples: K N aC 03 potassium  sodium carbonate
Ca5F (P 0 4)3 pentacalcium  fluoride tris(phosphate)
K2 [Cr(CN)20 2(0 2)NH3] potassium  am m inedicyanodioxoperoxochrom ate(2— )

(b) The use of m ultiplying prefixes has been clarified. As opposed to earlier practice, 
m ultiplying prefixes should be used in th e  abbrev iated  nam es of polyatomic anions, ending 
in -ate, if the isopolyanion of the central a tom  is known. The num erical prefixes are reserved 
for isopolyanions.

M ultiplying prefixes should be used also in conjunction w ith  trivial group nam es such 
as sulfite, thiosulfite and thiosulfate, because th e  Rules perm it use of the trivial name disulfite 
for the S20 5 group, and the names thiosulfite and thiosulfate (instead of m onothiosulfite and 
m onothiosulfate) for the S20 2 and S20 3 groups, respectively.

Exam ples: (S 04)2 group: bis(sulfate)
S20 7 group: disulfate

(c) The trivial nam es for a few phosphorus-containing acids have been changed, because 
not all of the hydrogens can be substituted in these acids:

H .,P H 03
H2P2H2Ó5

H P H 20 2

Old nam e 
phosphorous acid 
diphosphorous acid, 

pyrophosphorous acid 
hypophosphorous acid

New name 
phosphonic acid 
diphosphonic acid

phosphinic acid

8
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((/) There are nerv rules for indicating th e  proportion  of constituents in  addition  com
pounds. The proportion is given by Arabic num erals separated  by the solidus, in parentheses 
a fte r the  name.

Exam ples: 3CdS04 • 8H„0 cadm ium  sulfate — w ater (3/8)
A12(S 04)3 ' K ,S0, • 24H20  alum inium  sulfate — potassium  sulfate — 

— w ater (1/1/24)

In  th e  new  N om enclature the rules for nam ing iso- and heteropolyacids and coordination 
com pounds have been greatly  extended, and th e  rules for naming boron com pounds have 
been form ulated.

The new, revised edition of the N om enclature of Inorganic Compounds is of param ount 
im portance in paving th e  road toward the general use of a unified, in ternational nom enclature.

P . F o d o r -Cs á n y i

W . K u t z e l n i g g , G .  D e l  R e a n d  G .  B e r t h i e r : 
a and  n  Electrons in  Organic Compounds

Topics in  Current Chem istry, Ed. A. Davison, M. J . S. Dewar, K. H afner, E . H eiibronner,
U. H ofm ann, K. Niedenzu, Kl. Schäfer, G. W itting.
122 pp. Springer Verlag, Berlin Heidelberg-N ew  Y ork, 1971

The authors who are actively working in the field of applications of quan tum  chemical 
m ethods to  organic compounds, have w ritten  an excellent treatise about the problem s of о 
and ж electrons.

A fter a short hystorical review the booklet gives a correct and modern definition of the 
о and  it orbitals based on natural orbitals. This is followed by the usual definition of the a-7i 
separation  in the fram ew ork of the independent particle (H a r t r e e - F ock) model and a more 
general one using the group function formalism. A fterw ards they discuss the lim its of this 
separation , giving some examples (e.g. the problem  of hyperfine coupling constants in ESR 
spectra) and review th e  correlation effects in n  electron systems.

In  the nex t chapter specific properties of о  and л  electrons are described. H ere we can 
find  th e  discussion of spatial distribution of a  and n  electrons, the question of the ir binding 
energies and polarizabilities, the problem of localization of the о and of the delocalization of гг 
electrons. Finally their reactivities are discussed.

The fifth  chap ter of the booklet reviews the various methods for calculations on electrons 
and th e  theoretical determ ination of their ionization potentials and excitation energies.

The last chap ter deals w ith о electron theories and w ith the jo in t trea tm en t of о  and гг 
electrons in unsatu ra ted  molecules. I t  gives also a clear and concise description of population 
analysis. All chapters contain many references to  the recen t literature and well chosen illus
tra tiv e  examples m ostly in the form of figures and tables.

By sum marizing in a small booklet m any results of the investigations perform ed in the 
las t years this excellent work fills a gap in the lite ra tu re  concerned w ith a and гг electrons. Its  
clear presentation makes the book easily readable. We can only regret th a t  the  authors did 
no t discuss in more detail the semiempirical theories of о  and гг electrons, though this would 
necessarily have lengthened the text. The book is highly recommendable to  quantum  
chem ists, physicists, and to  organic chemists who have some knowledge in theoretical chem istry.

J .  L a d i k
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РЕЗЮМЕ

Обмен йода между молекулярным йодом и некоторыми 
йодометилкарбонильными соединениями в бензоле

Э. К ЁРЁШ , М. ОРБАН, М. Б У РГ Е Р, К. В ЁРЁШ  и Е. ФЮШИ

Был исследован обмен йода между молекулярным йодом и 1-фенил-2 З-диметил-4- 
йодоацетил-пиразолоном (IAcpyr), монойодоацетоном (IA), а также моной’одоуксусной 
кислотой (IAcOH) в бензоле. Скорость реакции соответствует следующему уравнению: 
V  =  к 0 • [RCOCH,I] Были получены следующие параметры активации: для IAcpyr Е а =  
=  21,2 ккал/моль, IgA =  11,35, /ÍSÍ =  —9 э. е.; для IA: Е а =  17,8 ккал/моль, IgA =  6,79, 
zISt =  —28 э. е.; для IAcOH: Е а =  13,9 ккал/моль, IgA =  6,14, zlSi =  —31 э. е. Было 
исследовано влияние света, кислорода и воды. На основе экспериментальных данных пола
галось, что ступенями, лимитирующими скорость реакции, являются образование возбуж
денных молекул RCÓCHjjI и, хотя и в меньшей степени, гемолитическая диссоциация 
молекул RCOCH2I.

Исследование обмена металла в некоторых комплексах с я-связями, II
Б , Р. ПАНЧАЛ и П. К. БАТТАЧАРЯ

Константы образования хелатов тиогликолевой и тиомолочной кислот с Ве(П), 
Zn(II) и Со(П), соответственно, были определены с помощью метода Эрвинга-Розотти, 
используя метод наименьших квадратов во всех случаях, где возможно. Величины констант 
интерпретировались на основе представлений я-взаимодействий между М и S. Замещение 
Zn(II) в хелатах на Cd(II), Hg(II) и Ag(I) объяснялось большей степенью В-характера в 
ионах последних металлов, по сравнению с Zn(Il).

Окисление на окисно-никелевом электроде, VI
Возможные ступени процесса окисления спиртов

ДЬ. В Е РТЕ Ш  и Ф. НАДЬ

В ходе исследования окисления первичных спиртов, протекающего на окисно- 
никелевом электроде, были рассмотрены вероятности различных возможных путей реакции.

Было установлено, что скорость окисления не зависит от концентрации гидроксиль
ных ионов.

Скорость окисления первичных спиртов, содержащих ароматическое кольцо, — 
согласно наблюдениям — превышает скорость окисления алифатических спиртов на 
окисно-никелевом электроде.

На основе вышеприведенных результатов, а также принимая во внимание индук
тивные эффекты, обычно используемые при обсуждении механизма органических реакций, 
и аналогию в строении вероятных промежуточных продуктов и некоторых стабильных сво
бодных радикалов, полагалось вероятным, что первой — и в то же время лимитирующей 
скорость — ступенью окисления является гомолитический отрыв атома водорода, с после
дующим выходом вначале протона, а затем электрона из молекулы.



Изучение скорости сорбции на единственном шарообразном зерне
адсорбента, III

Экспериментальное подтверждение уравнения скорости
К. ВАРГА и П. Ф ЕЙ ЕШ

На установке, пригодной для непосредственного измерения скорости сорбции, были 
определены скорости собрции некоторых углеводородов на пористых зернах окиси алю
миния, силиката алюминия и активированного угля. Результаты измерений подвергались 
расчету методом дигитальной оценки параметров на основе уравнения(ий) скорости сорб
ции, приводимого в предыдущем сообщении. Выло обнаружено, что теоретически выведен
ное уравнение(ия) скорости справедливо для описания скорости сорбции, протекающей на 
пористых веществах, если степень заполнения поверхности невелика, и соответственно 
этому, действительная кинетика после диффузионного процесса транспорта соответствует 
закону Лангмюра и линейна. Величины параметров, определяющие скорость сорбции 
(толщина граничного слоя диффузии, эффективная константа диффузии в порах, наклон 
изотермы, постоянные в зависимости скорости типа Лангмюра), являются реальными с 
физической точки зрения. Константа скорости сорбции, например, в пределах двух поряд
ков согласуется с газово-кинетическим числом столкновений.

Исследование реакции электронного обмена между железом(Н) 
и железом(Ш) в формамиде

А. ВЕРТЕШ  и М. Ш УБА

Реакция электронного обмена между железом(П) и железом(Ш) в формамиде была 
изучена методом эффекта Мёссбауэра. Обмен электронов не был обнаружен в безводном 
формамиде. После добавления воды сольват железа, содержащий также воду, был полу
чен; константа скорости переноса электрона К > 2 л -  моль-1.сек-1.

Исследования распределения и дисперсности платины 
в катализаторах с платина-алюминий-силикатными носителями 

в условиях промышленного производства
Э. ЦАРАН и к. X. Ш Н А БЕЛ

Дисперсность катализаторов с платина-алюмосиликатными носителями, была иссле
дована в зависимости от выбора исходного соединения платины, содержащего носитель 
и активный компонент. Было установлено, что в случае таких носителей, которые явля
ются однородными не с химической точки зрения — в отличие от до сих пор распростра
ненных представлений — дисперсность, достигнутая при приготовлении катализатора, 
пропорциональна не обратной величине поверхностной концентрации, а, в первую оче
редь, зависит от химического взаимодействия носителя и исходного соединения платины.

Исследования в области поликонденсированных 
полифенилацетиленов, II
Ц. СИМЬОНЕСКУ и ВАСИЛИН

Была исследована каталитическая активность 13 галогенидов металлов в поликон
денсации фенилацетальдегида, приводящей к полифенилацетиленам с регулярным строе
нием.

Степень превращения фенилацетальдегида зависит от природы катализатора; 
галогениды располагаются в следующем ряду по активности: SnCl4 >  ZnCl2 >  BF3 >  
>  SbCl5 >  FeCl3 >  TiCl4 ^  HgCL, >  A1C13 >  SnCl2 >  CoCl2 >NiCl2 >  MgCl2 >  CdCl2.

Молекулярный вес синтезированных таким образом полимеров превышает моле
кулярный вес полифенилацетиленов, полученных путем полемеризации; было уста
новлено влияние катализатора на среднюю степень поликонденсации.



Строение поликонденсированных полифенилацетиленов было исследовано как хими
ческим путем, так и с помощью ИК спектроскопии. Было установлено, что полимеры обла
дают конфигурацией транс-алкенов.

Согласно электрофизическим свойствам, определенным на основе ЭПР спектров, 
электропроводимости и ее энергии активации, полифенилацетилены могут быть отнесены 
к полимерам-полупроводникам с удовлетворительными свойствами (1015—1019 спин/г, 
б =  10-15 ом-1 см -1, Ед =  0,98—2,1 эв).

Согласно данным ДТА, полифенилацетилены, полученные путем данной поликон- 
ненсации фенилацетальдегида, представляют собой полимеры со стабильностью, достой- 
дой внимания.

Стереохимические исследования, XI
Исследования в области циклических 2-гидроксикарбоксильных кислот, II.

Г. БЕРНАТ, Д Ь . ГЁН Д ЁШ , П. МАРАИ и Л . ГЕРА

При каталитическом воостановлении 2-карбетоксициклопентанена(У) в этанольной 
среде с помощью никеля Ренея, а также при восстановлении NaBH4-oM были получены 
цис- и трсшс-2-карбетокси-циклопенатнолы (VI, VII), разделение которых с помощью фрак
ционированной дестилляции приводит к однородным с газово-хроматографической точки 
зрения цис- и транс-изомерам.

Аналогичные восстановления 2-карбетокси-циклогептанона (XIII) приводят — как 
на основе газовохроматографических, так и препаративных доказательств — к совместно
му образованию цис- и транс-2-карбетоксициклогептанолов (XIV, XV), разделение которых 
было успешно осуществлено с помощью фракциональной дестилляции. Следует отметить, 
что настоящие данные опровергают те недавно опубликованные литературные данные 
[13], согласно которым данные реакции приводят к образованию стереооднородного цис- 
продукта.

Стереохимические исследования, XII
Циклические аминоспирты и их производные, V. N -»- О ацильная миграция 
в N-бензоильных производных ц и с -  и транс-2-аминометил-циклопентанолов, 

а также ц и с -  и шранс-2-гидроксиметил-циклопентиламинов
Г. БЕРН А Т, К. Л . ЛАНГ, Д Ь . ГЁН ДЁШ , П. МАРАИ и К. КОВАЧ

Восстановлением амидов цис- и траноциклопентанол-2-карбоновых кислот, а 
также цис- и транс-2-аминоциклопентанкарбоновых кислот с помощью LiAlH„ были по
лучены цис- и транс-2-аминометилциклопентанолы, а также цис- и т ранс-2-гидрокси- 
метилциклопентиламины, соответственно. Кинетически изучалась реакция ацильной 
миграции N - > 0  в цис- и тракс-М-бензоил-2-аминометилциклопентанолах, а также в 
цис- и транс-М-бензоил-2-гидроксиметилциклопентиламинах. Измерения проводились в 
среде абсолютного диоксана и с полумолярным избытком НС1. В случае М-бензоил-ццс-2 
аминометилциклогексанола при температурах 100,8, 110,0 и 125,0 °С были получены сле
дующие константы скорости реакции второго порядка кг ■ 103 [сек“ 1] =  2,89, 3,37 и 5,33, 
соответственно; энергия активации реакции равна zlE* =  11,70 ккал/моль, а энтропия ак
тивации HS* =  —41,8 энтр. ед.; а в случае А1-бензоил-гщс-2-гидроксиметилциклопентила- 
мина — следующие значения: кг • 103 [се к '1] =  3,87, 7,80 и 10,31 при температурах 84,0, 
100,4 и 110,0 °С, соответственно, ДЕ* =  11,22 ккал/моль и z!S+ = —36,9 энтр. ед. Скорость 
ацильной миграции N — 0  в случае т ранс-изомеров значительно ниже величины для цис- 
изомеров. В случае 1М-бензоил-транс-2-аминометшщиклопептанола и М-бензоил-транс-2- 
гидроксиметилциклопентиламина при температуре 130,2 °С были получены следующие 
константы скорости реакции N -► О ацильной миграции к2 ■ 103 [сек-1] =  0,74 и 0,87, 
соответственно. Было установлено, что реакция ацильной миграции N -* О в случае N- 
бензоил-транс-2-аминометилциклопентанола протекает с инверсией. Рассматривались 
переходные состояния реакции ацильной миграции N->0, и последняя сравнивалась для 
случаев циклопентанового скелета с ранее изученными 1,3-аминоспиртами с циклогекса
новым скелетом.





Radiation Chemistry III
PR O C EED IN G S OF T H E  T H IR D  SYMPOSIUM 

1 0 -1 5  MAY 1971, TIH AN Y, HUNGARY 

edited by J . DOBÓ and P. H ED VIG

This meeting provoked special world-wide in terest. There were over 200 partic ipan ts p resent 
and practically  all im portan t schools of rad ia tion  chem istry were represented. The m ain 
results obtained in the field of aqueous solutions, organic com pounds, monomers and polym eric 
compounds were discussed. A novelty of th is Symposium is th a t  in addition to  the results 
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