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UNTERSUCHUNG DER ZUSAMMENSETZUNG 
VON EINHEIMISCHEN UND AUSLÄNDISCHEN 

ÄTHERISCHEN ÖLEN, I
KOM BINIERTE METHODE ZUR ANALYSE VON ÄTHERISCHEN ÖLEN MITTELS 
WIRKSAMER TREN NU NG  DER GEMISCHE UND INSTRUMENTELLER IDENTIFI -

ZIERUNG D E R  KOMPONENTEN

K. BÉLAFI-RÉTHY*, S. I gLEWSKI*, E. K e RENYI* und R. KoLTA**
(* Uhgarisches Erdöl- und Erdgas-Forschungsinstitut, Veszprém und **Betrieb fü r  K osm etik

und Haushallschemie, Budapest)

Eingegangen am 14. Februar 1972

Zwecks Aufklärung der Zusammensetzung von ätherischen ölen  wurde eine 
kombinierte Analysenmethode entwickelt, die auf wirksamer Trennung und danach 
folgender instrumcnteller Strukturuntersuchung der Komponenten beruht. Die quan
titative Analyse der Öle wurde m ittels Kapillar-Gaschromatographie durchgeführt. 
Zur qualitativen Analyse ließen sich die Komponenten voneinander trennen, d. h., durch 
Kombinierung von Rektifikation, Elutions-Flüssigkeitscliromatographie, präparativer 
Gaschromatographie und chemischer Trennung aus den ätherischen Ölen in reinem  
Zustand herstellen. Die Identifizierung der Komponenten wurde durch Anwendung 
von IR- und UV-Spektrometrie, Massenspektrometrie, Kernrcsonanz-Spektrometrie 
und chemischen Methoden erreicht. Die kombinierte Analysenmethode wird am B ei
spiel der Untersuchung eines importierten »dementliolisierten« Minzöls aus Mentha 
arvensis vorgeführt.

Die A u fk lä ru n g  der Z u sam m en se tzu n g  von  ä th e risch en  Ö len is t  fü r  die 
L e b e n sm itte lin d u s tr ie  und  fü r die k o sm etisch e , p h a rm azeu tisch e  u n d  o rg a n isc h 
chem ische In d u s tr ie  von großer B e d e u tu n g . Die A nw endung  hzw . die A n w e n d 
b a rk e it  der ä th e risc h e n  ö le  b e ru h t  w esen tlich  a u f  der G egenw art e in e r oder 
m eh re re r  H a u p tk o m p o n en ten , w ä h re n d  die G egenw art von  N eb en k o m p o n en ten  
die B ra u c h b a rk e it b ed eu ten d  b ee in flu ssen  bzw . m odifiz ieren  k an n  [1].

Bis zur M itte  der fünfziger J a lire  s tü tz te  sich die U n te rsu c h u n g  d er 
Z u sam m en se tzu n g  h au p tsäch lich  a u f  chemische M ethoden  u n d  b e sc h rä n k te  sich 
a u f  die Id e n tif iz ie ru n g  und  B e s tim m u n g  d er w ich tig sten  oder am  m e is ten  
c h a ra k te ris tisch e n  K om p o n en ten  [2]. E ine  b ed eu ten d e  E n tw ic k lu n g  e rleb te  
d ie  B estim m u n g  d e r  Z u sam m en se tzu n g  du rch  die A nw endung  d er Gaschroma- 
tographie  u n d  D ünnschichtchrom atographie ; diese v e rm itte lte n  eine v ie l einge
h en d e re  K e n n tn is  der Z u sam m en se tzu n g  zah lre icher ä th e risc h e r ö le  [3]. 
B ei den  ch ro m ato g rap h isch en  U n te rsu c h u n g e n  erfo lg t die q u a lita tiv e  A n aly se  
d e r  K o m p o n en ten  m eistens d u rch  d ie U n te rsu c h u n g  der R e te n tio n sv e rh a lte n  
m it H ilfe von  M odellsubstanzen ; a u f  diese W eise is t jed o ch  die Id e n tif iz ie ru n g  
— gerade w enn es sich um  u n b e k a n n te  K o m p o n en ten  h a n d e lt o ft u n d u rc h 
fü h rb a r  oder irre fü h ren d . D em zufolge sind  die in  d er F a c h li te ra tu r  v e rö ffe n t
lich ten  und  n u r  a u f  ch ro m a to g rap h isch er A nalyse b e ru h en d en  Z u sam m en -

1 A da Chim. ( Budapest) 76, 1973
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S e tzu n g sd a ten  z iem lich  lü ck en h a ft u n d  n ic h t  im m er verläß lich  (z. B . [4, 51]). 
U b e r  die sp e k tro m e trisc h e  U n te rsu ch u n g  d e r g e tre n n te n  K o m p o n en ten  w u rd e  
b ish e r  in  n u r  seh r w en igen  A rbe iten  b e r ic h te t  (z. B . [6, 7]), so d aß  die Z u sam 
m en se tz u n g  hei d e r M ehrzah l der ä th e r isc h e n  Öle auch  h eu te  noch n u r  in  groben 
Z ü g en  b e k a n n t is t .

Kombinierte Methode zur Analyse von ätherischen ölen

E in e r  d er A u sg an g sp u n k te  u n se re r  M ethode  w ar die E rfa h ru n g , d aß  
eine eindeutige Id en tifiz ie ru n g  der K o m p o n e n te n  n u r  m itte ls  sp ek tro m e trisc h e r 
M e th o d en  m öglich  is t ,  w eite rh in  d aß  die V o rb ed in g u n g  der sp ek tro m e trisc h e n  
Id e n tif iz ie ru n g  die T re n n u n g  der e inze lnen  K o m p o n en ten  in  au sre ich en d er 
R e in h e it  is t. D em g em äß  b e ru h t die q u a li ta t iv e  A nalyse  n ach  u n se re r  M ethode 
a u f  d e r H e rs te llu n g  u n d  d er in s tru m e n te lle n  S tru k tu rb e s tim m u n g  d er re in en  
K o m p o n en ten .

D er zw eite A u sg an g sp u n k t w ar die E rfa h ru n g , d aß  die K o m p o n en ten  
d e r ä th e risch en  ö le  u n te r  en tsp rech en d en  B ed ingungen  m itte ls  K ap illa r-  
G a sch ro m a to g rap h ie  a n a ly tisc h  g e tre n n t u n d  m it befried igender G en au ig 
k e it  quantita tiv  bestim m t w erden  können . D ie q u a n ti ta t iv e  A nalyse w ird  d a h e r 
b e i u n se ren  U n te rsu c h u n g e n  m it K a p illa r-G asch ro m a to g rap h ie  d u rch g e fü h rt.

D as Schem a d e r en tw ick e lten  M ethode  z u r A nalyse d er ä th e risch en  ö le  
is t  in  A bb . 1 d a rg e s te llt . D em gem äß w ird  d ie  P ro b e  des zu u n te rsu c h e n d e n  
ä th e r isc h e n  Öles zw ecks q u a lita tiv e r  A n a ly se  zu e rs t d u rch  F lü ss ig k e itsch ro 
m a to g ra p h ie  in K oh lenw assersto ffe  u n d  K o h len w asse rs to ffd e riv a te  g e tre n n t.

A us dem  h a u p tsä c h lic h  aus Terpenen  b e s teh en d en  K oh len w assers to ff
gem isch  w erden  d a n n  m itte ls  w irk sam er R e k tif ik a tio n  M onoterpene, Ses
q u ite rp e n e , gegebenenfalls  K o h lenw assersto ffe  h ö h ere r K o h le n s to ffa to m 
z ah l gew onnen. A us d en  engen K o h len w asse rs to ff-F rak tio n en  w erden  end lich  
m itte ls  g rober u n d  ansch ließ en d  fe iner p rä p a ra t iv e r  G asch ro m ato g rap h ie  
re in e  o d er fa s t re ine  K oh lenw asserto ffe  e rh a lte n . B ei e in facher K oh len w asser
s to ff-Z u sam m en se tzu n g  fä ll t  die R e k tif ik a tio n  au s u n d  das K o h lenw assersto ffge
m isch  w ird  u n m itte lb a r  d er p rä p a ra tiv e n  G asch ro m a to g rap h ie  u n te rw o rfen . 
S ä m tlich e  T re n n u n g so p e ra tio n en  w erden  d u rc h  K ap illa r-G asch ro m a to g rap h ie  
k o n tro llie r t.

D as h a u p tsä c h lic h  sau ersto ffh a ltig e  Terpenderivate enthaltende Gemisch 
w ird  ebenfalls m itte ls  R e k tif ik a tio n  in  M o n o te rp en d e riv a te , S esq u ite rp en d eri- 
v a te ,  D ite rp e n d e riv a te , gegebenenfalls in  sa u e rs to ffh a ltig e  D e riv a te  an d e re r 
K o h le n s to ffa to m z a h l g e tre n n t. Bei den T e rp e n d e r iv a te n  k a n n  m an  auch  so 
V orgehen , daß  A lkoho le , A ld eh y d e-K eto n e , K a rb o n sä u re n  u n d  E s te r  d u rch  
v e rsch ied en e  chem ische  M ethoden  aus d em  G em isch gew onnen w erd en . 
D ie re in en  V erb in d u n g en  w erden  aus d iesen  F ra k tio n e n  engen S ie d e p u n k t
be re ich es du rch  p rä p a ra t iv e  G asch ro m ato g rap h ie  herg este llt. D ie R e k tif ik a -
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Abb. 1. Schema der zur Analyse von ätherischen ölen  ausgearbeiteten kombinierten
Methode

t io n  oder die chem ische T re n n u n g  w ird  n u r  bei G em ischen v e rw ic k e lte r  
Z u sam m en se tzu n g  angew endet, h ä u fig  k a n n  das Gem isch u n m it te lb a r  der 
p rä p a ra t iv e n  G esch ro m ato g rap h ie  u n te rw o rfe n  w erden. A uch h ie r  w ird  die 
W irk sa m k e it d e r T rennung  d u rc h  K ap illa r-G asch ro m a to g rap h ie  k o n tro llie r t.

D ie reinen K om ponenten  w u rd en  d u rc h  S tud ieren  ih re r v e rsch ied en en  
S p e k tre n  bzw . d u rch  U n te rsu ch u n g  d e r S p e k tre n  der v e rw an d ten  V e rb in d u n g en  
id e n tif iz ie rt, in  die sie e in d eu tig  u m g e se tz t w urden . D azu ließ en  sich  vo r
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allem  IR -  u n d  U V -S p ek tro m etrie , M assen sp ek tro m etrie  und  K ern reso n an z- 
S p e k tro m e tr ie  v e rw en d en . D abei w u rd en  z u r  B es tä tig u n g  der S t ru k tu r  in  
d e r L i te r a tu r  v e rö ffe n tlic h te  S p ek tren  in  B e tra c h t  gezogen u n d  in  e in ze ln en  
F ä lle n  S y n th esen  v o n  M odellverb indungen , e v e n tu e ll chem ische M eth o d en  
h e ran g ezo g en .

D ie  quantita tive A n a lyse  der zu u n te rsu c h e n d e n  P robe b es ta n d  au s d e r 
q u a n t i ta t iv e n  A u sw ertu n g  d er K ap illa r-G asch ro m ato g ram m e des ä th e r isc h e n  
Öles u n d  ih re r  g e tre n n te n  G ru n d frak tio n en .

T ren n u n g  der K o m p o n en ten

D ie  K oh len w assers to ffe  u n d  K o h len w asse rs to ffd e riv a te  w u rd en  m it 
H ilfe  v o n  E lu tio n s-F lü ss ig k e itsch ro m a to g rap h ie  a n  Silikagel g e tre n n t. D ie 
c h ro m a to g ra p h isc h e  S äu le  w ar eine 1400 m m  la n g e  G lasröhre m it 35 m m  
in n e re m  D u rch m esse r u n d  w a r m it einem  a u sg ew e ite ten  F lü ss ig k e itsb eh ä lte r 
u n d  m it  e iner v e r jü n g te n  A usflußöffnung  v e rseh en . Die Säule w u rd e  zu r 
T re n n u n g  m it a k tiv ie r te m  Silikagel der F irm a  D av iso n  (K orngröße 100 —200 
m esh) g e fü llt. D ie M enge der zu tre n n e n d e n  ä th e r isc h e n  Ö lprobe p ro  Z y k lu s  
w a r je  n a c h  der Z u sam m en se tzu n g  1 5 0 —250 g. Die K ohlenw assersto ffe  
w u rd e n  m it  n -H ex an , d ie K o h len w asse rs to ffd e riv a te  m it M ethanol e lu ie rt. In  
e in igen  F ä lle n  w u rd e , u m  die vo llkom m ene T re n n u n g  d er beiden V e rb in d u n g s
g ru p p e n  zu fö rd e rn , E lu tio n  m it B enzol zw isch en g esch alte t. D as E lu tio n s 
m itte l  ließ  sich aus d en  e rh a lten en  F ra k tio n e n  d u rch  gelindes E rw ä rm e n  
u n te r  V a k u u m  e n tfe rn en .

I n  b e s tim m te n  F ä llen  w urden  die flü ssig k e itsch ro m a to g rap h isch en  
G ru n d fra k tio n e n  d u rc h  R ek tifik a tio n  m ittels H albm ikro-D rehbandkolonne, 
M o n o te rp en e  bzw . M o n o te rp en d eriv a te , S e sq u ite rp e n e  bzw. S esq u ite rp en d eri- 
v a te , gegebenenfalls in  F ra k tio n e n  h ö h e re r K o h len sto ffa to m zah l g e tre n n t. 
D as z u r  R e k tif ik a tio n  an g ew an d te  G erä t b e s ta n d  aus einer 500 m m  lan g en  
K o lo n n e  m it 6 m m  in n e rem  D urchm esser, v e rse h e n  m it einem  zugeschm ol
zenen  V a k u u m m a n te l u n d  einem  to tra u m fre ie n  K opfte il. In  der K o lo n n e  
b e f in d e t sich  ein säu re fe s te s  S tah lb an d , das d u rc h  m agnetischen  A n trie b  
m it e in e r  U m d reh u n g szah l von  1000 3000 U /m in  ro tie rt. U n ten  is t  die
K o lo n n e  m it einem  S iedekolben , oben m it e inem  K ü h le r  u n d  einer V orlage  
v e rb u n d e n . D ie e lek tr isch  geheizte u n d  m it m a g n e tisch e r R ück lau freg e lu n g  
v e rseh en e  K o lonne k a n n  bis e tw a  250 °C K o p f te m p e ra tu r  u n d  1 T o rr  D ru c k  
v e rw e n d e t w erden . Ih re  T ren n fäh ig k e it e n ts p r ic h t  bei op tim aler B e la s tu n g  
e iner T re n n s tu fe n z a h l v o n  35; ih r  B e tr ie b s in h a lt u n d  ih r  D ru ck v erlu s t s ind  
gerin g  [8, 9]. D ie gew öhnlich  g e tren n te  M enge b e tru g  5 —60 g. D er D e
s ti l la tio n sd ru c k  w u rd e  jew eils so gew ählt, d a ß  d ie  T em p era tu r im  K o lb en  
1 5 0 —160 °C n ic h t ü b e rs tieg .
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B ei K o h len w assers to ffd eriv a t-G em isch en  bzw . -F rak tio n en  k o m p liz ie r
te r  Z u sam m en se tzu n g  w u rd en  auch  chem ische M ethoden  zu r T re n n u n g  der 
K o m p o n en ten  ang ew en d e t. E ine g u t b e w ä h r te  K o m bina tion  b e s ta n d  aus 
d er G ew innung  von  B o rsäu reeste rn  d e r  u rsp rü n g lich en  A lkohole, aus der 
V e ra rb e itu n g  d er E s te r  m itte ls  H y d ro ly se  u n d  ähn licher U m se tz u n g  der 
e n ts ta n d e n e n  A lkohole u n d  aus der T re n n u n g  d e r A ldehyde u n d  K e to n e  d u rch  
deren H y d rie ru n g  u n d  d an ach  fo lgende B o rsäu reeste rb ild u n g . D ie au s den 
B orsäu reeste rgem ischen  sch rittw eise  zu rü ck g ew o n n en en  A lkoholgem ische b e 
steh en  aus A lkoholen, d e ren  S tru k tu r  d en  u rsp rü n g lich en  S au e rs to ffd e riv a ten  
e n tsp ric h t, w odurch  die U n te rsu ch u n g  d e r au s  vielerlei V erb indungen  zu sam 
m engese tz ten  G em ische z u r  Id e n tif iz ie ru n g  d e r  T erpenalkoho le  v e re in fa c h t 
w ird [10]. A uch  an d ere , selektive u n d  q u a n t i ta t iv e  chem ische T re n n u n g e n  
w urden  fü r  b e s tim m te  D eriv a tg ru p p en , in sb eso n d ere  fü r O x o v erb in d u n g en , 
m it E rfo lg  v e rw en d e t [11, 12].

D ie A nre ich eru n g  oder H e rs te llu n g  d e r  einzelnen K o m p o n e n te n  bei 
G em ischen, die aus w enigen B estan d te ilen  ä h n lic h e r  S tru k tu r  b es teh en , erfo lg te  
m eistens in  zwei S c h ritte n  m itte ls  p rä p a ra tiver  Gaschromatographie. Zur 
G robpräparierung  w urde  te ils  das G e rä t F ra c to v a p  P  von der F irm a  C arlo  E rb a , 
teils das G e rä t C hrom  I I I  von der F irm a  K o v o  v e rw endet. Die K o lo n n e  w ar 
4 m lang , m it einem  in n e ren  D u rch m esser v o n  10 m m . Die F ü llu n g  b e s ta n d  
m eistens aus dem  T rä g e r MH-1 [13] m it 10 %  C arbow ax-20 M b e n e tz t .  Die 
E inw aage b e tru g  liier e tw a  1 — 5 m l. A ls T rä g e rg a s  w urde W a sse rs to ff  v e r
w endet. D ie T re n n u n g s te m p e ra tu r  w u rd e  je  n ach  den S ied e p u n k te n  und  
W ärm eem p fin d lich k e iten  d er K o m p o n en ten  gew ählt.

D ie F einpräparierung  der a n g e re ic h e rte n  K o m p o n en ten  erfo lg te  a n fä n g 
lich m it einem  fü r a n a ly tisch e  Zw ecke g e b a u te n  u n d  in unserem  I n s t i tu t  fü r 
p rä p a ra tiv e  Zw ecke m od ifiz ierten  G e rä t T y p  G C H F  18 von  der F irm a  W . G iede, 
s p ä te r  m it dem  G rä t T y p  105 von d e r F irm a  P y e . Bei dem  m it V o rlag csy stem  
verseh en en  G iede-G erät w u rd e  eine 4 m lan g e  Säule  m it 4 m m  in n e rem  D u rc h 
m esser v e rw en d e t. D ie V erte ilungsphase  w a r  h ie r  m eistens ebenfalls C arbow ax- 
20 M. D ie G eschw ind igkeit des W assersto ff-T rägergases b e tru g  2 L ite r/h . 
Im  P y e -G e rä t b a s ta n d  d ie  F ü llung  d e r S äu le  (A bm essungen  5 m x 6  m m ) aus 
m it C arbow ax-20  M b en e tz tem  Celit. D ie G eschw ind igkeit des A rg o n -T räg erg a 
ses b e tru g  h ie r 1,5 L ite r /h . Bei der F e in p rä p a r ie ru n g  w urden  E in w a a g e n  von 
10 200 /Л v e rw en d e t; d ie  V e rsu c h s te m p e ra tu r  w urde auch  in  d iesen  F ällen
der N a tu r  d e r K o m p o n en ten  e n tsp rech en d  gew äh lt.

D ie bei den T ren n u n g en  e rh a lte n e n  re in en  V erb indungen  e rm ö g lich ten  
au ß e r d er S icherung  d er V orbed ingungen  fü r  die Id en tifiz ie ru n g  d e r K o m 

p o n en ten  — die U n te rsu ch u n g  z a h lre ic h e r, b isher w enig s tu d ie r te r  oder 
u n b e k a n n te r  K o m p o n en ten  der ä th e r isc h e n  ö le .
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Identifizierung der Komponenten

D ie  I R  Spektren  d e r a b g e tre n n te n  re in e n  K om ponen ten  w u rd e n  m it 
d e n  G e rä te n  U R -10 bzw . U R -2 0  von  der F irm a  C arl Zeiss, J e n a  au fg en o m m en . 
D a b e i w u rd e n  P rism en  u n d  K ü v e tte n  aus K B r , N aC l u n d  L iF  u n d  S c h ic h t
d ic k e n  v o n  m eistens 0,0025 o d er 0,01 cm  v e rw e n d e t. D as W ellen zah lg eb ie t 
la g  zw isc h e n  4000 u n d  400 c m '1.

Z u r  A ufnahm e d er U V -S p ek tren  w u rd e  ein  reg istrierendes S p e k tro p h o 
to m e te r  m it doppeltem  S tra h le n g a n g  von d e r F irm a  P erk in -E lm er (M od. 137) 
b e n ü tz t .  D ie S ch ich td icke  b e tru g  0 ,1 —4,0 cm ; die P roben  w u rd en  m it  a ro 
m a te n f re ie m  B enzin o d er m it  A lkohol v e rd ü n n t.

D ie  M assenspektren  d e r  K o m p o n en ten  w u rd e n  m it dem  M assen sp ek tro 
m e te r  M I 1305 (System  N ier) v o n  der F irm a  Z E M E  aufgenom m en. D e r  M eß
b e re ic h  des G erätes b e tr ä g t  1 —400 M assene inhe iten , das A u flö su n g sv erm ö 
g en  3 00 . D as fü r ch em isch -an a ly tisch e  Z w ecke geeignete E in w aag esy stem  
des G e rä te s  w urde in  u n se re m  I n s t i tu t  h e rg e s te llt , es w ar ab er fü r  P ro b e n  
h o h e n  S ied ep u n k tes  u n g e e ig n e t. D ie B esch leu n ig u n g ssp an n u n g  b e tru g  bei 
d en  M essungen  4 kV  u n d  d ie Io n is ie rsp a n n u n g  50 Y. D ie A u fn ah m eg e 
sc h w in d ig k e it  w ar e in h e itlich  e tw a  2 M assen e in h e iten  pro  M inute.

Z u r  A ufnahm e d er K ernresonanzspektren  w u rd e  frü h er das G e rä t Z K R -6 0  
v o n  d e r  F irm a  Zeiss v e rw e n d e t. D ie A u fn ah m en  ließen  sich in  10% igen  L ö su n 
gen  m i t  T e tra c h lo rk o h len s to ff  d u rch fü h ren . D e r  M eßbereich  lag  (bezogen  a u f  
T e tra m e th y ls i la n )  zw ischen V ersch ieb u n g sw erten  (ö) von  0 u n d  8 p p m . 
S p ä te r  w u rd e n  die S p e k tre n  m it  dem  G erä t V a r ia n  T-60 aufgenom m en. D ieses 
a r b e i te t  m it  einer F req u en z  v o n  60 M Hz u n d  e in e r  In d u k tio n ss tä rk e  v o n  14 
K G ; se in  A uflösungsverm ögen  b e trä g t  0 ,4  H z.

B e i d e r Id en tif iz ie ru n g  d e r  re inen  K o m p o n e n te n  von  ä th e risch en  ö le n  
e rg a b  s ic h  häu fig  die N o tw en d ig k e it, die S p e k tre n  der chemisch eindeu tig  
um gesetzten  Derivate d e r K o m p o n e n te n  zu u n te rsu c h e n . In  dieser B ez ieh u n g  
w u rd e n  v o r  allem  u n g e sä ttig te  K o h lenw assersto ffe  d u rch  H y drie ren  in  g e s ä tt ig te  
u m g e w a n d e lt ,  gegebenenfalls w urde  der S a u e rs to ffg e h a lt b e s tim m te r S a u e r
s to f fd e r iv a te  du rch  H y d rie re n  e n tfe rn t. D ie S p e k tre n  der du rch  R e d u k tio n  
e rh a l te n e n  K oh lenw assersto ffe  tru g e n  zur g e n au en  K läru n g  der K o h len sto ff- 
S k e le t t s t r u k tu r  bei. D ie M ikrohydrierung  w u rd e  m it S ubstan zm en g en  v o n  
e in ig en  Z e h n te l G ram m  b e i 200 250 °C in  e in em  M ik ro reak to r d u rc h g e fü h rt,
d e r  m i t  P a lla d iu m k a ta ly s a to r  a u f  A lu m in iu m o x y d -T räg er gefüllt w a r [14]. 
B ei s a u e rs to ffh a ltig e n  D e r iv a te n  w urden  a u ß e r  d e r  H y d rie ru n g  au ch  a n d e re  
ch e m isc h e  U m setzungen  a n g e w a n d t [10]. B ei d e r  Id en tifiz ie ru n g  d er re in en  
K o m p o n e n te n  ergab sich  a u c h  die G elegenheit zu m  R eg istrieren  v o n  S p e k 
t r e n  w e n ig  b e k a n n te r  o d er b ish e r u n b e k a n n te r  K o m p o n en ten  ä th e r is c h e r  
Öle.
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Quantitative Analyse

Z ur q u a n ti ta t iv e n  A nalyse  der zu u n te rsu c h e n d e n  ä th erisch en  ö le  u n d  
zu r K on tro lle  d e r m itte ls  F lü ss ig k e itsch ro m a to g rap h ie  oder anderer M ethoden  
e rh a lten en  G ru n d fra k tio n e n  w u rd e  die K apillar-G aschrom atographie  v e rw en d e t. 
D ahei w u rd en  d ie  G erä te  C arlo E rh a  P -A ID /F , K O Y O  C hrom  I I I  und  P y e  105 
b e n ü tz t. I n  d en  m eisten  F ä llen  w urde m it e inem  50 m  langen  K a p illa rro h r  
m it einem  in n e ren  D u rch m esse r von  0,25 m m  g e a rb e ite t; die Y erte ilungsphase  
w ar C arbow ax 1000, die A n a ly se n te m p e ra tu r  lag  zw ischen  100 und  150 °C, die 
S tröm ungsgeschw ind igkeit des A rgon-T rägergases u m  e tw a  1,5 m l/M in. D ie 
A usw ertung  d e r G esch rom atog ram m e erfo lg te  te ils  d u rc h  P lan im e trie ren , 
te ils u n te r  A n w en d u n g  eines In te g ra to rs ;  d ab e i w u rd en , w enn  nö tig , au c h  die 
E m p fin d lich k e its fak to ren  d e r  K o m p o n en ten  in  B e tra c h t gezogen. D ie aus 
den zur q u a n ti ta t iv e n  A nalyse  u n d  zur K o n tro lle  d er F rak tio n en  au fg en o m 
m enen G asch ro m ato g ram m en  erh a lten e  lau fen d e  N u m erie ru n g  der K o m p o n e n 
te n  w ar zugleich  der A u sg an g sp u n k t fü r  die q u a li ta t iv e  A nalyse.

Analysenbeispiel eines »dementholisierten« Minzöles 
ausländischer Herkunft

D as ö l  d e r P flan ze  M entha  arvensis is t  d e r w ich tig s te  R o h sto ff des in 
der L e b en sm itte lin d u s tr ie , in  der ko sm etisch en  u n d  p h a rm azeu tisch en  I n d u 
strie  au sg ed eh n t v e rw en d e ten  M enthols. A us dem  ö l  w ird  das M en tho l im  
allgem einen d u rc h  F iltr ie re n , durch  K ü h len  u n d  F iltr ie re n  oder ev en tu e ll 
du rch  U m k ris ta llis ie ren  m it L ö su n g sm itte ln  gew onnen . D as d em en th o lis ie rte  
Minzöl e n th ä lt  n och  b e trä c h tlic h e  M engen an  M en th o l u n d  lä ß t sich  d esh a lb  
v o r allem  in  ko sm etisch en  P ro d u k te n  als R ie c h s to ff  verw enden . U m  die 
ko m b in ie rte  A n a ly sen m e th o d e  zu k o n tro llie ren , w u rd e  von  uns zu e rs t die 
Z u sam m en se tzu n g  eines au s  B rasilien  im p o r tie r te n  »dem entholisierten«  
Minzöls u n te rsu c h t.

Bei d e r U n te rsu c h u n g  dieser P ro b e  w u rd e  die en tw ickelte  k o m b in ie rte  
M ethode -  w egen d er v e rh ä ltn ism äß ig  g ro ß en  Z ah l d er zur V erfü g u n g  
steh en d en  L ite ra tu ra n g a b e n  [1, 2] u n d  d e r n ic h t a llzu  k o m pliz ie rten  Z u sa m 
m ense tzung  — in  einer e tw as  v e re in fach ten  F o rm  angew endet u n d  einige 
T rennungs- u n d  Id e n tif iz ie ru n g ssc h ritte  w u rd en  w eggelassen. D ie d u rc h 
gefü h rten  O p era tio n en  u n d  P rü fu n g en  s in d  in  Tab. I  zu sam m en g efaß t. 
Die Id e n tif iz ie ru n g  d er an g e re ich erten  o d er re in en  K om p o n en ten  w ird  im  
folgenden an  zwei B eisp ie len  v o rg e fü h rt.

Im  K ap illa r-G asch ro m a to g ram m  des M inzöls ze ig t das m it N r. 3 bezeich- 
ne te  P eak  die G eg en w art e in e r geringen M enge (0,2 G ew .% ) einer K o m p o n en te  
an , die sich  g em äß  der flü ss ig k e itsch ro m a to g rap h isch en  T ren n u n g  u n d  gas
ch ro m ato g rap h isch en  A u fn ah m e  als T e rp en k o h len w asse rs to ff erwies. A u fg ru n d
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T abelle  I

Operationen und Prüfungen bei der Bestimmung der Zusammensetzung eines »dementholisierten«
M inzöls

Operation bzw. Prüfung. Ergebnis

M essen v o n  physikalischen  
K o n s ta n te n  des ä therischen  Öles

G ru n d d a ten , orientierende 
q u a lita tiv e  In fo rm ationen

A n a litisc h e  G aschrom atographie  
des ä th e risch e n  Öles

Z ahl der K om ponenten , q u a n ti ta t iv e  
Z usam m ensetzung

F lü ss ig k eitsch rom atograph ische  
T re n n u n g  des ä therischen  Öles

T erpen-K ohlenw assersto ffe  u n d  
T erp en d eriv a te

A n a ly tisc h e  G aschrom atographie 
d e r T erp e n frak tio n  u n d  der 
T e rp e n d e riv a t-F ra k tio n

E rg än zen d e  A ngaben ü b e r die
A nzah l der K om ponenten  u n d  ü b e r die
q u a n ti ta t iv e  Z usam m ensetzung

P rä p a ra t iv e  u n d  m ik ro p räp ara tiv e  
g asch ro m ato g rap h isch e  T rennung  
d e r T e rp e n fra k tio n  u n d  der 
T e rp e n d e riv a t-F ra k tio n

A ngereicherte  oder reine 
K om p o n en ten

H y d rie ru n g  einzelner angereicherter 
oder re in e r  K om ponen ten

R eine  oder angereicherte  g e sä ttig te  K ohlen  
W asserstoffe

A u fn a h m e  des M assenspektrum s, des 
IR -S p e k tru m s  u n d  des K ernresonanz- 
S p e k tru m s  de r angereicherten  oder 
re in e n  K o m p o n en ten  bzw. der h y d rie rten  
P ro d u k te

S p e k tren  re iner S ubstanzen , 
In fo rm atio n en  über die N a tu r  
der K om ponenten

V e ra rb e itu n g  der In fo rm ationen Q u a lita tiv e  Zusam m ensetzung, 
Id en tifiz ie ru n g  der K o m p o n en ten

des M assen sp ek tru m s ergab sich  das M oleku largew ich t d ieser K o m p o n e n te  zu 
136, ih re  B ru tto fo rm e l zu C10H ]6. D ie H y d rie ru n g  der K o m p o n en te  e rgab  

w ie g asch ro m a to g rap h isch  u n d  sp e k tro m e tr isc h  festgeste llt w erd en  k o n n te  — 
2 ,6 -D im e th y lo k ta n ; die g esuch te  K o m p o n e n te  w ar also ein 2 ,6 -D im e th y lo k ta -  
tr ie n - Is o m e r . Es s ind  in sg esam t 42 Iso m ere  m öglich, die k e ine  k u m u lie r te n  
D o p p e lb in d u n g e n  e n th a lte n ; von  diesen  s in d  n u r  9 Isom ere  b e k a n n t, u n d  
im  F a lle  v o n  6 Isom eren  (c-a-O cym en , tr-oc-O cym en, c-/?-Ocymen, tr-/3-O cym en, 
a -M y rc e n  u n d  /З-M yrcen) k e n n t m a n  au ch  d ie  S p ek tren  [15]. D ie b e k a n n te n  
S p e k tre n  d er Isom ere  w eisen n eb en  ä h n lic h e n  S p ek tru m te ilen  au ch  m it ih re r  
ch em isch en  S tru k tu r  ü b e re in s tim m en d e  c h a ra k te ris tisch e  A bw eichungen  auf. 
B ei u n s  w u rd en  n u r  IR -sp e k tro m e tr isc h e  u n d  m assen sp ek tro m etrisch e  A u f
n a h m e n  d e r K o m p o n en te  N r. 3 g em ach t; d iese s tan d en  in  g u te r  Ü b e re in s tim 
m u n g  m it  den  b e k a n n te n  S p e k tre n  u n d  m it  d er S tru k tu r  des /1-M yrcens 
(2 -M eth y l-6 -M eth y len -2 ,7 -O k tad ien ). D ie Z u o rd n u n g  der S p e k tru m te ile  e rm ö g 
lic h te  d e n  A ussch luß  d er A nw esenhe it a n d e re r  Isom ere. D em zufolge k o n n te  
die K o m p o n e n te  N r. 3 als /З-M yrcen id e n tif iz ie r t  w erden.

D ie  M öglichkeit der A n w esen h e it v o n  /З-M yrcen im  M inzöl w ird  au ch  
in  d e r  F a c h li te ra tu r  e rw äh n t [1].
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BÉLAFI-RÉTHY und Mitarb.: ZUSAMMENSETZUNG VON ÄTHERISCHEN ÖLEN, I 9

Im  K ap illa r-G esch ro m ato g ram m  des »dem entho lisierten«  M inzöls zeigt 
das q u a n ti ta t iv  a u sw e rtb a re  P eak  N r I I  die G egenw art e iner K o m p o n en te  
in  M engen von  0,1 G ew .%  an . D ie E rgebn isse  d er f lü ss ig k e itsch ro m a to g ra 
phischen  T ren n u n g  w iesen a u f  T erpenalkoho l h in , jed o ch  gelang  es w egen der 
geringen M enge u n d  des m it N eom entho l id e n tisc h e n  R e te n tio n sv e rh a lte n s  
n ich t, die K o m p o n en te  in  re inem  Z u stan d  zu iso lieren . Die E in z e lh e ite n  des 
IR -S p e k tru m s d er an g e re ich e rten  P robe u n d  sonstige  B eo b ach tu n g en  sp rach en  
d a fü r, d aß  es sich  u m  einen  u n g e sä ttig te n  T erp en a lk o h o l h a n d e lt , dessen 
S k e le tts tru k tu r  d e r des M enthols ähn lich  is t. D a  die F a c h li te ra tu r  n u r  drei 
de ra rtig e  A lkohole k e n n t (P ulegol, Isopulegol u n d  P iperito l) [1, 2 ], bew eist 
die bei der a n g e re ich e rten  u n d  n u r  g e sä ttig te  V eru n re in ig u n g  (N eom entho l) 
e n th a lte n d e n  P ro b e  g efu n d en e  IR -R a n d e  bei 890 c m -1 , die e iner e n d stän d ig en  
D oppelb indung  zu z u o rd n e n  is t, daß  es sich  u m  Isopulegol (l-M eth y l-4 -Iso - 
p ropeny l-C yclohexano l-3 ) h a n d e lt. Die K o n fo rm a tio n  des vo rlieg en d en  Iso- 
pulegols (d- u n d  /-Iso p u leg o l, d- u n d  /-N eoisopulegol oder d- u n d  Z-Neoiso- 
Isopulegol) w urde  n ic h t  b e s tim m t.

Bis je tz t  w u rd e  d ie  A nw esenheit von  Isopu lego l im Öl d e r M en th a  ar- 
vensis noch n ich t fe s tg e s te ll t  [1].

D ie du rch  F lü ss ig k e itsch ro m a to g rap h ie  u n d  p rä p a ra tiv e  G a sc h ro m a to 
g rap h ie  e rh a lten en  o d er an  g ere icherten  K o m p o n en ten  w u rd en , w ie aus den 
an g efü h rten  B eisp ielen  h e rv o rg eh t, au fg ru n d  d e r versch iedenen  au fgenom m e
nen  S p ek tren  u n d  m it H ilfe d er S p e k tru m a u fn a h m e n  von M odellsubstanzen , 
d er zu V erfügung  s te h e n d e n  b ek a n n te n  S p e k tre n , der A ssig n a tio n  d er Spek
tru m b a n d e n  u n d  gegebenenfalls  der zu sä tz lich en  In fo rm a tio n e n  (z. B . m itte ls 
chem ischer U m se tzu n g en ) id en tifiz ie rt. In  Tab. I I  sind  die M eth o d en  u n d  E r
gebnisse der Id e n tif iz ie ru n g , die re la tiv en  R e te n tio n sz e ite n  (L im o n en  =  100) 
u n d  die M engen (in  G ew .% ) der in  a u sw ertb a ren  K o n z e n tra tio n e n  (0,1 G ew .%  
oder m ehr) v o rlieg en d en  K o m p o n en ten  a n g e fü h rt. Die g a sc h ro m a to g ra p h i
schen A ngaben  s ta m m e n  in diesem  F alle  aus A u fn ah m en , die m it einem  G erät 
P -A ID /F  von d e r F irm a  Carlo E rb a  u n d  m it e in er m it C arbow ax-1000 b en e tz ten  
K ap illarsäu le  v o n  50 m  L änge b e re ite t w u rd en . D ie T e m p e ra tu r  b e tru g  125° 
u n d  die G eschw ind igkeit des A rgon-T rägergases 1,6 m l/M in. A u ß e r den  in der 
T abelle an g e fü h rten  K o m p o n en ten  k o n n te  d ie G egenw art v o n  geringen 
(u n te rh a lb  0,1 G ew .%  liegenden) M engen an  3 ,7 -D im e th y l-l,6 -O k tad ien o l-3 , 
N eoisom cnthol, e -C ad inen  u n d  w eiteren  10 u n b e k a n n te n  K o m p o n en ten  
(hau p tsäch lich  S esq u ite rp en en ) nachgew iesen  w erden .

D em gem äß e n th ä l t  das u n te rsu c h te  dem en tlio lis ie rte  M inzöl insgesam t 
34 nachw eisbare  K o m p o n en ten , d av o n  liegen 21 K o m p o n en ten  in  aus
w ertb a ren  M engen v o r; diese b ilden den 99 ,3 p ro zen tig en  A n te il des Minzöls. 
V on diesen le tz te re n  k o n n te n  17 K o m p o n en ten , d .h . 98,5 G ew .%  des Minz
öls id en tifiz ie rt w erd en . D ie n ich t id en tif iz ie rten  w esen tlichen  K o m p o n en ten  
w aren  alle S esq u ite rp en e  in  d er G rö ß en o rd n u n g  v o n  je  0 ,1% .
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Tabelle II

Iden tifizierung  und Mengenanteil der signifikanten Komponenten eines »dementholisierteni
Minzöls

Methode der Identifizierung

Nr. Modell-
Verbindung

Bekannte
Spektren

Zuordnung 
der Spek

trumbanden

Zusätzliche
Informa
tionen

Komponente Relative
Retention Gew. %

l + + a -P in en 81 0,7
2 + + ß -P in en 91 0,6
3 + + + /S-Myrcen 93 0,2
4 • + + + L im onen 100 5,4
5 + + 1,8-Cineol 104 0,2
6 + + _L p-C ym ol

2 ,6-D im ethy lok-

104 0,2

7 + ■ + ta n o l-2 140 0,4
8 + Sesqui te rp e n 191 0,1
9 + + M enthon 191 31,6

10 + S esqu ite rp en 208 0,3
11 + + Iso m en th o n 208 8,7
12 + + + M en th y la ce ta t 253 5,5
13 + + + N eom entho l 273 4,8
14 + + Isopulegol 290 0,1
15 + C ariophyllen 307 1,7
16 + + + M enthol 330 32,7
17 -f- + + Isom en tho l 356 1,5
18 + + S esq u iterpen 403 0,2
19 + + P ip e rito n 450 4Д
20 S esq u iterpen 518 0,2
21 + + C halam enen 741 0,1

К  99,3

D e r  z u r  T rennung  d e r K o m p o n e n te n  v e rw endete  p rä p a ra tiv e  G asch ro m a to g rap h  Carlo 
E rb a  F r a c to v a p - P  w urde vom  O rgan isch -ch em isch en  L e h rs tu h l d e r U n iv e rs itä t  fü r  chem ische 
In d u s t r ie ,  V eszprém  zu V erfü g u n g  g e s te l l t;  die K e rn re so n an z sp e k tre n  w urd en  m it d em  G erä t 
Z K R -6 0  a m  O rganisch-chem ischen  L e h r s tu h l  de r L. E ö tv ö s -U n iv e rs itä t ,  B u d a p e s t au fg en o m 
m en. E s  se i a n  dieser Stelle b e id en  L e h rs tü h le n  u n se r D an k  au sg esp rochen .
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T he p re se n t w ork is a im ed a t  e lim in a tin g  u n c erta in tie s  in e v a lu a tin g  a n d  h a n d 
lin g  u ltra c e n tr ifu g a l d a ta  o f a p p ro x im a te  se d im e n ta tio n  equ ilib ria  for th e  d e te rm in a tio n  
o f th e  m olecu lar w e ig h t of po ly d isp erse  m acro m o lecu la r m ate ria ls in  n o n -id ea l so lu
tio n s . T he L am m e d iffe ren tia l e q u a tio n  h as  b een  solved num erica lly  fo r th e  A rch ib a ld  
con d itio n s, ta k in g  in to  acco u n t th e  c o n c e n tra tio n  dependence of d iffu sio n  a n d  sed i
m e n ta tio n  coefficien ts as well. F ro m  th e  so lu tio n  th e  following e x p e rim e n ta l co nd itions 
h a v e  been  o b ta in e d  fo r th e  ap p lic ab ility  o f  lin e a r  e x trap o la tio n  of th e  c o n ce n tra tio n  
g ra d ie n t to  th e  m eniscus on th e  Sch lie ren  p a tte rn

■ >  0.05 a n d  Dt >  0.75 X 10- 2cm2 .
Sto2 rl

In  th e  case  o f non-idea l so lu tio n s  a n d /o r  polydisperse so lu tes  th e  a p p a re n t 
m o lecu la r w e ig h t changes w ith  tim e . In  th is  case lin ea r ex tra p o la tio n  w ith  re sp ec t to  
t U2 has  been show n  to  give b e t te r  re su lts  th a n  th a t  w ith  respect to  l. T h e  use  o f th e  
T ra u tm a n  d iag ra m  fo r lin ea r e x tra p o la tio n  o f th e  co n cen tra tio n  g ra d ie n t to  th e  in itia l 
co n ce n tra tio n  a n d  for d e te rm in in g  M z w as e x te n d e d  to  non-ideal so lu tio n s .

Introduction

T h e u ltra c e n tr ifu g a l m o lecu lar w e ig h t d e te rm in a tio n s of m acrom olecu les 
are  b ased  on th e  S vedberg  eq u a tio n  ex p ress in g  th e  p ro p o rtio n a lity  o f  th e  m o
lecu la r w eigh t a n d  th e  ra tio  o f th e  s e d im e n ta tio n  (S) and  d iffusion  (D ) coeffi
c ien ts . In  sed im en ta tio n  equ ilib ria  th is  ra tio  is determ ined  b y  th e  L am m e 
d iffe ren tia l eq u a tio n  as follows:

Э c 
dt

1 8
dr

r l)
8 c 

8r
Sa>2 r2 c 0 ( 1 )

w here  c is th e  so lu tio n  co n cen tra tio n , r is th e  d istance from  th e  c e n te r  of ro 
ta t io n , t is th e  t im e  an d  со is th e  a n g u la r  velocity .

F o r  th e  m eniscus an d  b o tto m  o f th e  u ltracen trifu g a l cell A r c h ib a l d

[1] e x te n d e d  th e  v a lid ity  o f eq u a tio n  (1) fo r non-equ ilib rium  co n d itio n s . In  
th is  w ay  it  becom es possible to  e v a lu a te  th e  m olecular w eig h t b y  th e  fol
low ing  expression :

(2)
S

D
w h ere  su b sc r ip t m  denotes th e  m en iscus.

1 8 c
1 \ 8 r m

CO2 rm cm
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14 BLAZSÓ, CZUPPON: MOLECULAR W EIGHT DETERMINATION

A r c h i b a l d ’s sim p le  an d  ra p id  m e th o d  is s tr ic t ly  valid  only  in  th e  case 
o f  m onod isperse  m a te r ia ls  an d  ideal so lu tio n s , s ince  otherw ise exp ression  (2) 
v a r ie s  w ith  tim e  d u rin g  th e  ex p erim en t. S ev era l e ffo rts  have been  m ad e  to  
e x te n t  th e  m e th o d  [ 2 —5]. F o r po lyd isperse  id e a l system s K e g e l e s  [4] has 
d e m o n s tra te d  t h a t  th e  v a lu e  a t  t =  0 eq u a ls  th e  w eight average  o f  S /D . 
V a lu es  fo r t =  0 a re  o b ta in e d  b y  ex tra p o la tio n . M ost o f th e  au th o rs  e x tra p o la te  
to  zero  tim e  lin e a rly , o th e rs  b y  assum ing  p ro p o r tio n a lity  to  th e  sq u a re  ro o t 
o f  tim e . B o th  a ssu m p tio n  a re  a rb itra ry . I n  th e  case of non-ideal sy stem s, fo r 
th e  v a lu es  a t  t =  0 th e  fo llow ing expression is v a lid  ( K e g e l e s  [4]):

D D

s w,app . S
+  B * c + (0 )c 2+  . . . (3)

w h ere  B*  is p ro p o rtio n a l to  th e  second v ir ia l coeffic ien t [6].
T r a u t m a n , on th e  o th e r  h an d , in th e  case o f  po lydisperse  ideal sy s tem s , 

re g a rd e d  (őc/őr)m as a fu n c tio n  of th e  m en iscus c o n cen tra tio n  an d  p ro p o sed  
e x tra p o la tio n  to  th e  in it ia l  c o n cen tra tio n  [7]. H e  h as  show n th a t  th e  s u b s ti
tu t io n  o f th is  e x tra p o la te d  v a lu e  an d  of th e  in i t ia l  co n cen tra tio n  in to  E q . (2) 
le a d s  to  th e  w eigh t av e rag e  o f S /D . M oreover, he  h a s  also show n th a t  th e  slope 
o f th e  (dc/őr)m vs. cm cu rv e  in  th e  p o in t cm =  c0 co rresp o n d s to  th e  z av e rag e .

Numerical solution of the Lamme equation if S/D depends 
on the concentration

T h e  A r c h i b a l d  an d  T r a u t m a n  m eth o d s  in v o lv e  values of c o n c e n tra 
tio n  a n d  c o n c e n tra tio n  g ra d ie n t a t  th e  m en iscus. T h e ir  evaluation  is done b y  
e x tra p o la tio n  w hich , in  tu r n ,  requ ires ce rta in  in fo rm a tio n  abo u t th e  co n cen 
t r a t io n  d is tr ib u tio n . T h e  v a r ia tio n  o f th e  m en iscus co n cen tra tio n  an d  its  g ra 
d ien t as a fu n c tio n  o f tim e  becom es im p o r ta n t w h e n  th e  ra tio  of these  v a lu es  
also changes w ith  tim e  because  of n o n -id ea lity  a n d  po lyd ispersity . In  th is  
case a n  e x tra p o la tio n  to  th e  in itia l s ta te  (zero tim e ) is needed. T herefo re , 
so lu tio n  o f th e  L am m e e q u a tio n  is necessary  fo r  a s tu d y  of th e  cond itions fo r 
c o rre c t e x tra p o la tio n s .

L a  B a r  [8] a n d  Y p h a n t i s  [5] solved th e  L a m m e  eq u a tio n  for th e  case 
o f id e a l so lu tions a n d  d rew  som e conclusions re g a rd in g  th e  above m en tio n ed  
e x tra p o la tio n s . T he p u rp o se  o f th e  p resen t p a p e r  is to  ex ten d  th e ir  s tu d ie s  
fo r n o n -id ea l so lu tio n s, n u m erica lly  solving th e  L a m m e  equa tion  fo r a m ono- 
d isp erse  so lu te  in  th e  case w h en  b o th  S  an d  D  d e p e n d  on th e  co n cen tra tio n .

F o r  th e  c o n c e n tra tio n  dependence th e  fo llow ing  functions w ere u sed :

S =  S °
1 -\-kc

Acta Chim. (Budapest) 76, 1973
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D  =  D u( l  +  k Dc) (5)

w here  к  an d  k D are c o n s ta n ts .
F irs t , th e  L am m e e q u a tio n  is re -w ritten  in  te rm s  of dim ensionless p a ra m 

e te rs :

r  =  2 w2 S 0 t;  0 (x , t )
c (r ,t)

•>

£ -■ 2D:  „ ; <x =  kc0 ; ß =  k D c0. 
S 0 w 2 rzm

T his leads to  th e  eq u a tio n

9 0

9 r

Э

dx
(1+/S0) -® -U

i + « 0  J)

to  th e  in itia l cond ition :

( 6)

0  =  1 1 <  * < rb 2
; T =  0

. rm .

a n d  to  th e  b o u n d a ry  co n d itio n :

£ (1 +  ß@)
ox

в

1 +  a  0
X =  1 or X — Г; T > 0

rm 1

w here rb is th e  d is tan ce  o f  th e  cell b o tto m  from  th e  cen te r of ro ta t io n .
W e co m p u ted  0  a n d  bQjbx va lues in  th e  range  x  =  1 to  x  =  1.4 (corre

sp o n d in g  a p p ro x im a te ly  to  th e  com m on u ltra c e n tr ifu g a l cell le n g th ) , for 
fix ed  values of th e  o th e r  in d e p e n d e n t v a riab le  t . T his again  w as v a r ie d  in  the  
ran g e  from  zero to  a  tim e  w hen a fin ite  m eniscus co n cen tra tio n  s t i l l  ex isted , 
a n d  th e  c o n s ta n t c o n c e n tra tio n  range b e tw een  b o tto m  an d  m en iscu s d id  no t 
d isap p ear.

T he values fo r th e  c o n s ta n ts  of th e  L am m e eq u a tio n  w ere  ch o sen  so 
t h a t  th e y  re flec ted  all th e  cases of p rac tica l im p o rtan ce . T he fo llow ing  ranges 
h a v e  been considered :

e: 0 .01-0.20; a: 0 -1 .0 ; ß\ -0 .5  -  +0.5.

T he e q u a tio n  h as  been  solved n u m erica lly  b y  th e  g rid  m e th o d . The 
e s tim a tio n  of errors w as ca rried  o u t on th e  basis o f th e  R unge p r in c ip le .
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16 BLAZSÓ, CZUPPON: MOLECULAR W EIGHT DETERMINATION

Application of the calculated solutions

1. E va lua tion  o f the concentration  gradient at the m eniscus

T h e sim plest w a y  o f  evaluating  th e  re f ra c tio n  index  g ra d ie n t a t  th e  
m e n isc u s  on th e  p a t te r n  o f  th e  u ltra c e n tr ifu g a l cell ta k e n  b y  S ch lieren  optics 
w o u ld  be  th e  linear e x tra p o la t io n  from  th e  n o n -d is to r te d  p a r t  o f th e  g rad ien t 
c u rv e . L a  B a r  [8] — w h o  exam ined  th e  p o ss ib le  errors of th is  e x tra p o la tio n  
fo r  id e a l solutions, so lv in g  th e  Lam m e eq u a tio n  b y  th e  F ax én  ap p ro x im a tio n  
f o u n d  th a t ,  w ith in  less t h a n  5 %  error, th e  c o n c e n tra tio n  g ra d ie n t is a lin ear 
fu n c t io n  of r, in  a ra n g e  o f  0.75 mm in th e  n e ig h b o u rh o o d  of th e  m eniscus 
w h e n  £ >  0.5 an d  D t =  10~~2 cm2. U n fo rtu n a te ly , th is  cond ition  corresponds 
to  a v e ry  sm all c o n c e n tra tio n  change a t th e  m en iscu s  (zJ0 <[ 0.05).

I n  our ca lcu la tio n s w e assum ed lin e a rity  o n ly  fo r ab o u t h a lf  o f L a  B a r ’s 

r a n g e  (1.005 <  x  <  1.015) a n d  found th a t  th e  e r ro r  of th e  e x tra p o la te d  value 
d oes n o t  exceed 5 %  if  £ > 0 . 0 5  and > 6 х Ю ч  (Dt > 0 . 7 5 x l 0 ” 2 cm 2). 
T h is  is a b e tte r  a p p ro x im a tio n  of the  u su a l e x p e rim e n ta l cond itio n s. O ur 
c a lc u la tio n s  were n o t  l im ite d  to  th e  case o f id e a l so lu tions. M oreover, if  con
d it io n s  £ >  0-05 a n d  g r  >  6 X 10-1 are fu lf ille d  fo r  th e  co m p o n en t ch a ra c 
te r iz e d  b y  th e  sm allest v a lu e  o f £, we o b ta in  th e  sam e resu lts  fo r po lyd isperse  
so lu te s . F o r ideal so lu tio n s  th is  is a simple co n c lu s io n  if  th e re  is no in te ra c tio n  
b e tw e e n  th e  solutes o f d if fe re n t size.

2 . T im e  dependence o f  the apparen t molecular w eight

I n  Figs 1. an d  2 th e  ca lc u la ted  re la tiv e  a p p a re n t  m olecu lar w eigh ts are 
p lo t t e d  against tim e  a n d  th e  sq u are  root of t im e , re sp ec tiv e ly , fo r so lu tions of

t ime f / e

Fig. 1. V a ria tio n  of a p p a re n t  m o le c u la r  weight as a  fu n c tio n  of tim e. T he d iffe re n t curves 
re fe r  to  non -id ea l solu tions c h a ra c te r iz e d  by  th e  follow ing c o n s ta n ts . 1. a = 0 , ß =  0 ; 2. a  =  0.2, 

ß =  0; 3. a  =  0 .5 , ß  =  0 ; 4 . a  =  0.2, ß =  + 0 .2 ;  5. a  =  0.2, ß =  — 0.2
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BLAZSÓ, CZUPPON: MOLECULAR WEIGHT DETERMINATION 17

d iffe ren t d ev ia tio n s  from  id e a lity . T h e  re la tiv e  a p p a re n t m o lecu la r  w eigh t 
is th e  ra tio  to  th e  v alue  a t  zero tim e . In  o rd e r to  show  th e  d ire c t r e la tio n  of 
th e  n u m erica l va lu es  on th e  x  axes to  th e  rea l ex p erim en ta l tim e , we h a v e  show n 
th e  curves o f tw o  re la tiv e  c o n c e n tra tio n s  o f  th e  m eniscus ( 0 m) b y  d o tte d  
lines. T he com parison  of F igs 1 a n d  2 is conv incing : th e  lin ea r e x tra p o la tio n  
o f  th e  a p p a re n t m olecu lar w e ig h t a g a in s t th e  square  ro o t o f tim e  lead s to  
a m uch  sm alle r e rro r th a n  t h a t  a g a in s t tim e .

T he sam e s ta te m e n t is v a lid  in  th e  case o f an  ideal so lu tion  if  th e  change 
o f th e  a p p a re n t m olecu lar w e ig h t is caused  b y  po ly d isp ers ity . L in e a r  e x tra 
p o la tio n  w ith  re sp ec t to  t112 seem s to  be  good enough if  0 m v a lu es  below  0.6 
are  avoided . F ig . 3 shows th e  fu n c tio n s  ca lcu la ted  for m odel m ix tu re s  o f  tw o 
com ponen ts in  eq u a l w eigh ts, c h a ra c te riz e d  in  T ab le  I . Since th e  d im en sio n 
less r  invo lves S 0 chang ing  fro m  co m p o n en t to  com ponen t, th e  t im e  scale

Fig. 2. Variation of apparent molecular weight as a function of the square root of time. No'
tations as in Fig. 1

Fig. 3. Variation of apparent molecular weight as a function of the square root o f time for 
ideal solutions of two-component model mixtures characterized in Table I
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18 BLAZSÓ, CZUPPON: MOLECULAR W EIGHT DETERMINATION

h a s  to  be re tu rn ed  to  t .  F o r  th is  reason r / t= 2 c o 2S 0 values are  also g iven  in  
a d d it io n  to  1/ £ fo r a ll co m p o n e n ts  in th e  ta b le .

3. D eterm ination o f  the z-average molecular w eight in  non-ideal solutions

A s already  m e n tio n e d , T rau tm an  h as  sh o w n  t h a t  th e  z-average m ole
c u la r  w eigh t can be d e te rm in e d  by  tak ing  th e  in i t ia l  slope of th e  (dcldr)mvs. cm

F i £. 4. Trautman diagram of four two-component model m ixtures characterized in Table I
in ideal solutions

f u n c t io n  [7]. F igure 4 sh o w s th e  T rau tm an  d ia g ra m  p lo tte d  for th e  m odel 
m ix tu re s  of Table I . T h e  s lo p e  of th e  curve a t  Q m =  1 is equal to  th e  co rre 
s p o n d in g  z averages. F o r  n o n - id e a l so lu tions, th e  m en iscu s co n cen tra tio n  g ra 
d ie n t  as a function  o f  th e  co n cen tra tio n  is also  n e a r ly  lin ear in  a re la tiv e ly  
w id e  ra n g e  of m eniscus c o n c e n tra tio n s  acco rd in g  to  th e  ca lcu la ted  d a ta  g iven  
in  F ig . 5. Therefore, w e c a n  ex trap o la te  a lso  b y  th e  T ra u tm a n  d iag ram  in  
o rd e r  to  o b ta in  the  a p p a r e n t  w eight average  m o le c u la r  w eights in  non -id ea l 
so lu tio n s , and  a t th e  sam e  t im e  we can ev a lu a te  th e  in it ia l  slopes co rresp o n d 
in g  to  th e  ap p aren t z -a v e ra g e  m olecular w eig h t as fo llow s:

(^z )ap p
^[(^w )app ‘ c]

dc
(?)
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Table I

Characterization o f  two-component model mixtures used fo r  the numerical calculations

COMPONENTS
№ .
(!/«)»

Model 1 2 (V«)« 0/«).
i/s 2 6)aSe x sec l/e 2 (o*S0 x  sec

A 4 5 X 10“ 6 8 7 Х Ю - 0 6 6.67 1.11

В 4 5 X 1 0 - 5 16 l X l O - o 10 13.6 1.36

C 4 5 Х Ю -0 36 1 .5 Х Ю -* 20 32.8 1.64

D 4 5 Х Ю -0 64 2 X 1 0 - * 34 60.4 1.78

Fig. 5. Trautman diagram of various non-ideal solutions characterized by the following con
stants. 1. a =  0, ß =  0; 2. a =  0.2, ß =  0; 3. a =  0.2, ß  =  + 0 .2 ; 4. a =  1.0, ß  =  0; 5. a =  0.2,

ß =  — 0.2

N evertheless, th e  a p p a re n t  z-average va lu es  h a v e  to  be e x tra p o la te d  to  in 
fin ite  d ilu tio n  as w ell. In  o rder to  d e m o n s tra te  th e  co n cen tra tio n  dependence 
o f th e  z-average v a lu es , we s ta r t  from  E q . (3) exp ressing  th e  c o n cen tra tio n  
dependence o f th e  w e ig h t average m o lecu lar w e ig h t. T he te rm s  o f  second  an d  
h ig h er pow ers o f  c o n cen tra tio n  are  neg lig ib le  in  th e  expression  w hen  th e  
so lu tio n  is su ffic ien tly  d ilu te .
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20 BLAZSÓ, CZUPPON: MOLECULAR WEIGHT DETERMINATION

м „ app
+  Вс (8)

w h ere  В  is th e  second v ir ia l coeffic ien t. In se r tin g  th is  in to  E q . (7) w e h av e :

M w c
de I 1-|- M w Be

M ,
(1 +  M w B c f

(9)

G e n e ra lly , in  E q . (9) th e  sq u a re  te rm  is n o t neg lig ib le. Since th e  ra t io  o f a p 
p a re n t  w e ig h t average a n d  z -av erag e  m o lecu lar w e ig h t depends on th e  con
c e n tra t io n  as follows:

(M w)app =  M w , 1 +  M  B c ) (10)
( M z ) ap p M z

we su g g e s t linear e x tra p o la tio n  to  in fin ite  d ilu tio n  by  m eans of E q . (10).

*

T h e  a u th o rs  g ra te fu lly  ack n o w led g e  th e  a ssistan ce  of M r. I .  SzEPESVÁRI of th e  C o m p u te r 
C en te r o f  th e  H u n g a rian  A cad em y  o f  Sciences, who has w r i t te n  th e  p ro g ram  fo r th e  U ra l 2 
c o m p u te r  a n d  carried  o u t th e  n u m e ric a l so lu tions o f th e  L am m e d ifferen tia l eq u a tio n .
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INVESTIGATION OF THE RATE OF CORROSION OF 
IRON IN ACETONE-WATER-SODIUM ACETATE
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The kinetic parameters of the dissolution of iron were studied in acetone-w ater- 
sodium acetate mixtures. The polarization curves were measured by using a potentiostat 
equipment with automatic compensation of the resistance polarization because of the 
high resistance of the solutions. The slopes of the Tafel’s plots were measured and the 
corrosion-current density values of iron were evaluated in various mixtures.

The constant (b) of Tafel’s equation was found to be independent of the acetone 
concentration while a decrease of the constant was observed by increasing the acetate 
concentration. The corrosion-current density decreased by increasing acetone concentra
tion while acetate ion concentration had an opposite effect.

S everal w orkers h av e  in v e s tig a te d  th e  e lectrochem ical p ro p e rtie s  and  
corrosion  o f iron  because  o f th e  g rea t p ra c tic a l im p o rtan ce  of th e  la t te r .  H ere  
we re p o rt on an  in v es tig a tio n  aim ed  a t  s tu d y in g  th e  effect o f ace to n e  on  th e  
k in e tics  o f iro n  d isso lu tion  in  ace tone—w a te r—sod ium  ace ta te  m ix tu re s .

T h e  m eth o d  used  w as th e  m e asu rem en t o f  th e  p o la riza tio n  re s is ta n c  
an d  th e  e v a lu a tio n  o f th e  corrosion  c u r re n t d en sity  (icorr) c h a ra c te r is t-  
to  th e  ra te  o f corrosion. C o n stan ts  ba a n d  bk ch a rac te ris tic  to  th e  anod- 
a n d  ca th o d ic  processes, resp ec tiv e ly , w ere o b ta in e d  from  th e  slope o f th  
T afe l’s p lo ts . T he corrosion  c u rre n t d e n s ity  w as ca lcu la ted  acco rd in g  to  th  
follow ing fo rm u la  (1)

i c =  —  - b a '- - k-  (1 )
Rp ьа+ьк

w here R p =  (<H?/d'i)i=0 is th e  p o la riza tio n  re s is tan ce , as d e te rm in ed  from  
th e  p o la riza tio n  cu rve  in  th e  n e ig h b o u rh o o d  o f som e mV of th e  s te a d y -s ta te  
p o te n tia l. T he d e te rm in a tio n  o f th e  ab o v e-m en tio n ed  c o n s ta n ts  w ould  have  
been  in a c c u ra te  b y  th e  u su a l p o te n tio s ta tic  m e th o d  because of th e  h ig h  re s is t
ance o f th e  m ix tu re s  q =  15 —1000 O hm  cm ). T h u s , an  a u to m a tic  c o m p en 
sa tin g  sy stem  w as em ployed  fo r th e  e lim in a tio n  o f resistance p o la r iz a tio n  in 
th e  m easu rem en t o f th e  p o la riza tio n  cu rves (2).

T he e x p e rim en ta l eq u ip m en t is show n in  F ig . 1. T he d e ta ils  h a v e  been 
re p o r te d  p rev io u sly  [2]. T he m easu rem en ts  w ere p erfo rm ed  in a th re e -e lec tro d e  
cell. T he  w ork ing  e lec trode  У  w as an  iron  foil w ith  a surface a re a  o f  0.25 cm 2 
sea led  in  a glass tu b e  by  m eans o f E p o k it t  resin . A n o rm a l calom el e lec tro d e  К
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22 DÉVAY ct af.: RATE OF CORROSION OF IRON

se rv e d  as reference  e lec tro d e , while th e  p la tin u m  electrode E  w as th e  c o u n te r  
e lec tro d e . T h e  w o rk in g  e lec trode  w as p o la rized  in  th e  p o te n tia l ra n g e  from  
0 tO ;k 2 .5 V . P r io r  to  th e  m easu rem en ts , th e  su rface  o f th e  electrodes w as c leaned  
b y  m e a n s  o f em ery  p a p e r  a n d  e tch ed  in  d ilu te  su lp h u ric  acid  fo r 5 m in u te s , 
th e n  r in se d  w ith  d is tilled  w a te r  an d  d ried .

Fig. 1. B lo ck  d iag ram  of th e  eq u ip m en t. 1. Cell; 2. X —Y  re co rd e r; 3. M easuring  re s is tan ce ; 
4. W av e  a n a ly se r ;  5. D e m o d u la to r; 6 . P o te n tio m e te r ;  7. K ip p  g en era to r; 8. F i l te r  c irc u it; 

9. P o te n tio s ta t;  10. M o d u la to r; 11. F i l te r  c irc u it;  12. A m plifier

T h e  so d ium  a c e ta te  c o n c e n tra tio n  o f th e  so lu tio n s was 0.01, 0 .05, 0.1 
an d  0.5 M ,  re sp ec tiv e ly . T he acetone  c o n te n t o f th e  so lu tions w as v a r ie d  from  
0 to  30 p e r  cen t. A n a ly tica l g rade  reag en ts  w ere em ployed  for th e  p re p a ra 
tio n  o f  th e  so lu tio n s. T h e  electrodes w ere p re tr e a te d  before  each m easu rem en t. 
T he m e a su re m e n ts  w ere p e rfo rm ed  a t  ro o m  te m p e ra tu re .

A  few  exam ples o f th e  p o la riza tio n  cu rv es  a re  show n in Figs 2 th ro u g h  5. 
T he p lo ts  o b ta in e d  b y  em ploy ing  th e  a u to m a tic  co m p en sa tio n  sy stem  are  in d i
ca ted  b y  fu ll lines w hile th e  d o tte d  lines re fe r  to  th e  m easu rem en ts  p e rfo rm ed  
w ith o u t c o m p en sa tin g  th e  re sis tan ce  p o la r iz a tio n . I t  is a p p a re n t t h a t  th e  tw o  
ty p e s  o f  cu rves d iffe r considerab ly .

T h e  slop es o f T a fe l’s p lo ts  w ere d e te rm in e d  b y  m eans of th e  l in e a r iz a 
tio n  o f  th e  p o la riza tio n  curves an d  ex am in ed  as a  fu n c tio n  of th e  c o n c e n tra tio n  
of so d iu m  a c e ta te  a n d  ace to n e , resp ec tiv e ly . T h e  c o n s ta n ts  are  lis ted  in  T ab le  I. 
I t  is a p p a re n t  from  th e  d a ta  t h a t  th e  values re fe rr in g  to  th e  anodic  a n d  c a th o d 
ic p rocesses, re sp ec tiv e ly , w ere in d e p e n d e n t fro m  th e  acetone c o n c e n tra tio n  
in  so lu tio n s  c o n ta in in g  an  eq u a l am o u n t of so d iu m  a c e ta te . ba an d  bk decreased
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Fig. 2. Polarization curve of the iron electrode in a 0.01 N  sodium acetate solution containing
10 per cent acetone

Fig. 3. Polarization curve of the iron electrode in a 0.05 jV sodium acetate solution containing
20 per cent acetone

Fig. 4. Polarization curve of the iron electrode in a 0.1 N  sodium acetate solution containing
10 per cent acetone
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F ig . 5. Polarization curve of the iron electrode in a 0.5 N  sodium acetate solution containing
10 per cent acetone

Table I

CHjCOONa
C[M]

Acetone 
per cent

Cathodic process 
b[V]

Anodic process 
6[V] l corr

[ц  Л/ст2]

0.01 0 0.111 0.177 68.5
0.01 10 0.099 0.152 55.5
0.01 20 0.109 0.161 50.4
0.01 30 0.098 0.204 47.5

average: 0.104 0.174

0.05 0 0.100 0.137 104
0.05 10 0.091 0.170 90.7
0.05 20 0.096 0.140 70.6
0.05 30 0.103 0.121 68

average: 0.097 0.142

0.1 0 0.087 0.124 127
0.1 10 0.074 0.087 109
0.1 20 0.073 0.098 92.5
0.1 30 0.083 0.110 80.8

average: 0.079 0.105

0.5 0 0.067 0.087 147.5
0.5 10 0.074 0.085 134
0.5 20 0.074 0.073 123
0.5 30 0.063 0.096 112

average: 0.069 0.085
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b y  increasing  th e  sodium  a c e ta te  co n cen tra tio n , as show n in Fig. 6 r e p re s e n t
ing th e  m ean  values of th e  co n stan ts  as a  fu n c tio n  of th e  sodium  a c e ta te  
c o n cen tra tio n .

T he m easu rem en t o f th e  p o la riza tio n  re s is tan ce  of th e  system s w as p e r
form ed b y  m ean s of th e  ab o v e  m en tioned  e q u ip m e n t w ith o u t em p lo y in g  th e

log Cel
Fig. 6. b constants of Tafel’s equation as plotted vs. the sodium acetate concentration

au to m a tic  com p en sa tio n  sy s tem . The c o m p en sa tio n  o f th e  ohm ic p o te n tia l  
drop w as n o t  necessary  in  th is  case, as th e  c u rre n t flow ing th ro u g h  th e  elec
tro d e  w as in  th e  o rder o f som e pA  only , in  th e  neighbourhood  of a  few  m V of 
th e  s te a d y -s ta te  p o te n tia l, th u s  th e  ohm ic p o te n tia l  d rop  on th e  re s is ta n c e  of 
the  so lu tio n  w as neglig ib le as com pared  to  th e  p o la riza tio n  v o ltage .

T he re su lts  o f th e  m easu rem en t o f  p o la riz a tio n  resistance  a re  sh o w n  in 
Fig. 7. I t  is a p p a re n t in  F ig . 7 th a t  in  th is  p o te n tia l range th e  p o la riz a tio n  
curves w ere  lin ea r to  a  fa ir ly  good a p p ro x im a tio n , an d  th e  slopes differ 
considerab ly .

T he e ffec t of re s is tan ce  R m h ad  to  be ta k e n  in to  co n sid e ra tio n  in  th e  
ev a lu a tio n  o f  th e  p o la riza tio n  resistance  on th e  basis of th e  m e a su re d  d a ta . 
The v o ltag e  reco rded  on th e  axis of th e  c u rre n t-p o te n tia l  curve w as th e  sum  
of th e  e lec tro d e  p o te n tia l an d  th e  v o ltag e , i R m, app earin g  on th e  s ta n d a rd  
resistance .

U =  E + i R m (2)

w here

U  is th e  m easu red  vo ltage
E  is th e  e lec trode  p o ten tia l
i is th e  c u rre n t in te n s ity
R m is th e  s ta n d a rd  resistance
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Acetone •• 0 10 20 30 per cent

Fig. 7. Corrosion current density data as a function of sodium acetate and acetone concen
trations, respectively

T h e  d e r iv a tio n  o f E q . 2 a t  i =  0 y ields

l d u \ Í  dE
di  ) (=o dit=o .

+  -Rm *

a n d  i t  fo llow s th a t  th e  p o la r iz a tio n  re s is tan ce  (R„) is

R P =
d E I d U
di 1=0 1 di

R r„

(3)

(4)

T h e  v a lu e s  o f w ere d e te rm in ed  b y  a  g rap h ic  d iffe re n tia tio n  o f th e
cu rv es  re p re se n te d  in  F ig . 7, w hile  th e  co rro sio n  c u rre n t densities w ere  e v a l
u a te d  b y  m ean s of E q . 1 a n d  th e  ab o v e -m en tio n ed  values of ba an d  bk.

T h e  corrosion  c u rre n t d en sities exp ressed  in  /xA/cm2 u n its  are show n  as 
a f u n c t io n  o f  th e  acetone  c o n c e n tra tio n  in  F ig . 8.

I t  is a p p a re n t th a t  th e  co rrosion  c u rre n t d e n s itie s  decreased  b y  in c rea s in g  
a c e to n e  c o n c e n tra tio n , w hile a n  increase in  th e  c o n c e n tra tio n  o f a c e ta te  ions 
h a d  a n  o p p o s ite  effect. T he c o n c e n tra tio n  o f  a c e ta te  ions a p p a re n tly  a ffec ted  
th e  c o rro s io n  cu rren t d e n s ity  values in  th e  ace to n e—w ate r—sod ium  a c e ta te  
m ix tu re s  to  a considerab le  e x te n t ,  sim ilarly  to  th e  case re p o rte d  b y  K is s  et al. 
[8] r e la t in g  to  th e  anodic d isso lu tio n  of iron  in  g lac ia l acetic  acid. A c e ta te  ions
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Fig. 8. Corrosion current density data as a function of the acetone concentration

w ere fo u n d  to  e x h ib it a  c a ta ly tic  effect s im ila r to  th e  one show n b y  h y d ro x il 
ions in  aqueous m ed iu m  [3]. A n increase in  ace tone  c o n c e n tra tio n  s lig h tly  in 
flu en ced  th e  effect o f a c e ta te  ions. H ow ever, th e  corrosion  c u rre n t d e n s ity  de
creased  b y  an  increase  in  ace tone  co n c e n tra tio n  in  so lu tions c o n ta in in g  con
s ta n t  am o u n ts  o f sod ium  a c e ta te  in  th e  c o n c e n tra tio n  ran g e  o f  th e  la t te r  
in v e s tig a te d  in  th is  w ork .
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MULTICOMPONENT SYSTEMS

J .  DÉVAY, T. G a r a i , B. P a l á g y i - F é n y e s , L. M észáros  and S a y e d  S a b a t

A b d - E l R e h i m *
( Department o f Physical Chemistry, U niversity o f Chemical Engineering, Veszprém, and 

Research Group o f  Electrochemistry o f the Hungarian Academy o f Sciences, Veszprém)

Received March 2, 1972

Second and third harmonic A.C. polarography was used for the simultaneous 
determination of depolarizers having half-wave potentials differing by less than 150 
mV. The results showed that in such cases the above techniques were more convenient 
than D.C. or fundamental harmonic A.C. polarography.

The relative merits of second and third harmonic A.C. polarography were also 
discussed. The simultaneous determination of two electroactive species could be 
performed in a concentration ratio depending on the quality of the depolarizers even 
when the difference in the respective half-wave potentials is 40 mV only.

In  our p rev io u s  co m m u n ica tio n  [1] we h av e  d ea lt w ith  th e  a p p lic a tio n  
in  chem ical an a ly s is  of th e  second  a n d  th ird  harm on ic  A.C. c u r re n t flow ing  
th ro u g h  th e  cell con ta in ing  a  d .m .e . w hen  a  sm all a m p litu d e  s in u so id a l 
A.C. vo ltage  is superim posed  on th e  D.C. po lariz ing  p o te n tia l. I t  h as  been 
p ro v e d  ex p e rim en ta lly  th a t  th e  s e n s it iv ity  o f  h igher h a rm o n ic  A .C. po laro- 
g rap h ic  analysis is h igher by  a t  le a s t  one o rd e r of m ag n itu d e  th a n  t h a t  of 
co n v en tio n a l D .C . or fu n d a m e n ta l h a rm o n ic  A.C. p o la ro g rap h y  as th e  effect 
o f  th e  d o u b le -lay e r capacity , i.e ., th e  in te rfe ren ce  caused  by  th e  co n d en se r c u r
re n t  is e lim in a ted . This is in  acco rd an ce  w ith  th eo re tica l e x p e c ta tio n s  [2]. 
F u r th e r , th e  e ffec t of th e  ohm ic p o te n tia l  d ro p  across th e  cell re s is ta n c e  has 
b een  in v e s tig a te d  b o th  th e o re tic a lly  a n d  ex p e rim en ta lly  in  o rd e r to  e s tab lish  
o p tim u m  w o rk ing  conditions in  h ig h e r  h a rm o n ic  A.C. p o la ro g rap h ic  analysis  
[3].

The p re se n t p ap er deals w ith  th e  s im u ltan eo u s d e te rm in a tio n  o f ions 
in  th e  case w hen  th e ir  re spec tive  ha lf-w av e  p o te n tia ls  d iffer b y  less th a n  200 
mV. I t  is w ell-know n th a t  u n d e r  th e se  c ircu m stan ces D.C. p o la ro g rap h ic  
analy sis  is n o t re liab le .

B r e y e r  et at. [4] have sh o w n  th a t  th e  d e te rm in a tio n  o f a  g iv en  com po
n e n t in  fu n d a m e n ta l harm on ic  A .C. p o la ro g ra p h y  is n o t h in d e re d  b y  th e  
p resence of a re la tiv e ly  large a m o u n t o f an  ion  h av in g  a ha lf-w av e  p o te n tia l 
m ore  p ositive  th a n  th a t  of th e  d ep o la rize r to  be d e te rm in ed  w hen  th e  d iffer
ence of th e  ha lf-w ave  p o te n tia ls  o f  th e  com ponen ts is g re a te r  th a n  150 to  
200 mV. E v e n  in  th e  case w hen  th e  d ifference of th e  h alf-w ave p o te n tia ls  of

* On study leave from Ain-Shamps University, Cairo, UAR.
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th e  depo larizers is sm a lle r  th a n  150 mV, q u a n t i ta t iv e  e v a lu a tio n  o f th e  po laro- 
g ra m  o b ta in ed  b y  th is  te c h n iq u e  is s till fe as ib le  u n d e r  fav o u rab le  c ircu m 
s ta n c e s  [5]. H ow ever, th e  sim u ltan eo u s d e te rm in a tio n  of such  depo larizers in  
fu n d a m e n ta l h a rm o n ic  A .C . p o la ro g rap h y  ca n  be  ca rried  o u t w ith  som e ac 
c u ra c y  only  w hen th e  co m p o n en ts  h av e  a p p ro x im a te ly  eq u a l d iffusion  c u r
r e n ts .  F u rth e rm o re , th e  e v a lu a tio n  of th e  d a ta  o f  m u ltico m p o n en t system s 
is r a th e r  cum bersom e ev en  in  th is  case, as th e  p o la ro g ram s o f each depo la rizer 
a re  to  be  traced  se p a ra te ly  a n d  th e  c o n c e n tra tio n s  o f th e  com p o n en ts  are  to  
be  ca lc u la ted  b y  m ean s o f  geom etrica l p lo t t in g  [4]. W hen  th e  d iffusion  c u r
re n ts  o f  th e  co m p o n en ts  a re  d ifferen t, th e  e r ro r  in  th e  co n cen tra tio n  d e te r
m in a tio n  of th e  d e p o la riz e r  hav in g  a sm a lle r  d iffu sion  c u rre n t te n d s  to  in 
c rea se  an d  if th e re  is a  su ffic ien tly  large d iffe rence  in  th e  d iffusion cu rren ts  
o f  th e  com ponen ts, ev en  th e  presence of th e  d ep o la rize r is h a rd ly  d e tec tab le .

B o n d  and  Ca n t e r f o r d  [5] have  re c e n tly  m ad e  a th o ro u g h  s tu d y  on 
th e  s im u ltan eo u s d e te rm in a tio n  of tw o e le c tro a c tiv e  species b y  fu n d a m e n ta l 
h a rm o n ic  A.C. p o la ro g ra p h y  an d  th e y  h a v e  co n c lu d ed  th a t  th e  m ax im u m  
v a lu e s  ex h ib ited  a t  th e  ha lf-w av e  p o te n tia l o f  each  depo larizer w ere only  
su ita b le  fo r q u a lita tiv e  a n a ly s is  in  th e  case o f  o v e rla p p in g  w aves. T he a u th o rs  
h a v e  recom m ended  th e  u se  o f  a selective co m p lex in g  ag en t to  increase  th e  
d iffe rence  in  th e  h a lf-w av e  p o te n tia ls  of th e  d ep o la rizers  to  be d e te rm in ed . 
T h u s , a  com plete  s e p a ra t io n  o f th e  w aves c a n  be  ach ieved .

B a u e r  [6] an d  N e e b  [7] have sugg ested  t h a t  th e  m easu rem en t of th e  
seco n d  harm onic  A .C. c u r r e n t  can  be u sed  m o re  ad v an tag eo u sly  th a n  th e  
fu n d a m e n ta l harm on ic  fo r  th e  analysis of m u ltic o m p o n e n t system s. In  N e e b ’s 
p a p e r  som e q u a n ti ta t iv e  d a ta  are also p re se n te d  re g a rd in g  th e  s im u ltaneous 
d e te rm in a tio n  of som e d ep o la rizers  h av in g  h a lf-w av e  p o te n tia ls  d iffering  b y  
a p p ro x . 200 mV. H o w ev er, N e e b  did  n o t ex a m in e  in  d e ta il such  depo la rizer 
sy s te m s  w here th e  d iffe ren ce  in  th e  half-w ave p o te n tia ls  is less th a n  200 mV, 
th o u g h  th e  la t te r  a re  e sp ec ia lly  w orth  o f  in te re s t .  A ccord ing  to  N e e b , th e  
s im u lta n e o u s  d e te rm in a tio n  o f  ind ium  an d  th a ll iu m  in  perch lo ric  ac id  is n o t 
fea s ib le  b y  th e  m e a su re m e n t o f th e  second h a rm o n ic  A.C. c u rre n t, as th e  d if
fe ren ce  in  th e  re sp ec tiv e  ha lf-w av e  p o te n tia ls  o f  th e se  ions is ab o u t 50 mV, 
w hile  ev en  a h u n d red fo ld  excess of cadm ium  a n d  a  th o u san d fo ld  excess of 
in d iu m  does n o t h in d e r  th e  d e te rm in a tio n  o f  4 p g /m l lead . The fo rm er ions 
h a v e  h alf-w ave p o te n tia ls  m o re  neg a tiv e  b y  a p p ro x im a te ly  150 to  200 mV 
th a n  t h a t  o f lead.

C onsidering th e  f a c t  t h a t  only m eager d a ta  h a v e  been  p u b lish ed  in  th e  
l i te r a tu r e ,  i t  was deem ed  n e c e ssa ry  to  exam ine sy s te m a tic a lly  th e  s im u ltaneous 
d e te rm in a tio n  of v a rio u s  depo larizers b y  m ean s  o f h ig h er h arm o n ic  A.C. 
p o la ro g ra p h y .

I t  h as  been e s ta b lish e d  (с/. [1], [8]) t h a t  th e  f ir s t ,  second an d  th ird  h a r 
m on ic  A .C. po la ro g rap h ic  c u rre n ts  vs. p o te n tia l  fu n c tio n s  h av e  sim ilar form s
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to  th e  f irs t, second  a n d  th i rd  d e riv a tiv e s , re sp ec tiv e ly , of th e  D .C . c u rre n t 
vs. p o te n tia l  fu n c tio n s . T h u s , th e  fu n d a m e n ta l harm onic  A .C. co m p o n e n t 
e x h ib its  a m ax im u m  a t  th e  half-w ave p o te n tia l  of th e  e lec tro ac tiv e  species 
a n d  te n d s  to  th e  co ndenser c u rre n t flow ing  th ro u g h  th e  d o u b le -lay e r c a p a c ity  
a t  m ore  po sitiv e  a n d  m ore n eg a tiv e  p o te n tia l ,  respective ly , th a n  th e  h a lf
w ave p o te n tia l. T he am p litu d e  of th e  second  h arm o n ic  A.C. c u r re n t vs. p o te n 
t ia l  fu n c tio n s  e x h ib it tw o  p eak  va lu es  in  th e  case o f fa s t p o la ro g rap h ic  re a c 
tio n s  a t  p o te n tia ls  equal to

± 0.034

z
[vo lt] ( 1 )

w here  z is th e  n u m b e r o f e lec trons in v o lv ed  in  th e  electrode re a c tio n  a n d  
?71/2 is th e  h alf-w ave p o te n tia l, w hile th e  cu rv es  h av e  a m in im um  n e a r  to  o r a t 
th e  h a lf-w av e  p o te n tia l .  T he m in im um  is zero an d  it  is lo ca ted  a t  th e  h a lf 
w ave p o te n tia l  in  th e  case o f reversib le  p o la ro g rap h ic  reac tio n s. T h e  second 
h a rm o n ic  A.C. c u rre n t show s a  ra p id  decrease  w hen  th e  p o te n tia l  is m ad e  
m ore  n eg a tiv e  th a n  th a t  co rrespond ing  to  th e  neg a tiv e  p eak  p o te n tia l .  S im i
la r ly , th e  second harm o n ic  A.C. c u rre n t ra p id ly  decreases a t  m o re  p o sitiv e  
p o te n tia ls  th a n  th e  p o sitiv e  p eak  p o te n tia l  as show n in Fig. 1.

F ig . 1 rep resen ts  a second h a rm o n ic  A.C. po larogram  o f 1 .10-5  M  P b 2 + 
in  1 M  H C104 as su p p o rtin g  e lec tro ly te . I t  is ap p a re n t in  F ig . 1 t h a t  th e  
second  h a rm o n ic  A.C. w as fo u n d  p ra c tic a lly  neglig ib le a t  ^ 7 0  m V  as re fe rred  
to  th e  h alf-w ave p o te n tia l.

T h e  a m p litu d e  of th e  th ird  h a rm o n ic  A .C. com ponen t vs. p o te n t ia l  fu n c 
tio n  ex h ib its  one m ax im u m  a t  th e  h a lf-w av e  p o te n tia l an d  tw o  ones a t  m ore 
p o s itiv e  an d  m ore  n eg a tiv e  p o te n tia ls , re sp ec tiv e ly , th a n  th e  h a lf-w a v e  p o 
te n tia l .  T he fo rm er p o te n tia ls  are  eq u a l to

Пх.2 =  Vll 2 ±
0.060

z
[vo lt] ( 2)

(w here th e  n o ta tio n s  are  th e  sam e as in  E q . 1). T he tw o la te ra l  p e a k  va lu es  
are  one th ird  o f th e  cen tra l p eak  in  th e  case o f a reversib le  p o la ro g ra p h ic  
re a c tio n . T he p o te n tia ls  co rrespond ing  to  th e  m in im um  a m p litu d e s  b e tw een  
th e  p e a k  v alues a re  equal to  th e  p e a k  p o te n tia ls  o f th e  second  h a rm o n ic  
(cf. E q . 1). T he m in im a  are equal to  zero in  th e  case of reversib le  p o la ro g rap h ic  
reac tio n s . A th ird  h arm on ic  A.C. p o la ro g ram  is show n in F ig . 2 as a fu n c tio n  
o f th e  p o te n tia l fo r 5 • 10-5  M  P b 2+ in  1 M  H C 104. The rap id  d ecrease  in  th e  
c u r re n t  a t  m ore n eg a tiv e  an d  m ore p o sitiv e  p o te n tia ls  th a n  th e  re sp ec tiv e  
la te ra l  p eak  va lu es  is c learly  a p p a re n t. T h e  decrease in  th e  in te n s i ty  o f  th e  
A .C. h a rm o n ic  com ponen ts w ith  th e  p o te n tia l  is show n in F ig . 3, re p re se n tin g
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Fig. 1. Second harmonic A.C. polarogram of 5.10 5 M  Pb2+ in 1 iVf HC104 as supporting
electrolyte

th e  lo g a rith m  of th e  ra tio s  o f th e  second h a rm o n ic  (full line) an d  th e  th i rd  
h a rm o n ic  (d o tte d  line) A.C. c u rre n t to  th e ir  m a x im u m  values, re sp ec tiv e ly , 
as a  fu n c tio n  o f th e  a b so lu te  va lu e  o f th e  D .C . p o te n tia l ,  th e  half-w ave p o te n 
tia l  b e in g  ta k e n  as th e  orig in  of th e  abscissa , in  th e  case of red u c tio n s w here  
one a n d  tw o  e lec tro n s, re sp ec tiv e ly , are e x ch an g ed  in  th e  electrode reac tio n s .

I n  th e  case o f rev e rs ib le  A.C. p o la ro g ra p h ic  reac tio n s th e  a m p litu d e s  
of th e  h a rm o n ic  co m p o n en ts  of th e  A.C. c u r re n t as functions of th e  D .C. 
p o te n tia l  are sy m m etrica l to  th e  half-w ave p o te n tia l .  H ence th e  an a ly s is  o f 
a d ep o la rize r is eq u a lly  in flu en ced  b y  a n y  co m p o n e n t hav ing  e ith e r  m ore 
p o s itiv e  o r m ore n e g a tiv e  h alf-w ave p o te n tia l th a n  th a t  of th e  ion  to  be  d e 
te rm in e d . T h u s , on ly  th e  ab so lu te  va lu e  of th e  p o te n tia l  as referred  to  th e  h a lf 
w ave p o te n tia l  is re p re se n te d  in  F ig . 3.

T h e  p lo ts  show  th a t  th e  decrease in  th e  second  harm on ic  A .C. c u rre n t 
a t  m o re  n eg a tiv e  (or m ore positive) p o te n tia ls  th a n  th e  co rresp o n d in g  p e a k  
p o te n tia l  becom es in c rea s in g ly  ra p id  w hen  th e  n u m b e r  o f e lec trons in v o lv ed  
in  th e  e lec trode  re a c tio n  is h igher. E.g.,  th e  ca lcu la tio n s show th a t  in  th e
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Fig. 2. Third harmonic A.C. polarogram of 5.10 6 M  Pb2+ in 1 M  HC104 as supporting
electrolyte

case of 2 =  1, th e  second h arm o n ic  A.C. c u r re n t  is a b o u t 1 p er c en t o f  its  m ax i
m um  v a lu e  a t  a  p o te n tia l 150 mV m ore n e g a tiv e  (or m ore p o sitiv e ) th a n  the  
half-w ave p o te n tia l . In  th e  case of a tw o -e le c tro n  electrode re a c tio n  th e  sec
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o n d  h a rm o n ic  A.C. c u r re n t  a tta in s  1 p e r  c e n t o f its  p eak  v a lu e  w h e n  th e  
a b s o lu te  va lue  of th e  p o te n tia l  is 85 m V  as m easured  from  th e  half-w ave 
p o te n t ia l ,  w hile a t  a p o te n t ia l  150 mV m o re  n eg a tiv e  (or m ore p o s itiv e )  th a n  
th e  l a t t e r ,  th e  A.C. c u r re n t decreases to  0.01 p e r  cen t, i.e., i t  is p ra c tic a l ly  neg
lig ib le . I t  is ap p a re n t in  F ig . 3 th a t  th e  r e la tiv e  decrease in  th e  c u r re n t  in ten -

Fig. 3. T he relative decrease of the second and third harmonic A.C. current intensity as a func
tion of the potential for z =  1 and 2

s i ty  o f  t h e  th ird  harm o n ic  A .C . com ponen t is s lig h tly  la rger th a n  t h a t  o f  th e  
se c o n d  h a rm o n ic . I t  is n o te w o rth y  th a t  th e  e ffec t of th e  cell re s is ta n c e  has 
b e e n  n e g le c te d  in  th e  c a lc u la tio n  of th e  re la tiv e  decrease in  th e  in te n s i ty  
o f t h e  A .C . harm onics. A cco rd in g  to  recen t s tu d ie s  [3] th e  a m p litu d e  o f  th e  
A .C. h a rm o n ic s  decreases d u e  to  cell re s is ta n c e , w hile th e  d ifference in  th e  
p e a k  p o te n t ia ls  of th e  second  h a rm o n ic  increases.

T h e  m ax im um  v a lu e  a p p e a rin g  a t  th e  h a lf-w av e  p o ten tia l o f th e  th ird  
h a rm o n ic  A .C. com ponen t is a ffec ted  b y  th e  o hm ic  p o te n tia l d rop  to  a  re la t iv e 
ly  la rg e r  e x te n t  th a n  th e  o th e r  tw o  peaks. T h u s , th e  slope of th e  cu rv e  re p re 
s e n tin g  th e  re la tiv e  decrease in  th e  in te n s ity  o f  th e  second h a rm o n ic  A.C. 
is d e c re a s e d  to  a sim ilar e x te n t  th a n  th a t  of th e  th i rd  harm onic A .C. co m p o 
n e n t d u e  to  cell re s is tan ce . T h u s , accord ing  to  th e se  ca lcu la tions, th e  s im u l
ta n e o u s  a n a ly s is  of depo larizers h av in g  a d ifference  o f 150 mV or m ore  in  th e ir
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half-w ave p o te n tia ls  is p ra c tic a lly  sim ple in  h ig h e r  h a rm o n ic  A.C. po larog- 
ra p h y . H ow ever, th e  cases w hen  th is  difference is a b o u t 100 mV ő rle ss , deserve  
fu r th e r  ex am in a tio n s .

In  ad d itio n  to  th e  re la tiv e  decrease in  th e  c u r re n t  in te n s ity  of th e  h ig h er 
h arm o n ic  A.C. co m p o n en ts , tw o  o th e r fac to rs a ffec t th e  s im u ltan eo u s d e te r 
m in a tio n  of tw o o r m ore depo larizers in  th e  case o f reversib le  p o la ro g rap h ic  
reac tio n s. N am ely , th e  n u m b e r of e lec trons in v o lv ed  in th e  electrode reac tio n  
an d  th e  change in  th e  re la tiv e  p h ase  angles of th e  A.C. harm on ics as a fu n c 
tio n  o f th e  p o te n tia l. (In  th e  case o f slow tra n s i t io n  reac tio n s th e  h e te ro g e 
neous ra te  c o n s ta n ts  a n d  th e  tra n s fe r  coefficien ts also m od ify  th e  c u rre n t vs. 
p o te n tia l re la tions.) (rf. e.g. [2], [8], [9])

T he fo rm ulas re la tin g  to  th e  A.C. p o la ro g rap h ic  c u rre n ts  [2], [8] in d ica te  
t h a t  th e  p o te n tia l ran g e  o f th e  c u rren t ys. p o te n tia l  fu n c tio n s  is sm aller w h en  
th e  n u m b e r of e lec trons invo lv ed  in  th e  e lec tro d e  reac tip n  is h igher, as i t  is 
a p p a re n t in  F ig . 3. ’

T he s im u ltan eo u s d e te rm in a tio n  of tw o e lec troactive , species is also a f
fec ted  b y  th e  fa c t t h a t  th e  second harm on ic  A .C . co m p o n en t increases p ro 
p o rtio n a lly  to  th e  th ird  pow er o f  th e  n u m b e r o f  e lec trons invo lved  in  th e  
red u c tio n , w hile th e  th ird  ha rm o n ic  increases p ro p o rtio n a lly  to  th e  fo u rth  p ow er 
o f th e  n u m b er of e lec trons. C onsequen tly , th e  d ep o la rize r invo lv ing  a h ig h e r 
n u m b e r of e lec trons in its  e lectrode reac tio n , in te rfe re s  to  a la rg e r e x te n t  
in  th e  d e te rm in a tio n  of an  e lec troactive  species in v o lv in g  a sm aller n u m b e r  
o f e lectrons in  its  re d u c tio n  th a n  vice versa. O b v io u sly , th is  effect is m ore p ro 
nou n ced  in  th e  case o f th e  th ird  harm onic  th a n  in  t h a t  o f th e  second h a rm o n ic  
A.C. com ponen t,

T he follow ing co n sid era tio n s refer to  th e  p h ase  angles of th e  A.C. h a r 
m onics. T he th e o ry  o f th e  A.C. p o la ro g rap h y  o f a  rev ers ib le  e lectrode re a c tio n  
in d ica tes  th a t  th e  p h ase  angles of th e  second h a rm o n ic  A.C. c u rren t re fe rred  
to  th a t  o f th e  fu n d a m e n ta l harm onic  are  45° a n d  225° a t  th e  respective  p e a k  
values [8], [10], if  a d so rp tio n  does n o t ta k e  p lace  on th e  electrode su rface
[11]. S m it h ’s [12] p h ase  selective m easu rem en ts  as well as th e  re su lts  o f 
K o o ijm an  an d  S l u y t e r s  [13] p roved  th is  fa c t  ex p e rim en ta lly . I t  is obv ious 
th a t  th e  re su lta n t o f th e  second harm onic  A.C. co m p o n en ts  o f th e  d iffusion  
cu rren ts  o f va rious ions a t  a given p o ten tia l is o b ta in e d  b y  v ec to ria l su m m a tio n  
as rep resen ted  in  F ig . 4. T he po in ted  line show s th e  p h ase  sensitive  second  
harm o n ic  A.C. p o la ro g ram  o f a one-electron  re a c tio n , w hile th e  d o tte d  line 
rep resen ts  th a t  o f a tw o-e lec tro n  electrode re a c tio n , th e  half-w ave p o te n tia l  
o f th e  la t te r  being  m ore  n eg a tiv e  by  50 mV th a n  th a t  o f  th e  fo rm er e lec tro d e  
process. T he re s u lta n t  o f th e  tw o com p o n en ts  is rep re sen ted  b y  a fu ll line. 
T his ca lcu la ted  ex am p le  show s th a t  a t p o te n tia ls  m ore  n eg a tiv e  (or m ore  
positive) th a n  th e  ha lf-w ave  p o ten tia ls  of b o th  c o m p o n en ts , th e  am p litu d e  o f th e  
re s u lta n t second h a rm o n ic  c u rre n t is in c reased , as th e  phase  angles o f  each
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c o m p o n e n ts  are  n e a rly  eq u a l. T h e  su p e rp o s itio n  o f th e  second  h a rm o n ic  A.C. 
c u r re n ts  o f th e  tw o  depo la rizers a t  p o te n tia ls  b e tw een  th e  re sp e c tiv e  h a lf
w a v e  p o te n tia ls  re su lt in  a c u rre n t o f re la tiv e ly  sm all a m p litu d e , as th e  phase 
an g les  o f  th e  com ponen ts d iffer b y  n e a r ly  180°.

F ig. 4. Vectorial summation of second harmonic A.C. polarograms z =  1 ,-----------z =  2),
(---------- resultant polarogram) in case of 50 mV difference in the half-wave potentials of the

respective depolarizers

O n th e  basis o f th e se  th e o re tic a l consid era tio n s th e  m a x im u m  am p li
tu d e s  ap p ea rin g  a t  m ore  p o sitiv e  an d  m o re  n eg a tiv e  p o te n tia ls  th a n  th e  h a lf
w a v e  p o te n tia ls  of b o th  ions can  be u sed  fo r th e ir  respective  d e te rm in a tio n  w hen 
b o th  a re  s im u ltan eo u sly  p re se n t in  th e  so lu tio n .

T h e  re la tiv e  c o n c e n tra tio n  o f th e  ions w hen  th e ir  h a lf-w av e  p o te n tia ls  
a re  v e ry  close, obv iously  re p re s e n t a lim ita tio n  in  th e  e v a lu a tio n  o f th e  p o la ro 
g ra m s (cf. F ig . 3).

A ccord ing  to  th e  re su lts  re fe rrin g  to  th e  th ird  h a rm o n ic  A.C. co m p o n en t
[2 ], th e  p h ase  angles o f th e  p e a k  v a lu es  a t  th e  half-w ave p o te n tia l  an d  a t  
m o re  n e g a tiv e  (or m ore  p o sitiv e ) p o te n tia ls  th a n  th e  la t te r  d iffer b y  180°. 
C o n se q u e n tly , in  th e  case o f  th e  re d u c tio n  o f tw o depo larizers in v o lv in g  
a n d  z 2 e lec tro n s, re sp ec tiv e ly , in  th e  e lec tro d e  reac tio n , th e  p eak s o f  th e  th ird  
h a rm o n ic s  a t  th e  re sp ec tiv e  ha lf-w ave  p o te n tia ls  decrease p ro p o r tio n a lly  to  
th e  c u r re n t  of th e  o th e r  ion  ap p e a rin g  a t  th e  sam e p o te n tia l w hen  th e  d iffer
ence  in  th e  half-w ave p o te n tia ls  is

I ( ^ 1 / 2 ) 1 (»71/2)2! >  0.034 [vo lt]

as in  F ig . 5/a. H ow ever, w hen

I (»7 i  / 2)1 Oh,1)2! < 0 .0 3 4
1

A i
[vo lt] (4)
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Fig. 5. Vectorial summation of third harmonic A.C. polarograms (explanation in the text)

as in F ig . 5 /b , th e  su m m a tio n  of th e  d iffu sion  c u rre n ts  of th e  tw o e le c tro a c tiv e  
species follow s th e  sam e considera tions as in  th e  case of th e  fu n d a m e n ta l 
h arm on ic  A.C. c u rre n t [5]. N am ely , th e  th i r d  h arm on ic  A.C. p o la ro g rap h ic  
c u rre n t a t  an y  p o te n tia l  is th e  v ec to ria l r e s u l ta n t  o f th e  c u rre n t re la t in g  to  
each depo larizer. T h e  p e a k  cu rren ts  o f th e  depo larizers are g en era lly  in d is 
t in c t  in  th e  la t te r  case, ex cep t w hen th e  c u r re n t  re la tin g  to  one of th e  d e p o la r
izers is negligible as co m p ared  to  th a t  re la tin g  to  th e  o th e r because  o f  th e  
large d ifference in  th e  re sp ec tiv e  c o n c e n tra tio n s  an d  th e  n u m b er o f  e lec tro n s 
invo lved  in  th e  e lec tro d e  reac tio n . W e can  co n c lu d e  as a consequence o f  th ese  
considera tions th a t  second  harm onic  A .C. p o la ro g rap h y  is g en era lly  m ore 
ad v an tag eo u s  th a n  th e  th ird  harm o n ic  o n e  fo r  th e  sim u ltaneous d e te rm in a 
tio n  o f tw o o r m ore depo la rizers w hen th e  re sp ec tiv e  half-w ave p o te n tia ls  are 
close to  one a n o th e r. H ow ever, th ird  h a rm o n ic  A .C. p o la ro g rap h y  ca n  be  u se
ful to  e lim in a te  th e  in te rfe ren ce  of a o n e -e lec tro n  red u c tio n  in th e  d e te rm in a 
tio n  o f a depo la rizer invo lv in g  a la rg e r n u m b e r  o f e lectrons in th e  e lec tro d e  
reaction .

A da Chim. (Budapest) 76, 1973



38 DÉVAY et al.: H IGHER HARMONIC A. C. POLAROGRAPHY

Experimental part

T he measurements were m ade on a modified A.C. Polarographie Unit attached to a 
Controlled Potential Polarograph o f R a d e l k is  type OH 102 [14]. The block diagram of the 
in strum ent is shown in Fig. 6. The polarographic cell employed in the measurement contained 
three electrodes. A calomel reference electrode was placed near to the dropping mercury 
electrode to control the potential o f the latter, while a mercury pool served as counter elec
trode. T he D.C. polarizing voltage (E ) supplied by the T).C. polarograph was branched to one 
input o f  th e  potentiostat (P) built into the instrument. The variable amplitude A.C. voltage  
was generated by an oscillator (O) tuned exactly to 60 s-1  and superimposed on the D.C.

Fig. 6. Block diagram of the A.C. polarographic instruments

voltage and was also stabilized b y  the potentiostat. The reference electrode was branched 
to th e  other input of the potentiostat, while the output of the latter controlled the current of 
the cell through the counter electrode in order to secure that the potential of the working 
electrode referred to the reference electrode should be equal to the voltage of the voltage  
devider (E ) branched to the input. The A.C. current flowing through the cell is obtained by  
m easuring the A.C. voltage proportional to the A.C. current on the standard resistance (R) 
inserted into the counter electrode circuit. A selective vacuum tube voltmeter (A) provided 
for th e  measurement of either the fundamental harmonic or the second or the third harmonic 
com ponents of the A.C. current. The output of the vacuum  tube voltmeter was recorded after 
rectification  (Zl) by the pen recorder (R) of the D.C. polarograph. Thus A.C. polarograms were 
autom atica lly  recorded. The instrum ent was operated at 10 mV (effective) 60 c.p.s. A.C. 
voltage throughout the experiments. The drop time of the d.m.e. was adjusted to about 5s. 
The te s t  solutions were prepared using reagent grade chemicals. The test solutions were de
aerated w ith  pure nitrogen prior to the measurements.

Measurements were carried out in solutions containing lead(II) and thallium (I) ions 
at various concentrations in 1 AT HC1 and 1 M HC104, respectively, as supporting electrolytes, 
as w ell as in  solutions containing cadmium(II) and indium (III) ions at various concentrations 
in 1M  HC1 as supporting electrolyte. Solutions of lead and cadmium ions were also tested.

Results

T h e  experim en ta l re su lts  a re  in  g enera l ag reem en t w ith  th e  th e o re tic a l 
e x p e c ta t io n s .

F ig . 7 represen ts th e  p o la ro g ra m  of a  so lu tio n  con ta in ing  5 .10“ 4 M  P b 2 + 
a n d  5 • 1 0 -4  M  T1+ in  1 M  HC1 as su p p o rtin g  e lec tro ly te . T he h a lf-w av e
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Fig. 7. a) Fundamental harmonic, b) second harmonic and c) third harmonic A.C. polarogram  
of 5.10-4 M  P b 3+ and 5.10-4 M T l+ in 1 M HC1 as supporting electrolyte

p o ten tia ls  o f th e  re d u c tio n  o f le a d (II)  an d  th a ll iu m (I)  in  1 M  HC1 as s u p p o r t
in g  e lec tro ly te  a re  —0.435 an d  0.475 У vs. S .C .E ., respec tive ly  [10]. F ig . 
7 /a  shows th e  fu n d a m e n ta l harm o n ic  A.C. p o la ro g ram  of th e  sy stem . I t  is 
a p p a re n t th a t  th e  th a lliu m (I)  p eak  is ju s t  d isce rn ab le  on th e  la t te r  c u rv e , w hile 
on th e  second h a rm o n ic  A.C. p o la rog ram  in F ig . 7 /b  th e  p o sitive  p eak  o f  le a d (I I )  
a n d  th e  n e g a tiv e  p e a k  o f th a lliu m (I)  a re  w ell-deve loped  an d  th e y  cou ld  he 
em ployed  fo r th e  q u a n ti ta t iv e  e v a lu a tio n  o f le ad  a n d  th a lliu m  c o n c e n tra tio n , 
re spec tive ly , o f so lu tio n s  co n ta in in g  th e se  ions in  th e  presence o f each  o th e r
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T h e  n e g a tiv e  peak  o f le a d (I I )  a n d  th e  p o s itiv e  p eak  o f th a ll iu m (I)  do n o t 
e x h ib it  a lin ea r re la tio n  w ith  th e  c o n c e n tra tio n  of th e  re spec tive  ion . T ho u g h  
th e  h a lf-w av e  p o te n tia ls  o f lead  ( I I )  an d  th a lliu m (I)  differ b y  o n ly  40 mV in 
1 M  HC1 as su p p o rtin g  e lec tro ly te , th e  c o n c e n tra tio n  of e.g. 1 • 10~5 to  1 .10“ 4 
M  T1+ can  be d e te rm in ed  in  th e  presence o f  lead  (II)  u p  to  a five- to  sevenfo ld  
excess o f th e  la tte r . T he d e te rm in a tio n  o f  e.g. 1 • 10-5  M  P b 2+ w as possib le 
ev en  in  th e  presence o f a tw e n ty fo ld  excess o f th a lliu m (I).

I t  is a p p a re n t from  F ig . 3 th a t  th e  seco n d  harm onic  A.C. c u r re n t ex h ib its  
a  less ra p id  decrease w ith  p o te n tia l  ( th e  ha lf-w ave  p o ten tia l be in g  ta k e n  as
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orig in ) w hen th e  n u m b e r  o f e lec trons in v o lv ed  in  th e  e lec trode  re a c tio n  is 
one th a n  in cases w hen  th is  n u m b e r is h igher. T h u s a depo la rizer o f a one- 
e lec tro n  electrode re a c tio n  in te rfe res  in  th e  d e te rm in a tio n s  in a w ider p o te n tia l  
ra n g e  th an  an  io n  o f a tw o- or th ree -e lec tro n  e lec tro d e  reac tio n . H ow ever, 
i t  is also to  be ta k e n  in to  co nsidera tion  th a t  th e  second harm o n ic  A.C. c u rre n t 
is p ro p o rtio n a l to  th e  th ird  pow er o f th e  n u m b e r  o f e lec trons in v o lved  in  th e  
e lec trode  reac tio n  (1) a n d  th u s  th e  second h a rm o n ic  A.C. c u rre n t o f a d ep o la r
ize r is co nsiderab ly  h igher a t  a given c o n c e n tra tio n  — w hen h ig h er n u m 
b e r of electrons a re  invo lved  a n d  an  A.C. v o ltag e  o f equal a m p litu d e  an d
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Fig. 8. a ) Fundamental harmonic, b) second harmonic and c) third harmonic A.C. polarogram 
o f l .1 0 -4  M P b 2+ and 5.10 1 M T 1+ and of 5.10-4 M  Pb2+ and ЗЛО-4 M T1+, respectively, in 

1 M  HCIO, as supporting electrolyte

f re q u e n c y  is used (th e  d iffu sio n  coefficien ts of th e  vario u s depo la rizers do 
n o t  d iffe r  to  a g rea t e x te n t) . T hese effects acco u n t for th e  e x p e rim e n ta l 
r e s u lt  t h a t  th e  presence o f  le a d  (II)  ions causes a m ore severe  in te rfe ren ce  
in  th e  d e te rm in a tio n  o f th a ll iu m (I)  th a n  vice versa. F ig . 7/c re p re se n ts  th e  
th i r d  h a rm o n ic  A.C. c u rre n t o f  th e  above m ix tu re  as a fu n c tio n  o f th e  p o te n 
t ia l .  T h e  q u a n tita tiv e  e v a lu a tio n  o f th e  cu rve  is n o t possib le, as th e  re sp ec tiv e  
h a lf-w a v e  p o ten tia ls  o f th e  tw o  ions are  v e ry  close to  one a n o th e r.

T h e  sep ara tio n  of th e se  ions Could be fu r th e r  im p ro v ed  to  a ce rta in  
e x te n t  b y  using  A.C. v o lta g e  o f  an  a m p litu d e  low er th a n  10 m V . In  th is  case, 
h o w ev e r, a t  low c o n cen tra tio n s  th e  A.C. c u rre n t becom es v e ry  low.

A s f a r  as th e  s im u ltan eo u s  an a ly tica l d e te rm in a tio n  of le a d (II)  a n d  th a l 
l iu m ^ )  is concerned, i t  is m ore  p ra c tic a l to  em ploy  1 M  H C 104 as su p p o rtin g  
e le c tro ly te  in stead  of 1 M  HC1 because  in  th e  fo rm er th e  h alf-w ave p o te n tia ls  
o f le a d ( I I )  and  th a lliu m (I)  ( — 0.400 Y an d  —0.485 V), re sp ec tiv e ly , as 
re fe rre d  to  a sa tu ra te d  ca lom el e lec tro d e  [15] d iffer b y  85 mV, th u s  th e  s e p a ra 
tio n  o f  th e  peaks is m uch  im p ro v ed .
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Fig. 8 re p re se n ts  a po larogram  of 1 -IO “ 4 M  P b 2+ an d  5 - 10~4 M  T l + 
in  1 M  H C104 as s u p p o r t in g  e lec tro ly te . I t  is a p p a re n t in  F ig . 8/a th a t  th e  
fu n d a m e n ta l h a rm o n ic  is also b e tte r  developed  th a n  in  th e  p rev io u s case 
rep re sen ted  in  F ig . 7. F ig . 8/b show s th e  second  h a rm o n ic  A.C. p o la rog ram  
of th e  sy s tem . T h e  d e te rm in a tio n  of th e  c o n c e n tra tio n  of le a d (II)  is based  
ag a in  on th e  m e a su re m e n t o f th e  peak  c u rre n t a t  a m ore p ositive  p o te n tia l th a n

th e  half-w ave p o te n tia l  o f le a d (II) , w hile th e  n eg a tiv e  p eak  o f th a lliu m (l)  
serves th e  e v a lu a tio n  o f  its  co n cen tra tio n . P lo tt in g  th e  u su a l c a lib ra tio n  
curves, th e  d e te rm in a tio n  o f e.g. 1 • 10-5  to  1 • 10~4 M  th a lliu m (I)  in  th e  p re s 
ence of a tw e n ty fo ld  excess of lead (II)  is s till possib le , while e.g. 1 • 10~5 M  
P b 2+ can be d e te c te d  even  w hen th e  c o n c e n tra tio n  of th a lliu m (I)  in  th e  sys
te m  is f if ty  tim e  h ig h e r th a n  th a t  o f le ad (II) .

The th ird  h a rm o n ic  A.C. po larogram  of th e  sy stem  is show n in  F ig . 8/c. 
T he peaks ap p e a rin g  a t  th e  half-w ave p o te n tia l o f th e  re sp ec tiv e  ions are su it
ab le fo r th e  d e te rm in a tio n  of th e  re spec tive  co n c e n tra tio n s  on acco u n t of 
th e  la rger d ifference in  th e  half-w ave p o te n tia ls . (The p a r t  of th e  po larog ram  
in th e  p o te n tia l ran g e  o f th e  red u c tio n  o f tlm lliu m (I)  w as tra c e d  a t  a h igher 
se n s itiv ity  se tt in g  o f th e  in s tru m e n t th a n  th e  re s t of th e  p o la ro g ram .) I t  is 
n o te w o rth y  th a t  th e  p e a k  re la te d  to  le a d (II)  is a b o u t f ifteen  tim es  g re a te r  
th a n  th a t  o f th a ll iu m (I) , as th e  th ird  h a rm o n ic  A.C. c u rre n t is p ro p o rtio n a l 
to  th e  fo u rth  pow er o f th e  n u m b er of e lectrons in v o lv ed  in  th e  e lec trode  reac 
tio n .
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O b se rv in g  th e  c a lc u la ted  cu rves rep re sen ted  in  F ig . 3 one can  p red ic t 
th a t  in  th e  case of e lectrode re a c tio n s  w here tw o  or m ore  e lec trons a re  in v o lv ed , 
th e  s im u lta n e o u s  d e te rm in a tio n  of th e  depo larizers is even  m ore co n v en ien t. 
A so lu tio n  con ta in ing  c a d m iu m (II)  an d  in d iu m (II I )  in  th e  p resence  o f each 
o th e r  i l lu s tra te s  th is  case. T h o u g h  th e  difference o f th e  h a lf-w av e  p o te n tia ls

o f c a d m iu m (II )  and  in d iu m (I I I ) ,  re sp ec tiv e ly , is o n ly  40 mV in  1 M  HC1 
as s u p p o r t in g  e lec tro ly te  [15], th e  sim u ltan eo u s d e te rm in a tio n  o f b o th  
ions is  feasib le  w ith in  w ide lim its  o f co n cen tra tio n . F ig . 9 show s a ty p ica l 
p o la ro g ra m  of th e  above sy s te m , co n ta in in g  5 -1 0 ~ 4 M  Cd2+ an d  1 ■ 10-4  M  
I n 3+ i n i  M  HC1 as th e  s u p p o r tin g  e lec tro ly te . F ig . 9 /a  rep re sen tin g  th e  fu n d a 
m e n ta l  h a rm o n ic  p o la ro g ram  e x h ib its  a  s lig h t sh o u ld erin g  a t  th e  ha lf-w ave  
p o te n t ia l  o f  in d iu m (III)  w h ich  is n o t  su itab le  fo r th e  q u a n ti ta t iv e  d e te rm in a 
tio n  o f  th e  la tte r . H ow ever, o n  th e  second  h arm o n ic  p o la ro g ram  o f th e  system  
sh o w n  in  F ig . 9/b, th e  n e g a tiv e  p e a k  of in d iu m (I I l)  an d  th e  p o sitiv e  p e a k  of 
c a d m iu m (I I )  are clearly  s e p a ra te d . T h e  th ird  p eak  in  th e  m idd le  of th e  po laro-
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gram  is th e  r e s u lta n t  o f th e  A.C. c u rre n ts  cau sed  b y  th e  red u c tio n  o f  cad m iu m  
(II)  an d  in d iu m (I I I )  a t  p o te n tia ls  be tw een  th e  re sp ec tiv e  half-w ave p o te n tia ls .

F ig . 9/c rep resen ts  th e  th ird  h a rm o n ic  A.C. p o la ro g ram  of th e  above 
sy stem . (T he second  p a r t  o f th e  p o la ro g ram , in  th e  p o te n tia l range o f th e  h a lf
w ave p o te n tia l  o f c a d m iu m (II)  w as reco rd ed  a t  a  h ig h er se n s itiv ity  o f  th e

? 1/2 O n 3*) 7 ) /2(Cd2+) -E= [ mVl

Fig. 9. a) Fundamental harmonic, b) second harmonic and c) third harmonic A.C. polarogram 
of 1.10-4 M  In3+ and 5.10-4 M Cd2 + and of 1.10-4 M  In3+ and 5.10"5M Cd2+, respectively,

in 1 M  HC1 as supporting electrolyte

in s tru m e n t th a n  th e  f irs t  p a r t  o f th e  p o la ro g ram .) T h e  m ax im a  ap p e a rin g  a t  
th e  h a lf-w av e  p o te n tia ls  can  he used  fo r th e  e v a lu a tio n  o f th e  re sp ec tiv e  con
c e n tra tio n s  o f  th e  depo larizers .

T h e  d e te rm in a tio n  o f th e  co n c e n tra tio n  o f th e  depo larizers is c a rr ied  ou t 
b y  m eans o f ca lib ra tio n  cu rves, as u su a l in  p o la ro g rap h y . I t  is ad v isab le  to  
tra c e  se ts  o f p o la rog ram s w here th e  c o n c e n tra tio n  o f  one o f th e  ions is k ep t 
c o n s ta n t w hile th e  o th e r  is v a ried  over th e  c o n c e n tra tio n  range w here  its 
d e te rm in a tio n  is feasib le. S uch  a c a lib ra tio n  cu rv e  is show n in F ig . 10 re p re 
sen tin g  th e  va lu es  of th e  po sitiv e  p eak  o f th e  second  harm on ic  A.C. c u rre n t
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o f in d iu m ( I I I )  in  th e  p resen ce  o f v a rio u s  co n cen tra tio n s  o f c a d m iu m (II)  
ions in  1 M  HC1 as su p p o rtin g  e lec tro ly te . I t  is a p p a re n t in  F ig . 10 t h a t  th e  
s t r a ig h t  lines co rrespond ing  to  v a rious c a d m iu m (II)  c o n cen tra tio n s  are  
p a ra lle lly  sh ifted  a t in c reas in g  ca d m iu m (II)  co n cen tra tio n  an d  th e  in te rc e p ts  
o f  th e s e  lines w ith  th e  o rd in a te , i.e.,  th e  c u rre n t in ten s itie s  e x tra p o la te d  to  zero

in d iu m ( I I I )  co n cen tra tio n  a re  p ro p o rtio n a l to  th e  ca d m iu m (II)  c o n c e n tra tio n . 
T h is is in  accordance w ith  th e  th e o re tic a l in te rp re ta t io n  g iven  above re g a rd 
in g  th e  su p erp o sitio n  o f second  h a rm o n ic  c u rre n ts  of v a rio u s  d epo larizers .

T h u s , th e  d e te rm in a tio n  o f e.g. 1 • 10“ 4 M  I n 3+ is n o t a ffec ted  b y  a  te n 
fo ld  excess of c a d m iu m (II) , w hile  th e  d e te rm in a tio n  of e.g. 1 • 10-5 M  Cd2+ is 
s till p o ss ib le  w hen an  a p p ro x im a te ly  tw e n ty fo ld  excess of in d iu m (II I )  is p re s 
en t.

F ig . 11 also rep resen ts  th e  c a lib ra tio n  cu rv e  of in d iu m (II I ) .  T h e  p e a k  
v a lu e s  o f  th e  th ird  h a rm o n ic  A .C. c u rre n t a re  p lo tte d  as a  fu n c tio n  o f  th e  
in d iu m ( I I I )  co n cen tra tio n  in  so lu tions c o n ta in in g  vario u s am o u n ts  o f cad- 
m iu m (I I ) .  I t  is a p p a re n t in  F ig . 11 th a t  1 • 10~ 4 M  Cd2+ d id  n o t  in te rfe re  in  
th e  d e te rm in a tio n  of 5 • 10-5  to  3 • 10-4 M  I n 3+. In  th e  p resence o f 5 • 10-4  M  
Cd2+ th e  cu rves are p a ra lle lly  sh ifted  to  sm alle r c u rren t in ten s itie s  as th e
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d iffusion  c u rre n t o f cad m iu m (II)  a t  th e  half-w ave p o te n tia l o f in d iu m (I I I )  
low ers th e  p eak  v a lu e  of th e  th i r d  harm onic c u rre n t of th e  re d u c tio n  o f  in- 
d iu m (I I I ) ,  as th e  d ifference in  th e  phase  angles o f th e se  co m p o n en ts  is 180° 
a t  th e  given p o te n tia l.

T he above exam ples co n cern in g  th e  s im u ltan eo u s  d e te rm in a tio n  of 
v a rio u s  ions d e m o n s tra te  som e lim itin g  cases w here  th e  d ifference in  th e  half-
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Fig. 10. Maximum values of the second harmonic A.C. current intensities as functions of the 
indium (III) concentration in the presence of various amounts of cadmium(II) in 1 M  HC1 as

supporting electrolyte

Fig. 11. Maximum values of the third harmonic A.C. current intensities as functions of the in- 
dium (III) concentration in the presence of various amounts of cadmium(II) in 1 M  HC1 as

supporting electrolyte
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w ave p o te n tia ls  o f th e  re sp ec tiv e  ions is sm all. P ra c tic a lly  no m u tu a l  in te r 
fe rence  is en co u n te red  in  th e  s im u ltan eo u s d e te rm in a tio n  of th e  d ep o la rize rs  
w hen  th e  d ifference in  th e ir  re sp ec tiv e  h alf-w ave p o te n tia ls  is h ig h e r th a n  150 
mV. F o r  in stan ce , th e  ca lib ra tio n  curves o f 1 • 10 _ 0 to  1 • 10~3 M  le a d ( I I )  an d  
c a d m iu m (II) , resp ec tiv e ly , a re  n o t a lte re d  even  w hen th e  o th e r ion  is p re se n t 
in  1 • 10-33 M  c o n cen tra tio n .

T h e  resu lts  o f th e se  ex p e rim en ts  lead  to  th e  conclusion th a t  seco n d  an d  
th ird  harm o n ic  A.C. p o la ro g ra p h y  is a usefu l te ch n iq u e  fo r th e  a n a ly s is  of 
m u ltico m p o n en t sy stem s even  in  su ch  cases w hen  th e  h alf-w ave p o te n tia ls  
o f th e  com ponen ts d iffer b y  less th a n  200 mV.

T he ex p e rim en ta l re su lts  — in  acco rdance  w ith  th eo re tica l e x p e c ta tio n s  -  
e s tab lish ed  th a t  th e  s im u ltan eo u s  d e te rm in a tio n  o f tw o  or m ore ions could  
be p e rfo rm ed  b y  h ig h er h a rm o n ic  A.C. p o la ro g ra p h y  even in  such  cases w hen  
fu n d a m e n ta l h a rm o n ic  A .C. p o la ro g ra p h y  w as found  to  be in e ffic ien t. T he 
ra n g e  o f th e  co n c e n tra tio n  ra tio s  o f th e  depo larizers w hich p e rm it te d  th e  
q u a n ti ta t iv e  ev a lu a tio n  o f th e  p o la ro g ram s in  a g iven case d ep en d ed  on  th e  
n u m b e r  o f e lectrons in v o lv ed  in  th e  e lec trode  reac tio n  o f each c o m p o n e n t an d  
on  th e  d ifference in  th e  ha lf-w ave  p o te n tia ls  o f th e  depolarizers as w ell as on 
th e  k in e tic  p a ram e te rs  o f  th e  p o la ro g rap h ic  reac tio n  w hen th e  la t t e r  c a n n o t 
he considered  reversib le .

Second h a rm o n ic  A.C. p o la ro g rap h y  w as fo u n d  to  be m ore a d v a n ta g e o u s  
th a n  th ird  harm on ic  A.C. p o la ro g ra p h y  in  th e  cases in v es tig a ted  in  th is  s tu d y . 
T h e  d e te rm in a tio n s  w ere feasib le  in  a la rg e r ran g e  of th e  c o n c e n tra tio n  ra tio s  
o f  th e  depolarizers an d  b y  a  sm alle r d ifference in  th e  half-w ave p o te n tia ls  of 
th e  la t te r  w hen second h a rm o n ic  A.C. p o la ro g rap h y  w as em p lo y ed  th a n  in  
th e  case of th ird  h a rm o n ic  A.C. p o la ro g rap h y . This conclusion, h o w ever, 
c a n n o t be  accep ted  as a general one, as som e p ro p ertie s  of th e  th ird  h a rm o n ic  
A .C. co m p o n en t (as e.g., th e  p ro p o rtio n a lity  o f th e  la t te r  to  th e  fo r th  p o w er of 
th e  n u m b e r of e lectrons in v o lv ed  in  th e  e lec trode  reac tion ) m ay  a d v a n ta g e o u s ly  
be  em ployed  in  ce rta in  cases.
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The determination of the heterogeneous rate constant of the transition reaction 
has been examined by means of the second and third harmonic components of the 
a.c. current flowing through the electrode polarized by a small amplitude sinusoidal 
a.c. voltage superimposed on the d.c. potential. The rate constant can be evaluated  
by comparing the experimental data with the curves calculated by a computer prog
ram.

In  previous co m m u n ica tio n s  [1, 2] a m a th e m a tic a l t r e a tm e n t h as  been  
g iven  o f th e  c u rre n t p assin g  th ro u g h  a red o x  e lec tro d e  u n d e r th e  e ffec t of 
an  a .c . voltage su p erim p o sed  on th e  d.c. p o te n tia l  in  th e  case o f  tra n s fe r  
a n d  diffusion p o la riz a tio n . E xpressions h av e  b een  derived  fo r th e  h a rm o n ic  
a .c . com ponen ts as a  fu n c tio n  o f th e  p o te n tia l , th e  a m p litu d e  a n d  freq u en cy  
o f th e  a.c . vo ltage , th e  c o n cen tra tio n  of th e  e le c tro a c tiv e  species in  th e  so lu tio n , 
as w ell as o f th e  k in e tic  p a ra m e te rs  o f th e  e lec tro d e  reac tio n , n a m e ly  th e  
heterogeneous ra te  c o n s ta n t an d  th e  tra n s fe r  coeffic ien t.

In  th e  p re se n t p a p e r  th e  possib ility  of th e  d e te rm in a tio n  of th e  h e te ro g e 
neous ra te  c o n s ta n t w ill be d iscussed  on th e  basis  o f co m p u ta tio n s  p erfo rm ed  
usin g  th e  ab o v e-m en tio n ed  re la tio n s.

G rahame  [3],  G e r i s c h e r  [4] an d  K a m b a r a  [5] p ioneered  th e  s tu d y  
o f th e  in fluence o f  th e  ra te  of th e  c h a rg e - tran s fe r  reac tio n  on th e  F a ra d a ic  im 
p ed an ce  and  on th e  fu n d a m e n ta l h arm o n ic  a. c. p o la ro g rap h y .

Ma t s u d a  d e riv ed  a generalized  e q u a tio n  o f  th e  a.c. fu n d a m e n ta l h arm on ic  
p ass in g  th ro u g h  th e  d .m .e . fo r th e  case o f  b o th  reversib le  p o la ro g rap h ic  
reac tio n s [6] an d  c h a rg e -tran sfe r  p o la riza tio n  [7]. M a tsu d a ’s th e o re tic a l cal
cu la tio n s have  show n  th a t  th e  m ax im u m  c u r re n t  in te n s ity  o f  th e  fu n d a 
m e n ta l harm onic  decreases w ith  th e  d ecreasin g  ra te  of th e  tra n s fe r  reac tio n , 
o th e r  p a ra m e te rs , such  as freq u en cy  an d  a m p litu d e  of th e  a.c. v o lta g e , etc., 
b e in g  equal. T he p o te n tia l  co rrespond ing  to  th e  m ax im um  a.c. in te n s i ty  is 
eq u a l to  th e  ha lf-w av e  p o te n tia l an d  is in d e p e n d e n t o f th e  tra n s fe r  coefficien t 
in  th e  case o f re la tiv e ly  rap id  e lec trode  re a c tio n s  {k  1 X 10~2 em s-1 ). H ow 
ever, if  th e  tra n s fe r  reac tio n  is slow, th e  p e a k  p o te n tia l  differs fro m  th e  half-
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w a v e  p o te n tia l. The sh if t in  th e  p eak  p o te n tia l  is a  com plica ted  fu n c tio n  of th e  
r a te  c o n s ta n t of th e  e lec tro d e  reac tio n , th e  tra n s fe r  coeffic ien t a n d  th e  
f re q u e n c y  of th e  a.c. v o lta g e . T he m ax im u m  c u rre n t of th e  fu n d a m e n ta l h a r 
m o n ic  depends lin ea rly  on th e  sq u are  ro o t o f th e  an g u la r freq u en cy  o f th e  a.c. 
v o lta g e  if  th e  ra te  c o n s ta n t  o f th e  tr a n s fe r  reaction  is re la tiv e ly  h igh 
( f e > l X  10~2 c m r 1) ( th e  c u r re n t  passing  th ro u g h  th e  double la y e r  cap ac itan ce  
is d is reg a rd ed ). A d e v ia tio n  from  th e  above lin e a r  re la tio n sh ip  is o b serv ed  in  
th e  ca se  of low reac tio n  r a te s  (к  <[ 1 х Ю ~ 2 c m s~ 1). T he e x te n t o f th is  dev i
a t io n  is considerab ly  a ffec ted  h y  th e  tra n s fe r  coeffic ien t. A t a low r a te  c o n s ta n t 
o f  th e  tra n s fe r  reac tio n  th e  c u rre n t of th e  fu n d a m e n ta l harm o n ic  as a fu n c 
t io n  o f  th e  d.c. p o te n tia l is sy m m etrica l w ith  re sp ec t to  th e  p eak  p o te n tia l  only 
i f  th e  tra n s fe r  coeffic ien t is a  =  0.5. A t o th e r  values of th e  tr a n s fe r  coeffi
c ie n t th e  shape of th e  c u r re n t-p o te n tia l  cu rv e  depends on th e  r a te  con
s ta n t  a n d  th e  tra n s fe r  co effic ien t as w ell as on th e  fre q u e n c y  o f th e  
a .c . v o lta g e .

S mith and McCord [8] extended their calculations on the a.c. passing  
th ro u g h  the d.m.e. to  v ery  low  rate con stan t charge-transfer reaction  
(k  1 X 10~® em s-1 ) and show ed that —contrary to  previous expectations  

an a .c . fundam ental harm onic was detectable even in these cases, how ever, 
th e  a .c . density was very  low .

T h e  second h a rm o n ic  c o m p o n e n t of th e  a.c . passing  th ro u g h  th e  e lec trode  
p o la r iz e d  b y  an  a.c. v o lta g e  su perim posed  on th e  d.c. p o te n tia l  w as also th e  
s u b je c t  o f  num erous s tu d ie s  (c f . R ef. [1]).

T h e  c u rre n t d e n s ity  vs. p o te n tia l fu n c tio n  o f th e  second h a rm o n ic  a.c. 
c o m p o n e n t w as found  to  b e  m ore  sensitive  to  th e  k inetic  p a ra m e te rs  of th e  
e le c tro d e  reac tio n  th a n  th e  fu n d a m e n ta l h a rm o n ic  [9].

V a n  Ca k e n b e r g h e  [10] n o te d  th a t  th e  p o te n tia l  co rresp o n d in g  to  th e  
m a x im u m  va lu e  of th e  second  h a rm o n ic  w as a ffec ted  b y  th e  tra n s fe r  coeffic ien t 
a n d  th e  la t t e r  could be c a lc u la te d  from  th e  sh if t o f  th e  p o te n tia l co rresp o n d in g  
to  th e  m in im u m  v a lu e  o f th e  second h a rm o n ic  re la tiv e  to  th e  h a lf-w av e  
p o te n t ia l .  B a u e r  an d  E l v i n g  [11] em ployed  th is  m e th o d  fo r th e  d e te rm in a 
t io n  o f  th e  tra n s fe r  co e ffic ien t o f various e lec tro d e  reactions. H ow ever, 
R e i n m u t h  [12] questio n ed  th e  re liab ility  o f th is  te ch n iq u e  because  th e  m in i
m u m  v a lu e  of th e  second h a rm o n ic  is zero o n ly  w hen  a =  0.5.

B a u e r  [3] stu d ied  th e  d ependence  of th e  a .c . second h a rm o n ic  on th e  
r a te  c o n s ta n t  of th e  e lec tro d e  re a c tio n  and  on  th e  tra n s fe r  coefficient. N u m eri
cal c a lc u la tio n s  show ed t h a t  th e se  p a ra m e te rs  e ffec t th e  d ependence  o f th e  
seco n d  h a rm o n ic  a.c. in te n s i ty  on th e  d.c. p o te n tia l  an d  th e  ra tio  o f  th e  tw o 
m a x im u m  values. B a uer  co n c lu d ed  th a t  th e  perio d ic  func tions d escrib in g  th e  
c o n c e n tra t io n  changes a t  th e  e lec tro d e  surface a n d  th e  effect of th e  s in u so ida l 
a .c . v o lta g e  d id  n o t c o n ta in  h ig h e r harm onics. L a te r  B auer  a n d  F o o  [14] 
c o rre c te d  th is  s ta te m e n t.
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M cCord  an d  S m i t h  [15] d eriv ed  th e  fo rm u las  fo r th e  second h arm on ic  
co m p o n en t of th e  a .c . po larog raph ic  c u rre n t as a fu n c tio n  o f th e  d .c . p o te n tia l 
an d  perfo rm ed  n u m e ric a l calcu la tions in  o rd e r to  e v a lu a te  th e  effect o f th e  
k in e tic  p a ram ete rs  o f  th e  electrode re a c tio n  on  th e  second harm o n ic  a.c . po laro- 
g ram  an d  on its  fre q u e n c y  dependence. S m ith ’s t r e a tm e n t  w as based  on 
M a t s u d a ’s th eo ry  [7 ], th u s  due co n sid e ra tio n  w as given to  th e  effect o f th e  
d ro p  tim e  of th e  d .m .e . on th e  a.c. second  h a rm o n ic , as M atsu  da  em ployed  th e  
“ ex p an d in g  p lan e”  e lec tro d e  m odel in  his ca lcu la tio n s. A ccord ing  to  S m i t h ’s 
th e o re tic a l tre a tm e n t th e  cu rren t d e n s ity  an d  th e  p h ase  angle o f th e  second 
h a rm o n ic  as a fu n c tio n  o f th e  d.c. p o te n tia l  w as a ffec ted  to  a g re a te r  e x te n t by  
th e  d ro p  tim e o f th e  d .m .e . in  th e  case o f a slow tra n s fe r  re a c tio n  th a n  in  th e  
case o f a reversib le p o la ro g rap h ic  process [9, 16]. T he k in e tic  p a ra m e te rs  o f an 
e lec tro d e  reaction  c a n n o t be e v a lu a te d  in  an  ex p lic it fo rm  from  th e  fo rm ulas 
re la tin g  to  th e  seco n d  harm onic a .c . in te n s ity  an d  th u s  th e y  cou ld  only  be 
d e te rm in ed  b y  a  com parison  of th e  ex p e rim en ta l d a ta  an d  th e  fu n c tio n s 
ca lcu la ted , assum ing  various k in e tic  p a ra m e te rs . T he d iffusion  coefficients 
o f th e  com ponen ts ta k in g  p a r t  in  th e  e lec trode  reac tio n  an d  th e  half-w ave 
p o te n tia l  have to  be  ca lcu la ted  fro m  in d e p e n d e n t m easu rem en ts  [15]. O ur 
m a th e m a tic a l t r e a tm e n t  [1] has led  to  th e  sam e genera l re su lts . T he th ird  
h a rm o n ic  co m p o n en t o f th e  a.c. in te n s ity  was also ex am in ed  [2].

Results

O ur th eo ry  concern ing  th e  h a rm o n ic  co m p o n en ts  o f th e  a.c. passing 
th ro u g h  the  e lec tro d e  polarized  b y  a  sm all a m p litu d e  s in u so ida l v o ltage  su p e r
im posed  on th e  d .c . p o te n tia l is b ased  on th e  so lu tio n  of th e  eq u a tio n  of linear 
d iffusion  w ith a p p ro p r ia te  b o u n d a ry  cond itions an d  refers to  w ell-defined 
h y d ro d y n am ic  co n d itio n s . The c u rre n t d en sity  of th e  fu n d a m e n ta l, th e  second 
a n d  o f th e  th ird  h a rm o n ic  a.c. com ponen ts w ere g iven  as fu n c tio n s  o f  th e  tim e  
av erag e  value o f  th e  o v e rp o ten tia l (i?=), th e  a m p litu d e  an d  th e  an g u la r
freq u en cy  (со) o f th e  a.c . voltage, th e  co n cen tra tio n  of th e  com ponen ts tak in g  
p a r t  in  th e  e lec tro d e  reac tion  (c10, c20), as well as th e  tra n s fe r  coeffic ien t (a) 
a n d  th e  he te rogeneous ra te  c o n s ta n t of ch a rg e -tran sfe r  reac tio n  (к ). T he k inetic  
p a ra m e te rs  of th e  e lec trode  reac tio n  could  n o t be o b ta in e d  in  an  explic it 
fo rm  as the  m a th e m a tic a l expressions w ere too  co m p lica ted . H ow ever, th e  
dependence  of th e  a m p litu d e  of th e  a.c. h a rm o n ic  co m p o n en ts  on th e  k inetic  
p a ram e te rs  could b e  in v es tig a ted  b y  m eans o f n u m erica l ca lcu la tio n s assum ing  
v a rio u s  values o f th e  p a ram e te rs  (со, rj^, r c10, c20) su scep tib le  to  ex p erim en ta l 
co n tro l.

The p ro g ram m in g  and  th e  ca lcu la tio n s w ere p erfo rm ed  by  th e  C om puter 
C en te r of the  H u n g a r ia n  A cadem y o f Sciences.
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W e p resen t here  som e o f th e  resu lts  o f  th e se  ca lcu la tio n s. T h e  ca lcu la tions 
w ere  m ad e  on som e s im p lify in g  assum ptions, n am e ly  c10=  e20 an d  D x=  D.,,
i. e ., th e  con cen tra tio n s a n d  th e  diffusion coeffic ien ts o f b o th  th e  ox id ized  and  
th e  re d u ced  form  of th e  c o m p o n e n t ta k in g  p a r t  in  th e  red o x  re a c tio n  were 
a s su m e d  to  be eq u a l; fu r th e r ,  th e  cell re s is tan ce  w as assum ed  to  be zero. 
I t  is easie r to  m ake a co m p reh en siv e  su rv ey  of th e  re su lts  w ith  th e se  a ssu m p 
tio n s . T h e  p a ram e te rs  em p lo y ed  in  th e  ca lcu la tio n  w ere th e  follow ing: c10 =  
=  c 20= l x l O ~ 4 m ol/1, D 1= D 2 = 1 x 10~5 cm 2 s_ I , C — 25 p F , со =  500 
s ~ x, T j^=  1 X 1 0 -3  У , z — 2 an d  z  =  1 in  th e  ca lcu la tio n s  re la tin g  to  th e  
t h i r d  h arm on ic  a.c. d e n s ity ; th e  values o f th e  hete ro g en eo u s ra te  co n stan ts  
a n d  o f  th e  tran sfe r coeffic ien ts  are  in d ica ted  in  th e  F igures.

1. Fundamental harmonic a.c. component of the current

T h e  resu lts of th e  c a lcu la tio n s  concern ing  th e  fu n d a m e n ta l harm onic  
a re  sh o w n  in  Figs 1 to  3. F ig . 1 rep resen ts  th e  c u rre n t d e n s ity  o f th e  a.c. 
f u n d a m e n ta l  harm on ic  as a  fu n c tio n  of th e  d.c. p o te n tia l  fo r v a rio u s charge- 
t r a n s f e r  ra te  co n stan ts . T h e  tra n s fe r  coefficient w as assu m ed  to  he  ж =  0.5.

Fig. 1. Fundamental harmonic a.c. density as a function of the potential in the case of oo>
>  к >  lX lO -3 cms-1  and a =  0.5 (other parameters in the text)
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I t  is a p p a re n t  from  F ig . 1 t h a t  th e  curves re la tin g  to  th e  fu n d a m e n ta l harm on ic  
e x h ib it  a m ax im um  a t  th e  h alf-w ave p o te n tia l, w hile a t  m ore  p o s itiv e  and  
m ore  n e g a tiv e  p o te n tia ls  th a n  th e  la t te r  th e y  ra p id ly  decrease  a n d  te n d  
to  a  lim itin g  value co rre sp o n d in g  to  th e  c u rre n t across th e  e lec tric  double 
lay e r. T h u s th e  fu n d a m e n ta l h a rm o n ic  a.c . co m p o n en t is th e  v e c to r ia l sum  of 
th e  F a ra d a ic  c u rren t a n d  th e  condenser c u rre n t. T he m ax im u m  c u r re n t d ensity  
of th e  fu n d a m e n ta l h a rm o n ic  decreases w ith  decreasing  v a lu es  o f  th e  ra te  
c o n s ta n t. T he decrease in  th e  m ax im u m  c u rre n t d en sity  o f th e  fu n d a m e n ta l 
h a rm o n ic , as com pared  to  th e  case of к  —>- oo, is n o t g re a te r  th a n  5 p e r  cen t 
in  th e  ran g e  of oo ^> k^>  1 c m s " 1. H ow ever, a t  values o f th e  r a t e  c o n s ta n t 
ran g in g  from  1 X 10“ 1 >  к  >  1 X 10-3 , th is  decrease becom es v e ry  im p o r ta n t.

F ig . 2 illu s tra te s  th e  in fluence  o f th e  tra n s fe r  coeffic ien t on  th e  a.c. 
fu n d a m e n ta l harm on ic  vs. p o te n tia l  curves. T he p a ra m e te rs  o f  th e  cu rves in 
F igs 2 a n d  1 are id e n tic a l ex cep t th a t  th e  tra n s fe r  coeffic ien ts  a re  a  =  0.7 
a n d  a  =  0.5, resp ec tiv e ly . A  com parison  o f F igs 1 a n d  2 in d ic a te s  th a t  th e  
sh ap e  o f th e  curves is n o t  m od ified  w hen th e  tra n s fe r  coeffic ien t d iffers from  
a  =  0.5 a t  к  >  1 X 10—1c m s—1 in  th e  case o f th e  p a ra m e te rs  em p lo y ed  in  th e  
ca lcu la tio n s. H ow ever, a t  low er values o f th e  r a te  c o n s ta n t (1 X 10—1 >  к  >

Fig. 2. Fundamental harmonic a.c. density as a function of the potential in the case of oo>
>  к >• 1 х Ю “ 3 cms-1 and a =  0.7 (other parameters in the text)
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1 X 1 0 —3 cm s-1 ) th e  s y m m e try  o f th e  fu n d a m e n ta l h a rm o n ic  a.c. fu n c tio n s 
r e la te d  to  th e  half-w ave p o te n t ia l  is a lte red , i.e. th e  m ax im u m  of th e  fu n d a 
m e n ta l  harm on ic  a.c. d e n s ity  is ex h ib ited  a t  a p o te n tia l  d iffering  from  th e  h a lf
w a v e  p o te n tia l. The p e a k  p o te n t ia l  is m ore p o sitiv e  th a n  th e  half-w ave p o te n 
t i a l  w h e n  th e  tran sfe r c o e ffic ien t is a  <  0.5, w hile  th e  oppo site  occurs w hen  
a  >  0.5 .

10 20 30 40
V a [ s t ]

F ig. 3. Maximum current density of fundamental harmonic a.c. as a function of the square 
root o f the frequency of the a.c. voltage

I n  F ig . 3 th e  effect o f  th e  frequency  o f th e  a .c . v o ltag e  on th e  a.c. 
fu n d a m e n ta l  harm onic p e a k  c u rre n ts  is show n fo r  v a rio u s values of th e  
c h a rg e - tra n s fe r  ra te  c o n s ta n t .  T he m axim um  v a lu es  of th e  fu n d a m e n ta l 
h a rm o n ic  a.c. are p lo tte d  a g a in s t  th e  square  ro o t o f th e  a n g u la r  freq u en cy  
o f  th e  a .c . voltage. I t  is a p p a r e n t  from  Fig. 3 th a t  th e  p e a k  va lu es  of th e  fu n d a 
m e n ta l  h a rm o n ic  lin ea rly  in c re a se  as a fu n c tio n  o f th e  sq u are  ro o t of th e  
a n g u la r  frequency  w hen  It >  l x  10-1  c m s " 1 a n d  со <  200 s—x, w hile th e  
c u rv e s  a re  convex from  b e lo w  w hen  со >  200 s —x. T hese re su lts  can  be ex 
p la in e d  b y  th e  fac t th a t  th e  c o n d e n se r cu rren t p ro p o rtio n a l to  со C is neglig ib le 
c o m p a re d  to  th e  F a rad a ic  c u r r e n t  w hen со •< 200 s—1 in  th e  case of th e  p a ra m 
e te rs  em ployed  in th e  c a lc u la tio n s . The F a ra d a ic  co m p o n en t of th e  fu n d a 
m e n ta l  h arm on ic  a.c. d ecreases  w ith  decreasing r a te  c o n s ta n ts  o f th e  electrode 
re a c t io n  in  th e  ran g e  1 X 1 0 -1  ]> к >  1 X Ю - 3 cm s- 1 . C onsequen tly , 
i t  b eco m es  gradually  sm a lle r  as com pared  to  th e  c u rre n t passing  th ro u g h  
th e  im p e d a n c e  of th e  d o u b le - la y e r  capacity . A t a b o u t к =  1 X 10—3 cm s- 1 , 
th e  c u r r e n t  density  of th e  fu n d a m e n ta l harm on ic  a .c . F a ra d a ic  c u rre n t is so 
sm a ll, t h a t  i t  is p ra c tic a lly  in d iscern ib le  from  th e  c u rre n t passing  th ro u g h
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th e  im p ed an ce  o f th e  doub le-lay er c a p a c ity . T h u s , th e  resu lts  c o n ce rn in g  
th e  fu n d a m e n ta l h a rm o n ic  a.c. den sity  are  in  good  agreem ent w ith  th e  re su lts  
described  in  th e  l i te ra tu re  (cf. M a t s u d a  [6, 7], S m it h  [9], e tc .).

2. Second h a rm o n ic  a.c . co m ponen t o f th e  cu rren t

T h e  second h a rm o n ic  a.c. d en sity  deserves a m ore detailed  e x a m in a tio n .
F ir s t ,  th e  e ffec t o f th e  heterogeneous r a te  c o n s ta n t on th e  seco n d  h a r 

m onic is considered , assum ing  oc =  0.5.
T h e  second h a rm o n ic  a.c . d en sity  is show n  in Fig. 4 as a fu n c tio n  o f  th e  

d.c. p o te n tia l  assu m in g  th e  above p a ra m e te r  v a lu es  in  th e  case o f a  =  0.5 an d
00 к  >  1 X 10“ 3 em s- 1 . I t  is a p p a re n t from  F ig . 4 th a t  th e  a m p litu d e  o f th e  
second  h a rm o n ic  a .c . d en sity  exh ib its  a m in im u m  a t  th e  h alf-w ave p o te n tia l  
an d  tw o  m ax im a , one a t  m ore positive  a n d  one a t  m ore n eg a tiv e  p o te n tia ls  
th a n  th e  la t te r .  T h e  d ifference o f th e  p eak  p o te n tia l  an d  th e  h a lf-w av e  p o te n tia l 
d ep en d s  on th e  n u m b e r of electrons in v o lv ed  in  th e  electrode re a c tio n  and  
on th e  heterogeneous ra te  c o n s ta n t. T he c u rre n t d en sity  of th e  second  h a rm o n ic  
d ecreases w ith  th e  decreasing  ra te  c o n s tan t o f th e  electrode re a c tio n  w h e n  к  >
1 X 1 0 ~ 3 cm s- 1 . I t  is in te re s tin g  to  n o te  t h a t  o n ly  a slight decrease  o f  ab o u t 
5 to  10 %  in th e  m ax im u m  c u rren t d en sity  o f  th e  second h a rm o n ic  is found  
w h en  th e  ra te  c o n s ta n t is 1 em s-1  as c o m p ared  to  th e  case w h e n  k - +  oo. 
H o w ev e r, th e  second  h arm o n ic  c u rre n t d e n s ity  rap id ly  decreases a t  low er 
v a lu e s  o f  th e  r a te  c o n s ta n t (к <  1 X 10“ 1 cm s“ 1). T he la t te r  co n sid e rab ly  affects 
th e  m ag n itu d e  o f th e  c u rre n t den sity  of th e  second  harm onic in th e  ran g e  of 
1 X 10-1  ^>k^>  1 X 10” 3 cm s- 1 . T he decrease in  th e  ra te  co n stan t a lso  m odifies 
th e  sh ap e  of th e  c u rre n t-p o te n tia l  curve. T h u s , th e  difference in  th e  p o te n tia ls  
co rresp o n d in g  to  th e  m ax im u m  values c f  th e  second  harm onic in c rea se s  w ith  
a decreasing  ra te  c o n s ta n t.

I t  is a p p a re n t  from  F ig . 4 th a t  th e  cu rv es  a re  sym m etrica l w ith  respect 
to  th e  ha lf-w ave  p o te n tia l w hen  a  =  0.5. H o w ev er, th is sy m m e try  is no t 
m a in ta in e d  a t a  ^  0.5. T he a sy m m e try  of th e  cu rv es  is enhanced b y  decreasing  
ra te  c o n s ta n ts  an d  b y  an  increasing  d e v ia tio n  o f th e  tran sfe r co e ffic ien t from  
a  =  0.5. I t  is n o te w o rth y  th a t ,  accord ing  to  th e  calculations of S m i t h  et al. 
[8], b a sed  on th e  ‘ex p an d in g  p lan e ’ e lec tro d e  m odel of th e  d .m .e ., th e  sy m 
m e try  o f th e  second  h a rm o n ic  vs. p o te n tia l cu rv e  is no t m a in ta in e d , even 
w hen  «  =  0.5, in  th e  range  o f ra te  c o n s ta n ts : 1 X 10—2 >  к  >  1 X 1 0 ~ 4 e in s-1 . 
T h u s , accord ing  to  th e se  a u th o rs , th e  second h a rm o n ic  a.c. d ensity  vs. p o te n tia l 
fu n c tio n s  are sy m m etrica l w ith  respect to  th e  half-w ave p o te n tia l o n ly  w hen 
к >  1 X 10~2 em s- 1 an d  « =  0.5.

T h e  effect o f  th e  tra n s fe r  coefficient on th e  second harm onic  a .c . com po
n e n t a t  v a rious va lu es  of th e  ra te  c o n s ta n t is show n  in Fig. 5 re p re se n tin g  th e
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Fig. 4. Second harmonic, a.c. current density as a function of the potential in the case 

of o o >  к >  1X10 3 c m s '1 and a =  0.5 (other parameters in the text)
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fu n c tio n  fo r oo ^>k^>  1 X 10-3  cm s-1  an d  tx. =  0.7. I t  is a p p a re n t  fro m  F ig . 5 
th a t  th e  curves are  p ra c tic a lly  in d e p e n d e n t of th e  tra n s fe r  co effic ien t w hen 
к  1 cm s- 1 , as in  th is  case th e  d ev ia tio n  from  th e  curves ca lc u la ted  fo r oc =  0.5 
is sm aller th a n  th e  ex p ec ted  ex p e rim en ta l e rro r. T he d ev ia tio n  o f  th e  tra n s fe r  
coefficien t from  a  =  0.5 is m an ifes ted  b y  th e  d is to rtio n  of th e  sy m m e try  
o f th e  curves w hen  к  <  1 cm s- 1 . I t  is no ticeab le  in  F ig . 5 t h a t  th e  ra tio  of

Fig. 6. Maximum second harmonic a.c. current density as a function of the square root of the 
frequency of a.c. voltage in the case of oo>  fc >  l X W -2 cms- 1

th e  m ax im um  va lu es  o f th e  second h a rm o n ic  a.c . p o la ro g ram s d iffers  from  
u n ity . This d ifference increases w ith  th e  increasing  d ev ia tio n  o f  th e  tra n s fe r  
coefficien t from  * =  0.5. T h e  sh ap e  o f th e  second h arm o n ic  vs. p o te n tia l 
cu rves is co n sid e rab ly  a lte re d , w hen  a  =  0.7 an d  th e  ra te  o f th e  e lec trode  
reac tio n  is к  <  1 X l 0 - 1 cm s- 1 . T he m in im u m  a m p litu d e  o f th e  second  h a r
m onic is n o t zero an d  th e  p o te n tia l co rrespond ing  to  th is  m in im u m  is sh ifted  
to w ard s  m ore n e g a tiv e  va lu es  from  th e  ha lf-w ave  p o te n tia l. T h is  sh if t in  th e  
p o te n tia l increases w ith  th e  increasing  freq u en cy  of th e  a.c . v o lta g e  and  
w ith  th e  decreasing  ra te  c o n s ta n t o f th e  ch a rg e -tran sfe r re a c tio n . T h e  m in i
m um  of th e  c u rre n t d e n s ity  differs from  zero w hen a  0.5 [12].

I t  is n o te w o rth y  th a t  in  th e  case o f «  0.5 th e  fu n c tio n s  o b ta in e d  for
tra n s fe r  coefficients o f oc a n d  l - а  are  m irro r  im ages.

The d ependence  of th e  second  h a rm o n ic  a.c. c u rre n t d e n s ity  on the 
frequency  is show n in  F igs 6 an d  7, w here  th e  p eak  values of th e  c u r re n t are 
p lo tte d  ag a in st th e  sq u a re  ro o t o f th e  freq u en cy  of th e  a.c. v o ltag e  fo r various 
va lu es  of th e  h e te ro g en eo u s ra te  c o n s ta n t.
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I t  is ap p a ren t fro m  th e  curves th a t  th e  m a x im a  of th e  second h arm o n ic  
c u r r e n t  densities in crease  l in e a r ly  w ith  th e  sq u a re  ro o t o f th e  an g u la r freq u en cy  
o f  th e  a .c . vo ltage in  th e  case  o f reversible p o la ro g ra p h ic  reac tio n s. H ow ever, 
a t  sm a lle r  values o f th e  r a te  c o n s ta n t, th e  slope o f  th e  curves decreases. T he 
d e v ia tio n  of th e  curves f ro m  lin e a r ity  ex h ib ited  a t  к  —*■ oo is n o t la rger th a n  10

Fig. 7. Maximum second harmonic a.c. density as a function of the square root of the frequency 
of a.c. voltage in the case of l x l O - 3  <  к  <  1 Х Ю -2 cms-1

p e r  c e n t in  th e  freq u en cy  ra n g e  m ost su itab le  fo r  th e  m easu rem en ts  (со 2000 
s —x) w h e n  к >  1 cm s- 1 , w h ile  th e  peak  va lu es  o f  th e  second h arm on ic  a.c . 
d e n s itie s  te n d  to  a l im itin g  v a lu e  w ith  in c rea s in g  frequencies in  th e  ran g e  
o f  he te ro g en eo u s ra te  c o n s ta n ts  1 X 10-1  к  5 X 1 0 —2 cm s-1 , as show n in  
F ig . 6. I t  is n o tew o rth y  t h a t  th e  curves re p re se n tin g  th e  p eak  values o f th e  
seco n d  harm onic  a.c. d e n s ity  as p lo tted  a g a in s t th e  sq u are  roo t of th e  fre 
q u e n c y  ex h ib it m ax im a  a t  low er frequencies (со <  200 s—x) in  th e  case of 
l x l O -2  к >  1 X 10-3  c m s - 1 . T he m ax im um  is sh ifted  to  low er fre q u e n 
cies w ith  decreasing v a lu e s  o f  th e  heterogeneous r a te  c o n s tan t.

3. Third harmonic a.c. component of the current

M any analogies can  b e  found  betw een  th e  fu n c tio n s  re la tin g  to  th e  
th i r d  harm o n ic  a.c. c o m p o n e n t of the  c u rre n t a n d  th e  above d a ta  on th e  
seco n d  harm onic , as i t  is a p p  a re n t  from  F ig . 8 re p re se n tin g  th e  am p litu d e  of 
th e  th i r d  harm onic a.c. c u r r e n t  d en sity  p lo tted  a g a in s t th e  p o te n tia l fo r oo ]> к
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>  l X l O -2 c m s '1 a n d  a  =  0.5. The curves e x h ib it a  m ax im um  a t  th e  half- 
w ave p o te n tia l a n d  tw o  o th e r  m ax im a a t  m o re  po sitiv e  arid m ore n e g a tiv e  
p o ten tia ls , re sp ec tiv e ly , th a n  th e  half-w ave p o te n tia l . Two m in im a a p p e a r  
betw een  th e  p e a k  v a lu es  a t  p o ten tia ls  co rre sp o n d in g  to  th e  m a x im a  o f th e  
second h arm on ic  a.c . co m p o n en t.

Fig. 8. Third harmonic a.c. density as a function of the potential in the case of o o >  к >  
>  lX  10“ 2 cms-1  and a =  0.5 (other parameters in the text)

T he fu n c tio n s  re la tin g  to  th e  th ird  h a rm o n ic  a.c . com ponen t a re  sy m 
m etrica l w ith  re sp ec t to  th e  half-w ave p o te n tia l  w hen  a  =  0.5 as in  th e  case 
o f th e  second h a rm o n ic  a.c . d en sity  vs. p o te n tia l  curves. A t sm alle r va lu es  
of th e  heterogeneous ra te  c o n s ta n t, th e  a m p litu d e  of th e  th ird  h a rm o n ic  
a.c. den sity  decreases , w hile th e  differences b e tw een  th e  peak  p o te n tia ls  an d  
th e  half-w ave p o te n tia l , as w ell as betw een  th e  p o ten tia ls  co rresp o n d in g  to  
th e  m in im um  c u rre n t d e n s ity  increase. T h e  ra tio  o f th e  m ax im a  a p p e a rin g  
a t  th e  half-w ave p o te n tia l  an d  a t  m ore n e g a tiv e  (or m ore positive) p o te n tia ls  
th a n  th e  la t te r  decreases w ith  decreasing v a lu e s  o f th e  heterogeneous ra te  
c o n s tan t. T he m a x im u m  ap p earin g  a t  th e  ha lf-w av e  p o ten tia l is th re e  tim es 
la rger th a n  th e  o th e rs  in th e  case of d iffusion p o la riz a tio n , while i t  is 1.8 tim es 
la rger on ly  w hen  к =  1 X 10—2 cm s-1 .

T he effect o f th e  tra n s fe r  coefficient on  th e  th i rd  harm onic  a .c . d e n s ity  
vs. p o te n tia l fu n c tio n s  is show n in Fig. 9. T h e  p a ra m e te rs  em ployed  in  th e
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c a lc u la tio n s  were th e  sam e as in  th e  case o f  F ig . 8, excep t t h a t  a  =  0.7 was 
a s su m e d  in s te a d  of a  =  0.5. T h e  sy m m e try  o f  th e  curves w ith  re sp e c t to  th e  
h a lf -w a v e  p o te n tia l is d is to r te d  a t  tra n s fe r  coeffic ien t values d iffe ring  from  
a  =  0 .5 , s im ilarly  to  th e  case o f th e  fu n c tio n s  re la tin g  to  th e  second  h a r 
m o n ic  a .c . com ponent. T h is ph en o m en o n  is o bserved  a t  low er freq u en c ies  b y  
d e c re a s in g  values of th e  ra te  c o n s ta n t an d  b y  increasing  d ev ia tio n  o f th e  tra n s-

Fig. 9. Third harmonic a.c. density as a function of the potential in the case of o o >  к  >  
>  1 X10-2  c m s 1 and a =  0.7, for z =  1 (other parameters in the text)

fe r co e ffic ien t from  x  =  0.5. F o r  sm aller v a lu es  of th e  ra te  c o n s ta n t, th e  peak  
v a lu e  ap p e a rin g  a t  th e  h a lf-w av e  p o te n tia l  is sh ifted  to w ard s m ore n eg a tiv e  
p o te n t ia ls  w hen  x  >  0.5. T h e  m ax im a  e x h ib ite d  a t  m ore p ositive  a n d  m ore 
n e g a tiv e  p o ten tia ls  th a n  th e  half-w ave p o te n tia l  g radually  d isa p p e a r. Two 
p e a k  v a lu e s  are observed  a t  su ffic ien tly  h ig h  frequencies in  th e  case of 
к  1 X 10—2 c m s " 1.

I f  o th e r  p a ram e te rs  are  id en tica l, th e  fu n c tio n s  belonging to  x  a n d  1 —x  
in  th e  case of th e  th ird  h a rm o n ic  a.c. co m p o n e n t are m irro r im ages o f  each 
o th e r . T h e  dependence o f  th e  m ax im u m  a m p litu d e s  of th e  th ird  h a rm o n ic  a.c. 
c o m p o n e n t on th e  square  ro o t of th e  freq u en cy  is s im ilar to  th a t  o f th e  second 
h a rm o n ic  p eak  values (F ig. 10). I t  is n o te w o rth y , how ever, th a t  th e  d ev ia tio n  
fro m  lin e a r i ty  is la rger an d  is observed  a t  lo w er freq u en cy  values in  th e  fo rm er 
case.
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4. D ete rm in a tio n  o f  th e  heterogeneous ra te  co n stan t 
o f th e  ch a rg e -tran sfe r  reac tion

T h e  resu lts  o f th e  ca lcu la tio n s  b rie fly  o u tlin e d  in  th e  p rev ious p a ra g ra p h s  
lead  to  th e  conclusion t h a t  th e  he te rogeneous ra te  c o n s tan t o f th e  charge- 
tra n s fe r  reac tio n  can be  d e te rm in ed  b y  th e  m easu rem en t o f th e  h a rm o n ic  
co m p o n en ts  o f th e  c u rre n t as a fu n c tio n  o f  th e  p o ten tia l a n d  th e  a n g u la r  
fre q u e n c y  o f th e  a.c. v o lta g e  su perim posed  on th e  d.c. po lariz ing  p o te n tia l.

T h e  resu lts  o b ta in ed  in  th is  s tu d y  re la tin g  to  th e  fu n d a m e n ta l h a rm o n ic  
a.c . c o m p o n en t (i.e. th e  F a ra d a ic  im pedance) a re  in  good ag reem en t w ith  th e  
re su lts  re p o rte d  in  th e  l i te ra tu re  [5 —10]. As fa r  as th e  d e te rm in a tio n  o f th e  
k in e tic  p a ra m e te rs  of th e  tra n s fe r  reac tio n  is concerned, th e  s tu d y  o f th e  
h ig h er h a rm o n ic  com ponen ts o f th e  c u rre n t ap p ea rs  to  be superio r to  th e  in v es
t ig a tio n  o f  th e  fu n d a m e n ta l h a rm o n ic  b y  v ir tu e  of th e  e lim ina tion , o r  a t  least 
co n sid e rab le  decrease, o f  th e  in te rfe rin g  effect caused  b y  th e  c u r re n t  flow ing  
th ro u g h  th e  doub le-layer c a p a c ity . T he re su lts  re la tin g  to  b o th  th e  seco n d  and  
th e  th ird  h arm on ic  a.c. co m p o n e n t give ev idence  th a t  these  te c h n iq u e s  are 
f ru itfu l in  th e  range of r a te  c o n s ta n ts  1 ]> к  >  5 х Ю ~ 3 c m s " 1. T h e  h a rm o n ic  
c o m p o n en ts  of th e  a.c. a re  eq u a l w ith in  th e  ex p e rim en ta l e rro r to  th e  re la tio n 
sh ips v a lid  for diffusion p o la riz a tio n  in  th e  case a re la tiv e ly  r a p id  charge- 
tra n s fe r  reac tio n  (k ]> 1 cm s“ 1.) T hus, th e  re su lts  concern ing  th e  k ine tic  
p a ra m e te rs  of th e  e lec tro d e  re a c tio n  becom e u n re liab le . On th e  o th e r  h an d , 
th e  p o te n tia l  and  freq u en cy  dependence o f th e  h igher harm on ic  co m p o n en ts  
o f th e  a .c . are  only s lig h tly  a ffec ted  b y  th e  r a te  c o n s ta n t o f th e  c h a rg e - tra n s fe r  
re a c tio n  w hen th e  la t te r  is re la tiv e ly  slow (k <  5 X 10~3 em s-1 ) an d  th e  m easu re 
m e n t o f  sm all c u rre n ts  also causes e x p e rim e n ta l d ifficulties in  th e se  cases. 
T h e  s tu d y  o f th e  d .c . p o la riz a tio n  curves y ie ld s  re liab le  d a ta  w hen  /с l x  10-3  
em s-1  [18].

T h e  ex p erim en ta l m e th o d  fo r d e te rm in in g  th e  ra te  c o n s ta n t  o f  the  
c h a rg e -tran sfe r  re a c tio n  consists  in  th e  se lec tive  m easu rem en t o f  th e  a.c. 
h a rm o n ic  com ponen ts as fu n c tio n s  of th e  p o te n tia l, by  th e  su p e rp o s itio n  of 
a  sm all am p litu d e  s in u so id a l a.c . v o ltag e  a t  various freq u en c ies . T h e  a.c. 
h a rm o n ic  com ponen ts vs. p o te n tia l p lo ts a re  o b ta in ed  from  th e  e x p e rim e n ta l 
re su lts  a f te r  co rrec tion  fo r th e  ohm ic p o te n tia l d rop  across th e  cell res is tan ce  
[19]. T h e  exp erim en ta l re su lts  a re  co m p ared  w ith  th e  c a lc u la ted  d a ta  by  
m eans o f  a co m p u te r p ro g ra m . T he ra te  c o n s ta n t an d  th e  tr a n s f e r  coeffi
c ien t o f  th e  electrode re a c tio n  are  e v a lu a ted  b y  f ittin g  th e  e x p e rim e n ta l curves 
to  th e  ca lcu la ted  ones in  th e  freq u en cy  ran g e  em ployed in  th e  e x p e rim en ts .

T h e  frequency  d ep en d en ce  of th e  p e a k  values of th e  a .c . h arm on ic  
co m p o n en ts  yields in fo rm a tiv e  d a ta  on th e  p ro p e r selection o f  th e  ran g e  of 
p a ra m e te r  values n eeded  in  th e  co m p u te r  p ro g ra m  and  gives an  a p p ro x im a te  
v a lu e  o f  th e  ra te  c o n s ta n t o f  th e  c h a rg e -tran sfe r  reaction .
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I t  is ap p a ren t f ro m  F ig s  6, 7 and  11 r e la t in g  to  th e  second h a rm o n ic , 
as w ell as from Figs 10 a n d  12 re la ting  to  th e  th i r d  harm onic , th a t  th e  p eak  
c u r r e n t  density  v aries l in e a r ly  w ith  th e  sq u a re  ro o t o f th e  a.c. freq u en cy , 
ir re sp e c tiv e  of th e  v a lu e  o f  th e  tran sfe r co e ffic ien t, w hen  к  >  1 X 10—1 c m s '1. 
A  d e v ia tio n  is observed  f ro m  th e  linear re la tio n  v a lid  for d iffusion p o la riza-

Fig. 10. Maximum third harm onic a.c. current density as a function of the square root of the
a.c. frequency

1 2 3 4 5 6 7 8 9 TO1 20 30 40 50
log w

F ig . 11. Maximum second haim onic a.c. current density as a function of the logarithm of the
a.c. frequency
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t io n  b y  decreasing  values o f th e  ra te  c o n s ta n t o f th e  hete ro g en eo u s reac tio n  
(k  *< 1 X lO ^1 cms-1 ); th e  sm aller th e  ra te  c o n s ta n t, th e  low er th e  fre q u e n c y  a t  
w hich  th is  occurs. T he p eak  values o f th e  c u rre n t d ensity  g ra d u a lly  becom e 
p ro p o rtio n a l to  th e  lo g a rith m  of th e  freq u en cy  a t  th e  ra te  c o n s ta n t k<^  1 X 10—1 
cm s- 1 . I t  is a p p a re n t from  F igs 11 an d  12 t h a t  th e  m ax im um  a m p litu d e s  o f th e  
h ig h er harm on ics are  n o t in d e p e n d e n t of th e  tra n s fe r  coefficient a t  sm a ll va lues 
o f th e  ra te  co n s tan t. H ow ever, th e  d e te rm in a tio n  of a p p ro x im a te  d a ta  is n o t 
p re v e n te d  b y  these  d ev ia tio n s. T he a.c. h a rm o n ic  com ponen ts vs. p o te n tia

Fig. 12. Maximum third harmonic a.c. current density as a function of the logarithm of the
a.c. frequency

Fig. 13. Second harmonic a.c. current density as a function of the potential in  the case of 
5 <  со <  2000 s-1  and a =  0.7 (z =  1; other parameters in the text)
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cu rv es  a t  various a.c. fre q u e n c ie s  also give a c e r ta in  a m o u n t of in fo rm a tio n . A n 
e x a m p le  o f  th is  is show n in  F ig s  13 and  14 re p re se n tin g  th e  am p litu d e  o f th e  
seco n d  a n d  th e  th ird  h a rm o n ic  a.c. com ponen t, re sp ec tiv e ly , as a fu n c tio n  of 
th e  p o te n t ia l  a t  various freq u en c ies , assum ing  к  =  1 X 10—2 cm s-1  an d  x  =  0.7. 
A t low  frequencies th e  c u rv e s  are  s ligh tly  d iffe re n t from  tho se  ca lcu la ted  
fo r th e  case of d iffusion  p o la r iz a tio n . I t  is also a p p a re n t  from  F ig . 13 th a t  
th e  m in im u m  of th e  seco n d  h a rm o n ic  is n o t e q u a l to  zero a n d  th e  p o te n tia l  cor-

? =-  ? 1/2 [mV]
Fig. 14. Third harmonic a.c. current density as a function of the potential in the case of 

5 <  со <  2000 s_ 1 and a =  0.7 (z =  1; other parameters in the text)

re sp o n d in g  to  th e  m in im u m  is sh ifted  to w ard s  m o re  n eg a tiv e  p o te n tia ls  a t  
ft) <C 100 s _1, while th e  ra t io  o f  th e  m ax im um  a m p litu d e s  considerab ly  d ev ia tes  
fro m  u n i ty ,  a t h igher freq u en c ies  (in c o n tra s t to  th e  case o f a  =  0.5). A t 
su ff ic ie n tly  h igh frequenc ies o n ly  one m ax im um  is o bserved  an d  an  inflex ion  
p o in t  ap p e a rs  in stead  o f th e  m in im um . I t  is a p p a re n t  from  F ig . 14 th a t  in  
th e  case  o f  th e  th ird  h a rm o n ic  a.c. com ponen t th e  m in im a  becom e in d e fin ite  
in  th e  freq u en cy  range ccx^lO O s- x , while a t  h ig h e r  frequencies tw o a p p ro x i
m a te ly  e q u a l m ax im a a re  e x h ib ite d  in stead  o f th e  p e a k  values ap p ea rin g  a t  
th e  h a lf-w av e  p o ten tia l. T h e  ra t io  of th e  p e a k  v a lu e s  differs from  u n i ty  u p o n  
f u r th e r  increasing  th e  fre q u e n c y . These p h e n o m e n a  are observed a t  low er 
freq u en c ies  w hen th e  r a te  c o n s ta n t  becom es sm a lle r. T h u s , th e  e v a lu a tio n  of 
th e  re su lts  is fac ilita ted  b y  e x te n d in g  th e  m e a su re m e n ts  to  low er frequencies 
(со <  50 s “ 1).

I t  is n o tew o rth y  t h a t  th e  difference b e tw een  th e  p o te n tia l co rrespond ing  
to  th e  m in im u m  of th e  se c o n d  harm onic a.c . c o m p o n e n t and  th e  half-w ave 
p o te n tia l  (ca lcu la ted  fo r th e  rev e rs ib le  p o la ro g rap h ic  reac tio n ) depends c h a ra c 
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te r is tic a lly  on th e  freq u en cy  for a 0 .5 . I t  is a p p a re n t from  F ig . 15 th a t  th e  
d iffe rence  of th e  m in im u m  p o te n tia l o f th e  second harm onic a.c. co m p o n en t 
a n d  o f th e  h alf-w ave p o ten tia l (A rj =  r}min ~  7?1/2) increases lin e a r ly  w ith  
th e  sq u a re  roo t o f th e  frequency  in  th e  ra n g e  со <  1000 s -1  w hen  к  1 X 10~2 
cm s- 1 . H ow ever, th e  p lo t is only lin e a r  a t  io <  100 s-1  w hen к  —  5 х Ю _3 
c m s " 1. I n  th e  la t te r  case A r] is a lin e a r  fu n c tio n  o f th e  lo g arith m  o f th e  fre 
q u e n c y  in  th e  ran g e  50 <  со <  500 s —h A t h ig h er values o f th e  r a te  c o n s ta n t 
th e  lo g arith m ic  A r) vs. со re la tion  is o b serv ed  from  higher freq u en c ies . The 
d e p e n d e n c e  on th e  frequency  of th e  d ifference betw een th e  p e a k  p o te n tia l 
o f th e  th ird  h a rm o n ic  a.c. co m p o n en t a n d  th e  reversib le ha lf-w av e  p o te n tia l 
is s im ila r to  th a t  en co u n te red  in  th e  p rev io u s  case.

In  th e  p re se n t p a p e r  we fo cu sed  o u r in te re s t m ain ly  on th e  d e te rm in a 
t io n  o f  th e  ra te  c o n s ta n t of th e  c h a rg e - tra n s fe r  reaction  b y  e x a m in in g  th e

V o  [ s - j ]

a)

Fig. 15. Difference of the peak potential of the second harmonic a.c. density and the half- 
wave potential as a function of a) square root, and b) logarithm of the a.c. frequency in the

case of a =  0.3.
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seco n d  an d  th ird  h a rm o n ic  com ponents o f th e  a .c . c u rre n t flow ing th ro u g h  
th e  e lec tro d e  p o la rized  b y  a  sm all am p litu d e  s in u so id a l a.c. v o ltag e  su p e r
im p o sed  on th e  p o te n tia l . T h e  d e te rm in a tio n  o f  th e  tra n s fe r  coefficien t a n d  
th e  in v e s tig a tio n  o f th e  e ffec t of h y d ro d y n am ic  p a ra m e te rs  will be described  
in  a  su b seq u en t p a p e r .
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Two simple equilibrium models have been outlined to interpret experimental 
chemical shifts in water-acetone mixtures. The first model covers a wide range: 0.9 >  
>  *НгО >  0.02 and implies a solvate exchange in which any one molecule is an active 
participant. Equilibrium constants determined by three different resonance tech
niques equal 0.62 (water 41); 2.04 (carbonyl 170 )  and 1.32 (carbonyl 13C) unequivocally 
suggesting that water-water solvation slightly dominates over the water-acetone one. 
The second model seems to be valid for the range 0.14 >  *HsO >  О and implies step
wise hydrogen bonding between water and acetone but neglects water-water inter
action. Since the second model considers three individual water states, it is non-deter- 
minate and can be tested only by introducing arbitrary equilibrium constants.

Introduction

In  a p rev ious s tu d y  on h y d ro g en  iso to p e  exchange betw een  w a te r  an d  
h y d ro q u in o n e , a ce to n e  has been u sed  as a  m ed iu m  [1]. N M R sp ec tro sco p y  
p ro v id es  good p o ss ib ility  for s tu d y in g  th e  m ore  sim ple, tw o -co m p o n en t w a te r -  
ace to n e  system  ow ing  to  chem ical sh if t d ependences on th e  c o n c e n tra tio n * . 
R ecen tly  th e re  is increasing  in te re s t  in  s tu d y in g  th e  p ro p erties  o f  so lv en t 
m ix tu re s  [2, 3] a n d  in  in te rp re tin g  m ed iu m  effects [4]. Several p a p e rs  dealing  
w ith  in v estig a tio n s o f  w a te r-a ce to n e  m ix tu re s  h av e  been  pub lished  [5, 6, 7] 
b u t  th e  questio n  w h e th e r  th e  re su lts  w ou ld  be  con sis ten t w ith  a n y  sim ple 
m odel o f th e  m ix tu re  has n o t b een  con sid ered . A tte m p ts  to  c h a ra c te r iz e  
th e  w a te r-a c e to n e  system  in te rm s  o f s im p le  equ ilib rium  tre a tm e n ts  are 
p re sen ted  here.

Experim ental

R ea n a l  acetone of analytical grade was used after drying on P20 5 and bidistilling. 
W ater-acetone mixtures were prepared by weighing both components. Mixtures of low water 
concentrations were prepared by diluting aqueous acetone with dehydrated acetone. The 
lowest water concentration was determined by the NMR spectrum measuring the line intensity. 
The NMR spectra were recorded at 60 MHz on an A EI spectrometer Type RS-Z. Proton chem
ical shifts were calibrated by the normal side-band technique. The line positions were meas
ured relative to acetone methyl protons, with a precision of 0.1 Hz (0.0017 ppm). Spectra 
were obtained at 25 +  1 °C. The overall precision of chemical shift measurements —  in a 
situation quite similar to ours — has been thoroughly investigated by F. P odo and У. Viti [3]. 
On that basis we estim ate our error in chemical shift data to be not greater than j;0 .010 ppm.

‘ The statement in [1] that the proton chemical shift of water is independent of the 
concentration in the range 0 <  [H20 ]  < 5 . 0  mole/1, is erroneous.
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R esu lts

U n fo rtu n a te ly , d iffe ren t au th o rs  h a v e  u su a lly  re fe rred  th e ir  p ro to n  
m a g n e tic  resonance  d a ta  to  d iffe ren t re fe ren ce  signals. I t  could  b e  o f  som e 
h e lp  in  c larify ing  th e  s itu a tio n  to  collect a ll th o se  N M R lines in  a g ra p h  w hich  
m ig h t be  invo lved  in  p a r tic u la r  s tu d ies .

T h e re  are  d iffe ren t p u b lish ed  va lu es  fo r  m onom er w a te r  so lved  in  sev era l 
m e d ia  a n d  in  th e  gas p h ase  [8 ,9 ,1 0 ,1 1 ] . T h o u g h  som e of th ese  va lu es  a re  co n tra -

-  5 p .p  m . -«------

Fig. 1. Positions of some NMR lines referred to gaseous methane (^ 2 0  atm, 180 °C). The 
chem ical species and shifts in p.p.m. are as follows: a, CH4(g): 0.00; 6, H20(g): — 0.56 [8]; 
c, TMS (Z): — 1.54 (calculated); d, CH4 (solved in H20 ,  25 °C): — 1.84 [8]; e, H20  (solved in 
C6H 6, 25 °C): — 2.10 [9 ] ; /,  H 20(g): — 2.44 [10]; g, H 20  (solved in cyclohexane, 25 °C): — 2.86
[8] ; h, H 20  (solved in CC14, 25 °C):— 3.12 [8]; i, Acetone (Z): — 3.57 (calculated); j ,  H20  (solved 
in 1,2-dichloroethane, 25 °C): — 3.85 [9]; k, H20  (solved in nitrobenzene, 25 °C): — 3.91
[9] ; Z, H 20  (in acetone 25 °C, *h 20 —*■ O ):— 4.25 (this work); m, H20  (solved in propylene 
carbonate): — 4.54 [11]; n, H 20  (Z, 100 °C): — 5.72 [8]; o, H20  (Z, 25 °C): — 6.43 [8]; p ,  H 20

(Z, 0 °C): — 6.72 [8]; q, H20  (Z, — 15 °C): — 6.91 [8]

d ic to ry , i t  is clear th a t  th e y  cover a re la tiv e ly  w ide range o f m a g n e tic  fie ld  
(F ig . 1) w h ich  is lo ca ted  b e tw een  th e  m ore  re liab le  chem ical sh if t o f w a te r  
v a p o u r  [8] an d  th a t  of p u re  liq u id  w a te r* .

T h e  p ro to n  m ag n etic  reso n an ce  sp e c tra  o f  w a te r—acetone m ix tu re s  co n sis t 
o f tw o  m a in  lines, i.e. t h a t  of th e  m e th y l a n d  O H  p ro to n s. T he ch em ica l sh if t 
o f w a te r  m oves in  an  ap p ro x im a te ly  2.2 p p m  w ide  in te rv a l, as th e  c o n c e n tra tio n  
v a r ie s . T h e  chem ical sh if t o f th e  m e th y l p ro to n s  is also d ep en d en t on c o n c e n tra 
tio n  b u t  to  a  m uch  less e x te n t. De J e u  [7] p u b lish e d  a fig u re  on th e  co n 
c e n tr a t io n  dependence  o f th e  chem ical sh if t o f  acetone p ro to n s  in  a  ra n g e  
o f a p p ro x im a te ly  0.16 p p m  w hen  th e  m ole f ra c tio n  of ace tone  v a r ie d

* The large drift caused by an inert solvent on the chemical shift of water as com
pared to  water vapour is in close agreement with Mayo’s conclusion on solvation effects [12]. 
The sam e can be seen on the CH4 line drifted when CH4 is solved by water.
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b etw een  0.2 an d  0.8. I n  case of x x  <  0.2 th e  chem ica l sh ift of m e th y l p ro to n s  
was essen tia lly  c o n s ta n t.

Table I

Chemical shift o f the water protons at 25 °C referred 
to the acetone protons in  water-acetone mixtures

XH , 0 — <r, p. p. m.

0.0007 0.705

0.0015 0.710

0.0026 0.736

0.0032 0.740

0.0052 0.720

0.0080 0.770

0.0131 0.758

0.0152 0.784

0.0159 0.770
0.0259 0.805

0.0314 0.820

0.0356 0.852
0.0510 0.882

0.0759 0.943
0.1208 1.178
0.1315 1.235
0.1428 1.208
0.2200 1.363
0.2772 1.572
0.4650 1.892
0.7010 2.223
1.0000 2.633

W e h av e  m easu red  th e  chem ical sh if t o f w a te r  p ro tons re fe rred  to  th e  
acetone signal (T ab le  I). T he sh ift o f  th e  m e th y l  p ro tons can be  e s tim a te d  
b y  co m p arin g  o u r re su lts  w ith  th a t  o f S a t a k e  et al. [5] w ho re fe rre d  th e ir  
resu lts  to  TM S. T h e  difference b e tw een  th e  cu rv es in Fig. 3 is in  a g re e m e n t 
w ith  th e  d ependence  o f th e  m e th y l ch em ica l sh if t pub lished  b y  d e  J e u  [7].

O ur m easu rem en ts  as well as th o se  o f  S a t a k e  et al. [5] a re  in su ffic e n t 
to  observe th e  u n e x p e c te d  m ax im um  o f th e  w a te r  chem ical sh ift a t  m ix tu re s  
of a b o u t 3 m ole p e r  c en t [6]. T h a t suggests  th e  s tab ilisa tio n  of w a te r  s t ru c tu re  
b y  in te rs ti t ia l  so lu te  m olecules [6, 13], in  c o n tra s t  to  views th a t  no  p ro fo u n d  
changes m ay  be  ex p ec ted  b y  sm all changes in  th e  co n cen tra tio n  o f a  p re d o m in 
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a n t ly  aqueous m ed iu m  [14, 15]. T he ex tre m e  b e h av io u r of th e  ch em ica l sh ift 
d e p e n d e n c e  m en tio n ed  ab o v e  rep resen ts o n ly  a  s lig h t dev ia tion  ( ^ 0 .0 3  p p m ) 
f ro m  th e  m ono to n o u s cu rv e  an d  w ill th e re fo re  b e  neglected.

T h e  w a te r-a c e to n e  sy stem  has also b e e n  s tu d ie d  b y  ca rb o n y l 13C an d  
170  reso n an ce  m eth o d s  [7]. T hese d a ta  w ill b e  u sed  in  one of th e  sim p le  m odels 
to  b e  o u tlin ed .

F igs 2 and 3. Dependence of the chemical shift of water protons as a function of the concen
tration of water-acetone mixtures. Key: О this work, referred to the actual acetone signal; 
•  original measurements of [5], recalculated so as to be referred to a virtually constant ace

tone signal

The firs t m odel

T h e  sh ift o f th e  p o sitio n  of an  N M R  sig n a l w ith  co n cen tra tio n  is u su a lly  
in te rp re te d  to  be th e  consequence of a r a p id  exchange b e tw een  d iffe ren t 
(e.g. b o n d e d  an d  free) s ta te s  [8]. This re su lts  in  th e

a « P =  2 « t * t  ( i )
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w eigh ted  average  o f th e  in d iv id u a l 0,- ch em ica l sh ifts . I f  th e  d{ v a lu es  a re  
know n, th e  sy s tem  is d e te rm in a te  fo r not more than  tw o d iffe ren t in d iv id u a l
s ta te s  [16]. Since w e h a v e  only tw o  in d e p e n d e n t equ a tio n s (E q .[ l ]  a n d  E  x t — 1),

i
Xj w eighting  fa c to rs  c a n n o t be ca lcu la ted  in  case o f th ree  or m ore  in d iv id u a l 
s ta te s , hence, th e  sy s tem  is th e n  reg a rd ed  as n o n -d e te rm in a te  b y  N M R  m easu re 
m en ts .

W ould  th e  a p p ro x im a tio n  o f tw o  in d e p e n d e n t s ta te s  be v a lid  fo r  a  p ro to n  
invo lved  in  h y d ro g en  bond , th e  eq u ilib riu m  c o n s ta n t of a h y d ro g en -b o n d ed  
com plex of 1 : 1 com position  could  be d e te rm in e d  b y  th e  e q u a tio n

K it  =
«i {Ca- C tf( l - * i ) }

( 2)*

w here x x is th e  w e ig h tin g  fac to r o f  th e  free p ro to n  s ta te , Ca an d  Cd a re  to ta l  
co n cen tra tio n s o f th e  p ro to n  accep to r an d  p ro to n  donor, re sp ec tiv e ly .

In  th e  f i r s t  sim p le  m odel, w e d is tin g u ish  only livo in d iv id u a l s ta te s  to  
see how  fa r  th e  e x p e rim e n ta l d a ta  w ill allow  us to make  th e  sy stem  d e te rm in a te . 
T hese tw o  s ta te s  are

a. , w a te r  p ro to n s  so lvated  b y  ace to n e  m olecules and
b. , w a te r  p ro to n s  so lvated  b y  w a te r  m olecules.
I t  is assum ed  th a t  these  tw o  s ta te s  are  invo lved  in  th e  eq u ilib riu m

Н ш-1-аХ нх+ш2о (3)

w here and  H x s ta n d  for w a te r  p ro to n s  so lv a ted  by  w a te r  a n d  ace to n e , 
respective ly , w hile a an d  b are av erag e  s to ich io m etric  n u m b ers  o f ace to n e  
an d  w a te r  m olecules needed to  exch an g e  th e  so lv a te  shell. S ince all w a te r  
p ro to n s shou ld  be  in  e ith e r of th e  tw o  s ta te s  (accord ing  to  ou r a ssu m p tio n ), 
th e  to ta l  w a te r  co n cen tra tio n  can  be g iven  b y

[H 2O ]0 = [ H J  _  [H w]
1

(4)

w here x x deno tes th e  w eighting  fa c to r  o f w a te r  p ro to n s  so lv a ted  b y  ace tone  
m olecules. As fo r in d iv id u a l chem ical sh ifts , th e  lim itin g  values in  p u re  ace tone  
an d  in p u re  w a te r  m a y  be used  (F ig . 1) a n d  a a can be d e te rm in e d  from  
Eq. [1]. A ssum ing  th a t  m olecules e ith e r  so lv a te d  or p a r tic ip a tin g  in  so lv a te  
shells are  all a c tiv e  X  or H 20  species of th e  equ ilib rium , we can  w rite :

К [H x] [H 20]§ a J I L O K

[ H J [ X ] S  (1 <*,) [X]g
( 5 )

* This equation is given as Eq. (35) in [16] in a misprinted form.
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S u b s titu tin g  th e  ch em ica l sh ifts  fo r a 2, E q . (5) can  he g iven th e  fo rm :

êxp ĥ>0 __ д- [X]g /gt
^x -^ex p  [H 20]g

w h e re  dx an d  (5h2o a re  lim itin g  values of th e  chem ical sh ift in  p u re  ace to n e  
a n d  w a te r ,  respective ly . T h e  lo g arith m  o f E q . (6) has a sim ple fo rm  o n ly  if  
a =  b. I n  th is  case w e h a v e

log ^ e x p  ^ H aO  

*̂ exp
log К  +  a  log [X]p

[H 2O]0
(7)

E q .  (7) rep resen ts  a s t r a ig h t  line, accord ing  to  w hich  th e  lo g a rith m  o f th e  
c h e m ic a l sh ift ra tio  d ep en d s  on th e  lo g a rith m  o f to ta l  co n cen tra tio n  ra tio . 
T h e  s lo p e  gives th e  s to ic h io m e tric  n u m b e r w hile th e  in te rc e p t equals log  K .  
I f ,  o n  th e  co n tra ry , E q . (7) is a cu rve , th e n  a a n d  b are  n o t equal o r th e  above 
m o d e l is u n sa tis fac to ry .

S ince  carbony l 170  a n d  13C chem ical sh ifts  a re  also availab le  [7], w e m ay  
a p p ly  th e  sim ple m odel a lso  to  th ese  re su lts  b y  d isting u ish in g  tw o  d iffe ren t 
s ta te s  (so lv a ted  b y  w a te r  o r  ace tone) for th e  oxy g en  an d  carbon  a to m  o f th e  
c a rb o n y l  group and  d e riv in g  sim ilar eq u a tio n s  as (7). T hus th re e  d iffe ren t 
s e ts  o f  d a ta  afford  th e  te s t  o f  E q . (7) (F ig . 4).

F o r  p lo ttin g  170  a n d  13C curves, th e  o rig in a l d a ta  of d e  J eu  [7] h av e  
b e e n  u se d . In  case o f p ro to n  resonance, som e p o in ts  o f th e  cu rv e  i ts e lf  in 
F ig . 2 w ere  used since o u r m easu rem en ts  e x te n d e d  to  low w a te r c o n cen tra tio n  
t h a t  w as  n e a r th e  dx l im itin g  v a lu e  an d  th e  e x p e rim e n ta l sc a tte r  w ould  h av e  
b e e n  h ig h ly  m agnified  b y  u s in g  E q . (7). F ig . 4 in d ica tes  th a t  all th e  th re e

- 2  -1 0  +1 + 2  +3  + 4

l°9 5—  
л н2о

F ig. 4. T est of Eq. (7). Key: О carbonyl 170  resonance data [7]; x carbonyl 13C resonance 
data [7]; •  water proton resonance data taken from the curve in Fig. 2
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d iffe ren t sets o f ex p erim en ts  sa tis fy  th e  l in e a r i ty  o f E q . (7) w ith in  a w ide 
co n cen tra tio n  ra n g e , th u s  suggesting  th e  e q u a lity  o f  th e  sto ich iom etric  n u m b ers  
a a n d  b. In  th e  ra n g e  o f low w a te r  c o n cen tra tio n s , th e  p ro to n  resonance d a ta  
show  sign ifican t d e v ia tio n  from  th e  s tra ig h t lin e . T h e  co n cen tra tio n  w here  
lin e a rity  ceases is л;н2о ~  0.02 w hich  is e q u iv a le n t to  ~  0.3 M  w a te r. I t  seem s 
p robab le  th a t  be low  th is  co n cen tra tio n  w a te r  m olecu les are sep a ra ted  from  
each  o ther to  su ch  an  e x te n t th a t  w a te r-so lv a te d  p ro to n s  m ay  no m ore ex is t, 
hence  our m odel c a n n o t be ap p lied .

The p a ra m e te rs  of E q . (7), d e te rm in ed  fro m  F ig . 4 are  given in  T ab le  I I .

Table II

Parameters o f Eq. (7 )

Method a log К К

Water proton resonance 0.88 — 0.21 0.62
Carbonyl 170  resonance 0.98 0.31 2.04
Carbonyl 13C resonance 0.92 0.12 1.32

A lthough  th e  above m odel h as  been o rig ina lly  o u tlin e d  for th e  convenience 
o f hav ing  a d e te rm in a te  sy stem , in  ligh t o f th e  re su lts  show n in F ig . 4 we 
m a y  realize t h a t  th is  m odel is te n a b le  an d  p ro b a b ly  gives som e in fo rm a tio n  
on  th e  p ro p erties  o f  w a te r—ace to n e  m ix tu res . B efo re  in te rp re tin g  th e  d a ta  in  
T ab le  I I ,  i t  is n ecessa ry  to  ex p la in  m ore th o ro u g h ly  th e  equ ilib rium  g iven  
b y  E q . (3). I t  is e ssen tia lly  a so lv a tio n  eq u ilib riu m  in  w hich  any  p a rtic le  m ay  
a c t e ither as a so lu te  o r as a so lv en t m olecule. B y  s tu d y in g  th e  process on th re e  
in d ep en d en t w ay s — collecting  in fo rm atio n s o n  th re e  d ifferen t a to m s (H , 
О an d  C) — we m a y  com pare  th e  so lv a tio n  effec ts  o f th e  co rresponding  sites. 
T h e  w ater p ro to n s  a re  p ro b ab ly  in  b o th  s ta te s  in v o lv ed  in  h y d rogen  bonds, hence  
th e  results c h a ra c te r iz e  th e  difference betw een  th e  tw o  hydrogen  bo n d s. T he 
ca rb o n y l oxygen  a to m  is b o n d ed  w hen  so lv a ted  w ith  w a te r, while i t  is free 
w hen  so lvated  w ith  acetone . T h e  ca rbony l c a rb o n  a to m  p ro b ab ly  c a n n o t 
be d irectly  in v o lv ed  in  hyd ro g en  bond ing  th o u g h  i t  m ay  be a ‘sen so r’ fo r 
th e  hydrogen  b o n d in g  on th e  oxygen  atom . A n im p o r ta n t  fea tu re  of h y d ro g en  
bon d in g  is th a t  i t  is seriously  a ffec ted  by  n o n -sp ec ific  so lvation  p h en o m en a  
[16 - 19]. H ence , even  if  w a te r—acetone h y d ro g e n  b o n d in g  w ould be  th e  
basic  reason d e te rm in in g  th e  p ro p ertie s  o f th e  sy s te m , i t  m ay  be d iffe ren tly  
re flec ted  th ro u g h  th e  th re e  d iffe ren tly  so lv a ted  m o lecu la r sites [20].

A ccording to  th e  values g iven  in  T ab le  I I ,  less th e n  one m olecule is 
su ffic ien t on an  av e rag e  for th e  so lv a te  ex ch an g e  process in b o th  d irec tio n s. 
T h e  reciprocal o f  ‘a ’ values m ay  be  in te rp re te d  as th e  ‘fu n c tio n a lity ’ o f m ole
cules p a r tic ip a tin g  in  th e  so lvate  exchange. S ince th e se  fu n c tiona lities s lig h tly
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ex ceed  u n ity , th e  ex istence  o f m olecules in v o lved  s im u lta n e o u s ly  in  tw o 
so lv a te s  m a y  be assum ed. T h is conclusion  is, how ever, co n n ec ted  w ith  th e  
fu lf i lm e n t o f th e  p h y sica l co n d itio n s o f E q . (1). T he К  v a lu e  fro m  p ro ton  
re so n a n c e  is 0.62 sug g estin g  th a t  w a te r—w a te r  so lvation  s lig h tly  do m in a tes  
o v e r th e  w a te r—acetone  one in  an  e q u im o la r  m ix tu re  in  acco rd an ce  w ith  th e  
s ta te m e n t  th a t  th e  w a te r—w a te r  h y d ro g e n  b o n d  is s tro n g er th a n  th e  o th e r  one 
[6]. S im ila r  conclusion m ay  be  d raw n  from  th e  h e te ro reso n an ce  s tu d ie s  since 
th e  К  v a lu e s  are g rea te r  th a n  one sugg estin g  t h a t  th e  acetone—ac e to n e  so lv a tio n  
s l ig h tly  dom ina tes over th e  ace to n e—w a te r  one*. M oreover, th e  rec ip rocal 
o f  th e  К  va lues from  170  an d  13C s tu d ie s  is close to  th a t  o b ta in e d  f ro m  p ro to n  
re so n a n c e  stud ies, a n d  th e  d ifferences b e tw een  th em  can be  a c c o u n te d  for 
b y  co n sid e rin g  d iffe ren t so lv a tio n s on  th e  th re e  atom s. T he id e a  t h a t  d ifferen t 
e q u ilib r iu m  co n stan ts  m a y  h o ld  fo r  d iffe ren t ty p es  of c o n ta c t b e tw e e n  th e  
se g m e n ts  o f w hich th e  co m p o n en t m olecu les are  com posed, h as  b een  p u t 
fo rw a rd  b y  H uggins [21] as a fu n d a m e n ta l concep t o f his new  so lu tio n  th eo ry  
[22].

T h u s , th e  above sim ple m odel offers su rp rising ly  a c c e p tab le  resu lts. 
T w o w eaknesses are , how ever, im p lied :

a) th e  m odel does n o t h o ld  in  cases o f low  w a te r c o n c e n tra tio n s ;
b ) i t  t re a ts  w a te r  p ro to n s  as i f  th e y  w ere sep a ra ted  fro m  e a c h  o th e r 

a n d  n o t  linked , a t  leas t, pa irw ise  to  one oxygen  atom .
T h e  second sim ple m odel tries  to  im p ro v e  these  w eaknesses.

The second m odel

A t low  w ate r co n cen tra tio n s  w a te r—w a te r  in te rac tio n  m a y  be  excluded , 
h en ce , th e  chem ical sh if t dependence  is d u e  to  th e  d ifferen t p ossib le  so lvations 
o f w a te r  p ro to n s b y  acetone  m olecules. T h u s  we m ay  w rite  step w ise  h y d ro g en  
b o n d in g  equilib ria :

H O H + X
K,

к ,
H O H . . . X (8)

H O H . . .  x  +  x X .  . . H O H . . .  X . (9)

T h e  tw o  equ ilib ria  im p ly  th re e  d iffe re n t s ta te s  for w a te r, i.e. fre e , p a r tly  
b o n d e d  a n d  doub ly  b o n d ed  species. As fa r  as w a te r—w ate r in te ra c tio n  can be 
n e g le c te d , all w a te r m olecules are  in v o lv e d  in  one of th e  th re e  s ta te s .  Con
se q u e n tly , if  th e  p ro b ab ilities  o f th e  s ta te s  are  a , ß  an d  y, th e  fo llow ing  equ a tio n s 
a re  v a lid  fo r th e  m ole frac tio n s  o f th e  th re e  in d iv id u a l s ta te s :

% . . . h o h . . . x  =  « * h !o  (1 0 )

* Eq. (3) is written as water-acetone hydrogen bond formation for XH nuclei while il 
represents the fission of wrater-acetone hydrogen bonds for 13C and 170  nuclei.
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an d , obv iously ,

# h o h ... x  =  ß * н ,о

*НОН =  У  x  HaO

* +  ß  +  У =  !•

T he eq u ilib riu m  c o n s ta n ts  are as follow s:

and

K , __ßx HlO__

У х НцО * [x l

ß
Ух 1х]

K , =
ос

ßxix]

( 11)

( 12)

(13)

(14)

(15)

W hile  « h 2o is th e  to ta l  w a te r  co n te n t exp ressed  in  m ole frac tio n , #[xi  refers 
to  th e  ‘eq u ilib riu m ’ ace to n e  co n cen tra tio n  w h ich  is d iffe ren t fro m  th e  to ta l  
co n cen tra tio n ,

*[xl =  *x  * h 2o (2x-\-ß).  (16)

T he ex p e rim en ta l chem ica l sh if t can  be g iven  b y

=  a(5i+/3őa+ y ő 4 (17)

w here a n d  ő4 are  th e  in d iv id u a l chem ical sh ifts  fo r doub ly  b o n d e d  an d  free 
w a te r  m olecules, re sp ec tiv e ly , w hile da is an  av e rag e  v alue  of d2 a n d  ő3 co rre
spond in g  to  th e  eq u im o la r  p ro to n s  in th e  p a r t ly  b o n d ed  w a te r  m olecule. F rom  
E q s  (13), (14) a n d  (15), th e  p ro b ab ility  fac to rs  can  be expressed , as follows^

« =  —------ K iK 2 * f a ----------  (18)
K ^ x & j + K ^  [x]+ l

ß  = ------------- (^]-----------------  (19)
K 1K 2x [!i] +  K lx [x] + 1

у  = ---------------------------------  . (20)
K 1K 2x lh  +  K 1x lx]+ 1

T he above expressions can  be  su b s titu te d  in to  E q . (17) w hich w ill th e n  co n ta in  
five  un k n o w n  q u a n tit ie s  (tw o equ ilib riu m  c o n s ta n ts  an d  th re e  in d iv id u a l 
chem ical sh ifts). W e h a v e  no  reason  fo r su b s ti tu t in g  th e  lim itin g  va lu es  of 
őexp in  w a te r  a n d  ace to n e  fo r and  04, re sp ec tiv e ly . T he chem ical sh ifts  in 
p u re  w a te r  d ep en d  on th e  co n cen tra tio n  o f ‘s tru c tu re d ’ an d  ‘u n s tru c tu re d ’ 
w a te r  [11] w hich  are  n o t s im ila r in  s tru c tu re  to  a  species d o u b ly  b o n d ed  to  
ace tone  m olecules. O n th e  o th e r  h an d , we are  now  dealing  w ith  m ix tu re s  of
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low  w a te r  co n cen tra tio n  w h e re  overw helm ingly  w a te r  m onom ers e x is t an d  
<5exp s t i l l  varies w ith  c o n c e n tra tio n . W e m a y  arbitrarily  choose th e  H 20(c . 
C6H 12) line  for a4 (cf. F ig . 1).

S ince  th e  values o f  a n d  da c an n o t even  b e  es tim a ted , w e h a v e  s till 
fo u r  u n k n o w n  q u a n titie s  w h ic h  is fa r  m ore th a n  a llow able in  a single e q u a tio n  
is a  s t r a ig h t  line d ep en d in g  o n  aqX]. T he fo llow ing va lu es  w ere used : <54 =  0.71 
re la t iv e  to  acetone; K ± =  1 .0; K 2 =  0.1. The p lo t o f  E q . (21) is show n in  F ig . 5.

fo r  a d e te rm in a te  sy s tem . H en ce , th e re  is no  h o p e  to  o b ta in  a c c u ra te  values 
fo r  th e s e  quan tities .

W e m ay , how ever, t e s t  o u r second m o d e l in  th e  follow ing w ay . B y 
s u b s t i tu t in g  arbitrary  v a lu es  fo r th e  eq u ilib riu m  c o n s ta n ts , only  Óx a n d  Öa 
r e m a in  unknow n. As fa r  as th e  m odel has som e v a lid ity , these  in d iv id u a l 
sh if ts  shou ld  be c o n s ta n t. E q .  (17) in  th e  re a rra n g e d  form

— P- ~ 1 - =  4  V K »  =  К * * M +  <50 (21)
P P

Since th e  equ ilib riu m  c o n s ta n ts  h av e  been  chosen  a rb itra r ily , o n ly  th e  
fa c t is im p o r ta n t t h a t  a t  lo w  w a te r  c o n cen tra tio n s  we get a s tr a ig h t  line. 
D e v ia tio n  from  lin e a rity  b eg in s  a t  aqX] ^  0.77 t h a t  co rresponds to  x h 2o =  0.16 
o r 2 .5  M  w a te r c o n c e n tra tio n . I t  is one o rd e r of m a g n itu d e  h ig h er th a n  th e  
v a lu e  o b ta in e d  from  th e  f i r s t  m o d e l to  th e  lim it of w a te r  so lv a ted  w a te r  p ro to n s . 
T h u s , i t  seems th a t  th e  seco n d  m odel w ould be p a r t ly  v a lid  in  a c o n c e n tra tio n  
ra n g e  w h ere  w ate r—w a te r  in te ra c tio n  m ig h t ta k e  p lace. I t  is, h ow ever, tru e  
t h a t  th e  curve does n o t  p ro v id e  a v e ry  sen sitiv e  in d ic a tio n  of th e  d ev ia tio n  
fro m  lin e a r ity . W e m a y  co n c lu d e  th a t  our second  sim ple m odel can  be f i t te d  
to  th e  ex p erim en ta l d a ta  in  th e  ran g e  of 0.8 Aqx] <C 1-0 or 0.14 дгн2о 0. 
T h is  p a r tic u la r  t r e a tm e n t  g ives ba =  - 9.70 p p m  an d  6X =  —76 p p m  th a t  
is o f  n o  im portance  in  l ig h t o f  th e  a rb itra ry  v a lu es  in tro d u ced .
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Conclusion

In  sp ite  o f th e  com plex  c h a rac te r  of w a te r  s tru c tu re ,  NM R d a ta  o f  w a te r -  
ace tone  m ix tu re s  m a y  he ra tio n a lized  by  m ean s o f  v e ry  sim ple m odels i f  no 
a t te m p t is m ade to  co v er th e  en tire  c o n c e n tra tio n  range . Of th e  tw o  m odels 
o u tlin ed , th e  f ir s t  allow s a  som ew hat deeper in s ig h t in to  th e  p h y sica l n a tu re  
o f th e  sy stem , an d  sugg ests  th a t  th e  basic reaso n  o f  th e  chem ical sh if t d e p e n 
dence is a so lv a te  ex ch an g e  equ ilib rium . Since th is  ty p e  of in te rac tio n  is w eak , 
i t  is d iffe ren t from  a  chem ical equ ilib rium . A ll m olecules p a r tic ip a te  in  th e  
so lv a te  exchange, hence  th e re  is no bonded  m olecu le  in  th e  chem ical sense. 
E ssen tia lly , one m olecu le  is su ffic ien t to  cause  a  so lv a te  exchange*. In  o th e r  
w ords, th e  co n sid e ra tio n  o f th e  f irs t n e ig h b o u r is su ffic ien t to  acco u n t fo r  th e  
m agnetic  b e h av io u r o f nuclei. T he firs t m odel c a n n o t be applied  in  case o f 
m ix tu res  of low w a te r  c o n cen tra tio n . T he second  m o d e l resem bling th e  ch em ica l 
equ ilib rium  ap p ea rs  to  be v a lid  ju s t  a t  low w a te r  co n cen tra tio n s w here w a te r -  
w a te r in te rac tio n s  can  be  p rac tica lly  d isreg a rd ed .

*

We are grateful to Miss F. P odo for helpful discussions, and to Miss I. K ovács for her 
participation in the experiments. The suggestion of Prof. Maurice L. Huggins on the applica
bility of his structon theory to our data is gratefully acknowledged.
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ACYLATION OF DISUBSTITUTED CYANAMIDES WITH
PHOSGENE, I

PREPARATION AND SOME REACTIONS OF l,3,5-TRICIILORO-2,4- 
DIAZAPENTADIENE DERIVATIVES

Z. C s ű r ö s *, R . S o ó s *, Á . A n t u s - E r c s é n y i **, I . B i t t e r * and J .  T a m I s ***
(* Institute o f Organic Chemical Technology, Technical University, Budapest, ** Chinoin 
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H ungarian Academy o f Sciences, Budapest)
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The structure and mechanism of formation of dialkyl-[1,3,5-trichloro-5-dialkyl- 
amino-2,4-diazapentadiene-(2,4)-ylidene]-ammonium chlorides, obtained from the reac
tion of disubstituted cyanamides with phosgene, were investigated. The structural 
relationship between these compounds and chloromethylenedialkylammonium  
chlorides was confirmed by spectroscopic methods. The effects of water and heat on 
the derivatives prepared were studied and the structures of the compounds resulting from 
these processesverified.

B r e d e r e c k  a n d  R i c h t e r  [1] p re p a re d  a com pound w ith  N -acylch loro- 
fo rm am id ine  s tru c tu re  (1) from  d im e th y lcy an am id e  and  p -n itro b e n z o y l chloride.

(CH3)2NCN +  i>-N02—СоШ— C0C1 ------- - (CHa)iN— C=N—СО—СоШ—NOa ( p )

Cl j

Salt-like p ro d u c ts  o f  ty p e  2 w ere o b ta in e d  from  d im e th y lc y a n a m id e , 
N -cy an o p ip erid in e  a n d  N -cy an o m o rp h o lin e  w ith  th e  m ore re a c tiv e  b ifu n c tio n a l 
p h o sgene ; th e  s tru c tu re s  a re  v e ry  s im ila r to  th o se  of th e  am ide  ch lo rid es  re su lt
ing  from  the  reac tio n  o f  N ,N -d ia lk y l ac id  am ides and  phosgene.

R
2 \ C N  +  2COClo 

R

R R\ + /TjiT2: ::= n — c= n
/ 1 I х /

R Cl (i * R Jl Cl n .

СГ +  C 02

2a: R = R '=  0H3—
2b: R + R '=  — (СН2)г—O— (CH2)2—
2c: R +R'= — (CH2)r,—
2d: R =  R'=CH3CH2 —
2e: R =  R' =  CH3CH2CH2—
2f: R =R '=(C H 3)2CH—
2g: R = R '= C H 3(CH2)3—
2h: R =  CHs— ; R’=  CiiHj—

A ccording to  th e  a u th o rs  m e n tio n e d  above, th e  re a c tio n  is s tro n g ly  
d e p e n d e n t on th e  space re q u ire m e n t o f g roups R  an d  R ' an d  th e ir  co n ju g a tio n  
co n d itio n s. No re a c tio n  ta k e s  p lace w ith  d ie th y lcy an am id e  a n d  N -m eth y l-N -
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p h e n y lc y a n a m id e , since th e  collision due to  th e  free  ro ta tio n  of th e  m e th y l 
g ro u p s  in  th e  fo rm er c o m p o u n d  a n d  th e  co n ju g a tiv e  in te ra c tio n  be tw een  th e  
p h e n y l g roup  an d  th e  free e lec tro n  p a ir  of th e  am in e  n itro g en  in  N -m eth y l-N - 
p h e n y lc y a n a m id e , p re v e n t th e  fo rm atio n  o f  a sa lt-lik e  p ro d u c t of ty p e  2. 
T h e  cyclic  s tru c tu re  o f  N -cyan o m o rp h o lin e  a n d  N -cyanop iperid ine  h in d ers  
th e  r o ta t io n  of th e  m e th y l g ro u p s in  th e  ß  p o s itio n , th e re fo re  com pounds 2b 
a n d  2c c a n  be o b ta in ed  in  th e  phosgena tion  re a c tio n .

T h is  ex p lan a tio n  is in  co n trad ic tio n  w ith  th e  u su a l ideas a b o u t s teric  
h in d ra n c e . Collisions d u e  to  free  ro ta tio n  a lw ays decrease  th e  reac tio n  ra te  
b u t ,  in  g enera l, th e y  do n o t p re v e n t th e  occu rrence  o f a reaction . T herefo re , 
in  o u r  w o rk  th e  in te ra c tio n  o f  v a rio u s s u b s titu te d  cy an am id es w ith  phosgene 
w as in v e s tig a te d  a n d  th e  fo rm a tio n  of p ro d u c ts  o f  ty p e  2 an d  th e  re a c tio n  
m ech an ism s su p p o rted  b y  spectroscop ic  an d  p re p a ra t iv e  evidence.

T h e  d isu b s titu te d  c y a n am id es  requ ired  w ere p re p a re d  from  th e  co rre 
sp o n d in g  secondary  am in es w ith  cyanogen b ro m id e  [2].

T h e  S tu a r t  (“ E u g o n ” ) m odels of co m p o u n d s 2a an d  2d h av e  show n 
t h a t  th e  s teric  h in d ra n c e  b e tw e e n  th e  m e th y len e  g roups ac tin g  a g a in s t th e  
fo rm a tio n  o f m olecule 2d is n o t  s ign ifican t, since th e  a lk y l p a r ts  of th e  d ie th y l- 
a m in o  g roups m ay ro ta te  w ith o u t considerab le collision . N e ith e r d id  th e  effect 
seem  sig n if ican t in  th e  case o f  b u lk ie r  s u b s ti tu e n t g ro u p s, such as n -p ro p y l-, 
n -b u ty l  o r even isopropy l.

T h e  m odels rev ea led  t h a t  th e  sp a tia l a r ra n g e m e n t of th e  m olecule is 
o n ly  s lig h tly  in fluenced  b y  th e  space re q u ire m e n t o f  g roups R  and  R '.  S teric  
h in d ra n c e  occurred  in th e  a r ra n g e m e n t of th e  ch lo rine  a to m s. In  view  of th e  
sy n -a n t i  isom erism  a t  th e  C =  N  double b o n d s, co m p o u n d s o f ty p e  2 can  be 
a ssu m e d  to  occur as fo u r (A , B , C, D) geom etric  isom ers:

Cl R 
\  */ 

Cl C =N  
\  /  \  , 

Cl C = N  R
R C = N  

\  /
N

/,
R

A

Cl
\

Cl C = N  R
\  /  \  • /

R C = N  C =N  
\  /  /  \  , 
N Cl R'

lé

в

Cl Cl R Cl
\ \ • / \

R C== N p = N R C= N
\ / \ / \ \  / \
N C== N R N C= X R

/, / / / \ • /R Cl R Cl c==N
/ \

Cl R'

c D
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I f  th e  s teric  a rra n g e m en t o f th e  b u lk y  ch lorine a to m s p e rm its  co p lan a rity  
o f th e  double  bonds, m esom erism  shou ld  he considered , th u s  th e  following 
fo rm u la  seem s to  be m ore co rrec t th a n , e.g.,  A;

Cl

Cl

V - ]

R
/

N
\ / \

Cl C““N R
\

R ,C 
\ /  
N 

/
R

/,_N

I f  ra p id  m esom eric ch an g e , i.e. th e  c o p lan a rity  of th e  m olecu le  is supposed 
tw o  m e th y l signals o f eq u a l in te n s ity  can  be  ex p ec ted  in th e  N M R  spec trum  
o f com pound  2a, while in  th e  case w hen  c o p lan a rity  c a n n o t develop  because 
o f  th e  collision o f th e  ch lo rine a to m s, th ree  d iffe ren t p o sitio n s o f  th e  m ethy l 
g roups shou ld  be d e te c te d : th e  e q u iv a len t m e th y l g roups in  th e  d im ethy l- 
am ino  g roup  a n d  th e  m e th y ls  o f th e  d im eth y lam m o n iu m  g ro u p  b e ing  in cis 
an d  tr a n s  positions. T h e ir signals m a y  a p p e a r sep a ra te ly  in  th e  sp e c tru m , i.e. a 
s ing let rep re sen tin g  six  p ro to n s  a n d  a d o u b le t each re p re se n tin g  th re e  p ro 
to n s  can  he ex p ec ted  in  th e  sp e c tru m .

T h e  N M R  sp ec tru m  o f 2a  in  deu te roch lo ro fo rm  h a d  tw o  s igna ls o f equal 
in te n s ity  (őj =  3.90, d2 =  3.80 p p m ); th u s  th e  m olecule h as  m eso m er s tru c 
tu re . T h o u g h  th e  N M R  sp e c tru m  o f ch lo ro m e th y len ed im eth y lam m o n iu m  
ch lo ride (3), p rep a red  from  d im eth y lfo rm am id e  w ith  phosgene w ith  a s tru c tu re  
analogous to  th a t  o f p ro d u c t 2a, co n ta in s  one single m e th y l sig n a l (d =  4.04 
ppm ) in  acco rdance  w ith  th e  l i te ra tu re  d a ta  [3] an d  in  c o n tra s t  w ith  th e  well- 
know n exam ple  of d im eth y lfo rm am id e ; th is  signal is p ro b a b ly  a doub le t 
like in  th e  case o f 2a if  h ig h e r re so lu tio n  is used.

Cl СНз\  J  
C = N  Cl 

/  \
H СНз

3

T h u s in  th e  N M R  sp e c tru m  o f 2a, th e  tw o signals a p p e a rin g  a t  3.90 
an d  3.80 p p m  rep re sen t th e  resonance  ab so rp tio n  o f th e  m e th y l g roups o f the  
e q u iv a le n t d im e th y lam m o n iu m  groups in  cis an d  tra n s  po sitio n s w ith  respect 
to  ch lorine.

T h e  ex p erim en ts  ca rried  o u t w ith  resp ec t to  th e  ab o v e  s ta te m e n ts  have 
con firm ed  th e  a ssu m p tio n s , a n d  i t  has been found  th a t  d ie th y l- , d i-n -p ropy l-, 
d iisop ropy l-, d i-n -b u ty l-, a n d  N -m eth y l-N -p h en y lcy an am id e  can  be co n v e rt
ed  w ith  excess phosgene in to  th e  co rrespond ing  d ia lk y l-[1 ,3 ,5-trich loro-5-
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d ia lk y la m in o -2 , 4 -d iazap en tad ien e-(2 ,4 )-y lid en e]-am m o n iu m  chlorides (2), irre 
s p e c tiv e  o f th e  a lky l s u b s t i tu e n ts ;  differences occur o n ly  in  th e  y ields. I n  th e  
case  o f  d im e th y lcy an am id e  9 0 %  y ie ld  was o b ta in e d , w h ich  decreased  w ith  in 
c re a s in g  len g th  of th e  a lk y l c h a in  in  th e  n o rm al series, w hile th e  reac tio n  of 
d i-iso p ro p y lcy an am id e  g av e  th e  d e riv a te  2 f  in  7 5 %  y ie ld .

T h e  reac tio n  of N -m e th y l-N -p h e n y lc y an a m id e  w ith  phosgene confirm ed  
t h a t  th e  con ju g a tio n  o f th e  f re e  e lec tron  p a ir  o f th e  a m in e  n itro g e n  a n d  th e  
a ry l s u b s ti tu e n t  has no d is tu rb in g  effect, e ith e r.

P ro d u c ts  2d, 2e a n d  2g  w ere  iso la ted  as oils, w hile 2 f  a n d  2h  were c ry s ta l
lin e  su b s ta n c e s . T heir s t r u c tu r e s  w ere id en tified  b y  m e a n s  o f spectroscopic  
m e th o d s , in  ad d itio n  to  a n a ly t ic a l  ex am in a tio n s.

I n  th e  in frared  sp e c tra  reco rd ed  in a n h y d ro u s  ch lo ro fo rm , th e  m ost 
c h a ra c te r is t ic  bands a re  th o s e  o f  th e  C =  N s tre tc h in g  v ib ra tio n s  ap p earin g  
a t  1530 — 1560 cm -1 an d  1620 — 1640 cm -1  an d  th o se  o f th e  s tre tc h in g  v ib ra tio n  
o f  th e  a lk y l groups found  a t  2850 — 3000 c m “1.

T h e  u ltra v io le t sp e c tra  o f  com pounds 2 d —2h also con firm  th e  co rrec tness 
o f  s t r u c tu r e  2. The b an d s o b se rv e d  a t  310—320 n m  a n d  a t  247 n m  h av e  shapes 
in te n s i t ie s  sim ilar to  th o se  o f  th e  d im ethy l d e riv a tiv e s  2a.

I n  th e  N M R sp ec tra  th e  g ro u p  o f signals w ith  a m u ltip lic ity  correspond ing  
to  th e  a lk y l groups can  be  fo u n d  tw ice, show ing 0.1 p p m  sh ift as i t  h a d  been  
o b se rv e d  in  th e  case of c o m p o u n d  2a.

B r e d e r e c k  a n d  R i c h t e r  s u p p o s e d  t h e  fo l lo w in g  m e c h a n i s m  fo r  t h e  
f o r m a t i o n  o f  c o m p o u n d s  o f  t y p e  2 :

R
\

2 NCN +  COCk
/,

R

R\
N-

R
/

-C =N —C—N = C —N

в ' 'a b L V
COC1,

R\
N—C = N —

/,
R Cl

C = N —C =

OCOC1 Cl

R
+/
N
V

СГ
co2 2a, 2b, 2c

T h e  f irs t step  of th e  re a c tio n  is the  fo rm a tio n  o f a te t r a s u b s ti tu te d  u rea  
d e r iv a tiv e , whose ca rb o n y l g ro u p  reac ts  th e n  w ith  phosgene accord ing  to  th e  
m e c h a n ism  repo rted  fo r te t r a s u b s t i tu te d  u rea  d e r iv a tiv e s  [4] a n d  th e  ca rbony l 
o x y g e n  is exchanged a g a in s t ch lo rine  w ith  C 0 2 ev o lu tio n .

O u r investiga tions s u p p o r t  th is  reac tion  p a th .  T h e  re a c tio n  of d im e th y l
c y a n a m id e  w ith  phosgene in  2 : 1 m ole ra tio  w as c a rr ie d  o u t in  ab so lu te  e th e r  
a t  0 — 5 °C to  ob ta in  a w h ite  c ry s ta llin e  p ro d u c t w h ich  w as id en tified  as com 
p o u n d  4 a  on th e  basis o f  th e  I R  spectrum  (ca rb o n y l b a n d  a t  1720 c m -1) 
h a lo g e n  co n ten t (30 .2% ).
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T his s tru c tu re  was also co n firm ed  b y  th e  chem ical b e h a v io u r . O n the  
effect o f w a te r com p o u n d  5a (N , N -b is-d im eth y lca rb am o y l-u rea ) w as fo rm ed  
[5] w ith  th e  e lim in a tio n  of h y d rogen  ch lo rid e ; on th e  o th e r h a n d , t r e a tm e n t  
w ith  phosgene co n v e rted  th e  p ro d u c t g ra d u a lly  in to  2a..

H20  
-HCl

C0C12

ia :  R  =  R '= C H 3—  2

\
/,

R Cl

R
/

N — C = N — C— N = C — N
\

Cl

R\ /
N—C—NH—C— N H — C—N

/,
R О

\
R '

5a: R  =  R '= C H 3—
5b: R  +  R '=  — (CH2)2— O — (CH2)2— 
5c: R  +  R '= — (CH2)5—
5(1: R  =  R '= C H 3C H 2 —
5e: R  R '=  CH3((’H 2)2—
5f: R  =  R '= (C H 3)2CH —
5 g : R  =  R '=  CH3(CH2)3—
5h: R  =  CH3— ; R '=  CoH5—

B r e d e r e c k  a n d  R i c h t e r  p re p a re d  2 a  in  abso lu te  d ich lo ro m e th an e . 
W hen iso la tion  o f th e  in te rm e d ia te  is n o t  desired , d ich lo ro m eth an e  shou ld  
be p re fe rred  to  e th e r ,  since th u s  b o th  re a c tio n  steps tak e  place in  hom ogeneous 
p h ase .

T h e  id en tica l s tru c tu re s  o f th e  u n s ta b le  com pounds o f ty p e  2 o b ta in e d  
on th e  effect o f excess phosgene were also co n firm ed  by th e ir  chem ical b e h av io u r, 
in a d d itio n  to  th e  spectroscop ic  ev id en ce . T h ey  are s tro n g ly  h y g ro sco p ic  
su b stan ces  w hich u n d erg o  decom position  ev en  on th e  effect o f th e  m o istu re  
c o n te n t o f  a ir w ith  th e  ev o lu tion  o f h y d ro ch lo ric  acid , being tra n s fo rm e d  in to  
N , N 'N -b is -d ia lk y lca rb am o y l-u rea  d e r iv a tiv e s  (com pounds o f ty p e  5) w hich  
can  be  easily  c ry s ta llized  an d  used  fo r id e n tif ic a tio n .

O n th e  basis o f  th e  in fra red  sp e c tra  i t  is concluded th a t  c o m p o u n d s  
of ty p e  5 can  p ro b a b ly  be ch a ra c te riz e d  in  th e  solid s ta te  b y  s t r u c tu r e  6a 
c o n ta in in g  a h y d ro g en  bridge.

H R. H

R С Т Г  (Г
II 1 / R

Os. , 
H ТГ Tt

II 1 II
(X Л) () 

H
II
0

6a 6b

In  each  co m p o u n d , s tru c tu re  6a is in d ic a te d  by  th e  IR  b a n d s  c h a ra c 
te ris tic  o f  w eakly  asso c ia ted  N H  g roups in  th e  3260 — 3240 c m -1 reg io n  a n d
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b y  v N H  b a n d s  b e tw een  3200 cm  -1 and  3000 cm  -1 rep resen tin g  N H  groups 
in v o lv ed  in  s tro n g  (b u t  n o t cyclic dim eric) a sso c ia tio n . In  accordance w ith  
th e se , th e  v e ry  in ten se  a b so rp tio n s  in  th e  1790 — 1740 c m -1 region a n d  th e  
w eak  b a n d s  b e tw een  1675 a n d  1660 c m -1 can  be  assigned  to  th e  vas C = 0  
a n d  vs С =  0  coup led  v ib ra tio n s  o f n o n -asso c ia ted  im ide carbony ls, w hile  
th e  r a th e r  in ten se  b a n d  in  th e  1650 —1635 c m -1 reg io n  can be id en tified  as 
th e  a b so rp tio n  o f th e  ca rb o n y l groups p a r t ic ip a tin g  in  th e  in tram o lecu la r  
h y d ro g e n  b rid g e . T h e  b an d s  fo u n d  in  th e  3000—2850 c m -1 region m u s t be 
due to  th e  a lk y l g roups.

H o w ev er, th e  sp e c tra l d a ta  do n o t ex c lu d e  s tru c tu re  6b, w hich  also  
c o n ta in s  a h y d ro g en  b rid g e , since th e  ab so rp tio n s  fo u n d  a t  1640 —1650 c m -1 
m a y  be  due  to  a C =  N b o n d .

S im ila rly  to  2a , 2d, 2e a n d  2f, can be c o n v e rte d  b y  hea tin g  in to  1,3,5- 
tr ia z in e  d e riv a tiv e s  [5] w ith  th e  e lim ina tion  o f a lk y l halides.

2a
2d
2e
2f

140-160°

7a: В  =  R’=  CH3—
7 d: В  =  K '=  CH3CH2— 
7e: B  =  B '=  CH3(CH2)2— 
7f: В  =  B '=  (СНз)СН—

T h e  2 ,4 -d ich lo ro -6 -a lk y lam in o -l,3 ,5 -triaz in es  (7) are  easily  c ry s ta llizab le  
p ro d u c ts ;  th e ir  s tru c tu re s  w ere p roved  b y  m ean s o f  spectroscopic m e th o d s , 
in  a d d it io n  to  e lem en ta l a n a ly tic a l re su lts .

S ince in  n itro g en -co n ta in in g  a ro m atic  co m p o u n d s th e  presence o f  th e  
n itro g e n  a to m  has su ch  an  influence  on th e  a ro m a tic  у  ( =  CH) an d  у  CC b a n d  
freq u en c ies  as if  th e  co m p o u n d  w ere a benzene d e r iv a tiv e  carry ing  a s u b s ti tu e n t  
a t  th e  p lace  of th e  n itro g e n  a to m , 1 ,3 ,5 -triazines can  be regarded  as tr isu b s ti-  
tu te d  a ro m a tic  rin g s. In  th e  in fra red  sp e c tra  o f  com pounds of ty p e  7 th e  
sk e le ta l s tre tc h in g  v ib ra tio n s  a p p e a r  in th e  1600 — 1560 c m -1 an d  1470 — 1450 
cm  -1 reg ions. In  th e  800 cm  _1 an d  790 cm  _1 in te rv a l  a s trong  b a n d  is fo u n d  
w h ich  can  be a t t r ib u te d  to  th e  ou t-o f-p lane  sk e le ta l v ib ra tio n  co rresp o n d in g  
to  th e  1 ,3 ,5 - tr isu b s titu tio n  o f  an  a ro m atic  rin g ; th is  b o n d  is som ew hat sh if te d  
b ecau se  o f  th e  p resence  o f th e  tw o halogen  a to m s.

T h e  N M R  sp e c tra  show s th e  presence  o f  a lk y l groups in id e n tic a l 
p o s itio n s .
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T he s tru c tu re s  o f  th e  co m pounds of ty p e  7 o b ta in e d  b y  h e a tin g  w ere 
also verified  by  m ass spectro scopy . Since in  th e  fu tu re  we in te n d  to  s tu d y  
th e  nucleophilic  cy c liza tio n  reac tio n s o f tr ic h lo ro d ia z ap e n ta d ie n e  d e riv a tiv e s  
re su ltin g  in  1 ,3 ,5 -triaz ines, th e  tr ia z in e  d e riv a tiv e s  p re p a re d  in  th e  course 
o f th e  p resen t in v es tig a tio n s  were ex am in ed  in d e ta il b y  m eans o f  m ass spec
tro sco p y . I t  was e x p e c te d  th a t  th e  e v a lu a tio n  o f th e  m ass sp e c tra  m ig h t prov ide 
com m on ch a rac te ris tic s  w hich w ould  la te r  fa c ilita te  th e  id e n tif ic a tio n  o f such 
com p o u n d s.

All th e  four co m pounds (7a, 7d, 7e, 7f) give a m o lecu lar ion  p e a k  ( M +) 
o f  sign ifican t in te n s ity ;  th is  in te n s ity  decreases w ith  in c reasin g  len g th  of 
th e  a lk y l chain. T h e  m olecular fo rm u la s  of th e  p a re n t ions w ere con firm ed  b y  
m eans o f precise m ass m easu rem en ts .

P rim a ry  sp lit t in g  of th e  p a re n t  ions an d  th e  m o st in ten se  ion  peaks 
a re  due  to  th e  fra g m e n ta tio n  of th e  s u b s ti tu te d  am ino  g roup . T h e  sam e obser
v a tio n  was m ade b y  J örg et al. [6] in  th e  case o f  a re la te d  com pound  
S im azine.

I t  is com m on to  th e  spectra  co m p o u n d  th a t  th e  ( M— R ) + ion is p resen t, 
fo rm ed  from  th e  p a re n t  ion by  m ean s of h o m o ly tic  a lk y l ra d ic a l sp littin g ; 
in  th e  case 7a a n d  7d m eth y l an d  e th y l, w hile from  7e an d  7f p ro p y l rad icals 
are  sp lit off, re sp ec tiv e ly . The p ro b ab le  s tru c tu re  o f th e  ion ty p e  produced  
is:

Cl

yY
V

(M—R)*

In  m o n o su b s titu te d  am in o triaz in es  th is  ty p e  o f ions w as n o t observed , 
b u t  th e  sp littin g  o f  an  R  — H  o lefin  from  th e  p a re n t ion w as d e te c te d  [6, 7]. 
A com m on fe a tu re  is th e  ^ -sp littin g  of th e  a lk y l g roup  w ith  re sp e c t to  the  
am ino  n itro g en , re su ltin g  in ions o f  m ass n u m b ers  M -l (7a), M -l an d  M-15 
(7d), M-29 (7e) a n d  M-15 (7f). T h e  im p o r ta n t f ra g m e n ta tio n  p a th  o f  th is  ion 
ty p e  is th e  sp littin g  o ff o f an  R — H  olefin , w hich  equ a lly  occurs in com pounds 
7d, 7e and 7f.

Special p a th s  can  he observed  in th e  fra g m e n ta tio n  o f  th e  d im ethy l- 
am ino  d e riv a tiv e  7a : th e  ion p eak s o f m ass n u m b er 163 an d  149 a re  due to  
th e  loss of N C H 3 a n d  CI12 =  N C H 3, resp ec tiv e ly , from  th e  p a re n t  ion. This 
w as confirm ed b y  accu ra te  m ass m easu rem en ts  an d  th e  d e te c tio n  o f th e  
correspond ing  m e ta s ta b le  ion p eak s . In  th e  sp ec tru m  o f 7a th e  v e ry  in tense 
p e a k  o f m ass n u m b e r  44 co rresponds to  th e  com position  C2H eN , th u s  it  is
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a d iin e th y lam in o  g ro u p ; th e  ion  of m ass n u m b e r 42 is o b ta in ed  from  th is  by  
s p l i t t in g  off of H 2. T he f ra g m e n t ion of m ass n u m b e r  30 corresponds to  CH4N . 
I n  th e  spectra  of th e  o th e r  com pounds th e  ions R 2N  + analogous to  th e  peak  
o b ta in e d  a t  m/s 44 could  n o t  be  observed. A t th e  sam e tim e , th e  a lk y l group 
R  g ives a sign ifican t ion  p e a k  in  th e  sp ec tra  o f 7e a n d  7 f  (m je 43, C3H 7 + ) 
a n d  its  fu r th e r  frag m en ts  c a n  also be found  (m /e 41, 39).

A  large n u m b er o f f ra g m e n t peaks due to  th e  sp littin g  of th e  triaz in e  
r in g  can  be found  in  th e  s p e c tra  of all th e  fo u r co m p o u n d s. T heir in ten sitie s  
a re  re la tiv e ly  no t h igh , in  acco rd an ce  w ith  th e  g re a t s ta b il i ty  o f th e  skele ton . 
T h e  m a jo r ity  of these  ions is k n o w n  or can be t r a c e d  b a c k  to  ion  species re su lt
in g  fro m  th e  sp littin g  o f th e  rin g , as d e tec ted  in  th e  m ass sp ec tra  o f am ino- 
d ich lo ro -s-triaz in e  a n d  e th y lam in o -d ich lo ro -s-triaz in e  [7]. A m ong th e m  th e  ion 
a t  m /e  55 has th e  g re a te s t in te n s ity ;  th is  w as id en tified  as a C2H 3N 2 a tom ic

“l-
g ro u p  w hich  is supposed  to  h a v e  th e  s tru c tu re  C H 2 =  N  — C =  N H  in the

Fig. 1. Line diagram of the m ass spectrum of 2,4-dichloro-6-dimethylamino-l,3,5-triazine

Fig. 2. Line diagram of the m ass spectrum of 2,4-dichloro-6-diethylamino-l,3,5-triazine
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case o f com pounds 7d a n d  7e. I n  7a, how ever, th e  p o ssib ility  o f  s tru c tu re
+

C H 3—N —C s=N  should  also be  ta k e n  in to  acco u n t. In  7f th e  io n  w ith  m/e 
55 c a n n o t he  form ed because  o f  th e  b ran ch in g  o f  th e  alky l c h a in . I n  each

sp ec tru m  we can  fin d  th e  ion  p e a k  a t  m /e 62 (Cl — Ch= N H )  c h a ra c te r is tic
+

of c h lo ro -su b s titu te d  triaz in e  r in g s  an d  th e  ion p eak  a t  m /e 87 (C l— Ch= N  — CN). 
In  co m pounds 7d an d  7f th e  ion  w ith  th e  fo rm a tio n  C4H 4N 3 (m /e 94) can  also 
be a t t r ib u te d  to  th e  sp littin g  o f  th e  ring ; its  p ro b ab le  s tru c tu re  is C H 3— CH =

= N —C = N —CN. Such an  io n  c a n n o t be fo rm ed  from  co m p o u n d  7f because 
o f  th e  b ra n c h in g  s tru c tu re  o f  th e  a lk y l g roup ; its  hom ologue h ig h e r  b y  a CH2 
g ro u p , i.e ., th e  frag m en t ion  w ith  m /e 108 is fo rm ed  here . I n  c o m p o u n d  7a 
co n ta in in g  a d im ethy lam ino  g ro u p , th e  ion  p eak  a t  m /e 96 a p p e a rs  in stead

Fig. 3. Line diagram of the mass spectrum of 2,4-dichloro-6-di-ra-propylamino-l,3,5-triazine

Fig. 4. Line diagram of the mass spectrum of 2,4-dichloro-6-diisopropylamino-l,3,5-triazine
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o f  t h a t  a t  94; th is co n ta in s  tw o  m ore hydrogen  a to m s . T he m olecular fo rm ula  
w as co n firm ed  by m eans o f  a c c u ra te  m ass m e a su re m e n ts : its p ro b ab le  s tru c 

tu r e  is  (C H 3)2N —C N — C N . T h e  line d iagram s o f com pounds of ty p e  7 well 
i l lu s t r a te  th e  above fa c ts  (F ig s  1—4).

Experim ental

All melting points were determined with a BÜCHI 320 — 388 apparatus. The NMR 
spectra were recorded at 60 Mc/s w ith  a VARIAN 60 A instrument, using tetramethylsilane 
internal standard. The chemical shifts are given in (3 ppm units.

The UV spectra were recorded with a P e r k in  — E l m e r  124 spectrophotometer, and a 
P e r k i n —E lm er  237 instrument w as used for recording the IR  spectra.

The mass spectra were obtained with a mass spectrometer of type MS-902; the samples 
were introduced at 120 °C by m eans of a glass-ball system. The temperature of the ionization  
chamber was 190 °C. The accurate mass measurements were carried out with a resolution 
power of 16.000 with an accuracy of 2 ppm.

Dialkyl-[l,3,5-trichloro-5-dialkylamino-2,4-diazapentadien-2,4-ylidene] 
ammonium chloride (2 )

General procedure

A solution of dialkyl- or aryl-alkyl cyanamide (0.1 mole) in absolute methylene chloride 
was added dropwise to a solution o f phosgene (0.15 mole) in absolute methylene chloride, cooled 
w ith ice under stirring; the absence of moisture must be ensured. The mixture was allowed 
to warm up slowly to room tem perature, when a strong evolution of gas began. The solutioi 
was allowed to stand overnight, then  the solvent was distilled off and the residue washed 
w ith absolute ether and dried in  vacuum.

Dimethyl-[l,3,5-tricliloro-5-dimethylamino-2,4-diazapentadien-2,4-ylidene] 
ammonium chloride (2a)

A yellow crystalline product (2a) (14.5 g; 99%) was obtained from phosgene (14.8 g; 
0.15 m ole) and dimethylcyanamide (7.0 g; 0.1 mole) in absolute methylene chloride (50 ml). 
The substance was strongly hygroscopic; m.p. 123 —126 °C (lit. m.p. 125 °C).

C7H 12CläNä (239.82). Calcd. Cl 48.40. Found Cl 50.10% .
IR  (CHC13): v CHaIiphatic 3000, 2920 cm“1

„C =  N  1640, 1560 cm -1 
UV (CHC13): 310 nm (4.28); 247 nm (4.22)
NM R (CDC13): 3.80 (s, 6H , — CH3)

3.90 (s, 6H , — CH„).

Diethyl-[l,3,5-tricliloro-5-diethylami no-2,4-diazapentadien-(2,4)-ylidene] 
ammonium chloride (2d)

A yellow oily product (2d) (11 g; 63%) was obtained from phosgene (14.8 g, 0.15 mole) 
and diethylcyanamide (9.8 g, 0.1 m ole) in absolute m ethylene chloride (50 ml). The substance 
was strongly hygroscopic.

CnH^CljN, (349.83). Calcd. Cl 41.50. Found Cl 42.30% .
IR  (CHC13): v CHa|iphatic 2950, 2930 cm -1

v C =  N 1625, 1550 cm"1 
UV (CHC13): 316 nm (4.32); 247 nm (4.25)
NM R (CDC13): 1.42 (t, 6H , J =  7.2 Hz, -C H 3)

1.55 (t, 6H , J  =  7.2 Hz, -C H 3)
4.01 (q, 4H , J =  7.2 Hz, - C H 2—)
4.09 (q, 4H , J =  7.2 Hz, - C H ) - ) .

Acta Chim. ( Budapest) 76, 1973



CSŰRÖS ct al.: ACYLATION OF DISUBSTITUTED CYAN AMIDES, I 91

Di-n-propyl-[l,3,5-trichloro-5-di-n-propylamino-2,4-diazapentadien-(2,4)-yliden e] 
ammonium chloride (2c)

A yellow-brown oily product 2e (12.1 g; 60%) was obtained from phosgene (14.8 g, 
0.15 mole) and di-n-propylcyanamide (12.6 g, 0.1 mole) in absolute methylene chloride medium 
(50 ml). The substance was strongly hygroscopic.

C15H 28C14N4 (405.93). Calcd. Cl 34.80. Found Cl 34.50%.
IR (CHClj): v CHaliphatic 2970, 2940, 2880 c m -1

г> C =  N 1625, 1550 c m -1 
UV (CHC13): 316 nm (4.45); 247 nm (4.39),
NMR (CDClj): 1.02 (t, 6H, J = 6 .7  Hz, - C H 3)

1.09 (t, 6H, J =  6.7 Hz, - C H 3)
1.42 — 2.28 (broad m, 8H, —CH2 —)
3.30 — 4.30 (broad m, 8H, —CH2 — N).

Di-isopropyl-[l,3,5-trichloro-5-diisopropylamino-2,4-diazapentadien-(2,4)-ylidcne] 
ammonium chloride (2 f)

A light yellow crystalline product (2f) (15.2 g; 75%) was obtained from phosgene (14.8 g, 
0.15 mole) and diisopropylcyanamide (12.6 g, 0.1 mole) in absolute methylene chloride (50 ml). 
The substance was strongly hygroscopic, m.p. 85 — 86 °C.

C15H 28C14N4 (405.93). Calcd. Cl 34.80. Found Cl 33.50%.
IR (CHC13): v CHaliphatic 3010, 2980, 2940 cm “ 1

i> C =  N 1610,1530 c m -1 
UV (CHC13): 316 nm (4.53); 248 (4.47),
NMR (CDC13): 1.51 (d, 24H, J =  6.8 Hz, - C H 3)

4.39 (q, 2H, J =  6.8 Hz, > C H -)
4.83 (q, 2H, J =  6.8 Hz, > C H -) .

Dibutyl-[1,3,5-trichloro-5-dibutylamino-2,4-diazapentadien-(2,4 )-ylidene] 
ammonium chloride (2g)

A brownish oily product (2g) (12 g; 52%) was obtained from phosgene (14.8 g, 0.15 
mole) and dibutylcyanamide (15.4 g, 0.1 mole) in absolute methylene chloride (50 m l). The 
substance was strongly hygroscopic.

C19H36C14N4 (461.31). Calcd. Cl 30.3. Found Cl 31.2%.
IR (CHC13): v CHaliphatic 2970, 2930, 2870 c m -1

vC  =  N 1620,1540 c m -1 
UV (CHC13): 317 nm (4.51); 249 nm (4.50).

N-Phenyl-N-methyl-[l,3,5-trichloro-5-niethylanilino-2,4-diazapentadien-(2,4)-ylidene]
ammonium chloride (2h)

A yellowish crystalline product 2h (14.3 g; 70%) was obtained from phosgene (14.8 g, 
0.15 mole) and N-phenyl-N-methylcyanamide (13.4 g, 0.1 mole) in absolute m ethylene chloride 
(50 ml). The substance was strongly hygroscopic, m.p. 129 —131 °C.

CI7H16C14N4 (417.13). Calcd. Cl 33.9. Found Cl 34.1%.
IR (CHC13): 304 0 -3 0 0 0  cm “ 1

v CHaliphatic 2980 c m -1 
vC  =  N 1600,1530 c m -1 

UV (CHC13): 247 nm (4.71)
NMR (CDC13): 3 .6 6 -4 .1 0  (t, 6H, - C H 3)

7.4 —7.8 (broad s, 10H, - C 6H5).

l,5-Dimethylamino-l,5-dichloro-2,4-diazapentadien-3-one (4a)

A solution of phosgene (3.95 g, 0.04 mole) in absolute ether (15 ml) was added dropwise 
to a solution of dimethylcyanamide (5.6 g, 0.08 mole) in absolute ether (10 ml) cooled with 
ice under stirring. The absence of atmospheric moisture must be ensured. In a short time a 
white precipitate separated; it was filtered off after agitating for half an hour, washed with 
absolute ether and dried in vacuum. Л white crystalline product (4.98 g; 52%) was obtained, 
m.p. 1 3 8 -1 4 0 -1 4 2  °C.
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C7I112C12N4 (223.09). Calcd. Cl 29.7. Found Cl 30.2%  
IR  (KBr): v CHaliphatic 2950 c m -1

»C  =  0  1720 c m -1
v C =  N 1650, 1640 cm-1.

N,N'-bis-Dialkylcarbamoylurea (5)
General procedure

Compound 2 was allowed to stand in a crystallization dish exposed to atmospheric 
moisture for several days. The substance first liquefied then gradually solidified with the 
evolution of hydrochloric acid. Recrystallization gave a white crystalline product (5).

N,N'-bis-Diinethylcarbamoylurea (5a)

2a (1.0 g, 3.4 mmole) gave 5a (0.6 g; 86.4%), m.p. 140 —142 °C (lit. [5], m.p. 142 °C).
C7H 14N40 3 (202.15).

IR  (KBr): v N H  3260 cm -1
v CHaijphatic 3000, 2940 cm -1 
v С =  О 1740, 1690, 1650 c m - 1 
у  N H  750 cm -1.

N,N/ -bis-Diethylcarbamoylurea (5d)

2d (2 g, 5.7 mmole) gave 5d (1.18 g; 80%). The product was recrystallized from water; 
m.p. 1 2 0 -1 2 1  °C.

C14H 22N40 3 (258.23). Calcd. C 51.2; H 8.55; N  21.70. Found C 50.8; H 8.45; N 21.35 
IR  (KBr): v N H  3280 cm -1

v CHa]jphatjc 3000 — 2850 cm-1 
»C  =  О 1 760 ,1660 ,1640  cm -1  
у  NH 762 c m -1.

о//о-

N,N'-bis-di-n-Propylcarbamoylurea (5e)

2e (2 g, 4.95 mmole) gave 5; (0.8 g; 51.0%). The product was recrystallized from a mix
ture of acetone and water to obtain long needles, m.p. 130 —131 °C.

Ci5H3oN40 3 (314.32). Calcd. C 57.02; H 9.20; N 17.92. Found C 56.72; H 9.40; N 17.90%. 
IR  (KBr): v N H  3240 c m -1

v CHaijpf,ajjc 2960 — 2870 cm"1 
v С =  О 1760, 1680, 1650 cm -1  

у  NH 765 cm-1

N.N' -bis- Diisopropylcarbamoylurea (5 f)

2f (2 g, 4.95 mmole) gave 5f (0.6 g; 28.8%). The product was recrystallized from water 
to obtain a white crystalline product, m.p. 150 —152 °C.

Ci5H 30N4O3 (314.32). Calcd. C 57.02; H 9.20; N 17.92. Found C 57.80; H 9.10; N 17.65%. 
IR  (KBr): v NH 3240 cm-1

■ CH
V C =  
у  NH

aliphatic
О

2950, 2880 cm -1 
1760, 1665, 1640 cm -1 
760 cm -1.

.W -bis-ili-n-Hutylrarbam oylurea (5g)

2g (2 g, 4.33 mmole) gave 5g (0.65 g; 40.3%). The product was recrystallized from 
a mixture of acetone and water to give white, long needles, m. p. 98 — 99 °C.

C19H38N4O3(370.52). Calcd.C 61.58; H 10.30; N 15.18. Found C 62.80; H 10.66; N 15.15% 
IR  (KBr): v N H  3240 cm-1

v CH
■ c =
’ NH

aliphatic
О

2950-2865  cm-1 
1760, 1680, 1640 cm -1 
760 cm -1.
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N,N'-bis-MethylauiIinocarbamoylurea (5h)

2h (2 g, 4.79 mmole) gave 5h (1.3 g; 83.2%). The product was recrystallized from a 
mixture of acetone and water. A white crystalline substance was obtained, m.p. 148 —149 °C.

CjjHjgNjC^ (326.34). Calcd. C 62.20; H 5.51; N  17.19. Found C 62.64; H 5.80; N 17.07%. 
IR (K B r): v NH 3240 cm “ 1

v CHaromapc 3100 — 3000 cm -1 
v CHaiiphatic 3000 — 2900 cm -1  
v C =  O, C =  C 1790, 1680, 1660, 1600 cm “ 1 
у  NH 760 cm-1.

2,4- Dichloro-6-dialkylamino-l,3,5-triazine (7)
General procedure

Product 2 was heated to 140—160 °C or to 150 —170 °C on a paraffin oil bath in a round- 
bottomed flask equipped with a thermometer and an outlet for gases. On gradual increase 
of the temperature the substance melted, and a strong gas evolution started. After the evolution 
of the gas had ceased, the brownish product was cooled and recrystallized from aqueous 
methanol to obtain a white crystalline substance.

2,4-Dichloro-6-dimethylainino-l,3,5-triazine (7a)

2a (2 g, 6.82 mmole) yielded 7a (0.95 g; 72%) after heating at 150 — 170°C for 2.5 
hrs. The product was recrystallized from a mixture of methanol and water, m.p. 117 —118 °C 
(lit. [5, 8], m.p. 1 2 1 -1 2 2  °C).

CjHeCljN, (193.0). Calcd. C 31.18; H 3.15; Cl 36.74; N 29.03. Found C 31.67; H 3.43; 
Cl 36.62; N 29.08%.
IR (K B r): v CHaliphatic 2 9 8 0 -2 9 0 0  cm “ 1

v C =  N 1600, 1550 cm “ 1 
у  =  CH 796 cm -1

NMR (CDC13): 3.25 (s, 6H, dimethylamino-CH3).

2,4-Dichloro-6-diethylamino-l,3,5-triazine (7d)

2d (2 g, 5.74 mmole) gave 7d (0.7 g; 55.2%) on heating at 140 —145 °C for 2.5 hrs. 
The product was recrystallized from a mixture of methanol and water; m.p. 78 — 79 °C (lit. 
[8] m.p. 85 °C, from hexane).

C7H ,0C1„N4 (221.08). Calcd. C 38.0; H 4.88; Cl 31.9; N 25.38. Found C 38.04; H 4.90; 
Cl 30.5; N 24.77%.
IR (K B r): U v CHaIlphatic 3 0 0 0 -2 8 9 0  cm “ 1

v C =  N ‘ 1590, 1560 c m -1 
у  =  CH 790 c m -1

NMR (CDClg); 1.28 (t, 6H, J =  6.6 Hz, diethylamino—CH3)
3.75 (q, 4H, J =  6.6 Hz, diethylamino — CH2).

2,4-Dichloro-6-di-n-propylamino-l,3,5-triazine (7e)

2e (2 g, 4.93 mmole) was converted into 7c (0.52 g; 42 .5% ) by heating at 140 — 145 °C 
for 2.5 hrs. The product was recrystallized from a mixture of methanol and water; m.p. 56 — 
58 °C (lit. [91, m.p. 5 6 - 5 8  °C).

C9H , ,CUN4 (294.13). Calcd. C 43 .45 ; H  5.68; Cl 28.40; N  22.50. Found C 43.10; H  5.55; 
Cl 28.80; N 22.50% .
IR  (KBr): v CHa|ip|latic 3 0 0 0 -2 9 9 0  c m - 1

v C =  N 1585 —1555 cm -1 
у  =  CH 795 cm “ 1

N M R  (CDClg): 0.95 (t, 6H , J =  6.6 H z , di-n-propylamino — C H 3)
1.40 — 2.00 (m , 4 H , di-n-propylamino — C H 2—)
3.58 (t, 4H , J =  7.9 H z , di-n-propylamino — C H 2 —).
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2,4-Dichloro-6-diisopropylamino-l,3,5-triazine (7f)

2f (2 g, 4.93 mmole) gave 7f (0.62 g; 51.0%) on heating at 140 —145 °C for 2.5 hrs. 
The product was recrystallized from a mixture of methanol and water; m.p. 103 —105 °C 
(lit. [9] m.p. 1 0 3 -1 0 5  °C).

C9H 14C12N4 (249.13). Calcd. C 43.45; H 5.68; Cl 28.40; N  22.50. Found C 44.50; H 5.70; 
Cl 26.08; N  22.30%.
IR (K B r): v CHaliphatic 30 0 0 -2 8 9 0  c m -1

v C =  N  1565 cm-1
у  =  CH 788 c m -1

NMR (CDC13); 4.40 (d, 12H, J =  6.6 Hz, d iisopropylam ino-C H 3)
4.20 — 4.80 (m, 2H, J =  6.6 Hz, diisopropylamino—^ C H )
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FLAVONOIDS, XXV*
PREACTION OF 2’-OR-CHALCONE DIBROM IDE WITH AMMONIA; 

PREPARATION OF CIIALCONE A ZIR ID IN E  AND 3-AMINOFLAYANONE
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(Institute o f Organic Chemistry, L. Kossuth University, Debrecen)
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Investigation of the bromine addition to 2’-OR-chalcone derivatives (1) has 
shown that the protective groups may be split off during this reaction depending on 
the substituent in ring В of the molecule, the polarity of the solvent and the character 
of the protective group.

2’-OR-chalcone dibromides (2) react with ammonia to give a flavone (when 
R =  H), or (r<ms-2-(4-R’-phenyl)-3-(2’-OR-benzoyl)-ethyleneimine (9) (when R =  
CH2C6H5 or CH2OCH3), depending on the character of the protective group.

The aziridine 9 can be benzoylated to obtain the N-benzoylaziridine derivative 
10, which is converted into 2,3-iraras-3-(N-benzoyl)-aminoflavanone (11) w ith acid.

The reaction mechanisms and the role of stereochemical factors, as well as the 
stereochemistry of the end products are considered, the suggestions being supported 
by IR and NMR spectrometric results.

A s i t  has been k n o w n , 2 ’-O R  chalcone epoxides (R  =  C H 2C 0H 5; C H 2— 
O C H 3) c a n  be co n v erted  in to  v a rious f lav o n o id  deriva tives of d iffe re n t s ta te s  
of o x id a tio n  [1 — 7]. C halcone az irid ines an a logous to  chalcone ep o x id es  have  
been in v e s tig a te d  b y  sev era l au th o rs  [8 — 9 ], b u t  th e  p rep a ra tio n  o f  az irid ines 
from  chalcones co n ta in in g  a h y d ro x y l g ro u p  a t  C-2’ has no t been  s tu d ie d  up 
to  now .

In  1971, we re p o r te d  th e  p re p a ra tio n  o f  cis- an d  < rans-l-cyclohexy l-2 - 
(4 -R ’-pheny l)-3 -(2 ’-O R -b en zo y l)-e th y len e im in es (R  =  CH2CcH 5; CH.,OCH3; 
R ’ == I I ;  Cl; N 0 2) o b ta in e d  from  2 ’-O R -cha lcone  derivatives [10]. I t  was 
s ta te d  t h a t  th e  3 -am inoflavono id  d e r iv a tiv e  could  n o t be p re p a re d  fro m  th e  
isom eric az irid ine  d e riv a tiv e s  u n d e r th e  co n d itio n s  exam ined . I t  w as re p o rte d  
a t  th e  sam e  tim e , th a t  th e  reac tio n  o f 2 ’-h y d ro x y ch a lco n e  w ith  cy c lo h ex y lam in e  
in th e  p resence  of iod ine  resu lted  in  3 -(N -cyc lo h ex y l)-am in o flav an o n e , 3-(N- 
cycloh ex y l)-am in o flav o n e  an d  2 -b en za lco u m aran o n e  (aurone) [10].

In  th e  p resen t p a p e r , th e  p re p a ra tio n  o f 2’-O R -chalcone az ir id in es  an d  
th e  possib ilities  o f th e ir  conversions are  d iscussed . T he fo rm atio n  o f  th e  az ir i
dine in  th e  presence o f a 2 ’-h y d ro x y  s u b s ti tu e n t  w as s tu d ied , a n d  th e  reac tio n  
m echan ism s w ere co m p ared  w ith  th o se  o f th e  analogous <rans-2’-O R -ch a lco n e  
epoxides.

* Part XXIV: L it k e i , Gy ., N e u b a u e r , A., B o g n á r , R.: Magy. Kém. Foly. 78, 359
(1972)
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Preparation of 2’-0R-chalcone dibromides

N o n -s u b s ti tu te d  az irid in es  can be o b ta in e d  from  th e  co rresp o n d in g  
d ib ro m id e s  b y  allow ing th e n  to  reac t w ith  a m m o n ia  [11].

2 ’-A ce to x y ch a lco n e  d ib ro m id e  (2b) can  be  o b ta in e d  from  th e  cha lcone  
lb w ith  a ca lcu la ted  a m o u n t o f b rom ine in  sa tis fa c to ry  y ield  [12], b u t 
ch a lco n es 1c, lg  give th e  s ta b le  d ibrom ide 2a in s te a d  of d ibrom ides 2c, 2g 
e x p e c te d  u n d e r  sim ilar co n d itio n s ; i.e., th e  p ro te c tiv e  group is sp lit off. T h is 
p ro d u c t  w as also o b ta in e d  in  th e  b ro m in a tio n  o f  la  in  glacial ace tic  m ed iu m . 
T he sa m e  d ib rom ide  can  be o b ta in ed  b y  th e  co n d en sa tio n  o f co-bromo-o- 
h y d ro x y a c e to p h e n o n e  w ith  ben za ld eh y d e  in  g lac ia l acetic  acid c o n ta in in g  
h y d ro g e n  b ro m id e  [13].

In a sim ilar m an n e r, th e  chalcone Id y ie ld e d  th e  d ibrom ide 2i, w hich  
p ro v e d  to  be  id en tica l w ith  th e  d ibrom ide o b ta in a b le  from  l i  [14].

a: R = R '= H
b: R=COCH3; R'=H  
c: R = C H 2CV,H5; R '=H  
d: R = C H 2CeH5; R'=OCH3 
e: R =C H 2CiíH5; R '= N 02 
f: R = C H 2C6H5; R '= Cl 
g: R=CHoOCH3; R'=H  
h: R =C H 2OCH3; R '= N 0 2 
i: R = H ; R'=OCH3

A cco rd in g  to  ou r in v e s tig a tio n s , if  r in g  В o f  th e  in itia l chalcone is su b 
s t i tu te d  w ith  a n itro  g roup  o r chlorine, even  th e  m e th o x y m e th y l p ro te c tiv e  
g ro u p , w h ich  is o therw ise u n s ta b le , is n o t sp lit  o ff  d u rin g  b ro m in a tio n . T h u s , 
th e  ch a lco n es le, f, h could be converted  in to  th e  dibrom ides 2e, f, h w ith  
b ro m in e  in  ca rb o n  te tra c h lo r id e .

T h u s , th e  s u b s ti tu e n t in  p a ra  position  o f r in g  В o f th e  chalcone m olecule  
in flu en ces  s ig n ifican tly  th e  s ta b ili ty  of th e  p ro te c tiv e  group in  th e  ortho 
p o s itio n  o f  rin g  A. A s im ila r effect can  also be o b se rv ed  in  o th e r re a c tio n s  of 
cha lcone  d e riv a tiv e s  [5, 6, 15].

A c e ty la tio n  of 2a re su lts  in  2b being  id e n tic a l w ith  (=h )-ery fh ro -2 ’- 
a c e to x y ch a lco n e  d ib rom ide w hose s tru c tu re  w as p ro v ed  by  F is c h e r  a n d  
A rlt  [15].
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T h e co rrespond ing  chalcone d ibrom ides could  also be p re p a re d  b y  brom i-
+ -

n a tio n  w ith  p y rid in iu m  h y d ro b ro m id e  p erb ro m id e  (C5H 5N H B r3). In  glacial 
ace tic  acid , th e  chalcones la -f could  be co n v e rted  in to  th e  d ib ro m id es 2a-f 
in  sa tis fac to ry  y ie ld s  b y  th is  p rocedure . A ccord ing  to  th e  e x p e rim e n ts  the  
m e th o x y m e th y l p ro te c tiv e  g roup  is sp lit o ff in  th e  course o f  th e  reac tion . 
B ro m in a tio n  in  g lac ia l ace tic  acid  d id  n o t cause sp littin g  o ff o f th e  p ro tec tiv e  
g roup , th u s  th e  d ib ro m id e  2c could be o b ta in ed  from  lc.

In  th e  course o f th e  b ro m in a tio n  ex p e rim en ts , a n o th e r  re a c tio n  also 
ta k e s  p lace s im u ltan eo u sly , in  ad d itio n  to  th e  b rom ine  a d d itio n  w hich  p ro b 
ab ly  involves an  ion ic  or ra d ia l m echanism , d epend ing  on th e  p o la r ity  o f the  
so lv en t. In  glacial a c e tic  ac id  th e  p ro tec tiv e  g roup  is n o t  sp lit off, o n ly  b rom ine 
a d d itio n  occurs, w hile  in  ca rb o n  te tra c h lo rid e  th e  p ro te c tiv e  g ro u p  is sp lit 
off, too .

T h e  p ro d u c ts  o b ta in e d  are  {^ )-e ry th ro -chalcone d ib ro m id es, as show n 
b y  th e  N M R  sp ec tro scop ic  in v estig a tio n s, in  acco rdance  w ith  th e  find ings of 
W e b e r  an d  B ro sch e  [16]. T he coupling  c o n s ta n t o f th e  Ca— H  a n d  —H  
d o u b le ts  is 11.5 H z.

Reaction of 2’-OR-chalcone dibromides with ammonia

T h e d ib rom ides 2a, i w ere m ade to  re a c t w ith  m e th an o lic  am m onia  
re su ltin g  in  flav o n e  (3, R ’ =  H ) an d  4 ’-m e th o x y flav o n e  (3, R ’ =  OCH 3) 
in  sa tis fac to ry  y ie ld s . T h e  sam e p ro d u c t w as o b ta in e d  in  th e  re a c tio n  w ith  
cyclohexy lam ine  o r sod ium  hyd ro x id e .

S im ilarly , a m ix tu re  o f  3 -b rom oflavanone  isom ers [17] also  y ielded 
flav o n e  w hen tr e a te d  w ith  am m onia  in ab so lu te  m e th an o l.

7 Acta Chim. ( Budapest) 76, 1973



98 L IT K E I et al.: FLAVONOIDS, XXV

A cco rd in g  to  th e  e x p e r im e n ts , the  az irid ine  d e r iv a tiv e  p ro b a b ly  is no t 
fo rm e d  in  th e  course o f th e  re a c tio n ; in  th e  f ir s t  s tep  3 -b ro m o flav an o n e  is 
o b ta in e d , a n d  th e  su b se q u e n t tran s-e lim in a tio n  o f  h y d ro g en  b ro m id e  resu lts  
in  3 . T h e  fo rm ation  of e ith e r  th e  az irid ine in te rm e d ia te  o r its  conversion  in to  
3 -am in o flav an o n e  an d  f la v o n e  is n o t p robable , since th e  re a c tio n  o f  3-am ino- 
f la v a n o n e  w ith  am m onia in  m e th a n o l gave exclusively  3 -am in o flav o n e  u n d e r 
th e  e x p e rim e n ta l co n d itions ap p lied .

T h e  tre a tm e n t w ith  cy c lo h ex y lam in e  of 2a in  d ry  benzene affo rd ed  3- 
cy c lo h ex y lam in o flav an o n e  (5 ), 3 -cyclohexy lam inoflavone (8) a n d  2-benzal- 
c o u m a ra n o n e  (7). A s im ila r p ro d u c t  was o b ta in ed  from  l a  w ith  cyc lohexy l
a m in e  in  th e  presence o f io d in e  [10]. As supposed  p rev io u sly , a m ix tu re  of 
th e  cis- a n d  traas-az irid ine  d e r iv a tiv e s  (4) is th e  in te rm e d ia te  p ro d u c t in  th is  
re a c tio n . T h e  pheno late  a n io n  o f  th e  in te rm ed ia te  (4) a t ta c k s  5 a t  th e  Ca or 
Cß c a rb o n  a to m ; in th e  case o f  7 , th e  a tta c k  occurs th ro u g h  6. P ro d u c t 8 can 
be  o b ta in e d  from  5 in a se c o n d a ry  reaction  [19].

2 ’-B enzyloxychalcone d ib ro m id e  (2c) was allow ed to  re a c t w ith  m e thano lic  
a m m o n ia  to  ob tain  th e  a z ir id in e  9c. No isom ers w ere fo rm ed  in  th e  course

0

7
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of th e  reac tio n . U n d e r  s im ila r conditions, th e  d ib rom ides 2e, f, h  y ie ld ed  hom o
genous p ro d u c ts  9e, f, h  in  sa tisfac to ry  y ie ld s . P rev iously , i t  w as fo u n d  th a t  
th e  reac tio n  o f lc  w ith  cyclohexylam ine in  th e  presence of iod ine  o r  th a t  
o f 2c w ith  cy c lo h ex y lam in e  resu lted  in  a m ix tu re  o f  cis- an d  < rans-l-cyclohexyl-
2-pheny l-3 -(2 ’-b en zy lo x y b en zo y l)-e th y len e im in e  [10, 19]. The tw o  isom ers 
can also be o b ta in e d  from  2f w ith  cy c lo h ex y lam in e .

2c, e, f, к

A ccording to  th e  spectroscopic a n d  an a ly tic a l in v es tig a tio n s , 9c, e, 
f, h  w ere found  to  be traras-2-(4-R,-p h en y l)-3 -(2 ’-O R -benzoy l)-e thy lene im ines. 
T h u s, e.g ., in  9f, th e  vco an d  rNH v ib ra tio n s  can  be assigned to  th e  b an d s  
ap p earin g  a t  1659 cm  -1 a n d  3228 cm -1, re sp e c tiv e ly , w hich are  c h a ra c te r is tic  
of iro n s-e th y len e im in e  deriv a tiv es  [20]. I n  th e  N M R  spectrum , th e  com plex  
m u ltip le t of th e  a ro m a tic  p ro tons a re  fo u n d  a t  2.17 — 3.07 p p m , th e  C H 2 
sing le t a t  5.02 p p m , w hile th e  singlet o f th e  Ca— H  an d  C^—H  p ro to n s  a p p e a r  
a t  6.3 ppm  an d  6.9 p p m , respective ly ; th e  s ig n a l a t  7.4 ppm  can  be  assigned  
to  N — H  (r  scale). T h e  Ca—H  an d  C^— H  signals can  be found  in  th e  region 
ch a rac te ris tic  o f  trans-e tliy lene im ine  p ro to n s  [21].

T he sp ec tro sco p ic  d a ta  of az irid ines 9 a re  show n in T ab le  I I .
The co lourless az irid ine  d e riv a tiv es  a re  r a th e r  un stab le  co m p o u n d s. 

T h ey  decom pose w ith  d isco loration  w hen  ex p o sed  to  ligh t and  a ir . T h e  fo r
m atio n  of 3 -am in o -flav an o n e  deriva tives co u ld  n o t  be detec ted  on tr e a tm e n t  
w ith  hyd roch lo ric  ac id .

T he N -b en zo y laz irid in e  deriva tives 10 w ere  o b ta in ed  from  th e  az irid in es  
9 w ith  benzoy l ch lo rid e  in  abso lu te  b en zen e , in  th e  presence of tr ie th y la m in e .
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I n  th e  cou rse  o f th e  re a c tio n  th e  opening o f  th e  rin g  did no t occur, as i t  is 
show n  b y  th e  N M R  sp e c tru m  (T able IV ). I n  th e  N M R  spectrum , th e  Ca— H  
a n d  Cjg— H  signals a p p e a r a t  p p m  values low er th a n  those of n o n -s u b s titu te d  
d e r iv a tiv e s .

T h e  bo iling  of N -benzoy lazirid ines 10 w ith  hydroch lo ric  acid in  e th a n o l 
re su lte d  in  sp littin g  off th e  p ro te c tiv e  group a n d  th e  fo rm atio n  of 3-(N -benzoy l)- 
a m in o fla v a n o n e  d e riv a tiv es  1 1 . T he s tru c tu re  o f  11 (R ’ =  H ) w as v e rif ie d  
b y  b e n z o y la tio n  of th e  k n o w n  com pound  3 -am in o flav an o n e  (1 2 , R ’ =  H ); 
th e  p ro d u c ts  o b ta in ed  in  th e  tw o  d ifferen t w ay s  w ere identical.

A cco rd in g  to  our fo rm er in v es tig a tio n s , in  cis- an d  tran s-N -cyc lohexy l- 
a z ir id in e  d e riv a tiv e s  th e  p ro te c tiv e  group  is n o t  sp lit off w ith  acid , o n ly  th e  
a z ir id in e  rin g  is c leaved  [19].

O n th e  basis o f o u r e x p e rim e n ta l re su lts , th e  open ing  of th e  e th y len e im in e  
r in g  o f  2 ’-O R -cha lcone  az irid ines an d  th e  sp li t t in g  o ff of th e  p ro te c tiv e  g roup  
a t  C -2’ is d e te rm in ed  b y  th e  electron ic s t ru c tu re  of th e  e th y len e im in e  
ring .

I n  N -ben zo y laz irid in e  d e riv a tiv es  th e  e lec tro n -w ith d raw in g  e ffec t o f 
th e  c a rb o n y l g roup  re su lts  in  decreased  e le c tro n  d ensity  on th e  ß  c a rb o n  
a to m . T h is  fav o u rs  in te rn a l nucleophilic  a t t a c k  b y  the  e th e rea l o x y g en , 
s im ila r ly  to  th e  co rresp o n d in g  epoxides [6].

T h e  p ro te c tiv e  g roup  is sp lit off an d  th e  az irid in e  ring  is opened  s im u l
ta n e o u s ly , follow ed b y  cy c ly za tio n  a fte r  in v e rs io n  of th e  ß  ca rb o n  a to m , 
re su ltin g  in  2 ,3 -tran s-3 -(N -b en zo y l)-am in o flav an o n e . This concep t h a s  been  
co n firm e d  b y  th e  N M R  spec tro scop ic  in v e s tig a tio n s  (Table V). T he 2 -p h e n y l 
a n d  3 -N H -C O C 6H 5 groups a re  in  trans co n fig u ra tio n . The coupling  c o n s ta n t  
o f th e  C2— H  a n d  C3— H  p ro to n s  is in  a g re e m e n t w ith  th e  l i te ra tu re  d a ta  
[25].
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E xperim en ta l

Melting points are uncorrected. The NMR spectra were recorded with a JEO L JNM-100 
MHz instrument in CDC13, the infrared spectra with a UNICAM SP 200 G spectrophotometer 
in KBr pellets.

2’-Hydroxychalcone dibromide (2a)

(a )  Chalcone lg  (10 g) [22] was dissolved in carbon tetrachloride (50 ml) and bromine 
(5.97 g) in carbon tetrachloride (20 ml) was added. Strong evolution of hydrogen bromide 
was observed during the reaction. After 1 hr the solvent was evaporated in vacuum  at 40 °C 
and the residual oil crystallized from absolute ethanol to obtain 3.2 g (22%) of 2a, m.p. 190— 
192 °C, (lit. [13] m.p. 192 °C).

The product prepared similarly from chalcone lc  [1] in 37% yield had m .p. 190—191 °C.
(b)  Chalcone la  (5.6 g) was brominated in glacial acetic acid. The crude product which 

separated was recrystallized from ethyl acetate to yield 3.3 g (34%) of 2a, m .p. 190 —192 °C.
(c) Chalcone lg  (4 g) was dissolved in glacial acetic acid (35 ml) and pyridine hydro

bromide perbromide (4.25 g) [23] was added to it under stirring. After 2 hrs the precipitate 
was filtered off and recrystallized from ethyl acetate to give 4 g (52%) of 2a, m .p. 190 —192 °C.

C15H120 2Br2 (384.08). Calcd. Br 41.60. Found Br 42.18%.

2’-Hydroxy-4-methoxychalcone dibromide (2i)

The chalcone Id (0.01 mole) was allowed to react with bromine (0.01 mole) as described 
above under (a ) . The product was crystallized from glacial acetic acid to yield 46% of 2i, 
m.p. 1 4 3 -1 4 5  °C (lit. [14] m.p. 1 4 4 -1 4 5  °C).

C16H140 3Br2 (414.10). Calcd. C 46.30; H 3.39; Br 38.60. Found C 46.54; H 3.52; Br 
37.44%.

2’-Acetoxychalcone dibromide (2b)

(a )  Dibromide 2a (1 g) was allowed to react w ith a mixture of acetic anhydride (10 ml) 
and 70% perchloric acid (2 drops) at room temperature for 24 hrs. The product obtained on 
pouring the solution onto ice was crystallized from absolute ethanol to yield 0.75 g (67.5%) 
of 2b, m.p. 1 0 6 -1 0 8  °C.

(b) Chalcone lb  (2.66 g) [12] was treated w ith pyridinium hydrobromide perbromide 
(3.5 g) in glacial acetic acid (35 ml) at room temperature, with stirring. The product which 
separated on the addition of water was crystallized from absolute ethanol to obtain 3.65 g 
(85%) of 2b m.p. 1 0 7 -1 0 8  °C (lit. [12] m.p. 107 °C).

C17H ,4Br30 ,  (426.11). Calcd. C 48.00; H 3.29; Br 36.20. Found C 48.17; H 3.28; Br 
35.14%.

2’-Benzyloxychalcone dibromidc (2c)

(a )  Chalcone lc  (0.01 mole) was made to react with pyridinium hydrobromide per
bromide (0.011 mole) according to the procedure described above under (c ) . The product 
was crystallized from absolute ethanol to obtain 3.3 g (70%) of 2c, m.p. 90—92 °C.

(b) Chalcone lc  (3.14 g) was dissolved in glacial acetic acid (50 ml) and mixed with 
a solution of bromine (0.54 ml) in glacial acetic acid (10 ml). The product which separated on 
the addition of water was recrystallized from absolute ethanol to give 3.25 g (68.5% ) of 2c, 
m.p. 9 1 - 9 3  °C.

C22H180„Br2 (474.19). Calcd. C 55.90; H 3.81; Br 33.70. Found C 55.94; H 3.90; Br 
32.76%.

2’-Benzyloxy-4-mcthoxychalcone dibromide (2d)

The product obtained from Id with pyridinium hydrobromide perbromide was recrystal
lized from carbon tetrachloride to yield 83% of 2d, m.p. 115 —118 °C.

С2зН20О3Вг., (504.22). Calcd. C 55.00; H 3.98; Br 31.70. Found C 55.34; 114.20; Br 
29.95%.
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2’-Benzyloxy-4-chlorochalcone dibromide (2f)

Chalcone l f  [6] was treated with bromine in carbon tetrachloride. The residue was 
recrystallized from a mixture of benzene and petroleum ether to yield 76% of 2f, m.p. 127 — 
128 °C. In  the pyridinium hydrobromide perbromide procedure the yield was 82%; m.p. 
126 — 128 °C.

C22H 170 2Br2Cl (508.64). Calcd. C 52.00; H 3.36. Found C 52.41; H 3.58%.

2’-Benzyloxy-4-nitrochalcone dibromide (2e)

Chalcone le  [6] was brom inated in carbon tetrachloride and the product was crystallized 
from a m ixture of benzene and petroleum  ether to obtain 2e in  88.5% yield; m.p. 138 —140 °C. 
In the pyridinium hydrobromide perbromide procedure the yield  was 88%; m.p. 138 — 140 °C. 

C22H 170 4Br2N (519.19). Calcd. N 2.70; Br 30.80. Found N 2.62; Br 31.15%.

2’-Methoxymethoxy-4-nitrochalcone dibromide (2h)

The product obtained from chalcone lh  [22] w ithf bromine in carbon tetrachloride 
according to the procedure described in the previous section (a ) ,  was crystallized from a 
m ixture o f ethyl acetate and petroleum  ether to obtain 2h in  45% yield; m.p. 128 —130 °C. 

C17H 15OsBr2N (473.12). Calcd. Br 33.80; N 2.96. Found Br 33.98; N 2.83%.!j

Flavone (3; R' =  H )

(a )  The dibromide 2a [1 g] w as dissolved in absolute methanol saturated with dry 
amm onia (25 ml) and the m ixture was kept in a refrigerator for 15 hrs. The solution was 
evaporated to dryness and the residue extracted with hot petroleum ether (5 x 15 ml). The 
crude product was crystallized from  aqueous ethanol to give 0.4 g (67%) of flavone m.p. 
9 4 _ 9 6  °C (lit. [17] m.p. 9 5 .5 -9 7 .5  °C).

(b )  The dibromide 2a (1 g) was treated with 2N NaO H  solution (2.9 ml) in ethanol 
(50 m l) at room temperature for 30 min. The product w hich precipitated on the addition of 
water w as crystallized from aqueous ethanol to yield 50% of flavone, m.p. 94 — 96 °C.

(c )  The dibromide 2a (1.2 g) was allowed to react w ith cyclohexylamine (2.5 ml) in 
absolute methanol (25 ml) for 24 hrs. The product which separated on the addition of water 
was crystallized from aqueous ethanol to yield 40% of flavone, m.p. 94 — 96 °C.

(d )  A mixture of 3-bromoflavanone isomers [17] obtained by the bromination of 
flavanone (1.14 g) was allowed to react with absolute m ethanol (25 ml) saturated with dry 
am m onia for 24 hrs. Flavone was obtained in 71% yield, m .p. 94 — 96 °C.

These products synthetized in  different ways did not show melting point depression 
in adm ixture with pure authentic flavone, and also the spectroscopic properties were iden
tical.

4’ -Methoxyflavone (3; R’ — OCH3)

The product obtained from the dibromide 2i in 90% yield according to the previous 
procedure (a )  was crystallized from  methanol; m.p. 156 —158 °C (lit. [24] m.p. 157 —158 °C).

Ci6H 120 3 (252.26). Calcd. C 76.10; H 4.75; OCH3 12.30. Found C 76.26; H 4.57; OCH3
12.68%.

trans-2-(4-R’-P henyl)-3-(2’-OR-benzoyl)-ethyleneimine (9c, e, f, h)

The dibromides 2c, e, f, h  (0.01 mole) were dissolved in absolute methanol saturated 
w ith dry ammonia (50 ml) and le t to stand in a refrigerator for 48 hrs. The product which 
precipitated was crystallized from absolute ethanol. The data of the products are given in 
Table I, and their spectroscopic data are shown in Table II.

trans-N-Benzoyl-2-(4-R, -phenyl)-3-(2’-OR-benzoyl)-ethyleneimine (10c, e, f, h)

The ethyleneimine (9c, e, f, or h) (0.03 mole) was treated with benzoyl chloride (0.031 
mole) in  the presence of triethylam ine in absolute benzene (25 ml) at room temperature for 
24 hrs. After filtering off the salt, the benzene solution was washed with water, dried and
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Table I

lrans-2-( 4-Л’-Phenyl)-3- (2'-OR-benzoyl)  -ethyleneimines(9)

IT - R - Yield,
%

M. p„
•c

Cald. Found

c H N/Cl c H N/Cl

9c H C H 2C „ H 5 83 1 0 6 - 8 80.50 5.82 4.26 81.40 5.72 4.27
9e NO. C H 2C „ H 5 90 116— 8 70.70 4.85 7.50 70.88 4.92 7.91
9f Cl C H 2C 6H 5 80 93— 4 72.80 4.96 3.87 72.53 4.55 3.92

9.76 10.38
9h NO. C H . 0 C H 3 70 115— 7 62.40 4.91 8.54 62.66 4.70 9.00

Table II

1R and N  M R  spectroscopic data o f trans-2-(4-R '-phenyl)-3-(2,-OR-benzoyl)-ethyleneimincs (9 )

I R£cm~ *] NMR [T]

VO-0 VNH Aromatic protons CH2 На+ Нр N11

9c 1666 3237 2.19— 3.28* 5.00c 6.54 7.30d
9e 1664 3258 1.91— 2.93'’ 4 .97е 6.50 7.24d

9f 1659 3228 2.17— 3.01b 5.02е 6.63 7.40d

a the centre of doublet; b complex multiplet; e singlet; d the centre of broad singlet

concentrated to half of its original volume. The product which precipitated on the addition 
of petroleum ether was crystallized from absolute ethanol. The data of the products are summa
rized in Tables III and IV.

Table III

trans-N- Benzoyl-2- ( 4-R' -phenyl J-3-Í 2 '-OR-benzoyl) -ethyleneimines (10)

R’ R Yield,
%

M.p.,
°c

Cald. Found
C H N C II N

Юс H CHjCj H , 78 128— 130 80.05 5.33 3.24 80.04 5.32 3.52
Юс

0

CH,C0H 5 80 1 4 6 -1 4 8 72.90 4.62 5.85 72.74 5.27 5.97
10 f Cl CH2CeH 5 84 135— 137 74.30 4.74 2.99 74.06 4.69 3.12
10h NO, CH2OCH3 75 103— 105 66.80 4.63 6.48 66.87 4.23 6.57

3-(N-Benzoyl)-aminoflavanonc (11; R' =  H)

(a) Ethyleneimine 10c (1 g) was boiled in absolute methanol (50 ml) in the presence 
of cone. 1IC1 (0.5 ml) for 1 hr. The product which separated was crystallized from ethyl acetate 
to give 0.4 g (50%) o f the product m.p. 239 —241 °C.

(b) 3-Aminoflavanone hydrochloride* (0.23 g) [18] was allowed to react with benzoyl 
chloride (0.12 ml) in absolute benzene (20 ml) in the presence of triethylamine (0.3 ml) at

* The authors’ thanks are due to M. R á k o si for supplying 3-aminoflavanone hydro
chloride and 3-aminoflavone samples.
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Table IV

In frared  and  N M R  spectroscopic data o f  trans-N-benzoyl-2-(4-R'-phenyl)-3-(2'-OR-benzoyl)
ethyleneimines (10)

IR [cm-1] NMR[t] № нг)

"c-o Aromatic protons CH2 H a + H p О -С Н з

10c 1670, 1686 2.02—3.10° 4.93й 5.75“ (2.8)

lOe 1676 1 .9 1 -3 .1 2 ° 4.97й 5.76“ (2.8) —
lOf 1675, 1687 2.11— 3.15° 4.97й 5.78“ (3) —
10h 1689 1.74—3.12“ 5.00й 5.77“ (3) 6.77й

° com plex multiplet; й singlet; “ centre of quartet

room tem perature for 4 hrs. The substance which separated was washed with water and crys
tallized from  a mixture of ethyl acetate and dioxane to give 0.25 g (86%) of the product, 
m.p. 239 — 241 °C.

T he substances obtained in the tw o different ways did not show melting point depression 
in  adm ixture, and their infrared spectra were also identical.

C22H 170 3N (343.36). Calcd. C 77.00; H  4.96; N  4.08. Found C 76.58; H 4.80; N  4.08%.

3-(N-Benzoyl)-am ino-4’-chloroflavanone (11; R’ =  Cl)

Ethyleneim ine lOf (1 g) was treated with hydrochloric acid as described above under 
(a ) . The product was crystallized from a mixture of ethyl acetate and dioxane to obtain 0.4 g 
(50% ) o f th e  pure substance, m .p. 248 — 250 °C.

C22H 160 3C1N (377.81). Calcd. C 70.00; H 4.24; N  3.71; Cl 9.40. Found C 70.15; H 4.38; 
N 3 .8 7 ; Cl 9.28% .

3-(N-Benzoyl)-amino-4’-nitroflavanone (11; R’ =  NO,)

yield,
(a )  The product, prepared from 10h according to the previous procedure (a )  in 65% 
had m .p. 224—225 °C.

Table V

I R  and  N M R  spectroscopic data o f  2,3-trans-3-(N-benzoyl)-amino-4'-R-flavanone (11)

IR  [cm-1] NMR [т] [J Hz]

R

II о »'NH
Aromatic
protons® н* HS J  2,3 NH» 7зН ;NH

1647
н

1710
3307 2.1— 2.9 4.22 4.77 12.4 1.31 8.4

1642
N 0 , 3324 1.70— 2.86 4.04 4.71 12.4 1.23 8.6

1710

1647
С1

1710
3332 2 .1 -2 .8 9 4.21 4.77 12.4 1.30 8.4

“com plex m ultiplet 
“centre o f doublet 
“centre o f quartet
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(b) The product made from lOe in a similar way in 30% yield melted at 224 — 225 °C. 
C22H ,e0 6N2 (388.37). Calcd. C 68.00; H 4.12; N 7.21. Found C 67.04; H 4.19; N 7.14%. 
The infrared and NMR data of the 3-(N-benzoyl)-amino-4’-R-flavanones prepared are 

summarized in Table Y.
*

The authors’ thanks are due to Z. D in y a , A. L é v a i, L . Sz il á g y i and S. Szabó for the 
accomplishment of the spectroscopic investigations, to É . D . R á k o s i for the microanalyses 
and to Mrs. S. H a jn a l  for her valuable technical assistance.

REFERENCES

1. B o g n á r , R., St e f a n o v s k i, J.: Tetrahedron 18, 143 (1962)
2. B iir a h a , S. C., J a in , A. C., S e s h a d r i, T. R.: Tetrahedron 20, 1141 (1964); 21, 963 (1965)
3. Ch o p in , J., D u r u a l , P .: Bull. soc. chim. France 1965, 3350
4. S harm a , T. C., V e r m a , B. L., B o k a d ia , M. M.: Chem. and Ind. 1966, 599
5. L it k e i , Gy ., B o g n á r , R .: K ém . Közi. 34, 249 (1970)
6. L it k e i , Gy ., B o g n á r , R., D in y a , Z.: Acta Chim. (Budapest) 71, 401 (1972)
7. Cu l l e r i, W. P., D o n e l l y , D. M. X., K e e n a n , A. K., L a v in , T. P., M e l o d y , D. P., P h il b in ,

E. M.: J. Chem. Soc. (C) 1971, 2848
8. Cr o m w ell , N. H ., B a b so n , R. D., H a r r is , C. E.: J. Am. Chem. Soc. 65, 312 (1943)
9. S o u t h w ic k , P. L., Cr is t m a n , D. R.: J. Am. Chem. Soc. 74, 1886 (1952)

10. B ogn á r , R., L it k e i , Gy ., Sz ig e t i, P.: Acta Chim. Acad. Sei. Hung. 68, 421 (1971)
11. Cr o m w ell , N. H., M e r c e r , G. D.: J. Am. Chem. Soc. 79, 3819 (1957)
12. F e u e r s t e in , W., K o st a n e c k i, S.: Ber. 31, 1757 (1898)
13. P e n d s e , H. K., L im a y e , S. D.: J. Progr. Chem. Sei. 2, 70 (1955); C. Zentr. 1956, 10712
14. P e n d s e , H. K., L im a y e , S. D.: J. Progr. Chem. Sei. 2, 90 (1955); C. Zentr. 1956, 10714
15. F is c h e r , F., A r l t , W.: Chem. Ber. 97, 1910 (1964)
16. W e b e r , F. G., B r o s c h e , К.: Tetrahedron 27, 1435 (1971)
17. B ogn á r , R., R á k o s i, M., L it k e i , Gy .: Acta Chim. Acad. Sei. Hung. 34, 353 (1962)
18. B o g n á r , R., R á k o s i, M.: Ann. 693, 225 (1966)
19. L it k e i, Gy ., B ognár, R ., Szigeti, P ., T ra pp, V.: A cta Chim. (B udapest) 73, 69 (1972)
20. Cro m w ell , N. IL, B a b u r y , R. E., A d a lfa n g , J. L.: J. Am. Chem. Soc. 82, 424 (1960)
21. P o h la n d , A. E., B a d g e r , R. C., Cr o m w ell , N. H.: Tetrahedron Letters 48, 4369 (1965)
22. E n e b ä c k , C.: Soc. Sei. Fenn. Comm. Phys.-Math. X X V III, 61 (1963)
23. F ie s e r , L. F.: J. Chem. Ed. 31, 291 (1954)
24. A u w e r s , K., A n sc h ü t z , L.: Ber. 54, 1558 (1921)
25. B ognár, R ., Cla rk-L ew is , J .  W., Lipták-Tőkés, A., R ákosi, M.: Aust. J . Chem. 23,

2015 (1970)

G yörgy  L it k e i  
R ezső B og nár  
Já n o s  A n d ó

Szerves K ém iai In té z e t, 4010 D ebrecen , H u n g a ry .

A da  Chim. (Budapest) 76, 1973





Acta Chimica Academiae Scientiarum Hungaricae, Tomus 76 (1), pp. 107—112 (1973)

THE STUDY OF SOME HETEROCYCLES, XXVII
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4-X-THIAZOLES
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In continuation of former research, the nitration and bromination of 2-(m-tolyl)- 
4-chloromethylthiazole was studied in order to establish the influence of the methyl 
group on the para position of the benzene ring and on position 5 of the thiazole ring.

T o com plete  o u r fo rm er stud ies on  th e  b rom ina tion  an d  n it r a t io n  of 
2 -(p -X -p h en y l)-4 -ch lo ro m eth y lth iazo les  [1], in  th e  p resen t w ork  th e  b ro m in a 
tio n  a n d  n itra tio n  o f  2 -(m -to ly l)-4 -ch lo rom ethy lth iazo le  was s tu d ie d ;  un like 
th e  fo rm er g roup  o f  com pounds, in  th is  case th e re  are  tw o v e ry  re a c tiv e  posi
tio n s: p o sitio n  5 o f  th e  th iazo le  and  p o s itio n  4 of th e  benzene rin g .

T h e  b ro m in a tio n  o f 2 -(m -to ly l)-4 -ch lo rom ethy lth iazo le  (I) sh o w ed  th a t ,  
d ep en d in g  on th e  a m o u n t of b rom ine a n d  ev en  in  th e  absence o f  a  c a ta ly s t, 
b o th  th e  m o n o b ro m o  d eriv a tiv e  (П) ( w ith  1.2 m oles of b ro m in e) a n d  th e  
d ib rom o d e riv a tiv e  (III) (w ith  6 m oles o f  b ro m in e) can be p re p a re d .

T h e  p o sitio n  occup ied  b y  th e  b ro m in e  a to m  was estab lish ed  b o th  in  a 
sy n th e tic  w ay  a n d  b y  o x ida tive  d e g ra d a tio n .

T he m ono b ro m o  d eriv a tiv e  (П) o b ta in e d  b y  th e  b ro m in a tio n  o f I is 
n o t  id en tica l w ith  2 -(4 -b ro m o -3 -m eth y lp h en y l)-4 -ch lo ro m eth y lth iazo le  (IV) 
w hich w e o b ta in ed  b y  th e  condensation  o f  th e  corresponding  th io a m id e  w ith  
d ich lo roacetone; th u s  in  II th e  brom ine d id  n o t  e n te r  th e  para  p o s itio n  o f th e  
benzene ring . T he ac id  o b ta in ed  b y  o x id a tiv e  d eg rad a tio n  co n ta in s no  b rom ine  
an d  its  d im e th y l e s te r  is id en tica l w ith  d im e th y l iso p h th a la te . T he I R  sp ec tru m  
of II does n o t show  th e  b an d  c h a ra c te ris tic  o f  th e  u n su b s titu te d  th ia z o le  CH 
g roup . A ll th ese  fa c ts  suggest th a t  th e  b ro m in e  occupies p o s itio n  5 o f th e  
th iazo le  ring .

T h e  d ib rom o d e riv a tiv e  (III) o b ta in e d  b y  th e  b ro m in a tio n  o f  I w ith  
excess b rom ine  is id e n tic a l w ith  th e  c o m p o u n d  o b ta in ed  in th e  b ro m in a tio n  
o f 2 -(4 -b ro m o -3 -m eth y lp h en y l)-4 -ch lo ro m eth y lth iazo le  (IV), an d  i t  is co n v e rted  
b y  o x id a tio n  in to  4 -b ro m o iso p h th a lic  ac id . I n  III th e  lack of th e  3 0 7 5 -  3100 
cm -1  b a n d  is o b se rv ed , w hich shows th a t  one  o f  th e  brom ine a to m s  occupies 
position  5 of th e  th ia z o le  ring, w hile th e  o th e r  one position  4 o f  th e  benzene 
ring .
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T h e  ex p e rim en ts  also p ro v e  th a t  fu r th e r  b ro m in a tio n  of th e  m o n o b ro m o  
d e riv a tiv e  I I  resu lts  in  th e  d ib rom o  d e riv a tiv e  I I I .

L ik e  in  fo rm er in v e s tig a tio n s , i t  seem s t h a t  th e  presence of A g 2S 0 4 
fa c ilita te s  b ro m in a tio n  o f  th e  benzene ring . T h e  b ro m o  derivative  o b ta in e d  
in  th is  w a y  h as  an  I R  sp e c tru m  id en tica l w ith  t h a t  o f 2 -(3 -m ethy l-4 -b rom o- 
p h en y l)-4 -ch lo ro m eth y lth iazo le  (IV) an d  th e  m ix tu re  of th e  tw o su b s ta n c e s  
gives n o  m .p . depression . T h u s, u n d e r  c a ta ly tic a l co n d itio n s th e  b rom ine  e n te rs  
p o s itio n  4 o f  th e  benzene  ring .

B o th  2 -(m -to ly l)-4 -ch lo ro m eth y l-5 -b ro m o th iazo le  (II) and  2 -(3 -m ethy l-4 - 
b ro m o p h en y l)-4 -ch lo ro m eth y l-5 -b ro m o th iazo le  (I I I )  can  be tra n s fo rm e d  b y  
th e  S o m m e le t reac tio n  in  th e  co rrespond ing  a ld e h y d e s  (V, YI) w hich co n firm s 
th e  a p p lic a b il i ty  o f th is  re a c tio n  to  th e  th iazo le  se ries, even if  an  e lec tro p h ilic  
g roup  is p re s e n t  in  p o sitio n  5.

T h e  a ld e h y d e  VI is c o n v e rte d  b y  o x id a tio n  in to  th e  co rrespond ing  ac id  
(V II), w h ic h  is id e n tic a l w ith  th e  p ro d u c t o f th e  ha lo fo rm  reac tio n  o f  2(-m -  
to ly l)-4 -a c e ty lth ia z o le  w h en  th e  so lu tion  is ac id ified  w ith o u t prev ious d e s tru c 
tio n  o f  th e  excess of b ro m in e  [2].

I n  th e  b ro m in a tio n  of 2 -(m -to ly l)-4 -carboxy-th iazo lic  acid a s im ila r  
b e h a v io u r  w as  found  to  t h a t  o f 2 -ary l-4 -ch lo ro m eth y lth iazo les , i.e., a  sm all 
a m o u n t o f  b ro m in e  (1.2 m ole) leads to  a  m o n o b ro m o  d eriva tive  (V III) w h ich  
is id e n tic a l  w ith  th e  o x id a tio n  p ro d u c t o f 2 -(m -to ly l)-5 -b rom o-4 -fo rm ylth iazo lic  
a ld eh y d e .

W h e n  th e  acid is b ro m in a te d  w ith  an  excess o f brom ine, th e  d ib ro m o  
acid (V II) id e n tic a l w ith  th e  p ro d u c t of th e  h a lo fo rm  reaction , is o b ta in e d .

T h u s , th e  carboxy lic  g ro u p  does n o t in flu en ce  th e  ch a rac te r of th e  b ro m 
in a t io n  re a c tio n .

I n  th e  n itra tio n  reac tio n s  w ith  a m ix tu re  o f  su lfuric acid  a n d  n itr ic  
acid  2 -(m -to ly l)-4 -ch lo ro m eth y lth iazo le  (I) o r 2 -(m -to ly l)-4 -hydroxy-4 -ch lo ro - 
m ethyl-Z l2-th iazo le  h y d ro ch lo rid e  [3] give 2 -(3 -m eth y l-4 -n itro p h en y l)-4 -ch lo ro - 
m e th y lth ia z o le  (IX) as th e  m a in  p ro d u c t; th e  o x id a tio n  of th e  la t te r  c o m p o u n d  
y ields 4 -n itro iso p h th a lic  acid .

I f  th e  n i tra t io n  is e ffec ted  in  acetic  a n h y d r id e , a lth o u g h  th e  iso la te d  m a in  
p ro d u c t is a  d in itro  d e riv a tiv e , ch ro m a to g ra p h y  show s th e  presence o f  o th e r  
n itro  d e r iv a tiv e s , in d e p e n d e n tly  of th e  a m o u n t o f  H N 0 3 used  (1 or 6 m oles).

S in ce  th e  o x id a tio n  of th is  d in itro  d e r iv a tiv e  re su lts  in  4 -n itro iso p h th a lic  
acid  a n d  i ts  I R  sp ec tru m  has no  ab so rp tio n  b a n d  ch a rac te ris tic  o f th e  v a len ce  
v ib r a t io n  o f  h y d ro g en  a t ta c h e d  to  th e  th iazo le  r in g , th e  com pound m u s t  b e  
2 -(3 -m e th y l-4 -n itro p h en y l)-4 -c h lo ro m e th y l-5 -n itro th ia z o le  (X).

T h e  n i t r a t io n  w ith  H N 0 3—H 2S 0 4 m ix tu re  o f  2 -(m -to ly l)-4 -ch lo rom ethy l- 
5 -b ro m o th ia z o le  (II) occurs in  position  4 o f th e  b en zen e  ring  an d  th e  sam e 
p ro d u c t  re su lts  (XI) as in  th e  b ro m in a tio n  o f  2 -(3 -m eth y l-4 -n itro p h en y l)-4 - 
c h lo ro m e th y lth iazo le .
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E xperim ental
2-(m-ToIyl)-4-chloromethyl-5-bromothiazole (II)

To 0.003 mole of 2-(mtolyl)-4-chloromethylthiazole dissolved in cither acetic acid or 
acetic anhydride, 0.0036 mole of Br2 was added. The mixture was kept 30 min. at room tem per
ature, then poured on ice. The isolated substance was recrystalized from aqueous alcohol and 
decolorized with active charcoal, m.p. 91—92 °C.

Cu H 8ClBrNS (302.629). Calcd N 4.63. Found N 4.89% .

3-Methyl-4-bromo-benzonitrile

To a solution of 26.7 g CuS04 • 5H20  and 6.94 g NaCl in 86 ml water there was added 
a solution of 6.85 g anhydrous N a ,S 0 3 and 1.56 g NaOH in 43 ml water during 10 min. After 
sedimentation of the cuprous chloride the liquid phase was syphoned off and replaced by 43 
ml of water. To this CuCl supension 13.8 g NaCN in 22 ml water was added under continuous 
mechanical stirring. When the precipitate dissolved com pletely, the solution was externally 
cooled with ice and 250 m l benzene was poured on its surface in order to extract the cuprous 
cyanide formed.

15.9 g 3-methyl-4-bromoaniline was mixed with 16.5 ml cone. HC1 in the presence of ice, 
maintaining the temperature of the mixture at 0— 5 °C. The amine was diazotized w ith 5.98 g 
N a N 0 2 in 16.5 ml water, keeping the reaction temperature always under 5 °C. After 15 min. 
the solution was neutralized -with about 17 g anhydrous N a2C 03; the pH of the solution was 
controlled several times for 15 min., the temperature still being maintained below 5 °C. The 
neutral reaction mixture was introduced gradually with continuous stirring, into the cooled 
benzene solution of cuprous cyanide as prepared above. The cold mixture was stirred for 30 
min., then it was allowed to warm up to room temperature, but stirring was continued for 
another 2 hrs. It was then warmed for 30 min. at 50 °C w ithout stirring, the benzene layer 
separated and the benzene removed by distillation. The solid substance which remained 
was recrystallized from aqueous alcohol and decolorized w ith charcoal; m.p. 54— 54.5 °C.

C8H6BrN (196.052). Calcd. N 7.14. Found N 7.54%.

3-Methyl-4-bromothiobenzamide

8 g 3-methyl-4-bromobenzonitrile was dissolved in about 100 ml ethanol saturated 
w ith gaseous ammonia. W ith cooling H2S was bubbled for 5 hrs through the solution. The 
reaction mixture was then refluxed for 1 hr and then the alcohol removed by distillation. 
The solid substance was recrystallized from water, m.p. 139— 140 °C.

CgHgBrNS (230.134). Calcd. N 6.08. Found 6.23%.

2-(3-Methyl-4-bromophenyl)-4-hydroxy-4-chloromethyl-J2-thiazoline hydrochloride

3.45 g 3-methyl-4-bromothiobenzamide was dissolved in 27 ml acetone and 1.8 g symo- 
dichloroacetone was added to the solution. The reaction vessel was closed and shaken until 
the dichloroacetone completely dissolved, then allowed to stand for 24 hrs. The crystalline 
substance was filtrated off and washed on the filter w ith a little acetone; m.p. 152— Í52.5 °C.

Cu H ]2Cl2BrNOS (357.110). Calcd. N 3.92. Found N  4.13%.

2-(3-Methyl-4-bromophenyl)-4-chloromethylthiazole (IV)

(a) 7 ml cone. H 2S 0 4 was added to 1.8 g 2-(3-methyl-4-bromophenyl)-4-hydroxy-4- 
chloromethyl-zp-thiazoline hydrochloride. The mixture was kept 30 min. at room temperature, 
then poured on ice. The product was recrystallized from aqueous ethanol; m.p. 97— 98 °C.

Cn H9ClBrS (302.63). Calcd. N 4.62. Found N 4.70% .
(b) 0.004 mole of 2-(m-tolyl)-4-chloromethylthiazole I was dissolved in 15 ml cone. 

H 2S 0 4, and 0.002 mole of Ag2S 0 4, then, after thorough shaking of the suspension, 0.004 mole 
of Br2 was added. The reaction mixture was stirred for 4 hrs and allowed to stand overnight. 
It was then filtered through a sintered glass filter and the filtrate poured on ice. The dried 
product was dissolved in warm ethanol, filtered, and the organic substance precipitated by the 
addition of water. The crude product was recrystallized from aqueous alcohol in the presence 
of decolorizing charcoal, m.p. 93— 94 °C.

Cu H8ClBrNS (302.63). Calcd. N 4 .64. Found N 4.66% .
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2-(3-Methyl-4-brornophenyl)-4-chloromethyl-5-bromothiazole (III)

(a)  0.004 mole o f 2 -(m -to ly l)-4 -ch lo ro m eth y l-th iazo le  (I) was d isso lved  in  g lac ia l acetic  
a c id , a n d  0.024 m ole o f b ro m in e , in  g lacial a ce tic  acid , w as added . A fte r  30 m in . th e  solu
t io n  w as  p o u red  on ice. T h e  p ro d u c t  w as re c ry s ta lliz e d  fro m  aqueous a lcohol a n d  decolorized 
w ith  c h a rc o a l:  m .p. 97 °C.

Cn H 8ClBr2NS (381.537). C alcd. N  3.67. F o u n d  N  3 .91% .
(b )  0.003 m ole o f  2 -(m -to ly l)-4 -ch lo rom ethy l-5 -b rom oth iazo le  (II) w as d isso lved  in 

g lac ia l a c e tic  acid and  0.015 m ole o f B r2, in  g lac ia l a ce tic  acid , was added . A fte r  s ta n d in g  30 
m in . a t  ro o m  tem p e ra tu re , th e  so lu tio n  was p o u red  on ice. T h e  crude p ro d u c t w as recry sta llized  
fro m  aq u eo u s  e thano l a n d  deco lo rized  w ith  ch arco a l; m .p . 97— 98 °C.

Cn H 8ClBr2NS (381.537). Calcd. N 3.67. F o u n d  N  3 .87% .
(c)  0.003 m ole o f 2 -(3 -m eth y l-4 -b ro m o p h en y l)-4 -ch lo ro m eth y lth iazo le  (IV) w as d is

so lv ed  in  g lac ia l acetic  acid  an d  0.0036 m ole of B r2 w as ad d ed  to  th e  so lu tio n . A fte r  30 m in. 
th e  so lu t io n  was poured  on  ice. T h e  p ro d u c t w hich  p re c ip ita te d  was recry sta llized  fro m  aqueous 
e th a n o l;  m .p . 98— 98.5 °C.

Cn H 8ClBr2NS (381.537). C alcd . N  3.67. F o u n d  N  3.70% .

Hexamethylenetetramine salt of 2-(3-methyl-4-bromophenyl)-4-chloromethyl-5-
bromothiazole

A  so lu tio n  of 1.4 g h e x a m e th y le n e te tra m in e  in  20 m l chloroform  w as a d d e d  to  3.14 g 
2 -(3 -m eth y l-4 -b ro m o p h en y l)-4 -ch lo ro m e th y l-5 -b ro m o th iazo le  dissolved in  10 m l chloroform . 
T h e  r e a c tio n  m ix tu re  w as re flu x e d  fo r 1 1/2 h rs , th e n  cooled an d  th e  h e x am e th y len e te tram in e  
s a l t  w as f i lte re d  off; m .p . 209— 210 °C.

2-(3-Methyl-4-bromophenyl)-4-formyl-5-bromothiazole (VI)

3.3 g h e x am e th y len e te tram in e  sa lt o f 2 -(3 -m eth y l-4 -b ro m o p h en y l)-4 -ch lo ro m eth y l-5  
b ro m o th ia z o le  and  0.88 g h e x a m e th y le n e te tra m in e  w ere  re flu x ed  in 110 m l 50%  ace tic  acid 
fo r 30 m in . T he so lu tion  w as cooled , th e  crude  p ro d u c t  f iltre d  off, an d  re c ry s ta ll iz e d  from  
aq u eo u s  a lcoho l in  th e  p resence  o f decolorizing  c a rb o n ; m .p . 130— 130.5 °C.

Cn H 7B r2NOS (361.072). C alcd. N  3.88. F o u n d  N  3 .87% .

2-(3-Methyl-4-bromophenyl)-4-carboxy-5-bromothiazole (VII)

(a)  0.1 g 2 -(3 -m ethy l-4 -b rom opbeny l)-4 -fo rm yl-5 -b rom oth iazo le  w as th o ro u g h ly  g round  
in  a  m o r te r  w ith  0.044 g K M n 0 4, a n d  m ixed  w ith  th e  cooled so lu tion  o f 0.1 g N aO H  in 
a b o u t  4 m l w a te r. T he re ac tio n  m ix tu re  w as k e p t fo r 48 h rs  a t  room  te m p e ra tu re  w ith  occa
sio n a l s t i r r in g . I t  was d ilu te d  w ith  a  lit t le  h o t w a te r  a n d  filte red  th ro u g h  a  f iu te d  f i l te r .  The 
f i l t r a te  w as decolorized w ith  a lco h o l an d  f ilte red  a g a in . T he f i ltra te  was acid ified  w ith  cone. 
HC1 a n d  th e  suspension h e a ted  on  a w a te r  b a th  u n t il  th e  alcohol e v ap o ra te d . I t  w as th en  
coo led  a n d  filte red . The iso la ted  ac id  w as re c ry s ta lliz e d  fro m  aqueous ace tic  acid , m .p . 212— 
212.5 °C.

C11H 7B r2N 0 2S (377.072). C alcd . N  3.71. F o u n d  N  3 .74% .
( b )  A  suspension of 0.002 m ole  of 2 -(m -to ly l)-4 -acety lth iazo le  in 100 m l 2 .5 %  N aO B r 

so lu tio n  w a s  v igorously  sh ak en  fo r a b o u t  3 h rs. T he re a c tio n  m ix tu re  was f i lte re d , th e  f i l t r a te  
ac id ified  w ith  cone. HC1 a n d  le t  to  s ta n d  a t  room  te m p e ra tu re  for 24 hrs. I t  w as th e n  filte red , 
a n d  th e  a c id  recry sta llized  fro m  aq u eo u s e th an o l, m .p . 207— 208 °C.

C11H 7B r2N 0 2S (377.072). C alcd . N 3.71. F o u n d  N  3 .81% .
(c)  0.005 mole of 2 -(m -to ly l)-4 -ca rb o x y th iazo le  w as dissolved in  g lac ia l a ce tic  acid  

a n d  t r e a te d  w ith  0.03 m ole o f B r2. A fte r  1 h r  th e  so lu tio n  w as poured  on ice. T h e  c ru d e  p ro d 
u c t w as re c ry s ta llized  fro m  aq u eo u s alcohol an d  t r e a te d  w ith  decolorizing c h a rc o a l;  m .p. 
207— 207.5  °C.

Cu H 7B r2N 0 2S (377.072). C alcd. N  3.71. F o u n d  N  3 .92% .

Hexamethylenetetramine salt of 2-(m-tolyl)-4-chloromethyl-5-bromothiazole

3.02 g 2 -(m -to ly l)-4 -ch lo rom ethy l-5 -b rom oth iazo le  w as dissolved in 10 m l ch loroform  
a n d  t r e a te d  w ith  1.68 g h e x a m e th y le n e te tra m in e  in  20 m l chloroform . T he so lu tio n  w as r e 
f lu x e d  fo r  1 1/2 hrs, cooled a n d  f i lte re d . T he iso la ted  h ex am e th y len e te tram in e  s a l t  h a d  m .p . 
196— 197 °C.
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2-(m-Tolyl)-4-formyl-5-bromothiazole (V)

3.2 g hexamethylenetetramine salt of 2-(m-tolyl)-4-chloromethyl-5-bromothiazole and
0.99 g hexamethylenetetramine were dissolved in 110 ml 50% acetic acid and refluxed for 30 
min. After cooling, the aldehyde which precipitated was recrystallized from aqueous ethanol 
with decolorizing charcoal; m.p. 85— 85.5 °C.

Cn H8BrNOS (282.164). Calcd. N  4.96. Found N 4.86%.

2-(m-Tolyl)-4-carboxy-5-bromothiazole (VIII)

(a) 0.005 mole of 2-(m-tolyl)-4-carboxythiazole was dissolved in glacial acetic acid and
0.006 mole of Br2 was added to the solution. It was allowed to stand 1 hr and poured on ice. 
The precipitate was recrystallized from aqueous ethanol with decolorizing charcoal; m.p. 
192__192.5 °C.

Cu HsB rN 02S (298.164). Calcd. N  4.69. Found 5.00%.
(b) 0.2 g 2-(m-tolyl)-4-formyl-5-bromothiazole was thoroughly ground in a mortar with

0.13 g KMn04; the mixture was treated with a cold, cone, aqueous solution of 0.2 g NaOH. 
The reaction mixture was stored about 24 hrs at room temperature with occasional shaking. 
I t  was then diluted w ith warm water and filtered through a fluted filter. If necessary, the 
filtrate was decolorized with alcohol, filtrated again and acidified with cone. HC1. The isolated 
acid was recrystallized from aqueous ethanol, in the presence of decolorizing carbon; m.p. 
192__193

CjjHgBrNOjS (298.164). Calcd. N  4.69. Found N  4.62%.

2-(3-Methyl-4-nitrophenyl) -4-chloromethylthiazole (IX)

(a ) A cooled mixture consisting of 1.5 ml cone. H 2S 0 4 and 1 ml H N 0 3 (d =  1.42) was 
added to 0.5 g 2-(m-tolyl)-4-chloromethylthiazole, the temperature being kept below 60 °C. 
The solution was le t to stand for 30 min. at 60 °C, and then poured on ice. The isolated 
substance was recrystallized from alcohol and decolorized with charcoal; m.p. 125— 126 °C.

CUH9C1N20 2S (268.721). Calcd. N  10.42. Found N 10.48%.
(b) 1.4 g 2-(m-toIyl)-4-hydroxy-4-chloromethyl-/l2-thiazolinehydrochloride was added 

in small portions into a cold nitration mixture consisting of 3.8 ml cone. H 2S 0 4 and 2.6 ml 
H N 0 3 (d =  1.42). The solution was stored at room temperature for 30 min., then poured on 
ice. The isolated substance was recrystallized from ethanol and decolorized w ith charcoal; 
m.p. 125 °C.

Cu HsC1N20 2S (268.721). Calcd. N  10.42 Found N. 10.44%.

2-(3-Methyl-4-nitrophenyl)-4-chloromethyl-5-nitrothiazole (X)

2.5 g 2-(m-tolyl)-4-chloromethylthiazole was dissolved in 30 ml acetic anhydride, the 
solution was filtered and 10 ml H N 0 3 (d =  1.42) was added to it while maintaining the tem
perature below 60 °C. The mixture was allowed to stand at 60 °C for 30 min. and poured on 
ice. The crude product was recrystallized from aqueous ethanol and decolorized w ith charcoal; 
m.p. 151—152 °C.

Cn H8ClN30 4S (313.721). Calcd. N  13.39. Found N 13.62%.

2-(3-Methyl-4-nitrophenyl)-4-chloromethyl-5-broniothiazole (XI)

(a) A mixture of 2.0 ml cone. II2S 0 4 and 1.4 ml H N 0 3 (d =  1.42) was added to 0.003 
mole of 2-(m-tolyl)-4-chloromethyl-5-bromothiazole, the temperature being kept below 60 °C. 
The solution was let to stand at 60 °C for 30 min., then poured on ice. The precipitate was re
crystallized from ethanol and treated w ith decolorizing carbon; m.p. 137— 138 °C.

C„H8ClBrN20 2S (347.629). Calcd. N 8.06. Found N  8.14%.
(b) 0.004 mole of 2-(3-methyl-4-nitrophenyl)-4-chloromethylthiazole was dissolved in 

glacial acetic acid, and with continuous cooling 0.0048 mole of bromine was added to the 
filtered solution. I t  was let to stand at room temperature for 30 min., then poured on ice. 
The crude product was recrystallized from ethanol and decolorized with charcoal; m.p. 138— 
139 °C.

Cn H8ClBrN20 2S (347.629). Calcd. N 8.06. Found N 8.27%.
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РЕЗЮМЕ

Исследование состава отечественных и иностранных летучих масел, I

Комбинирований метод анализа летучих масел на основое еффективного 
разделения и инструментального идентифицирования компонентов

К. РЕТИ-БЕЛАФИ, Ш. ИГЛЕВСКИ, Э. КЕРЕНИ и Р. КОЛЬТА

Был разработан комбинированный метод для анализа летучих масел, основанный 
на эффективном разделении и инструментальном исследовании структуры компонентов. 
Количественный анализ производился с помощью капиллярной газовой хроматографии. 
С целью качественного анализа летучие масла подвергались ректификации с вращаю
щейся вставкой, элюционной жидкофазной хроматографии, препаративной газовой хро
матографии и химическому разделению. В результате были получены чистые компоненты, 
идентифицирование которых производилось с помощью ИК и УФ а также масс-, спектро
метрии, ЯМР и на основе химических превращений. Комбинированный метод анализа 
иллюстрируется анализом образца, «обезментоленного» импортированного масла мяты, вы
деленного из Mentha arvensis.

О некоторых проблемах определения молекулярного веса методом 
приближенной равновесной седиментации

М. БЛАЖО и А. ЦУППОН

Были сделаны попытки исключения неопределенности в получении и обработке 
данных приближенной равновесной седиментации на основе ультра центрифугального 
метода для определения молекулярного веса полидисперсных макромолекулярных ве
ществ в неидеальных растворах. Дифференциальное уравнение Ламме для условий Архи- 
бальда было решено нумерически, принимая во внимание зависимость диффузионного и 
седиментационного коэффициентов от концентрации. На основе этого решения были уста
новлены следующие экспериментальные условия, позволяющие применение линейной эк
страполяции концентрационного градиента к мениску по Шлирену

- Д ^ - г > 0 , 0 5  и Dt >  0,75 • 1 0 - 2 см2.Sw2r2

В случае неидеальных растворов и (или) полидисперсных смесей, наблюдаемый молекуляр
ный вес изменяется со временем. Было найдено, что в этом случае линейная экстраполяция с 
учетом tln дает лучшие результаты, чем с учетом (. Использование диаграммы Траутмана 
для экстраполяции концентрационного градиента к исходным концентрациям, а также для 
определения М2 было распространено к неидеальным растворам.

Определение скорости коррозии железа в системе ацетон — вода —
ацетат натрия

Й. ДЕВАЙ, Р. ШЮТЦ-РАТКОВИЧ и  л . м е с а р о ш

Были изучены кинетические параметры растворения железа в системах ацетон 
— вода — ацетат натрия различных составов. Вследствие относительно высокого сопротив
ления растворов, поляризационные кривые снимались с помощью потенциостата, снабжен
ного автоматической компенсирующей установкой, пригодной для исключения поляриза
ции сопротивления. На основе экспериментальных данных были определены наклоны 
прямых Тафеля, которые использовались для определения плотности тока коррозии.



Было установлено, что величины а и Ь не зависят от концентрации ацетона и умень
шаются с увеличением концентрации иона ацетата.

Плотности коррозионного тока уменьшаются с увеличением концентрации ацетона 
и увеличиваются с увеличением концентрации иона ацетата.

Совместное определение ионов металлов с помощью полярографии 
сверхгармонического переменного тока

Й. ДЕВАЙ , Т. ГАРАИ, Б. ПАЛАДИ-ФЕНЕШ, Л. МЕСАРОШ и САЕД САБЕТ АБД ЭЛЬ
РЕХИМ

Метод полярографии второго и третьего гармонических компонентов переменного 
тока применялся для совместного определения таких полярографически обратимых пар 
деполяризаторов, разница потенциалов полуволны которых меньше 200 мв. На основе 
результатов было установлено, что — в противоположность полярографии основного 
гармонического переменного тока — в данном случае совместное определение может быть 
осуществлено успешно в интервале концентраций, зависящих от природы деполяризаторов, 
даже и для разности потенциалов полуволны, равной 40 мв.

Определение константы скорости реакции переноса с помощью 
анализа гармонической компоненты тока, возникающего под 

влиянием переменного напряжения синусоидной формы
Й. ДЕВАЙ, т. ГАРАИ и Л. МЕСАРОШ

Был разработан метод определения константы скорости реакции переноса с по
мощью измерения второй и третьей гармонической компонент переменного тока, воз
никающего на электроде, поляризованном переменным током небольшой амплитуды и 
синусоидной формы, суперпонированным на напряжение постоянного тока. Константа 
скорости реакции переноса может быть определена на основе сравнения эксперименталь
ных данных с рассчитанными на ЭВМ.

Равновесие в системе ацетон—вода
М. ШИМОНИ, Ю. КАРДОШ и А. НЕСМЕИ

Приводятся две простые равновесные модели для интерпретации химических 
сдвигов в спектрах ЯМР систем вода — ацетон. Первая модель применима в широком 
интервале концентраций: 0, 9 >  Хн2о >  0,02 и в свою основу включает сольватационный 
обмен, в котором любая из молекул является активным участником. Константы равно, 
весия, определенные с помощью трех различных резонансных методов, равны 0,62 (вода Н1) 
2,04 (карбонильный О17) и 1,32 (карбонильный С13). Расхождения в значениях константы, 
вероятно, вызваны тем, что сольватация типа вода-вода доминирует над сольватацией 
типа вода-ацетон. Вторая модель кажется применимой для интервала 0,14 >  хНю >  О и 
основана на ступенчатом образовании водородной связи между ацетоном и водой, с пре
небрежением взаимодействия вода — вода. Так как во второй модели учитываются три 
индивидуальных водных состояния, то вторая модель является неопределенной и может 
быть решена лишь при введении произвольных констант равновесия.

Ацилирование дизамещенных цианамидов фосгеном, I

Получение и некоторые реакции производных 1,3,5-трихлор-2,4-
диазапентадиена

3. ЧЮРЁШ, Р. ШООШ, А. АНТУШ-ЭРЧЕНИ, И. БИТТЕР и Й. ТАМАШ

Были исследованы строение и механизм образования хлористого диалкил-[1,3,5- 
трихлор-5-диалкиламино-2,4-диазапентадиен-(2,4)-илиден]-аммония при взаимодействии



цианамидов с фосгеном. Спектроскопически была доказана структурная аналогия с 
хлористым хлорметилендиалкиламмонием. Были изучены реакции полученных про
дуктов, протекающие под влиянием воды и тепла, и было идентифицировано строение 
получаемых в данных реакциях продуктов.

Флавоноиды, XXV

Реакция 2'-ОР-халкондибромида с аммиаком: получение халкон- 
азиридина и 3-аминофлаванона
ДЬ. ЛИТКЕИ, Р. БОГНАР и Й. АНДО

При исследовании присоединения брома к производным 2'-ОР-халкона (1) было 
установлено, что в зависимостиот заместителя ß -кольца, полярности растворителя и 
природы защитной группы, наряду с присоединением брома происходит отщепление за
щитной группы.

Дибромиды 2'-ОР-халкона (2), реагируя с аммиаком, дают, в зависимости от при
роды защитной группы, либо флавон (если R =  Н), либо /лранс-2-(4-Р’-фенил)-3-(2'-ОР- 
бензоил)-этиленимин (9) (если R =  СН2С6Н6 или СН2ОСН3).

Азиридин 9 бензоилируется до N-бензоилазиридинового производного (10); при 
обработке последнего кислотой был получен 2,3-транс-3 (ГЧ-бензоил)-аминофлаванон ( 11) .

Излагаются представления относительно механизма реакций, стерических условий 
протекания реакций, а также стереохимии конечных продуктов, которые основываются на 
данных ИК и ЯМР спектроскопических исследований.

Изучение некоторых гетероциклов, XXVII

Исследование галогенирования и нитрования 2-(м-толил)-4-Х-тиазолов
И. ШИМИТИ и М. ФАРКАШ

Продолжением предыдущей работы является настоящее исследование нитрования 
и бромирования 2-(м-толил)-4-хлорметитиазола с целью изучения эффекта метильной 
группы в пара-положении бензольного кольца и в положении 5 тиазольного кольца.
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This series, whose third volume is presented here, supplies a great want. Up to now the 
various results obtained by different thermoanalytical methods and instruments could not 
be compared with one another, owing to difference in experimental conditions. Now the 
two most frequently used thermoanalytical methods, differential thermoanalysis (DTA) 
and thermogravimetry (TG) have been completed by the derivative thermogravimetric 
curves (DTG); thus the thermal behaviour of different materials can be examined simul
taneously on the same sample. — This third volume, similarly to the second, contains a 
collection of the thermal analysis diagrams of a wide range of materials obtained from 
various sources, such as inorganic and organic compounds, synthetic organic materials, 
minerals, rocks, coals, etc.
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by L. ERDEY and GY. SVEHLA

It was at the and of the fourties that L. Erdey and his research team began to deal with 
ascorbimetric titrations. This book gives an account of the principle and system of their 
research method, and describes in detail the results achieved between 1949 and 1965. 
In the course of time, a number of researchers joined in continuing the author’s and his 
co-workers’ pioneering work in the field of ascorbimetric titrations, opening up new vistas 
of industrial applications of this method. The book will be helpful to analytical chemists 
who already use this titration method, or want to explore its possibilities in their daily 
laboratory work.
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RECENT FLAVONOID RESEARCH
edited by R. BOGNÁR, У. BRUCK NER and CS. SZÁNTAY

(R ecent Developments in the Chemistry of Natural Carbon Compounds 5)

This new volume of the series deals with a branch of organic chemistry which has great 
traditions in Hungary. The material of the book consists of two parts: it contains the lectures 
held at the 3rd Hungarian Bioflavonoid Symposium, and it gives a survey and summary 
o f Hungarian chemical research on flavonoids from 1950 till today.

In English • Approx. 130 pages • Cloth

ASSIGNMENTS FOR VIBRATIONAL SPECTRA 
OF 700 BENZENE DERIVATIVES
by GY. VARSÁNYI

Infrared spectra are very effective means of identification and differentiation of chemical 
substances. The book lists 700 benzene derivatives, denoting the structural units repsonsible 
for various vibrational modes, i.e. for the bands observed with a given intensity at a certain 
wave-number. With the aid of these data it becomes possible to analyse the structure of 
benzene derivatives other than those listed in the book, assigning the bands to known 
structural units or to determine the new constitutional features of the compound from the 
in tensities and wave-numbers of the spectral bands observed.

In English • Approx. 640 pages V 100 illustrations • 350 spectra • 700 structural 
formulas • 800 tables • Cloth
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SEPARATION OF ANTIPYRINE DERIVATIVES 
BY ION EXCHANGE CHROMATOGRAPHY

J .  GAÁL and J .  I n CZÉDY*

( I n s t i t u t e  o f  G e n e ra l C h e m is tr y ,  T e c h n ic a l  U n iv e r s i ty ,
B u d a p e s t )

Received September 6, 1971

An ion exchange chromatographic method has been developed for the separa
tion of antipyrine, 4-aminoantipyrine and dimethylaminoantipyrine. The optimum  
conditions of the separation and the eluent composition were determined by  calcula
tions. The protonatiori constants, ion exchange equilibrium constants, and the kinetic 
parameters required for the calculations have been determined separately.

I t  has been  show n [1] th a t  th e  o p tim u m  com position  of th e  e lu e n t  fo r 
th e  sep a ra tio n  o f o rg an ic  bases can be p re d ic te d  b y  calcu lation  i f  th e  p ro to n a 
tio n  c o n s ta n ts  o f  th e  bases a n d  th e  ion  ex ch an g e  co n stan ts  o f th e  p ro to n a te d  
bases are  k now n .

N ow  a m e th o d  w as developed  fo r th e  se p a ra tio n  of a n tip y r in e  (A ), 4- 
a m in o a n tip y rin e  (AA) a n d  d im e th y la m in o a n tip y rin e  (py ram idon , (D A A )) on 
a m acroporous c a tio n  exchange resin  co lu m n  u sin g  th e  p rev io u sly  re p o r te d  
c a lcu la tio n  m eth o d s .

Since in  th e  l i te ra tu re  we could  f in d  p ro to n a tio n  co n stan t d a ta  o n ly  fo r 
a n tip y r in e  [2] a n d  d im e th y la m in o a n tip y rin e  [3], th e  p ro to n a tio n  c o n s ta n ts  o f 
a ll bases w ere d e te rm in e d  in  so lu tions c o n ta in in g  20 %  e thano l (ion ic  s tre n g th :  
1 0 ~2). T he p ro to n a tio n  c o n s ta n t o f a n tip y r in e  w as de term ined  b y  th e  p h o to 
m e tric  m e th o d , w hile  tho se  o f th e  o th e r  tw o  bases b y  th e  p o te n tio m e tr ic  
m e th o d . T he c o n s ta n ts  o b ta in ed  are lis te d  in  T ab le  I.

F o r th e  ca lcu la tio n  of th e  ion ex ch an g e  c o n s ta n ts  of th e  p ro to n a te d  bases 
re la tiv e  to  sod ium  ion , d is tr ib u tio n  m e a su re m e n ts  w ere carried  o u t  u s in g  th e

Table I

P r o to n a tio n  c o n s ta n ts  o f  the  bases i n  2 0 ° /o a lco h o l so lu tio n  (2 0  ° C )

Base Method used lg A', ig

Antipyrine photom. 1.38
4-aminoantipyrine pH-metric 3.96

Dimethylaminoantipyrine pll-metric 4.92 1.44

* Present adresse: Institute of Analytical Chemistry, University for Chemical Engineer
ing, Veszprém, Hungary
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s ta t ic , b a tc h  m e th o d . T h e  d is tr ib u tio n  coeffic ien ts  o f  th e  bases on th e  so d iu m - 
fo rm  resin  w ere d e te rm in e d  from  20%  e th a n o lic  so lu tio n s of d iffe ren t p H , b u t  
o f c o n s ta n t  sod ium  ion  co n cen tra tio n . P lo tt in g  th e  exp erim en ta l d is tr ib u tio n  
co effic ien ts  a g a in s t th e  p H , E q . (1) w as f i t te d  to  th e  po in ts , an d  th e  K x v a lu es  
(i.e. th e  ion  exchanges c o n s ta n ts )  w ere c a lc u la te d . Since the  a m o u n t o f  th e  
base  w as k e p t  low  re la tiv e  to  th e  a m o u n t o f  so d iu m  ions, th e  follow ing e q u a tio n  
cou ld  be  u sed  in  th e  ca lcu la tio n s:

D  ]— - 1
w [N a+] [ l  +  [H + ] ic J

w here  D w d eno tes th e  w e ig h t d is tr ib u tio n  co e ffic ien t, К  the  f irs t  p ro to n a tio n  
c o n s ta n t  o f  th e  b ase , Q th e  c a p a c ity  o f th e  re s in  (m equ /g ) w hile K x is th e  ion  
ex ch an g e  c o n s ta n t o f  th e  p ro to n a te d  b ase . S ince th e  m easu rem en ts  w ere 
c a rr ie d  o u t  w ith  so lu tio n s o f p H  la rger th a n  2 , w h e re  th e  d ip ro to n a te d  fo rm  o f  
D A A  w as p ra c tic a lly  a b se n t, on ly  th e  f ir s t  p ro to n a tio n  constan ts  o f  th e  b ases  
w ere u se d  in  th e  ca lcu la tio n .

T h e  ca lc u la ted  K x va lu es  are co llec ted  in  T a b le  I I .

Table II
I o n  exch a n g e  e q u i l ib r iu m  c o n s ta n ts

o f  th e  p r o to n a te d  b a se  c a t io n  re la tiv e  to  s o d iu m  io n  ( L e w a l i t  S — 1 0 0 ; 2 0  ° C )

B ase ЪГХЛ В Н —Na

Antipyrine 0.57
4-aminoantipyrine (0.32)
Dimethylaminoantipyrine 0.25

E lu tio n  m easu rem en ts  using  ion ex ch an g e  co lum ns were also c a rr ie d  o u t 
fo r th e  d e te rm in a tio n  o f vo lum e d is tr ib u tio n  coeffic ien ts . Since th e  e lu tio n  
p eak s  o b ta in e d  a t  ro o m  te m p e ra tu re  w ere fo u n d  to  broaden , th e  d y n a m ic  
m e a su re m e n ts  w ere p e rfo rm ed  a t  60° C. T h e  v o lu m e  d is trib u tio n  co effic ien ts  
o b ta in e d  from  e lu tio n  d a ta  a t  various p H  w ere  c o n v e r te d  to  w eight d is tr ib u tio n  
co effic ien ts , an d  c o m p ared  w ith  those o b ta in e d  b y  s ta tic  m easu rem en ts  a t  
ro o m  te m p e ra tu re . T h e  conversion  was m ad e  u s in g  th e  follow ing re la tio n :

—  =  D w (2)
a

w here  D  a n d  th e  D w a re  th e  vo lum e a n d  w e ig h t d is trib u tio n  co effic ien ts , 
re sp e c tiv e ly , w hile a  is th e  colum n d en sity  (g o f  d ry  resin  in 1 m l of th e  co lum n).

T h e  ca lc u la ted  w eig h t d is tr ib u tio n  co e ffic ien ts  o b ta ined  in tw o  d iffe re n t 
series o f  ex p e rim en ts  u n d e r  d iffe ren t c o n d itio n s  a re  shown in F ig . 1. T he 
d e v ia tio n  b e tw een  th e  co rrespond ing  cu rves is n o t  significant.
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pH
Fig. 1. W eigh t d is tr ib u tio n  coeffic ien ts o f th e  b ases a t  c o n s ta n t  sod ium  io n  co n cen tra tio n  
(10_ lM)  an d  a t  various p H  o f th e  so lu tion . ---------- s ta tic  m easu rem en ts  (20 ° C ) ; ------------ elu

tio n  m easu rem en ts (60 °C)

I t  has been show n [4] t h a t  th e  b est se p a ra tio n  o f tw o su ccessive ly  ru n n in g  
co m p o n en ts  can be o b ta in e d  i f  an  e lu en t is u sed , fo r w h ich  th e  ra t io  o f  (D  -|- a) 
va lu es  fo r th e  tw o c o m p o n en ts  has a m ax im u m  (a is th e  vo id  fra c tio n  o f th e  
co lum n). The o p tim u m  ra t io  fo r th e  se p a ra tio n  o f  A from  A A  w as fo u n d  to  
occu r a t  p H  3.60, w hile  t h a t  fo r th e  sep a ra tio n  o f  A A  from  D A A  a t  p H  4.40. 
T h erefo re  th e  sep a ra tio n  o f  th e  th ree  bases w as p e rfo rm ed  w ith  an  e lu e n t of 
c o n s ta n t sodium  ion c o n c e n tra tio n , w ith  its  p H  chan g in g  s tepw ise  f ro m  3.6 
to  4 .4 .

To o b ta in  in fo rm a tio n  on th e  necessary  size o f  th e  co lum n, f i r s t  th e  p la te  
h e ig h t o f th e  colum n w as ca lc u la ted  from  th e  e lu tio n  curves using  G l u e c k  a u f ’s 
[5] e q u a tio n

/i =

8

L
•)

( V  2 ^max

. ß !

(3)

w here  h denotes th e  p la te  h e ig h t (cm), L  th e  le n g th  o f th e  co lum n u sed  (cm ), 
v m a x  th e  to ta l  e lu en t v o lu m e  (m l), an d  ß  th e  b a n d  w id th  (m l) for cmax X 0.368.

T he h value for A  w as fo u n d  to  be th e  la rg e s t: 5.11 cm , w hile  th o s e  fo r AA 
a n d  DAA, were 0.58 a n d  0.61 cm , resp ec tiv e ly , u n d e r  th e  g iven  co n d itions 
(60 °C; flow  ra te : 0.028 cm /sec). F o r the  in v es tig a tio n  o f  th e  p ecu lia r b eh av io u r 

o f  A , th e  inner diffusion coeffic ien ts o f th e  bases w ere ca lcu la ted . A ssu m in g  
t h a t  u n d e r th e  given co n d itio n s  th e  m ass tra n s fe r  w as c o n tro lled  m a in ly  by  
p a r tic le  d iffusion, a cc o rd in g  G l u e c k a u f  [5], h can  be ex p ressed  as :

h - 1 .64 r
D  0 .142 r2F

(D  -)- a)2 d r
(4)

w here r deno tes th e  ra d iu s  o f  th e  resin p a rtic le , a is th e  v o id  fra c tio n  o f  th e
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re s in  c o lu m n , F  th e  lin e a r  v e lo c ity  of the  e lu e n t (cm /sec), an d  dr th e  in n e r 
d iffu s io n  coefficient (cm 2/sec).

U s in g  the  above e q u a tio n  dr can  be ca lcu la ted .
A t  th e  sam e tim e  k in e tic  m easu rem en ts w ere also m ade to  d e te rm in e  th e  

d iffu s io n  coefficients o f th e  b a se s  in  question . T h e  ag reem en t fo u n d  betw een  
th e  v a lu e s  o b ta ined  in  tw o  d if fe re n t w ays was v e ry  conv incing . A n tip y rin e , in 
sp ite  i ts  sm all m olecular w e ig h t, excelled in low  d iffu s iv ity .

T h e  expected  b e h a v io u r  o f  an tip y rin e  m a y  be  ex p la ined  p a r t ly  b y  its  
lo w er p ro to n a tio n  c o n s ta n t. T h u s  in  solutions o f m ed iu m  p H  on ly  a v e ry  sm all 
f r a c t io n  o f  th e  base is p re s e n t  as ca tion . H ow ever, a t  low er p H  v a lu es , w here 
th e  io n  exchange process is ap p re c ia b le , the  load in g  o f  th e  resin  is q u ite  d iffe ren t 
f ro m  t h a t  observed in so lu tio n s  o f higher p H .

T h e  diffusion co e ffic ien ts  o b ta in ed  are su m m arized  in  T ab le  I I I .

Table III

Calculated inner diffusion coefficients of the bases (Lewatit S —100; 60 G)

Base From elution data
cm2/sec

From kinetic 
measurements cm2/sec

A ntipyrine 8.15 X 1 0 -8 7 .9 3 x 1 0 -*

4- amino an tip y rin e 2 .9 9 X 1 0 -7

D im ethylam ino a n tip y rin e 2.50 x  10~7 2 .2 5 X 1 0 -7

T h e  colum n le n g th  n e c e ssa ry  for q u a n ti ta t iv e  sep a ra tio n  w as ca lcu la ted  
u s in g  th e  following fo rm u la  [6 ]:

N  >  2n

J), -f a
-j- a

+ 1

D  2 4" ^

- H i +  a

(5)

Fig. 2. C hrom atograph ic  a p p a r a tu s  fo r th e  sep a ra tio n  o f a n tip y rin e  d e riv a tiv e s . 1 p e ris ta ltic  
p u m p ;  2 io n  exchange co lu m n  w ith  h e a tin g  jac k e t; 3 coo ler; 4 m ix ing  coil; 5 p h o to m e te r ;  6

th e rm o sta t
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Fig. 3. Separation of antipyrine (A), 4-amino-antipyrine (AA) and dimethylaminoantipyrine 
(DAA). Ion exchange column: Lewatit S— 100 (0.2— 0.4 mm) 6 .5x187  mm. Flow rate: 

33 ml/hr; Eluent: sodium acetate—acetic acid buffer; [Na+] =  10_ 1Af; 60 °C

w here D l an d  D 2 a re  th e  vo lum e d is tr ib u tio n  coefficients of th e  tw o  successive 
species, N  is th e  re q u ire d  n u m b e r  o f th e o re tic a l p la tes of th e  co lu m n .

U sing th e  o p tim u m  co lum n , flow ing  ra te  an d  elu tion  co m p o sitio n , th e  
sep a ra tio n  o f th e  th ree  bases w as rea lized . T h e  feed ing  o f th e  co lu m n  a n d  th e  
co n tin u o u s , a u to m a tic  d e tec tio n  o f  th e  s e p a ra te d  species in  th e  e f f lu e n t w ere 
ca rr ied  o u t w ith  an  a p p a ra tu s  o f  o u r  ow n design  (see Fig. 2).

The ch ro m ato g ram  o f th e  se p a ra tio n  is show n in Fig. 3.

E x p e rim en ta l

Reagents. In  all ex p e rim en ts  a.g . re a g e n ts  were used.
T he com m ercia lly  av a ilab le  bases (a n tip y rin e , 4 -a m in o a n tip y rin e , 

p y ram id o n ) w ere dissolved in  e th a n o l, t r e a te d  w ith  charcoal a n d  c ry s ta lliz e d  
a f te r  f iltra tio n . T h e  alcohol c o n ta in in g  s to c k  so lu tions were p re p a re d  fro m  th e  
p u rif ied  su b stan ces.

Io n  exchange resin. C om m ercia lly  av a ilab le  L ew atit SP  — 100 re s in  w as 
s ieved  an d  th e  frac tio n  w ith  th e  p a rtic le  size o f  0.2 — 0.4 m m  w as t r e a te d  w ith  
ac id  an d  a lka li in  th e  u su a l w ay , th e n  c o n v e rte d  to  th e  so d iu m -fo rm  an d  
w ashed  w ith  deion ized  w a te r a n d  f in a lly  e x tra c te d  in a Sox leth  a p p a ra tu s  w ith  
9 6 %  e th an o l. T h e  e x tra c te d  resin  w as d rie d  a t  room  te m p e ra tu re  a n d  s to re d  
in  a glass b o ttle . T he cap ac ity  o f  th e  resin  w as d e te rm in ed  b y  th e  u su a l m e th o d  
[7] an d  found  to  be 4.98 in eq u /g  o f  a ir  d ried  resin . The colum n d e n s ity  o f  th e  
resin  was a —  0.365.

In strum en ts. The q u a n ti ta t iv e  d e te rm in a tio n  of the  bases w as m ad e  w ith  
a S pek trom om  201 (MOM, H u n g a ry )  sp e c tro p h o to m e te r; th e  e s tim a tio n  o f  th e  
bases in the  v isib le  range w as c a rr ie d  o u t w ith  iro n (III)  su lfa te  as r e a g e n t  an d  
a Spekol (Carl Zeiss, G D R) p h o to m e te r . T h e  p H  was m easured  w ith  a U n iv e rsa l
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p H  m e te r  (R A D E L K IS , H u n g ary ) fo r feed in g  th e  co lum n a u to m a tic a lly  in  th e  
c o lu m n  e x p e rim en ts , a P e rip u m p  (K U T E S Z , H u n g a ry )  p e ris ta ltic  p u m p  w as 
u sed .

D eterm ina tion  o f  the protonation constan t o f  an tipyrine. T h e  o p tic a l 
d e n s itie s  o f  th e  so lu tio n s  o f various p H , c o n ta in in g  4 x 1 0  5 M  a n tip y r in e  an d  
2 0 %  a lcoho l, w ere m e a su re d  a t  260 n m  on th e  sp e c tro p h o to m e te r  a n d  th e  log  К  
v a lu e  w as c a lc u la ted  b y  th e  u su a l m e th o d  [8].

D eterm ina tion  o f  the protonation constants by pH -m etric  titration. 10 m l of 
1 0 -1  M  a lcoholic  s to c k  so lu tio n  was d ilu te d  w ith  w a te r  to  45 m l a n d  t i t r a t e d  
a g a in s t  s ta n d a rd  0.2 M  h y d ro ch lo ric  acid . N itro g e n  w as bubb led  th ro u g h  th e  
so lu tio n  d u rin g  t i t r a t io n ;  th e  p H  w as m e a su re d  using  glass a n d  ca lom el 
e le c tro d e s . F ro m  th e  d a ta  o b ta in ed  th e  log К  v a lu e s  w ere ca lcu la ted .

D eterm ination  o f  the d istribution coefficien ts by static method. A  0.25 g a ir  
d rie d , p re tre a te d  resin  sam p le  of th e  so d iu m  fo rm  was w eighed in  a glass 
s to p p e re d  b o ttle . T h e  so lu tio n  of v a rio u s  p H  co n ta in in g  10~ 1 M  so d ium  
ch lo rid e  a n d  10 -3  M  b a se , in v es tig a ted  in  2 0 %  e th a n o l/w a te r  m ix tu re , w ere 
p re p a re d  from  k n o w n  p o rtio n s  of s to ck  so lu tio n s . T he p H  was a d ju s te d  by  
a d d itio n  o f  d ilu te  h y d ro ch lo ric  acid, a n d  th e  so lu tio n  filled  u p  to  50 m l in 
v o lu m e tr ic  fla sk . T h e  c o n c e n tra tio n  o f so d ium  ions w as k e p t c o n s tan t a t  1 0 -1  M  
in  a ll e x p e rim e n ts . 25 m l o f th e  so lu tion  p re p a re d  w as p ip e tte d  to  th e  resin  
sam p le  a n d , a f te r  c losing  th e  b o ttle , i t  w as a llo w ed  to  s ta n d  for 24 h rs  w ith  
p e rio d ic  sh ak in g  fo r  eq u ilib ra tio n . A fte r  e q u ilib ra tio n , a p a r t  o f b o th  th e  
o rig in a l a n d  th e  e q u ilib ra te d  solutions w ere  a n a ly z e d  for th e  base  c o n te n t  
sp e c tro p h o to m e tr ic a lly . A t th e  sam e tim e  th e  p H  o f th e  e q u ilib ra te d  so lu tio n  
w as also  m easu red . T h e  o p tica l densities o f  th e  a n tip y rin  so lu tions w ere 
m e a su re d  a t  230 n m , w h ile  th o se  of p y ra m id o n  a t  270 n m  a fte r  th e  a d d itio n  of 
h y d ro c h lo ric  acid . T h e  c o n c e n tra tio n  w as d e te rm in e d  using  ca lib ra tio n  g rap h s , 
th e n  th e  w e ig h t d is tr ib u tio n  coeffic ien t (D w) o f  th e  bases was c a lcu la ted :

n  m m ol b ase /g  a ir  d r ie d  resin
■L-'XV -- • \

m m ol b a se /m l so lu tio n

E lu tio n  experim ents. F o r  e lu tion  e x p e rim e n ts  an  ion exchange co lu m n  of 
size 6 .5 x 7 2  m m  w as p re p a re d  from  th e  p r e t r e a te d  sodium -form  resin . T he 
co lu m n  w as h e a te d  w ith  a h e a tin g  ja c k e t a n d  k e p t  a t  60 °C. The co lu m n  w as 
e q u il ib ra te d  w ith  th e  e lu e n t before th e  e lu tio n  e x p e rim e n t, th en  0.25 m l o f  th e  
s to c k  so lu tio n  (c o n ta in in g  1 0 -1  M  base) w as p o u re d  o n to  th e  resin co lum n an d  
th e  e lu tio n  w as ca rr ied  o u t  w ith  the  e lu en t o f  th e  desired  p H  b u t o f c o n s ta n t  
so d iu m  io n  c o n c e n tra tio n . T h e  e luen ts w ere so d iu m  a c e ta te -a c e tic  ac id  bu ffe rs  
o f  c o n s ta n t  sod ium  ion c o n c e n tra tio n , c o n ta in in g  also  20 %  eth an o l. T h e y  w ere 
fed  to  th e  co lum n b y  m ean s  o f  a p e ris ta ltic  p u m p  a t  a ra te  of 33 m l/h o u r. T h e  
e f f lu e n t w as cooled f i r s t  in  an  ice b a th  (see F ig . 2) th e n  th e  iro n (I I I )  su lfa te
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re a g e n t (0 .5 %  c ry s t. iro n (I I I )  am m o n iu m  su lfa te  a n d  0.2 M  h y d ro ch lo ric  acid) 
w as a d d ed  a t  a r a te  o f  43.8 m l/hour. A fte r  m ix in g , th e  op tica l d e n s ity  o f  th e  
so lu tion  w as m easu red  in  a flo w -th ro u g h  cell a t  460 (an tip y rin e ), 530 (4 -am ino- 
a n tip y rin e ) , o r 570 n m  (py ram idone). F ro m  th e  d a ta  o b ta in ed  e lu tio n  g rap h s  
w ere c o n s tru c te d  a n d  th e  peak  e lu e n t vo lu m es (nmax> ml) d e te rm in e d . T h e  
vo lum e d is tr ib u tio n  coefficient w as also c a lc u la te d  [5]:

j 1 v max /.74D  =  — ------ a ,  (7)

w here  X  is  th e  co lu m n  volum e (m l), a is th e  v o id  frac tio n  of th e  c o lu m n .
Separation  o f  bases. A ccord ing  to  c a lc u la tio n s , a resin  co lum n o f  187 n m  

le n g th  is re q u ire d  fo r  q u a n tita tiv e  se p a ra tio n  o f  th e  bases if  e luen ts o f  p H  3.60 
an d  p H  4 .4  a re  u sed . T herefore, a co lum n  o f size 6 .5 x 1 8 7  n m  w as p re p a re d , 
k e p t  a t  60 °C a n d  th e  m ix tu re  of th e  th re e  b ases  (40 ^m o l A; 20 ^ m o l A A  an d  
50 jitmol DA A ) w as p o u red  on to  th e  co lu m n  a n d  th e  elu tion  w as c a r r ie d  o u t 
using  th e  a p p a ra tu s  show n in Fig. 2.

K in e tic  m easurem ents. 100 m l o f a t e s t  so lu tio n  con ta in ing  10 ~4 M  base  
a n d  2 0%  e th a n o l w as p rep ared , th e  te m p e ra tu re  a d ju s te d  to  20 o r  60  °C; 
0.365 g o f  h y d ro g en -fo rm  resin w as th e n  a d d e d  to  th e  v ig o ro u sly  s t ir r e d  
so lu tio n . T im e to  tim e  1 or 2.5 m l sam ples w ere ta k e n  b y  a p ip e t te  a n d  th e  
base  c o n te n t o f  th e  so lu tion  d e te rm in ed  b y  m ean s o f th e  sp e c tro p h o to m e tr ic  
m e th o d . F ro m  th e  d a ta  ob ta in ed  k in e tic  cu rv es  w ere co n stru c ted  a n d  th e  h a lf  
reac tio n  tim e  e s tab lish ed . F o r c a lcu la tio n  o f  th e  diffusion coeffic ien t th e  fo l
low ing e q u a tio n  w as used  [9]:

* i / .=  0.030-^-, (8)
dr

w here t1;-2 is th e  h a lf  reac tio n  tim e , r is th e  m ean  rad iu s  of th e  resin  o a r tic le s  
(cm ).
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UNTERSUCHUNG DER CHEMISCHEN 
ZUSAMMENSETZUNG YON В ITU MINA AUS 

ROMASCHKINO UND AUGYÖ, I
TRENNUNG DER BITUMINA IN VERBIND UN G SG RU PPEN  

MIT HOMOGENER CHEMISCHER STRUKTUR

L. Zal k a

( Donau-Mineralölwerke, Százhalombatta)

Eingegangen am 1. Oktober 1971

Das Ziel der experimentellen Arbeit war die Untersuchung der chemischen 
Zusammensetzung und Struktur von Bitumina aus Romaschkino und Algyö. Nach 
einem neu entwickelten Verfahren wurden die Bitum ina in Fraktionen mit relativ 
homogener chemischer Struktur zerlegt. Es wurde die Elementarzusammensetzung 
und das Molekulargewicht der einzelnen Fraktionen bestimm t und ihre UV-, IR- und 
NMR-Spektra wurden aufgenommen.

Das Trennverfahren umfaßt folgende Operationen: Abscheidung der Asphaltene 
mit n-Hexan, Trennung des Maltenteiles durch Flüssigkeitschromatographie an Silika- 
gel, fraktionierte Kristallisation, Trennung der ra-Paraffine durch Adduktbildung mit 
Harnstoff, Molekulardestillation und zuletzt Trennung der Aromatcn gemäß der Zahl 
der Ringe durch Flüssigkeitschromatographie an m it Pikrinsäure präpariertem Ad
sorbens.

D as B itu m en  is t  ein P ro d u k t ä u ß e rs t k o m p liz ie rte r  Z u sam m en se tzu n g  
des E rdö ls. In  den  d u rc h  versch iedene tech n o lo g isch e  V erfah ren  (D estilla tio n , 
E x tra k tio n , B lasen) gew onnenen B itu m in a  s in d  d ie jen igen  B estan d te ile  des 
E rd ö ls  e n th a lte n , d e ren  Z usam m en se tzu n g  am  k o m p liz ie rte s ten  u n d  deren  
M oleku la rgew ich t am  höchsten  is t. Im  B itu m en  k o n z e n tr ie r te  sich — in den  
h o ch m o lek u la ren  K o m p o n en ten  e in g e b a u t — au ch  d er überw iegende T eil d er 
im  E rd ö le  b e fin d lich en  H e te ro a to m e .

Die Theologischen und  m echan ischen  E ig en sch a ften  des B itu m en s sin d  
s ta rk  abhäng ig  v o n  se iner chem ischen u n d  k o llo idchem ischen  S tru k tu r . W egen 
d e r verw icke lten  chem ischen  S tru k tu r  b e sc h rä n k te  m an  sich  lange Z e it h in 
d u rc h  a u f  die U n te rsu c h u n g  der p h y sik a lisch en  E ig en sch aften . In  den  le tz te n  
J a h rz e h n te n  w u rd e  jed o ch  eine tie fe re  chem ische D e u tu n g  d er physik a lisch en  
E ig en sch aften  des B itu m en s  im m er d rin g en d e r n o tw en d ig . F o rschungen  d ieser 
A rt w erden d u rch  d as  A usb re iten  n e u e r  T re n n u n g sm e th o d en  u n d  in s tru m e n te l-  
le r an a ly tisch e r U n te rsu ch u n g en  fü r  die P rü fu n g  von  B itu m in a  w esen tlich  e r
le ic h te r t. D a es sich  um  ein ä u ß e rs t  k o m p liz ie rte s  V ie lk o m p o n en ten sy stem  
h a n d e lt , w ird  die Iso lierung  c h a ra k te ris tis c h e r  V erb in d u n g sg ru p p en  an g e 
s tr e b t ,  w obei die T ren n u n g sv e rfah ren  im m er m e h r v e rfe in e rt w erden . E in  
k u rz e r  Ü b erb lick  ü b e r  die E n tw ick lu n g  d e r G ru p p en an a ly se  des B itu m en s  
sowie seiner T re n n u n g  in m ehr o d er m in d er e in h e itlich e  V erb in d u n g sg ru p p en
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z e ig t ,  d a ß  m ehr u n d  m e h r zu sam m en g ese tz te  T rennschem en  e n tw ic k e lt u n d  
m o d e rn e re  ana ly tisch e  M e th o d en  zu r F e s ts te llu n g  d er chem ischen  B e s ta n d 
te i le  angew en d et w urden .

V erfah ren  z u r  T ren n u n g  von  B itum ina

D ie eingehende U n te rsu c h u n g  d er B itu m in a  d u rch  F ra k tio n ie re n  m it 
se le k tiv e n  L ö su n g sm itte ln  b eg a n n  im  J a h re  1916 m it d er A rb e it v o n  M a r c u s - 
SON [!]•  E r  p rü f te  die Z u sam m en se tzu n g  n a tü r lic h e r  u n d  aus E rd ö l s ta m m e n d e r  
B i tu m in a . D ie unlöslichen B e s ta n d te ile  des B itu m en s w urden  m it L e ich tb en z in  
g e fä l l t  u n d  die schw ereren  K o m p o n en ten  w u rd en  aus der B en z in lö su n g  an  
F u lle re rd e  ad so rb ie rt. L e tz te re  w u rd e  d a n n  m it S chw efelkoh lensto ff e x tra h ie r t .  
D ie  a u f  diese W eise e rh a lte n e n  S toffe b eze ich n e te  Ma r c u ss o n  als H a rz e . E ine  
w e ite re  F ra k tio n ie ru n g  d e r  an  F u lle re rd e  n ic h t ad so rb ie rten  Öle fü h rte  
M a r c u s s o n  n ich t d u rch . E r  en tw ick e lte  au c h  ein V erfahren  zu r q u a n ti ta t iv e n  
B e s tim m u n g  der im  B itu m e n  e n th a lte n e n  A sp h a lto g en säu ren  u n d  A sp h a lto g en - 
sä u re a n h y d r id e . N ach  dem  in 1931 en tw ick e lten  V erfah ren  von  P öll [2] 
w u rd e n  die A sphaltene  m it P e tro lä th e r  g e fä llt u n d  die L ösung m it F u lle re rd e  
b e h a n d e l t .  D er ad so rb ie rte  T eil, das sog. Ö lharz, w urde m it C hloroform  
e x t r a h ie r t .  Aus dem  n ic h t a d so rb ie rte n  T eil d er L ösung w urde d er P e tro lä th e r  
a b d e s ti l l ie r t  und  a u f  diese A r t  d e r ölige T eil des B itu m en s e rh a lte n . D ie v o ra n 
g e h e n d  m it P e tro lä th e r  g e fä llten  A sp h a lten e  w urden  in  C hloroform  g e lö st u n d  
a n sc h lie ß e n d  m it F u lle re rd e  b e h a n d e lt. D u rch  E x tra k tio n  des a d so rb ie r te n  
T e ils  m it  P y rid in  w urden  d ie  A sp h a lth a rz e  e rh a lte n . D er in P y rid in  un lösliche 
T e il w u rd e  m it einem  G em isch  aus P y rid in  u n d  S ch w efe lkoh lensto ff (1:1) 
e x t r a h ie r t .  D en so gew onnenen  T eil n a n n te  P öll H a rta sp h a lt . H o i b e r g  u n d  
Ga r r i s  [3] tre n n te n  die B itu m in a  in  fü n f  F ra k tio n e n . D ie A sp h a lten e  w u rd en  
m it  H e x a n  gefällt u n d  aus d em  in H ex an  gelösten  Teil w u rd en  d u rc h  f ra k tio 
n ie r te  F ä llu n g  m it v e rsch ied en en  L ö sungsm itte lgem ischen  v ie r F ra k tio n e n  
a b g e so n d e r t , und  zw ar H a r th a rz e , W eichharze , Öle u n d  C eresine.

E in e  v erfe inerte  u n d  w irk sam e  T ren n m e th o d e  w urde  von  O ’D o n n e l  
e n tw ic k e lt  [4]. E r tre n n te  d ie  A sp h a lten e  m it Iso p e n ta n  ab  u n d  tr e n n te  d ann  
d ie M a lte n e  du rch  M o lek u la rd estilla tio n  in 10 F ra k tio n e n . Die D e s tilla te  w u r
d en  a u f  Silikagcl c h ro m a to g rap h isch  in g e sä ttig te  V erb indungen , a ro m a tisch e  
V e rb in d u n g e n  u n d  H arze  ze rleg t. D ie g e sä ttig te  F ra k tio n  w urde  e n tp a ra ff i-  
n ie r t  u n d  das erh a lten e  P a ra ff in  d u rch  A d d u k tb ild u n g  m it H a rn s to ff , das Öl 
d u rc h  T herm od iffusion  in  w e ite re  F ra k tio n e n  g e tre n n t. D ie a ro m a tisc h e  V er
b in d u n g e n  w urden  d u rch  C h ro m a to g ra p h ie ren  a u f  A lu m in ium ox id  in  m ono- 
u n d  b icy k lisch e  F ra k tio n e n  g e tre n n t. D u rch  O x y d a tio n  d ieser F ra k tio n e n  
lie ß e n  sich  die S chw efe lverb indungen  in  Sulfone ü b erfü h ren . A us d en  M ole
k u la rd e s t i l la te n  w urden  die p o la re n  S tick sto ff- u n d  S chw efe lverb indungen  
d u rc h  B eh an d e ln  m it Q u ecksilberch lo rid  e n tfe rn t  (A bb. 1).
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[ B i t  u m e n 1
Extraktion 

АО' 1 i-Pentan

Abb. 1

B e st o u g e f f  u n d  B a rg m an  [5, 6] b e fa ß te n  sich  ebenfalls e ingehend  
m it d er chem ischen Z u sam m en se tzu n g  der B itu m in a . N ach  ih rem  V erfah ren  
w u rd en  die A sp h a lten e  m it n -H e p ta n  gefä llt, d e r  M a lten te il e n tp a ra f f in ie r t  
u n d  d u rch  D estilla tio n , fra k tio n ie r te  F ä llung  u n d  F lü ss ig k e itsch ro m a to g rap h ie  
a u f  Silikagel u n d  A lu m in iu m o x id  in  V erb in d u n g sg ru p p en  g e tre n n t. D ie 
A sp h a lten e  ließen sich  en d lich  d u rch  fra k tio n ie r te  F ä llu n g  in  drei F ra k tio n e n  
tre n n e n . D ie g e n a n n te n  V erfasser en tw ick e lten  a u c h  ein V erfah ren  zu r T re n 
n u n g  der im  B itu m en  v o rk o m m en d en  S chw efe lverb indungen . K l e in s c h m id t  
[7] u n te rsu c h te  die V e rän d e ru n g  der chem ischen  Z u sam m en se tzu n g  von  
B itu m in a  im  L aufe  von  A lteru n g sv o rg än g en . D iese V erän d eru n g en  w u rd en  
d u rc h  G ru p p en an a ly se  v e rfo lg t. D ie A sph a lten e  w u rd en  m it re-Pentan  g e fä llt 
u n d  die L ösung in  e in er m it F u lle re rde  b esch ick ten  Säule c h ro m a to g ra p h ie rt. 
Als se lek tive  L ö su n g sm itte l w urden  n -P e n ta n , M eth y len ch lo rid  u n d  M e th y l
ä th y lk e to n  v e rw en d e t. D ie e rh a lten en  F ra k tio n e n  w u rd en  als w asserhelles ö l ,  
dunk les ö l  u n d  A sp h a lth a rz  bezeichnet. Ch e l t o n  u n d  T r a x l e r  [8] ch ro m ato - 
g rap h ie rten  die n a c h  d e r F ä llu n g  der A spha ltene  m it  P e n ta n  e rh a lten e  M alten-
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lö su n g  in  einer m it S ilikagel gefü llten  Säule . D ie Säule w urde  m it M ethylcyclo- 
h e x a n , Benzol u n d  i-B u ta n o l e lu ie rt u n d  das benzolische E lu a t  a u f  M agnesium 
s i l ik a t  e rn eu t c h ro m a to g ra p h ie r t. D ie A sp h a lten e  w urden  aus d e r benzolischen  
L ö su n g  durch  Z ugabe s te ig en d e r M eth an o lm en g en  fra k tio n ie r t g e fä llt (A bb. 2). 
T r a x l e r  und  S c h w e y e r  [9] e n tw ic k e lte n  ein V erfah ren  zu r Z erlegung  des 
B itu m e n s  in  drei B e s ta n d te ile . Z u e rs t w urde  das B itu m en  m it  B u tanol-1  
b e h a n d e lt ,  w odurch  ein N ied ersch lag  e rh a lte n  w urde , der die A sp h a lte n e  und  
e ine  geringe Menge an  H a rz e n  e n th ie lt . D ieser w urde  als a sp h a ltisc h e r  Teil 
b e z e ic h n e t. Die in  B u ta n o l löslichen B e s ta n d te ile  w u rd en  in  h e iß em  A ceton 
g e lö s t. N ach  dem  A b k ü h le n  d er L ösung  a u f  —23,3° w u rd en  die v o n  den V er
fa sse rn  als g esä ttig te  V e rb in d u n g e n  beze ich n eten  S u b stan zen  ausgeschieden . 
I n  d e r  acetonischen  L ö su n g  ve rb lieb en  die u n g e sä ttig te n  Öle, die als cyklische 
V erb in d u n g en  b eze ich n e t w u rd en . M it H ilfe  der a u f  diese W eise b e s tim m ten  
d re i G ruppen  s te llten  die V erfasser die Z u sam m en se tzu n g  d er B itu m in a  im

Thermodiffusion

z e h n  Frakt ionen 1 

Abb. 2
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О
D re ieck d iag ram m  d a r  u n d  fo lg erten  aus ih re r  L age im D iag ram m  a u f  ihre 
E ig en sch aften . B o y d  u n d  M o n t g o m e r y  [10] e x tra h ie r ten  die lö slich en  Teile 
eines b itu m en h a ltig en  Sandes aus A th a b a sc a  m it n -P en tan  u n d  a n sc h lie ß e n d  
die A spha ltene  m it T e trach lo rk o h len sto ff. D e r E x tr a k t  w urde an  F u lle re rd e  
c h ro m a to g ra p h ie rt. Als E lu en ten  w u rd en  P e n ta n , T e trach lo rk o h len s to ff , B en 
zol, Chloroform  u n d  M ethanol v e rw en d e t.

D ie G ru p p en zu sam m en se tzu n g  des B itu m en s  aus R o m asch k in o  w urde  
von  m ehreren  V erfassern  u n te rsu c h t. P r i n z l e r  u n d  M ita rb e ite r [11] u n te r 
su c h te n  die G ru p p en zu sam m en se tzu n g  eines D e s tilla tio n srü c k s ta n d e s  aus 
R om aschk ino  d u rc h  F lü ss ig k e itsch ro m a to g rap h ie  a u f  Silikagel. D ie P a ra ff in e  
u n d  N ap h th en e  w urden  m it P e tro lä th e r , die ö lh a rz e  m it einem  G em isch  aus 
B enzol u n d  P e tro lä th e r  1:1, die A sp h a lth a rz e  m it A ceton u n d  sch ließ lich  
die A sphaltene  m it P y rid in  e lu ie rt. D ie P a ra ff in e  u n d  N ap h ten e  e n th a lte n d e  
F ra k tio n  w urde e rn e u t c h ro m a to g ra p h ie r t, w obei eine P a ra ff in /N a p h te n -  
F ra k tio n  und  eine m o n o aro m atisch e  F ra k tio n  e rh a lte n  w urde. D ie P a ra ff in e  
w u rd en  d u rch  A d d u k tb ild u n g  m it H a rn s to ff  in  N orm alparaffine  u n d  v e rzw eig te  
P a ra ff in e  g e tre n n t. H r a p ia  [12] b e fa ß te  sich  ebenfa lls m it der G ru p p e n a n a ly se  
des B itum ens aus R om aschk ino . E r  tr e n n te  die A sphaltene m it P e n ta n  ab  
u n d  tre n n te  d an n  die M altene d u rc h  M oleku la rdestilla tion  u n d  C h ro m a to 
g rap h ie  in 360 F ra k tio n e n . D er Сд-, Cp- u n d  C N-G ehalt der e inzelnen  F r a k t io 
n en  w urde d u rch  S tru k tu rg ru p p e n a n a ly se  b e s tim m t. Die M alten e  w u rd en  
d u rc h  M oleku lardestilla tion  in 12 F ra k tio n e n  g e tre n n t und  dann  je d e  einzelne  
F ra k tio n  du rch  C hrom ato g rap h ie  an  A lu m in iu m o x id  in w eitere 30 F ra k tio n e n  
zerleg t. Als E lu tio n sm itte l ließen sich  B enzin  60/70, Benzol u n d  ein  G em isch  
aus B enzol u n d  M ethano l v e rw en d en .

L e ib n i t z  u n d  P a p p  [13] t r e n n te n  ein B itu m en  aus N ag y len g y e l d u rc h  
C h ro m ato g rap h ie  an A lum in ium ox id  in  32 F ra k tio n e n , deren S tru k tu rg ru p p e n 
zu sam m en se tzu n g  ebenfalls b e s tim m t w urde . Sie bestim m ten  die A n z a h l u n d  
V erte ilu n g  der N ap h ten rin g e  u n d  d e r a ro m a tisch en  R inge in den  e in ze ln en  
F ra k tio n e n . Co r b e t t  [14, 15] tr e n n te  die B itu m in a  in  v ier G ru p p en , w obei er 
sich  der E lu tio n s-A d so rp tio n sc h ro m a to g ra p h ie  bed ien te . N ach  d e m  A b 
scheiden  der A sph a lten e  e rh ie lt e r  m itte ls  C hrom atog raph ie  eine g e s ä tt ig te  
F ra k tio n , eine aus N ap h th en en  u n d  A ro m a ten  b estehende F ra k tio n  u n d  eine 
a ro m a tisch e  F ra k tio n . Z ur B estim m u n g  d er d u rch sch n ittlich en  ch em isch en  
Z u sam m en se tzu n g  v erw endete  e r d ie  d en sito m etrisch e  M ethode v o n  v a n  
K r e v e l e n . D ie A sp ha ltene  w u rd en  m it n -H e p ta n  gefällt. D ie M a lten lö su n g  
w urde  in e iner m it A lum in ium ox id  g e fü llten  Säule c h ro m a to g ra p h ie r t. Als 
E lu tio n sm itte l w u rd en  n -H e p ta n , B enzo l, B enzo l—A lkohol (1 : 1) u n d  z u le tz t  
T ric h lo rä th y le n  v e rw en d e t (A bb. 3). M i d d l e t o n  [16] tre n n te  sch w ere  E rd ö l
fra k tio n e n , d a ru n te r  auch  B itu m in a  m itte ls  F lüssig—F est G ra d ie n te n e lu tio n s 
ch ro m a to g rap h ie  an  A lum in ium ox id . Die P ro b e  w urde v o rh e r an  e in e m  T eil 
d e r S äu lefü llung  ad so rb ie rt. D ie E lu tio n s m itte l ,  die eine o p tim a le  T re n n u n g
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I B i t u m e n j

Fcillu ng 
n-H ep tan
_____I____

1 M altene Asphaltene

Flüssigkeitschromatographie 
an Aluminiumoxid

Abb. 3

e rm ö g lich ten , w u rd en  ex p e rim e n te ll b e s tim m t. D a s  G rad ien ten e lu tio n ssy s tem  
b e s ta n d  aus fü n f  L ö su n g sm itte ln , u n d  zw ar n -P e n ta n , n -H ex an , D ich lo r
m e th a n , T e tra h y d ro fu ra n  u n d  M ethanol. E s w u rd e n  folgende F ra k tio n e n  e r
h a l te n :  gesä ttig te  V e rb in d u n g e n , mono- u n d  d ia ro m a tisc h e s  Öl, p o ly a ro m a ti
sches Öl, W eichharz, H a r th a r z  und  A sp h a lten e . D a s  E lu a t w urde k o n tin u ie r 
lic h  d u rch  U V -S p ek tro sk o p ie  k o n tro llie rt u n d  d ie  F ra k tio n e n  a u f  G ru n d  d ieser 
E rg eb n isse  g e sc h n itte n .

In  der S o w je tu n io n  entw ickelte  S e r g i e n k o  [17] ein V e rfa h ren  zu r 
Z erlegung  von B itu m in a . D ab e i w urden die A sp h a lte n e  m it n -P e n ta n  g e fä llt 
u n d  die M alten lösung  a n  Silikagel C h ro m a to g ra p h ie r t. Als E lu tio n sm itte l 
w u rd e n  P e tro lä th e r , T e trach lo rk o h len sto ff, B e n z o l, A ceton  u n d  ein G em isch 
au s A lkohol und  B en zo l vertvendet.

In  U ngarn  b e fa ß te n  s ich  N y ú l , Mó z e s  u n d  Z a k a r  [18 — 21] im  U n g a r i
sch en  Erdöl- u n d  E rd g a s -F o rsc h u n g s in s ti tu t  m i t  der U n te rsu ch u n g  der 
G ru p p en zu sam m en se tzu n g  v o n  B itum ina. N a c h  e in em  ih re r V erfahren  w erden  
d ie  B itu m in a  in  d re i K o m p o n en ten , u n d  z w a r  in  A sphaltene , ölige sowie 
h a rz ig e  B es tan d te ile  g e tre n n t .  Die A sp h a lten e  w erd en  m it le ich tem  B enzin  
abgesch ieden  u n d  a n sc h lie ß e n d  die harz igen  B e s ta n d te ile  an F u lle re rd e  a d 
so rb ie r t .  D urch E x tr a k t io n  der Fullererde w ird  d ie  H arzk o m p o n en te  e rh a lte n . 
D e r  ölige Teil b le ib t in  d e r  B enzinlösung. N a c h  e in e r  anderen  M ethode d e r ge
n a n n te n  V erfassír w e rd e n  die A sphaltene m i t  n -H e x a n  a b g e tre n n t u n d  die 
M alten lö su n g  an w e itp o rig e m  Silikagel c h ro m a to g ra p h ie r t . D er ölige T eil w ird

Acta Chim. (Budapest) 76, 1973
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m it re-H exan, die Ö lharze m it B enzol u n d  die A sp h a lth a rze  m it C h lo ro fo rm - 
A ceton  (1:1) e lu ie r t. D ieses zw eite V e rfah ren  lie fe rt w esen tlich  b esse r re p ro 
d u z ie rb a re  W e rte  als die e rste  M ethode.

L . V a j t a  u n d  Zs. V a j t a  [22 — 24]  fan d e n  die M ethode von  T r a x l e r  u n d  
S c h w e y e r  am  g ü n stig s ten  u n d  v e rw e n d e te n  sie in  ih ren  a u sg e d e h n te n  B itu 
m e n u n te rsu c h u n g e n . Ih re r  M einung n a c h  is t  diese M ethode zu m  V erg le ich  
v e rsch ied en er B itu m in a  sehr g u t re p ro d u z ie rb a r  u n d  die T re n n u n g  e in fach  
d u rc h fü h rb a r.

A us dem  G esag ten  zeig t sich, d a ß  d ie  a n fän g lich  fü r  die G ru p p e n a n a ly se  
von  B itu m in a  e in g efü h rte  P e rk o la tio n  m it a k tiv ie r te r  F u lle re rd e  u n d  die 
d a n ach  fo lgende se lek tiv e  E x tra k tio n  im  w eite ren  d u rch  d ie  e in fa c h e re  u n d  
besser rep ro d u z ie rb a re  E rgebnisse  lie fe rnde  E lu tio n s -F lü s s ig k e its c h ro m a to 
g raph ie  ab g e lö st w u rd e . Als A dsorbens w ird  w eitporiges S ilikagel o d e r a k t iv ie r 
te s  A lu m in iu m o x id  ve rw en d e t. D a p ra k tis c h  Säu len  belieb iger G röße g e b a u t 
w erden  k ö n n en , die dabei le ich t zu  h a n d h a b e n  sind , stieg  die M enge des a u f  
e inm al tre n n b a re n  B itu m en s an , w o d u rch  eine R eihe w eite re r T re n n u n g e n  e r 
m ö g lich t w urde . Z u r D esorp tion  d er d re i w ich tig s ten  B e s ta n d te ilg ru p p e n  — 
g e sä ttig te  V erb in d u n g en , ö lh a rz e  bzw . A sp h a lth a rz e  — w erden  L ö su n g sm itte l 
m it s te ig en d er P o la r i tä t  v e rw en d e t: E lu tio n s m itte l  fü r  die g e sä ttig te n  V e rb in 
dungen  sind  L e ich tb en z in frak tio n en  oder re ine  g e sä ttig te  a lip h a tisch e  K o h le n 
w assersto ffe  k le in e r  K o h len sto ffa to m zah l, fü r  ö lh a rz e  w ird  m eis ten s  B enzo l 
als E lu tio n sm itte l  e in g ese tz t, w äh ren d  A sp h a lth a rz e  du rch  s ta rk  p o la re  V er
b in d u n g en  wie M ethy la lkoho l, P y rid in , A ce to n , C hloroform , bzw . d e re n  G e
m ische e lu ie rt w erd en . V or der ch ro m a to g rap h isch en  T ren n u n g  w erd en  die 
A sp h a lten e  m eisten s a b g e tre n n t. D ie M enge d er gefällten  A sp h a lten e  h ä n g t 
w eitg eh en d  von  dem  verw en d eten  L ö su n g sm itte l ab . Die in d e r L ö su n g  v e r 
b le ib en d en  M altene  w erden  c h ro m a to g ra p h ie r t, gegebenenfalls n o ch  v o r dem  
C liro m ato g rap h ie ren  d u rch  M o lek u la rd estilla tio n  in  F ra k tio n e n  g e tre n n t. D ie 
g e sä ttig te  V e rb in d u n g en  e n th a lte n d e n  F ra k tio n e n  w erden in ein igen  F ä llen  
bei tie fen  T e m p e ra tu re n  (—30. . . — 50°) e n tp a ra ff in ie r t  u n d  das e rh a lte n e  
P a ra ff in  d u rch  A d d u k tb ild u n g  m it H a rn s to f f  in  H a rt-  u n d  W e ic h p a ra ff in e  
g e tre n n t. D er ölige M alten te il k an n  au ch  d u rch  T herm odiffusion  [4, 8, 25] 
zerleg t w erden .

Herstellung von Bitumenfraktionén 
mit homogener chemischer Struktur

D er überw iegende  Teil der in d e r L i te ra tu r  v e rö ffen tlich ten  T re n n v e r 
fah ren  fü r  B itu m in a  e rm ög lich t n u r  die B estim m u n g  der G ru p p e n z u sa m m e n 
se tzu n g , lie fe rt je d o c h  keine F ra k tio n e n , deren  Z u sam m ense tzung  g enügend  
hom ogen w äre , u m  die chem ische S tru k tu r  k lä ren  zu können.

Ü b er das B itu m e n  aus dem  R o m asch k in o er E rd ö l steh en  eben fa lls  n u r  
G ru p p en zu sam m en se tzu n g san g ab en  zu r V erfügung . E ine au sfü h rlich ere  U n te r 
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su c h u n g  des B itu m e n s  v o n  Algyő w urde  b ish e r ü b e rh a u p t n ic h t d u rc h 
g e fü h r t .

I n  u nsere r A rb e it  w u rd e  ein T re n n v e rfah re n  en tw ick e lt, das die H e r
s te llu n g  von zur K lä ru n g  d er S tru k tu r  geeig n e ten  F ra k tio n e n  m it hom ogener 
S t r u k tu r  e rm ög lich t. D an eb en  w urde eine K o m b in a tio n  der an a ly tisch en  
M eth o d en  a u sg e a rb e ite t, w o durch  eine tie fg eh en d e  s tru k tu re lle  C h a rak te ris ie 
ru n g  d er F ra k tio n e n  d u rc h g e fü h rt w erden  k a n n .

Ziel un sere r A rb e it  w a r auch  der V erg le ich  d e r S tru k tu r  von  B itu m in a , 
die au s  E rdö len  v e rsc h ie d e n e r H e rfk u n ft u n d  m itte ls  versch iedener T ech n o lo 
g ien  h e rg este llt w o rd en  sind .

B ei der E n tw ic k lu n g  des T ren n v e rfah ren s  w u rd en  die v e rsch iedenen  
T ren n m e th o d e n  d e ra r t  k o m b in ie rt, daß  das Z iel d er H erste llu n g  von  B itu m e n 
f ra k tio n e n  m it re la t iv  hom ogener chem ischer S tru k tu r  so w eit wie m öglich  
a n g e n ä h e rt w erden  k o n n te . D as Schem a des en tw ic k e lte n  T re n n v e rfah ren s  is t 
in  A bb . 4 d a rg es te llt.

D er erste  S c h r i t t  w a r  die A bscheidung  d e r A spha ltene . D ie v o n  den  
ü b rig e n  B e s ta n d te ile n  des B itum ens h in s ic h tlic h  des M olekulargew ichtes, d er 
L ö slich k e it u n d  d e r chem ischen  S tru k tu r  w esen tlich  abw eichenden  A sp h a lten e  
w erden  wegen ih re r  ch a ra k te ris tisch e n  E ig e n sc h a fte n  u n d  wegen ih re r  w ic h ti
gen R olle im  A u fb a u  des B itum ens zw eckm äß ig  g esondert b e h a n d e lt u n d  
u n te rsu c h t.

D er e rste  S c h r i t t  in  d er T rennung  d e r M altene  w ar die E lu tio n s—F lü ss ig 
k e itsc h ro m a to g ra p h ie . D ab e i w urden  v ie r  c h a ra k te ris tisch e , v o n e in an d e r in  
säm tlich en  E ig e n sc h a fte n  abw eichende F ra k tio n e n  e rh a lten . Diese sin d  die 
fo lgenden :

1. p a ra ffin isch es 01,
2. n a p h ten isch -a ro m atisch es  Öl,
3. Ö lharz,
4. A sp h a lth a rz .
D ie w eite ren  T re n n u n g ssc h ritte  d ie n te n  zu r A bsonderung  von  V e rb in 

d u n g sg ru p p en  n o c h  e in h e itlich e rer Z u sam m en se tzu n g  innerh a lb  d er oben  ge
n a n n te n  F ra k tio n e n . D ie F rak tio n en  1—-3 w u rd en  bei —30°C e n tp a ra ff in ie r t , 
w o d u rch  die P a ra ff in e  von  den v e rzw eig ten , h a u p tsä c h lic h  N a p h te n - u n d  
a ro m a tisch e  R in g e  e n th a lte n d e n  V erb in d u n g en  g e tre n n t w urden . A us den 
P a ra ff in e n  w u rd en  d u rc h  A d d u k tb ild u n g  m it H a rn s to f f  die hoch m o lek u la ren  
g e rad k e ttig en  o d er n u r  w enig verzw eig ten  P a ra ff in e  abgesondert. D an a c h  
w u rd en  säm tliche  b is d a h in  e rha ltenen  F ra k tio n e n  d u rch  M oleku la rd estilla tio n  
ih re r  M olekülgröße e n tsp rech en d  in  zw ei F ra k tio n e n  g e tren n t. Als le tz te  
T re n n u n g so p e ra tio n  fo lg te  die T ren n u n g  d e r a ro m a tisch en  F ra k tio n e n  n a c h  
ih re r  R ingzah l d u rc h  F lü ss ig k e itsch ro m a to g rap h ie . D ad u rch  w urden  w ertv o lle  
In fo rm a tio n e n  ü b e r  die Z ah l u n d  A rt d e r n ic h t  k o n d en sie rten  u n d  k o n d e n 
s ie rte n  a ro m a tisch en  R ingsystem e e rh a lte n .
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130 ZALKA: CHEMISCHE ZUSAMMENSETZUNG VON JBITUMINA, I

B ei den E n d fra k tio n e n  w urde das M o lek u la rg ew ich t u n d  die E le m e n ta r 
z u sam m en se tzu n g  b e s t im m t u n d  die chem ische  S tru k tu r  d er e inzelnen  F r a k 
t io n e n  m it IR -, UV- u n d  N M R -S p ek tro sk o p ie  u n te rs u c h t.

E s  w urden v ie r  B itu m e n p ro b e n  u n te r s u c h t :
1. R o m aschk inoer E x tra k tb itu m e n ,
2. R o m aschk inoer D e s tilla tio n sb itu m en ,
3. R o m aschk inoer geb lasenes B itu m en ,
4 . A lgyoer E x tr a k tb i tu m e n .
D as R o m asch k in o er u n d  A lgyoer E x tr a k tb i tu m e n  w urde im  E n tb itu m i-  

n ie rb e tr ie b  der D o n au - M ineralö lw erke, S z á z h a lo m b a tta  h e rg este llt. D as 
D e s tilla tio n sb itu m e n  w u rd e  im  A V -II-B etrieb  desse lben  U n te rn eh m en s v e r 
f e r t ig t .  D as geblasene B itu m e n  w urde im  V e rsu c h s re a k to r  des U n g arisch en  
E rd ö l-  u n d  E rd g a s -F o rsc h u n g s in s titu ts  aus R o m asch k in o e r G udron  (E rw e i
c h u n g sp u n k t 43 °C) h e rg e s te ll t . E inige c h a ra k te r is tis c h e  E ig en sch aften  d e r 
B itu m in a  sind in T a b . I  zusam m en g este llt.

Tabelle I

Charakteristische Eigenschaften einiger B itum ina  
aus Romaschkino and Algyő

Bitumen aus Romaschkino
E i g e n s c h a f t ________________________________________________ | Extraktbitumen

I aus A Ipvo

Extr.
.

Destill. Geblas.
aus Algyő

Erweichungspunkt, (»Ring und 
Ball«-Methode), °C 54 50 50 47

Penetration bei 25 °C, 1/10 mm 31 59 134 nicht
meßbar

D uktilität bei 25 °C, mm 1000 1000 600 nicht
meßbar

Brechpunkt nach Fraass, °C +  2 — 10 - 1 8 - 2 5
Paraffingehalt, Gew.% 1,44 2,09 2,26 3,43
D ichte bei 25 °C, g/ml 1,0288 1,0125 0,9997 0,9705
Conradson-Zahl, Gew.% 20,7 21,0 17,1 13,0
Flammpunkt nach Marcusson, °C 
Elementaranalyse:

345 349 331 346

C, % 85,2 85,2 85,1 87,6

H, % 10,3 10,3 10,7 11,7

S, % 3,6 3,1 3,2 0,8
0 , % 1,0 1,4 ],5 0,4

Molekulargewicht 860 880 770 850
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E lu tio n s-F liiss ig k e itsch ro in a to g rap h ie

M it R ü ck sich t a u f  die A nzah l d er g ep lan ten , n a c h e in a n d e r fo lg en d en  
T re n n u n g so p e ra tio n en  w u rd e  eine v e rh ä ltn ism ä ß ig  große P ro b e n m e n g e  von 
e tw a  1 kg  B itu m en  v e ra rb e ite t . U m  die A rb e it zu  besch leun igen , p ro je k tie r te n  
u n d  b a u te n  w ir eine große c h ro m a to g rap h isch e  Säule m it h o h e r L e is tu n g  
(A bb. 5). D arin  sind  fü n f  S äu len  m it L än g en  von  je  2500 m m  in  R e ih e  ge
sc h a lte t. D er D urchm esser d e r e rs te n  Säule b e trä g t  80 m m , d er D u rch m esse r 
d e r üb rigen  v ie r Säulen 40 m m . D ie g esam te  L änge der Säule b e t r ä g t  12 500

Abb. 5. Einrichtung zur Chromatographie von Bitum ina. 1 -  Stickstoff-Flasche; 2 — Druck
regler; 3 — Lösungsmittelbehälter; 4 — Zwischengeschaltetes Gefäß; 5 — Schauglas; 6 — 

Säule mit 80 mm Durchmesser; 7 Säule mit 40 mm Durchmesser; 8 Sammelgefäß

m m . U m  eine g leichm äßige T e m p e ra tu r  zu  sichern , w urde im  K ü h lm a n te l der 
S äu len  W asser von  25 °C in  Z irk u la tio n  g eh a lten . Die M alten lösung , bzw . die 
E lu tio n sm itte l  w urden  in  den  m it einem  N iveauanzeiger verseh en en  L ö su n g s
m itte lb e h ä lte r  3 e in g efü h rt u n d  d a ra u s  m itte ls  S tick s to ffd ru ck  1 ü b e r  ein  d a 
zw ischengeschalte tes G efäß  4  a u f  die Säule 6 gele ite t. D er S tic k s to ffd ru c k  
w u rd e  d u rch  einen  D ru ck reg le r 2 a u f  den  gew ünsch ten  W ert (im  a llg em ein en  
u n te rh a lb  0,5 a tü )  e in g es te llt. D ie E n tn ah m eg esch w in d ig k e it des E lu a ts  
b e tru g  500 m l/h . Die Säule w ar m it 12 kg  w eitporigem  Silikagel (K o rn g rö ß e  
0 ,1 —0,5 m m ) gefüllt.

N ach  dem  A bscheiden d e r A sp h a lten e  m it n -H exan  w urde  d ie  L ö su n g  
d er M altene in n -H ex an  a u f  die Säule au fgegeben . Die S ä u le n b e la s tu n g  b e tru g
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132 ZALKA: CHEMISCHE ZUSAMMENSETZUNG VON BITUMINA, I

4 — 6 %  a u f M alten  b ezo g en . Z ur B en e tzu n g  d e r  S äule  w urde rc-H exan, als 
E lu tio n s m itte l  w u rd en  n -H e x a n , Benzol u n d  A ce to n  v erw en d e t. D ie L ösu n g s
m it te l  w urden  v o ra n g e h e n d  m it M olekularsieb e n tw ä sse r t . Bei der E lu tio n  m it 
n -H e x a n  w urden  zw ei F ra k tio n e n  e rh a lte n : e in  p a ra ffin isch es Öl u n d  ein 
n a p h te n isc h -a ro m a tisc h e s  01. D ie E rsch e in u n g  des n a p h ten isch -a ro m atisch en  
Ö les w urde  durch  den  F a rb u m sc h la g  des E lu a ts  n a c h  B laß -Z itronenge lb  an g e 
z e ig t. D ie Grenze zw ischen  den  beiden F ra k tio n e n  w urde  au ch  re frak to m e- 
t r i s c h  überw ach t. D ie Ö lh a rze  w urden  m it B enzo l e lu ie r t, die A sp h a lth a rze  m it 
A c e to n . Die p ro zen tu e lle  V e rte ilu n g  der e rh a lte n e n  in sg esam t fü n f  F ra k tio n e n  
is t  in  T ab . I I  zu sam m en g este llt.

Tabelle II

Gruppenzusammensetzung von Bitum ina aus Romaschkino 
und Algyő

Fraktion
Bitumen aus Romaschkino E xtrakt

bitumen

Extr. Destill. Geblas.
aus

Algyo

Paraffinisches 01, Gew.% 9,2 n , i 19,1 31,3
Naphtenisch-aromatisches ö l, Gew.% 3,0 4,9 6,6 5,3
Ölharz, Gew.% 61,4 55,4 44,9 43,5
Asphaltharz, Gew.% 13,0 12,0 11,1 13,5
Asphaltenteil, Gew.% 10,2 13,4 15,0 6,1
V erlust, Gew.% 3,2 3,2 3,3 0,3

E in  V ergleich d e r  versch iedenen  R o m asch k in o e r B itu m in a  ze ig t e inen  
w esen tlich en  U n te rsc h ie d  in  der G ru p p en zu sam m en se tzu n g  des E x t r a k t 
b itu m e n s  u n d  des D e s tilla tio n sb itu m en s . D as e rs tc re  e n th ä lt  w eniger Öl u n d  
m e h r  H arz . Diese A b w e ich u n g  e rg ib t sich  aus d e r  u n te rsch ied lich en  H e rs te l
lungstechno log ie  u n d  w irk t  s ich  auch  au f die V e rw e n d b a rk e it des B itu m en s aus. 
D e r  höhere  A sp h a lte n g e h a lt, d er v e rh ä ltn ism ä ß ig  geringe H arzg eh a lt u n d  der 
h o h e  Ö lgehalt des R o m a sc h k in o e r geblasenen  B itu m e n s  zeig t an , d aß  das 
u n te r  m ilden U m stä n d e n  d u rch g e fü h rte  B lasen  in  e rs te r  R eihe die U m setzu n g  
d e r  H arze  in A sp h a lten e  u n d  in  w esen tlich  ge rin g erem  M aße die U m se tzu n g  
des Öles in H arz  b e w irk te . E inige a n a ly tisch e  A n g ab en  der a u f  c h ro m a to 
g rap h isch em  W eg e rh a lte n e n  F rak tio n en  s in d  in  T a b . I I I  zu sam m en g efaß t. 
D as  M olekulargew icht d e r F ra k tio n e n  s te ig t v o m  p a ra ffin isch en  Öl bis zu  den 
A sp h a lten en  g le ichm äß ig  a n . A uch der S ch w efe lgeha lt s te ig t an , w äh ren d  der 
S au ers to ffg eh a lt den  m ax im a le n  W ert in  d e r A sp h a lth a rz frak tio n  e rre ich t. 
D as  G ew ichts- bzw . A to m v e rh ä ltn is  C : H  s te ig t v o n  den  g esä ttig ten  V erb in 
d u n g e n  in R ich tu n g  d e r  A sp h a lten e  an.
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Tabelle III

Molekulargewicht, Elementaranalyse, Kohlenstoffgehalt in  aromatischer, paraffinischer und naphtenischer Bindung 
der bei der chromatographischen Trennung von Bitumenproben erhaltenen Fraktionen

Probe Fraktion Mol. Gew.

Elementaranalyse,
Gew.%

Verhältnis
C : H I R-Spektrome trie

c II s 0 in Ge
wicht

in
Atom
zahl

Ca Cp CN

1 2 3 4 5 6 7 8 9 10 11 12

Romaschkinoer Extrakt- Ausgangsbitumen 860 85,2 10,3 3,6 1,0 8,3 0.69 + + +
bitumen Paraffinisches Öl 637 86,3 13,8 — — 6,2 0,52 — 64,3 35,7

Naphtenisch-aromatisches Ol 726 85,4 12,9 1,8 — 6,6 0,55 12,4 65,3 22,3
Ölharz 840 85,6 10,4 3,3 1,0 8,2 0,69 32,6 55,8 11,6
Asphaltharz 1160 83,5 11,2 3,8 2,3 7,4 0,62 + + +
Asphaltenteil 3540 85,7 8,1 4,0 2,0 10,5 0,88 + + +

Romaschkinoer Dest.- Ausgangsbitumen 880 85,2 10,3 3,1 1,4 8,2 0,69 + + Л-
Bitumen Paraffinisches Ol 622 86,2 13,9 — — 6,2 0,52 — 66,8 33,2

Naphtenisch-aromatisches Öl 775 85,2 12,9 1,6 — 6,6 0,55 11,5 61,4 27,1
Ölharz 764 84,5 9,9 4,1 1,3 8,5 0,70 42,5 48.1 9,4
Asphaltharz 1100 82,1 9,6 3,7 4,8 8,5 0,70 4" -f +
Asphaltenteil 3200 85,9 7,2 4,4 2,0 11,9 0,90 -r + +

Romaschkinoer geblasenes Ausgangsbitumen 770 85,1 10,7 3,2 1,5 7,9 0,66 + -b 4-
Bitumen Paraffinisches Öl 584 86,0 13,9 — — 6,2 0,51 — 63,2 36,8

Naphtenisch-aromatisches Öl 698 85,7 12,7 1,7 — 6,7 0,56 12,2 69,6 18,2
Ölharz 751 84,4 9,7 3,4 2,5 8,7 0,72 36,4 56,6 7,0
Asphaltharz 980 80,8 9,6 3,4 5,7 8,4 0,70 -f + +
Asphaltenteil 3540 85,2 7,9 4,1 2,3 10,8 0,99 + + +

Algyoer Extraktbitumen Ausgangsbitumen 850 87,6 11,7 0,8 0,4 7,4 0,62 -f- +
Paraffinisches Öl 707 85,8 14,2 — — 6,0 0,50 — 85,7 14,3
Naphtenisch-aromatisches Öl 732 86,1 13,3 0,8 — 6,4 0,54 13,9 83,9 2,2
Ölharz 730 87,6 10,2 1,2 1,3 8,6 0,72 42,4 57,6 —
Asphaltharz 1140 85,9 10,6 3,2 2,7 8,1 0,68 + + +
Asphaltenteil 2800 87,3 9,1 1,4 1,6 9,6 0,80 + + +
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134 ZALKA: CHEMISCHE ZUSAMMENSETZUNG VON BITUMINA, I

A u s dem  IR -sp e k tro sk o p isc h  b e s tim m te n  A n te il des a ro m atisch , p a r a f f i 
n is c h  u n d  n ap h ten isch  g eb u n d en en  K o h len sto ffg eh a lte s  der einzelnen F r a k t io 
n e n  k a n n  festgeste llt w e rd en , d aß  der p a ra f f in is c h  gebundene u n d  h a u p t 
s ä c h lic h  d er n ap h ten isch  gebu n d en e  K o h le n s to ffg e h a lt m it zu n eh m en d em  
M o lek u la rg ew ich t der F ra k tio n e n  a b n im m t, w ä h re n d  ih r A ro m a te n g e h a lt 
z u n im m t. D ieser B efund  w e is t a u f  eine w esen tlich e  Ä nderung  d er M o lek ü l
s t r u k tu r e n  hin.

E n tp a ra ff in ie ru n g

A us den du rch  E lu tio n sc h ro m a to g ra p h ie  e rh a lte n e n  F ra k tio n e n  w u rd e n  
d ie  k r is ta llis ie rb a re n  P a ra ff in e  du rch  L ö su n g sm itte l-E n tp a ra ff in ie ru n g  bei 
— 30 °C abgeschieden. D ie E n tp a ra ff in ie ru n g  des p araffin ischen  Öles u n d  des 
n a p h te n isc h -a ro m a tis c h e n  Ö les w ar le ich t d u rc h fü h rb a r . Aus dem  Ö lh arz  
w u rd e n  die B estan d te ile  p a ra ffin isch en  C h a ra k te rs  bere its  schw erer a b g e 
s c h ie d e n , jedoch  ließen s ich  au ch  hier w esen tlich e  M engen an bei — 30 °C 
k ris ta llis ie re n d e n  B e s ta n d te ile n  herste ilen . A us dem  A sp h alth arz  w u rd e  e r
w a r tu n g sg e m ä ß  kein f i l t r ie rb a re r  N iedersch lag  e rh a lte n . Die M ate ria lb ilan z  
d e r  E n tp a ra ff in ie ru n g  d er v ie r  P roben  is t in  T a b . IV , das M oleku la rgew ich t 
u n d  d e r  a rom atisch , p a ra ff in isc h  und  n a p h te n is c h  gebundene K o h le n s to ff
g e h a l t  is t  in  T ab . Y u n d  V I  gezeigt.

Tabelle IV

Festparaffingehalt verschiedener Fraktionen von Bitumina 
aus Romaschkino und Algyő

Paraffinisches öl Naphtenisch-aromatisches öl ölharz

Probe Flüssiges
Paraffin,
Ausbeute,
Gew.%

Fest
paraffin

I,
Ausbeute,
Gew.%

Paraffinfreies 
ö l, Ausbeute, 

Gew.%

Fest
paraffin

II ,
Ausbeute

Gew.%

Paraffinfreies 
Öl, Ausbeute, 

Gew.%

Paraffin
haltiges
ölharz,

Ausbeute,
Gew.%

a b a b a b a b a ь а b

Romaschkinoer
Extraktbitumen 14,1 1,30 85,9 7,90 60,1 1,80 39,9 1,20 91,9 56,7 8 ,1 5,0

Romaschkinoer 
D est.-bitumen 16,7 1,85 83,3 9,25 55,9 2,74 44,1 2,16 93,1 51,6 6,9 3,8

Romaschkinoer
geblasenes
Bitum en 53,2 10,14 46,8 8,96 73,1 4,82 27,0 1,78 91,3 41,0 8,7 3,9

Algyoer Extrakt
bitum en 15,2 4,7 84,8 26,6 53,7 2,85 46,3 2,45 88,6 38,6 11,4 4,9

a =  auf die Operation bezogen 
b =  auf das Bitumen bezogen
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Tabelle V

Molekulargewicht und Verteilung des Kohlenstoffgehaltes bei den paraffinischen  
und naphtenisch-aromatischen Ölfraktionen von Bitumina  

aus Romaschkino und Algyo

Probe

Paraffinisches ö l

Flüssiges Paraffin Festpar affin I

Mol.-
gew. Ci Cp CN Mol.-

gew. Ci Cp cN

Romasclikinoer Extraktbitumen 550 — 52,2 47,8 755 — 80,2 19,8

Romaschkinoer D est.-bitumen 598 — 52,1 47,9 720 — 83,7 16,3

Romaschkinoer geblasenes Bitumen 577 — 57,1 42,9 670 — 89,8 10,2

Algyöer Extraktbitumen 585 — 60,3 39,7 773 — 91,8 8,2

Probe

Naphtenisch-aromatisches öl

Paraffinfreies ö l Festparaffin II

Mol.-
gew. Ci Cp cN Mol.«

gew. Ci Cp C N

Romaschkinoer Extraktbitumen 644 15,1 59,5 25,4 810 10,5 89,5 —

Romaschkinoer Dest.-bitumen 747 13,4 59,5 27,1 842 10,2 87,1 2,7
Romaschkinoer geblasenes Bitumen 623 15,5 54,5 30,0 770 11,0 89,0 —
Algyöer Extraktbitumen 710 18,2 63,6 18,2 940 10,7 89,2 —

Tabelle VI

Molekulargewicht und Verteilung des Kohlenstoffgehaltes 
bei den Ölharzfraktionen von B itum ina aus Romaschkino und Algyo

ölharz

Probe
entparaffiniert paraffinhaltig

Mol.-
gew. Ci Cp C N Mol.-

gew. Ci Cp CN

Romaschkinoer Extraktbitumen 760 34,5 47,4 18,1 990 20,7 79,3 —

Romaschkinoer Dest.-bitumen 690 44,0 43,0 13,0 1140 28,2 71,2 —
Romaschkinoer geblassenes Bitumen 742 38,5 53,4 8,1 1240 23,1 76,9 —
Algyöer Extraktbitumen 715 47,8 52,2 — 970 26,3 73,7 —

A da Chim. (Budapest) 76, 1973



136 ZALKA: CHEMISCHE ZUSAMMENSETZUNG VON BITUMINA, I

D ie Menge des au s  p ara ffin isch en  u n d  n a p h te n isc h -a ro m a tisc h e n  Ö l
f ra k tio n e n  e rh a lten en  fe s te n  P araffin s  lieg t b e i R o m asch k in o er B itu m in a  um  
1 0 %  (a u f  B itu m en  b ezo g en ), w äh ren d  sie b e im  A lgyoer E x tra k tb itu m e n  fa s t 
3 0 %  e rre ich t. D ies is t  d a s  M ehrfache des m it  d en  ü b lich en  M ethoden  b e s tim m 
te n  P a ra ff in g e h a lte s . D e r  au s  dem  Ö lharz a b g e so n d e rte  p ara ffin isch e  T eil k an n  
je d o c h  n ic h t als G em isch  re in e r P a ra ffin -K o h len w assers to ffe  b e tra c h te t  w er
d en , sondern  es h a n d e l t  s ich  um  V erb in d u n g en , in  denen  lange P a ra ff in k e tte n  
an  a ro m atisch e  R in g e  g eb u n d en  sind.

B ei allen d re i F ra k tio n e n  is t das M o lek u la rg ew ich t des fe s ten  Teiles 
w e se n tlic h  höher als d as  M oleku largew ich t des e n tp a ra ff in ie r te n  Teiles. D er 
N a p h te n rin g g e h a lt is t  am  höch sten  im  e n tp a ra ff in ie r te n  Teil des p a ra ffin isch en  
Ö les, w esen tlich  g e rin g e r im  e n tp a ra ff in ie r te n  n a p h te n isc h -a ro m atisc h e n  Öl 
u n d  ä u ß e rs t  n ied rig  im  e n tp a ra ff in ie r te n  Ö lh arz . D agegen liegen N ap h ten rin g - 
s t ru k tu re n  im  p a ra ff in isc h e n  Teil des n a p h te n isc h -a ro m a tisc h e n  Öles u n d  des 
Ö lh arzes  p ra k tisc h  n ic h t  v o r. D ieser B e fu n d  ze ig t, daß  die N ap h ten rin g e  
g rö ß te n te ils  n ic h t m it  p a ra ffin isch en  S e ite n k e tte n  v e rb u n d en  sin d , sondern  
an  a ro m atisch e  R inge  g eb u n d en  vorliegen.

N ap h ten rin g e  m it  lan g en  S e ite n k e tte n  b ild en  einen w esen tlichen  Teil 
d e r  g e sä ttig te n  Ö lfra k tio n e n .

A b tren n u n g  der N o rm alp a ra ffin e

D ie aus der p a ra ff in isc h en  Ö lfrak tio n  d er B itu m in a  s tam m en d e  F e s t
p a ra f f in f ra k tio n  I  w u rd e  m itte ls  A d d u k tb ild u n g  m it H a rn s to ff  in  N orm al- 
u n d  Iso p ara ffin e  g e tre n n t .

D ie P robe w u rd e  in  w arm em  B enzol ge lö st u n d  der in  M eth an o l gelöste 
H a rn s to f f  bei 50 °C u n te r  R ü h ren  dazu  gegeben . D ie A d d u k tb ild u n g  se tz te  
so fo r t ein , w obei e in  d ic h te r  w eißer N ied ersch lag  geb ild e t w urde. N ach  ein- 
s tü n d ig e m  R ü h ren  w u rd e  das A d d u k t a b f i l t r ie r t ,  m it B enzol gew aschen u n d  
d as  B enzo l vom  k r is ta ll in e n  A d d u k t a b g e d a m p ft. D ie Z erse tzung  des A d d u k tes  
lie ß  sich  a u f  die ü b lich e  W eise d u rch fü h ren .

D ie aus d er n a p h te n isc h -a ro m a tisc h e n  Ö lfrak tio n  s tam m en d e  F e s t
p a ra f f in f ra k tio n  I I  w u rd e  ebenfalls a u f  die oben  besch riebene  W eise b e h a n d e lt, 
w o b ei jed o ch  n u r  e in  ä u ß e rs t  geringer T e il an  N o rm alp ara ffin en  e rh a lten  
w u rd e . W ah rsch e in lich  w ird  die A d d u k tb ild u n g  d u rch  die m it den  langen  
P a ra f f in k e t te r  v e rb u n d e n e n  arom atischen  o d e r n ap h te n isc h e n  R inge g eh in d ert.

W ir fanden , d a ß  e tw a  eine H älfte  d e r F e s tp a ra f f in f ra k tio n  I  aus N o rm al
o d e r in  geringerem  M aße verzw eig ten  P a ra ff in -K o h len w asse rs to ffen  b e s te h t, 
w ä h re n d  der m it H a rn s to f f  kein  A d d u k t b ild en d e  T eil K e tten v erzw eig u n g en  
b zw . N ap h ten rin g e  e n th ä l t .  Das M oleku la rgew ich t u n d  die V erte ilu n g  der 
K o h len sto ffa to m e  be i d e r  F e s tp a ra ff in fra k tio n  I  s in d  in  T ab . V II  zu sam m en 
g e s te llt .
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Tabelle VII

Molekulargewicht und Verteilung des Kohlenstoffgehaltes 
bei den aus der Festparaffinfraklion I  gewonnenen Normal- und Isoparaffinen

Probe

Fcstparaffin I

Normalparaffin Isoparaffin

Mol.-
gew. Ca Cp CN Mol.-

gcw. C a Cp CN

Romaschkino er Extraktbitumen 855 — 100,0 — 657 — 60,8 39,2
Romaschkinoer Dest.-bitumen 829 — 100,0 — 674 — 62,0 38,0
Romaschkinoer geblasenes Bitumen 780 — 100,0 — 612 — 80,7 19,3
Algyoer Extraktbitumen 790 — 100,0 — 640 — 80,6 19,4

Molekulardestillation

Die n ach  den oben  besch rieb en en  O pera tio n en  e rh a lte n e n  F ra k tio n e n  
w u rd en  d er M o lek u la rd estilla tio n  u n te rw o rfen , w obei die b e re its  gew isser
m aß en  als hom ogen b e tra c h tb a re n  F ra k tio n e n  n a c h  dem  M o lek u la rg ew ich t in 
engere F rak tio n en  ze rleg t w erden  k o n n te n . A us jed e r e in ze ln en  F ra k tio n  
w u rd en  zwei w eitere F ra k tio n e n  e rh a lte n , das D estilla t u n d  d e r R ü c k s ta n d . 
S äm tlich e  D estilla tio n en  w u rd en  bei 1 0 “ ° T o rr  (am  S tu tz e n  gem essen) d u rch 
g e fü h rt. D ie T e m p e ra tu r  w a r bei Ö lfrak tio n en  220—230 °C, b e i H arzen  
250 — 270 °C. Das M o leku la rgew ich t der e rh a lten en  D estilla te  w a r  ziem lich 
äh n lich  (zw ischen 500 u n d  600), obw ohl die A u sg an g sfrak tio n en  sow ohl h in 
s ich tlich  des M oleku largew ich tes als auch  d er Z u sam m en se tzu n g  g ro ß e  U n te r
sch iede aufw iesen. D as M oleku largew ich t u n d  die M enge des D e s tilla tio n s 
rü c k s ta n d e s  Avar se lb s tv e rs tä n d lic h  in hohem  M aße versch ied en , je  n a c h  der 
Z usam m en se tzu n g  d er A u sg an g sfrak tio n .

Trennung der aromatischen Verbindungen 
nach der Ringzahl

D ie w eitere  T re n n u n g  d er d u rch  M o lek u la rdestilla tion  e rh a lte n e n  F ra k 
tio n en  des n ap h te n isc h -a ro m atisc h e n  Öles u n d  des e n tp a ra ff in ie r te n  Ö lharzes 
n a c h  d er Z ah l der a ro m a tisch en  R inge w urde  an  m it P ik rin säu re  p rä p a r ie r te m  
A dsorbens m itte ls  F lü ss ig k e itsch ro m a to g rap h ie  d u rch g e fü h rt. D as P rinzip  
des V erfah ren s b e s te h t d a r in , d aß  V erb indungen  m it einem , zw ei o d e r  m ehre
ren  a ro m atisch en  R ingen  — infolge der u n te rsch ied lich en  S ta b i l i tä t  ih re r  m it 
P ik r in sä u re  geb ildeten  K o m p lex e  — d u rch  E lu tio n sc h ro m a to g ra p h ie  g e tre n n t 
w erden  k ö nnen  [26, 27].

Z u r T ren n u n g  w u rd e  ein m it P ik rin säu re  p rä p a r ie r te r  A lu m in iu m silik a t-  
K ra c k k a ta ly sa to r  v e rw en d e t. D ie ch ro m ato g rap h isch e  Säule w a r e ine 1000 mm
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la n g e  G lasröhre  m it 12 m m  in n e re m  D urchm esser, u m g eb en  von  einem  T e m 
p e r ie rm a n te l  aus Glas. D ie S äu len b e las tu n g  b e tru g  0 ,5 — 1,7% . Die E lu tio n s 
b e d in g u n g e n  w aren die fo lg e n d e n :

— G esä ttig te  V e rb in d u n g e n  und  einen a ro m a tisc h e n  R ing  e n th a lte n d e  
V e rb in d u n g e n : bei 20 °C; E lu tio n sm itte l: a ro m a te n fre ie s  B enzin  m it e inem  
S ie d eb e re ich  von 60— 120 °C ;

— V erb indungen  m it  zw ei arom atischen  R in g e n : bei 40 °C; E lu tio n s 
m it te l :  T e trach lo rk o h len sto ff;

— V erb indungen  m it m e h re re n  arom atisch en  R in g en : bei 60 °C; E lu tio n s 
m i t te l :  T e tra c h lo rk o h len s to ff;

— R ü ck stan d : bei 40 °C ; E lu tio n sm itte l: A ce to n .
N a c h  diesem  V e rfa h ren  gelang  es, aus d en  m e is te n  F ra k tio n e n  w eitere  

F ra k t io n e n  zu e rh a lten , d ie  d ie  V erb indungen  m it  e in h e itlich e r S tru k tu r  in  
k o n z e n tr ie r te m  Z u stan d  e n th ie l te n , w odurch die an a ly tisc h e  U n te rsu ch u n g  
d e r S t r u k tu r  der le tz te re n  V erb in d u n g en  w esen tlich  e rle ic h te rt w urde .

M oleku largew ich t u n d  E lem en ta rzu sam m en se tzu n g

Z u r M oleku la rgew ich tsbestim m ung  der B itu m e n fra k tio n e n  w urde  die 
th e rm o o sm o m etrisch e  M e th o d e  gew ählt. Im  F a lle  eines en tsp rech en d  ge
w ä h lte n  L ösungsm itte ls  e rw ies  sich diese M eth o d e  als geeignet sow ohl fü r  
F ra k t io n e n  höchsten  als a u c h  geringsten  M oleku la rgew ich tes . E in  w ich tig er 
V o rte il d e r M ethode is t, d a ß  n u r  geringe S u b s ta n z m e n g e n  erfo rderlich  sind . 
A ls L ö su n g sm itte l w u rd en  T e tra c h lo rk o h len s to ff  u n d  C hloroform  v erw en d e t. 
D ie  M olekulargew ichte  u n d  d ie  E lem en ta rzu sam m en se tzu n g en  der w ich tigeren  
F ra k t io n e n  sind in T ab . I I I  zusam m engefasst.

D as  e rläu te rte  V e rfa h re n  zu r T rennung  v o n  B itu m in a  e rm ög lich t die 
T re n n u n g  der B itu m e n p ro b e n  in  32 F rak tio n en , d e re n  chem ische Z u sam m en 
s e tz u n g  einzeln c h a ra k te r is tis c h  u n d  bis zu e inem  gew issen G rade g le ich artig  
is t .  N a c h  jed e r T re n n u n g so p e ra tio n  w urde sow ohl b ezü g lich  der O p era tio n  als 
a u c h  d e r  B itum enprobe eine vo lle  M ateria lb ilanz  zu sam m en g este llt. A u f diese 
W eise  k o n n te  die R ic h tu n g  d e r  K o n zen trie ru n g  d e r  e inzelnen  V erb in d u n g s
g ru p p e n  verfo lg t und  a u f  d ie se r  G rundlage d e r n ä c h s te  T re n n u n g ssc h ritt  ge
w ä h l t  w erd en . N eben d er q u a n t i ta t iv e n  A u sw ertu n g  w u rd e  se lb s tv e rs tän d lich  
a u c h  eine  laufende q u a li ta t iv e  K ontro lle  d u rc h g e fü h r t , in  e rs te r  L inie d u rch  
S p e k tro m e tr ie . Die E le m e n ta rzu sam m e n se tz u n g  u n d  das M oleku largew ich t 
d e r  w ich tig e ren  In te rm e d iä r-  u n d  E n d frak tio n en  w u rd en  b e s tim m t u n d  ih re  
U V -, IR -  u n d  N M R -S p ek tren  ebenfalls au fg en o m m en . D ad u rch  w urde  ein 
n ä h e r e r  E inb lick  in  die d u rc h sc h n ittlic h e  ch em isch e  Z usam m en se tzu n g  der 
e in z e ln e n  F rak tio n en  e rh a lte n . D ieser Teil u n se re r  A rb e it  sowie d er V ergleich  
d e r  chem ischen  S tru k tu r  d e r  versch iedenen  B itu m in a  so ll in  unserem  n ä c h s te r  
A r tik e l  b eh an d e lt w erden .
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UNTERSUCHUNG DER CHEMISCHEN 
ZUSAMMENSETZUNG VON BITUMINA AUS 

ROMASCHKINO UND ALGYŐ, II
UNTERSUCHUNG D E R  BITUM ENFRAKTIONEN MIT HOMOGENER 

CHEMISCHER STRUKTUR

L. Za l k a ,* К . B é l a f i-R é t h y ** und E . K e r é n y i **

Eingegangen am 1. Oktober 1971

Die nach den in der ersten Mitteilung beschriebenen Trennverfahren gewonnenen 
Bitumenfraktionen m it homogener chemischer Struktur wurden mittels UV- und IR- 
Spektroskopie, NMR-Spektrometrie und mit sonstigen Methoden untersucht. Durch 
Anwendung dieser, für Bitumenuntersuchungen neu eilt wickelt eil oder adaptierten 
Methoden und durch die Summierung der erhaltenen Ergebnisse gelang es, über Einzel
heiten der chemischen Struktur der verhältnismäßig homogenen Fraktionen Angaben 
zu erhalten. Diese ermöglichten die Feststellung der strukturellen Merkmale der tradi
tionellen Bitumenfraktionen; es konnten strukturelle Unterschiede bei Bitum ina ver
schiedener Herkunft nachgewiesen und einige Abweichungen in der Struktur geklärt 
werden, die durch die Herstellungstechnologie der Bitumina bedingt sind.

D ie Z u sam m en se tzu n g  bzw . S tru k tu r  von  B itu m in a  is t t ro tz  ih re r  v ie l
se itigen  V erw endung  v e rh ä ltn ism ä ß ig  w enig b e k a n n t. D ieser U m s ta n d  e r 
sch w ert die C h a ra k te ris ie ru n g  der B itu m e n so rte n  u n d  die F e s ts te llu n g  von  
Z usam m en h än g en  zw ischen  d er Q u a litä t u n d  d en  techno log ischen  P a ra m e te rn  
der B itu m e n h e rs te llu n g  bzw . den an w en d u n g stech n isch en  P a ra m e te rn  den 
B itu m en v erw en d u n g . D u rc h  die E n tw ick lu n g  v o n  w irksam en  M eth o d en  zu r 
E rfo rsch u n g  der S tru k tu r ,  neb en  d er E in fü h ru n g  von w irksam en  T re n n v e r 
fa h re n , können  die g e n a n n te n  Z u sam m en h än g e  m eh r u n d  m ehr a n g e n ä h e r t  
w erden .

Bekannte Methoden zur Strukturuntersuchung 
von Bitumina

In fo lge  d er a llgem einen  V erb re itu n g  d e r  U ltra v io le tt-  u n d  I n f r a r o t 
sp ek tro sk o p ie  u n d  d e r K c rn re so n a n zsp ek tro m e trie  k o n n ten  diese M ethoden  
au ch  zu r U n te rsu c h u n g  v o n  B itu m in a  a n g ew en d e t w erden . Die sp e k tro sk o 
p isch  e rh a lten en  A n g ab en  tru g e n  w esen tlich  z u r genaueren  A u fk lä ru n g  d er 
K o h le n w a sse rs to ffs tru k tu r  d er B itu m in a  bei.

D ie sp ek tro sk o p isch e  U n te rsu ch u n g  v o n  B itu m in a  begann  v o r  e tw a  
a n d e rth a lb  J a h rz e h n te n , als E rgebn is der A u sd e h n u n g  d er fü r E rd ö lp ro d u k te  
k leinen  M oleku largew ich ts en tw ick e lten  M ethoden  a u f  P ro d u k te  hohen  M ole-

* Donau- Mineralölwerke, Százhalombatta und ** Ungarisches Erdöl- und Erdgas-Forschungs. 
institut, Veszprém
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k u la rg e w ic h ts , d a ru n te r  a u f  B itu m in a . E in  T eil d e r M itte ilungen  ü b e r  B itu m en - 
a n a ly s e  b esch rän k te  sich  a u f  den  V ergleich  d e r S p ek tren  von  B itu m in a  v e r
s c h ie d e n e r  H e rk u n ft u n d  a u f  deren  q u a l i ta t iv e  C h arak te ris ie ru n g  [1, 2].

S p ä te r  such ten  F i s c h e r  u n d  S c h r a m  [3] b e re its  Z u sam m en h än g e  zw i
sc h e n  d e r  Menge d er m it d en  so g en an n ten  tra d itio n e lle n  M ethoden b e s tim m te n  
S tru k tu rg ru p p e n  u n d  dem  IR -S p e k tru m . Sie fan d e n  einen engen Z u sam m en 
h a n g  zw ischen dem  n a c h  d em  ndM -V erfah ren  b e s tim m te n  a ro m a tisc h  bzw. 
p a ra f f in is c h  gebundenen  K o h le n s to ffg e h a lt u n d  d e r In te n s i tä t  der B a n d e n  des 
IR -S p e k tru m s  bei 1600 c m -1  bzw . 730 c m " 1. D a d u rc h  ergab sich die M öglich
k e i t ,  d e n  aro m atisch  bzw . p a ra ff in isc h  g eb u n d en en  K o h len sto ffg eh a lt d e r Öl- 
f r a k t io n  von  B itu m in a  d u rc h  IR -S p ek tro sk o p ie  zu bestim m en .

C h e l t o n  u n d  M ita rb e ite r  [4] b e r ic h te te n  b e re its  ü b er die q u a n ti ta t iv e  
B estim m u n g sm ö g lich k e it v o n  K o h len w asse rs to ffg ru p p en , die ohne in s tru m e n - 
te lle  U n te rsu c h u n g e n  n ic h t  e r fa ß b a r  sind . Sie fan d en  einen Z u sam m en h an g  
zw isch en  dem  IR -S p e k tru m  u n d  d er d u rc h sc h n ittlic h e  M enge d er M ethy l- u n d  
M e th y le n g ru p p e n  p ro  M olekü l. Ä hnliche E rg eb n isse  e rh ie lten  au ch  B o y d  u n d  
M ita rb e ite r  [5].

S m i t h  und  M ita rb e ite r  [6] u n te rs u c h te n  die an w en d u n g stech n isch e  E ig en 
s c h a f te n  von  B itu m in a  in  A b h än g ig k e it v o n  d e r S tru k tu r  u n d  su c h te n  einen 
Z u sa m m e n h a n g  zw ischen d e r  S tru k tu r  d e r K o h le n  s to ffk e tte  u n d  d e r W e tte r 
b e s tä n d ig k e it  des B itu m en s .

K n o t n e r u s  [7] b e sc h ä ftig te  sich m it  d e r  ch ro m ato g rap h isch en  F ra k t io 
n e n  e in ig e r B itu m in a  u n d  b e s tim m te  d ie  A n z a h l d er € H 3-, C H 2-, N H -, SO- 
u n d  С О -G ruppen  im  d u rc h sc h n itt l ic h e n  M olek ü l au fg ru n d  des IR -S p e k tru m s .

D u rc h  die E n tw ic k lu n g  d er N M R -S p ek treo m e trie  w urde die E rk e n n tn is  
d e r  K o h le n w a sse rs to ffs tru k tu r  von  B itu m in a  d u rc h  w ertvo lle  A n g ab en  e r
w e i te r t .  E s  ergab sich  die M öglichkeit der B estim m u n g  der genauen  V erte ilu n g  
d e r  W asse rs to ffa to m e  in  d e r  K o h le n w a sse rs to ffk e tte .

C h a m b e r l a i n  u n d  M ita rb e ite r  [8, 9, 10] c h a ra k te ris ie rte n  die g e sä ttig te n  
u n d  a ro m a tisch en  F ra k tio n e n  von  B itu m in a  — n eb en  an d eren  p h y sik a lisch en  
K e n n w e r te n  — d u rch  die a u f  N M R -spe k tro m e tr isc h e n  W eg b e s tim m te  W asse r
s to ffv e r te ilu n g .

D ie  gem einsam e A u sw e rtu n g  der IR -sp ek tro sk o p isch en  D a te n  u n d  d er 
d u rc h  N M R  b es tim m ten  W asse rs to ffv e rte ilu n g  lie fe rte  ausfüh rliche  In fo rm a 
tio n e n  ü b e r  die K o h le n w a sse rs to ffk e tten  v o n  B itu m in a  [11 — 13].

M id d l e t o n  [14] v e rw e n d e te  die M ö g lich k e iten  d er in s tru m e n te lle n  
A n a ly se  zu r E rg än zu n g  d e r  E rgebn isse  d er w irk sam en  T ren n u n g  von  B itu m in a .

D ie  w ich tigsten  A n g ab en  aus der F a c h li te ra tu r  der sp ek tro m e trisch en  
A n a ly se  von  B itu m in a  s in d  in  T a b . I  zu sam m en g este llt.

D iese A ngaben b ez ieh en  sich  ü b e rw ieg en d  e n tw ed e r a u f einzelne B itu m e n 
f ra k t io n e n  oder a u f  das u rsp rü n g lich e  B itu m e n . D iejen igen  F o rsch er, die e in
ze ln e  F ra k tio n e n  u n te rs u c h te n , v e rz ic h te ten  a u f  eine um fassende s tru k tu re lle
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Lit.-
binwcis

[1]

[2]

[3]

[4]

[5]

[6] 

[7] 

[ П ]

[13]

Tabelle 1

Methoden zur IR-spektroskopischen Analyse von Bitumina  
in der Fachliteratur

Spektralbereich,
cm - 1

Lösungsmittel Schicht
dicke, cm Ergebnis Vorbereitungsoperationen

5000-1250 T etrachlorkohlen- 0,0018 qualitative
Stoff Analyse —

i-Oktan 0,01
5000-1250 Tetrachlorkohlen- 0,05 qualitative Flüssigkeitschromato-
2500 -700 Stoff 0,01 Analyse graphie

2000 -700 Dekalin 0,01 qualitative Flüssigkeitschromato-
Analyse graphie an Al90 a

1610 0.01
720 0,01 Cp%

3300 2780 T etrachlorkohlen- 0,015 Flüssigkeitschromato-
Stoff graphie an Silikagel,

2960 CH3 Thermodiffusion
2920 CH2
1600 Сд%

3000-700 Tetrachlorkohlen- 0,015 qualitative Flüssigkeitschromato-
Stoff Analyse graphie an Fuller-

erde bzw. Silikagel
2960 CH3
2920 CH,
1380 CH3

3000 700 Tetrachlorkohlen- 0,01 qualitative Originalbitu men
Stoff Analyse

Schwefelkohlen- 0,01
Stoff

2920 CH2
1380 CII3

720 CH2
4 0 00-700 Tetrachlorkohlen- 0,01 qualitative Flüssigkeitschromato-

Stoff 0,005 Analyse graphie
3480 NH
1720 CO
1460 CH2
1380 CH,
1035 s o

4000 -700 0,01 qualitative Molekulardestillation,
Analyse Flüssigkeitschro-

3600 OH matographie
3480 NH

1740-1655 CO
1600 Aromaten

4000 -700 Schwefelkohlen- 0,005 qualitative Flüssigkeitschromato-
Stoff 0,01 Analyse graphie

1720 C =  0
1610 Aromaten
1380 ( И ;,
720 CH2
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C h ara k te ris ie ru n g  d e r B itu m in a , w äh ren d  je n e  V erfasser, die sich m it dem  
G esa m tb itu m e n  b e fa ß te n , wegen d er k o m p liz ie rte n  Z u sam m ense tzung  n u r  zu  
einem  o b erfläch lich en , d u rch sch n ittlich en  B ild  ü b e r  die S tru k tu r  ge langen  
k o n n te n .

Zur Untersuchung
der Bitumenfraktionen verwendete Methoden

I n  u n se re r A rb e it w urden  v o r der au sfü h rlich en  S tru k tu ru n te rsu c h u n g  
u n se re r  B itu m e n p ro b e n  versch iedener H e rk u n f t  u n d  versch iedener H e rs te l
lu n g stechno log ie  w irk sam e T ren n u n g so p e ra tio n en  d u rch g e fü h rt, w o durch  h in 
s ic h tlic h  ih re r  S t r u k tu r  ziem lich  hom ogene F ra k tio n e n  e rh a lten  w urden . Ü b er 
das T re n n v e rfah re n  w u rd e  im  e rs ten  T eil u n se re r  M itte ilung  b e r ic h te t [15].

D ie d u rc h sc h n ittlic h e  M o lek ü ls tru k tu r d e r aus den B itu m en p ro b en  e r 
h a lte n e n  engen  F ra k tio n e n  w urde e inerse its  d u rc h  UV-, IR - u n d  N M R - 
S p e k tro m e trie , a n d e rse its  d u rch  B estim m u n g  d e r E lem en ta rzu sam m en se tzu n g  
u n d  des d u rc h sc h n ittlic h e n  M olekulargew ichts u n te rsu c h t. D as Z iel der 
B itu m e n u n te rsu c h u n g e n  w ar die C h a rak te ris ie ru n g  d er S tru k tu r  bzw . Z u sa m 
m en se tzu n g  des G esam tb itu m en s  au fg ru n d  d er D a te n  der F ra k tio n e n  m it 
h o m o g en er S tru k tu r .

D ie M ethoden  d e r sp ek tro m etrisch en  A n aly sen  w urden  d u rch  die W e ite r 
e n tw ic k lu n g  d er f rü h e r  au sg earb e ite ten  bzw . d e r  von  der L ite ra tu r  ü b e r 
n o m m en en  P rü fm e th o d e n  e rh a lten .

D ie zu r U n te rsu c h u n g  des A ro m a ten g eh a lts  von  E rd ö ld es tilla ten  d u rch  
B álint  en tw ick e lte  U V -A bsorp tionsm ethode  w u rd e  a u f  die U n te rsu ch u n g  d er 
B itu m e n fra k tio n e n  au sg ed eh n t. D ad u rch  k o n n te  d er G ehalt an  A ro m aten  m it 
e inem  zwei u n d  m e h r R ingen  bei den fü r  V erb in d u n g en  m it v e rsch ied en en  
R in g zah len  c h a ra k te ris tisch e n  W ellen längen  von  2000 Á, 2300 Á u n d  2600 Á 
b e s tim m t w erden . D ie spezifischen E x tin k tio n sk o e ffiz ie n te n  der e inzelnen  
A ro m a te n ty p e n  s in d  — be i einer K a lib rie ru n g  m it a u f  ch ro m ato g rap h isch em  
W ege g e tre n n te n  A ro m a te n k o n z e n tra te n  aus schw eren  D estilla ten  — alle in  
v o m  d u rc h sc h n ittlic h e n  M olekulargew icht des E rd ö lp ro d u k te s  ab h än g ig . 
F o lg lich  k o n n te  die q u a n ti ta t iv e  B estim m u n g  d e r a ro m atisch en  K o h len w asse r
s to ff ty p e n  in  schw eren  E rd ö lp ro d u k te n , in  K e n n tn is  des d u rch sch n ittlich en  
M oleku largew ich ts d e r  zu  u n te rsu ch en d en  P ro b e  d u rch g e fü h rt w erden . Z u r 
A u sa rb e itu n g  d e r M ethode w urden  die aus schw eren  E rd ö lp ro d u k te n  d u rch  
F lü ss ig k e itsc h ro m a to g ra p h ie  gew onnenen a ro m a tisc h e n  F rak tio n en  v e rw en 
d e t, dem zufolge e n th a lte n  die so b e s tim m te n  K o n ze n tra tio n sw e rte  au ß e r dem  
e n tsp re c h e n d en  A ro m a te n ty p  auch  die bei d e r ch ro m ato g rap h isch en  T re n n u n g  
m itla u fe n d e n  z. B . schw efelhaltigen  V erb in d u n g sg ru p p en . D ie G en au ig k e it 
d er M ethode w ird  a u f  e tw a  ^ 5 %  g esch ä tz t.

D ie M essungen  w u rd en  m it e inem  a u to m a tis c h  reg is trie ren d en  UV- 
S p e k tro p h o to m e te r  d e r F irm a  P e rk in -E lm e r (T yp  137 UV) d u rch g e fü h rt. D ie
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S p e k tre n  w urden  im  B ere ich  zw ischen 1900 Á u n d  3000 Á re g is tr ie r t .  Als 
L ö su n g sm itte l w urde  a ro m aten fre ies  B enzin  ve rw en d e t. Die S c h ich ten d ick e  in 
d er K ü v e tte  b e tru g  0,1 cm . In  A bb. 1 w ird  das U Y -S pek trum  e in e r  B itu m e n 
p ro b e  gezeig t; die d re i M eß p u n k te  sind b eze ich n e t.

W ellenlänge Á
Abb. 1. UY-Spektrum der Ölharzfraktion des Romaschkinoer Extraktbitumens. (--------- 0,15

g/1, — ------0,62 g/1; Schichtdicke 0,1 cm)

D er a ro m atisch , p a ra ffin isch  u n d  n a p h te n isc h  gebundene K o h le n s to ff
g eh a lt d er B itu m en p ro b en  w urden  du rch  IR -A b so rp tio n s-S p e k tro p h o to m e trie  
gem essen. D er Z u sam m en h an g  zw ischen den  a u f  versch iedene W eise geb u n d en en  
K o h len sto ffg eh a lten  u n d  dem  IR -S p e k tru m  w u rd e  von B randes  [17, 18] fe s t
g e s te llt; sp ä te r  ließ  sich  d ieser Z u sam m en h an g  bei B itu m in a  v e rw e n d e n  [3]. 
D abei w urde  der p a ra ff in isc h  gebundene K o h len sto ffg eh a lt d u rc h  I n te n s i tä ts 
m essung  d er B ande bei 720, bzw . 730 c m -1  (P endelschw ingung  d e r  —CH.,- 
G ru p p en ), der a ro m a tisc h  gebundene K o h len sto ffg eh a lt d u rch  I n te n s i tä ts 
m essung  d er B an d e  bei 1610 bzw . 1600 c m -1  (S chw ingung des a ro m a tisc h e n  
R inges) b e s tim m t. D er n ap h te n isc h  g ebundene  K o h len sto ffg eh a lt w u rd e  aus 
dem  U n te rsch ied  zw ischen  dem  G esam tk o h len sto ffg eh alt u n d  d e r S u m m e des 
p a ra ffin isch  und  a ro m a tisc h  gebundenen  K oh len sto ffg eh a ltes  b e re c h n e t. Die 
S p e k tre n  w urden  n a c h  d e r sog. G ru n d lin ien m eth o d e  au sg ew erte t. D as IR - 
S p e k tru m  einer B itu m e n p ro b e  im  b e n ö tig te n  S p ek tra lb ere ich  von  1900 c m ~ ]
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b is  660  c m -1, u n te r  B e z e ic h n u n g  der M e ß p u n k te , is t  in  A bb. 2 d a rg e s te llt . 
D e r  F e h le r  der M ethode b e t r ä g t  n ach  unseren  E rfa h ru n g e n  kaum  m eh r als d er 
f ü r  E rd ö ld e s tilla te  b e s t im m te  Messfehler d e r  u rsp rü n g lich en  ndM -M ethode 
u n d  k a n n  au f höch sten s 3 — 4 %  geschätzt w erd en .

1900 1700 1500 1300 1100 900 700 3100 2900 2700
ö  c m ’1 о cm '1

Abb. 2. T eile des IR -S p e k tru m s  d e r  Ö lfraktion des n ap h te n isch -a ro m a tisch e n  Teiles aus 
R o m asch k in o e r E x tra k tb itu m e n , z u r  B estim m ung der W e rte  CA% , CP% , пСНз u n d  n CH2. a) 

S ch ich td icke  0 ,01 cm ; b) S ch ich td icke  0,01 cm ; 15,2 g/1

D ie A nzahl d er M e th y l-  u n d  M eth y len g ru p p en  im  d u rc h sc h n ittlic h e n  
M o lek ü l der B itu m e n p ro b e n  w urde — n a c h  e in e r  im  I n s t i tu t  »M Á FK I« 
f r ü h e r  en tw ickelten  u n d  j e t z t  a u f B itum ina  a u sg e d e h n te n  M ethode — eb e n 
fa lls  d u rc h  IR -S p e k tro sk o p ie  gemessen [19]. D ie B estim m u n g  b e ru h t a u f  der 
In te n s itä tsm e ssu n g  d e r a n tisy m m etrisch en  V a len zschw ingungsbande  be i 2960 
c m - 1  fü r  M ethy lg ruppen  b zw . 2930 cm -1 fü r  M e th y len g ru p p en . D as S p e k tru m  
d e r  L ösungen  der B itu m e n p ro b e n  wurde im  B ere ich  zw ischen 3100 u n d  2700 
c m -1  b e i K o n zen tra tio n en  v o n  20 g/1 re g is tr ie r t. D ie  M eßgenauigkeit w ird  m it 
R ü c k s ic h t  au f das h o h e  d u rch sch n ittlich e  M oleku largew ich t a u f  ^j-1— 2 
G ru p p e n  geschätzt. I n  A b b . 2 is t auch d er V a len zschw ingungsbere ich  d er 
M e th y l-  u n d  M e th y le n g ru p p e n  bei einer u n te rs u c h te n  B itu m e n fra k tio n  ge
z e ig t. D ie IR -S p ek tren  w u rd e n  m it einem G e rä t U R  20 der F irm a  C arl Zeiss 
J e n a  aufgenom m en. E s  w u rd e n  Prism en aus N aC l u n d  K ü v e tte n  m it e in er 
S c h ic h td ic k e  von 0,012 cm  verw endet.

D ie N M R -S p ek tro m e trie  erm öglicht die q u a n t i ta t iv e  B estim m u n g  der 
v e rsc h ie d e n e  G ruppen  b ild e n d e n  W assers to ffa to m e u n d  d ad u rch  d er v e rsch ie 
d e n e n  S tru k tu rg ru p p e n . I n  un se re r A rbeit w u rd e n  die einzelnen S t r u k tu r 
g ru p p e n  — in g u te r  Ü b e re in s tim m u n g  m it a n d e re n  M ethoden — a u f  der 
In te g ra lk u rv e  der S p e k tre n  innerhalb  der in  T a b . I I  an g efü h rten  G renzen  
g em essen .
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A bb . 3 zeig t das N M R -S p ek tru m  e in er B itu m en p ro b e , u n te r  B eze ich 
n u n g  d er b e s tim m ten  G ru p p en . D ie M essungen w urden  m it e in em  60 M Hz 
P ro to n re so n a n z -S p e k tro m e te r  V A R IA N  T y p e  T-60 d u rch g e fü h rt. E s  w u rd en  
10—20% ige Lösungen in  T e tra c h lo rk o h len s to ff  bei 30° u n te rsu c h t;  a ls in n e re r 
S ta n d a rd  w urde T e tra m e th y ls ila n  v e rw en d e t. D ie S p ek tren  w u rd en  im  B ere ich  
von  0 —8 p p m , d. h. 0 — 500 H z re g is tr ie r t, u n te r  gleichzeitiger A u fn a h m e  der 
In te g ra lk u rv e .

Tabelle II

Speklralbereiche zur Auswertungen der NM R-Speklren  
von Bilumenfraktionen

Bindungatyp des Wasser
stoffs

Chemische Ver
schiebung (d), ppm

- C H 3 0 ,7 -1 ,2
—CHj — 1,2 -1 ,4
>C H  — 1,4-1 ,8
A r—CH3 1,8-2 ,6
A r-C H  2- 2 ,6 -3 ,2
A r - H 6 ,6 - 8 ,0

J--1--1--1---1--1--1--1--1--1--1--1--1--1--1--1--1--1--1_____I___._I_I_I_I_I_I_I_I_» ■ ■ • 1 ■ . ■ . I I
8.0 70 6.0 5.0 4.0 3.0 2.0 1.0 0

PPM (6)

Abb. 3. N a p h ten isch -a ro m a tisch er Teil aus A lgyöer E x tra k tb itu m e n : N M R -S p e k tru m  der 
e inringigen F ra k tio n  aus dem  D e stilla t de r Ö lfrak tion
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D ie B estim m ung  d e r  E lem en ta rzu sam m en se tzu n g  der B itu m en p ro b en  
w u rd e  nach  den tra d it io n e lle n  M ethoden d u rc h g e fü h rt. K o h len sto ff u n d  
W a sse rs to ff  w urde n a c h  P r e g l  bestim m t, m it te ls  g rav im etrisch e r M essung 
des geb ilde ten  K o h len d io x id s  u n d  W assers.

Z u r S ch w efe lbestim m ung  wurde die M eth o d e  von  Sch ö nig er  v erw en d e t. 
D ie  P ro b e  w urde in  S a u e rs to f f  v e rb ran n t u n d  d ie  en ts tan d en en  S u lfa tionen  
m it  e in er M aßlösung au s  B ariu m p erch lo ra t in  G egenw art von T h o rin  als 
I n d ik a to r  titr ie r t.

D er S au ers to ffg eh a lt w urde  durch die M eth o d e  von  U n t e r z a u c h e r  b e 
s t im m t.  Der gebundene S a u e rs to ff  der P ro b e  w ird  dabei zu K o h lenm onox id  
u m g e se tz t , le tz teres m it  Jo d p e n to x id  zu K o h len d io x id  o x y d ie rt u n d  das fre i
w e rd e n d e  Jo d  t i t r im e tr is c h  bestim m t.

Z u r B estim m ung  des d u rch sch n ittlich en  M oleku largew ich ts d er B itu m e n 
f ra k tio n e n  erwies sich  d ie  tlie rm oosm om etrische  M ethode als am  b es ten  ge
e ig n e t  [21, 22]. Die M essungen  w urden m it d em  KNAUERschen D a m p fd ru c k 
o sm o m e te r  u n te r A n w e n d u n g  von Lösungen in  T e tra c h lo rk o h len s to ff  bei K o n 
z e n tra tio n e n  von 0,1 Mol/1 d u rch g efü h rt. In  e in igen  F ä llen , als die T re n n u n g  m it 
k e in e r  w esentlichen V e rä n d e ru n g  des M oleku la rgew ich tes v e rb u n d en  w ar, 
w u rd e  das M oleku la rgew ich t der g e trenn ten  F ra k tio n e n  als id en tisch  m it dem  
M oleku largew ich t d e r A u sg an g sfrak tio n  an g en o m m en .

Z u sam m en se tzu n g  der B itu m e n fra k tio n e n

W ie bereits e rw ä h n t, w urden  vor den Z u sam m en se tzu n g s- bzw . S t r u k tu r 
u n te rsu c h u n g e n  w irk sam e  T ren n u n g so p e ra tio n en  d u rch g e fü h rt, die b e re its  h in 
s ic h tlic h  der Z u sam m en se tzu n g  und  der S t r u k tu r  gewisse A u fk lä ru n g en  lie fer
t e n  [15]. Z unächst w u rd e n  die A usgangsproben e n ta sp h a lte n ie rt , ansch ließend  
m it te ls  F lü ssig k e itsch ro m ato g rap h ie  in F ra k tio n e n  g e tren n t, die p a ra f f in 
h a lt ig e n  F rak tio n en  b e i — 30° e n tp a ra ff in ie rt u n d  einer A d d u k tb ild u n g  m it 
H a n r s to f f  un terw orfen  u n d  end lich  die F ra k tio n e n  m itte ls  M oleku lardestilla tion  
u n d  F lü ss ig k e itsch ro m a to g rap h ie  an p rä p a r ie r te n  S äu len  in w eitere F ra k tio n e n  
m it  v e rh ä ltn ism äß ig  h o m o g e n e r Z u sam m ense tzung  zerlegt.

D ie vier u n te rs u c h te n  B itu m en arten  w a re n  R om aschk inoer E x t r a k t 
b i tu m e n , D e s tilla tio n sb itu m e n  und  geblasenes B itu m e n  bzw. A lgyoer E x t r a k t 
b i tu m e n . Im  w eiteren  w e rd e n  die E rgebn isse  d e r  U n tersu ch u n g en  e inzelner 
c h a ra k te ris tis c h  h o m o g en e r F rak tio n en  v o rg e fü h r t .

Die g esä ttig ten  K o h len w asse rs to ffk o m p o n en ten  der B itu m en p ro b en  sind 
h a u p tsä c h lic h  in d er n a c h  d e r E n tp a ra ff in ie ru n g  d er ch ro m ato g rap h isch  ge
w o n n en en  p a ra ffin isch en  O lfrak tion  e rh a lte n e n  N o rm a lp a ra ffin frak tio n  u n d  
f lü ss ig e n  P a ra ff in fra k tio n  e n th a lte n . U m  sie zu  ch a rak te ris ie ren , w erden  die 
A n a ly se n  des M o lek u la rd es tilla tio n srü ck stan d es  im  w eiteren  au sfü h rlich e r b e 
h a n d e l t .
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Im  M o lek u la rd es tilla tio n srü ck stan d  d e r  N orm alpara ffin fra k tio n  des 
para ffin ischen  Ölteiles sind  die g e rad k e ttig en  N o rm a lp a ra ffin -K o h len w asse r
sto ffe , d. h . die B itu m e n b e s ta n d te ile  m it e in fa c h s te r  S tru k tu r  k o n z e n tr ie r t .  
D ie Y ersuchsergebn isse  d ieser F ra k tio n  s ä m tlic h e r  B itum enproben  s in d  in  
T ab . I I I  an g e fü h rt.

Tabelle III

Ergebnisse der Untersuchungen des Destillationsrückstandes aus der Normalparaffinfraklion
des paraffinischen Öles

Herkunft des Bitumens

Methode Geprüfte Größe Romaschkinoer
Algyöer

Extrakt Destill. Geblas.
E x trak t

IR c A% 0 0 0 0
Cp% 100,0 100,0 100,0 100,0
CN% 0 0 0 0
n CH 3 4,0 5,8 2,8 4,2
n C H 2 56,8 50,7 53,6 57,3

NMR n CH 2 , 2 4,9 2,4 3,2
n CH 2 57,2 49,8 54,2 57,4
n C H 3 4,2 6,3 2,9 4,6

D ainpfdruck-
O sm om etrie MG 892 854 820 912

Menge der F ra k tio n , a u f  das 
B itum en bezogen, G ew .% 2,8 4,5 1,1 10,3

A nnähernde R ru tto fo rm el C«4Hi30 6̂1̂ 123 C5öHl20 £(•,5̂ 132

In  den T ab e llen , die die V ersuchsergebn isse  d e r  B itu m e n fra k tio n e n  e n t 
h a lten , w urden  die M eßm ethode, die M eßergebn isse  u n d  die daraus b e re c h n e 
ten  G rößen angegeben . D ie E rk lä ru n g  der in  den  T ab e llen  b e fin d lich en  A b k ü r 
zungen is t wie fo lg t:

CA%
CP%
CN%

n CH 3

n CH 2

n CH
n A r-H

n A r - C H 2

p ro zen tu e lle  M enge der a ro m a tisch  g e b u n d en e n  K ohlenstoffatom e 
p ro zen tu e lle  M enge der p a ra ffin isch  g e b u n d e n e n  K ohlenstoffatom e

-  100 -  (Сд -j- Cp) =  prozen tuelle  M enge d e r  n a p h te n isch  gebundenen  K o h le n 
sto ffa to m e

-  A nzah l d e r M eth y lg ru p p en  pro d u rc h sc h n itt lic h e s  M olekül
-  A n zah l d e r M eth y len g ru p p en  pro d u rc h sc h n itt lic h e s  Molekül

— A nzahl d e r M eth in g ru p p en  pro d u rc h sc h n itt lic h e s  M olekül
-  A nzahl d e r a n  K o h le n s to ffa to m e  der a ro m a tis c h e n  R ingen gebundenen  W a s se r

s to ffa to m e  p ro  d u rch sch n ittlich es  M olekül
A nzah l d e r a n  K o h len sto ffa to m e  der a ro m a tis c h e n  R ingen g eb u ndenen  M e th y 
len g ru p p en  p ro  d u rch sch n ittlich es M olekül
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п А г-С Н з

E in r in g ig
Z w eirin g ig
M e h rrin g ig
M G

n C

HCa

ncP

“ Cu

»S

n C

A nzahl de r a n  K o h len sto ffa to m e  d e r a ro m a tis c h e n  R ingen g e b u n d en e n  M e th y l
g ru p p en  p ro  d u rch sch n ittlich es  M olekü l 
G eh alt de r P ro b e  a n  A ro m aten  m it e in em  R in g , in  Gew.%
G eh alt d e r  P ro b e  a n  A ro m aten  m i t  zw ei R in g en , in  G ew .%
G eh alt d e r  P ro b e  a n  A ro m aten  m it m e h re re n  Ringen, in  G ew .%  
d u rc h sch n ittlich e s  M olekulargew ich t d e r  P ro b e

C%— MG 100x12 =  A nzahl der K o h le n s to ffa to m e  im  d u rc h sc h n itt lic h e n  M olekül

n c =  A n zah l der a ro m a tisch  g e b u n d e n e n  K o h len sto ffa to m e  im  du rch -100
sc h n ittlic h en  M olekül

n  C p%  n C =  A n zah l der p a ra ffin isch  g e b u n d en e n  K o h len sto ffa to m e  im  du rch -100
sc h n ittlich en  M olekül
„ cN%
nc =  A n z ah l der n ap h te n isch  g e b u n d en e n  K o h len sto ffa to m e  im  d u rch -

100
sc h n ittlic h en  M olekül

S%MG

MG

10 0 x 3 2
0%

100x16
w urde  n ic h t u n te rs u c h t

=  A nzahl der S ch w efe la to m e  im  d u rc h sch n ittlich e n  M olekül 

=  A nzahl de r S a u e rs to ffa to m e  im  d u rc h sch n ittlich e n  M olekül

D ie B ru tto fo rm e ln  d er F ra k tio n e n  w u rd e n  aus den E rg e b n isse n  der 
E le m e n ta ra n a ly se  u n d  d em  M olek u la rg ew ich t, oder aus der sp e k tro m e tr isc h  
b e s t im m te n  G ru p p en zu sam m en se tzu n g  u n d  d em  M olekulargew icht b e re c h n e t.

A us T ab . I I I  g eh t h e rv o r, daß  d er p a ra f f in is c h  gebundene K o h le n s to ff
g e h a lt  be i säm tlich en  v ie r  u n te rsu c h te n  B itu m e n fra k tio n e n  100%  b e trä g t ;  
d ies i s t  e in  Beweis fü r  die W irk sam k e it d e r T re n n u n g  und  fü r die H o m o g e n itä t  
d e r  F ra k tio n . D ie A nzah l d er V erzw eigungen  p ro  d u rch sch n ittlich es  M olekül 
b e t r ä g t  2 —4; dies bew eist, d aß  eine hohe A n re ich e ru n g  der g e ra d k e ttig e n  oder 
w en ig  v erzw eig ten  P a ra ff in e  e rre ich t w u rd e . D ie aus dem  M o leku la rgew ich t 
u n d  au s  den  sp ek tro sk o p isch en  D a ten  b e re c h n e te  B ru tto fo rm el d er F ra k tio n e n  
s t im m t  a n n ä h e rn d  m it d e r F orm el der P a ra f f in e  überein .

E s  w ar ü b e rra sc h e n d , daß  die u n te rs u c h te n  B itu m in a  e in en  h o h en  
G e h a lt  an  a n n ä h e rn d  n o rm alen  P a ra ff in e n  aufw eisen . In  den  v e rsch ied en en  
R o m a sc h k in o e r B itu m in a  e rre ich t die M enge d e r  N o rm alparaffine  3 — 5 % , im 
A lg y o e r B itu m en  e tw a  15% .

D ie A nalysenergebn isse  des D es tilla tio n srü ck s tan d es  der p a ra ffin isch en  
Ö lfrak tion  sind  in  T a b . IV  angegeben. Im  F a lle  säm tlicher A u sg an g sb itu m in a  
is t  d iese  F ra k tio n  a ro m a te n fre i u n d  die M enge d e r  paraffin isch  u n d  n a p h te n isc h  
g e b u n d e n e n  K o h len sto ffa to m e  is t fa s t g le ich ; allein  bei der e n tsp re c h e n d en  
F r a k t io n  des A lgyoer B itu m en s  is t die M enge d er para ffin isch  g eb u n d en en  
K o h le n s to ffa to m e  b e m e rk b a r  höher.

D ie R o m asch k in o er F rak tio n en  e n th a l te n  p ro  d u rch sch n ittlich es  M olekül 
v ie r  N a p h te n rin g e , w ä h re n d  beim  A lgyoer B itu m e n  drei N a p h te n rin g e  gefun 
d e n  w u rd en . In  Ü b ere in stim m u n g  d a m it w a r  au c h  der V erzw eigungsg rad  der 
K o h le n s to ffk e tte n  bei d e r A lgyoer B itu m e n fra k tio n  geringer: g eg en ü b e r den
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Tabelle IV

Ergebnisse der Untersuchungen des Destillalionsrückstandes 
aus der flüssigen Paraffinfraklion des paraffinischen Öles

Herkunft des Bitumens

Methode Geprüfte Größe Romaschkinoer
Algyöer

Extrakt Destill. Geblas.
Extrakt

IR c A 0 0 0 0
Cp 54,3 52 4 52 7 6I .1
CN 45,7 47,6 47,3 38,9
n CH 3 7,7 8,0 7,0 7,4
»CHa 26,6 30,9 30,6 31,0

NMR n CH 11,3 10,5 10,7 8,6
“ CHa 25,7 31,1 29,5 30,4
n CH 3 7,1 7,6 7,0 7,1

Dampfdruck-
Osmometrie MG 620 690 660 644

Menge der Fraktion,auf das Bitumen 
bezogen, Gew.% 0,74 1,04 1,74 3,16

Annähernde Bruttoformel c44h 84 4̂9^95 f-uHgl ^46̂ 91

d u rc h sc h n itt l ic h  11 M eth in g ru p p en  bei den R o m aschk inoer F ra k tio n e n  fan d en  
w ir h ie r  e tw a  9. E in ige m ögliche S tru k tu rv a r ia n te n  des D e s til la tio n s rü c k s ta n 
des d e r flüssigen P a ra ff in fra k tio n e n  des p a ra ffin isch en  Öles s in d  in  A bb . 4 
d a rg e s te llt.

D ie Ö lfraktion  des f lü ss ig k e itsch ro m ato g rap h isch  a b g e tre n n te n  naphte- 
nisch-arom atischen Teiles e n th ie lt  — n eben  einem  geringen G eh a lt a n  g e sä ttig 
te n  K o h lenw assersto ffen  — einen  w esen tlichen  Teil d er ein- u n d  zw eiring igen  
a ro m a tisch en  B es tan d te ile  d e r P ro b en . D ie ein- u n d  zw eiringigen F ra k tio n e n , 
h e rg e s te llt  du rch  F lü ss ig k e itsch ro m a to g rap h ie  aus dem  D e s tilla t u n d  dem  
R ü c k s ta n d  der M o lek u la rd estilla tio n , w u rd en  e ingehender u n te rs u c h t . D er 
ein- u n d  zw eiringige A ro m a te n g e h a lt d ieser F ra k tio n e n  e rre ic h t zw ar n ic h t 
das 100% , jed o ch  gelang es, infolge d er 6 0 —9 0%  igen A nre icherung  d e r e inzelnen  
A ro m a te n ty p e n , ein k la res  B ild  ü b e r die d u rch sch n ittlich e  M o le k ü ls tru k tu r  
d ieser e tw a  3 —4 %  d e r B itu m e n p ro b e n  au sm ach en d en  F ra k tio n e n  zu  e rh a lte n .

D ie einringigen F raktionen  des D estillats und  des R ückstands  w ichen  v o n 
e in a n d e r allein  in der L än g e  d e r an  den  a ro m atisch en  R ing  g eb u n d en en  A lk y l
k e tte n  a b ; die S u b s titu tio n sv e rh ä ltn isse  des a ro m atisch en  R inges u n d  die 
S t ru k tu r  d e r A lk y lk e tte  w aren  dagegen  fa s t  gleich. Die d iesbezüg lichen  E rgeh -
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СНз

СНз

Abb. 4. Paraffinischer Ölteil aus Romaschkinoer Extraktbitumen: einige Strukturvarianten 
des Destillationsrückstandes der Ölfraktion (Z n =  26)

n is se  u n se re r  U n te rsu c h u n g e n  sind  in T ab . У  u n d  V I e n th a lte n . D ie E rgebn isse  
ze ig en  eine d u rc h sc h n ittlic h  3 bis 4fache S tib s titu tio n  des arom atisch en  R inges 
a n . D ie  Z ahl der u n m it te lb a r  an den a ro m a tisch en  R in g  gebundenen  M eth y l
g ru p p e n  w ar bei beiden  F ra k tio n e n  zw ischen 1 u n d  2, w äh ren d  die Z ah l der 
lä n g e re n  A lk y lk e tten  2 b is 3 b e tru g . Die K o h le n s to ffsk e le tts tru k tu r  der S e iten 
k e t te n ,  d. h. die Z ahl d er V erzw eigungen  u n d  d e r  N ap h ten rin g e  liegt zw ischen 
d en  b e i den N o rm a lp a ra ffin -  u n d  p a ra ffin isch en  Ö lfrak tio n en  des p a ra ff in i
sch en  Öles b eo b ach te ten  W e rte n .

D er Schw efelgehalt d e r  F ra k tio n e n  lag  zw ischen  0,8 u n d  1 ,6% , w oraus 
sich  e in  W ert von e tw a  0 ,3  S chw efelatom en p ro  d u rch sch n ittlich es  M olekül 
e rg ib t ,  d. h. es m uß sich  in  je d e m  d ritte n  M olekül ein  S chw efelatom  b efin d en . 
D re i m ögliche V arian ten  d e r  M o lek ü ls tru k tu r, d ie  die e inringige F ra k tio n  ge
m e in sa m  ch a rak te ris ie ren , s in d  in  A bb. 5 d a rg e s te llt.
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Tabelle V

Ergebnisse der Untersuchung der einringigen Fraktion 
aus dem Destillat der Ölfraktion des naphlenisch-aromatischen Teiles

Herkunft des Bitumens

Methode Geprüfte Größe Romaschkinoer
Algyöer

Extrakt Destill. Geblas.
Extrakt

IR cA% 16,2 17,0 14,6 12,1
c P% 59,3 58,2 59,4 67,4
c N% 24,5 24,8 26,0 20,5
n CH 2 22,3 25,2 21,0 27,4
n CH 3 5,9 6,8 6,2 6,2

NMR n CH 6,0 6,3 8,5 6,2
n CH 2 20,8 22,14 19,2 24,5
n CH 3 4,7 4,9 6,2 5,5
n A r-H 2,5 2,4 2,8 2,3
n A r-C H 3 2,5 2,9 2,1 2,7
n A r-C H 3 1,7 1,4 1,2 1,0

UV Einringig 76,0 77,4 77,9 69,9
Zweiringig 2,5 4,2 7,1 8,7
Mehrringig 0,2 0,4

Dampfdruck-
Osmometrie MG 583 614 603 650

Chemische Analyse c% 86,4 86,0 85,9 87,0
H% 12,5 12,7 12,1 12,7
S% 1,6 1,4 1,0 0,8

Berechnete Werte nc 42,0 44,0 43,2 47,1
" C A 6,8 7,5 6,3 5,7
ncP 24,9 25,6 25,7 31,7
ncN 10,3 10,9 11,2 9,7
"s 0,3 0,3 0,2 0,2
"0

Menge der Fraktion 
auf das Bitumen
bezogen, Gew.% 0,34 0,44 2,23 1,06

Annähernde
Bruttoformcl ^42^73^0’ 3 ^44^78^0’3 ^*43^73^ ü’ 2 ^ 4 7 ^8 2 ^0 ’2
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Tabelle VI

Ergebnisse der Untersuchung der einringigen Fraktion aus dem Destillationsrückstand 
der Ölfraktion des naphlenisch-aromatischen Teiles

Methode Geprüfte Grösse

Herkunft des Bitumens

Romaschkinoer
Algyöer Extrakt

Extrakt Destill. Geblas.

1. 2. 3. 4. 5. 6.

IR cA% 10,3 12,2 13,4 12,3
c P% 62,9 64,3 59,4 69,3
Cn% 26,8 23,5 27,2 18,4
n CH 2 37,6 37,0 37,8 44,2
n CH 3 9,0 9,2 8,0 7,0

NMR n CH 11,5 7,9 11,2 8,7
n CH 2 36,9 33,3 34,4 40,8
" C H 3 9,7 7,0 9,2 6,6
n A r-H 1,6 2,8 1,6 2,2
n A r-C H 2 2,9 3,0 2,3 2,5
n A r-C H 3 1,6 1,7 1,6 1,1

UV Einringig 63,5 69,3 62,5 60,4
Zweiringig 5,7 3,8 8,8 13,5
Mehrringig 0 0 0 0

Dampfdruck-
Osmometrie MG 890 823 853 910

Chemische c% 86,2 86,0 86,7 86,6
A nalyse H% 13,1 13,2 12,7 13,0

s% 1,0 0,9 0,8 1,3
o% — — —

Berechnete n c 63,9 59,0 61,6 65,7
Werte n c, 6,6 7,2 8,3 8,1

n C p 40,2 37,9 36,6 45,5
n Cv 17,1 13,9 16,7 12,1
nc * 0,3 0,2 0,2 0,4

_ _ 0,2 _
0

Menge der Fraktion auf
das Bitumen
bezogen, Gew.% 0,47 0,70 0,74 1,29

Annähernde Bruttoformel 6̂ 4 ^ 1 1 7 8 0 3 6'5э11ю8 о̂,г 6̂2̂ 108̂ 0,2̂ 0,2 Сб7Нц8̂ 0,4
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(CH2)„,

СНз

Abb. 5. Naphtenisch-aromatischer Teil aus Romanischkinoer Extraktbitumen: einige Struk
turvarianten der einringigen Fraktion aus dem Destillationsrückstand der Ölfraktion (i-’n =  38)

Die H ers te llu n g  re in e r  zweiringiger F ra k tio n en  w ar ein schw ieriges 
P ro b lem ; das K o n z e n tra t  w ar sowohl d u rch  e in ring ige  als auch  d u rc h  m ehr- 
ringige A ro m aten  v e ru n re in ig t. Die W irk sa m k e it d e r ch ro m ato g rap h isch en  
T ren n u n g  w urde in  d iesem  F a l l  außer d u rch  d ie  G eg en w art von K o m p o n e n te n  
m it hohem  M oleku la rgew ich t auch  du rch  den  h o h en  G ehalt an H e te ro a to m e n  
v e rm in d e rt. D ie E rg eb n isse  u n se re r U n te rsu c h u n g e n  s ind  in  T ab . V II  u n d  V I I I  
zu sam m en g efaß t.

Ä hnlich  wie bei d en  e in ring igen  F ra k tio n e n  u n d  in  Ü b e re in s tim m u n g  m it 
dem  U n te rsch ied  im  M oleku largew ich t, w ichen  d ie  aus dem  D e s tilla t u n d  aus
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Tabelle VII

Ergebnisse der Untersuchung der zweiringigen Fraktion 
aus dem Destillat der Ölfraktion des naphtenisch-aromatischen Teiles

Methode Geprüfte Größe

Herkunft des Bitumens

Romaschkinoer
Algyoer
Extrakt

Extrakt Destill. Geblas.

1. 2. 3. 4. 5. 6.

IR cA% 18,6 18,4 18,4 21,3
Cp% 60,4 61,7 65.3 60.2
CN% 21,5 19,9 17,7 18,5
n CH2 21,5 23,2 24,6 28,6
n CH 3 5,5 5,6 5.3 5,9

VMR n CH 6,2 6,6 5,3 6,7
n CH2 20,4 20,7 21,2 25,1
n CH 3 3,7 4,8 5,4 6,2
n A r-H 2,9 1,8 2,8 2.1
n A r-C H 2 3,1 3,0 4,3 3,7
n A r-C H 3 1,0 1,0 0,9 0,8

UV Einringig 4,2 0,8 1,3 12,2
Zweiringig 51,5 65,8 54,1 66,1
Mehrringig 11,5 1,6 15,5 0

Dampfdruck
Osmometrie MG 583 614 603 650

Chemische c% 84,3 83,3 83,1 85,9
Analyse HO/ 

1 1  / 0 12,5 12,0 12,1 12,8
S% 3,9 3,8
S% 3,9 3,8 3,8 1,1
0% — — 1,0

Berechnete nc 41,0 42,6 41,8 46,5
Werte ncA 7,6 7,8 6,2 9,9

ncp 24,8 26,3 27,3 28,0
nCN 10,0 8,5 7,4 8,6
"S 0,7 0,8 0,7 0,2
n 0

Menge der Fraktion, auf das
Bitum en bezogen, Gew.% 0,16 0,08 0,72 0,21

Annähernde Bruttoformel ^41^73^0,7 CltH73S()7Ooi4 1̂7-̂ 83̂ 0,2
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Tabelle VIII

Ergebnisse der Untersuchung der zweiringigen Fraktion 
aus dem Destillationsriicksland der Ölfraktion des naphlenisch-aromatischen Teiles

Herkunft des Bitumens

Methode Geprüfte
Größe

Romasehkinoer

Algyöer Extrakt
Extrakt Destill. Geblas.

1 . 2 . 3. 4. 5. 6 .

IR c A% 11,8 16,7 17,6 16,4
c P% 62,6 64,3 59,7 63,1
CN% 25,6 19,0 22,7 20,5
n CH 2 36,8 34,4 33.8 39,6
n C H 3 5,8 8,8 7,9 6,2

NMR 9.6 8,4 10,9 10,6
n CH. 32,8 31,3 34,5 36,2
n C H 3 4,6 5,9 7,0 5,2
n A r -H 3,8 1,3 2,5 2,8
n Ar—CH 3 2,8 3,6 3,8 4,5
п А г-С Н з 1 , 6 2,9 1,7 0,7

UV .Einringig 0 0 0 0
Zweiringig 38,7 57,8 56,9 41,5
Mehrringig 21,8 9,0 9,5 5,1

Dampfdruck—
Osmometrie MG 890 823 835 910

Chemische c% 84,7 84.1 84,6 84,8
Analyse H% 11,9 12,1 11,4 11,9

S% 3,4 2,8 2,7 1,4
ПОw  / 0 0,9 0,5 0,7

Berechnete n c 62,8 57,7 60,1 64,3
Werte ncA 7,3 9,6 10,6 10,5

n cP 39,3 37,1 35,9 40,6
n C N 16,7 11,0 13,6 13,2
ns 0,9 0,7 0,7 0,4
no — 0,5 0,3 0,4

Menge der Fraktion auf das 
Bitumen bezogen. Gew.% 0,28 0,39 0,48 0,22

Annähernde Bruttoformel Cn3H10eS0,9 5̂8̂ 100̂ 0,7̂ 0,5 c„„h 97s 0i7o 0i3 CG4H108S0|4Om
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d em  D e s tilla tio n s rü c k s ta n d  gew onnenen  zw eiring igen  F ra k tio n e n  v o n e in a n d e r  
a lle in  h in s ich tlich  der L änge  d e r  an  den a ro m a tisc h e n  R ing  g ebundenen  A lk y l
k e t te n  a b . D ie S u b s titu tio n sv e rh ä ltn isse  d er R in g e  u n d  die S tru k tu r  d e r A lk y l
k e t t e n  w a r  an n äh ern d  g leich .

D ie  S u b stitu tio n  d er a ro m atisch en  R in g e  w a r  d u rch sch n ittlich  5- bis 
6 fa c h ; d a v o n  w aren n u r  1 — 2 S u b s titu e n te n  M e th y lg ru p p en . Bei der D e s ti l la t
f r a k t io n  en th ie lten  die lä n g e re n  A lk y lsu b s titu e n te n  neben  d u rc h sc h n ittlic h  
10 — 15 M ethy lg ruppen  1 —2 N ap h ten rin g e  u n d  5 — 6 M eth in g ru p p en , d . h . 
V erzw eig u n g en . Bei d er R ü c k s ta n d fra k tio n  w a r  d ie  L änge  der A lk y lsu b s titu e n 
te n  se lb s tv e rs tä n d lic h  h ö h e r , jed o ch  ohne w esen tlich e  A bw eichungen in  den  
P ro p o r tio n e n .

E s  w urden  keine w esen tlich en  U n te rsch ied e  zw ischen dem  A u fb a u  d er 
B e s ta n d te i le  in  den zw eiring igen  F ra k tio n e n  v e rsch ied en er H e rk u n ft g efu n d en .

Abb. 6. Naphtenisch-aromatischer Teil aus Algyöer Extraktbitumen: einige Strukturvarianten 
der zweiringigen Fraktion aus dem Destillationsrückstand der Ölfraktion (S n  — 36)
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E rw ä h n e n sw e rt is t  allein der abw eichende Schw efelgehalt: die aus R o m a sc h - 
k in o er B itu m in a  e rh a lten en  F ra k tio n e n  e n th a lte n  pro d u rc h sc h n ittlic h e s  
M olekül fa s t  e in  Schw efelatom , w ä h re n d  die A lgyöer F ra k tio n e n  n u r  ein  
halbes Schw efela tom  e n th a lte n . E in ige  S tru k tu rv a r ia n te n  fü r die au s  d e r  Ö l
fra k tio n  des n a p h te n isc h -a ro m atisc h e n  T eiles gew onnenen zw eiring igen  F r a k 
tio n en  sind  in  A bb . 6 d a rg es te llt.

D ie Ö lharzfraktion  r e p rä se n tie r t  e inen  b e träch tlich en  T eil d e r  u n te r 
su ch ten  B itu m in a . E ine  T ren n u n g  d e r F ra k tio n  in  hom ogenere F ra k tio n e n  
k o n n te  — wie ü b rig en s zu e rw arten  w a r — m it den  v erw endeten  O p e ra tio n e n  
n ic h t e rre ic h t w erden . V erm u tlich  e n th a lte n  die K om ponen ten  des Ö lh arzes  
in n e rh a lb  eines M oleküls E in h e ite n  m it v e rsch ied en er R ingzahl. D em zufo lge  
k o n n te  n u r  eine geringe A nre icherung  bei den  T ren n u n g so p era tio n en  e rh a lte n  
w erden . Z u r C h arak te ris ie ru n g  d e r Ö lh a rz fra k tio n  w erden d esh a lb  in  den 
T ab . IX  u n d  X  die V ersuchsergebnisse  des D estilla tio n srü ck stan d s  des »ent- 
p a ra ffin ie rten «  Ö lharzes (d ieser R ü c k s ta n d  m a c h t den überw iegenden  T e il d er 
F ra k tio n  aus) sowie des D es tilla tio n srü c k s ta n d e s  der » p ara ffin h a ltig en «  
F ra k tio n  angegeben .

A uffa llend  is t  der hohe a ro m a tisc h  gebu n d en e  K o h len sto ffg eh a lt d er 
F ra k tio n e n . D ieser b e trä g t in  der » p ara ffinha ltigen«  F rak tio n  3 —4 a ro m a tisc h e  
R inge p ro  d ru ch sch n ittlich es  M olekül, in  d e r »en tparaffin ierten«  F ra k t io n  4 — 5 
R inge. A n die m eh rfach  k o n d en sie rten  a ro m a tisch en  R ingsystem e sch ließ en  
sich bei be id en  F ra k tio n e n  d u rc h sc h n ittlic h  5 — 7 W assers to ffa to m e, 5 — 6 
M eth y len g ru p p en  u n d  2 — 3 M eth y lg ru p p en  an . E ine  A usnahm e b ild e n  die 
e n tsp rech en d en  F ra k tio n e n  des A lgyöer B itu m e n s , wo der S u b s titu tio n sg ra d  
der a ro m a tisch en  R ingsystem e e tw as geringer is t , als bei den F ra k tio n e n  aus 
den R o m asch k in o er B itu m in a .

In  d er aus dem  ö lh a rz  e rh a lten en  »paraffinhaltigen«  F ra k tio n  k o n n te n  
keine n a p h te n isc h  gebundenen  K o h len sto ffa to m e  nachgew iesen w e rd e n . D ie 
R in g an a ly se  d e r »en tparaffin ierten«  F ra k tio n  des A lgyöer E x tra k tb i tu m e n s  
k o n n te  w egen dem  hohen  G eh alt an  a ro m a tisc h  gebundenem  K o h le n s to ff  
n ic h t d u rc h g e fü h rt w erden. In  den F ra k tio n e n  R om aschk inoer H e rk u n f t  ze ig te  
die R in g an a ly se , d aß  die A nzah l d er a ro m a tisch en  Ringe e tw a  2 b is 3m al 
h ö h er is t als die d er N ap h ten rin g e .

D as K o h len sto ffsk e le tt d er an  a ro m a tisch e  bzw . N ap h ten rin g e  g e b u n d e 
nen  A lk y lk e tte n  is t  sow ohl bei d er »paraffinhaltigen«  als auch bei d er » e n tp a ra ff i
n ierten«  F ra k tio n  d u rch sch n ittlich  5 —6 m al verzw eig t; zugleich i s t  d ie  Z ah l 
der M e th y len g ru p p en , d. h. die L änge d er S e ite n k e tte n  in der » p ara ffin h a ltig en «  
F ra k tio n  w esen tlich  höher.

D ie chem ischen  A nalysen  e rgaben  in  den  A lgyöer F rak tio n en  p ro  d u rc h 
sch n ittlich es  M olekül 1 Schw efelatom  u n d  1,5 — 2 S au ersto ffa tom e, in  den  
R o m asch k in o er F ra k tio n e n  3 —4 Schw efela tom e u n d  ungefähr ein S a u e rs to ff 
a to m . U nsere m it P y ro lyse  v e rb u n d en en  g asch ro m ato g rap h isch en  U n te r-
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Tabelle IX

Ergebnisse der Untersuchung des Destillationsrückstandes 
aus dem entparaffinierten Ölharz

Herkunft des Bitumens

Methode Geprüfte Größe Romaschkinoer
Algyoer
Extrakt

Extrakt Destill. Geblas.

1 . 2 . 3. 4. 5. 6 .

IR
.

cA% 33,7 39,7 41,6 47,6
c P% 45,9 42,9 46,2 *

CN% 20,4 17,4 12,2 *

n CH» 29,2 27,5 38,2 29,7
n C H 3 7,5 8,2 11,6 6,7

NMR n CH 8,6 7,0 9,8 6,8
n CH 2 27.1 22,9 29,9 23,6
n CHs 5,6 5,9 6,8 3,8
n A r-H 4,9 4,8 5,6 7,2
n Ar—CHa 5,9 4,8 5,6 4,1
n Ar—СНз 2,4 1,9 3,8 1,6

UV Einringig 33,4 25,0 33,8 13,2
Zweiringig 16,7 11,9 14,7 17,2
Mehrringig 38,2 39.1 37,1 37,2

Dampfdruck-
Osmometrie MG 997 834 1100 806

Chemische c% 85,3 83,5 84,4 86,6
Analyse H0/  n  /0 10,4 10,1 10,1 10,3

s% 3,8 3,8 3,7 1,2
ПО/ w /0 0,6 1,1 1,9 1,9

Berechnete nc 70,9 58,0 77,4 58,2
Werte 11CA 23,9 23,0 32,2 27,7

nCp 32,5 24.9 35,8 *
nCN 14,5 10,1 9,5 *

ns 1,2 1,0 1,3 0,3
n0 0,4 0,6 1,3 1,0

Menge der Fraktion auf das
Bitumen bezogen, Gew.% 42,9 40,4 19,6 20,8

Annähernde Bruttoformel c  TI s o'-"7111104̂ 1,Ss'"* 0,4 ^58^84^1,0^0,6 c„ h 1us 13o 1i3 ^58^-83^0,3^1,0

* Wegen des hohen Aromatengehaltes gelang es nicht, die Angaben zu bestimmen
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Tabelle X

Ergebnisse der Untersuchung des Destillationsrückstandes 
aus der hparaffinhalligeM Fraktion des Ölharzes

Methode Geprüfte
Größe

Herkunft des Bitumens

Romasckinoer

Algyöer Extrakt
Extrakt Destill. Geblas.

1. 2. 3. 4- 5. 6.

IR cA 21,9 32,1 24,0 25,0
Cp 78,1 67,9 76,0 75,0
Cn 0 0 0 0
"CH. 59,2 51,0 66,2 53,4
n CHs 5,9 6,2 8,6 5,7

NMR n CH 8,8 9,1 14,4 9,2
n CH 2 49,6 46,2 57,8 48,4
n CH 3 4,5 4,5 6,2 4,4
n A r-H 6,3 6,1 7,2 3,8
п Аг-СНг 6,1 5,2 5,0 3,8
п А г-СНз 1,6 2,0 2,4 1,5

UV Einringig 19,7 25,7 14,7 10,2
Zweiringig 15,0 15,9 20,9 24,6
Mehrringig 20,3 24,6 23,8 52,5

Dampfdruck-
Osmometrie MG 1100 1190 1475 1110

Chemische c% 85,2 83,3 85,1 87,3
Analyse H°ri 0 12,1 11,1 11,7 11,8

s% 2,7 3,1 2,9 0,9
0% — 1,1 1,3 1,4

Berechnete nc 78,1 82,6 104,6 80,8
Werte nCA 17,1 26,5 25,1 20,2

ne? 61,0 56,1 79,5 60,6
ncN 0 0 0 0
“ S 0,9 1,2 1,3 0,3
n 0 — 0,8 1,2 1,0

Menge der Fraktion auf 
das Bitumen, Gew.% 4,65 3,4 3,1 4,41

Annähernde Bruttoformel ^ 7 8 ^ 1 3 3 8 0 9 ^8зН132^102О08 ^105^173^1,3^1,2 C8lHi3iS0)3O1)0
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su c h u n g e n  zeigten, d a ß  d e r  Schw efel g rö ß te n te ils  in  F o rm  von  T h io p h en - 
d e r iv a te n  bzw. B en zo th io p h e n d e riv a ten  v o rlie g t. I n  d en  P y ro ly se p ro d u k te n  
k o n n te  die G egenw art v o n  B en zo th io p h en  n achgew iesen  u n d  die G egenw art von  
T h io p h e n  m it hoher W ah rsch e in lich k e it v e rm u te t  w erd en .

D ie B in d u n g sv e rh ä ltn isse  d er S au ers to ffa to m e  ließen  sich d u rch  unsere  
b ish e r ig e n  A rbe iten  n o c h  n ic h t  e indeu tig  a u fk lä re n . D ie B ande m itt le re r  
I n t e n s i t ä t  im  V a lenzschw ingungsbere ich  d er C = 0 - G ru p p e  w eist d a ra u f  h in , 
d a ß  n ic h t  alle d u rch  d ie  ch em isch e  A nalyse b e s tim m te n  S au ersto ffa to m e  (1 — 2 
p ro  d u rch sch n ittlich es  M olekü l) in  C = 0 -B in d u n g e n  vo rlieg en  k ö n n en . E s k a n n  
a n g e n o m m e n  w erden , d a ß  ein  Teil der S a u e rs to ffa to m e  p seu d o aro m atisch e  
R in g e  b ild e t, die sich ä h n lic h  v e rh a lte n  wie die a ro m a tisc h e n  u n d  die schw efel
h a lt ig e n  p se u d o a ro m a tisc h e n  V erb indungen .

СНз
СНз CH—(СНз),.,—СНз

Abb. 7. Einige Strukturvarianten des Destillationsrückstandes des »entparaffinierten« Öl
harzes aus Romaschkinoer Extraktbitumen (.E n =  30)
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E inige V a ria n te n  d er d u rc h sch n ittlich en  S tru k tu r  d er »paraffinhaltigen«  
u n d  »en tp araffin ierten «  F ra k tio n  des Ö lharzes s ind  in  A bb. 7 d a rg e s te llt.

D ie A spha ltharzfraktionen  m achen  e tw a  10%  d er B itu m e n p ro b e n  aus 
u n d  besteh en  den  E rw a rtu n g e n  e n tsp rech en d  aus V erb in d u n g en  m it  hohem  
d u rc h sch n ittlich en  M oleku largew ich t u n d  hohem  G eh a lt an  H e te ro a to m e n .

Bei der sp ek tro m e trisc h e n  U n te rsu ch u n g  d e r A sp h a lth a rz frak tio n e n  
s te llte  es h e rau s, d aß  diese M ethoden  zu deren  U n te rsu c h u n g  n ic h t  oder n u r  
teilw eise geeignet s in d , da  die Z usam m en se tzu n g  u n d  S tru k tu r  d e r A sp h a lt
ha rze  re c h t w esen tlich  von  den en  d e r Ö lfrak tio n en  abw eichen . D ie F eh le r bei 
den U V -A bso rp tio n sm eth o d en  u n d  bei den  IR -sp e k tro m e tr isc h e n  G ru p p en 
an a ly sen  sind  v e rm u tlic h  d u rc h  den  hohen  G eh a lt an  H e te ro a to m e n  (4%  
Schw efel, 2 ,6 %  S au ersto ff) b ed in g t. D ie E le m e n ta rzu sam m e n se tz u n g , das 
d u rch sch n ittlich e  M oleku largew ich t u n d  die m itte ls  den  N M R -S p ek tren  b e 
s tim m te  P ro to n e n v e rte ilu n g  is t  in  T a b . X I  angegeben .

A ufg rund  d e r q u a lita tiv e n  A u sw ertu n g  d er IR -S p e k tre n  k o n n te  festge
s te llt  w erden , d aß  ein T eil des b ed eu ten d en  S au ersto ffg eh a ltes  des A spha lt-

Tabelle XI

Ergebnisse der Untersuchung der Asphaltharzfraklion

Herkunft des Bitumens

Methode Geprüfte
Größe

Romaschkinoer

Algyőer Extrakt
Extrakt Destill. Geblas.

NMR n CH 13,9 8,3 6,3 9,0
n CHa 29,9 25,8 25,7 зз,з
n C H 3 9,1 7,9 10,3 6,7
n A r - H 6,5 4,4 7,3 5,5
n A r - C H a 7,0 5,7 5,6 5,1
n A r - C H 3 3,1 2,2 3,5 2,5

Dampfdruck-
Osmometrie MG 1160 1100 980 1140

Chemische c% 83,5 82,1 80,8 85,9
Analyse H% 11,2 9,6 9,6 10,6

s% 3,8 3,7 3,4 3,2
0% 2,3 4,8 5,7 2,7

Menge der Fraktion auf 
Bitumen bezogen, 

Gew.% 13,0 12,0 11,1 13,5

Annähernde Brutto
formel £73^106^1,303,3 СвсНзА.оОз^ £3 2^ 124^0 ,sOl.o

4* Acta Chim. ( Budapest) 76, 1973
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h a rz e s  in  Form  von C = 0 - B in d u n g e n  v o rlieg t. Im  V alenzschw ingungsbereich  
d e r  C =  0 -G ru p p e  (1750 — 1650 c m -1 ) w urden  zw ei B an d en  b e o b a c h te t, von 
d e n e n  die B ande h ö h e re r  F re q u e n z  (1700 c m -1 ) d er an  ein a lip h a tisch es 
K o h len s to ffa to m  g e b u n d en en  K arb o n y lg ru p p e  e n ts p r ic h t, w äh ren d  die B ande 
b e i 1660 cm -1 einer m it e in em  arom atisch en  R in g  in  k o n ju g ie r te r  P osition  
b e fin d lic h e n  K arb o n y lg ru p p e  zu geo rdne t w erden  k o n n te . D as IR -S p e k tru m  
d e r  A sp h a lth a rz frak tio n , d ie  aus der R o m asch k in o er D e s tilla tio n sb itu m e n 
p ro b e  e rh a lten  w urde, is t  in  A bb. 8 dargeste llt.

Abb. 8. IR-Spektrum der Asphaltharzfraktion aus Romaschkinoer Destillationsbitumen
(KBr-Tablette, 3,2 mg)

D ie im  vo rliegenden  T e il u n se re r A rb e it b e h a n d e lte n  A n a ly sen m eth o d en  
e rw iesen  sich als u n z u lä n g lic h  be i der S tru k tu ru n te rs u c h u n g  d er A spha lten - 
f r a k t io n . D em gem äß w u rd e n  an d e re  U n te rsu c h u n g sm e th o d e n  v e rw en d e t, um  
ein  B ild  über die S t ru k tu r  des A sp h a lten s  zu gew innen . Ü b e r  diese V ersuchs
e rg eb n isse  w ird in e in er s p ä te re n  M itte ilung  b e r ic h te t.

S chlußfo lgerungen

A u fg rund  d er A u sb e u te n  u n d  S tru k tu ra n a ly s e n d a te n  d er aus v ier 
B itu m e n p ro b e n  v e rsc h ie d e n e r H e rk u n ft gew onnenen  F ra k tio n e n  k ö nnen  
e in ig e  B em erkungen  ü b e r  d ie  Z usam m ense tzung  d e r B itu m in a  g em ach t w erd en :

1. Die A usbeu te  an  v e rsch ied en en  F ra k tio n e n  m it hom o g en er S tru k tu r  
z e ig t ty p isch e  A bw eichungen  bei den B itu m en p ro b en  v e rsch ied en er H e rk u n ft. 
So k a n n  aufgrund  d er M en g en v erh ä ltn isse  d er F ra k tio n e n  ein e n tsch ied en e r 
U n te rsc h ie d  einerseits zw ischen  den E x tra k tb itu m in a  aus A lgyő u n d  R o m asch 
k in o  u n d  andererse its  zw isch en  aus R om asch k in o  s ta m m e n d e n , jed o ch  m it 
v e rsch ied en en  T ech n o lo g ien  herg este llten  B itu m in a  nachgew iesen  w erden .
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2. Info lge der E ig e n a r t  der an g ew en d e ten  w irksam en T re n n u n g so p e ra tio 
nen  w u rd en  keine w esen tlichen  U n te rsc h ie d e  in  der Z u sam m en se tzu n g  bzw. 
S tru k tu r  d er e rh a lte n e n  analogen F ra k tio n e n  aus den versch iedenen  B itu m in a  
g efu n d en . D ie in den  T ren n u n g so p e ra tio n en  e rh a lten en  F ra k tio n e n  erw iesen 
sich  zug le ich  als z iem lich  hom ogen in  ih re r  chem ischen S tru k tu r  u n d  u n te r 
sch ieden  sich  v o n e in a n d e r c h a ra k te ris tisch .

3. T ro tz  der Ä h n lic h k e it der an a lo g en  F ra k tio n e n  aus A u sg a n g sm a te r ia 
lien v ersch ied en er H e rk u n f t  k o n n ten  zw ischen  diesen geringere U n te rsch ied e  
nachgew iesen  w erden. So w urden  z. B . in  den  F ra k tio n e n  des A lgyöer B itu m en s  
g eg en ü b er den F ra k tio n e n  R o m asch k in o er H e rk u n ft im  a llgem einen  w eniger 
V erzw eigungen  u n d  n a p h te n isc h e  bzw . a ro m a tisch e  R in g sy stem e  gefunden .

*

Die spektrometrischen Analysen und sonstigen Untersuchungen der Bitumenfraktionen 
wurden im Ungarischen Erdöl- und Erdgas-Forschungsinstitut, die Elementaranalysen zum 
größten Teil am Institut für organische Chemie der Eötvös-Loránd-Universität durchgeführt. 
Es sei an dieser Stelle den wissenschaftlichen Mitarbeitern Frau Dr. H. M e d z ih r a d s z k y  
und Frau B. Markó-Mo n o sto r y  für die Elementaranalysen und Herrn M. K á n t o r  für die 
pyrolysegaschromatograpliischen Untersuchungen gedankt. Endlich möchten die Verfasser 
den Donau- Mineralölwerken für die finanzielle Unterstützung der experimentellen Arbeit 
ihren Dank aussprechen.
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UNTERSUCHUNG DER ZUSAMMENSETZUNG 
VON EINHEIMISCHEN UND AUSLÄNDISCHEN 

ÄTHERISCHEN ÖLEN, II

ANALYSE EIN ES UNGARISCHEN PFEFFERMINZÖLES

K. BÉLAFI-RÉTHY,* S. I g l e w s k i ,* E. K e r é n y i * und R. K o l t a ** 

Eingegangen am 14. Februar 1972

Die qualitative und quantitative Zusammensetzung des ungarischen Pfeffer
minzöles wurde mit einer für die Analyse von ätherischen ölen entwickelten kombi
nierten Methode untersucht. Im Öl wurden m ittels Kapillar-Gaschromatographie 38 
Komponenten nachgewiesen, deren Anteil einzeln mehr als 0,01 Gew.% beträgt; 
darunter betrug die Menge von 24 Komponenten jeweils mindestens 0,1 Gew.%. Nach 
einer wirksamen Trennung konnten mittels spektrometrischer Methoden die w esentli
chen Komponenten: a-Pinen, /1-Pinen, Limonen, 1,8-Cineol, p-Cymol, 2,6-Dim ethyl- 
oktan-2-ol, 3,7-Dim ethyl—1 ,7-oktadien-3-ol (Linalool), Menthon, Menthofuran, Iso
menthon 3,7-Dim ethyl-l,6-oktadien-3-ol (Linalool), Menthylacetat, Neomenthol, Neo
isomenthol, Caryophyllen, Menthol, Isomenthol, Piperiton und Calamenen identifi
ziert werden. Unter den in Spuren vorliegenden Begleitkomponenten wurden /S-Myr- 
cen, Isopulegol, Menthylisovalerianat und e-Cadinen gefunden. Die quantitative Zu
sammensetzung des Pfefferminzöles wurde gaschromatographisch bestimmt. D ie Menge 
der identifizierten Komponenten betrug mehr als 98,6% der untersuchten Probe.

Ü b er die Z u sam m en se tzu n g  des Öles d e r  u n g a risc h e n , zum  M itch am -T y p  
gehörenden  P feffe rm inze  (M entha p ip e rita  H u d s . v a r . officinalis fo rm a  ru b es- 
cens C am us) s teh en  n u r  w enig A ngaben  zu r V e rfü g u n g ; allein die H a u p tk o m 
p o n en ten  u n d  deren  K o n zen tra tio n en  sin d  b e k a n n t  [1]. A uch die in  jü n g s te r  
Z e it im  B e trieb  fü r  K o sm e tik  u n d  H a u sh a ltsc h e m ie  d u rch g efü h rten  g a sc h ro 
m a to g rap h isch e  sowie die im  H e ilp flan zen fo rsch u n g s in s titu t d u rc h g e fü h rte n  
d ü n n sch ich tch ro m a to g rap h isch en  U n te rsu c h u n g e n  b esch rän k ten  sich  a u f  die 
T re n n u n g  u n d  Id e n tif iz ie ru n g  der H a u p tk o m p o n e n te n  [2].

Literaturangaben über die Zusammensetzung 
der Pfefferminzöle

A bgesehen vom  ungarischen  ö l  befassen  s ich  v e rh ä ltn ism äß ig  v ie le  V er
ö ffen tlichungen  m it d e r Z usam m ensetzung  d e r P fefferm inzöle  [3]; die u n te r 
su ch ten  ä th e risch en  Öle s ta m m te n  jed o ch  au s P f la n z e n  versch iedener V a r ie tä 
te n  u n d  F o rm en , die in  versch iedenen  G egenden  a n g e b a u t und  m eisten s zu  v e r 
sch iedenen  Z e itp u n k te n  g e e rn te t w urden . D as Z iel d er A nalysen w a r  a u ß e r  
d er e ingehenden  K e n n tn is  des P fefferm inzöles [z. B . 4, 5, 16] in e in igen  F ä llen  
ein V erg leich  des Öles aus P flanzen  v e rsc h ie d e n er A rt, V a rie tä t u n d  F o rm

* Ungarisches Erdöl- und Erdgas-Forschungsinstitut, Veszprém und **Betrieb fü r  K osm etik
und Haushaltschemie
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[z. B . 6, 7] oder die B e o b ach tu n g  der p flanzenphysio log ischen  V erä n d e ru n g en  
u n d  d e r  B iosy n th ese  d er K o m p o n en ten  [z. B . 8, 9].

Ü b e r  die Z u sam m en se tzu n g  der P feffe rm inzö le  w urden z iem lich  v iele 
A n g a b e n  an g e h ä u ft [1, 4 , 10]. E ine  L ite ra tu rü b  e rs ieh t der im  Ol d e r M en th a  
p ip e r i ta  gefundenen  K o m p o n en ten  lieg t in  T ab e lle  I  vor. Die A n g ab en  s ta m 
m en  te ils  aus chem ischen  U n te rsu ch u n g en , te ils  aus g asch ro m ato g rap h isch en  
u n d  d ü n n sch ic h tc h ro m a to g rap h isc h e n  B e s tim m u n g e n  und  zum  T eil a u c h  aus 
sp e k tro m e tr isc h e n  A nalysen . A bgesehen v o n  d en  le tz te ren  M eth o d en  lie fe rn  
die e rw ä h n te n  M ethoden  bei d er q u a lita tiv e n  A n a ly se  u n b e k a n n te r  S u b s ta n z e n  
o f t ir re fü h re n d e  F e s ts te llu n g e n ; d ah er is t es m öglich , daß die T ab e lle  v iele 
fa lsch e  A ngaben  e n th ä lt . D ie Z u sam m en se tzu n g  d er Öle der in v e rsch ied en en  
G eg en d en  an g eb au ten  v e rsch iedenen  V a r ie tä te n  u n d  Form en k ö n n e n  c h a ra k 
te r is tis c h e  A bw eichungen aufw eisen ; fo lg lich  s in d  die in der F a c h l i te r a tu r  
v o rh a n d e n e n  A ngaben  au ch  in  dieser H in s ic h t n u r  als M öglichkeiten  a u fz u 
fa ssen .

W egen  der U n sich e rh e it der L ite ra tu ra n g a b e n  über die P fe ffe rm in zö le  
u n d  in  E rm a n g e lu n g  von  A ngaben  ü b er die Z u sam m ense tzung  des e in h e im i
sch en  ho ch w ertig en  P fefferm inzöles ersch ien  es u n s  w ichtig, eine g en au e  u n d  
a u sfü h rlic h e  A nalyse des un g arisch en  P feffe rm inzö les d u rch zu fü h ren .

A naly tische M ethode

In der vorangegangenen Mitteilung [17] wurde ausführlich über die von uns entwik- 
kelte Methode zur Bestimmung der Zusammensetzung von ätherischen Ölen berichtet. B ei 
der A nalyse des ungarischen Pfefferminzöles wurde ein vereinfachter Analysengang angewen
det. Zur Isolierung der reinen Komponenten wurden nur Flüssigkeitschromatographie und 
präparative Gaschromatographie angewendet und bei der Identifizierung der Komponenten  
wurde außer den spektrometrischen Methoden nur Hydrierung in Anspruch genommen.

Bei der quantitativen Analyse der Probe wurde der Chromatograph P-A ID /F der Firma 
Carlo Erba teils mit gefüllter Säule, teils mit Kapillarsäule verwendet. Die Analyse wurde auf 
Grund der Aufnahmen des Pfefferminzöles und seiner flüssigkeitschromatographischen Frak
tionen durchgeführt. Bei zusammenfallenden Kom ponenten stützten wir uns auf die spek
trometrischen Untersuchungen.

Die Kohlenwasserstoffe und ihre sauerstoffhaltigen Derivate wurden durch Flüssig
keitschromatographie an Silikagel unter Anwendung von  n-Hexan und Methanol als Elutions
m ittel getrennt. Zur Grobpräparierung der Komponenten wurde das Gerät Fractovap P der 
Firma Carlo Erba, zur Feinpräparierung eine abgeänderte Form des analytischen Gaschromato
graphen GCHF 18 der Firma W. Giede angewendet.

D ie IR-Spektren der reinen oder angereicherten Komponenten und ihrer hydrierten 
Produkte wurden mit einem Gerät UR-10 der Firma Carl Zeiss Jena aufgenommen; die Mas
senspektren wurden mit einem Massenspektrometer ZEME MI 1305, die NMR-Spektern mit 
einem  Gerät ZKR-60 der Firma Zeiss erhalten. Die Auswertung der Spektren beruhte auf der 
Untersuchung der Spektren von Modellverbindungen, auf dem Vergleich m it bekannten  
Spektren und auf den Zusammenhängen zwischen den Spektren und der Struktur.

V ersuchsergebn isse

D as K ap illa r-G asch ro m ato g ram m  des u n te rsu c h te n  aus d e r B a la to n - 
G eg en d  s tam m en d en  P fefferm inzö les is t  in  A bb . 1 gezeigt. D as K a p illa r-  
G a sch ro m a to g ram m  der d u rch  F lü ss ig k e itsch ro m a to g rap h ie  e rh a lte n e n , lö-
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Tabelle I
In  Pfefferm inzöl gefundene Komponenten aufgrund der Literatur 

Monoterpene

a-Pinen [1. 4, 11]
jS-Pinen [11, 13]
Limonen [1. H l
Dipenten [1. 4]
y-Terpinen [1. 12]
a-Phellandren [1. 4]
Camphen [1. 12]
z13-/)-Menthen [1]
o-Cymol [12, 13]
p-Cymol [11, 12]
j3-Myrcen [11, 12]

Sesquiterpene

y-Cadinen [1, 4] Cubenen [5]
e-Cadinen [5] Ylangen [5]
á-Cadinen [5] a-Burbonen [5]
Caryophyllen 11. 4] ß-Burbonen [5]
Aromadendren [4] S-Guajazulen [14]
/J-Elemen [5] Humulen [5]
a-Muurolen [5] e-Bulgaren [5]
y-Muurolen [5] a-Maalien [5]
e-Muurolen [5] Bicycloelemen [5]
Chalamencn [5]

Alkohole

Menthol [z.B. 1] Neomenthol [1. 4]
Thymol [1, 4] Carvacrol 11. 4]
n-Amylalkohol |1. 4] i-Amylalkohol [1, 4]
Hexenol [1, 4] Oktanol [1]
Äthylamylcarbinol [1, 4 | jö-Bethulenol [1]
tr.-Sabinenhydrat [1, 4] Chlovandiol [1]
Caryophyllenalkohol [1]

A  Idehyde
Acetaldehyd [1. 4] i-Butyraldehyd [12]
i-Valeraldehyd 11. 4] Benzaldehyd [4]
Phenylacetaldehyd [15] Furfurol [1]
tr.-2-IIexenal [12]

Ketone

Menthon [7..B. 1] Äthylamylketon [15]
Piperiton [1. 4] Isomenthon [1. 4]
Jasmon [1. 4] Pulegon [1. 4]
Methylamylketon 11] Aceton [1, 41
3-MethylcycIohexanon [1, 4] i-Pulegon [4]

Säuren und Ester

Essigsäure [1, 4] i-Y aleriansäure [1. 4]
Menthylacetat [z.B. 1] Menthylisovalerianat [1.4]
Hexenylphenylacetat [1] Äthylamylcarbinolacetat [15]

Sonstige Sauerstoffverbindungen
Cineol (Eucalyptol) [1, 4, 11, 12] Menthofuran [1, 4, 11]

Sonstige Verbindungen 

Dimethylsulfid [1, 4]
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su n g sm itte lfre ie n  K o h len w asse rs to ff-F rak tio n  is t  in  A bb. 2, die A u fn ah m e d e r 
lö su n g sm itte lfre ien  K o h le n w a sse rs to ffd e riv a t-F ra k tio n  in  A bb. 3 d a rg e s te llt . 
D ie A n a ly se n  w urden  in  50 m  lan g en , m it C arbow ax-1000 b e n e tz te n  K a p illa -

Abb. 1. Gaschromatogramm des ungarischen Pfefferminzöles 
Gerät: Carlo Erba P-A ID/F;

Säule: 50 m lange Kapillare, m it Carbowax-1000 benetzt. Temperatur: 125 °C; Trägergas: 
Argon, Trägergasgeschwindigkeit: 1,6 ml/min

Abb. 2. Gaschromatogramm der Kohlenwasserstoff-Fraktion des ungarischen Pfefferminzöles
Versuchsbedingungen wie in Abb. 1
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re n , bei 125 °C u n d  einer T räg ergasgeschw ind igke it von  1,6 m l/m in , m it A rgon 
als T rägergas d u rc h g e fü h rt. D ie  nachw eisbaren  K o m p o n en ten  w u rd en  in  den 
A bb ildungen  au fg ru n d  der flü ss ig k e itsch ro m a to g rap h isch en , g asch ro m ato 
g raph ischen  u n d  sp ek tro m e trisc h e n  B efunde m it N u m m ern  versehen . Die 
A ngaben  ü b er die q u a lita tiv e  u n d  q u a n tita tiv e  Z u sam m en se tzu n g  ließen sich 
a u f  diese N um m ern  beziehen . A us den A b b ildungen  is t e rs ich tlich , d aß  zwei 
H a u p tk o m p o n e n te n  u n d  — o h n e  w eitere se lek tive  K o n z e n trie ru n g so p e ra tio 
n en  — insgesam t 38 K o m p o n e n te n  in  der P ro b e  nachgew iesen  w erden  k o n n ten .

Ü b er die E rgebn isse  d er R e in ig u n g  d er e inzelnen  K o m p o n en ten , ü b e r die 
S p ek tru m au fn ah m en  der re in en  oder an g ere ich erten  F ra k tio n e n  (bzw . ih re r 
h y d rie r te n  P ro d u k te )  u n d  ü b e r  die M ethode d er Id e n tif iz ie ru n g  g ib t T ab . I I  
eine Ü bersich t. D ie d u rch  H y d rie ru n g  h e rg este llten  V erb in d u n g en  sin d  in  der 
T abe lle  m it l /а , 3/a, 4 /a  b eze ich n e t. D ie K o n z e n tra te  d er K o m p o n e n te n  w urden  
als re in  b e tra c h te t , w enn k eine  oder n u r  geringe V eru n re in ig u n g en  nach g e
w iesen w erden k o n n te n . Sie w u rd e n  als an g e re ich ert b e tra c h te t ,  w enn sie die 
zu  bestim m en d e  K o m p o n en te  in  e in er zu r Id e n tif iz ie ru n g  au sre ich en d en  K on-

Abb. 3. Gaschromatogramm der Kohlenwasserstoffderivat-Fraktion des ungarischen Pfeffer-
minzöles

Versuchsbedingungen wie in Abb. 1
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Tabelle II

Trennung und Identifizierung der Komponenten des ungarischen Pfefferminzöles

Nr.
Relative
R eten

tion

Reinigung Spektrum Identifizierung

Komponente
.rem

ange
reichert IR Massen- NMR

Modell
verbin
dung

Bekann
tes

Spek
trum

Zuord
nung
der

Spek
trum 

banden

l 81 + + + + + [21] _L a-Pinen
l/a — + 4" 122| + Pinán
2 91 + + 1211 + /j-Pinen
3 91 + + + L18J 4" /J-Myrcen
3/a — + + + 2,6-Dimethyloktan
4 100 + + + + [21] -f- Limonen
4/a + + [22] + p-Menthan
5 104 4- + + + 121| + 1,8-Cineol
6 104 + + [22] 4- p -Cymol
7 104 Kohlenwasserstoff
8 115 Kohlenwasserstoff-

derivat
9 132 Kohlenwasserstoff

10 140 + + + + 2,6-Dimethyl-oktan-
-2-ol

11 179 + + + + [21] + 3,7-Dimethyl-l,7-
oktadien-3-ol
(Linalool)

12 179 Sesquiterpen
13 191 Sesqui terpen
14 191 + + + [19[ + Menthon
15 191 + -f [21] + Menthofuran
16 203 Sesquiterpen
17 208 + + + [19] + Isomenthon
18 228 + + + + 4~ 3,7-Dimethyl-l,6-

-oktadien-3-ol
(Linalool)

19 253 + + + [191 + Menthylacetat
20 273 + + [20] 4- Neomenthol
21 273 Sesquiterpen
22 290 + 4- [21] + Isopulegol
23 290 Sesquiterpen
24 307 + + |201 + Neoisomenthol
25 307 + + 1211 + Caryophyllen
26 330 • + + + [20] -j- Menthol
27 356 + + [20] Isomenthol
28 372 Sesquiterpen
29 383 Sesquiterpen
30 403 Sesquiterpen
31 450 + 4“ + [21] Piperiton
32 450 4~ (Abb. + -j- Menthylisovalerianat

4)
33 450 Sesquiterpen
34 518 Sesquiterpen
35 563 Sesquiterpen
36 587 Sesquiterpen
37 741 + 4" [23] + Chalamenen
38 741 + + * [23] + e-Cadinen
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Tabelle III
Quantitative Zusammensetzung des ungarischen Pfefferminzöles

Komponenten

a-Pinen
/?-Pinen

4
5

Limonen
1,8-Cineol

p-Cymol
Kohlenwasserstoff

derivat

10

11
,011

2.6- Dimethyloktan-2- 
ol

3.7- Dimethyl-l,7- 
-oktadien-3-ol

X

Menge

Mono
terpene

0,4
0,7

1,2

0,5

Sesqui
terpene

Alko
hole

Oxover
bindun

gen

0,7

0,9

Son
stige

Sauer-
stoff-

verbin-
dungen

6,5

0,2
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14
15

Menthon
Menthofuran

Sesquiterpen
Isomenthon

3,7-Dimethyl-1,6- 
-oktadien-3-ol 

Menthylacetat

Neomenthol
Neoisomenthol

25
26

Caryophyllen
Menthol
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Tabelle III  (Fortsetzung)

Nr. Komponenten

Menge

Mono-
terpene

Sesqui
terpene

Alko
hole

Oxover
bindun

gen

Son
stige

Sauer
stoff

Verbin
dungen

27
30 Г'"

Isom entho l 
Sesqui terpen — 0 , 1

1 , 8

31
33 c|x. P ip erito n  

Sesqui terpen - 0 , 1

1 , 2

34
37

- Sesquiterpen
C halam enen

4 >
0 , 1

0 , 1

2 , 8 1,7 53,2 27,9 13,7
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z e n tra t io n  en th ie lten . Im  L au fe  der A nalysen  s tr e b te n  w ir außer der Id e n t i f i 
z ie ru n g  auch  die U n te rsu c h u n g  der S p ek tren  v o n  w eniger b ek a n n te n  re in en  
K o m p o n en ten  an , d iese s in d  in  der T abelle a n g e fü h r t . D ie zu r Id en tif iz ie ru n g  
v e rw en d e ten  M o dellverb indungen  w urden te ils  d u rc h  den  B etrieb  fü r K o sm e tik  
u n d  H au sh a ltsch em ie  zu  V erfügung  geste llt, te ils  im  U ngarischen  E rd ö l- u n d  
E rd g a s -F o rsc h u n g s in s titu t h e rgeste llt. Bei den  F ä lle n  von Id en tifiz ie ru n g en  
a u fg ru n d  b e k a n n te r  S p e k tre n  w urden  die e n tsp re c h e n d en  L ite ra tu rh in w eise  in 
d e r T abe lle  angegeben . A ls B eispiel fü r  in  d e r  F a c h lite ra tu r  u n b e k a n n te  
S p e k tre n  is t in  A bb . 4 das S pek trum  des M en th y liso v a le rian a ts  d a rg e s te llt. 
D as IR -S p e k tru m  d e r au sre ich en d  an g ere ich erten  P ro b e  w urde in e iner K ü v e tte  
m it K a liu m b ro m id -F e n s te r  u n d  einer S ch ich td ick e  von  0,0020 cm au fg en o m 
m en .

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 700 600 500 400
Wellenzahl (ü^cnrf1

Abb. 4. IR -S p e k tru m  des M en th y liso v a le rian a ts  
G e rä t:  Zeiss U R -10; S c h ich td ick e ; 0,020 m m

D ie R a u m s tru k tu r  d e r m eisten  id e n tif iz ie r te n  K om ponen ten  w ar a u f 
g ru n d  der L ite ra tu ra n g a b e n  oder unserer V ersuchsergebn isse  e in d eu tig ; so n st 
w u rd e  die K o n fo rm a tio n  d e r K om ponen ten  n ic h t  u n te rsu c h t.

D ie q u a n ti ta t iv e  Z usam m ensetzung  des u n g a risch en  P fefferm inzöles is t 
in  T a b . I I I  angegeben . H ie r  sind n u r  K o m p o n e n te n  an g efü h rt, deren  A n te il 
0,1 G ew .%  erre ich t. D ie  M engen w urden  n a c h  V erb in d u n g sg ru p p en  su m m ie rt. 
Im  ungarischen  P fe ffe rm in zö l befinden  sich  in  nachw eisbarem , je d o c h  0,1 
G ew .%  n ich t e rre ich en d en  M engen /З-M yrcen, Iso p u leg o l, M en th y liso v a le rian a t, 
e-C adinen  u n d  ein ige an d e re , n ich t n ä h e r  u n te rs u c h te  S esqu iterpene .

In  Ü b e re in s tim m u n g  m it den L ite ra tu ra n g a b e n  w urden  als H a u p tk o m 
p o n e n te n  des u n g a risch en  Pfefferm inzöles M e n th o l u n d  M enthon gefunden . In  
b each tlich en  M engen s in d  au ch  das fü r P fe ffe rm in zö l c h a rak te ris tisch e  M entho- 
fu ra n  sowie L im o n en , 1,8-Cineol, I so m e n th o n , N eom en tho l, M e n th y la c e ta t, 
P ip e r ito n  u n d  C ary o p h y llen  vo rhanden . I n  Ü b e re in s tim m u n g  m it an d eren  
U n te rsu c h u n g e n  k o n n te n  z u le tz t cc-Pinen, /З-P in e n , /9-Myrcen u n d  ein O k tan o l-
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Iso m er nachgew iesen  w erden . D a w ir u n s  n ic h t  m it der U n te rsu c h u n g  von  in 
ä u ß e rs t geringen M engen v o rhandenen  K o m p o n e n te n  b e faß ten , k a m  es n ich t 
zum  N achw eis e in ig e r M onoterpene sow ie A lkohol-, A ldehyd- u n d  K e to n 
d e riv a te . Es is t je d o c h  b each ten sw ert, d a ß  das als bedeu tende  K o m p o n en te  
b e tra c h te te  P u legon  n ach  unseren U n te rsu c h u n g e n  n ich t n a c h w e isb a r Avar. 
D agegen s te llten  w ir  — im G egensatz z u r  F a c h lite ra tu r  — fe s t, d aß  im 
P fefferm inzöl geringe M engen an zw eierle i sonst b ek an n ten  O k tad ien o l- 
Isom eren  (alle b e id e  s ind  in der F a c h l i te ra tu r  als L inalool g e n a n n t) , sowie 
b each tlich e  M engen an  N eoisom entlio l u n d  Iso m en th o l v o rh a n d e n  sin d . Die 
M enge d er id e n tif iz ie r te n  K om p o n en ten  m a c h te  m ehr als 9 8 ,6%  des ä th e r i
schen  Öles aus.
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XENON DIFLUORIDE AS AN ANALYTICAL REAGENT, IP
D E T E R M IN A T IO N  O F  C H R O M IU M  

A. S c h n e e r - E k d e y  an d  K .  K o z m u t z a

(R esea rc h  G roup fo r  In o rg a n ic  C h e m is try  o f  the H u n g a r ia n  A c a d e m y  o f  Sciences, D e p a r tm e n t  
f o r  General a n d  In o rg a n ic  C h e m is try  o f  the E ö tv ö s  L o rá n d  U n iv ers ity , B u d a p e s t )

R eceived  F e b ru a ry  14, 1972

X enon  d iflu o rid e  w hich  can  be  easily  dosed  a n d  safely used , ox id ises  in  w eakly  
acid  m edium  a t  a b o u t  100 °C in  25 m in u tes  c h ro m iu m (III)  to  c h ro m a te . T h is  can  be 
used  for th e  io d o m e tric  d e te rm in a tio n  of 1— 20 m g chrom ium . T he a c c u ra c y  o f th e  
m eth o d  is low. H ow ever, 20 n g —0.001 m g ch ro m iu m  can  be d e te rm in e d  p h o to m e tr i
cally  w ith  good accu racy .

U sually  ch rom ium  is d e te rm in ed  b y  th e  ox ida tio n  of c h ro m iu m (II I )  to  
ch rom ium (V I), an d  th e  la t te r  is m easured  g rav im etrica lly , v o lu m e tr ic a lly  or 
p h o to m e trica lly . T h u s th e  ch rom ium  c o n te n t o f steels, alloys, m in e ra ls , e lec tro 
p la tin g  b a th s , ta n n in g  liq u o rs , d ilu te  aqueous so lu tions (reac to r w a te r)  can  he 
m easu red  [2—4]. O x id a tio n  can be perfo rm ed  b o th  in acid an d  a lk a lin e  m ed ia . 
In  th e  alkaline m ed ium  severa l ox id ising  ag en ts , (e.g. H 20 2 or B r2) c a n  b e  used  
w hereas in  acid  m ed iu m  p ero x id isu lfa te  a n d  silver ions are  a p p lie d .

T he chrom ium  c o n te n t o f sam ples to  be decom posed  is c o n v e r te d  to  
ch ro m a te  by  a lkaline o x id a tiv e  fusion. On leach ing  w ith  w a te r  a n d  f ilte r in g  
ch ro m iu m  can be se p a ra te d  from  m an y  o f th e  accom pany ing  e le m e n ts .

In  our p re lim in ary  com m unica tion  [5] we have  rep o rted  th a t  ch ro m iu m
( I I I )  can  be oxidised in  acid  so lu tion  w ith  x en o n  d ifluoride to  ch ro m iu m (Y I). 
I t  h as  been found , how ever, th a t  in s tro n g ly  acid  an d  in close to  n e u tra l  
so lu tio n s th e  o x id a tio n  is n o t  q u a n tita tiv e  a n d  i t  does n o t p re c e e d  w ith  a 
s a tis fa c to ry  ra te . Also i t  has been e stab lish ed  th a t  th e  m a te ria l o f  th e  vessel 
a n d  large q u a n tity  o f  xenon  flu o rid e  do n o t a ffec t th e  reac tion .

In  view  of all th ese , i t  seem ed ex p ed ien t to  in v es tig a te  m ore e x te n s iv e ly  
th o se  cond itions, u n d e r  w hich  xenon  fluo ride  m ig h t be used  as an  o x id is in g  
a g e n t fo r th e  d e te rm in a tio n  o f ch rom ium . A m icro  m eth o d  fo r th e  d e te rm in a 
tio n  o f chrom ium  has been  considered  since x en o n  fluoride can be u se d  even  in  
h ig h ly  d ilu te  so lu tions.

T he reac tio n  is th e  fo llow ing:

2 Cr3+ +  3 X e F 2 +  8 H 20  ^  3 X e f  +  2 C r O p  +  6 F “ +  16 H +

* F o r P a r t  I  see [1]
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I t  can  be ca lcu la ted  f ro m  th e  well k n o w n  p H  dependence of th e  red o x  
p o te n t ia l  of the  C r(III)/C r(V I) system  [6] th a t  x e n o n  d ifluoride (re d o x p o te n tia l, 
E  =  2 .2  У  [7]), is able to  o x id ise  ch ro m iu m (III) to  ch rom ium (V I) in  acid  m ed ia .

T h e  redox  couple, C r3+/C rO f~  has a red o x  p o te n t ia l  o f -|-1.36 Y a t  p H = 0 .
T h e  hydrolysis o f  x e n o n  difluoride gives th e  follow ing p ro d u c ts :

X c F 3 +  H 20  -> X e f + 2 H F +  y , 0 2

B etw een  pH  4 a n d  9 th e  ra te  of d ecom position  o f xenon  d ifluoride is th e  
lo w e s t [8]. The h a lf tim e  o f  th e  hydrolysis is a b o u t 7 hou rs. In  alkaline m ed ium  
th e  r a te  o f the reac tio n  is v e r y  high. Thus all o u r  ex p e rim en ts  w ere p erfo rm ed  
in  ac id  m edia  betw een  p H  0 a n d  3.2. The p H  o f  th e  aqueous ch rom ium  alum  
(K C r(S 0 4)2 ■ 12 H 20 )  s o lu tio n  is 3.15.

F i r s t  the  o x id a tio n  o f  ch ro m iu m (III)  w as in v e s tig a te d  a t  d iffe ren t pH  
v a lu e s . F o r th is reason  a b o u t  70 m easu rem en ts w ere carried  o u t in  th e  p H  
ra n g e  from  0 to  3.15 in  th e  fo llow ing w ay:

A b o u t 1.6 g o f p u lv e r is e d  alum  was w eig h ed , d isso lved  in d istilled  w a te r  
a n d  th e  solution d ilu te d  to  1 litre . T hen 5.00 m l w as w ith d raw n  an d  th e  
c h ro m iu m  con ten t d e te rm in e d  iodom etrically . 5 .00  m l of th e  sto ck  so lu tion  
c o rre sp o n d s  after o x id a tio n  to  4.80 ml of 0.01 n  N a2S20 3, so co n ta in ed  0.8319 
m g o f  chrom ium .

D a ta  p lo tted  in  F ig . 1 show  only th e  lo w est a n d  heighest values o f  our 
r e s u lts  o b ta in ed  a t  id e n tic a l  p H  values. T hese tw o  d a ta  are connected  w ith  a 
c o n tin u o u s  line, so t h a t  a lso  th e  sca ttering  o f th e  m easu rem en ts  can  be e v a lu a t
ed  f ro m  th e  figure. I t  can  b e  seen th a t  th e  m e a su re m e n ts  (ab o u t 30) ca rried  
o u t  b e tw een  pH  0 a n d  1.5 do  n o t give sa tis fa c to ry  re su lts . W ith  increasing  pH  
h o w e v e r , b o th  th e  a c c u ra c y  a n d  the  re p ro d u c ib ility  o f th e  resu lts  im proved .
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I t  is also observab le  th a t  th e  b e s t re su lts  w ere ob ta in ed  betw een  p H  1.5 and  
1.7. I t  follows from  th e  d a ta  o f F ig . 1 t h a t  a t  p H  1.65 th e  o x id a tio n  is p re 
su m a b ly  com plete , an d  th is  m ay  give a basis fo r th e  d e te rm in a tio n  o f  ch ro m iu m .

Procedures

a)  Volumetric method

In to  a t i t r a t io n  f la sk , a sam ple  c o n ta in in g  1—20 m g o f ch ro m iu m  is 
in tro d u c e d . T he so lu tion  is a d ju s te d  to  p H  1.65. 10—200 m g o f x en o n  d i
f lu o rid e  is added , th e  m ix tu re  is allow ed to  s ta n d  for 5 m in u tes , th e n  p laced  
on a w a te r  b a th  fo r 25 m in u tes . D u rin g  th is  tim e , th e  ox ida tio n  o f  ch ro m iu m - 
( I I I )  to  ch ro m ate  is com plete , th e  excess o f x en o n  d ifluoride is decom posed , 
a n d  th e  gaseous decom position  p ro d u c ts  (X e , 0 2) are rem o v ed  fro m  th e  
so lu tio n . A fte r cooling, 40 m l o f 2 iV h y d ro ch lo ric  acid an d  som e so lid  p o ta s 
sium  iod ide  are  ad d ed  to  th e  yellow  so lu tio n , an d  iodine is t i t r a te d  w ith  0.1 
or 0.01 N  s ta n d a rd  sodium  th io su lfa te  so lu tion .

A tte m p ts  w ere m ade to  m easu re  th e  chrom ium  co n te n t o f  in d u s tr ia l  
ta n n in g  liquo rs, b u t  ow ing to  m elasse used  fo r th e  redu c tio n  o f b ic h ro m a te , 
s u b s ta n tia lly  m ore re a g e n t w as consum ed  fo r th e  ox idation  th a n  th e  ca l
c u la te d  va lue . T h u s, th e  use of th e  ra th e r  expensive xenon d iflu o rid e  is n o t 

ju s tif ie d  in  th is  case.
F o r th e  d e te rm in a tio n  o f sm all a m o u n t o f chrom ium  p h o to m e try  is th e  

m ost su itab le  m ethod . D ip h en y lca rb azid e  w as app lied  as a re a g e n t; s e n s i t iv i ty :
1.6 ng  ch ro m iu m /cm 2 [4]. 1 — 1 0 0 n g /m l ch ro m iu m  was d e te rm in ed  u s in g  th is  
re a g e n t. F o r  th is  pu rpose , a know n a m o u n t o f  chrom ium  alum  w as d isso lved  
in a v o lu m etric  fla sk , th e  p H  o f th e  so lu tio n  w as a d ju s ted  w ith  su lp h u ric  acid , 
an d  a f te r  d ilu tio n , a so lu tion  co n ta in in g  831.9 n g /m l of Cr was o b ta in e d .

b)  Photometric method

To 1 —4 m l o f a ch rom ium  so lu tio n  a few grains (n o t m ore th a n  0.1 m g) 
o f xenon  d iflu o rid e  are a d d ed  (ch rom ium  in 1 m g of alum  is o x id ised  w ith
0.508 m g o f xenon  d ifluo ride  to  ch ro m ate ). To th is  colourless m ix tu re  10 m l of 
2 N  su lfu ric  acid  an d  4 m l o f  fresh ly  p re p a re d  0.15 per cen t d ip h en y lca rb az id e  
so lu tio n  in  e th an o l are ad d ed  in  a 50-m l v o lu m etric  flask , an d  th e  in te n s iv e  
v io le t so lu tio n  is d ilu ted  to  th e  m a rk  w ith  w a te r . T hen  th e  so lu tion  is m easu red  
on a H ilg e r H  700 sp e c tro p h o to m e te r  a t  540 n m  using  a 1 cm cell. T h e  c h ro 
m iu m  c o n te n t is o b ta in ed  from  a ca lib ra tio n  cu rv e . 830 ^  50 n g /cm 3 o f c h ro 
m ium  has been found  in th e  so lu tion .

I t  can  be concluded  th a t  xenon  d ifluo ride  is a sa tis fac to ry  o x id ising  
a g e n t fo r th e  d e te rm in a tio n  o f sm all q u a n tit ie s  o f  chrom ium . U n d e r th e  ex-
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p e r im e n ta l cond itions u se d  b y  us, th e  p ro ced u re  c a n n o t be considered  as an  
a c c u ra te  an a ly tica l m e th o d  fo r  the  d e te rm in a tio n  o f  m ore th a n  1 m g o f ch ro 
m ium .

*

The authors are indebted to Dr. Peter Gróz, Chemical Department of the Central 
Research Institute for Physics for giving us the xenon difluoride preparation.
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A method has been devised for the separate quantitative determination of 
carbon dioxide formed in the anode and cathode spaces. A suitable gas cell has been 
designed from which the gas mixture can be selectively removed during burning of the 
arc by suction through bore holes in the two electrodes. Optimum conditions for the 
application of this technique have been established; under these, the gaseous reaction 
products from the two electrode spaces can be measured separately w ith an error of 
3.6% in the separation.

In  fo rm er com m u n ica tio n s [1 — 10] we re p o r te d  on th e  ch em ica l reac tio n s  
o f p o la rized  A .C. arcs b u rn in g  b e tw een  a ro ta te d  alum in ium  e lec tro d e  an d  
ca rb o n  or copper co u n te r-e lec tro d es, on th e  e ffec t o f th ese  re a c tio n s  a n d  on 
th e ir  dependence on th e  ex p e rim en ta l co n d itio n s . In  these s tu d ie s  we u tilized  
th e  d a ta  o f sp e c tra l analysis [1, 2 ], as w ell as th e  gas c h ro m a to g ra p h ic  [3 — 6] 
a n d  g a s - titr im e tric  [7 — 10] resu lts  re le v a n t to  changes in th e  gas p h a se . T hus 
we d e te rm in ed  th e  co n sum ption  o f oxygen  o r ca rb o n  dioxide b y  th e  a rc , an d  
th e  p ro d u c tio n  o f  ca rb o n  d ioxide, ca rb o n  m onox ide  an d  n itro g e n  o x id e  as a 
fu n c tio n  o f v a rio u s  p a ram e te rs . T hese processes were found  to  be  re d o x  re 
a c tio n s , th e  e x te n t  o f w hich depends also  on th e  p o la rity  o f  th e  e lec tro d e . 
A deep er s tu d y  o f  th e  p henom ena in e v ita b ly  req u ired  a m e th o d  fo r  th e  se p a 
ra tio n  an d  se p a ra te  d e te rm in a tio n  o f th e  gaseous p ro d u c ts  o f  s ta t io n a ry , 
s ta n d a rd  anodes a n d  ca thodes, even if  b o th  a re  m ade of th e  sam e su b s ta n c e , 
e.g. ca rb o n . T he sep a ra tio n  o f th e  gas spaces b y  suction  p ro v e d  to  be an 
a d e q u a te  w ay to  accom plish  th is .

A ca rb o n -a lu m in iu m  elec trode  p a ir  w as used  in our e x p lo ra to ry  te s ts . 
C arbon  elec trodes, even  u n d er e x p e rim e n ta l cond itions to  be d iscu ssed  la te r , 
p ro d u ce  a considerab le  am o u n t o f  ca rb o n  d iox ide  in an  o x y g e n -c o n ta in in g  
a tm o sp h e re , w hose d e te rm in a tio n  can  be c a rr ie d  o u t w ith  r e la tiv e  ease  an d  
ra p id ity . As we in te n d e d  to  u tilize  also em ission  sp ec tra l d a ta  a n d , since, 
ow ing to  its  large h e a t o f o x id a tio n , a lu m in iu m  is a good m odel su b s ta n c e , we 
dec id ed  to  use a lu m in iu m  elec trodes. A cco rd ing  to  our h y p o th es is , th e  ca rb o n  
d io x id e  g en era ted  in  th e  arc will be d eriv ed  from  th e  carbon  side o n ly  a n d  w ith
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an  e ff ic ie n t sep a ra tio n , n o  carbon  dioxide (o r o n ly  neglig ib le am oun ts) w ill be 
o b ta in e d  from  th e  a lu m in iu m  side.

T h e  f irs t  te s ts  w ere ca rr ied  o u t in a ir. I n  th e se , besides carbon  d iox ide , 
som e ca rb o n  m onox ide , n itro g e n  oxide a n d  a lu m in iu m  oxide, an d  a sm all 
a m o u n t o f cyanogen  w ere fo rm ed . N itrogen  o x ide  a n d  dicyan  in te rfe re  w ith  
th e  ac id im etric  d e te rm in a tio n  o f carbon d iox ide . T h erefo re , a fte r th e  o p tim u m  
c o n d itio n s  h ad  been e s ta b lish e d , a m ix tu re  co m posed  o f 20%  oxygen a n d  80 %  
arg o n  w as used  to  d e m o n s tra te  th e  ad eq u a te  se p a ra tio n  efficiency.

A ppara tus and  M ethod

T h e  e lectrode s u p p o r t show n in Fig. 1 w as designed  for these s tu d ie s . In  
essence , th is  is an  ex ch an g eab le , 50 m m  h ig h  glass or q u a rtz  tu b e  w ith  a 
v o lu m e  o f 13 to  25 cm 3. L a te ra l  gas in le t a n d  o u tle t  tu b es were m o u n te d  on 
th e  cells. The in te rc h a n g e ab le  cell types a re  show n  in Fig. 2. A t th e  to p  an d  
th e  b o tto m  these  cells w ere covered  w ith  s ta in le ss  s tee l p la tes pressed  f irm ly  to

F ig . 1. Electrode stand with gas cell
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8
F ig . 2. Gas cell types

F ig . 3. Four-way stopcock

th e  cells by  L ucite  in su la te d  screw s. R u b b e r rings betw een  th e  cell-ends and  
th e  stee l p la tes se rved  as sea ling  gaskets. S teel tu b e s , w ith  a con ica l open ing  a t 
one end , served as th e  e lec tro d e  ho lders; th e  ro d  sh ap ed  e lec trodes w ere fixed  
b y  p ush ing  in to  th e se  conical wells. T he e lec trode  h o ld e r s tee l tu b e s  were 
m o u n ted  th ro u g h  ru b b e r  g ask e ts  in to  th e  end  p la te s  o f th e  cells. T w o ev acu a ted  
fla sk s , 600 cm 3 each , w ere used  to  m a in ta in  th e  gas flow , a n d  also  se rved  as 
reac to rs  for gas an a ly sis  an d  as t i tra tio n  vessels [7]. F o r th e  co n tro l o f  gas flow 
ra te , glass cap illaries o f  th e  sam e dim ensions w ere in se rted  in to  b o th  gas lines. 
B y v a ry in g  the  in n e r d ia m e te r  (from  0.3 to  0.4 m m ) an d  th e  le n g th  (fro m  20 to  
100 m m ) of these  cap illa rie s , various flow  ra te s  could  be se lec ted : th ese  re 
m ained  p rac tica lly  c o n s ta n t  o v er th e  sh o rt tim e  o f th e  used  a rc  gen era tio n .
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T h e  co m m u n ica tio n  line b e tw e e n  th e  flasks an d  th e  cell w as en su red  b y  ru b b e r  
tu b in g  a n d  a four-w ay s to p c o c k  (F ig. 3). T he cap illa rie s  were p laced  betw een  
th e  ce ll a n d  the  four-w ay  s to p c o c k . A s te a d y  gas flow  w as m a in ta in e d  b y  an  
o v e rp re s su re  of a few cm  H 20 ,  from  a m ercu ry -sea led  gasom eter. B etw een  
g a s o m e te r  and  cell, a w a te r-se a le d  b u b b le-tu b e  cou ld  be in se rte d  to  show  th e  
gas f lo w . T he device c o m p le te  w ith  cell No. 8, is show n in  F ig . 4.

F ig . 4. Gas cell with reaction flasks assembled

E x p e rim en ta l conditions

Excitation: By an arc generator controlled also in the arc circuit (constructed by O. 
S zakács [111).

Mains voltage 220 V.
Ignition at maximum voltage.
Control and polarization: by  Thyratron valves and a Feussner motor, simultaneously. 
Number of discharges: 50 sec^ 1 (0 +  1 arcs).
Average current: 12 A (short-circuit current in a complete period: 25 A).
Burning time of the arc: 8 sec.
Electrode pair. Normal, standard shape RW -II carbon electrode, diameter 6 mm, 

len g th  20 mm and 99.99% pure aluminium electrode.
Distances between the electrodes were 3, 5, and 8 mm, from test to test.
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5 ml pentane was poured into each of the two 600 cm3 flasks and, according to the 
amount of carbon dioxide expected, 5.00 to 25.00 cm3 0.1JV Ba(OH)2 solution was allowed to 
flow underneath the pentane. After dilution with 50 cm3 o f boiled-out, hot distilled water, the 
flasks were evacuated with a water pump and cooled to room temperature. Then the apparatus 
was assembled. The gas cell and the connection tubing were flushed with carbon dioxide-free 
air from the gasometer, the flasks were short-connected with the four-way stopcocks, then the 
stop-cocks of the flasks were opened. Through an appropriate turning of the four-way stop
cock, the suction into the two flasks was brought to effect simultaneously and after about one 
second the arc was switched on for eight seconds. Suction was continued until the pressure 
in the flasks became equal to the atmospheric. The carbon dioxide content of the gas samples 
thus captured was determined according to a method described earlier [7].

D iscussion

B ased  on earlie r co n sidera tions, we su p p o sed  th a t  a successful se p a ra tio n  
o f th e  gases in th e  anode space from  those in  th e  ca th o d e  space w ould  d ep en d  
on th e  vo lum e an d  sh ap e  o f  th e  gas cell, on th e  d is tan ce  betw een  th e  e lec tro d es 
an d  on th e  ra te  o f gas flow . T herefo re, e x p e rim e n ts  w ere carried  o u t  f i r s t  to  
e s tab lish  th e  o p tim u m  values for these  p a ra m e te rs . In  early  te s ts  we used  
glass cells N o. 1 an d  2 (cf. F ig . 2), o f ab o u t 25 cm 3 c a p a c ity  each, an d  e lec tro d es 
5 an d  8 m m  a p a r t . T h e  gas flow  ra te  a t  b o th  e x it  p o rts  was 910 cm 3 m in -1 . 
This va lue  w as chosen on th e  basis o f th e  fo llow ing considera tions. In  p re lim i
n a ry  w ork  we found  th a t  d u rin g  th e  8 sec b u rn in g  tim e  in  a ir, th e  e le c tr ic  arc  
w ith  an  u p p e r carb o n  anode (a.c. po larized  e x c ita tio n  w ith  a c u rre n t o f  12 A) 
p roduces 10 cm 3 of ca rbon  d ioxide. In  the  m o st u n fav o u rab le , b u t  u n lik e ly  case 
th a t  th is  carbon  dioxide w ould  form  in 1/4 o f  th e  8 sec b u rn in g  tim e  (a 0 -)- 1 
arc  ig n ited  a t  p eak  v o ltage), i.e. in 2 sec, w hich  w ould  am o u n t to  a p ro d u c tio n  
o f 300 cm 3 carbon  dioxide p e r m in u te , th e  co m p le te  rem oval b y  su c tio n  w ould  
req u ire  a th reefo ld  a m o u n t o f gas, i.e. 900 cm 3 m in -1  a t  b o th  sides o f  th e  
e lectrodes.

T he re su lts  o b ta in e d  w ith  an  electrode gap  o f  8 m m  an d  a 12 A a rc  are 
show n in T ab le  I . All re su lts  are m ean  values o f  fiv e  para lle l te s ts . A p a r t  from  
som e ex cep tions, single values d ev ia te  by  less th a n  5 %  from  th e  m ean .

T he sep a ra tio n  ra tio  is defined  as the  a m o u n t o f carbon  dioxide fro m  th e  
carbon  side d iv ided  b y  th a t  from  th e  a lu m in iu m  side.

Table I

Effect o f gas inlet position in  the case o f compact electrodes

COa found (cm3)
Separation

ratioCell No.
Carbon side Aluminium

side
Total

l 3.66 1.43 5.09 2.6

2 3.58 0.87 4.45 4.1
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A p p a re n tly  ow ing to  th e  m ore un ifo rm  flow  o f th e  gas, a b e tte r  sep a ra tio n  
c a n  b e  ach ieved  w ith  cell N o . 2. T he to ta l  a m o u n t o f carbon  d ioxide p ro d u ced  
is less because of d ire c t coo ling  o f the  e lec tro d e  b y  th e  gas s tre a m . T h e  su b 
s ta n t ia l  am o u n t of ca rb o n  d iox ide  found on th e  a lum in ium  side su g g ests  th a t  
th e  f lo w  and  suction  p a t te rn s  in th e  cell do n o t  ensure  sa tis fa c to ry  sep a ra tio n .

I n  th e  follow ing we u sed  electrodes o f  th e  sam e size as b efo re  b u t  each 
w ith  a 2 m m  bore d rilled  a lo n g  its lo n g itu d in a l ax is ; th ro u g h  th is  hole th e  gas 
w as rem o v ed  by  suc tion  fro m  an d  in to  th e  fla sk s . T his hole seem ed su itab le  in 
so f a r  as i t  did n o t cause a fu r th e r  pressu re  d ro p  in  th e  gas s tream s t h a t  pass 
th e  0 .4  m m  capillaries u se d  as flow  re g u la to rs . As th e  gas cell, th e  25 cm 3 
g la s s  vesse l No. 4 (cf. F ig . 2) was used; in to  th is , carbon  d ioxide-free a ir  from  
th e  g aso m ete r was fed  th ro u g h  a la te ra l tu b e  a t  th e  m iddle p a r t  o f  th e  cell. 
W e  em p lo y ed  an  u p p e r  ca rb o n  anode a n d  a low er alum in ium  c a th o d e ; th is  
a r ra n g e m e n t was a d h e red  to  in fu r th e r  w ork . H ere  too , a 5 m m  gap  betw een  
th e  e lec trodes was f ir s t  te s te d . T he resu lts  a re :

ca rb o n  dioxide from  th e  carbon  side 4.88 cm 3
carb o n  dioxide from  th e  a lum in ium  side 1.40 cm 3
to ta l  carbon d iox ide  recovered  6.28 cm 3
sep ara tio n  ra tio  3.5
As com pared  to  p rev io u s  re su lts , th e se  d a ta  do n o t show  a n y  s u b s ta n tia l  

im p ro v e m e n t in se p a ra tio n  efficiency. O n ly  th e  am o u n t of ca rb o n  d iox ide  did 
in c re a se  owing to  th e  fa c t t h a t  th e  drilled  e lec tro d es h ad  sm aller m asses th u s 
b e c a m e  m ore s tro n g ly  in c a n d e sc e n t in th e  a rc . T h e  poor sep a ra tio n  w as due to  
m ix in g  b y  diffusion an d  co n v ec tio n , th e re fo re , som e im pro v em en t w as ex p ec ted  
f ro m  an  increase o f th e  e lec tro d e  gap, th o u g h  th is  w ould a ffec t also p lasm a 
c o n d itio n s . So te s ts  w ere m ad e  b o th  w ith  a sm alle r (3 m m ) an d  a g re a te r  gap 
(8 m m ). W ith  a 10 m m  g ap , th e  co n stan t b u rn in g  of th e  arc was im p ed ed . The 
p e r t in e n t  resu lts  to g e th e r  w ith  th e  above d a ta  are  show n in T ab le  I I .

U pon  increasing  th e  e lec trode  gap, th e  a m o u n t o f ca rbon  d iox ide  p ro 
d u c e d  also increases, ow ing  to  th e  change in  th e  sam e d irection  o f th e  am o u n t 
o f  e n e rg y  conveyed in to  th e  arc  gap. The se p a ra tio n  efficiency is also im p ro v ed

Table II

Effect o f the length o f the electrode gap

Electrode
gaP

C02 found (cm3)
Separation

ratio
Carbon side Aluminium

side Total

3 m m 2 .9 9 1.10 4 .0 9 2 .7

5 m m 4 .8 8 1 .4 0 6 .2 8 3 .5

8 m m 7 .9 5 2.21 1 0 .1 6 3 .6
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since over a g re a te r  d is tan ce , gas exchange occurs to  a sm aller degree. H ere  
th e  difference in th is  re sp e c t betw een  th e  5 m m  a n d  8 m m  gaps w as n o t  q u ite  
as p ronounced  as in  su b se q u e n t te s ts , w here we ex p ec ted  a s tro n g e r e ffec t 
u n d er o th e r  e x p e rim e n ta l cond itions.

B y  using  sm alle r cells, we tr ied  to  fu r th e r  red u ce  m ixing of th e  gas. In  
a 17 cm 3 cell o f th e  sam e shape as before (N o. 4) b u t  w ith  electrodes 8 m m  
a p a r t , sep a ra tio n  b ecam e, in fac t, b e tte r :

carbon  dioxide from  th e  carbon  side 8.12 cm 3
carbon  d iox ide from  th e  a lum inium  side 1.75 cm 3
to ta l  ca rbon  d iox ide  recovered  9.87 cm 3
sep ara tio n  ra tio  4.6
T he to ta l  a m o u n t o f carbon  dioxide w as e ssen tia lly  th e  sam e as befo re . 
W e also checked  w h e th e r th e  gas Полу ra te  u sed  was su ffic ien t fo r th e  

rem oval of th e  ca rb o n  d iox ide  form ed. B y c h an g in g  th e  dim ensions o f  th e
capillaries ac tin g  as “ v a lv e s”  betw een  th e  cell a n d  th e  reac to r fla sk s  we
o b ta in ed  th e  re su lts  show n in T able I I I .  F o r co m p ariso n , th e  above d a ta  are  
again inc luded .

Table III

Effect o f gas flow  rate

Flow rate, 
cm3 min-1

C02 found (cm8)
Separation

ratioCarbon
side

Aluminium
side Total

2 x 5 0 0 7 .0 8 1 .9 1 8 .9 9 3 .7

2 x 9 1 0 8.12 1 .7 5 9 .8 7 4 .6

2 x 1 1 0 0 8 .5 8 2 .2 3 1 0 .8 1 3 .8

T his tab le  show s th a t  w ith  th e  increase o f  a ir  su p p ly , th e  to ta l  a m o u n t 
o f  carbon  dioxide fo rm ed  increases in p ro p o rtio n  to  th e  enhanced  o x ygen  
supp ly . T he se p a ra tio n  effic iency  passes th ro u g h  a m ax im um  b ecau se  a t  
h igher gas velocities, th e  s tro n g e r m ixing effect b rin g s m ore carbon  d io x id e  
over th e  a lum in ium  e lec tro d e . This phenom enon  can  be observed  v isu a lly : th e  
arc  b u rn s  a t , an d  fla re s  o u t from  th e  e lec trode  side алуау from  th e  la te ra l  
feed -in le t tu b e . U sing  cell N o. 5 (cf. Fig. 2) w ith  gas in le ts  a t  tw o sides, th e  
m ix ing  effect is even s tro n g e r  an d  th e  sep ara tio n  ra tio  drops to  ab o u t 3.

T he p lac ing  o f th e  gas in le t fa r th e r  from  th e  m idd le  p a r t  o f th e  p la sm a  
seem ed to  be a b e t te r  so lu tio n . T herefore, we te s te d  th e  17 cm 3 cell N o. 6 
(cf. F ig. 2) w ith  e lec tro d e  gaps o f 5 an d  8 m m . T he re su lts  are show n in T ab le  IV .

A fu r th e r  b u t  s till  in su ffic ien t im p ro v em en t can  be no ted . A lso i t  is 
obvious t h a t  an  8 m m  gap  shou ld  be em ployed.
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A lso  th e  bores th ro u g h  th e  electrodes w ere  expec ted  to  a ffec t th e  re su lts . 
T h e  co rresp o n d in g  d a ta  a re  co llected  in  T ab le  V ; th e y  show again  t h a t  i f  th e  
m a ss  (w a ll th ickness) o f th e  e lectrode is dec reased , th e  carbon e lec tro d e , owing 
to  m o re  in tense  incan d escen ce , p roduces m ore  carbon  d ioxide. F ro m  th e  
v ie w p o in t  of gas rem o v a l a n d  gas flow  p a t te rn s ,  th e  3 m m  bore en su res  th e  
le a s t  m ix in g  in cell N o. 6. T h is  find ing  w as u tiliz e d  in  fu r th e r  te s ts .

W e a tte m p te d  to  f u r th e r  increase th e  e ffic iency  of sep a ra tio n  b y  su p p re s
s in g  th e  m ix ing  of th e  gas. B y  con stric tin g  th e  m idd le  p a r t  of th e  cell to  10 m m  
a n d  m o d ify in g  th e  w ay  o f th e  a ir feed, a sa tis fa c to ry  a rra n g e m en t w as found . 
T h e  re s u lts  w ith  cells N os. 7 , 3 and  8 (cf. F ig . 2) are  show n in T ab le  V I. These

Table IV
Results o f tests with cell No. 6

Electrode
gaP

C02 found (cm3)
Separation

ratio
Carbon side Aluminium

side Total

5 mm 6.28 1.23 7.51 5.1

8 mm 10.22 1.74 11.96 5.9

Table У
Effect o f the hole diameter through the electrode

Bore
diameter,

mm

Thickness 
of electrode 
wall, mm

C02 found (cm3)
Separation

ratio
Carbon side Aluminium

side Total

2.0 2.0 10.22 1 .7 4 1 1 .9 6 5 .9

3 .0 1 .5 1 3 .7 2 2 .0 3 1 5 .7 5 6.8
4 .0 1.0 1 4 .5 0 3 .2 0 1 7 .7 0 4 .5

Table VI
Results with cells constricted at their middle heights

Cell

C02 found cm3
Separation

ratio
Carbon side Aluminium

side Total

N o .  7 1 0 .3 1 1 .0 6 1 1 .3 7 9 .7

N o .  3 1 2 .3 0 1 .7 7 1 4 .0 7 6 .9

N o .  8 1 0 .6 1 0 .8 5 1 1 .4 6 1 2 .5
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th re e  cells w ere m ade o f  q u a rtz  since glass w as prone to  c ra c k in g  w hen  so 
close to  th e  arc. T he c a p a c ity  o f cells N o. 3 a n d  7 was 17 cm 3 each , th e  sam e as 
t h a t  o f th e  in n e r c o m p a rtm e n t o f cell N o. 8.

R esu lts  w ith  cell N o. 7 show ed th a t  th e  constric tion  a t  th e  m id d le  p a r t  
o f a cell d id  enhance  sep a ra tio n  as ex p ec ted . H ow ever, the  re d u ced  m ix in g  in 
th e  gas phase re ta rd s  o x id a tio n  since th e  e lec tro d e  side ly ing f a r th e r  f ro m  th e  
p o in t o f  a ir  in ta k e  is p o o rly  supp lied  w ith  oxygen . The tw o-sided  a ir  feed  in 
cell N o. 3 fu rn ishes am ple oxygen h u t  again  sep ara tio n  is w orse o w in g  to  th e  
m ore  in ten se  tu rb u len ce . T he b e s t se p a ra tio n  w as achieved w ith  th e  d o u b le 
w all gas cell No. 8. T he a d v a n ta g e  o f  th is  ty p e  o f cell consists in  th e  u n ifo rm  
su p p ly  o f a ir  en te rin g  a t  its  to p  an d  b o tto m  th ro u g h  six 1.5 X  2.0  m m  holes 
a rra n g e d  in a circle. T hus th e  one-sided  b u rn in g  of th e  arc is a v o id ed , a n d  th e  
m ix in g  o f th e  gases from  th e  anode an d  ca th o d e  spaces is reduced .

As a lread y  m en tio n ed , in  an a rc  th a t  b u rn s  in air, a p a ra lle l  re a c tio n  
p ro d u ces also n itro g en  oxide w hich , b y  its  reac tio n  w ith  b a riu m  h y d ro x id e , 
in te rfe re s  w ith  th e  ac id im etric  d e te rm in a tio n  o f  carbon  dioxide. N itro g e n  oxide 
is ch ie fly  form ed w ith in  th e  p lasm a [10], th e re fo re , its rem o v al b y  su c tio n  
y ie ld s n ea rly  equal am o u n ts  from  b o th  e lec tro d e  side as co n firm ed  b y  d irec t 
te s ts . T he n itro g en  oxide am o u n ts  to  a few te n th s  of a cm 3 fro m  e a c h  side 
a n d , th o u g h  th is h a rd ly  affects th e  accu racy  o f  carbon dioxide d e te rm in a tio n s  
fo r th e  carbon  side, it  is n e a rly  eq u a l to  th e  a m o u n t of carbon  d io x id e  p assed  
over to  th e  a lum in ium  side. T herefo re , th e  re su lts  discussed up to  no w  a re  to  be 
reg a rd ed  as re la tiv e  values only . T he tru e  sep a ra tio n  ra tio  in cell N o . 8 was 
ex p e c te d  to  he a b o u t 2 tim es h igher. T h is w as checked  by the  use o f  th is  la t te r  
cell a n d  th e  re su lts  w ith  a feed m ix tu re  o f 2 0 %  oxygen and  8 0%  a rg o n  have  
co n firm ed  th is  a ssu m p tio n . The e x p e rim e n ta l conditions w ere as fo llow s:

E x c ita tio n : A.C. p o la rized  arc ,
B u rn in g  tim e : 8 sec,
Ig n itio n : a t  p eak  vo ltag e ,
N u m b er o f d ischarges: 0 —(— 1,
T y p e  of cell: No. 8,
E lec tro d e  p a ir : u p p e r  carbon  anode, low er alum inium  c a th o d e ,
E lec tro d e  g ap : 8 m m ,
H ole d rilled  along th e  lo n g itu d in a l ax is  o f the  elec trodes: 3 m m  in 

d ia m e te r ,
M ean c u rre n t: 13 A (sh o rt-c ircu it c u rre n t over the en tire  p e r io d : 27 A), 
G as a tm o sp h ere : 20 %  0 2 +  80 %  A r,
G as flow  ra te :  2 x 9 1 0  cm 3 m in -1 .

T he re su lts :
C 0 2 from  th e  carbon  e lec trode  side: 7.16 cm 3,
C 0 2 from  th e  a lum in iu m  elec trode  side: 0.27 cm 3,
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T o ta l C 0 2 fo u n d  7.43 cm 3,
S ep ara tio n  ra t io :  26.5.

T h is ra tio  show s t h a t  on ly  3 .6%  of th e  t o t a l  ca rb o n  dioxide fo rm ed  in  
th e  a rc  passed  over to  th e  a lum in ium  side. T h u s  th e  sy stem atic  e rro r o f  th is  
s e p a ra tio n  m ethod  u n d e r  th e  given e x p e rim e n ta l cond itions is 3 .6% .

A  fu r th e r  s tu d y  o f  th is  m ethod  and  its  a p p lic a tio n s  will be describ ed  in  
a fo rth c o m in g  p ap e r.
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A study of our separation method has shown that the amount of carbon dioxide 
formed, and the possibility of separation depend on the polarity o f the electrodes and 
on their position. The primary effect must be ascribed to the direction of the gas stream 
(to or from the anode), it being modified by the upwards convection of hot gases. From 
a comparison of data referring to air and to a mixture of argon and oxygen, information 
about the nitrogen-oxygen reactions can be obtained.

In  th e  p reced ing  p a p e r  [1] o f th is  series we have  re p o rte d  on a m eth o d  
developed  fo r th e  s e p a ra te  s tu d y  o f th e  gaseous reac tio n  p ro d u c ts  form ed 
s im u ltan eo u sly  in  th e  anode  an d  in  th e  ca th o d e  spaces. F o r a fu r th e r  s tu d y  of 
th e  m e th o d , an d  o f th e  p h en o m en a  inv o lv ed , i t  w as necessary  to  ex am in e  th e  
effects o f  th e  d irec tio n  o f  gas flow , o f th e  u p w a rd  convection  o f  h o t  gases, of 
th e  p o la r ity  o f th e  ca rb o n  e lectrode an d  o f its  p osition . In  th e se  te s ts  carbon  
d iox ide  free a ir or a m ix tu re  o f  20%  oxygen  an d  80%  argon  w ere u sed .

Effects of the Direction of Gas Flow, 
and of the Upward Convection of Heat

T he e lectrode h o ld e r, a lread y  described  [1], w as used  w ith  a gas cell. 
T h e  gas cell was a glass tu b e  50 m m  in len g th , w ith  an  in n e r d ia m e te r  o f  24 m m , 
its  vo lum e being a b o u t 22 cm 3. T he e x p e rim en ta l cond itions w ere as follows. 

E x c ita tio n : P o la rized  A.C. arc  ex c ita tio n .
Ig n itio n  a t  p e a k  vo ltag e .
D ischarge n u m b e r: 0 +  1.
A verage c u rre n t:  12 A (sh o rt c ircu it c u rre n t in  a com plete  p e rio d : 25 A). 
E lec tro d e  p a ir : R W — I I  ty p e  ca rb o n  e lectrodes 6 m m  in  d ia m e te r  an d  

20 m m  long , each  w ith  a 2 m m  hole d rilled  a long  its  lo n g itu d in a l ax is. 
E lec tro d e  gap : 5 m m .
A ir flow  ra te :  910 cm 3 m in -1 .
T he gap an d  hole d im ensions p rev io u sly  s ta te d  as o p tim u m  va lu es  we 

decreased  to  th e  above values in o rd e r to  av o id  o v e rh ea tin g  th e  e lec trodes
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a n d  th u s  m ake th e  v a r ia tio n s  in  th e  sm all a m o u n ts  o f  ca rb o n  dioxide fo rm ed  
m o re  n o tic e a b le . T he tw o  c a rb o n  electrodes w ere p la c e d  so t h a t  a lte rn a te ly  
th e  u p p e r  a n d  th e  low er one co u ld  be used as th e  an o d e . T h e  a ir  w as in tro d u c e d  
th ro u g h  th e  hole o f th e  lo w er e lectrode an d  e x h a u s te d  th ro u g h  th a t  o f  th e  
u p p e r  e lec tro d e , o r th e  o th e r  w ay  round . T h u s fo u r  possib le  v a r ia n ts  w ere 
re a liz e d . T he carbon d iox ide  fo rm ed  in  the  arc  d isch arg es w as d e te rm in ed  b y  
t i t r im e tr ic  gas analysis as d esc rib ed  p rev io u sly  [2 ]; th e  re su lts  show n in 
T a b le  I  re p re se n t m ean  v a lu e s  o f  fiv e  te s ts .

T h e  differences b e tw e e n  th e  values show n are  due  to  th re e  effects, viz. to  
th e  C 0 2-rem oving  an d  0 2-su p p ly in g  effect o f th e  gas s tre a m , to  th e  h e a tin g  
a n d  co n v ec tio n  effect o f  th e  gases m oving u p w ard s , a n d  to  th e  cooling effect 
o f  th e  gas stream . T he la s t  is , p e rh ap s , of seco n d ary  im p o rta n c e  since th e  gas 
flo w  r a te s  w ere th e  sam e in  a ll fo u r cases th u s  th e  cooling  effect could  n o t  h av e  
b e e n  v e ry  d ifferen t from  case  to  case. I f  th e  d a ta  o f  T ab le  I  are  a rra n g e d  in  
in c re a s in g  order, i t  becom es a p p a re n t  th a t  a decisive ro le  can be a t tr ib u te d  to  
th e  c ircu m stan ce  w h e th e r, th ro u g h  the  e lectrode ho le , th e  a ir  flow  rem oves 
c a rb o n  d iox ide from  th e  m o re  s tro n g ly  h e a te d  an o d e  space  w hich , th e re fo re , 
p ro d u c e s  m ore carbon  d io x id e  a n d  replenishes i t  w ith  o xygen-rich  gas, o r th a  
a ir  f lo w  carries th e  ca rb o n  d iox ide  con ta in ing  gas to  th e  surface an d  in to  th s  
ho le  o f  th e  anode. This e ffec t is m odified  b y  th e  u p w a rd  flow  o f h e a t in  so fa r  ae

Table I

Effect o f the direction o f gas flow

COa (cm3) found

Gas introduced through
' upper carbon 

anode
lower carbon 

anode

lower electrode 7.6 9.5
upper electrode 8.3 7.8

Table II

Effect o f the direction o f gas flow

Direction of gas flow 
relative to the 

anode

Direction of 
upward heat 

flow relative to 
the anode

Total of 
negative 

signs
C02 found 

(cm3)

— — — 3 9.3
— — 2 8.3

+ + - 1 7.8

+ + + 0 7.6
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i t  e ith e r  he lps th e  rem o v al o f carbon  d io x id e  o r w orks against it. I f  th e  d ire c tio n  
of C 0 2-c o n ta in in g  a ir  flow ing aw ay from  th e  anode  is m arked  b y  a m in u s  sign 
w hereas t h a t  o f  th e  flow  tow ards th e  an o d e  b y  a p lus sign, an d , fo r  th e  p u r 
poses o f i l lu s tra tio n , th e  gas flow  w ith  th e  s tro n g e r  effect is g iven a tw o -fo ld  
w eigh t re la tiv e  to  th e  ascending  flow  o f h e a t ,  th e n  we o b ta in  th e  sam e seq u en ce  
as t h a t  o f  th e  ex p e rim en ta l values (T ab le  I I ) .

T hese re su lts  h av e  been verified  b y  te s ts  in  a cell p rov ided  w ith  a la te ra l  
tu b e  a t  its  m idd le  h e ig h t (c f . p rev ious p a p e r , F ig . 2, cell No. 1). H e re  th e  a ir  
w as a d m itte d  in  tw o stream s each th ro u g h  one o f th e  holes in th e  e lec tro d es  
an d  rem o v ed  th ro u g h  th e  la te ra l tu b e , o r  th is  d irec tion  o f flow  w as rev e rsed . 
The gas flow  r a te  w ay  a d ju s ted  to  910 c m 3 m in -1  p e r electrode to  a llo w  com 
p arisons. T h e  d a ta  fo r th e  four possib le  cases are  show n in T able I I I .

Table III

Effects o f the position (polarity) o f the electrode 
and o f the direction o f gas flow

CO, (cm 3) found

Air introduced through
upper carbon lower carbon

anode anode

electrodes 11.8 10.1
lateral tube 10.7 9.8

T he re su lts  in  T ab le  I I I  show  th a t ,  fo r e lectrodes a rran g ed  s im ila rly , 
m ore ca rb o n  d iox ide  is alw ays fo rm ed  a t  e lec trodes th ro u g h  th e  ho les of 
w hich  o x ygen  is b e ing  supplied . T his rev ea ls  t h a t  n e a r  th e  fro n t su rfa c e  o f  th e  
e lec trode  som e o x id a tio n  tak es  p lace also  in  th e  hole, an d  the  m ore  o x y g en  is 
c a rried  b y  th e  gas, th e  m ore carbon  d io x id e  is p roduced . I f  th e  su p p ly  s tre a m  
passes th ro u g h  th e  p lasm a, i t  becom es d e p le te d  in oxygen and  e n r ic h e d  w ith  
carb o n  d iox ide  w hen a rriv in g  a t  th e  c o m p a ra tiv e ly  cooler p a rts  o f th e  e lec tro d e  
hole. T h is w o u ld  fu r th e r  decrease th e  r e a c t iv i ty  w hich is sm all a lre a d y . I f  an  
o x y g en -rich  gas m ix tu re  en ters th e  ho le , ap p rec iab le  ox idation  m a y  o c c u r even 
a t  s ites o f  v e ry  low  re a c tiv ity . To th is  e ffec t w ill be added  th e  h e a t in g  o f  th e  
u p p e r e lec tro d e  b y  ascending  h o t gases.

Separation of the Electrode Spaces Studied by Varying 
the Position and Polarity o f  the Carbon Electrode

In  possession  o f th e  above fac ts  a n d  o f  th e  o p tim um  c o n d itio n s  o f  sep a 
ra tio n  [1], we s tu d ie d  how  th e  a m o u n t o f  ca rb o n  dioxide and  th e  e ff ic ien cy  of 
sep a ra tio n  d ep e n d  on th e  p o la rity  a n d  p o sitio n  o f  th e  carbon e le c tro d e  in  th e  
case o f  c a rb o n —alum in ium  electrode p a ir . T h u s , in com parison to  p re v io u s  ex-
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p e r im e n ta l co n d itio n s, th e  electrode m a te r ia l w as changed , th e  e lec tro d e  gap  
w as f ix e d  a t  8 m m , a n d  e lec trodes w ith  3 m m  ho les were used. Tw o series o f 
te s ts  w ere ca rried  o u t, one w ith  ex c ita tio n  in  c a rb o n  dioxide free a ir  (T able  IV ) 
a n d  one w ith  e x c ita tio n  in  a m ix tu re  of 20 %  o x y g e n  an d  80%  argon (T ab le  V ). 
A s fo r  th e  positio n  a n d  p o la r ity  o f th e  carb o n  e le c tro d e , here also fo u r v a r ia n ts  
co u ld  be realized .

In  a ir , as k n o w n , also  n itro g en  oxide is fo rm e d  w hich falsifies th e  re su lts  
o f  th e  ac id im etric  d e te rm in a tio n  of carbon  d io x id e . This in terference  is co n 
s id e ra b le  an d  causes g re a te r  re la tiv e  erro rs in  th e  analyses on th e  a lu m in iu m  
side. C on seq u en tly , th e  ex p e rim en ta l re su lts  o b ta in e d  in  air are to  be re g a rd e d  
as in d ic a tiv e  on ly , h o w ev er, th e y  do n o t in flu en ce  th e  d irection  o f th e  effects 
s tu d ie d , b u t  red u ce  th e  “ a p p a re n t efficiencies”  o f  th e  separa tions.

F ro m  se p a ra te  co n sid e ra tio n  of T ab les IV  a n d  V, the  follow ing co n 
c lusions can  be d raw n .

Table IV

Effect o f the position and polarity o f the carbon electrode in air

Position and polarity of 
the carbon electrode

C02 found (cm3
Separation

ratio*
carbon side aluminium

side total

upper, anode 10.6 0.85 11.5 12.5

lower, anode 9.6 0.82 10.4 11.7

upper, cathode 2.68 0.56 3.24 4.8

lower, cathode 2.36 0.71 3.07 3.3

* The separation ratio is the quotient of the am ounts of carbon dioxide from the 
two electrodes [1].

Table V

Effect o f the position and polarity o f  the carbon 
electrode in a gas mixture o f 20% oxygen and  80%  argon

Position and polarity of 
the carbon electrode

C02 found (cms)
Separation

ratio*carbon
side

aluminium
side total

upper, anode 7.2 0.27 7.5 26.5

lower, anode 6.2 0.35 6.6 17.8

upper, cathode 1.51 0.19 1.70 7.9

lower, cathode 1.18 0.32 1.50 3.7

* The separation ratio is the quotient of the am ounts of carbon dioxide from the 
two electrodes [1].

Acta Chim. (Budapest) 76, 1973



SZABÓ, PÖPPL: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, X II 197

As a lread y  fo u n d  in  earlie r e x p e rim e n ts  [2 —4 ], a carbon  anode p ro d u ces 
m ore  ca rb o n  dioxide th a n  does a ca rb o n  ca th o d e  in  th e  sam e p o sitio n , because  
th e  an o d e  is h e a te d  m ore s tro n g ly  a n d  th e  p o s itiv e  p o la r ity  fav o u rs  o x id a tio n  
reac tio n s .

O w ing to  th e  u p w ard  flow  o f h e a t, if  p o la ritie s  are th e  sam e, i t  is a lw ays 
th e  u p p e r  carbon  e lec trodes t h a t  is h e a te d  to  incandescence  an d  is o x id ized  to  
a g re a te r  degree.

A scending  h o t gases n o t on ly  h e a t th e  u p p e r  e lec trode  b u t , th ro u g h  co n 
v ec tio n  o f  gases, c a rry  p a r t  of th e  ca rb o n  d iox ide  fo rm ed  u p w ard s  a n d  th is  
co n sid e rab ly  affects th e  sep a ra tio n  e ffic iency . I t  is th e  q u a n t i ty  o f  ca rb o n  
d iox ide  ca rried  over to  th e  a lu m in iu m  side in  w h ich  th is  causes th e  re la tiv e ly  
g re a te r  d ifference, as u n eq u iv o ca lly  show n b y  th e  d a ta  p e r tin e n t to  a lu m in iu m  
e lec tro d es o f th e  sam e p o la r ity  b u t  d iffe re n t positio n s.

T h e  degree of sep a ra tio n  depends also on th e  am o u n t o f ca rb o n  d iox ide  
fo rm ed : w hen th is  is g rea te r , th e  sep a ra tio n  ra tio  also increases. H ow ever, th e  
re la tio n sh ip  is n o t lin ea r, w hich  suggests t h a t  ce rta in  p a r ts  o f th e  e lec tro d e  
su rface  are n o t exposed  to  th e  convec tion  (ch iefly  th e  in n er side o f  th e  hole 
a n d , on th e  cy linder su rface , areas f a r th e r  from  th e  fro n t su rface o f  th e  elec
tro d e) a n d , on th e  o th e r h an d , th a t  ca rb o n  d iox ide  is fo rm ed  n o t o n ly  on th e  
su rface  o f th e  elec trode .

On com paring  th e  am o u n ts  o f ca rb o n  d ioxide fo rm ed  in th e  tw o  k in d s  o f 
gas a tm o sp h e re  i t  is a p p a re n t t h a t  in  a ir  anod ic  p o la riza tio n  p roduces 1.56 
(1 .54 a n d  1.58) tim es an d  ca th o d ic  p o la riza tio n  2.0 (1.93 an d  2.05) tim es m ore  
c a rb o n  dioxide th a n  in  th e  oxygen—argon m ix tu re  w ith  th e  sam e p e rcen tag e  
o f o x y g en  in i t  as in a ir. Since th e  flow  ra te  an d  oxygen  c o n te n t o f  th e  tw o  gas 
m ix tu re s  were th e  sam e, th e  cause o f  th is  d ifference m u st be so u g h t in  th e  
b e h a v io u r  of th e  o th e r  reac tio n  p a r tn e r , i.e. th e  carbon  elec trode , in  d ifferences 
o f  th e  p h ysica l c h a ra c te r  o f th e  gas a tm o sp h e re  an d  in th e  s ta te  o f th e  p lasm a. 
On a rc  ex c ita tio n  in oxygen—argon  m ix tu re s  th e  ev ap o ra tio n  o f a lu m in iu m  is 
less in ten se  th a n  in  a ir  an d , th e re fo re , a t  e q u a l c u rre n ts  th e  m ean  te m p e ra tu re  
o f  th e  p la sm a  is h ig h er in oxygen—argon  m ix tu re s  an d  th e  sp e c tru m  is m ore 
sp a rk -lik e  [8, 3]. In  th e  sam e w ay , th e  d e s tru c tio n  of th e  carb o n  e lec trode  
m a te r ia l  shou ld  be less. T ak in g  in to  acco u n t th e  poor h e a t c o n d u c tiv ity  of 
a rg o n , th e  p reco n d itio n  o f  th is  is, o f  course, th a t  th e  electrode-coo ling  e ffec t 
o f th e  gas shou ld  be o f m ino r im p o rtan ce . T h e  ex p e rim en ta l d a ta  s u p p o r t th is . 
T he d a ta  an d  th e  sep a ra tio n  ra tio s  show n in d ica te  also th a t  m o st o f  th e  carb o n  
d iox ide  is form ed on th e  su rface o f  th e  carb o n  e lec trode  an d  on ly  a sm alle r 
p a r t  o f  i t  in th e  p lasm a sh e a th  (aureo le). O th e r  a u th o rs  [6] have  fo u n d  th a t  in 
th e  p resence  o f n itro g en  oxide a g re a te r  n u m b e r o f oxygen a to m s is p ro d u ced  
b y  th e  arc . C onsidera tion  o f th is  fin d in g  p ro m p ts  th e  suggestion  th a t  also th e  
reac tio n  here d iscussed  is p a r tia lly  co n tro lled  b y  th e  a m o u n t o f  a to m ic  oxygen  
p re se n t. In  th e  anod ic  case w hen th e  carb o n  e lec trode  gets a p p rec iab ly  incan -

Ada Chim. ( Budapest) 76, 1973



198 SZABÓ, PÖPPL: SOME CHEMICAL REACTIONS OF TH E ELECTRODE GAP, X II

d e sc e n t an d  carb o n  d iox ide fo rm atio n  is m ore e x ten s iv e , th e  effect o f  th e  gas 
a tm o sp h e re  is sm alle r, in  accord  w ith  th e  c ircu m stan ce  th a t ,  on m ore  in ten se  
e v a p o ra tio n , th e  side-effects g rad u a lly  loose th e ir  im p o rtan ce  [4, 7].

F ro m  th e  fac to rs  o f  1.56 an d  2.0 fo r  th e  d ev ia tio n  in th e  fo rm a tio n  of 
to ta l  ca rb o n  d iox ide , an a p p ro x im a te  ca lcu la tio n  gives th e  ac tu a l effic iency  o f 
se p a ra tio n  also fo r th e  cases w hen  a ir  is u sed  in  th e  cell. D isreg ard in g  th e  
d iffe rences in p h y s ica l an d  chem ical effects due to  th e  d iffe ren t gas a tm o sp h eres , 
a n d  considering  th e  ab so lu te  a m o u n t o f m ass tra n s fe r  b y  diffusion a n d  con-

ТаЫе VI

Separation ratios calculated and found

Position and polarity of 
the carbon electrode

Separation ratio

in the oxygen- 
- argon mixture

calculated for 
air

upper, anode 26.5 25.5
lower, anode 17.8 17.4
upper, cathode 7.9 7.5
lower, cathode 3.7 3.7

v e c tio n  to  be p ro p o rtio n a l to  th e  a m o u n t o f  ca rb o n  dioxide fo rm ed , as a f ir s t  
a p p ro x im a tio n  we m ay  use th e  fac to rs  1.56 a n d  2.0 for a ca lcu la tio n  o f th e  
v a lu e s  to  be e x p e c te d  in a ir  from  values n o te d  fo r th e  a lum in ium  side in  th e  
o x y g en —argon m ix tu re . In  th is  w ay  th e  fo llow ing  resu lts  are  ob ta in ed :

u p p e r  anode: 
low er anode: 
u p p e r  ca th o d e : 
low er ca th o d e :

0.42 cm 3 carbon  d iox ide, 
0.55 cm 3 carbon  d iox ide , 
0.36 cm 3 carb o n  d iox ide, 
0.64 cm 3 carbon  d iox ide.

W ith  these  va lu es  we can ca lcu la te  th e  se p a ra tio n  ra tio s , d isreg a rd in g  
th e  few  te n th s  o f a cub ic  c e n tim e te r  of n itro g en  ox ide  in  th e  side o f th e  carbon  
e lec tro d e  w hich  acco m p an y  also th e  g re a te r  a m o u n ts  of carbon  d iox ide . In  
th is  w ay  th e  va lu es  p re se n te d  in T ab le  V I are  o b ta in e d ; th e y  agree fa ir ly  well 
w ith  th e  re su lts  fo u n d  in  te s ts  w ith  th e  oxygen—argon  m ix tu re .

Som e in fo rm a tiv e  d a ta  fo r th e  n itro g e n —oxygen  reac tio n  can  also be 
o b ta in e d  from  th e  se p a ra tio n  ra tio s  in  argon—oxygen  m ix tu re s  an d  from  th e  
v a lu es  n o te d  fo r th e  tw o e lec trode  sides in  a ir. T h o u g h  prev ious f in d in g s  [5] 
su g g est t h a t  n itro g e n  oxide p ro d u c tio n  is n o t  th e  sam e on th e  carb o n  a n d  th e  
a lu m in iu m  sides, as a sim plify ing  a ssu m p tio n  we considere  th ese  to  be equal.
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N ow , dealing  w ith  th e  a lu m in iu m  side o n ly , we o b ta in  (sh o w in g  th e  lower 
a lu m in iu m  ca th o d e  in s te a d  of th e  co rresp o n d in g  u p p e r c a rb o n  an o d e ):

low er ca th o d e : 
u p p e r ca th o d e : 
low er anode: 
u p p e r anode:

0.86 cm 3 n itro g en  ox ide ,
0.54 cm 3 n itro g en  ox ide ,
0.40 cm 3 n itro g en  ox ide,
0.20 cm 3 n itro g en  ox ide.

I t  is o f in te re s t  to  no te  t h a t  th e  to ta l  a m o u n t (1.06 cm 3) o f  n itrogen  
oxide ca lcu la ted  fo r th e  low er a lu m in iu m  ca th o d e  an d  u p p e r a lu m in iu m  anode 
agrees q u ite  well w ith  th e  to ta l  a m o u n t (0.94 cm 3) o f  n itro g en  o x id e  ca lcu la ted  
fo r th e  u p p e r c a th o d e  a n d  low er an o d e , a n d  th e  average  v a lu e  o f  th e  fo u r  d a ta  
is 0.50 cm 3. This v a lu e  agrees w ell w ith  o u r single d irec t m e a su re m e n t accord ing  
to  w hich, on th e  c a rb o n  anode side 0.51 cm 3, a n d  on th e  a lu m in iu m  cathode 
side 0.62 cm 3, a lto g e th e r  1.13 cm 3, o f n itro g e n  oxide w as fo rm ed . H ow ever, 
th ese  find ings m a y  o n ly  serve as a s ta r t in g  p o in t fo r a f u r th e r  a n d  more 
d e ta iled  s tu d y  o f  th e  oxygen—n itro g en  re a c tio n .
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ZUR BESTIMMUNG YON RESTGEHALTEN 
(BASISVERUNREINIGUNGEN) IN DER 

EMISSIONSSPEKTRALANALYSE
G. H a u p t m a n n , M. H a u p t m a n n  und  G. J ä g e r

( V E B  Petrolchemisches K om binat Schwedt, Kombinatsbelrieb Zeitz, 
Direktionsbereich Forschung)

Eingegangen am 10. April 1972

Nach einem kurzen Überblick über Methoden, die aus der Literatur bekannt sind, 
wird auf ein Verfahren von K e r e k e s -Cs é t i  näher eingegangen. Es wird eine Empfeh
lung gegeben, in welchem Fällen graphische oder rechnerische Verfahren anzuwenden 
sind.

1. Überblick über bekannte Verfahren

Im  G egensatz zu  »gew öhnlichen« spek troskop ischen  A rb e ite n  zeichnet 
sich  die R es tg eh a ltb es tim m u n g  d u rc h  die B esonderheit aus, d a ß  e in e  größere 
Z ah l von  M eßw erten  (E in w aag en , S chw ärzungs- oder In te n s itä tsm e ssu n g e n )  
zu  einem  E rgebn is fü h r t ,  das in  e in e r  e inzigen  K o n z e n tra tio n sa n g ab e  b e s te h t. 
D ies b ed in g t eine no tw end ige  V e rf le c h tu n g  m it m a th e m a tisc h e n  M ethoden . 
W ill m an  zusä tz lich  zum  e ig en tlich en  E rg eb n is  A ngaben ü b e r  d ie  m ögliche 
F e h le rh a ftig k e it bzw . ü b er die V e rtra u e n sw ü rd ig k e it h a b e n , so s te ig t der 
m a th em a tisch e  A u fw an d  rasch  a n , u n d  es is t  n ich t im m er le ic h t, d ie  V or- und  
N ach te ile  b e s tim m te r  V erfahren  zu  e rk en n en .

G enerell k a n n  m an  die in d e r  L i te r a tu r  [1 —15] b esch rieb en en  V erfah ren  
in  g raph ische u n d  num erische  u n te r te i le n . D a graphische V e rfa h re n  den  V or
te il  d er A nsch au lich k e it haben , is t  es ke in  Z ufall, daß  das e rs te  b e k a n n te  V er
fa h re n  [1] ein g raph isches is t. A u ch  d e r Z e itp u n k t der V e rö ffen tlich u n g  (1938) 
is t  n ic h t ganz zufä llig ; in  den d re iß ig e r J a h re n  fü h rten  sich e m iss io n ssp e k tra l
an a ly tisch e  M ethoden  als R o u tin e m e th o d e n  ein.

P ierce  u n d  N a c h t r ie b  [2] w iesen  d a ra u f  h in, daß  d e r  R e s tg e h a lt  zu 
h och  b es tim m t w ü rd e , w enn die U n te rg ru n d in te n s itä t  u n b e rü c k s ic h tig t bliebe.

D ie e rste  um fangre ichere  A rb e it  s ta m m t von Ga t t e r e r  [3 ] .  H ie r w ird 
d e u tlic h  der G rund g ed an k e  des A d d itio n sv e rfa h re n s  au sg esp ro ch en , d aß  m an 
z u r  R e s tk o n z e n tra tio n , die b e s t im m t w erden  soll, Z usätze  in  d e r  gleichen 
G rö ß en o rd n u n g  zufügen m uß, u m  einen  d eu tlich en  E ffek t zu  e rz ie len , w obei 
je d o c h  die W irk u n g  d e r R e s tk o n z e n tra tio n  noch  m erklich u n d  so m it m eß b ar 
sein  m uß . Es w erden  sodann  zwei g rap h isch e  V erfahren  g esch ild e rt, v o n  denen 
d as  eine n u r a u f  S chw ärzungsm essungen  b e ru h t  (ohne K e n n tn is  d e r  A nstiege 
d e r  S chw ärzungskurve  und  der E ic h k u rv e ; d e r A nstieg der E ic h k u rv e  w ird  im 
V e rla u f des V erfah rens b e s tim m t); das zw eite  basie rt (w egen des n ic h t  ganz
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g ra d lin ig e n  V erlaufs d e r  S ch w ärzu n g sk u rv en ) a u f  d e r  K o n stru k tio n  d er 
S ch w ärzu n g sk u rv e  m it H ilfe  eines S tu fen filte rs . B e id e  V erfahren  sind  au c h  
re in  rechnerisch  a n w e n d b a r .

V on E ichhoff  u n d  M a i n k a  [4] w erden die A d d itio n sv erfah ren  als l e i t 
p ro b e n fre ie  V erfahren  sc h le c h th in  em pfohlen. D e r  B eg riff »leitprobenfrei« 
s c h e in t  uns jedoch  n ic h t zw eck m äß ig , weil m an  d a r u n te r  n u r  das A rbeiten  m it 
H a u p te ic h k u rv e n  v e rs te h e n  so llte . Die gleiche A rb e it  [4] e n th ä lt eine W e ite r 
e n tw ic k lu n g  des V erfah ren s  v o n  Ga tter er  [3] u n d  e in en  V ersuch zur B e rech 
n u n g  des Fehlers d er R e s tg e h a ltb e s tim m u n g , d e r  a llerd ings n ich t die ge
w ü n s c h te  Ü b ere in stim m u n g  m it  dem  E x p e rim e n t e rg a b .

V on A d d i n k  [5] w ird  d a ra u f  hingew iesen, d a ß  das A d d itio n sv erfah ren  
n u r  d a n n  angew andt w e rd e n  d a rf , wenn das zu  b e s tim m e n d e  E lem en t aus d er 
P ro b e  u n te r  den g ew äh lten  B edingungen  in  g le ich e r W eise v e rd am p ft u n d  
a n g e re g t  w ird wie aus d e r  zu g efü g ten  Menge.

W egen seiner E in fa c h h e it  w urde von uns v e rsu ch sw eise  das (num erische) 
V e rfa h re n  von K e r e k e s -Cs e t i  [13] au f ein p ra k tis c h e s  P rob lem  an g ew an d t. 
D a b e i ste llte  sich h e ra u s , d a ß  es (wie alle n u m e risc h e n  V erfahren) V o ra u s
se tz u n g e n  e rfo rdert, d ie n ic h t  im m er e rfü llb a r s in d , w o ra u f hier ku rz  e in g e
g a n g e n  w erden soll. (E s w ird  aus G ründen d e r V e rs tä n d lic h k e it n ic h t g en au  
d ie  N o m en k la tu r d er A u to r in  verw endet).

2. Bemerkungen zum Verfahren von Kerekes-Cséti

D as V erfahren  b a s ie r t  a u f  folgenden Ü b e rleg u n g en : W enn cx die zu  b e 
s tim m e n d e  R e s tk o n z e n tra tio n  d a rs te llt, cx b is c3 d ie (in  b e k a n n te r  M enge zu g e
g eb en en ) Z usätze, A S 1 b is  ZlS3 die e n tsp rech en d en  S chw ärzungsdifferenzen  
zw isch en  A nalysen- u n d  V erg le ichslin ie , и u n d  v d en  A n stieg  bzw. das a b so lu te  
G lied  d e r G leichung fü r  d e n  g e rad en  Teil d er E ic h k u rv e , So g ib t

Z1S1 =  и  log (q  +  cx) +  *> ( la )

A S 2 =  и log (c2 +  cx) - f  v ( lb )

A S 3 =  и  log (c3 +  cx) +  v  ( lc )

D u rc h  S u b trak tio n , D iv is io n  u n d  U m form ung  k a n n  m an  daraus e rh a lte n

w o b ei

is t .

1 +
Ссу Сл

c x  +  C 1
=  1

а —
dS3
A S 2 -  d S i

(2)

(2a)
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A b b . 1. Restgehaltbestimmung nach D u f f e n d a c k  und W o l f e  (cx =  0,0037%)

W enn c2 <[ 2Cj is t, so d aß  d e r A u sd ru ck  c2 — c jc x -(- cx <  1 b le ib t, so 
k a n n  die linke Seite  der G le ichung  2 in  R eihe en tw ick e lt w erd en . V e rn a c h 
lä ss ig t m an die G lieder von h ö h e re r  O rd n u n g  als zwei, so e rh ä lt  m an

Cx =  1  _ a ( « - 4 c 2 - Cl)* _ Ci (3)
2  c 3 C1 a ( c 2  Cl )

In  d er A rb e it [13] w ird  so d an n  m a th e m a tisc h  b e g rü n d e t, d aß  der 
F e h le r  fü r  cx bei cx : e2 : c3 =  1 : 2 : 3 u n d  bei а =  1,6 am  k le in s ten  ist.

W ir m öch ten  dem  h inzu fügen , d aß  sich  bei E in h a ltu n g  des V erh ä ltn isses  
Cj : c2 : c3 =  1 : 2 : 3 die G leichung 3 v e re in fach en  lä ß t zu

. =  ,  ( «  _ i )

' *  ^  2(2 a )

(4)

M an a rb e ite t  also tro tz  des v o rau sg eh en d en  m a th em a tisch en  A ufw andes 
n a c h  einer au ffa llend  einfachen G le ichung . W äh ren d  n u n  ab e r die F o rd e ru n g  
cx : c2 : e3 =  1 : 2 : 3 le ich t e rfü llb a r  is t ,  lieg t ein N ach te il des V erfah rens 
d a rin , d aß  die G röße a , deren  W e rt n u r  von  den  S chw ärzungen  d e r A nalysen- 
u n d  V ergleichslin ien  in den S p e k tro g ra m m e n  d er drei P ro b en  a b h ä n g t, eben 
n ic h t  im m er gleich 1,6 sein w ird . E in e  Ä n d eru n g  der A nregungs-, A ufnahm e- 
u n d  E n tw ick lu n g sb ed in g u n g en  o d er die V ariie ru n g  an d e re r  P a ra m e te r  wie z. 
B . d e r  V e rg le ich s in ten s itä t, w o d u rch  e v tl, d er W e rt а =  1,6 a n n ä h e rn d  erre ich -
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b a r  w ä re , b ed eu ten  a b e r  E ingriffe  in  das sp ek tro ch em isch e  V erfah ren , die u n 
zu lässig  sin d , w eil d a d u rc h  u . U. d er F eh le r d er M essungen  s ta rk  anste ig en  
k a n n . E s  is t  auch  an zu n eh m en , d aß  schon geringfügige A bw eichungen  vom  
Id e a lw e r t 1,6 b e trä c h tlic h e  F eh le r v e ru rsach en , da  m an  schon fü r  alle W erte  
a  2 p h y sik a lisch  sinn lose E rgebn isse  e rh ä lt, w ovon m an  sich a n h a n d  von  
G le ichung  4 le ich t ü b erzeu g en  k an n . E in en  schw er a b sch ä tzb a ren , s ta rk e n  
E in f lu ß  h a t  auch  die W ah l von cx, d u rch  die fe s tg e leg t w ird , w elcher A b 
sc h n it t  d e r E ich k u rv e  b e n u tz t  w ird . N ach  u n se re r  E rfa h ru n g  e rh ä lt m an  fü r  
cx zu  n ied rig e  W erte , w enn  cx zu k lein  g ew äh lt w ird  u n d  zu große W erte , w enn 
cx zu  g ro ß  g ew äh lt w ird .

D ie P ro b le m a tik  sei absch ließ en d  an  einem  B eisp iel d e m o n s tr ie rt: Z u r 
H e rs te llu n g  von E ich p ro b en  fü r  die sp ek tro ch em isch e  B estim m u n g  von  
S ilikonö l in M ineralö len  [16] s ta n d  u ns zeitw eise kein  ab so lu t silikonölfreies 
M ineralö l zu r V erfügung . Z ur B estim m ung  d er »B asisverunrein igung« w an d ten  
w ir d as  (graph ische) V erfah ren  von  D u f f e n d a c k  u n d  W olfe  [1] u n d  das 
(num erische) V erfah ren  von K e r e k e s -Cs é t i  [13] an . N ach  dem  g raph ischen  
V erfah ren  (siehe die A bb ildung) e rg ib t sich  eine B asisveru n re in ig u n g  von  
0 ,0037% .

B eim  n u m erisch en  V erfah ren  is t das E rg eb n is  jed o ch  s ta rk  davon  a b 
h än g ig , in  w elchem  K o n zen tra tio n sb e re ich  m an  a rb e ite t . W äh lt m an  z. B . 
cx =  0 ,0 0 1 % , so sind

=  0 ,001% A P *  = - 8 7
=  0 ,002% a p 2 = - 7 2
=  0 ,003% A P 3 = - 6 2

N ach  G leichung  2a e rg ib t sich  a =  1,67, n a c h  G leichung  3 oder 4 e rh ä lt  m an  
cx =  0 ,00069% .

W ä h lt  m an  cx =  0 ,005% , so sind

cx =  0 ,005%  A P X =  - 4 8
c2 =  0 ,010%  A P 2 =  —25
c3 =  0 ,015%  A P 3 =  -  9

N ach  G leichung  2a e rg ib t sich  a =  1,70, n a c h  G leichung  3 oder 4 e rh ä lt  m an  
cx =  0 ,0049% .

W ä h lt  m an cx =  0 ,0 1 % , so sin d

c1 = 0,01%  A P X=  — 25
c2 =  0 ,02%  AP., =  3
c3 =  0 ,03%  A P 3 =  23

* Es wurde mit der P^-Transformation gearbeitet. Die P-Werte der Analysenlinie 
sind in bezug auf den Untergrund korrigiert.
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N ach  G leichung 2a e rg ib t sich  a =  1 ,72, n a c h  G leichung 3 oder 4 e rh ä lt  m an 
cx =  0 ,012% .

Es zeig t sich , d aß  m an n u r im  m ittle re n  K o n zen tra tio n sb e re ich  ein  E r 
gebnis e rh ä lt, das dem  E rgebn is n a c h  dem  V erfah ren  von D u f f e n d a c k  u n d  
W olfe  n ah ek o m in t.

3. Schlußfolgerungen

W ie schon von  Ga t t e b e r  [3] v o r  lä n g e re r  Z eit e rw äh n t w ird , is t  be i der 
A nw endung  n u m e risc h e r V erfahren  z u r  R e s tg e h a ltsb e s tim m u n g  die G efahr 
besonders groß, d aß  b es tim m te  V o rau sse tzu n g en  (z. B . k o n s ta n te r  A n stieg  fü r 
Schw ärzungs- u n d  E ich k u rv e) n ic h t a u sre ic h e n d  e rfü llt sind , w as bei N ic h t
b e a c h tu n g  zu fa lschen  E rgebnissen  fü h r t .  D iese E rfa h ru n g  b e s tä t ig te  sich 
au ch  bei der A n w en d u n g  eines n e u e re n  n u m erisch en  V erfahrens [13 ].

E s is t deshalb  zu  em pfehlen , be i d e r  e rs tm a lig en  A usführung  e in e r R e s t
g eh a ltb es tim m u n g , bzw . falls solche B estim m u n g en  selten  d u rc h z u fü h re n  
sind , u n b ed in g t ein  graph isches V erfah ren  zu  verw enden . Vor d er A n w en d u n g  
rech n erisch er V erfah ren  is t genau zu  p rü fe n , ob alle V o rau sse tzu n g en  d a fü r 
e rfü llt sind .
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The dielectric relaxation of n-pentanol has been investigated in the liquid phase 
between —60°C and +  60 °C within the frequency range from 300 kHz to 250 MHz. 
In this frequency range, the first absorption region of n-pentanol is exhibited, for which 
the value of Co l e -D a v id so n ’s a  parameter was found to be 0.5. The average enthalpy  
of activation is 6.7 kcal/mole. The enthalpy of activation of n-alcohols has been corre
lated to the number of carbon atoms ( n ) ;

J H ‘(kcal/mole) =  7.72 In n +  1.35

The change of the enthalpy of activation w ith the number of carbon atoms allows 
to conclude that relaxation in this frequency domain is caused by molecular units.

T he in v es tig a tio n  o f  d ielectric  p ro p e rtie s  gives often  v a lu ab le  in fo r
m a tio n s  on th e  s t ru c tu re  o f liquids [1]. In  th e  course  o f these  in v es tig a tio n s  
b o th  th e  s ta tic a l d ie lec tric  c o n s tan t [2—4] a n d  d ie lec tric  re lax a tio n  p rocesses 
[5— 7] are m ade use of. References c ited  ab o v e  in d ic a te  th a t  sm all e lec tric  
fie ld  s tren g th s  are ap p lied  in  general re c e n tly , h o w ev er, a tte n tio n  h as  been  
d ire c te d  also to  th e  in v es tig a tio n  of d ie lec tric  s a tu ra t io n  [8, 9].

T here are  o n ly  a few  p u b lica tio n , w hich  re p o r t  on th e  in v es tig a tio n  o f 
th e  d ielectric  p ro p e rtie s  o f liqu id  alcohols in a re la tiv e ly  b ro ad  te m p e ra tu re  
a n d  frequency  ran g e .

In  th e  p re se n t p a p e r  th e  com plex d ie lec tric  c o n s ta n t on n -p e n ta n o l is 
s tu d ie d  in  th e  te m p e ra tu re  range from  —60 °C to  -f-60 °C in th e  freq u en cy  
d o m a in  from  300 k H z  to  250 M Hz. The Co l e — D a v i d s o n  [1] а -p a ra m e te r  a n d  
th e  A rrhen ius a c tiv a tio n  energy  [1] w ere d e te rm in e d  fo r n -p en tan o l an d  a 
re la tio n sh ip  w as fo u n d  betw een  th e  n u m b e r o f  ca rb o n  atom s o f a lip h a tic  
alcohols and  th e  a c tiv a tio n  energy o f th e ir  re la x a tio n  processes.

Results

n -P en tan o l A .G ., w as d istilled  on a co lum n o f 20 th e o re tic a l p la te s , a n d  
th e  m iddle  frac tio n  (b .p . 138 °C, a re frac tiv e  in d ex  n D(20) =  1.4100) w as u sed  
fo r th e  in v estig a tio n s. Special th e rm o s ta te d  cells, m ad e  o f  sta in less steel, w ere 
used . M easurem ents w ere carried  o u t b y  th e  b rid g e  m eth o d . Specifica tion  o f 
th e  b ridges used  are lis ted  in T able  I.
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Table I

Bridge Frequency range

Dielectric coefficient and loss factor testing 
set, Tr —9701 300 kHz ^

Siemens, Scheinwiederstandsmessbriicke, Rel. 
3 R 277

1 MHz ^

Radelkis Universal Dielectrometer, Type: 
O H -301 3 MHz

Wayne Kerr, Y .H.F. Admittance bridge, 
Type ß 901 5 0 -2 5 0  MHz

W ith  th e  f irs t th re e  b rid g es lis ted  in  T ab le  I , th e  s ta tic  d ie lec tric  con
s t a n t  h a s  been m easured . (A t 3 M H z freq u en cy , th e re  was a d e v ia tio n  fro m  th e  
s t a t i c  d ie lec tric  c o n s ta n t o n ly  below  —40 °C). O ur re su lts  are show n in  T ab les 
I I  a n d  I I I ,  and  Figs 1 an d  2. D e n o ta tio n s  u sed  in  th e  tab les  an d  th e  fig u re s  are 
as fo llow s:

t — te m p e ra tu re  (°C), e°—s ta tic  d ie lec tric  co n stan t, 
e’ — the  rea l p a r t  o f  th e  com plex  d ie lec tric  c o n s ta n t, 
e" — th e  im ag in a ry  p a r t  o f th e  com plex  d ielectric  c o n s ta n t.

F ig. 1. The real part of the dielectric constant of n-pentanol as a function of frequency and
temperature
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F i g . 2 . The im ag in ary  p a r t  o f th e  d ielectric  c o n s ta n t  o f n -p e n ta n o l as a  fu n c tio n  o f f req u e n c y
an d  te m p e ra tu re

T h e com plex d ie lec tric  c o n s ta n t (e*) can  be ex p ressed  as follows

E * =  e ' — je "  (1)

w here j  is th e  im a g in a ry  u n it. D a ta  lis ted  in  T ab le  I I  w ere o b ta in ed  b y  th e  
g rap h ica l in te rp o la tio n  o f  a g rea t n u m b e r  o f  d a ta .  T he d ie lec tric  c o n s ta n t has 
b een  de te rm ined  a te m p e ra tu re  in te rv a ls  o f  2° C, b u t  fo r th e  sake o f briefness, 
v a lu e s  are given o n ly  p e r  10 °C in te rv a ls .

In  Figs 1 a n d  2 d o tte d  lines re p re se n t c a lc u la ted  values.

D iscussion

T h e  c la ss ica l th e o r y  o f  D e b y e  [1 ], g iv e s  th e  fo llo w in g  re la t io n s h ip  
b e tw e e n  th e  c o m p le x  d ie le c tr ic  c o n s ta n t  f re q u e n c y :

e" -  n 2 _  1

e° — n 2 1 +  j c o T

In  E q . (2) e° is th e  s ta tic  d ie lec tric  c o n s ta n t, u> th e  an g u la r freq u en cy , т 
th e  m acroscopic re la x a tio n  tim e, n 2 th e  sq u a re  o f  th e  re frac tiv e  index  re fe rred  
to  in fin ite  w av e len g th , w hich  includes th e  e ffec t o f  e lec tro n  an d  a to m ic  p o la r i
sa tio n , b u t  is in d e p e n d e n t o f th e  o r ie n ta tio n  p o la risa tio n . E q . (2) is n o t  v a lid  
fo r  associative liq u id s , p a rtic u la r ly  fo r th o se  com posed  o f m olecules co n ta in in g  
h y d ro x y  groups. (T he  defo rm ation  o f  th e  “ D ebye sem icircle”  [1] can  be

( 2)
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Table II

The dielectric constant o f n-pentanol as a function o f temperature

«(°C) e°

60 14.0

50 14.4

40 15.2

30 15.8

20 16.8

10 18.0

0 19.1

- 1 0 20.1
- 2 0 21.4

- 3 0 22.5

- 4 0 23.7

- 5 0 25.2

- 6 0 26.6

Table III

The dielectric constant on n-pentanol as a function o f temperature and frequency

'(°C)
50 MHz 75 MHz 100 MHz 150 MHz 200 MHz

e' e" e ' e" e ' £* e ' e" e ' e "

60 14.0 — 14.0 — 14.0 — 14.0 — 14.8 1.8
50 14.4 — 14.4 — 14.4 — 14.4 — 14.0 2.8
40 15.2 — 15.2 — 15.2 2.8 14.6 3.4 13.2 3.9
30 15.8 — 15.8 2.7 15.3 3.6 13.8 4.3 11.6 4.6
20 16.8 3.0 15.8 3.7 14.4 4.4 12.2 4.9 9.6 4.3
10 16.4 4.3 14.9 4.8 13.0 5.3 10.1 4.8 7.2 2.8

0 15.4 5.4 13.4 5.9 10.9 5.7 8.0 3.7 5.0 1.0
— 10 13.6 6.4 11.1 6.0 8.5 4.7 5.8 2.1 3.6 —

- 2 0 11.2 6.1 8.7 4.9 6.1 3.1 3.9 0.7 3.4 —

— 30 8.6 4.8 6.4 3.4 4.0 1.7 3.4 — 3.4 —

— 40 6.5 3.1 4.4 1.8 3.4 0.2 3.4 — — —

- 5 0 4.6 1.5 3.6 0.3 — — — — — —

- 6 0 3.5 0.1 3.4 — — — — — — —
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noticed .) For substances o f this k ind , Cole and D a v id so n  [10] recom m ended  
th e  following equation:

e *  -  re2 _  1

£° — П2 (1 - \ - j c o t y
(3)

w here  0 <  a  < 1  is an  em pirical c o n s ta n t. In  th e  case o f  x  =  1, E q . (3) is 
re d u c e d  to  E q . (2). O n in tro d u c in g  th e  d e n o ta tio n  cor — Ф, th e  rac io n a lisa tio n  
o f  E q . (3) gives th e  follow ing expressions:

=  cos“ Ф cos хФ (4)

=  cos“ Ф sin хФ . (5)

I n  th e  coord inate  sy s te m  e"/e° — re2 vs. s ' — n 2/e°  — n 2 th e  so called  reduced  
Cole — D avidson  d iag ram  is o b ta in e d , w hich fo r a =  1 is a sem icircle, a n d  if  
x  <  1, the shape o f  th e  d iagram  differs from  sem ic ircu la r, an d  th is  d ifference 
is t h e  m ore m ark ed , th e  g rea te r  is th e  dev ia tio n  o f  x  from  th e  u n ity . T he reduced  
Cole — D avidson  d ia g ra m  o f n -p e n ta n o l is show n in  F ig . 3. In  th e  sy stem  in 
v e s tig a te d  x  =  0 .5 . T h is  is to  be considered  as an av e rag e  v a lu e , since x  decreas
es slig h tly  w ith  in c rea s in g  te m p e ra tu re , an d  a t  —50 °C a va lu e  b y  a b o u t 10 per 
c e n t higher has b een  o b ta in ed  th a n  a t  -(-50 °C.

In  know ledge o f  « , an d  using  E q s  (4) an d  (5) th e  m acroscop ic  re lax a tio n  
tim e  as the fu n c tio n  o f  te m p e ra tu re s  could be c a lc u la ted . T he re su lts  a re  p re 
se n te d  in Table IV . D a ta  in T able IV  rep re sen t av e rag es o f  re lax a tio n  tim es, 
c a lc u la ted  from  th e  ex p erim en ta l re su lts  o b ta in e d  a t  v a rio u s  frequencies. A t a

F i g .  3 .  The reduced Cole—Davidson diagram of n-pentanol 
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2 1 2 LISZI: DIELECTRIC RELAXATION OF n-PENTANOL

g iv en  te m p e ra tu re , th e  e r ro r  o f  e x p e rim e n ta l d a ta  caused  an  u n c e r ta in ty  of 
a b o u t  6 p e r  cent in th e  c a lc u la te d  re la x a tio n  tim e.

Table TV

Macroscopic relaxation time as a function o f temperature

<(°C) r ■ 108(sec)

30 0.31

20 0.53

10 0.93

0 1.41

- 1 0 1.93

- 2 0 3.10

- 3 0 4.70

D ielec tric  re la x a tio n  is a p rocess req u ir in g  a c tiv a tio n  en e rg y . The 
te m p e ra tu re  dependence o f  re la x a tio n  can  be described  w ith  good  a p p ro x i
m a tio n  b y  th e  so called  A rrh e n iu s  e q u a tio n

. \ A H *  I
r  =  A  exp  I -------- 1

1 R T  I

w h e re  A H *  is the  e n th a lp y  o f a c tiv a tio n . T he p reex p o n en tia l coeffic ien t, A ,  
co m p rise s  th e  en tro p y  o f a c tiv a tio n , th e  m o m en t o f in e r tia  o f  th e  m olecule and  
th e  te m p e ra tu re  (see e.g. [1] a n d  [11]), so th a t  i t  c a n n o t be considered  in 
p r in c ip le  as co n stan t. H o w ev er, p ra c tic a lly  i t  is c o n s ta n t in  a r a th e r  b ro ad  
te m p e ra tu re  in te rv a l. T h e  te m p e ra tu re  dependence  o f A  is an a ly sed  ex ten siv e ly  
e.g. in  R ef. [1]. Fig. 4 show s th e  log т vs. 1/T  p lo t. T he e n th a lp y  o f  ac tiv a tio n  
is 6 .7  kcal/m ole. This v a lu e  is a lm o st th e  sam e as th e  en erg y  o f  th e  hyd rogen  
b o n d  [12], w hich p e rm its  c e r ta in  co n sid era tio n s on th e  m echan ism  o f d ielectric  
r e la x a tio n .

F o r  liquid m o n o v a len t a lip h a tic  alcohols i t  is c u s to m a ry  to  d is tin g u ish  
th r e e  d ie lec tric  re la x a tio n  reg io n s [1 3 ,1 4 ]. T he f irs t  is th e  a b so rp tio n  belonging 
to  a b ro a d , re la tive ly  low  reg io n  of frequency . T he second an d  th ird  ab so rp tio n  
reg io n s  belong to  c o n sid e rab ly  n a rro w er an d  h igher frequencies [21]. In  our 
w o rk , th e  f irs t a b so rp tio n  reg io n  o f n -p en tan o l has been  in v e s tig a te d . The 
se c o n d  absorp tion  region arises  p re su m ab ly  from  th e  ro ta tio n  of th e  m onom er 
m o lecu le s  or the  —O R  g ro u p  (w here R  d eno tes a h y d ro c a rb o n ), w hile the  
th i r d  ab so rp tio n  region m a y  be cau sed  b y  th e  ro ta tio n  o f th e  — O H  group 
a ro u n d  th e  C = 0  bond  [7]. N o u n eq u iv o ca l ex p lan a tio n  has been  g iven  so far 
fo r  th e  f ir s t  abso rp tio n  reg io n . T h is ab so rp tio n  region d isap p ea rs  g rad u a lly ,
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Fig. 4. lg T vs. 1/T plot for the calculation of the enthalpy of activation

w hen  th e  alcohol is d ilu te d  w ith  an  a p o la r  so lv e n t [15 —17]. I t s  o th e r  ch a rac 
te r is tic  fea tu re  is t h a t  th e  re lax a tio n  tim e  b e long ing  to  i t  increases g rad u a ly  
w ith  th e  n u m b er o f  ca rb o n  atom s o f th e  n -alcohols.

We tried  to  c o rre la te  the  a c tiv a tio n  e n th a lp y  values w ith  th e  n u m b e r of 
ca rb o n  atom s. T h e  e n th a lp ie s  o f a c tiv a tio n  are g iven  in  T ab le  Y.

Table V

Alcohol A H*(kcul)mole Ref.

Methanol 3.66 [i]
Ethanol 3.67 [i]
n-Propanol 5.00 [i]
n-Butanol 5.96 [18]
n-Pentanol 6.7 present work

n-Heptanol 7.9 [19]

In  Fig. 5 th e  e n th a lp y  of ac tiv a tio n  is p lo tte d  as a fu n c tio n  o f th e  lo garithm  
o f th e  carbon a to m  n u m b e r. A ccord ing  to  th e  fig u re , e n th a lp y  o f  ac tiv a tio n  
ch an g es linearly  w ith  th e  lo g arith m  o f th e  n u m b e r  o f  ca rbon  a to m s. T his re 
la tio n sh ip  is n o t v a lid  fo r m eth an o l, th e  f irs t  m em b er o f th e  hom ologus series. 
T h e  equa tion  o f th e  s tr a ig h t  line in  F ig . 5 is th e  follow ing:

d H *  =  7.72 lg n  +  1-35

w here  n is the  n u m b e r  o f  carbon a to m s. Such  re g u la r  change in  th e  e n th a lp y  
o f  ac tiv a tio n  [7] w ith  increasing  ca rb o n  n u m b e r in d ica tes  t h a t  re la x a tio n  is 
cau sed  by  m olecular u n its .  In  p rinc ip le , th ree  possib ilities  shou ld  be considered :

1. Chain a sso c ia tes  are fo rm ed , an d  th e  re la x a tio n  o f th e  associa tes is 
m easu red  in th e  a b so rp tio n  region in v e s tig a te d . In  th is  case, th e  b ro ad n ess  of 
th e  abso rp tio n  b a n d  sh o u ld  change co n sid e rab ly  w ith  a change in  te m p e ra tu re ,
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tg n

Fig. 5. The enthalpy of activation of re-alcohols as a function of the logarithm of the number
of carbon atoms

since eq u ilib riu m  is sh ifted  w ith  increasing  te m p e ra tu re  to w ard s th e  sm aller 
a s so c ia te s . F ig. 2 does n o t sh o w  su ch  ten d en cy .

2 . I t  is assum ed [2] t h a t  s tro n g ly  p o la r cyclic  te tra m e rs  are  fo rm ed , 
a n d  th e s e  cause th e  re la x a tio n . T h is assu m p tio n  w ould  exp la in  th e  m ono ton ic  
c h an g e  o f  th e  en th a lp y  o f a c t iv a tio n  w ith  th e  n u m b e r  o f  ca rbon  a to m s, an d  it  
ag rees  w ell w ith  th e  e x p e r im e n ta l fin d in g  th a t  th is  ty p e  o f re la x a tio n  d is
a p p e a rs  in  th e  d ilu te  so lu tio n s  o f n-alcohols in  a p o la r  so lv en ts . I n  th is  case 
n a m e ly , th e  association  e q u ilib r iu m  is sh ifted  b y  th e  d ilu tio n  to w a rd s  th e  
m o n o m e ric  alcohol, th e  f i r s t  ab so rp tio n  region d isap p ea rs  g rad u a lly , an d  th e  
seco n d  reg ion  becom es decisive .

3. In  view  of th e  fa c t t h a t  th e  e n th a lp y  o f a c tiv a tio n  o f th e  re la x a tio n  is 
a lm o s t id e n tic a l w ith  th e  e n e rg y  o f  th e  h y d ro g en  b o n d , a m ech an ism , w hich 
in c lu se d  th e  b reaking  o f  th e  h y d ro g e n  bonds an d  th e  ro ta tio n  o f th e  m onom ers 
c a n n o t be  excluded. In  th is  case , th e  re la tiv e ly  low  re lax a tio n  fre q u e n c y  were 
to  b e  ex p la in ed  by  th e  a ssu m p tio n  th a t  th e  b reak in g  o f  th e  h y d ro g en  bonds is 
a s lo w e r process th a n  th e  ro ta t io n  of th e  m onom eric  a lcohol m olecules. In  
d i lu te  so lu tions w ith  a p o la r  su b stan ces , th e  a ssoc ia tion  e q u ilib riu m  is sh ifted  
to w a rd s  th e  fo rm ation  o f  th e  m onom eric  m olecules, an d  th e  f ir s t  ab so rp tio n  
re g io n  g rad u a lly  d isap p ears  b y  d ilu tio n .

In v e s tig a tio n s  re p o r te d  in  th is  p u b lica tio n  su p p o rt th e  e x p la n a tio n s  2 
a n d  3 .T h e  ex ac t m echan ism  o f  re la x a tio n , how ever, s till aw aits  fo r c la rific a tio n .
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Progress in  D rug Research

V o l .  1 5 .

E d .  b y  E .  J u c k e r ,  B i r k h ä u s e r  V e r la g ,  B a s e l ,  1 9 7 2 .  3 9 5  p a g e s

S im i la r ly  t o  t h e  f o r m e r  v o lu m e s  o f  t h e  s e r ie s ,  i t  w a s  t h e  e d i t o r ’s i n t e n t i o n  t o  i n c l u d e  
in  t h i s  m o n o g r a p h  p a p e r s  i n t e r e s t in g  f o r  b o t h  p h a r m a c e u t i c a l  c h e m i s t s  a n d  p h a r m a c o l o g i s t s .  
I n  v i e w  o f  t h i s  e n d e a v o u r  a n d  c o n s id e r i n g  t h e  a c t u a l i t y  a n d  s k i l f u l  t r e a t m e n t  o f  t h e  p r o b l e m s  
d i s c u s s e d  in  t h e  i n d i v i d u a l  c h a p t e r s ,  t h i s  n e w  v o l u m e  o f  t h e  w e l l - k n o w n  s e r ie s  m a y  c o m m a n d  
c o n s i d e r a b l e  i n t e r e s t .  T h e  b o o k  c o n s i s t  o f  t h e  f o l l o w i n g  c h a p t e r s ;

A y u r v e d ic  M e d ic in e  —  P a s t  a n d  P r e s e n t  ( b y  S. Sharma); T h e  P s y c h o t o m i m e t r i c  A g e n t s  
( b y  S .  Cohen); P h a r m a c o l o g y  o f  C l in i c a l ly  U s e f u l  B e t a - A d r e n e r g ic  B l o c k i n g  D r u g s  ( b y  A .  M . 
K arow  J r . ,  M . W. R iley  a n d  R . P .  A h l q u ist ); O n  t h e  U n d e r s t a n d i n g  o f  D r u g  P o t e n c y  ( b y  
Y . M. McFarla n d ); S t o f f w e c h s e l  v o n  A r z n e i m i t t e l n  a l s  U r s a c h e  v o n  W ir k u n g e n ,  N e b e n w i r 
k u n g e n  u n d  T o x i z i t ä t  ( b y  О . W in t e r st e in e r ); C y c lo p r o p a n e  C o m p o u n d s  o f  B i o l o g i c a l  I n t e r e s t  
( b y  A .  B urger) a n d  D r u g  A c t io n  a n d  A s s a y  b y  M ic r o b ia l  K i n e t i c s  ( b y  E .  R .  Ga rett).

I n d e x  fo r  V o l .  1 2  — 1 5 , S u b j e c t  I n d e x  f o r  t h e  w h o le  s e r ie s ,  a s  w e l l  a s  A u t h o r  a n d  P a p e r s  
I n d i c e s  a r e  a ls o  i n c l u d e d  in  t h e  b o o k .

G y . D e á k

W illiam  G. D a v i e s : In troduction  to Chemical Therm odynam ics

T h e  a u t h o r  o f  t h i s  b o o k ,  p u b l i s h e d  b y  S a u n d e r s ,  i s  a  p r o f e s s o r  a t  S t .  M a r y ’s  C o l le g e ,  
S o u t h - B e n d  ( I n d i a n a ) .  H e  h a s  a im e d  a t  i n t r o d u c i n g  u n i v e r s i t y  f r e s h m e n  t o  t h e  t h e r m o d y n a 
m i c s  o f  c h e m ic a l  e q u i l ib r ia  in  a c le a r  a n d  d e s c r i p t i v e  w a y ,  p r im a r i ly  b e a r in g  in  m i n d  t h e  
m o l e c u l a r  s t r u c t u r e  o f  m a t t e r .  I n  h is  v i e w  t h e  f e e l i n g s  o f  t h e  v a s t  m a j o r i t y  o f  s t u d e n t s  c a n  o n l y  
b e  “ h o s t i l e ”  t o w a r d s  t h e r m o d y n a m i c s ,  w h e n  p r e s e n t e d  m e r e l y  a s  a b s t r a c t  c o n c e p t s .  T h e  b o o k  
a im s  a t  t h r o w in g  l i g h t  o n  t h e  n a t u r e  o f  c h e m i c a l  e q u i l ib r ia ,  b u t  i t  i s  n o t  i t s  i n t e n t i o n  t o  g i v e  
a  c o m p l e t e  c h e m ic a l  t h e r m o d y n a m ic  p i c t u r e ,  a n d  s o  i t  d o e s  n o t  d e a l ,  f o r  e x a m p l e ,  w i t h  a  
t h e o r e t i c a l  e x p l a n a t i o n  o f  r e v e r s i b i l i t y ,  o r  w i t h  t h e  t h e r m o d y n a m i c s  o f  m a c h in e  s .

T h e  a u t h o r  h a s  a l s o  s t r iv e d ,  u s i n g  t h e  m in im u m  a m o u n t  o f  m a t h e m a t i c s ,  t o  d e s c r ib e  
a s  m a n y  c o n c e p t s  a s  p o s s i b l e  o n  a m o l e c u l a r  b a s i s ,  a n d  in  s o  d o in g  m a k e s  a p o i n t  o f  e n s u r i n g  
t h a t  h i s  f i n d i n g s  s h o u l d  b e  s t r i c t ly  e x a c t .

T h e  b o o k  i s  d i v i d e d  in t o  11 c h a p t e r s ,  w h ic h  a r e  f o l l o w e d  b y  a  s u m m a r y  o f  t h e  f u n d a 
m e n t a l  p h y s i c a l  c o n c e p t s ,  t a b le s  a n d  s o l u t i o n s  t o  p r o b le m s .  A t  t h e  e n d  o f  e a c h  c h a p t e r  a r e  
f o u n d  p r o b le m s  r e q u ir in g  in  p a r t  s im p le  c a l c u l a t i o n ,  a n d  i n  p a r t  m e r e l y  q u a l i t a t i v e  c o n s i d e r a 
t i o n .  T h e  i n d i v i d u a l  c h a p t e r s  a r e :

1. E q u i l i b r i u m  a n d  p r o b a b i l i t y 22 p a g e s
2 . P o p u l a t i o n  o f  e n e r g y  l e v e l s 2 7 p a g e s
3 . E n e r g y  l e v e l  s p a c in g s 22 p a g e s
4 . C o m p e t i t i o n  o f  e n e r g y  l e v e l  s e t s 15 p a g e s
5 . I n t e r n a l  e n e r g y 2 9 p a g e s
6 . E n t r o p y 2 9 p a g e s
7 . E n e r g y  a n d  e n t r o p y  in  a c t i o n 15 p a g e s
8 . E n t h a l p y 19 p a g e s
9 . E n t r o p y  i n c r e a s e  a n d  f r e e  e n t h a l p y  d e c r e a s e 2 8 p a g e s

10 . I d e a l  g a s e s 18 p a g e s
11 . F r e e  e n t h a l p y  a n d  e q u i l i b r i u m 4 0 p a g e s

2 6 4  p a g e s
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1 . E q u i l ib r iu m  a n d  p r o b a b i l i t y .  I n  t h e  i n t r o d u c t i o n  c h e m i c a l  r e a c t i o n s  a r e  c h a r a c t e r i z e d  
b y  “ u p w a r d s ”  a n d  “ d o w n w a r d s ”  t e n d e n c i e s  ( a f f i n i t y ) .  E q u i l i b r i u m  i s  d e f i n e d  a s  t h e  m o s t  p r o b 
a b l e  s t a t e .  T h e  e x a m p l e  i s  t r e a t e d  t h r o u g h o u t  o f  h o w  e q u a l  n u m b e r s  o f  h y d r o g e n  a n d  d e u 
t e r i u m  a t o m s  m a y  b e  d i s t r i b u t e d  a m o n g  t h e  m o l e c u l a r  s p e c i e s  t h e y  c a n  f o r m .  I t  s h o w s  h o w  
t h e  g r a d a t i o n  o f  t h e  p r o b a b i l i t y  in c r e a s e s  w i t h  t h e  r i s e  i n  t h e  n u m b e r  o f  p a r t i c l e s .

2 .  P o p u la t i o n  o f  e n e r g y  l e v e l s .  I n  t h i s  c h a p t e r  t h e  m i c r o s t a t e s  o f  a  f e w  p a r t i c l e s  a r e  
d e f i n e d  f o r  a  g iv e n  e n e r g y  c o n t e n t ,  a n d  t h e  n u m b e r  o f  m i c r o d i s t r i b u t i o n s  b e lo n g i n g  t o  a  g iv e n  
m a c r o d i s t r i b u t i o n  i s  c a l c u l a t e d  b y  in d u c t io n .  T h e  B o l t z m a n n  f a c t o r  i s  in t r o d u c e d  w i t h o u t  
p r o o f ,  a n d  t h e  p r o p e r t i e s  o f  e x p o n e n t i a l  d i s t r i b u t i o n  a r e  i l l u s t r a t e d  o n  n u m e r ic a l  e x a m p l e s .

3 . E n e r g y  l e v e l  s p a c i n g s .  S t a r t i n g  f r o m  t h e  w a v e  n a t u r e  o f  p a r t i c l e s  a n d  f r o m  t h e  d e  
B r o g l i e  e q u a t io n ,  t h e  e n e r g y  o f  a  p a r t i c l e  c lo s e d  i n  a  o n e - d i m e n s i o n a l  p o t e n t i a l  b o x  i s  d e d u c e d ,  
a n d  h e n c e  t h e  t r a n s l a t i o n a l  e n e r g y  l e v e l  s p a c in g s  a r e  c h a r a c t e r i z e d .  T h e  s a m e  f o r m u la  i s  
u s e d  t o  c a l c u la t e  t h e  o r d e r s  o f  m a g n i t u d e  o f  t h e  r o t a t i o n a l  a n d  v i b r a t i o n a l  e n e r g y  l e v e l  s p a c 
i n g s  t o o ,  b y  s u b s t i t u t i n g  t h e  a t o m i c  d i s t a n c e  a n d  t h e  v i b r a t i o n a l  a m p l i t u d e  i n t o  t h e  d im e n s io n s  
o f  t h e  b o x .

4 .  C o m p e t i t io n  o f  e n e r g y  l e v e l  s e t s .  T h e  a u t h o r  c o n s id e r s  t h e  p o p u l a t i o n  a t  v a r io u s  
t e m p e r a t u r e s  o f  t w o  e n e r g y  l e v e l  s e t s ,  in  w h i c h  t h e  e n e r g i e s  o f  t h e  g r o u n d  l e v e l  a n d  t h e  
e n e r g y  l e v e l  i n t e r v a l s  d i f f e r .  H e  e s t a b l i s h e s  t h a t  a t  l o w  t e m p e r a t u r e  t h e  d i f f e r e n c e  i n  t h e  g r o u n d  
l e v e l s  i s  t h e  d e c i s iv e  f a c t o r ,  w h e r e a s  a t  h ig h  t e m p e r a t u r e  i t  i s  t h e  d i f f e r e n c e  i n  t h e  e n e r g y  l e v e l  
i n t e r v a l s .  H e  a lr e a d y  m e n t i o n s  a t  t h i s  s t a g e  t h a t  t h e r m o d y n a m i c s  c h a r a c t e r i z e s  t h e  fo r m e r  
b y  t h e  d i f f e r e n c e  in  i n t e r n a l  e n e r g y ,  a n d  t h e  l a t t e r  b y  t h e  d i f f e r e n c e  in  e n t r o p y .

5 .  I n t e r n a l  e n e r g y .  T h e  i n t e r n a l  e n e r g y  i s  d e f i n e d  a s  t h e  a v e r a g e  e n e r g y  o f  a n  e n e r g y  
l e v e l  s e t .  T h e  m a c r o s c o p ic  s t a t e  o f  t h e  s y s t e m ,  t h e  c h a n g e  o f  t h e  s t a t e  d u e  t o  a n  e x t e r n a l  
e f f e c t ,  t h e  w o r k  o f  v o l u m e  c h a n g e  a n d  t h e  h e a t  a r e  a l s o  d e f i n e d .  T h e  e q u a t i o n  o f  t h e  f i r s t  l a w  
i s  g i v e n  a n d  e x p la in e d .  N e x t  f o l l o w s  t h e  H e s s  t h e o r e m  a n d  a  m e t h o d  o f  c a l c u l a t i n g  t h e  e n e r g y  
c h a n g e s  i n  c h e m ic a l  r e a c t i o n s  w i t h  t h e  u s e  o f  t h e  b o n d  e n e r g i e s .

6 . E n t r o p y .  T h e  m a x i m u m  t h e r m o d y n a m ic  p r o b a b i l i t y  ( B o l t z m a n n  p r o b a b i l i t y )  i s  
i n t e r c o n n e c t e d  w i t h  t h e  t e m p e r a t u r e  a n d  t h e  d e n s i t y  o f  t h e  e n e r g y  l e v e l s .  E n t r o p y  i s  d e f in e d  
a s  к  l n  W ,  a n d  t h e  a d d i t i v i t y  o f  e n t r o p y  i s  e s t a b l i s h e d  o n  t h e  b a s i s  o f  t h e  p r o d u c t  o f  t h e  p a r t ia l  
p r o b a b i l i t i e s .  T h e  a u t h o r  d i s c u s s e s  i n  d e t a i l  h o w  t h e  s t a n d a r d  e n t r o p ie s  o f  s o m e  s i m p l e  m o l e 
c u l e s  d e p e n d  o n  t h e  m o m e n t  o f  in e r t i a  a n d  o n  t h e  f r e q u e n c i e s  o f  t h e  n o r m a l  v i b r a t i o n s .  T h e  
p r i n c i p l e  o f  c a l c u la t in g  t h e  a b s o l u t e  e n t r o p y  f r o m  m o l e c u l a r  p a r a m e t e r s  i s  d e s c r ib e d ,  b u t  t h e  
r e l a t i o n s  a r e  n o t  d e d u c e d ,  a n d  o n l y  t h e  e x p r e s s io n  f o r  t h e  t r a n s l a t i o n a l  e n t r o p y  i s  g i v e n .  F r o m  
t h e  c h a n g e  in  t h e  t h e r m o d y n a m i c  p r o b a b i l i t y  u p o n  t h e  a c t i o n  o f  h e a t ,  t h e  m a c r o s c o p i c  e x 
p r e s s i o n  fo r  t h e  e n t r o p y  c h a n g e  i s  d e d u c e d .  I n  o r d e r  t o  a v o i d  t h e  c o n c e p t  o f  r e v e r s i b i l i t y ,  i t  i s  
n o t e d  m e r e l y  t h a t  t h e  e x p r e s s i o n  i s  v a l id  o n ly  i n  t h e  s t a t e  o f  B o l t z m a n n  d i s t r i b u t i o n .

7 .  E n e r g y  a n d  e n t r o p y .  A  d e t a i l e d  t r e a t m e n t  i s  g i v e n  o f  t h e  “ l o w  e n e r g y  i n  a c t i o n  
—  h i g h  e n t r o p y  r u le ” . C o n c r e t e  n u m e r ic a l  d a t a  a r e  u s e d  t o  i l l u s t r a t e  h o w  e q u i l ib r iu m  i s  e s t a 
b l i s h e d  a t  v a r io u s  t e m p e r a t u r e s  b e t w e e n  c h e m ic a l  s u b s t a n c e s  o f  d i f f e r e n t  e n e r g ie s  a n d  e n t r o p ie s .  
A  s e p a r a t e  t r e a t m e n t  i s  g i v e n  t o  s im p le  n i t r o g e n  c o m p o u n d s ,  e q u i l ib r ia  b e t w e e n  s in g le  a n d  
d o u b l e  b o n d s ,  a n d  d i s s o c i a t i o n s .

8 . E n t h a lp y .  T h e  p r o b l e m s  o f  c o m p r e s s io n  a n d  e x p a n s i o n  w o r k  a n d  h e a t  m e a s u r e d  a t  
c o n s t a n t  p r e s s u r e  a r e  d i s c u s s e d  o n  a n  e x p e r i m e n t a l  b a s i s .  T h e  c h a n g e  o f  e n t h a l p y  i s  d e f i n e d  
a s  t h e  h e a t  t r a n s f e r  a t  c o n s t a n t  p r e s s u r e  (w o r k  o t h e r  t h a n  t h a t  o f  v o l u m e  c h a n g e  i s  n o t  m e n 
t i o n e d ) .  T h e  h e a t  o f  f o r m a t i o n  i s  d e f in e d .  I t  i s  e s t a b l i s h e d  t h a t  t h e  g e n e r a l  o b s e r v a t i o n s  r e f e r 
r i n g  t o  t h e  e n e r g y  c a n  b e  c o r r e l a t e d  t o  t h e  e n t h a l p y  t o o ,  a n d  in  t h i s  w a y  a t t e n t i o n  i s  d r a w n  
t o  t h e  im p o r t a n c e  t a b u l a t e d  h e a t s  o f  f o r m a t io n .

9 . E n t r o p y  in c r e a s e  a n d  f r e e  e n t h a lp y  d e c r e a s e .  F r o m  t h e  s p o n t a n e o u s  i n c r e a s e  i n  t h e  
p r o b a b i l i t y  t h e  in c r e a s i n g  t e n d e n c y  o f  t h e  e n t r o p y  i s  e s t a b l i s h e d .  T h i s  i s  r e f e r r e d  t o  a s  t h e  
s e c o n d  l a w  o f  t h e r m o d y n a m i c s .  T h e  d e f in i t i o n  o f  f r e e  e n t h a l p y  i s  a r r iv e d  a t  v i a  t h e  e l i m i n a t i o n  
o f  t h e  e n v ir o n m e n t  a t  c o n s t a n t  p r e s s u r e .  S in c e  t h e  c o n c e p t  o f  r e v e r s i b i l i t y  w a s  n o t  in t r o d u c e d  
e a r l i e r  e i t h e r ,  n o  e x p l a n a t i o n  i s  g i v e n  a s  t o  w h y  o n e  m a y  u s e  t h e  re a l  h e a t  a n d  t e m p e r a t u r e  
o f  t h e  s y s te m  in  c o n s i d e r i n g  t h e  e n t r o p y  c h a n g e  o f  t h e  e n v i r o n m e n t .  T h e  c o n d i t i o n  o f  e q u i 
l i b r i u m  i s  d e f in e d  a s  t h e  s t a t e  o f  m in im u m  f r e e  e n t h a l p y .  S p e c i a l  d i s c u s s io n s  a r e  g i v e n  t o  t h e  
w a t e r - i c e  e q u i l ib r iu m ,  t h e  N 0 2— N 20 4 e q u i l ib r iu m  a n d  t h e  d e p e n d e n c e  o f  t h e  y i e l d  o n  t h e  
n o r m a l  fr e e  e n t h a l p y  d i f f e r e n c e .  T h e  f r e e  e n t h a l p y  o f  f o r m a t i o n  i s  d e f i n e d .  I n  c o n c l u s i o n  i t  i s  
s t a t e d  t h a t  t h e  f r e e  e n t h a l p y  c a n n o t  b e  g iv e n  s u c h  a  m o l e c u l a r  i n t e r p r e t a t i o n  a s  t h e  e n e r g y  
o r  e n t r o p y .

1 0 .  I d e a l  g a s e s .  A  s t u d y  i s  m a d e  o f  t h e  e n e r g y ,  e n t h a l p y  a n d  e n t r o p y  c h a n g e s  i n  t h e  
i s o t h e r m a l  e x p a n s io n  o f  p e r f e c t  g a s e s .  T h e  p r o b a b i l i t y  q u o t i e n t s  c a n  b e  u n a m b i g u o u s l y  i n t e r 
r e l a t e d  w i t h  t h e  v o l u m e  q u o t i e n t s  a n d  t h u s  t h e  l o g a r i t h m  o f  t h e  l a t t e r  w i t h  t h e  e n t r o p y  c h a n g e .  
T h e  e x p r e s s io n  fo r  t h e  f r e e  e n t h a l p y  o f  g a s e s  i s  a r r i v e d  a t  b y  m e a n s  o f  t h e  e n t r o p y  o f  g a s e s .  
T h e  i s o t h e r m a l  m i x i n g  o f  p e r f e c t  g a s e s  i s  d i s c u s s e d  i n  a  s i m i l a r  w a y .
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1 1 .  F r e e  e n t h a l p y  a n d  e q u i l ib r iu m .  O n  t h e  b a s i s  o f  t h e  p r e c e d i n g  c h a p t e r  i t  i s  f i r s t  
s h o w n  h o w  t o  c a l c u l a t e  t h e  v a p o u r  p r e s s u r e  o f  a  p u r e  l i q u i d  f r o m  t h e  f r e e  e n t h a l p y  d i f f e r e n c e  
o f  t h e  l i q u i d  a n d  v a p o u r  s t a t e s .  T h e  a u t h o r  t h e n  t u r n s  t o  t h e  c h e m ic a l  e q u i l i b r i u m  b e t w e e n  
t w o  v o l a t i l e  s u b s t a n c e s ,  t o  e p u i l ib r iu m  b e t w e e n  t w o  g a s e s ,  a n d  g e n e r a l iz e s  t h e  r e l a t i o n  f o r  g a s 
e o u s  e q u i l i b r i u m  b e t w e e n  s e v e r a l  c o m p o n e n t s .  T h e  e q u i l i b r i u m  c o n s t a n t  i s  e x p l a i n e d ,  a n d  i t s  
c a l c u l a t i o n  i l l u s t r a t e d  o n  n u m e r ic a l  e x a m p l e s .  A  d e t a i l e d  t r e a t m e n t  i s  g i v e n  o f  h o w  t h e  fr e e  
e n t h a l p y  o f  f o r m a t i o n  c a n  b e  e s t i m a t e d  f r o m  b o n d i n g  c o n s id e r a t io n s .  F i n a l l y  g e n e r a l  s t a t e 
m e n t s  a r e  m a d e  o n  t h e  r e l a t i o n  b e t w e e n  n o r m a l  f r e e  e n t h a l p y  d i f f e r e n c e  a n d  y i e l d .  E q u i l i b r i u m  
r e a c t i o n s  i n  c o n d e n s e d  p h a s e s  a r e  n o t  d e a l t  w i t h .

T h e  a u t h o r  e m p h a s iz e s  i n  t h e  i n t r o d u c t i o n  t h a t  h e  d o e s  n o t  s t r iv e  f o r  c o m p l e t e n e s s  o r  
e x a c t n e s s .  T h e  b o o k  u n d o u b t e d l y  g i v e s  a n  i n t e r e s t i n g  v i e w ,  a n d  c a n  h e  c o n s i d e r e d  a s  a  v e r y  
n o t e w o r t h y  e n t e r p r i s e ,  e s p e c i a l l y  i f  i t s  c o n t e n t  i s  r e g a r d e d  a s  a  p r e l im in a r y  s t u d y  f o r  e x a c t  
t h e r m o d y n a m i c s .  I t  g i v e s  m a n y  u s e f u l  id e a s ,  a n d  e v e n  s o m e  w h ic h  i t  d o e s  n o t  e m p l o y  i t s  e l f .  F o r  
e x a m p l e ,  i n  t h e  s a m e  w a y  a s  i t  t r e a t s  t h e  p r o b a b i l i t y  c o n d i t i o n s  o f  t h e  m i x i n g  o f  p e r f e c t  g a s e s ,  
i t  w o u l d  b e  p o s s i b l e  t o  a v o id  t h e  d e f i n i t i o n  o f  t h e r m o d y n a m i c  p r o b a b i l i t y  a n d  t h e  S t i r l i n g  
f o r m u la  t o o ,  i f  t h e  c o n c e p t  o f  t h e  p r o b a b i l i t y  o f  a  s i n g l e  m ic r o d i s t r ib u t io n  w e r e  i n t r o d u c e d ,  
t h i s  b e i n g  t h e  r e c ip r o c a l  o f  t h e  t h e r m o d y n a m i c  p r o b a b i l i t y .  T h e  a u t h o r  i s  u n d o u b t e d l y  r i g h t  
i n  t h a t  s u c h  a  m e t h o d  o f  t r e a t m e n t  p r e s e n t s  t h e r m o d y n a m i c s  t o  t h e  u n i v e r s i t y  s t u d e n t  i n  a  
m o r e  f a v o u r a b l e  w a y .  I t  i s  a ls o  p o s s i b l e  p e r h a p s  t o  c o m b i n e  t h i s  m e t h o d  o f  i n s t r u c t i o n  w i t h  a  
m o r e  e x a c t  t r e a t m e n t .  I  s h o u ld  w e lc o m e  t h e  a p p e a r a n c e  o f  a  H u n g a r i a n  t r a n s la t io n  o f  t h i s  b o o k .

G. V ar sá ny i
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ACTA CHIMICA

ТОМ 7 6 -В Ы П . 2

РЕЗЮМЕ

Разделение производных антипирина с помощью ионообменной
хроматографии

Й. ГААЛ и Й. ИНЦЕДИ

Был разработан метод хроматографического разделения антипирина, 4-аминоан- 
типирина и диметиламиноантипирина (Пирамидона) на мактропористой катионооб
менной колонке. Оптимальность условий разделения и состава проявителя была уста
новлена на основе констант равновесия (константа протонирования, константа ионо
обменного равновесия), а также на основе кинетических данных, определенных ранее.

Исследование химического состава рамашкиновых и альдёвских
битумов, I

Разделение битумов на группы соединений с характерным 
химическим составом

Л. ЗАЛКА

Целью исследований было изучение химического состава и строения рамашкинских 
и альдёвских битумов. С помощью нового метода битумы были разделены на фракции с от
носительно гомогенным химическим строением. Для отдельных фракций были определены 
элементарный состав и молекулярный вес. Далее эти фракции были исследованы с по
мощью УФ, ИК и ЯМР спектроскопических методов.

Метод разделения заключается в следующем: отделение асфальтенов н.-гексаном, 
М-26 н фракции жидкофазной хроматографией на силикагеле, фракционированная крис
таллизация, отделение н. парафинов с образованием карбамидного аддукта, молекулярная 
дестилляция и разделение ароматических продуктов по числу членов цикла с помощью 
жидкофазной хроматографии на адсорбенте, обработанном пикриновой кислотой.

Исследование химического состава рамашкиновых и альдёвых
битуменов, II

Исследований фракций с характерным химическим строением
Л. ЗАЛКА, Е. КЕРЕНИ и К. БЕЛАФИ

Фракции битуменов с характерным химическим строением, изолированные согласно 
методу, описанному в предыдущем сообщении, были исследованы методами ИК, УФ и ЯМР 
спектроскопий, а также другими методами. С помощью исследований, разработанных и 
примененных для битуменовых фракций, а также их обобщения, удалось получить под
робные сведения относительно химического строения сравнительно гомогенных фракций. 
Приводимые данные позволяют определение параметров химического строения битумено
вых фракций и различий в строении битуменов различного происхождения, а также разли
чий, обусловленных технологическими условиями.



Исследование состава отечественным и иностранных летучих масел, II

Анализ масла отечественной перичной мяты
К. РЕТИ-БЕЛАФИ, Ш. ИГЛЕВСКИ, Э. К ЕРЕН И  и Р. КОЛТА

С помощью нового комбинированного метода исследования летучих масел, был 
изучен качественный и количественный состав масла отечественной перичной мяты. На 
основе данных капиллярной газовой хроматографии .было установлено, что масло венгер
ской перичной мяты содержит 38 компонентов в количестве, превышающем 0,01%, среди 
которых 24 компонента находились в количествах больших или равных 0,1%. После 
эффективного разделения среди важных компонентов были идентифицированы спектро
скопическим путем следующие соединения: а-пинен, /3-пинен, лимулен 1,8-цинеол, п-цимол, 
2,6-диметилоктан-2-ол, 3,7-диметил-1,7-октадиен-З-ол (линалоол), ментон, ментофуран, 
изоментон, 3,7-диметил-1,6-октадиен-З-ол (линалоол), ментилацетат, неоментол, неоизо
ментол, кариофиллен, ментол, изоментол, пиперитон и каламенен. В сопровождающих ком
понентах, присутствующих лишь в виде следов, были найдены /J-мирцен, изопулегол, мен- 
тилизовалерианат и е-кадинен. Количественный состав масла перичной мяты был опреде
лен с помощью газовой хроматографии. Общее количество идентифицированных веществ в 
изученных образцах превышало 98,6% от всего веса образца.

Дифторид ксенона как аналитический реагент, II

измерение содержания хрома
А. ШНЕР-ЭРДЕИ и К. КОЗМУТЦА

Легко порционируемый и надежно используемый XeF2 в слабо кислой среде, при 
температуре около 100°С, за 25 минут окисляет Сг(Ш) до хромата. На основе этого, Сг в 
количестве 1—20 мг может быть определен приближенно волюметрическим методом, а в 
количествах 20 нг — 0,001 мг — фотометрическим методом.

Некоторые химические реакции в электродных щелях и их роль 
в спектрохимическом анализе, XI

Разделение реакций в анодном и катодном пространствах.
Метод разделения

3. Л . САБО и Л. ПЁППЛ

Был разработан метод раздельного измерения количеств двуокиси углерода, образу
ющихся в анодном и катодном пространствах. Были сконструированы такие газовые 
ячейки, в которых газовая смесь отсасывалась через ходы в электродах во время горения 
дуги. Были установлены оптимальные условия метода, что касается разделения, которые 
позволяют измерение газовых продуктов в электродных пространствах. Погрешность раз
деления в двух пространствах 3,6%.

Некоторые химические реакции в электродных щелях и их роль 
в спектрохимическом анализе, XII

Разделение анодных и катодных реакций. Роль направления потока 
газа, полярности и расположения электродов

3. Л . САБО и Л. ПЁППЛ

Рассматривая данный метод разделения, было установлено, что количество образую
щейся двуокиси углерода, а также возможность разделения зависит от полярности и 
расположения электрода. Первостепенную роль здесь играет направление потока газа по 
отношению к углеродному аноду, т. е. в направлении к нему или от него. Это влияние мо
дифицировано тепловым потоком, движущимся вверх. При сравнении данных, относящих
ся к  воздуху и смеси аргона с кислородом, можно получить сведения относительно роли 
газовой атмосферы и реакции азота с кислородом.



Определение остаточного содержания (основных примесей) в 
эмиссионном спектральном анализе

Г. ХАУПТМАНН, М. ХАУПТМАНН и Г. ЕГЕР

После короткого рассмотрения известных в литературе методов, был подробно рас
смотрен метод Керекеша—Чети. Были сделаны предложения относительно того, в каких 
случаях может быть применен графический, а в каких случаях — расчетный методы.

Диэлектрическая релаксация н-пентанола в жидкой фазе
й. л и си

Диэлектрическая релаксация н-пентанола была изучена в интервале частот 300 
кгц — 250 МГц и в интервале температур —6 0 -----|-60°С. В этом интервале частот наблюда
ется первая область дисперсии. Согласно полученным результатам, величина параметра 
а по Коль-Давидсону в первой области дисперсии равна 0,5. Величина аррениусовской 
энтальпии активации равна 6,7 ккал/моль. Была изучена зависимость энтальпии актива
ции от числа атомов углерода (л) н-спиртов, и было найдено следующее выражение:

АН* (ккал/моль) =  7,72 lg п ( 1,35

Это регулярное изменение энтальпии активации свидетельствует о том, что релакса
ция, наблюдаемая в данном интервале частот, вызвана молекулярными звеньями.





RECENT FLAVONOID RESEARCH
edited by R. BOGNÁR, V. BRUCKNER and CS. SZÁNTAY

(Recent Developments in the Chemistry of Natural Carbon Compounds 5)

This new volume of the series deals with a branch of organic chemistry which has great 
traditions in Hungary. The material of the book consists of two parts: it contains the lectures 
held at the 3rd Hungarian Bioflavonoid Symposium, and it gives a survey and summary 
of Hungarian chemical research on flavonoids from 1950 till today.

In English • Approx. 130 pages • Cloth

ASSIGNMENTS FOR VIBRATIONAL SPECTRA 
OF 700 BENZENE DERIVATIVES
by GY. VARSÁNYI

Infrared spectra are very effective means of identification and differentiation of chemical 
substances. The book lists 700 benzene derivatives, denoting the structural units repsonsible 
for various vibrational modes, i.e. for the bands observed w ith a given intensity at a certain 
wave-number. With the aid of these data it becomes possible to analyse the structure of 
benzene derivatives other than those listed in the book, assigning the bands to known 
structural units or to determine the new constitutional features of the compound from the 
intensities and wave-numbers of the spectral bands observed.

In English • Approx. 640 pages .  100 illustrations • 350 spectra • 700 structural
formulas • 800 tables .  Cloth

AKADÉMIAI KIADÓ
Publishing House of the Hungarian Academy of Sciences 
Budapest



ATLAS OF THERMOANALYTICAL 
CURVES III
T G -, D G T-, D T A -curves m easu red  s im u lta n e o u s ly

edited by G. LIPTAY

This series, whose third volum e is presented here, supplies a great want. Up to now the 
various results obtained by different thermoanalytical methods and instruments could not 
be compared with one another, owing to difference in experimental conditions. Now the 
tw o most frequently used thermoanalytical methods, differential thermoanalysis (DTA) 
and thermogravimetry (TG) have been completed by the derivative thermogravimetric 
curves (DTG); thus the thermal behaviour of different materials can be examined simul
taneously on the same sample. — This third volume, similarly to the second, contains a 
collection of the thermal analysis diagrams of a wide range of materials obtained from 
various sources, such as inorganic and organic compounds, synthetic organic materials, 
minerals, rocks, coals, etc.

In English • Approx. 100 pages • Cloth

AKADÉM IAI KIADÓ Budapest H EY DEN  and SONS Ltd. London

A  co-edition — distributed in  the socialist countries by Kultura, Budapest, in all other 
countries by Heyden and Sons Ltd., London

ASCORBINOMETRIC TITRATIONS
by L. ERDEY and GY. SYEHLA

It was at the end of the fourties that L. Erdey and his research team began to deal with 
ascorbimetric titrations. This book gives an account of the principle and system  of their 
research method, and describes in detail the results achieved between 1949 and 1965. 
In  the course of time, a number of researchers joined in continuing the author’s and his 
co-workers’ pioneering work in the field of ascorbimetric titrations, opening up new vistas 
o f industrial applications of this method. The book will be helpful to analytical chemists 
who already use this titration method, or want to explore its possibilities in their daily 
laboratory work.

In English « Approx. 150 pages • Cloth

AKADÉM IAI KIADÓ 
Budapest



The Acta Chimica publish papers on chemistry, in English, German, French and 
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mémoires du domaine des sciences chimiques.

Les Acta Chimica sont publiés sous forme de fascicules. Quatre fascicules seront réunis 
en un volume (4 volumes par an).

On est prié d’envoyer les manuscrits destines a la redaction a I'adresse suivante:

A c ta  C h im ica
B u d a p e s t  112/91 M ű e g y e te m

Toute correspondance doit étre envoyée ä cette mérne adresse.
Le prix de Tabonnement est de $ 24,00 par volume.
On peut s’abonner a l’Entreprise pour le Commerce Exterieur de Livres et Journaux 

» K u ltú ra »  (1389 Budapest 62, P .O .B . 149 Compte-courant № . 218-10-990) ou a l’étranger 
chez tous les representants ou dépositaircs.

«A c ta  C him ica»  издают трактаты из области химической науки на русском, фран
цузском, английском и немецком языках.

«A cta  C h im ica» выходят отдельными выпусками разного объема. 4 выпуска состав
ляют один том. 4 тома публикуются в год.

Предназначенные для публикации рукописи следует направлять по адресу:

A d a  C h im ica
B u d a p e s t 112/91 M ű e g ye te m

По этому же адресу направлять всякую корреспонденцию для редакции.
Подписная цена — S 24,00 за том.
Заказы принимает предприятие по внешней торговле книг и газет «K u l tú r a » 

(1389 Budapest 62, P.O .B. 149 Текущий счет Л° 218-10-990) пли его заграничные пред
ставительства и уполномоченные.



Reviews of the Hungarian Academy of Sciences are obtainable 
at the following addresses:

ALBANIA FINLAND JAPAN
Drejtorija Qändrone e Pdrhapjes 
dhe Propagandimit tä Librit 
Kruga Konferenca e Päzes 
T i r a n a

AUSTRALIA 
A. Keesing 
Box 4886, GPO 
S y d n e y

AUSTRIA 
GLOBUS 
Höchstadtplatz 3 
A - 1 2 0 0  W i e n  X X

BELGIUM
Office International de Librairie
30, Avenue Marnix
1 0 5 0  B r u x e l l e s

Du Monde Entier
162, Rue du Midi
1 0 0 0  B r u x e l l e s

BULGARIA
HEMUS
11 pl Slaveikov 
S o f i a

CANADA
Pannónia Books 
2, Spadina Road 
T o r o n to  4 ,  O n t .

CHINA
Waiwen Shudian
P e k i n g

P. О. B. 88

CZECHOSLOVAKIA
Artia
Ve Smeíkách 30 
P r a h a  2

PoStovnf Novinová Sluiba 
Dovoz tisku 
Vinohradská 46 
P r a h a  2

Mad’arská Kultúra 
Václavské nám. 2 
P r a h a  I

SLOVART A. G.
Gorkého
B r a t i s l a v a

DENMARK 
Ejnar Munksgaard 
Nörregade 6 
C o p e n h a g e n

Akateeminen Kirjakauppa
Keskuskatu 2

H e l s i n k i

FRANCE
Office International de Documentation
et Librairie
48, rue Gay-Lussac
P a r is  5

GERMAN DEMOCRATIC REPUBLIC 
Deutscher Buch-Export und Import 
Leninstraße 16 

L e i p z ig  7 0 1  

Zeitungsvertriebsamt 
Fruchtstraße 3—4 
1 0 0 4  B e r l in

GERMAN FEDERAL REPUBLIC 
Kunst und Wissen 
Erich Bieber 
Postfach 46 
7 S t u t t g a r t  S .

GREAT BRITAIN
Blackwell’s Periodicals 
Oxenford House 
Magdalen Street 
O x fo r d

Collet’s Subscription Import 
Department 
Dennington Estate 
W e l l i n g s b o r o u g h .  N o r t h a n t s .

Robert Maxwell and Co. Ltd.
4—5 Fitzroy Square 
L o n d o n  W .  I

HOLLAND 
Swetz and Zeitlinger 
Keizersgracht 471—478 
A m s t e r d a m  C .

Martinus Nijhof 
Lange Voorhout 9 
T h e  H a g u e

INDIA
Hind Book House 
66 Babar Road 
New D e lh i  I

ITALY
Santo Vanasia 
Via M. Macchi 71 
M ila n o

Libreria Commissionaria Sansoni
Via La Marmora 45
F i r e n z e

Techna
Via Cesi 16
4 0 1 3 5  B o lo g n a

Kinokuniya Book-Store Co. Ltd. 
826 Tsunohazu 1-chome 
Shinjuku-ku 
T o k y o

Maruzen and Co. Ltd.
P. O. Box 605 
T o k y o - C e n t r a l

KOREA
Chulpanmul
P h e n ja n

NORWAY
Tanum-Cammermeyer 
Karl Johansgt 41—43 
O s lo  I

POLAND
RUCH
ul. Wronia 23 
W a r s z a w a

ROUMANIA
Cartimex
Str. Aristide Briand 14—18 
B u c u r e f t i

SOVIET UNION 
Mezhdunarodnaya Kniga 
Aloscow G—200

SWEDEN
Almquist and Wiksell 
Gamla Brogatan 26 
S - I O I  2 0  S to c k h o lm

USA
F. W. Faxon Co. Inc.
15 Southwest Park 
W e s tw o o d ,  M a s s .  0 2 0 9 0  

Stechert Hafner Inc.
31. East 10th Street 
New Y o r k ,  N. Y. 1 0 0 0 3

VIETNAM 
Xunhasaba 
19, Tran Quoc Toan 
H a n o i

YUGOSLAVIA
Forum
Vojvode MiSiéa broj 1 
N o v i  S a d

Jugoslovenska Knjiga 
Terazije 27 
B e o g r a d

30. V. 1973 Index: 26.007



ACTA
CHIMICA

A C A D E M I A E  S C I E N T I A R U M  
H U N G A R I C A E

A D IU V A N T IB U S

V. BRUCKNER, GY. DEÁK, К. POLINSZKY, 
E. PUNGOR, G. SCHAY, Z. G. SZABÓ

R E D IG IT

B. LENGYEL

TOMUS 76 FASCICULUS 3

AKADÉMIAI KIADÓ, BUDAPEST 

1973

ACASA 76 (3) 221 — 337 (1973)ACTA С Ш Ы . (BU D A PEST)



ACTA CHIMICA
A M A G Y A R  T U D O M Á N Y O S  A K A D É M I A  
K É M I A I  T U D O M Á N Y O K  O S Z T Á L Y Á N A K  

I D E G E N  N Y E L V Ű  K Ö Z L E M É N Y E I

S Z E R K E S Z T I

L E N G Y E L  B É L A

T E C H N I K A I  S Z E R K E S Z T Ő K

D E Á K  G Y U L A  é s  H A R A S Z T H Y - P A P P  M E L I N D A

Az Acta Chimica ném et, angol, francia és orosz nyelven közöl értekezéseket a kémiai 
tudom ányok köréből.

Az Aeta Chimica változó terjedelmű füzetekben jelenik meg, egy-egy kötet négy füzet
ből áll. Évente átlag négy kötet j elenik meg.

A  közlésre szánt kéziratok a szerkesztőség címére (Budapest 112/91 Műegyetem) kül
dendők.

Ugyanerre a címre küldendő minden szerkesztőségi levelezés. A  szerkesztőség kéz
iratokat nem ad vissza.

Megrendelhető a belföld számára az „Akadémiai Kiadó” -nál (1363 Budapest, Pf. 24. 
Bankszám la 215 11 488), a külföld számára pedig a „Kultúra” K önyv- és Hírlap Külkeres
kedelm i Vállalatnál (1389 Budapest 62, P . О. B . 149. Bankszámla: 218 10990) vagy annak 
külföld i képviseleteinél és bizományosainál.

D ie Acta Chimica veröffentlichen Abhandlungen aus dem Bereiche der chemischen 
W issenschaften in deutscher, englischer, französischer und russischer Sprache.

D ie Acta Chimica erscheinen in Heften wechselnden Umfanges. Vier Hefte bilden einen 
Band. Jährlich erscheinen 4 Bände.

D ie zur Veröffentlichung bestimmten Manuskripte sind an folgende Adresse zu senden:

Acta Chimica
Budapest 112/91 Műegyetem

An die gleiche Anschrift ist auch jede für die Redaktion bestim m te Korrespondenz zu 
richten. Abonnementspreis pro Band: $ 24.00.

Bestellbar bei dem Buch- und Zeitungs-Außenhandels-Unternehmen íiKultúra« (1389 
B udapest 62, P. О. B. 149. Bankkonto No. 218 10990) oder bei seinen Auslandsvertretungen 
und Kommissionären.



A da  Chimica Academiae Scientiarum Hungaricae, Tomus 76 (3), pp. 221—228 (1973)

PHOTOMETRIC MICRODETERMINATION OF 
ALUMINIUM WITH ARSENAZO III

Y. M ik h a y l o v a

(Department o f Chemistry, U niversity o f  So fia , Sofia 26, Bulgaria)

Received October 15, 1971

Aluminium forms a violet 1 : 1 complex with Arsenazo III in the pH  range 
2— 8. The absorption spectrum of the complex reveals two peaks, at 550 and 583 nm, 
the maximum absorbance being reached at pH 4.

The molar absorptivity is 19 800 +  200 at pH 3.5 and 23 500 +  200 at pH 
5.0; the corresponding spectrophotometric sensitivity is 0.0014 fig A1 • cm -2  and 
0.0011 fig A1 • cm -2  for A  =  0.001.

Beer’s law is followed in the range of 0.01— 0.60 fig A1 • m l-1 at pH  3.5. The 
reaction has been applied for the photometric microdetermination of aluminium in 
calcite. The sensitivity of the reaction, as determined by statistical methods, is 0.01 fig 
A1 • m l"1.

T he p h o to m e tric  d e te rm in a tio n  of sm all q u a n titie s  o f a lu m in iu m  b y  
recom m ended  m eth o d s is co m p lica ted  because  o f  th e  a b ility  of a lu m in iu m  to  
fo rm  h y d ro x o  com plexes w hich a re  k in e tic a lly  in e r t. A t p H  1 o n ly  neg lig ib le  
a m o u n ts  of h y d ro x o  com plexes a re  fo rm ed , b u t  a t  h igher p H  v a lu e s  th e ir  
a m o u n ts  are  a lre a d y  considerab le  a n d  th is  co m p lex a tio n  com petes w ith , and  
re ta rd s , th e  d ev e lo p m en t o f th e  co lo u r reac tio n .

T h e  use o f o rgan ic  azo -com pounds c o n ta in in g  an  arsonic  g roup  as p h o to 
m e tric  reag en ts  fo r a lum in ium  is fa v o u re d  b y  th e  fa c t th a t  A l3+ re a c ts  re a d ily  
w ith  th e  -A sO (O H )2 g roup  in  m o d e ra te ly  acid ic  m ed ia . F o r th is  re a so n  th e se  
reac tio n s  proceed  ra p id ly  an d  are  sen s itiv e . A n illu s tra tio n  of th e se  re a c tio n s  
is t h a t  o f A l3+ w ith  A rsenazo  I  [1, 2 ].

T h e  use o f A rsenazo  I I I  ( l,8 -d ih y d ro x y n a p h th a le n e -3 ,6 -d isu lfo n ic  acid- 
2 ,7bis [(azo-2)-pheny larson ic  acid]) as p h o to m e tric  reag en t for A l3+ h a s  n o t 
b een  s tu d ied  in  d e ta il. M oreover S a v v i n  [3] h as  in d ica ted  th a t  th e  m o la r 
a b s o rp tiv ity  o f th e  A l3+-A rsenazo I I I  com plex  is e =  0. H o w ev er, in  ou r 
p rev io u s w ork  [4] i t  has been sh o w n  th a t  th e re  is co m p lex a tio n  b e tw e e n  
A l3+ an d  A rsenazo I I I .  T he in v e s tig a tio n  o f  th is  reac tio n  w ith  re g a rd  to  its 
a n a ly tic a l ap p lica tio n  is th e  su b jec t o f  th e  p re se n t w ork.

E x p erim en ta l
Reagents

Arsenazo III solution. A 10-4 M aqueous solution was prepared by weighing the reagent 
(Fluka), and standardized by spectrophotometric titration with 4.10 X 10 *5 M  thorium(IV) at 
A =  600 nm and pH 3.1. The Arsenazo III concentration found was 7 .45X 10-5 M .
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Aluminium(III) nitrate (Schering—Kahlbaum, p.a.). A 10-2 M  solution was checked 
complexometrically by back-titration with zinc, w ith xylenol orange as indicator. Solutions 
o f lower concentrations were prepared by dilution w ith water.

Reagent grade C a(N 03),, Cd(N03)2 • 6H20 ,  C uS04 • 5H ,0, KSCN, M gS04 • 7H20 ,  
M n (N 03)2 • H20 , Pfa2S i0 3 - 8H 20 ,  N i(N 03)2 • 6H20 ,  Z nS04 • 7H»0 were used to prepare 
solutions of various ions.

Buffer solutions pH  2— 8 were prepared from analytical grade reagents as described 
b y  K o lth o ff  [5].

Apparatus

Absorption spectra were recorded with a Specord XJV—VIS spectrophotometer (Zeiss). 
Spectrophotometric measurements were performed w ith a Zeiss Universal Spectrophotometer 
V SU — 1. Photometric determ inations were carried out w ith  a FEK— 56 photometer (USSR). 
For pH  measurements a pH -m eter (Z. Seibold, type GLD) with a glass electrode was used.

R esu lt and D iscu ssio n

A lu m in iu tn ( I I I ) -A r s e n a z o  I I I  com plex form ation

In  order to  f in d  th e  o p tim a l pH  for c o m p le x  fo rm atio n , th e  re a c tio n  of 
a lu m in iu m (III)  w ith  A rsen azo  I I I  was c a rr ie d  o u t  in  th e  p H  range  o f 2— 8. 
A rsen azo  I I I  was fo u n d  to  fo rm  violet co m p lex es w ith  A l3+ in  th is  p H  range . 
T h e  abso rp tio n  s p e c tra  (F ig . 1) show th a t  a t  p H  3 th e  com plex fo rm a tio n  is 
a lr e a d y  considerable a n d  th e  m axim um  a b s o rb a n c e  is ach ieved  a t  p H  4. The 
c o m p le x  spectra  h av e  tw o  w ell defined peaks a t  550 nm  an d  583 nm . A t p H  >  5 
th e  ab so rp tio n  m a x im u m  a t  550 nm  decreases a n d  in  m ore a lka line  m ed ia  th e

F ig . 1. Dependence of the absorption spectrum on the acidity Cai — 1*20 X 19 4M , CArsenaz0 in 
=  1 .4 9 x 1 0  6M; Arsenazo II I  curve (1) pH 5.1; aluminium-Arsenazo III curves, pH: (2) 3.1,

(3) 4.0, (4) 5.1, (5) 5.5, (6) 6.1, (7) 7.8
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tw o  p eak s collapse in to  one b ro a d  b a n d . I t  is v e ry  like ly  th a t  a t  a b o u t  p H  5, 
th e  A l3+-A rsenazo I I I  com plex b eg in s  to  ad d  O H -  g roups, i.e. h y d ro ly sis  
ta k e s  p lace accom pan ied  b y  th e  d ecrease  o f th e  ab so rb an ce . In  th e  p re sen t 
case b u ffe r so lu tions (b ip h th a la te —h y d ro ch lo ric  ac id , b ip h th a la te —alk a li and  
b o ric  a c id -a lk a li buffers) were u sed  to  m a in ta in  th e  req u ired  p H .

If . how ever, th e  excess ac id  is n eu tra liz ed  w ith  sod ium  h y d ro x id e , th e  
sp e c tra  do n o t h av e  tw o m ax im a e v e n  a t  p H  4, th e ir  sh ap e  bein g  th e  sam e  as th a t  
o b se rv ed  a t  p H  ]> 5. Seem ingly , th e  local excess o f a lkali is u n a v o id a b le , th e  
h y d ro ly s is  s ta r ts  in  m ore acidic m e d ia , re su ltin g  in  a decrease o f th e  a b so rb an ce .

F ig. 2. Difference between the absorbances of the complex and the reagent at 600 nm

B ecause o f  th e  fa c t th a t  an  a b so rp tio n  m ax im u m  o f A rseno I I I  (Amax =  
=  540 nm ) is close to  th a t  o f i ts  a lu m in iu m  com plex , i t  is p ra c tic a lly  n o t 
p ossib le  to  m easu re  on th e  w a v e le n g th  range  co rresp o n d in g  to  m ax im u m  
ab so rb an ce  of th e  com plex. T h e  d ifference  be tw een  th e  ab so rb a n c e  o f th e  
re a g e n t an d  th a t  o f th e  com plex  w as found  to  be th e  g re a te s t a t  A =  600 nm  
in  th e  p H  range o f  3 —4 (Fig. 2).

C om position o f  the com plex

As rep o rted  b y  Savvin  [3], A rsenazo  I I I  u su a lly  form s 1 : 1 com plexes 
w ith  di- and  tr iv a le n t  ca tio n s. T h e  com po sitio n  o f th e  A l3+-A rsenazo  I I I  
co m p lex  was checked  b y  m eans o f  sev era l m e th o d s: th e  c o n tin u o u s  v a r ia tio n  
m e th o d  app lied  in  th e  sam e w ay  as in  th e  case o f  th e  ca lc ium —calcon  com plex
[6], th e  mole ra tio  m ethod , th e  m e th o d  of s tra ig h t line o f  A smus [7] a n d  b y  
th e  B e n t— F rench m ethod  [8].

T h e  d a ta  show n in T ab le  I  w ere used  fo r c a lcu la tin g  th e  q u a n tit ie s  
re q u ire d  b y  th e  la s t th ree  m e th o d s .

T h e  resu lts  o b ta in ed  b y  th e  m e th o d s  app lied  a re  show n in F igs 3, 4, 5, 6. 
A 1 : 1 com plex com position  w as p ro v ed .
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Table I

V R ml 0.70 1.00 1.50 2.00 3.00 4.00
CR X 10s 0.35 0.50 0.75 1.00 1.50 2.00
A 0.054 0.077 0.114 0.152 0.222 0.296
A A 0.022 0.033 0.048 0.063 0.091 0.124

5.00 6.00 7.00 8.00 9.00 10.00 11.00
2.50 3.00 3.50 4.00 4.50 5.00 5.50
0.362 0.424 0.487 0.540 0.593 0.642 0.690
0.145 0.152 0.159 0.164 0.169 0.175 0.181

F ig . 3. Continuous variations study for the determination of the complex composition. 
Л =  600 nm, pH =  3.9, CL +  С м  =  2 . 9 8 х Ю - 5 М .  1 — absorbance of complex and ligand, 

2 — absorbance of ligand, 3 — absorbance of complex

F ig. 4. Mole ratio method Cm  =  2 .5 x 1 0  5 M
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m. ДА

Fig. 5. Method of straight line of Asmus. CM =  2.50 X 10_ ° jVf, V r  — volume of Arsenazo III,
A A  , , LmAA =  —.— ,1 =  1 cm, n =  —  ratio

Fig. 6. Bent-French method. Сд| =  2 .5 0 x 1 0  6 Af, the slope =  1.0

C o n cen tra tio n  o f m e ta l in  a ll th e  cases is CM =  2.50 x l O -5  M . A A  is 
th e  difference b e tw een  th e  ab so rb an ces  o f  th e  com plex an d  th e  re a g e n t a t  
600 n m , 1 = 1  cm .

p H  =  3.9 (b ip h th a la te  bu ffe r).

S en sitiv ity  o f  the reaction

The m olar a b so rp tiv ity  o f th e  com plex  w as d e te rm in ed  a t  v a rio u s  a c id 
itie s  in  th e  p H  ran g e  o f 3.5— 6.2.

F o r each p H  va lue , series o f  so lu tio n s w ere m ade w ith  th e  re a g e n t to  
m e ta l mole ra tio  eq u a l or g rea te r  th a n  3 an d  th e ir  ab so rb an ce  w as m easu red  
w ith  a VSU — 1 in s tru m e n t Я =  600 nm . T he m o la r a b so rp tiv ity  w as d e te r 
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m ined  b y  ap p ly in g  a  le a s t squares p ro ced u re  to  th e  A A  =  eel s tra ig h t  line 
(T ab le  I I ) .

Table II

M o la r  a b s o r p t iv i t y  o f  th e  a l u m i n i u m - A r s e n a z o  I I I  c o m p le x  a t 6 0 0  n m

pH 3.5 3.9 4.5 5.0 5.5 6.2
e X 10~4 (1 mol-1 cm-1) 1.98 1.98 2.14 2.35 2.33 2.10

T h e  va lu es  o f e w ere  ca lcu la ted  a t  p H  5.0 a n d  p H  3.5 an d  w ere found  
to  be  e =  23 500 +  200 an d  e =  19 800 +  200, resp ec tiv e ly . T he se n s itiv ity , 
as d efin ed  b y  S andell, is 0.0011 pg A1 c m -2  a t  p H  5.0 an d  0.0014 pg  A1 c m -2  
a t  p H  3.5.

F ro m  th e  o p tic a l ch a rac te ris tic s  o f th e  a lu m in iu m (III)-A rsen azo  I I I  
com plex  i t  is obv ious t h a t  th is  co m p o u n d  can  be  u sed  fo r an a ly tica l purposes. 
T h e  e x p e r im e n ta l co n d itio n s  depend  u p o n  th e  com position  o f th e  m a te ria l 
to  be  an a ly zed . As re p o r te d  in  a p rev io u s p a p e r  [4], th e  se lec tiv ity  of th e  
re a c tio n  is g re a te r  in  m o re  acidic m edia . O n th e  o th e r  h an d , in  acid ic  m edia  
th e  re a c tio n  se n s it iv ity  decreases. T he e x p e rim e n ts  ca rried  o u t w ith  vario u s 
ion s show  th a t  a p H  o f 3.5 is su itab le  reg a rd in g  b o th  se n s itiv ity  an d  se lec tiv ity .

T h e  in te rfe ren ce  h y  v a rious foreign ions w as s tu d ied  a t  p H  3.5 (ace ta te  
bu ffe r) in  so lu tions c o n ta in in g  10 pg  A l3+ p e r  25 m l vo lum e.

T h e  re su lts  a re  lis te d  in  T able I I I ,  w h ere  b is th e  m ax im u m  a m o u n t o f 
th e  ion  in  25 m l, w h ich  does n o t y e t in te rfe re .

Table III

In te r fe r e n c e  o f  f o r e ig n  io n s

Ion Cu2+ Ca2+ Ni2+ Co2+ Mn"+ 1 Zn2+ ■ Mg*+ Cd2-  SiO ;- SCN-

ь > / 'g 5 10 i 60 170 200 540 1 700 oo о о ю о 2900

T h e ions F e ( I I ) ,  F e ( I I I ) ,  A g(I), T i( I I I ) ,  in te r fe r  seriously , as well as F  , 
C2O r ,  С4Н 40ц~ , C2H 50 b  do a t  co n cen tra tio n s  o f  2 —4 pg.

Photom etric determ ination o f  a lu m in iu m ( I I I )

T h e reco m m en d ed  p ro ced u re  fo r th e  d e te rm in a tio n  o f m ic ro am o u n ts  of 
a lu m in iu m (II I )  is as fo llow s.

P ro ced u re . In to  a 25 m l v o lu m etric  f la sk  a re  ad d ed  10.0 ml o f  7.45 X 
X lO “ 5 M  A rsenazo  I I I ,  5.0 m l b u ffe r so lu tio n  o f  p H  3.5 (b ip h tlia la te  or 

a c e ta te )  a n d  th e  co rre sp o n d in g  volum e o f a  1.82 X l0 ~ 4 M  a lu m in iu m (III)
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so lu tio n . T he v io le t colour develops im m e d ia te ly  an d  persists fo r  2 ho u rs . 
T h e  p h o to m e tric  m easu rem en ts  w ere  p e rfo rm ed  w ith  an  F E K — 56 p h o to m e te r  
(red  f ilte r)  in  30 n m  cells ag a in st a  re a g e n t b la n k  tre a te d  in  th e  sa m e  w ay. 
T h e  o rd e r  of m ix in g  th e  reagen ts is n o t  im p o r ta n t  a t  p H  3.5. If, h o w e v e r , th e  
re a c tio n  is used in  m ore alkaline m ed ia , th e  b u ffe r  shou ld  he ad d ed  in  so lu tio n  
a f te r  m ix in g  th e  reag en ts .

A t 600, m m  (red  filte r) an d  p H  3.5 th e  ab so rb an ce  of th e  co m p lex  follow s 
B e e r’s law  in th e  ran g e  0.01— 0.60 ц g A1 m l-1 .

T h e  m eth o d  described  w as a p p lie d  to  th e  d e te rm in a tio n  o f  a lu m ín iu m 
u l ! )  in  ca lc ite .

A n a ly s is  o f  calcite

T h e  sam ple (0 .3—0.5 g) w as d eco m p o sed  b y  fusion w ith  2.5 g sod ium  
c a rb o n a te  in  a p la tin u m  crucible a n d  d isso lved  in  a b o u t 30 m l o f  5 %  h y d ro 
ch lo ric  acid . T h e  p re c ip ita tio n  o f a lu m in iu m  a n d  iro n  was ca rried  o u t  as fol
low s. 1— 2 d rops o f c o n cen tra ted  h y d ro g e n  p e ro x id e  were a d d e d , th e n  th e  
excess o f perox ide  w as d estroyed  b y  g en tle  bo iling . P re c ip ita tio n  w ith  20%  
p y rid in e  was m ade in  th e  presence o f  M ethy l R ed  in d ica to r. T he s o lu tio n  was 
h e a te d  on a w a te r  b a th  to  co ag u la te  th e  p re c ip ita te , filte red  an d  w a sh e d  w ith  
a  0 .5 %  so lu tion  o f  p y rid in e  and  3 %  am m o n iu m  chloride.

T h e  se p a ra tio n  o f a lu m in iu m (III)  from  iro n (I I I )  w as c a rr ie d  o u t  b y  
m ean s o f th e  th io c y a n a te  m e th o d  fo llow ed b y  th e  ex trac tio n  o f  th io c y a n a te  
iro n  com plexes w ith  am yl a lcoho l. T h e  p re c ip ita te  was dissolved in  3 m l 6N 
h y d ro ch lo ric  ac id  a n d  10 ml o f 2 0 %  p o ta ss iu m  th io cy an a te  was a d d e d . The 
com plexes of iro n ( I I I )  were rem o v ed  b y  4 — 5 e x trac tio n s  w ith  a m y l alcohol. 
T h e  aqueous so lu tio n  o b ta ined  w as e v a p o ra te d  an d  th e  excess o f th io c y a n a te

Table IV

D e te r m in a t io n  o f  a l u m i n i u m  in  ca lc ite

№ Calcite 
taken (g)

Aliquote
(ml)

Aluminium 
found* 

(% AljO,)

1 0.3024 3 0.14
2 0.3056 5 0.13
3 0.4025 3 0.13
4 0.4025 5 0.14
5 0.5009 3 0.12
6 0.5002 3 0.13

* Average of 3 determination from separate aliquots 
Average value of A1 — 0.13% A1.,03 
Standard deviation =  ^  0.01% A1„03
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d e s tro y e d  w ith  3 m l cone , n itr ic  acid. The so lu tio n  w as ev ap o ra ted  to  d ry n ess . 
T h e  residue  was d isso lv ed  in  w a te r and  co llec ted  in  a 100 ml v o lu m e tric  fla sk . 
T h e  a liq u o ts  of th is  so lu tio n  were used fo r th e  p h o to m e tric  d e te rm in a tio n  of 
a lu m in iu m  b y  th e  re c o m m en d ed  p rocedure . T h e  a lum inium  c o n te n ts  w ere 
c a lc u la ted  from  a c a lib ra tio n  curve p lo tte d  fo r  th e  range o f 0 .10— 0.60 pg 
A1 • m l-1 . The re su lts  o b ta in e d  for calcite  a re  show n  in T able IV .

B y  s ta tis tic a l m e th o d s  [9J, th e  s e n s it iv ity  o f  th e  reac tio n  a t  p H  3.5 
w as fo u n d  to  be 0.01 /tg  A1 • m l-1 .
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DER KATALYTISCHE EINFLUSS EINIGER 
KOBALT(III)-KOMPLEXE AUF DIE OXIDATION 

VON JODID DURCH PEROXODISULFAT

H . B artelt  und M. S c h n e i d e r

Sektion Chemie der Humboldt-Universität zu  B erlin , 108 Berlin , Bunsenstr. i ,  D D R  

Eingegangen am 20 Juli 1972

Es wurde der katalytische Einfluß der Co(IIl)-Komplexionen

[Со ar>]3 + , [Co en3]3+, [Co pn3]3+, [Co chn3]3 + und [Co phan3]3 +

auf die Redoxreaktion zwischen S20 | “ und J -  untersucht.
In Gegenwart der Co(III)-Komplexe vergrößert sich die Reaktionsanfangsge

schwindigkeit um den Faktor 10 . . . 200 je nach Art des Komplexes. Diese Zahlen 
gelten für eine Co(III)-Komplex-Konzentration von 1 • 10-3 M  und

[S2O |- ] 0 =  5 • 10~4 M, [ J - ] 0 =  2,5 • 1 0 -3 M.

Die Katalysewirkung steigt, wenn das Konzentrationsverhältnis Kom plex : Redox- 
partner vergrößert wird, (vorgelagertes Gleichgewicht).

Bis auf [Co phan3]3 + unterscheiden sich die Komplexe nur wenig in ihrer kata
lytischen Wirkung.

Aus der Beeinflussung der Reaktionsanfangsgeschwindigkeit durch Zugabe von 
Cl_ wurde eine Beziehung zur angenäherten Berechnung der Stabilitätskonstanten für 
die outer-sphere-Komplexe zwischen Co(III)-Komplex und CI“ abgeleitet.

1. E in le itu n g

D ie R eak tio n
S . O Í - + 2 J -  -*  2 S O I - + J ,  (1)

w u rd e  bere its  von  K in g  und  J a c o b s  [1 ],  I n d e l l i  u n d  A m is  [2] sow ie von  
I n d e l l i  und  P r u e  [3] u n te rsu c h t. E s is t b e k a n n t, daß  diese R e a k tio n  nach  
einem  Z eitgesetz  1. O rd n u n g  bezüg lich  b e id e r R e a k tio n sp a rtn e r  v e r lä u f t.

D ie G esch w in d ig k e itsk o n stan te  2. O rd n u n g  w urde  von I n d e l l i  und 
A mis  [2] bei e iner Io n e n s tä rk e  v o n  J  =  6,75 • 10~3 u n d  e iner T e m p e ra tu r  
von  25 °C zu к =  1,310 • 10 -3 l.M d -1  • se c -1  b e s tim m t.

D a  die R e a k tio n  (1) zw ischen g le ichsinn ig  geladenen Io n en  a b lä u f t ,  is t 
d e r re la tiv  langsam e R e a k tio n sa b la u f  v e rs tä n d lic h . Im  g e sch w in d ig k e itb e s tim 
m en d en  S c h ritt m üssen  die A b s to ß u n g sk rä f te  ü b erw u n d en  w erd en .

B ei A nw esenheit von  K o m p le x k a tio n e n  wie z. B . [C o(N H 3)e]3+ n im m t 
die G eschw ind igkeit d e r R eak tio n  (1) s ta rk  zu. Diese K a ta ly se w irk u n g  ist 
d u rc h  eine o u te r-sp h e re -K o m p lex b ild u n g  zw ischen R e a k tio n s p a r tn e r  und 
K o m p lex k a tio n  zu e rk lä ren  [4, 5].
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U n te r  o u te r-sp h e re -K o m p lex b ild u n g  v e r s te h t  m an  die A n lagerung  von  
L ig a n d e n  in  d er zw eiten  (äu ß eren ) S phäre an  ein  K o m p lex io n :

F ü r  d e n  V organg  d er o u te r-sp h e re -K o m p lex b ild u n g , d e r abhäng ig  is t  v o n  d er 
A r t u n d  d e r  K o n z e n tra tio n  d e r Io n en  [6, 7, 8 ], g ilt d as  M W G [9]. D ie E in s te l
lu n g  des G leichgew ichtes e rfo lg t seh r schnell [10]. D ie S ta b ili tä tsk o n s ta n te n  
d e r o u te rsp h e re -K o m p lex e  s in d  re la tiv  k le in  u n d  liegen im  B ereich  lg  К  =  
=  0 ,5  . . .  4 . E s k ö n n en  m eh re re  L iganden  in  d e r  ä u ß e ren  S phäre  a n g e lag e rt 
w e rd e n , so d aß  sich m eh re re  S ta b ili tä ts k o n s ta n te n  an g eb en  lassen.

Z u r  E rk lä ru n g  d e r o u te r-sp h e re -K o m p lex e  m üssen  v o rran g ig  e le k tro 
s ta t is c h e  K rä f te  b e tra c h te t  w erd en . E inige ex p e rim en te lle  E rgebn isse  [11, 12] 
zeigen  a b e r , d aß  m an  w eite re  K rä f te  b e rü ck sich tig en  m uß .

D ie  K a ta ly se w irk u n g  d e r  K o m p lex k a tio n en  a u f  die R eak tio n  (1) lä ß t  
sich  im  w esen tlich en  d u rch  d ie fo lgenden  V o rs te llu n g en  d eu ten :

a )  D u rch  die o u te r-sp h e re -K o m p lex b ild u n g  n a c h  (2) w ird  ein R e a k tio n s 
p a r tn e r  im  o u te r-sp h e re -K o m p lex  gebunden , d e r eine positive  G esam tlad u n g  
t r ä g t .  F ü r  die k a ta ly tisc h  ab lau fen d e  R eak tio n  fa llen  d am it die e le k tro s ta t i
schen  A b s to ß u n g sk rä f te  w eg u n d  es re su ltie r t e ine  V erringerung  d er A k tiv ie 
ru n g sen e rg ie .

b ) E in e  w eitere  M öglichkeit der k a ta ly tis c h e n  W irk u n g  is t die d er 
E le k tro n e n v e rm ittlu n g  zw ischen  den  R e d o x p a r tn e rn  d u rch  den in n er-sp h ere - 
K o m p le x . D ieser M echan ism us se tz t die g le ichzeitige  B in d u n g  b e id e r R e a k 
t io n s p a r tn e r  im  o u te r-sp h e re -K o m p lex  v o rau s . D as is t jed o ch  p rin z ip ie ll 
m ög lich . N il k o l a s e v  u n d  B e c k  [5] k o n n te n  z. B .  die b ev o rzu g te  E x is te n z  
eines ( [ F e  p h a n 3]S2Ogj} -  o u te r-sp h ere -K o m p lex es  nachw eisen .

E s  is t  an zu n eh m en , d a ß  S2Og~ u n d  J -  die ä u ß e re  S phäre  in  iron s-S te l- 
lung  b e se tz e n . Zw ischen L ig an d en  in  tra n s -S te llu n g  w urde  von  Ch a t t  u n d  
M ita rb e ite rn  [13] eine e lek tro n isch e  W echse lw irkung  festg este llt. H ierbe i d ie n t 
d er in n e r-sp h e re -K o m p lex  als E le k tro n e n v e rm ittle r .

I n  d ieser A rb e it sollen ein ige C o (III)-K o m p lex e  bezüglich  ih re r k a ta ly t i 
schen  W irk u n g  a u f  die R e a k tio n  (1) u n te rsu c h t w erd en . D abei soll fe s tg e s te llt 
w e rd en , ob die R eihenfo lge d e r o u te r-sp h e re -K o m p lex s ta b ilitä t der C o (III)-  
K o m p le x k a tio n e n  id en tisch  is t  m it der Folge d e r  gem essenen R e a k tio n sg e 
sc h w in d ig k e ite n .

A u s d e r L ite ra tu r  sin d , w enn  m an  die u n te rsch ied lich en  ex p e rim en te llen  
B e d in g u n g e n  b e rü c k s ic h tig t, n u r  w enig g u t v e rg le ich b a re  ou te r-sp h ere -K o m - 
p le x s ta b il i tä ts k o n s ta n te n  v o n  C o (III)-K o m p le x k a tio n en  b e k a n n t. D ie zu  V er
g le ichzw ecken  in  d ieser A rb e it geeigneten  L ite ra tu rw e rte  sind  in  T ab e lle  I 
z u sa m m e n g e faß t.
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Tabelle I

Outer-sphere-Komplexstabilitätskonstanten (ßol) von einigen

Co( 111) -Komplexen 
Komplexkationen

Ligand [Со а . ] - [Со сп,]1* [Со pn,]s* [Со phan3]3+ Lit.

c i - 1,48 1,72 1,60 [14]
Br“ 1,66 1,32 [15]

J - 1,23 0,93 [15]
s o r 3,30 3,23 [16]

s o r 3,56 3,45 3,76 [14]

Сп
 

О ~i
í 1 3,26 3,10 [17]

j -
•

1,69 [18]

F ü r  die ex p e rim en te llen  U n te rsu ch u n g en  w u rd en  folgende K o m p le x e  
v e rw endet:

1. [Co a6]Cl3
2. [Co en3]Cl3 • 311,0
3. [Co p n 3]Cl3
4. [Co ch n 3]Cl3 s IH .,0
5. [Co p h a n 3]Cl3 • 7H ..0

a =  N H 3
en =  Ä th y len d iam in  
pn  = 1 , 2  D iam inopropan  

chn =  tra n s-1 ,2 -D iam inocyc lohexan  
p h a n  =  1 ,1 0 -P h en an th ro lin

Diese K om plexe  sind  seh r s tab il. D ie B ru tto s ta b ili tä ts k o n s ta n te n  der K o m p le x 
k a tio n en  sind  in T abelle  I I  zusam m en g este llt. H ie rb e i w urden  die au s  d er 
L ite ra tu r  n ich t b e k a n n te n  C o (III)-K o m p le x s ta b ilitä tsk o n s ta n te n  b e re c h n e t 
nach  (3).

Eilomp.. =  £ iW  =  ^ l n 4 iL (3)n F  ß n

Tabelle II

Brutto stabilitätskonstanten der verwendeten Co ( III)-K om plexe

Komplexe Ап ßn E£ompl£»VJ gfge»

[Со а ,]« 34,36 [25] 5,11 [25] — 183 [7]
[Со еп3]3+ 48,69 [25] 13,82 [25] - 4 9 5  [26]

[Со рп3]3+ 50,34 14,72 [28] - 5 0 3  [27]

[Со chn3]3 + 50,90 15,22 [30] - 5 1 5  [26]

[Со phan3]3+ 45,55 19,90 [31] +  86 [29]
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ßw , ß u \  =  B ru tto s ta b ili tä ts k o n s ta n te n  d e r  C o (II)- und  C o (III)-K o m p lex e  
EJ^ydr =  S ta n d a rd re d o x p o te n tia l des h y d ra tis ie r te n  R ed o x sy stem s
E»hydr; =  1,84 У 19,20
®kompi =  S ta n d a rd re d o x p o te n tia l des R ed o x sy stem s der K o m p lex io n en

2. Experimentelles

2.1 H erstellung der K om plexverbindungen

Z u r  P rä p a ra t io n  d e r K om plexe [Co a6]Cl3, [Co en3]Cl3 • 3 H 20  u n d  
[Co p n 3]Cl3 w u rd en  o ft e rp ro b te  S ta n d a rd m e th o d e n  angew endet [32, 33, 34]. 
D ie  V e rb in d u n g e n  [Co ch n 3]C l3 • 1H 20  u n d  [Co p h a n 3]Cl3 • 7H 20  w u rd e n  ein
m a l au s  [Co a3 C1]C12 sowie aus N a3[C o(C 03)3] • 3 H 20  [21] h e rg es te llt. B eide 
A u sg a n g sv e rb in d u n g e n  eignen  sich g u t zu r H e rs te llu n g  der A m in k o m p lex e .

D ie  e rh a lten en  C o (III)-K o m p le x v e rb in d u n g e n  w urden  (bis a u f  eine e in 
m a lig e  U m k ris ta llisa tio n  be i [Co p n 3]Cl3) m in d e s te n s  zweim al u m k ris ta llis ie r t. 
F ü r  a lle  A rb e iten  w u rd e  b id estillie rte s  W asse r verw en d et.

В  ei der H e rs te llu n g , d e r L agerung  u n d  dem  G ebrauch  d e r b e n u tz te n  
C o (III)-K o m p lex sa lze  w urde  ihre L ic h te m p fin d lic h k e it [22, 23] b e rü c k s ic h tig t.

2.2 B estim m u n g  der R eaktionsgeschivindigkeit

D  er A b lau f d er R e a k tio n  (1) w urde p h o to m e trisc h  ü b er die J o d k o n z e n 
t r a t io n  v e rfo lg t. H ierzu  w ar eine sehr e m p fin d lich e  und  s tab ilis ie r te  A p p a ra 
tu r  e rfo rd e rlich , da seh r k leine Jo d k o n z e n tra tio n e n  (ca. 1 0 -7  M )  zu  m essen 
w a re n . D en  A u fb au  d e r A p p a ra tu r  zeig t A b b . 1.

D ie A nfangsgeschw ind igkeit d er R e a k tio n  w urde b e s tim m t, in d em  die 
Z e it gem essen  w u rd e , die b is  zum  E rre ic h e n  e in e r sehr geringen Jo d k o n z e n 
t r a t io n  (5 • 10 -e  M  J 2) erfo rd lich  w ar. D ie A nfangsgeschw ind igkeit e rg ib t sich 
d a n n  zu

vо (4)

m it  /1CSj0 j 2 — =  zlC j 2 =  5 • 10~e M .
D ie e n tsp rech en d en  Jo d k o n z e n tra tio n e n  w u rd en  durch  E ic h k u rv e n  e rm it

te l t .  H ie rb e i w urde  die jew eilige K o n z e n tra tio n  an K J  u n d  dem  C o (III)- 
K o m p le x sa lz  b e rü c k s ic h tig t.

D ie M essungen w u rd en  bei einer W ellen län g e  von 350 n m  d u rc h g e fü h rt. 
B ei d e n  M essungen m it [Co p h a n 3]3+ m u ß te  m it 400 nm  gem essen  w erd en , 
d a  d ie  E ig e n a b so rp tio n  des K om plexes bei 350 n m  zu hoch ist.

B ei den R e a k tio n e n  in G egenw art des [Co p h a n 3]3+-K o m p lex es tra fe n  
z. T . S tö ru n g en  d u rch  eine seh r geringe k o llo id a le  T rü b u n g  auf, die w ah rsch e in -
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lieh  a u f  eine C T -K o m p lex b ild u n g  des freien  Jo d s  m it dem  л -S y stem  des P hen- 
an th ro lin s  z u rü ck zu fü h ren  is t [24]. Dieses V e rh a lten  w urde  je d o c h  bei der 
A ufste llung  d er E ic h k u rv e n  b e rü ck sich tig t.

Abb. 1. Schematischer Aufbau der Meßapparatur

B ei allen  M essungen b e tru g  die K o n z e n tra tio n  an  C o (III)-K o m p le x
1  • i o - 3  M .

D ie M eß te m p e ra tu r  w a r 25 °C.

3. Meßergebnisse

3.1 R eaktion ohne K om plexzusa tz

Z u r P rü fu n g  d er A p p a ra tu r  w urde  die R eak tio n  (1) z u n ä c h s t  ohne 
K om plexsalz  gem essen.

Bei den K o n z e n tra tio n e n  [ J - ]0 =  2,5 • 10~ 3 M  und  [S20 | — ] 0 =  5 • 1 0 ' 4 M  
ergab  sich eine A nfangsgeschw ind igkeit von

v 0 =  8,35 • IO "8 M  • m in " 1.

D ie G esch w in d ig k e itsk o n stan te  2. O rdnung  e rg ib t sich m it

к =
Q U  2 • Q r

( 5)

zu к  =  1,11 -1 0  3 1 • Mol 1 • sec 1 
=  6,66 • IO “ 2 1 • M o l" 1 • m in “ 1.

D ieser W ert s tim m t m it den  L ite ra tu ra n g a b e n  [2] g u t übere in .
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3.2 V aria tion  der S20g - u n d  J  -K onzentration

D iese M essungen w u rd e n  n u r  m it [Co en 3]3+ als K a ta ly s a to r  du rchge- 
f ü h r t .  Sie sollten d a z u  d ie n e n , einen Ü b erb lick  ü b e r  die V erh ä ltn isse  beim  
k a ta ly tis c h e n  A b lau f d e r  R e a k tio n  (1) zu v e rm it te ln .

c
E

Г-
О

>

Abb. 2. Änderung der Anfangsgeschwindigkeit bei Variation von C| 0 2 — 
Bei Variation von C§ 0 2 — : C°j 5 ■ 10“ 4 M

Bei Variation von C^_ : C|9 0 2 = 5 - 1 0 M

und C°

D ie T o ta lk o n z e n tra tio n e n  Cg 0s2 — und  C°j w u rd en  im  B ereich  5 • 1 0 ^ 4. ..  
30 • 1 0 -4  M  v a riie rt. D a b e i w u rd e  jeweils die K o n z e n tra tio n  eines R e a k tio n s 
p a r tn e r s  bei 5 • IO -4  M  k o n s ta n t  gehalten .

D ie  erhaltenen  A n fan g sg esch w in d ig k e iten  in  A b h än g ig k e it von  d e r A us
g a n g sk o n z e n tra tio n  d e r  R e a k tio n sp a r tn e r  sind  in  T a b . I I I  zu sam m en g efaß t 
u n d  in  A bb . 2 g raph isch  d a rg e s te llt .

T abelle I I I

Änderung der Anfangsgeschwindigkeiten bei Variation der Konzentration 
der Reaktionspartner

CW - W v 0 [Al • min-1] Cj -  [Ai] v0 [M • min-1]

5 • 1 0 _ 4 

10 • 1 0 - 4  

15 • 1 0 ~ 4 

20 • IO- 4  

2 5  ■ 1 0 - 4 

3 0  • 1 0 - 4 

C °j—  =  5

2 , 3 1  ■ 1 0 ~ 7 

4 , 2 2  • IO- 7  

5 , 3 0  • IO“ 7 

6 , 5 2  • IO“ 7 

7 , 1 5  ■ IO“ 7 

7 , 8 5  • 1 0 - 7 

• i o - 4 M

5 • IO “ 4

10  • 1 0 - 4 

1 5  • 1 0 ~ 4 

20 • IO“ 4 

2 5  ■ IO- 4  

3 0  ■ i o - 4

C S jO ,2  —  =

2 , 2 8  • IO- 7  

4 , 2 5  • I O " 7 

5 , 9 2  • 1 0 ~ 7 

7 , 5 8  • IO- 7  

9 , 3 3  • IO“ 7 

1 0 , 7 0  • 1 0 “ 7 

= 5 • IO- 4  M
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3.3 Zugabe von K C l

H ä lt m an  die A u sg an g sk o n zen tra tio n  der R e a k tio n s p a r tn e r  sowie des 
C o (III)-K o m p lex es  k o n s ta n t  u n d  se tz t K Cl zu, so s inken  die R eak tio n sg e 
schw ind igkeiten .

c KCt

Abb. 3. Einfluß der KCl-Konzentration auf die Anfangsgeschwindigkeit 
Cg0 2 -  =  5 ■ IO“ 1 M  (bei [Co phan3]3+ ist С«0>2 -  =  5 • IO“ 5 M )  

C °j =  2,5 • IO“ 3 M

D ie CI “ -K o n z e n tra tio n  w urde  im B ereich Cq  =  0 . . . 22,3 ■ 10 ~3 M  
xa riier t.

Die k o n s ta n te n  T o ta lk o n z e n tra tio n e n  d er R e a k tio n s p a r tn e r  w aren :

C°s2oe 2 =  5 • IO“ 4 M  (bei [Co p h a n 3]3+ : С%0\~  =  5 • IO "5 M )

C j _  =  5 10 ~ 3 M .

D ie C o (III)-K o m p le x k o n z en tra tio n  b e tru g  im m er 1 • 1 0 “ 3 M .
D ie R eak tio n  m it [Co p h a n 3]3+ als K a ta ly s a to r  v e rlie f  so schne ll, d aß  

h ie r die P e ro x o d isu lfa tk o n z e n tra tio n  a u f  5 • 1 0 “ 5 M  v e r r in g e rt w erd en  m u ß te . 
D as is t  bei einem  V erg leich  d e r R eak tio n sg esch w in d ig k e iten  zu  b e a c h te n .

D ie g raph ische  A u ftra g u n g  der A nfangsgeschw ind igke iten  in  A b h än g ig 
k e it  v o n  der K C l-K o n z e n tra tio n  zeig t A b b .3 . Die M eßw erte  s in d  in  T abe lle  IV  
zu sam m engefaß t.
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T a b e l le  IV

E in flu ß  der KCl-Konzentration a u f die Anfangsgeschwindigkeit v c

cgi-  Iм ! [Co «,]»♦ [Co en,]a+ [Co pn3]3+ [Co chn3]3+ [Co phan3]3+

0 9,02 10,18 11,90 7,66 23,26

4 ,4 6  • 1 0 ~ 3 7,22 8,06 9,45 6,08 16,95

8 ,9 2  • IO“ 3 6,31 7,01 8,35 5,32 14,39

1 3 ,40  •  1 0 - 3 5,66 6,31 7,61 4,76 12,50

2 2 ,3 0  • 1 0 - 3 4,70 5,24 6,31 3,96 8,66

Cg2os 2 = 5 -  IO“ 4 M  (bei [Co p h a n 3]3+ is t  Cg2o8 2 =  5 • 10~5 M )

C}_ =  2,5 • 1<Г3 M

G esch w in d ig k e itsw erte  in  M  ■ m in  1 • 107.

4. D isk u ss io n  der M eßergebnisse

4.1 Z u r  K in e tik  der ka ta ly tischen  Reaktion zw ischen P eroxodisu lfa t und  Jo d id

B ei der k a ta ly tisc h  a b la u fe n d e n  S20 8_/ J “ -R e a k tio n  is t dem  geschw ind ig 
k e itb e s tim m e n d e n  S c h r it t  d a s  G leichgew icht d er o u te r-sp e re -K o m p lex b ild u n g  
v o rg e la g e r t .

D ie langsam e n ic h tk a ta ly tis c h e  P a ra lle lre ak tio n  k a n n  v e rn ach lässig t 
w e rd e n .

F o lgende o u te r-sp h ere -K o m p lex g le ich g ew ich te  s in d  m öglich , d a rg es te llt 
am  B e isp ie l des [Co en 3]3 + :

[Co en 3]3+ +  S2O r  

[Co e n 3]3+ +  J -  

{[Co en3] S ,0 8} + + J -  

{[Co en 8]J} *  + + S 20 r

—  {[Co en 3]S20 8} +

—  { [Co en3]J}  2 + 

^  {[Co en 3]S20 8J} 

^  { [Co en 3]S20 8J}

( 6)

(?)

( 8)

(9)

V o n  d e n  ebenfalls m ö g lich en  höheren  o u te r-sp h e re -K o m p lex e n  wie z. B . 
{[Co e n 3] J 2} + oder {[Co e n 3](S 20 8)2} ~ soll h ier v e re in fa ch e n d  abgesehen  w erden .

A us den G le ichgew ich ten  (6) . . . (9) ergeben  sich  fo lgende R ea lisa tio n s
m ö g lich k e iten :

k,
{[Co en3]S20 8} + -f- J ~  P ro d u k te  (10)
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к,
{[Co en3] j } 2+ +  S20§~ 5=* P ro d u k te (11)

{[Co en3]S20 8j{  t-ä  P ro d u k te (12)

Bei d e r F o rm u lie ru n g  d e r G eschw ind igke itsgese tze  fü r  die k a ta ly tis c h  a b la u 
fende R e a k tio n  w urde  v o n  d e r A n n ah m e au sg eg an g en , d aß  analog  zu m  n ic h t 
k a ta ly tis c h e n  A b lau f (1) am  g esch w in d ig k e itb estim m en d en  S c h ritt e in  S20 8 - 
und  ein J - - I o n  b e te ilig t is t.

F ü r  d ie  R e a k tio n e n  (10) . . . (12) e rg eb en  sich  d a n n  m it den  G le ichge
w ich ten  (6) . . . (9) die G eschw ind igke itsg le ichungen :

®i =  * i [{[Co en3]S20 8} + ] [ J - ]  

4  =  K K ^ C o  en*+] [S2O n  [ J - ] (13)

r 2 =  fc2 [{[Co en3] j{ 2 + ] [S2O n  

v2 =  кгК 2[Co en3 + ] [ J - ]  [S2O n (14)

v3 =  к з [{[Co en3]S20 8J J ]
v3 =  k 3K lK 3[Co en3+] [S2O H  [ J - ] (15)

Die G esam tg esch w in d ig k e it is t d an n :

v =  v y +  v2 +  v3.

E rfa h ru n g sg e m ä ß  is t K v K.,, so d aß  m an  v e re in fach en  k an n  zu

v =  v 1 -\- v3.

Es soll n u n  u n te rsu c h t w erden , w elchen B e itra g  v3 zu r G esam tgeschw ind igke it 
leiste. B ei d en  fü r  diesen R eak tionsw eg  e n tsch e id en d en  o u te r-sp h e re -K o m p lex - 
g le ichgew icht (8) m uß  es sich um  ein G le ichgew ich t m it re la tiv  k le in e r  B il
d u n g sk o n s ta n te  K 3 h an d e ln . D ies e rg ib t sich  aus dem  fa s t linearen  A n stieg  
der R eak tio n sg esch w in d ig k e it bei Ä nderung  d e r J  “ -K o n zen tra tio n  (A b b . 2).

D ie G rö ß en o rd n u n g  d er fe s tg este llten  B ee in flu ssu n g  der R e a k tio n sg e 
schw in d ig k e it d u rch  C l~ -Z usatz  (vergleiche A b sc h n itt  3.3) sp ric h t je d o c h  
d afü r, d a ß  d e r o u te r-sp h e re -K om plex  (8) n ic h t g e sch w in d ig k e itb estim m en d  
is t: C h lo rid ionen  b ilden  m eist geringfügig  s ta b ile re  o u te r-sp h e re -K o m p lex e  als 
Jo d id io n en . D ie M essungen zeigen aber, d aß  eine S enkung  der R e a k tio n sg e 
sch w in d ig k e it von  e tw a 50 %  e rs t bei e iner C l“ -K o n z e n tra tio n  e in t r i t t ,  d ie 
zehnm al g rö ß e r als die J  “ -K o n z e n tra tio n  is t. D ies d e u te t  d a ra u fh in , d a ß  d u rc h  
die C h lo rid ioncn  ein K o m p lex  v e rd rä n g t w ird , d e r  s ta b ile r  als d e r e n ts p re 
chende J  “ -K o m p lex  (8) sein  m uß.
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A us den  g esch ild e rten  Z u sam m en h än g en  k a n n  geschlossen w erd en , d aß  
d ie  R e a k tio n sg esch w in d ig k e it vorw iegend  d u rc h  b es tim m t w ird .

D a m it g ilt:
v v x.

W eg en  d e r re la tiv  sch w ach en  o u te r-sp lie re -K o m p lex b ild u n g  d er Jo d id io n e n  
lä ß t  s ieh  (bei den  h ie r  vo rliegenden  K o n z e n tra tio n sv e rh ä ltn issen ) d ie  G leich
g e w ic h tsk o n z e n tra tio n  d u rc h  die T o ta lk o n z e n tra t io n  ersetzen:

[ J - ]  ~  Í J “ ]«.-
M an  e rh ä lt :

v ^ v 1 =  k x[{[Co en3]S20 8}+] [ J “ ]0 oder

v ^ v x =  f c ^ t C o  en{ + ] [S20 | - ]  [ J - ] 0. (16)

4.2 Zugabe von K C l

D ie Z ugabe v o n  K C l v e rrin g e rt die R eak tio n sg esch w in d ig k e it, d a  die 
C h lo rid io n en  selbst o u te r-sp h ere -K o m p lex e  b ild en  und  d ad u rch  d ie K o n zen 
t r a t io n  des » k a ta ly tisc h  ak tiven«  K om plexes gesen k t w ird.

D ie  G röße d er W echselw irkung  zw ischen  den  o u te r-sp h ere -K o m p lex en  
w ird  b e s tim m t d u rch  das V erh ä ltn is  d er S ta b ili tä tsk o n s ta n te n  u n d  d e r K o n 
z e n tra tio n e n .

N eben  den v o rh a n d e n e n  G leichgew ich ten  w ird  das o u te r-sp h e re -K o m - 
p lex g le ich g ew ich t d e r  C hlorid ionen w irk sam :

[Co en3]3+ +  C D  {[Co en3]Cl}2 + . (17)

D ie R eak tio n sg esch w in d ig k e it w ird  be i h ö h e re n  C h lo rid -K o n zen tra tio n en  
d u rc h  d ie  G leichgew ichte (6) u n d  (17) b e s tim m t.

F ü r  die K o n z e n tra tio n  des » k a ta ly tisch  ak tiv en «  K om plexes (6) g ilt d an n :

[ { [Co en 3]S20 8} +] =  [Co en 3 + ] 0 [{[Co en3]C l}2 + ] .  (18)

E n tsp re c h e n d  den  G leichgew ichten  (6) u n d  (17) g ilt:

K  _ [{[Co en3] S 20 8}+]
1 [Co en3+] [S ,O g-]

K  [{[Co en 3] Cl}2+] д3 _  [{[Co en3] Cl}2+]

5 [C o en 3] [Cl“ ] ’ ' 3J K s [C1-]
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D u rch  S u b s titu tio n  v o n  [Co en3+ ] in (18) e rh ä lt  m an :

[{[Co en3] S20 8}+] =  [Co enjj+Jo -  [{[Co en3] Cl}»+] ■ (19)
lu  J-K-5

D ie G leichgew ichte  (6) u n d  (17) sind  ü b e r  d ie  G le ich g ew ich tsk o n zen tra tio n  
[Co en3 + ] gek o p p elt.

D a m it e rg ib t sich:

[{[Co en 3] Cl}2+] =  [{[Co e n 3] Sa0 8}+]

K 5 [C1-]

_  K 5 [CI ] [{[Co en 3] S20 8}+] 
K 1 [S20 8]

N ach  E in se tzen  v o n  (20) in  (19) e rh ä lt m an :

[{[Co en 3] Cl}2+] ( 20)

[{[Co en 3] S20 8}+] =  [Co en3+]0
[{[Co en3] S20 8}+] 

К г [S2O f-]

u n d  n ach  U m fo rm u n g :

K3 [C1-] [{ [Co en3] S20 8}~] 

^  [S20 | - ]

1 ______ __  l + K j s ^ n  _______ k , [ c i- ] _______
[{[Co en 3] S2Og}+] [Co e n |+]0 К г [S20 | - ] [Co eng+]0 K , [S20 | - ]

E in e  w esen tliche  V ere in fach u n g  t r i t t  ein , w en n  in  G leichung (21) d ie  G leich
g e w ic h tsk o n zen tra tio n en  [CI“ ] u n d  [S2Og ] d u rc h  die b ek a n n te n  T o ta lk o n z e n 
tra tio n e n  [C l~ ]0 u n d  [S2O8~ ]0 e rse tz t. D iese N äh e ru n g  is t bei CI“ u n p ro b le m a 
tisch , da  h ie r n u r  re la tiv  schw ache o u te r-sp h ere -K o m p lex e  g eb ild e t w erden .

B ei S2Og~ dagegen  w ird  diese V ere in fach u n g  n u r  bei hohen  C h lo rid k o n 
z e n tra tio n e n  a n n ä h e rn d  zu tre ffen , da h ie r die G le ich g ew ich tsk o n zen tra tio n  der 
S20 3 “ -Io n en  z u n im m t.

N ach  E in fü h ru n g  d er N äh eru n g en

[C 1-] ~  [ C l - ] 0

[S2Og- ] [S2O8_ ] 0 (bei höheren  C l“ -K o n zen tra tio n en )

e rh ä lt m an :

1 l+ X J S ^ O g - lo  JC5[C l-]0
[{[Co en 3] S20 8}+] [Co en3+]0 K x [S2O g-] Г [Со епЦ+]0 K x [S2O t ] 0 '
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D a d ie  R eak tio n sg esch w in d ig k e it d er K o n z e n tra tio n  des » k a ta ly tisch  ak tiv en «  
K o m p le x e s  (6) d ire k t p ro p o rtio n a l is t, so llte  e ine  g raphische A u ftra g u n g  l /u 0 
gegen  [C l“ ] 0 e n tsp rech en d  d e r  G leichung (22) e ine  G erade ergeben . D ies is t 
bei h ö h e re n  C l_ -K o n z e n tra tio n e n  auch  d er F a ll. (A bb. 4).
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Abb. 4. Abhängigkeit der reziproken Anfangsgeschwindigkeit von der KCl-Konzentration 
Cs.o, 2 -  =  5 • IO“ 1 M  (bei [Co phan]3+ ist C g ^  2 -  =  5 • 10~5 M )
c » =  2,5 • IO“ 3 M

D u rc h  B e rü ck sich tig u n g  von  (13) e rg ib t s ich  d e r d irek te  Z u sam m en h an g  
m it l / r 0:

JL = 1+g1[s2og-]0 ___________ k 5 [ci-]u______
*o [Со еп з+]0 [S2O l ]0 [ J —]0 ' [Co e n |+ ]0 [S2O ^ ] 0 [ J - ] 0 к , K ,  '

A us d e m  O rd in a tio n sa b sc h n itt d er G eraden  (23) e rh ä lt  m an fü r  K’L:

—  [ C o e n i + J o f J - J o ^ - l  
fo

O hne K e n n tn is  von  k 1 k a n n  m a n  aus (24) k e in e n  num erischen  W ert fü r  K 1 
o d e r f ü r  A'1K 1 e rh a lten .

A us dem  A nstieg  m  d e r  G eraden  (23) e rg ib t sich  eine B eziehung  fü r  K s:

[S2O |-]0J

K-o =  m  • [Co en3]0[S2O2- ] 0 [ ! - ] , № • (25)
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D ie n ach  dem  E in se tzen  d e r ex p erim en te llen  W erte  in  (24) u n d  (25) e rh a lten en  
A u sd rü ck e  fü r k xK t u n d  K 5 sind  in  T abelle  V zu sam m en g este llt.

Tabelle V

Ausdrücke fü r  fc, А , und  A- bei den verwendeten C o (III)-K om plexen

Komplex *1 Kl E,

[Co ac]3+ 656 +  0,328 А , 32,8 +  0,0164 А ,
[Co en3]3+ 729 +  0,364 А , 33,1 +  0,0165 А ,
[Co pn3]3+ 852 +  0,426 Aj 30,6 +  0,0153 А ,
[Co chn3]3+ 550 +  0,276 А , 33,3 +  0,0167 А ,
[Co phan3]3+ 16 700 +  0,835 А , 49,7 +  0,00248 А ,

S e tz t m an fü r  K x in  A n lehnung  an  b e k a n n te  S ta b il i tä ts k o n s ta n te n  für 
S O l^ -o u te r-sp h e re -K o m p lex e  einen  W ert von  e tw a  103 ein , so e rg eb en  sich 
fü r  К ъ E rgebnisse , die m it den  L ite ra tu rw e rte n  g u t ü b e re in s tim m e n .

Dies k an n  jed o ch  n u r  als H im veis d ien en , da die g en au en  K j-W erte  
n ic h t b e k a n n t sind .

4 .3  Z u r  katalytischen A k tiv itä t der verwendeten C o (I I I ) -K o m p le x e

Mit A usnahm e v o n  [Co p b a n 3]3+ u n te rsch e id en  sich die K o m p lex e  nur 
w enig  in ih re r k a ta ly tis c h e n  W irk u n g . D ie A n fan g sg eschw ind igke it d e r  R eak 
tio n  is t zehnm al g rößer als beim  n ic h tk a ta ly tisc h e n  A blauf.

Die R eak tio n sg esch w in d ig k e it in G egenw art von  [Co p h a n 3]3 + is t dage
gen (bei verg le ichbaren  K o n zen tra tio n sb ed in g u n g en ) e tw a um  d e n  F a k to r  20 
g eg en ü b er den a n d e re n  K o m p lex en  v e rg rö ß e rt. D iese hohe G eschw ind igkeit 
is t n ic h t  durch  eine e tw as höhere  o u te r-sp h e re -K o m p lex s ta b ilitä t zu  erk lären . 
E s is t anzunehm en , d aß  h ie r die T eilgeschw ind igkeit v3 (15) e in en  größeren 
B e itra g  zu r G esam tg esch w in d ig k e it le is te t. D ie F ä h ig k e ite n  des P h e n a n th ro -  
lin-7r-System s zur E le k tro n e n ü b e rtra g u n g  k ö n n en  h ie rbe i w irk sam  w erden .

D er E le k tro n e n a u s ta u sc h  bei der k a ta ly tis c h  a b la u fe n d e n  R eak tio n  
k a n n  dem nach  in v e rsch ied en er W eise erfo lgen:

E inm al über den  C o (III)-K o m p lex  als E le k tro n e n v e rm ittle r  u n d  zum 
an d e ren  nach einem  M echan ism us analog  zum  n ic h tk a ta ly tis c h e n  A b lau f.

Im  le tz ten  F all b e s te h t die K a ta ly sew irk u n g  d e r o u te r-sp h e re -K o m p lex - 
b ild u n g  n u r  in der A u fh eb u n g  d er e le k tro s ta tisc h e n  A b sto ß u n g  be i A n n äh eru n g  
d e r R e a k tio n sp a rtn e r .

A bgesehen vom  [Co p h a n 3]3 + -K om plex  sch e in t d er E le k tro n e n a u s ta u sc h  
ü b e r  den in n er-sp h ere -K o m p lex  n u r  einen geringen  A nte il zu  h a b e n .
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A detailed interpretation is given of the infrared spectra of thirty-five 1,2,3,5- 
tetrasubstituted benzene derivatives containing so-ealled light atoms (atomic weight 
less than 20) in positions 2 and 5 and so-called heavy atoms (atomic weight greater 
than 20) in positions 1 and 3. Correlations were established between the intensity and 
frequency of the spectral bands, and the influence of substituents on the electron 
distribution. The coupling of certain vibrations having identical symmetry was demon
strated and the association structure of the individual compounds was established.

In tro d u c tio n

T he su b jec t o f  th is  p a p e r  is th e  in te rp re ta t io n  o f  th e  in fra red  s p e c tra  of 
1 ,2 ,3 ,5 - te tra su b s titu te d  benzene d e riv a tiv es  ch a ra c te riz e d  b y  th e  gen era l fo r
m u la  A. H ere, th e  a to m  o f th e  su b s titu e n ts  in  p o sitio n s  2 an d  5, d irec tly  b o n d ed  
to  th e  a ro m a tic  rin g , is a lig h t a to m  (a tom ic  w e ig h t less th a n  20) an d  th e  su b 
s ti tu e n ts  in  p o sitio n s 1 an d  3, re spec tive ly , a re  h a lo g en  atom s (a tom ic  w eig h t 
g re a te r  th a n  20) id e n tic a l in  all of th e  co m p o u n d s. T h e  th ir ty  five co m p o u n d s 
in v es tig a ted  are  lis te d  in  T ab le  I.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 76 (3), pp. 243—268 (1973)

A

S im ilarly  to  P a r t  I  [1], th e  n o rm a l v ib ra tio n s  are  d iv ided  in to  tw o 
g roups [2]. T h e  f i r s t  g roup  consists of v ib ra tio n s  o f  th e  a ro m atic  rin g  (F ig . 1) 
w ith  a possible c o n tr ib u tio n  from  th e  b o n d s co n n ec tin g  th e  s u b s titu e n ts  w ith  
th e  ring ; th e  second  g roup  com prises th e  in te rn a l  v ib ra tio n s  of th e  s u b s titu e n ts . 
T h e  rin g  v ib ra tio n s  a re  in d ic a te d  accord ing  to  W il s o n ’s n u m b erin g  [3 ] o f th e  
no rm al v ib ra tio n s  o f benzene  an d  d iscussed  in  n in e  groups. T hese  a re  as 
follow s:

T a n g e n tia l sk e le ta l v ib ra tio n s ; 
rad ia l sk e le ta l v ib ra tio n s ; 
o u t-o f-p lane , sk e le ta l v ib ra tio n s ;

* Part I: Varsán yi, G., Sohár, P.: Acta Chim. (Budapest) 74, 315 (1972).
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Table I

Compound R R ' X

I OH COOH Cl
и OH COOH Br
h i OMe COOH Cl
IV OEt COOH Br
V O-Allyl COOH Cl
VI OAc COOH I
VII OH COOMe Cl
VIII OH COOMe Br
IX n h 2 COOMe Cl
X OH c o n h 2 Br
XI OMe c o n h 2 Cl
XII OMe CONH, Br
XIII OEt CONH, Br
XIV O-nPr CONIC Br
XV 0 - Allyl CONIC Cl
XVI O-Allyl CONH, Br
XVII OMe CONHMe Br
XVIII O-Allyl CONHMe Br
XIX OMe CO—NHOH Cl
XX OMe C0C1 Cl
XXI OMe C0C1 Br
XXII OMe CHO Cl
XXIII OMe Ac Cl
XXIV OMe C H =N O H Cl
XXV OMe CN Br
XXVI OMe C = N H N H , Cl
XXVII OMe C = N H N H , Br
XXVIII OMe C =N H N H O H Cl
XXIX OMe C =NH NH O H Br
XXX OMe CSNH, Br
XXXI OH NO, Br
XXXII OMe n o 2 Br
XXXIII OMe CH,N+ H3-fC l- Cl
XXXIV OMe n h 2 Cl
XXXV OMe NH, Br

A da  Chim. (Budapest) 76, 1973
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С— Н  stre tch in g  v ib ra tio n s ; 
in -p lan e  bend ing  C— H  v ib ra tio n s ; 
o u t-o f-p lan e  C— H  v ib ra tio n s ;
C— Q stre tch in g  v ib ra tio n s ; 
in -p lan e  bend in g  C— Q v ib ra tio n s ; 
o u t-o f-p lan e  C— Q v ib ra tio n s .

/+-..._

I l6b I

Acta Chim. ( Budapest)  76, 1973
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Fig. 2. 3,5-dichloro-4-hydroxybenzoic acid (I)

Fig. 3. 3,5-dibromo-4-hydroxybenzoic acid (II)

Fig. 4. 3,5-dichloro-4-methoxybenzoic acid (III)

Fig. 5. 3,5-dibromo-4-ethoxybenzoic acid (IV)



VARSÁNYI, SOHÁR: INFRARED SPECTRA, II 247

Fig. 6. 3,5-dichloro-4-allyloxybenzoic acid (V)

Fig. 7. 3,5-diiodo-4-acetoxybenzoic acid (VI)

— I- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1_ _ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ i_ _ _ _ _ _ _ _ _ _ I <■ I_ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ _ L _
3000 2000 1400 1000 6 00 400

Fig. 8. Methyl 3,5-dichloro-4-hydroxybenzoate (VII)
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Acta Chim. ( Budapest) 76, 1973

Fig. 10. Methyl 3,5-dichloro-4-aminobenzoate (IX)

Fig. 11. 3,5-dibromo-4-hydroxybenzoic acid amide (X)

Fig. 12. 3,5-dichloro-4-methoxybenzoic acid amide (XI)

Fig. 13. 3,5-dibromo-4-methoxybenzoic acid amide (XII)
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Fig. 15. 3,5-dibromo-4-n-propoxybenzoic acid amide (XIV)

A d a  Chim. (Budapest)  76, 1973

Fig. 14. 3,5-dibromo-4-ethoxybenzoic acid amide (XIII)

Fig. 16. 3,5-dichloro-4-allyloxybenzoic acid amide (XV)

Fig. 17. 3,5-dibromo-4-allyloxybenzoic acid amide (XVI)
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-----------------;— ----------------------------------------------- — !------------------ !______i__________ i_____i _

3500 3000 2500 2000

Fig. 20. 3,5-dichloro-4-methoxybenzohydroxamic acid (XIX)

Acta Chim. (Budapest) 76, 1973

Fig. 19. 3,5-dibromo-4-allyloxybenzoic acid N-methylamide (XVIII)

Fig. 18. 3,5-dibromo-4-methoxybenzoic acid N-methylamide (XVII)



VARSÁNYI, SOHÁR: INFRARED SPECTRA, II 251

Fig. 23. 3,5-dichloro-4-methoxybenzaldehyde (XXII)

Acta Chim. (Budapest) 76, 1973

Fig. 21. 3,5-dichloro-4-methoxybenzoyl chloride (XX)

Fig. 22. 3,5-dibromo-4-methoxybenzoyl chloride (XXI)
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Fig. 28. 3,5-dibromo-4-methoxybenzamidine (XXVII)

A c ta  Chim . ( Budapest)  76, 1973

Fig. 27. 3,5-dichloro-4-methoxybenzamidine (XXVI)

Fig. 26. 3,5-dibromo-4-methoxybenzonitrile (XXV)

Fig. 25. 3,5-dichloro-4-methoxybenzaldoxime (XXIV)
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Fig. 29. 3,5-dichloro-4-methoxybenzamidoxime (XXVIII)

Fig. 30. 3,5-dibromo-4-methoxybenzamidoxime (XXIX)

3 Acta Chim. ( Budapest)  76, 1973

Fig. 31. 3,5-dibromo-4-methoxybenzoic acid thioamide (XXX)

Fig. 32. 3,5-dibromo-4-hydroxynitrobenzene (XXXI)
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Fig. 33. 3,5-dibromo-4-methoxynitrobenzene (XXXII)

Acta Chim. (Budapest) 76, 1973

Fig. 34. 3,5-dichloro-4-methoxybenzylamine hydrochloride (XXXIII)

Fig. 35. 3,5-dichloro-4-methoxyaniline (XXXIV)

Fig. 36. 3,5-dibromo-4-methoxyaniline (XXXV)
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H ere , Q m eans th e  f i r s t  a to m  of su b s ti tu e n t . T h e  usual signs are  e m p lo y ed  to  
d is tin g u ish  th e  in d iv id u a l v ib ra tio n  ty p e s [4 ].

E x p erim en ta l

T he sp ec tra  w ere  ta k e n  in K B r p e lle ts  b y  m eans of a P e rk in — E lm e r  457 
sp ec tro m e te r, w ith  th e  exception  of XIX w hich  w as exam ined  b y  u sin g  a 
U R -10  (Zeiss, J e n a )  sp ec tro m e te r. T he s p e c tra  are show n in F ig s  2 — 36. 
B eside th e  in d iv id u a l h an d s , th e  n u m b ers  o f  th e  co rrespond ing  a ro m a tic  
no rm al v ib ra tio n s  a re  also show n in th e  F ig u re s .

Discussion

1. Tangential skeletal vibrations  (8, 14, 19)

T he freq u en cy  o f  ske le ta l v ib ra tio n  8a  is re la tiv e ly  in sen sitiv e  to w ard s  
th e  su b s titu e n ts . T h e  b a n d  is s tro n g , ex cep t fo r  acid  am ides (X—XVIII), th io - 
am ide  (XXX), b en zy lam in e  hydroch lo ride  (XXXIII), hydroxam ic  ac id  (XIX) 
an d  th e  n itro  d e r iv a tiv e s  (XXXI, XXXII). T h e  freq u en cy  in te rv a l is 1575—-1600 
c m “ 1, in d e p e n d e n tly  o f th e  halogen s u b s ti tu e n t .  In  th e  sp ec tra  o f th e  tw o 
an isid ines (XXXIV, XXXV) th e  frequency  is h ig h er and  also d iffe ren t fo r  the  
chloro an d  b rom o  d e riv a tiv e  (1613 and  1598 c m “ 1, respectively).

T he freq u en cy  o f  ske le ta l v ib ra tio n  8b is su b s ta n tia lly  m ore se n s itiv e  to  
th e  su b s titu e n ts . T h e  v a lu es  observed  are  as follow s.

C arboxylic ac id s : 1570 (I), 1560 (II), 1557— 1558 (III, V), 1545 (VI) and  
1538 c m “ 1 (IV).

E ste rs : 1561 (VII), 1568 (IX) and  1555 c m 1 (VIII).
Acid am ides: 1555 (XVII, XVIII) 1551— 1553 (XI, XV), 1550 (X), 1539 

(XIV), 1536 (XII), 1536 (XVI) and  1534 c m “ 1 (XIII).
T he frequenc ies o f n itro  deriv a tiv es  XXXI an d  XXXII are  an o m a lo u sly  

h igh  because o f th e  coup ling  w ith  th e  r asN 0 2 v ib ra tio n . T he h a n d  is a lw ays 
s tro n g .

T he b an d  o f v ib ra tio n  14 appears b e tw e e n  1200 and  1260 c m “ 1 a n d , in 
genera l, it  is w eak . H o w ev er, it is found a b o v e  1330 c m ” 1 in th e  s p e c tra  of 
com pounds c o n ta in in g  a phenolic h y d ro x y l g ro u p  (I, II, X, XXXI), as a conse
quence  of coup ling  w ith  th e  /ЗОН v ib ra tio n ; i t  is even  sh ifted  beyond  1400 c m “ 1 
an d  appears w ith  a m u ch  g rea te r in te n s ity  in m e th y l esters VII a n d  VIII.

T he b an d  o f v ib ra tio n  19a is nearly  a lw a y s  stro n g . The in te n s i ty  o f  th is  
b and  is m edium  in th e  b rom o  deriv a tiv es  o f  ac id s an d  acid am ides a n d  w eak 
in  th e  only  iodo co m p o u n d  (VI). T he fre q u e n c y  is sensitive to  all s u b s t i tu e n ts  
to  a sm all e x te n t. T h e  b a n d s  of th e  ch lo ro p h en o ls  are  a t 1493 c m “ 1 (I) an d  
1490 c m “ 1 (VII), re sp ec tiv e ly ; th e  freq u en cy  in te rv a l of b ro m o p h en o ls  (II, 
VIII and  X) is 1476— 1483 c m “ 1. A n ex cep tio n  is com pound XXXI, w h ere  th e
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b a n d  a p p e a rs  a t  1446 c m -1 in  th e  sp ec tru m . T h e  freq u en cy  range o f th e  ch lo ro - 
an iso le s  (III, XI, XIX, XX, XXII, XXIII, XXIV, XXVI, XXVIII a n d  XXXIV) 
is 1 4 7 6 — 1484 c m -1 . In  th is  g ro u p , am idine XXVI show s an  an o m a lo u sly  low  
f r e q u e n c y  (1469 c m ^ 1) w hile th e  oxim e an d  a m id o x im e  v ib ra te  w ith  a n o m a lo u s  
h ig h  fre q u e n c ie s  (1490 a n d  1492 c m “ 1, re sp e c tiv e ly ) . T he frequency  re g io n  o f 
b ro m o a n iso le s  XII, XVII, XXI, XXV, XXVII, XXIX, XXX, XXXII a n d  XXXV 
is 14 7 0 — 1479 c m “ 1. H ere  a g a in , th e  freq u en c ies  o f th e  b an d  of am id in e  XXVII 
a n d  n i t r o  com pound  XXXII (1463 an d  1464 c m “ 1, respectively) a re  a n o m a 
lo u s ly  lo w , how ever, th e  f re q u e n c y  of th e  b a n d  o f  am idoxim e XXIX (1486 
c m “ 1) is anom alously  h igh . T h e  frequency  o f  v ib ra t io n  8b is also v e ry  low  in 
th e  s p e c t r a  of th e  am id in es . In  iodo c o m p o u n d  VI, th e  b an d  a p p e a rs  a t  
1452 c m - 1 .

T h e  b a n d  of v ib ra tio n  19b is s im ilarly  s tro n g . E x cep tions are  th e  s p e c tra  
o f a m id in e s  (XXVI, XXVII) a n d  anilines (IX, XXXIV, XXXV), w here th is  b a n d  
is v e r y  w e a k . The freq u en cy  in te rv a l  of phen o ls  (I, II, VII, VIII, X a n d  XXXI) 
is 1 4 0 7 — 1420 c m “ 1 (in sen sitiv e  to  halogens). M ethy l esters (VII a n d  VIII) 
sh o w  a n  anom alously  h ig h  freq u en cy  (1434— 1438 c m “ 1). H ere , th e  o n ly  
e x c e p tio n s  a re  th e  N -m e th y lam id es  (XVII, XVIII) (1410 c m ” 1), in  co n seq u en ce  
o f  t h e  s tro n g  coupling w ith  th e  am ide  I I I  b a n d  o f secondary  am ides.

2. In-plane bending C— Q vibrations (3, 9, 15)

T h e  v ib ra tio n s  3, 9a, 9b an d  15 b e lo n g in g  here  show low freq u en c ies  
a n d  th e re fo re  can n o t be  id e n tif ie d .

3. In-plane bending C— H  vibrations (18)

T h e  fea tu res  of v ib ra tio n s  18a depend  to  a sm all ex ten t up o n  th e  h a lo g en  
s u b s t i tu e n t :  in  the  sp e c tra  o f  th e  2 ,6-d ich loro  d e riv a tiv e s , b o th  th e  fre q u e n c y  
a n d  th e  in te n s ity  of th e  c o rre sp o n d in g  b a n d  a re  h ig h er (i.e. th e  a m p litu d e  is 
la rg e r ) . T h e  frequency  in te rv a l  is 1075— 1095 c m “ 1 in  th e  sp ec tra  o f  ch lo ro  
d e r iv a t iv e s ,  1055— 1080 c m “ 1 in  brom o d e r iv a tiv e s  and  1054 c m ” 1 in  t h a t  
o f  t h e  io d o  com pound.

T h e  b a n d  of v ib ra tio n  18b is generally  w eak  a n d  can n o t be id e n tif ie d  in 
m a n y  cases . The freq u en cy  in te rv a l  is 1143— 1163 c m “ 1.

4 . Radial skeletal vibration (1, 6, 12)

T h e  sy m m etry  of n o rm a l v ib ra tio n  1 is tr ig o n a l. The s u b s t i tu e n t  in 
p o s it io n  2 an d  th e  carb o n  a to m  a tta c h e d  to  i t  v ib ra te  w ith  a sm aller a m p litu d e . 
T h e re fo re , th e  v ib ra tio n  is less sensitive to  th e  su b s titu e n t in p o sitio n  2. I ts  
f r e q u e n c y  is th e  h ighest in  th e  sp ec tru m  o f a ld e h y d e  (XXII) (553 c m ” 1) an d  
lo w e s t  in  th o se  of th e  tw o  ac id  chlorides (XX, XXI) (462 an d  441 c m “ 1, re-
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sp ec tiv e ly ). T he freq u en c ies  o f  th e  b rom o  d e riv a tiv e s  a re  genera lly  lo w er by  
15 c m -1 th a n  tho se  o f  th e  ch lo ro  d e riv a tiv e s . T he la rg e r m asses o f  s u b s ti
tu e n ts  X  cause a fu r th e r  decrease  in freq u en cy  b y  15 c m -1  in  th e  iodo  com 
p o u n d  (VI). R e m a rk a b ly , th e  frequencies o f an ilines (XXXIV—XXXV) are  
m ed iu m . P resu m ab ly , in  consequence  o f th e  -|-M  effect o f th e  p r im a ry  am ino  
g ro u p , th e  carbon-halogen  b o n d  is s tro n g e r (an d  m ore rig id) a n d  th e re b y  fre 
q u en cy  1 is som ew hat d ecreased .

S kele ta l v ib ra tio n  6a is s tro n g ly  coupled  w ith  s tre tc h in g  v ib ra tio n  7a of 
id en tica l phase fo r b o th  h a logens. As a re su lt o f  coup ling , th e  b a n d  o f  v ib ra 
tio n  6a ap p ears  a t  w av en u m b ers  h ig h er th a n  860 c m -1 . T h e  d ifference b e tw een  
th e  halogens has l i t t le  in flu en ce  on th e  freq u en cy , s im ila rly  to  th e  h ig h e r 
freq u en cy  com ponen ts o f such  coup led  halogen  v ib ra tio n s . E x cep tio n s  a re  th e  
tw o  an iline  com pounds (XXXIV an d  XXXV) w here , as m en tio n ed  ab o v e , th e  
ca rb o n -h a lo g en  bonds a re  s tro n g e r  a n d , th e re fo re , th e  freq u en cy  sp lit t in g  
6a—7a is g rea te r  (frequency  o f  6a is higher) an d  a g re a te r  d ifference ex is ts  
b e tw een  frequenc ies o f th e  ch loro  an d  b rom o d e riv a tiv e  (952— 925 c m -1). 
T h e  frequency  changes p e rio d ica lly  w ith  th e  m ass of s u b s ti tu e n t in  p o s itio n  2. 
N am ely , a freq u en cy  m in im u m  (870 an d  865 c m -1 , resp ec tiv e ly ) a p p e a rs  in 
th e  case of an  e th o x y  s u b s ti tu e n t  (IV, XIII). T h e freq u en cy  is also d ecreased  
(to  868 c m -1) b y  a 2 -ace to x y  g roup  (VI). T he freq u en cy  is an o m alo u sly  h igh 
in  a ld eh y d e  (XXII) (944 c m -1 ) and  in th e  an ilines (IX: 903 c m -1 , XXXIV: 
952 c m -1 , XXXV: 925 c m -1 ).

S ke le ta l v ib ra tio n  6b is also stro n g ly  coup led  w ith  th e  c a rb o n -h a lo g en  
s tre tc h in g  v ib ra tio n  7b. T h e freq u en cy  in te rv a l o f th e  b rom o d e riv a tiv e s  is 
750— 785 c m -1 , th a t  o f th e  ch loro  com pounds falls b e tw een  800 an d  820 c m -1 . 
T h e  frequencies o f n itro  d e riv a tiv e s  (XXXI an d  XXXII) are  an o m a lo u sly  low  
(725— 740 c m -1). In  g enera l, th e  b a n d  is in ten se . E x cep tio n s  a re  th e  am ides 
o f  e th e rs  con ta in in g  m ore th a n  one carb o n  a to m  (IV, V, XIII—XVI, XVIII).

T he su b s titu e n t in  p o s itio n  2 exerts  p ra c tic a lly  no in fluence  on b re a th in g  
v ib ra tio n  12, excep t on th a t  o f  th e  n itro  co m p o u n d s (XXXI, XXXII) w h ere  a 
s ig n ifican t decrease in  th e  freq u en cy  (697 an d  670 c m -1 ) is o b se rv ed . T he 
frequenc ies of th e  b rom o d e riv a tiv e s  are  low er b y  a b o u t 30 c m -1  (730— 755 
c m -1 ) th a n  tho se  of th e  co rresp o n d in g  chloro co m pounds (760— 790 c m -1). 
In  a d d itio n  to  th e  n itro  d e r iv a tiv e s , th e  freq u en cy  o f th e  a ld eh y d e  (XXII) is 
an o m alo u sly  low (746 c m -1 ), w hich  can  be ex p la in ed  b y  coup ling  w ith  th e  
ßCO  v ib ra tio n . T he f re q u e n c y  o f iodo com pound  VI is also an o m a lo u sly  low 
(716 c m -1). T he b an d  is g en era lly  in tense .

5. C— Q stretching vibrations  (2, 7, 13)

N orm al v ib ra tio n  2 is th e  id en tica l-p h ase  C— Q s tre tc h in g  v ib ra t io n  of 
th e  su b s ti tu e n ts  in p o sitions 2 a n d  5. A ccord ingly , it  is n o t sen sitive  to  chang-
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in g  o f  th e  halogen. T h e  fre q u e n c y  in te rv a l o f  th e  m a jo rity  o f m e th o x y  d e riv a 
t iv e s  is 1255— 1280 c m - 1 . T h e  frequencies o f  c a rb o x y lic  acids (I—VI) an d  esters 
(VII—IX) are  an o m a lo u sly  h ig h  (1285— 1310 c m -1 ) because o f  coup ling  w ith  
th e  vC— 0 (H )  and  vC-—О ty p e s , respective ly , o f  e s te r  v ib ra tio n s . T he freq u en cy  
o f  th e  th ioam ide  (XXX) (1297 c m -1) is also  h igh , u n d e r in flu en ce  o f th e  
r C =  S v ib ra tio n . T h e  freq u en c ies  o f th e  co m p o u n d s  c o n ta in in g  a phenolic 
h y d ro x y l group are  g e n e ra lly  h igher th a n  th o se  o f  anisoles, o th e r  p h en o l e th ers  
h a v e  low er frequencies. A n  excep tion  is n itro p h e n o l XXXI, because  o f  coupling 
w ith  th e  r sN 0 2 v ib ra tio n .

N o rm al v ib ra tio n  7a is m ain ly  an  id e n tic a l-p h a se  carb o n -h a lo g en  s tre tc h 
in g  v ib ra tio n , how ever, to  a lesser degree i t  h a s  also fea tu re s  o f a ra d ia l skele
to n  v ib ra tio n . T he fre q u e n c y  range o f rCCI v ib ra tio n s  is 360—400 c m -1 , th a t  
o f  rC B r v ib ra tio n s  is 3 1 0 — 340 c m '1. T he b a n d  is genera lly  w eak . T he fre 
q u e n c y  o f th e  ca rb o x y lic  ac id s  is th e  h ig h est.

T h e  rC B r freq u en c ies  a re  sensitive also to  th e  s u b s titu e n t in  p o sitio n  2. 
T h u s , th e  range of v ib ra t io n  7a is 335— 355 c m -1  in  th e  d ib rom opheno ls.

N o rm al v ib ra tio n  7b is p red o m in an tly  th e  o p p o site -p h ase  ca rb o n -h a lo 
gen  s tre tc h in g  v ib ra tio n  w ith  some sk e le ta l v ib ra tio n  c h a ra c te r . T he in te rv a l 
o f  th e  rCCl frequency  is n a rro w : 500— 525 c m -1 . T he rC B r freq u en cy  depends 
u p o n  th e  su b s titu e n t in  p o s itio n  2 sim ilarly  as does v ib ra tio n  6a (a m in im um  
is fo u n d  fo r e th y l e th e rs  IV a n d  XIII: 346 c m ' 1). In  general, th e  b an d  is w eak 
w ith  a  frequency  in te rv a l  o f  380—400 c m -1 . T h e  freq u en cy  o f th e  C— I s tre tc h 
in g  v ib ra tio n  is 328 c m -1 (VI).

V ib ra tio n  13 is th e  o p p o site -p h ase  s tre tc h in g  v ib ra tio n  of th e  su b s titu e n ts  
in  p o sitio n s  2 and  5. T h e  ha logen  a to m  ex e rts  no in fluence  on th e  frequency . 
O n th e  basis of freq u en c ies , th e  com pounds can  be  d iv ided  in to  tw o  groups. 
T h e  freq u en cy  is low er th a n  1160 c m -1 fo r c a rb o x y lic  acids, e s te rs , am ides, 
N -m e th y lam id es  an d  n i t ro  com pounds, a n d  h ig h er th a n  1190 cm  1 for all 
o th e r  substances. T h e  b a n d  h as  anom alously  low  frequencies (1122 a n d  1087 
c m " 1, respectively ) fo r  tw o  an isic  acid  am ides (XI, XII). T he b a n d  in te n s ity  is 
m e d iu m  or s trong  e x c e p t fo r  ace tophenone (XXIII), am id ines (XXVI, XXVII) 
a n d  h id ro x y am id in es  (XXVIII, XXIX).

6. CH stretching vibrations (20)

T h e  band  of гС дгН  v ib ra tio n s  20a an d  20b is in  general o f w eak o r m edium  
in te n s i ty  and  in m a n y  cases i t  can n o t be id e n tif ie d . T he freq u en cy  range  of 
v ib ra t io n  20a is 3060— 3100 cm  !, th a t  o f v ib ra tio n  20b 2995— 3045 c m '1,

7. Out-of-plane skeletal vibrations (4, 16)

T h e  frequency  a n d  in te n s ity  of v ib ra t io n  4 is q u ite  ch a rac te rle ss . I r r e 
sp e c tiv e  of th e  h a logens, th e  v ib ra tio n  show s a h igh  freq u en cy  in  ac id  am ides,
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as a re su lt o f coup ling  w ith  th e  am id e  У  a n d  am ide  V I v ib ra tio n s . I n  th e  
sp ec tru m  o f b en zy lam m o n iu m  chloride (XXXIII), th e  frequency  (738 c m -1 ) is 
s im ila rly  increased  b y  coup ling  w ith  th e  ÖasN H 3 v ib ra tio n .

T h e  h a n d  o f v ib ra tio n  16a is fo u n d  b e tw e e n  400 and 500 c m - 1 ; i t  is 
genera lly  w eak  and  d ifficu lt to  id en tify . In  th e  case  o f single-atom  s u b s t i tu e n ts ,  
th is  v ib ra tio n  w ould be  fo rb idden  in  th e  in f ra re d  region.

In  th e  o u t-o f-p lan e  skeletal v ib ra tio n  16b , halogens p a rtic ip a te  to  a  sm all 
degree since th e y  e x e rt n ea rly  no in flu en ce  o n  th e  frequency. T h e  b a n d  is 
m ostly  w eak , ex cep t fo r n itrile  (XXV), w h ere  i t  is s tro n g . The f re q u e n c y  in te r 
val is 530— 560 c m -1 . A nom alously  h igh  f re q u e n c y  hands are o b se rv e d  in  th e  
sp ec tru m  o f p ro p y l e th e r  (XIV), ac e to x y  d e r iv a tiv e  (VI) and n itr i le  (XXV). 
P re su m a b ly , th e  h igh frequency  is cau sed  b y  co u p ling  w ith th e  in te rn a l  ou t- 
o f-p lane  v ib ra tio n s  o f th e  long side-ch a in s  a n d  w ith  th e  yCN v ib ra t io n ,  re 
spec tiv e ly . In  th e  la t te r  case, th e  b a n d  a p p e a rs  a t  618 c m -1 .

8 . Out-of-plane C— Q vibrations  (10, 5, 17b)

V ib ra tio n s  5 an d  17b show low fre q u e n c ie s  an d  are ou tside th e  m e a su r
ing ran g e .

T he frequencies o f v ib ra tio n s  10a a n d  10b are also low, h o w e v e r , th e  
freq u en cy  o f v ib ra tio n  10b m ay a c c id e n ta lly  lie above 300 c m ^ 1. I n  conse
quence  o f th e  above fa c ts , th e  w eak b a n d s  t h a t  a p p e a r  in some s p e c tra  in  th e  
region u n d e r  discussion, should be on ly  c o n d itio n a lly  assigned to  v ib ra tio n s  
10 or 9.

9. Out-of-plane CH vibrations  (11, 17a)

T h e  b a n d  o f v ib ra tio n  11 is a lw ays s tro n g , excep t for e th y l a n d  p ro p y l 
e th e rs  (IV, XIII, XIV). T h e  frequency  can  b e  g iv en  b y  using th e  fo rm u la  (1) 
o f th e  p reced in g  p a p e r  [1]. The P la t t  m o m e n ts  g iven  there  can b e  c o m p le ted  
on th e  basis  o f th e  com pounds s tu d ie d  in  th e  p resen t p a p e r as follow s:
COC1 — 35, C O N H C H j — 34, CSN H , 30, C O N H O H — 20, C = N H N H O H  — 20, 
C = N H N H 2 — 18, C O C H 3 — 12, C II ,N H , • HC1 0, C H = N O H  + 2 ,  Cl + 4 .5 ,  
B r + 4 .5 ,  I + 5 ,  N H 2 + 1 4 .  The p a ra m e te rs  g iv en  in  th e  preceding  p a p e r  [1], 
fu r th e rm o re , th e  frequencies ca lcu la ted  a n d  m easu red  are su m m a riz e d  in 
T ab le  I I .

V ib ra tio n  17a in  th e  p o in t-g roup  C.,„ is in a c tiv e  in th e  in fra red . H o w ev er, 
it can be id en tified  in som e spectra  as a re su lt  o f  th e  solid sta te  o f th e  su b s ta n c e  
and  th e  a sy m m e try  o f th e  su b s titu e n ts , m a in ly  in  t,he spectra  o f  co m p o u n d s  
w ith  p o sitiv e  or low  n eg a tiv e  P la tt  m o m e n ts  w ith  an  am ino g roup  in  p o sitio n  
5, th e  b a n d  m ay  be s tro n g . On th e  basis o f  F o rm u la  (1) of the p re c e d in g  p ap e r 
[1], th e  frequenc ies m easu red  and  c a lc u la te d  a re  as follows.
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Table II

Compound M Mm
m

Calculated
(cm-1)

Experimental
(cm-1)

I — 32 9 1 907,5 912
i i — 32 9 1 907,5 908
i n — 32 9 1 907,5 899
IV — 32 9 1 907,5 902
V — 32 9 1 907,5 913
VI — 31 10 1 906 906
VII — 29 9 1 904,5 904
VIII — 29 9 1 904,5 907
IX — 29 9 1 904,5 912
X — 23 9 1 898,5 896
XI — 23 9 1 898,5 907
XII — 23 9 1 898,5 900
XIII — 23 9 1 898,5 896
x r v — 23 9 1 898,5 899
XV — 23 9 1 898,5 897
XVI — 23 9 1 898,5 899
XVII — 25 9 1 900,5 901
XVIII — 25 9 1 900,5 900
XIX — 11 9 1 886,5 887
XX — 26 9 1 901,5 900
XXI — 26 9 1 901,5 903
XXII — 10 9 1 885,5 883
XXIII — 3 9 1 878,3 879
XXIV +  11 11 3 860,5 860
XXV — 11 9 1 886,5 883
XXVI — 9 9 1 884,5 884
XXVII — 9 9 1 884,5 886
XXVIII — 11 9 1 886,5 885
XXIX — 11 9 1 886,5 886
XXX — 21 9 1 896,5 896
XXXI — 36 9 1 911,5 903
XXXII — 36 9 1 911,5 905
XXXIII +  9 9 3 863,5 864
XXXIV +  23 23 3 842,5 843
XXXV +  23 23 3 842,5 842
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Table III

Compound
Calculated

(cm -')
Experimental

(cm -1)

XXII 899 890

XXIII 896 893

XXIV 885 881

XXXIII 887 883

XXXIV 875 856

XXXV 875 860

T he fre q u e n c y  in te rv a ls  o f t h i r t y  rin g  v ib ra tio n s  are  given in  T a b le  IV

Table IV

Numbering 
of ring 

vibration
[3]

Frequency
(cm-1)

Numbering 
of ring 

vibration
[3]

Frequency 
(cm ')

1 440— 555 11 840 915

2 1255- 1310 12 7 1 6 -7 9 0 *

3 < 3 0 0 13 1085— 1220

4 665— 740 14 1 2 0 0 - 1260х
5 < 3 0 0 15 < 3 0 0
6a 865—955 16a 4 0 0 -5 0 0

6b 725— 820 16b 530—620

7a 310—400 17a 8 5 5 -8 9 5
7b 325— 525? 17b < 3 0 0

8a 1575— 1615 18a 1050— 1100+

8b 1530— 1580 18b 1140 1165

9a < 3 0 0 19a 1 4 5 0 -1 4 9 5

9b < 3 0 0 19b 1370— 1440

10a < 3 0 0 20a 3 0 6 0 -3 1 0 0

10b < 3 0 0 20b 2995—3045

v  500—525 
380—400 

328
* 760 — 790 

730—755 
716

x 1330-1415  
+ 1075—1095 

1055—1080 
1054

n 1,3-dichloro compounds 
n 1,3-dibromo compounds 
n 1,3-diiodo compound VI 
n 1,3-dichloro compounds 
n 1,3-dibromo compounds 
n 1,3-diiodo compound VI 
n phenols
n 1,3-dichloro compounds 
n 1,3-dibromo compounds 
n 1,3-diiodo compound VI
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I I .  Vibrations of the side-chain

1. Methyl group. A ll ty p e s  of v ib ra tio n  a p p e a r  in  th e  freq u en cy  ra n g e  [5] 
o f  t h e  a lip h a tic  m e th y l g ro u p s . F req u en c ies  o f  th e  m e th o x y  g roup , h ow ever, 
sh o u ld  h e  d ea lt w ith  se p a ra te ly . T he r sC H 3 b a n d  is generally  fo u n d  b e tw een  
2820 a n d  2850 c m '1, b u t  b e tw een  2855 a n d  2862 c m -1 in  th e  sp e c tra  o f  n itro  
c o m p o u n d s  (XXXI a n d  X X X II), a ldehyde (X X II) a n d  n itrile  (XXV). T h e  ősC H 3 
v ib r a t io n  resu lts  g en era lly  in  a v e ry  w eak b a n d  b e tw een  1274 a n d  1308 c m -1 
fo r  c h lo ro  de riv a tiv es  a n d  b e tw een  1286 a n d  1327 c m -1 for lirnm o co m p o u n d s. 
T h e re fo re , th e  v ib ra tio n  is less coupled w ith  v ib ra tio n  p a ir  19 in  th e  b ro m o  
d e r iv a tiv e s , clearly  b ecau se  th e  la rger b ro m in e  a to m s  force th e  m e th o x y  g roup  
m o re  s tro n g ly  o u t o f p lan e  o f  th e  ring.

T h e  b a n d  of th e  <5> + C H 3 v ib ra tio n  is s tro n g  in  th e  case of a m e th o x y  g roup . 
T h e  b a n d  of th e  co m p o n en t w ith  low er fre q u e n c y  is found  b e tw een  1413 an d  
1438 c m -1  for chloro d e riv a tiv e s  an d  b e tw een  1413 an d  1426 cm  1 fo r  b rom o  
d e r iv a tiv e s ,  how ever, in  th e  la t te r  case it  is a lw ay s a t  a w a v en u m b er low er 
b y  5— 10 c m -1 th a n  in  th e  co rrespond ing  ch lo ro  com pound .

T h e  b a n d  of th e  ó ~ C H 3 v ib ra tio n  is ev e n  s tro n g e r. B o th  v ic in a l h a logen  
a to m s  fo rce  th e  m e th o x y  g ro u p  o u t of th e  p la n e  a n d , there fo re , th e  fre q u e n c y  
is a n o m a lo u s ly  low fo r all m e th o x y  d e r iv a tiv e s . I t  is in te re s tin g , h o w ev er, 
t h a t  th e  frequency  is h a rd ly  in fluenced  b y  d iffe ren ces in  th e  halogens. In  som e 
cases  th e  frequency  is sp lit as  a re su lt of F e rm i resonance . The freq u en cy  in te r 
v a l  is genera lly  965 — 1003 c m 4 .

2. The vibrations of saturated methylene and methine groups u su a lly  re su lt 
in  w e a k  b an d s  w hich c a n n o t be iden tified  in  a ll cases.

3. Characteristic bands of the allyl group (V, XV, XVI, XVIII)

vasC H ,: 3068— 3082 (m ed iu m ); rC H : 3018— 3020 (w eak);
vsC H ,: 2 9 8 0 -2 9 9 0  (w eak); ßsCH2: 1410— 1427 (strong);
y C H : 978— 980 (s tro n g ); ysC H a: 927— 941 (s trong);
y asC H 2: 595—615 c m -1 (m edium ).

4 . vC — C vibrations. T h is  b an d  ap p e a rs  a t  975 c m -1 in  th e  sp e c tru m  of 
a c e to p h e n o n e  (X X III), as a sh o u ld er of th e  (5^СН3 ban d .

5. vC—0  and vO—C coupled vibrations. T h e  C—0  s tre tc h in g  v ib ra tio n  
o f th e  carb o x y lic  g roup  a p p e a rs  alw ays as a n  in te n se  b and  b e tw een  1270 and  
1285 c m ' 1. Som etim es, i t  p a r t ly  coalesces w ith  th e  b a n d  of th e  rin g  v ib ra t io n  2.

T h e  vO— C ty p e  g ro u p  v ib ra tio n  of th e  m e th o x y  group is a lw ays s tro n g ly  
c o u p le d  w ith  th e  ó~sC H 3 v ib ra tio n . T he a r i th m e tic  m ean  of th e  freq u en c ies  is 
1093— 1095 c m ' 1 in  one g ro u p  o f chloro d e r iv a tiv e s  (b enzy lam ine  h y d ro 
c h lo r id e , a ldehyde, acid  ch lo ride , acid , an ilin e ) a n d  1086— 1087 c m ' 1 in  th e  
o th e r  g ro u p  (acid am ide , h y d ro x am ic  ac id , o x im e , am idine). In  th e  sp e c tru m  
o f d ib ro m o an ilin e  (XXXV), i t  is 1086 c m ' 1 w hile  in  th e  o th e r b ro m o  d eriv a-
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tiv e s  1081— 1083 c m -1 . T he degree of sp littin g  is g re a te r , th e  s tro n g er e lec tron  
accep to r is th e  s u b s ti tu e n t in position  5. T h e  w av en u m b ers  of sp littin g  are : 
СОГЛ 227, N O , 214, CHO 211, CO O H  210, C =  N H N H , 200— 209, C S N H , 204, 
CN 197, C H = N O H  195, C H ,,N H , • HC1 193, C O N H 2 190, N H , 185— 190, 
C O N H O H  and  C O N H C H 3 174 c m - 1.

vC— C— C, vC— О — C an d  rO — C— C v ib ra tio n s . T he frequency  in te rv a l 
o f  b o th  coupled  s tre tc h in g  v ib ra tio n s  of th e  e s te r  g roup  falls be tw een  977— 986 
a n d  1264— 1268 c m “ 1, resp ec tiv e ly . T he f ir s t  in te rv a l depends so m ew h at on 
th e  halogen s u b s titu e n ts  too  because  th e -freq u en c ies  o f  th e  chloro d e riv a tiv e s  
(V II, IX) are 983 a n d  986 c m -1 , re sp ec tiv e ly . A ll th e  b an d s  are  v e ry  in ten se .

Two b an d s  a rise  from  s tre tc h in g  v ib ra tio n s  o f  th e  e th o x y  g roup : a s tro n g  
b a n d  a t 912— 916 c m - 1 and  a m ed ium  one a t  1104— 1112 c m -1 . S tre tc h in g  
frequencies o f th e  p ro p o x y  g roup  in co m p o u n d  X IV a re  800 (shou lder), 952 
(strong) and  1125 c m ' 1 (m ed ium ). These freq u en c ies  are  low er th a n  th o se  
fo u n d  in th e  sp e c tru m  of 4 -n -p ro p o x y -3 ,5 -d im eth o x y b en zo ic  acid  describ ed  
in  th e  p receding  p a p e r  [1] (d eno ted  th e re  as IV) (820, 964, 1130 c m -1 ), how ever, 
in  com pound X IV , in s tead  of m e th o x y  g roups th e re  a re  b rom ine  a to m s a d ja 
cen t to  the  p ro p o x y  group .

T he s tre tc h in g  frequencies o f  the  a c e to x y  g ro u p  are  as follow s: 914 
(strong) and 1182 cm  1 (very  stro n g ). In  th e  fo reg o in g  p a p e r, as ace to x y  g ro u p  
w as p resen t in co m p o u n d s V and  XV. T he freq u en cy  w as 944 and  1182 c m -1 w hen 
th e  acetoxy  g ro u p  w as ste rica lly  h indered  b y  tw o  v ic inal m e th o x y  g roups. 
H ow ever, w hen one o f th e  v ic inal positions w as free , th e  b an d  ap p ea red  a t  957 
an d  1205 c m '1. In  com pound  VI o f th e  p re se n t series, th e  ace to x y  g roup  is 
lo ca ted  betw een tw o  iodine a to m s an d  th e re b y  b y  low  frequency  is ju s tif ie d .

6 . Carbonyl bands. T he rC =  0  frequencies o f th e  ca rb o x y l g ro u p  are 
found  betw een  1680 an d  1710 cm  h A d im eric  s t ru c tu re  develops for each  o f 
th e  six acids (I -V I), b u t th e  d im eric  form  is looser in  th e  case o f an  a lly lo x y  
o r m ethoxy  g roup  in  position  2; th e  freq u en cy  is low er th a n  1695 c m -1 in 
all o th e r  cases. T h e  b a n d  is of course  very  in te n se . T h e  freq u en cy  o f th e  e s te r  
ca rbony l group is 1707 c m -1 in th e  case o f a h y d ro x y l group in positio n  4, 
an d  1731 c m ' 1 in  case of a p rim a ry  am ino g ro u p  in  p o sitio n  4. H ow ever, w hen  
ch lo rine atom s a re  in  v ic in ity  o f th e  h y d ro x y l g ro u p , a fu r th e r  carbony l b a n d  
ap p ea rs  a t 1718 c m -1 . (S im u ltan eo u sly , th e  rO H  b a n d  is doubled .)

The freq u en cy  is 1664 cm 1 in  th e  sp e c tru m  o f h y d ro x am ic  acid  (X IX ); 
1681— 1690 in t h a t  o f  ace to p h en o n e  (X X III): 1694 in th a t  o f a ld eh y d e  (X X II); 
an d  1746 and  1762 c m ' 1 in tho se  of acid ch lo rid es . T h e  la t te r  d ifference in 
frequency  can be  exp la ined  b y  th e  fac t t h a t  th e  e le c tro n e g a tiv ity  o f th e  
ch lo rine atom  in th e  acid  ch loride g roup  is d ec reased  b y  th e  chlorine a to m s in 
positions 2 and  6 re la tiv e  to  th e  b rom ine  a to m s  a n d , th ere fo re , th e  C— Cl 
b o n d  o rder increases, and  th e  C =  0  one d ecreases  ( th e  frequencies a re  682 
an d  1746 c m -1 ). T h e  co rrespond ing  frequencies a re  669 an d  1762 c m “ 1 in  th e
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b ro m o  d e riv a tiv e . T he b a n d  s p lit t in g  c a n n o t be exp la ined  b y  F erm i re so n an ce  
in  th e  sp e c tru m  of th e  a c e to p h en o n e  fo r a considerab le  d ifference e x is ts  b e 
tw e e n  in te n s itie s  of b o th  b a n d s  an d , on th e  o th e r  h a n d , th e  yC =  0  b a n d  is also 
s p lit .  I n s te a d , tw o ty p es  o f c o n fo rm a tio n  m a y  be suggested  in  th e  so lid  phase . 
T h e  f re q u e n c y  is 1771 c m -1  in  th e  ac e to x y  g roup .

T h e  ß C =  0  b an d  a p p e a rs  b e tw e e n  718 an d  745 c m “ 1 in  th e  case o f  a c a r
b o x y l g ro u p , i t  lies above 740  c m -1  w hen  a m e th o x y  or an  a lly lo x y  group 
o c cu p ie s  positio n  2, an d  i t  is lo w er th a n  732 c m “ 1 in  o th e r cases. T h e  p o sitio n  
o f  th e  b a n d  is 722— 724 c m “ 1 in  th e  e s te r g ro u p , 773 in  th e  h y d ro x a m ic  acid, 
777 in  th e  aldehyde, 803— 804 in  th e  ac id  ch lo ride  an d  866 c m “ 1 in  th e  k e to n e . 
T h e  b a n d  shows m edium  o r w eak  in te n s ity .

T h e  y C = 0  b a n d  a p p e a rs  b e tw een  645 an d  655 cm 1 in  th e  ca rb o x y l 
g ro u p , ex c e p t for th e  a lly loxy  d e r iv a tiv e , a n d  a t  672 c m “ 1 in  th e  s p e c tru m  of 
th e  a lly lo x y b en zo ic  acid  (V). T h e  b a n d  is u su a lly  w eak. T he y C = 0  b a n d  of 
th e  e s te r  g roup  is v e ry  w eak  an d  c a n n o t be id en tified  in  an y  sp e c tru m .

T h e  frequencies o f o th e r  co m p o u n d s  co n ta in in g  a ca rb o n y l g ro u p  are  as 
fo llo w s: C H O  (XXII): 673; C O C H 3 (XXIII): 610 an d  640 (two c o n fo rm a tio n s? ); 
COC1: 640 (XX) an d  653 (XXI), re sp ec tiv e ly ; C O N H O H  (XIX): 675 c m “ 1. The 
b a n d s  a re  alw ays w eak.

7. H ydroxy l  bands. T h e  p h en o lic  rO H  frequencies lie a t  3445— 3455 c m -1 
in  a c id s , a t  3340 and  3355 c m “ 1 in  esters  a n d  a t  3392 c m “ 1 in  n itro  co m p o u n d s. 
A n  a d d itio n a l b an d  ap p e a rs  a t  3420 c m “ 1 in  3 ,5 -d ich lo ro -4 -carb o m eth o x y p h e- 
no l (VII). The in te rm o lecu la r b o n d in g  o f  th e  phenolic  h y d ro x y l g ro u p s is 
p ro b a b le  in  acids. In  es te rs  a n d  in  n itro  d e riv a tiv e  XXXI, a w eak  h y d ro g en  
b o n d  is fo rm ed  w ith  th e  c a rb o n y l or n itro  g ro u p , re spec tive ly . T he o th e r  b an d  
in  c o m p o u n d  VII p re su m a b ly  co rresponds to  th e  in te rn a l О— H  . . .  Cl bond  
b e c a u s e  i t  is ab sen t from  th e  sp e c tru m  of th e  b rom o d e riv a tiv e  (VIII). T h e  band  
a t  3420  c m “ 1 m ay co n ce iv ab ly  co rresp o n d  to  th e  phenolic d im er s im ila rly  to  
th e  ac id s  n o t realized in  th e  b ro m o  d e riv a tiv e  because o f s te ric  h in d ran ce . 
T h is  is to  be re jec ted  b ecau se  b ro m in e  a to m s do n o t im pede th e  fo rm a tio n  of 
th e  d im e r  in th e  acids. In  th o se  cases, how ever, th e  carboxy lic  d im ers  w ould 
o r ie n ta te  th e  m olecules in  a d iffe ren t w ay  (O H  opposite  to  O H ). I n  th e  only 
a c id  a m id e  deriva tive  (X) c o n ta in in g  a p heno lic  h y d ro x y l g ro u p , th e  b an d  
a p p e a rs  a t  3462 c m “ 1.

T h e  frequency  o f th e  p h en o lic  /50Н  b a n d  is 1245 an d  1252 c m “ 1, re 
s p e c tiv e ly , in th e  tw o ac ids, a n d  1244 an d  1225 c m “ 1, re sp ec tiv e ly , in  th e  two 
e s te rs  ( th e  hydrogen  b o n d  is w e a k e r  in th e  d ib rom o d e riv a tiv e ). H o w ev e r, an  
a d d it io n a l  band  is fo u n d  in c o m p o u n d  VII a t  1191 c m “ 1, acco rd in g  to  th e  
w e a k  О — H  . . .  Cl bond . T h e  b a n d  is o b se rv ed  a t  1233 c m “ 1 in  n itro p h e n o l 
XXXI, a n d  a t  1242 cm  1 in  h y d ro x y b e n z a m id e  X. T he b a n d  is s tro n g  in  all 
cases . T h e  yO H  b an d  a p p e a rs  a t  612 a n d  592 c m “ 1, re sp ec tiv e ly , in  th e  tw o 
a c id s  (I, И), a t  595 an d  580 cm  re sp ec tiv e ly , in  th e  tw o este rs  (VII, VIII),
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a t  565 c m -1 in  am id e  X , a n d  a t  600 c m -1 in  n itro p h e n o l (X X X I). T h e  b a n d  is 
r a th e r  s trong  an d  a lw ay s v e ry  diffuse.

T he rO H  b a n d s  o f  th e  ca rb o x y l g roups o f th e  six  carboxy lic  ac ids a p p ea r 
2500 an d  3100 c m -1 as d im eric  s tru c tu re s  show ing  severa l m ax im a . T he /Ю Н  
b a n d  is alw ays in ten se  be tw een  1405 an d  1416 c m -1 . T he yO H  b a n d  is a lw ays 
diffuse and , th e re fo re , in som e cases it  is o b se rv ed  as a sh o u ld er b e tw een  900 
and  940 c m -1 .

T he freq u en cy  o f  th e  rO H  b an d  lies a t  3240 c m “ 1 in  th e  sp e c tru m  of 
h y d ro x am ic  acid  (X IX ) an d  is v e ry  s tro n g  a n d  v e ry  diffuse; it  lies a t  3328 c m -1 
in  oxim e (XXIV) a n d  is s tro n g ; it  appears a t  3245 an d  3280 c m -1 , re sp ec tiv e ly , 
in  am idoxim es (X X V III an d  XXIX) being s tro n g  a n d  v e ry  d iffuse. T h e  dim eric 
b o n d  is w eaker in  co m p o u n d  XX IX  as in d ic a te d  b y  th e  h ig h er freq u en cy . The 
/ЗОН b an d s are  v e ry  w eak  an d  can n o t he u su a lly  id en tified . T he yO H  h an d  
o f am idoxim es ap p e a rs  close to  400 c m “ 1; in  th e  sp ec tru m  o f X X IX , i t  o v e r
laps w ith  th e  b a n d  o f  v ib ra tio n  7b.

8 . N H  vibrations. In  th e  sp ec tra  o f th e  th re e  an iline d e riv a tiv e s  (IX, 
XXXIV, XXXV) th e  b a n d s  of N H 2 s tre tc h in g  v ib ra tio n s  show  tw o  k in d s  of 
s tru c tu re . W hen  th e  p r im a ry  am ino  group lies n e a r  to  th e  e s te r g roup  o f  a n o th e r  
m olecule (IX), th e  vasN H 2 h a n d  is found a t  3440 a n d  vsN H 2 a t  3332 c m “ 1, the  
la t te r  being  s tro n g e r. W h en  th e  am ino g ro u p  is n e a r  to  th e  id en tica l g roup  of 
a n o th e r  m olecule, a h y d ro g en  bo n d  is fo rm ed , to o , b u t  no u n ifo rm  s tru c tu re  
is p resen t. T herefo re , tw o  r sN H 2 bands a p p e a r  a n d  in  th is  case, th e  r asN H 2 
b a n d  is th e  s tro n g e s t. T h e  frequencies o f th e  l a t te r  a re  3400 an d  3415 c m -1 , 
resp ec tiv e ly ; th o se  o f th e  fo rm er ones are 3225 a n d  3320 as well as 3235 and  
3338 c m “ 1, re sp ec tiv e ly . T he hydrogen  bond  is w eak er in  th e  d ib rom o  d e riv a tiv e  
as a re su lt of s te ric  fa c to rs . T he /?SNH., freq u en c ies  o f an iline d e riv a tiv e s  are 
th e  follow ing: 1618 c m “ 1 in  th e  este r; 1637 a n d  1631 c m “ 1 in  th e  an isid ines 
(th e  hyd rogen  b o n d  is w eak er in  th e  la t te r  case). T h e  ysN H 2 b an d s  a re  diffuse 
b e tw een  600 an d  630 c m “ 1, w hile a w eaker, v e ry  diffuse a b so rp tio n  ap p ears  
in  th e  sp ec tru m  o f b o th  an isid ines a t  w av en u m b er above 700 c m “ 1.

T he m ean v a lu e  o f th e  N H 2 s tre tch in g  frequenc ies o f th e  am id e  g roup  is 
3268— 3308 c m “ 1. T h e  positio n  of b o th  h y d ro g en  a to m s in th e  d im eric  s tru c 
tu re  is m ost sy m m etric  in  th e  h y d ro x y  d e r iv a tiv e  (X) an d  m ost a sy m m etric  in 
th e  m e th o x y d ib ro m o  d e riv a tiv e  (XII). T he sp lit t in g  betw een  th e  frequencies 
o f th e  an tisy m m e tric a l a n d  sy m m etrica l s tre tc h in g  v ib ra tio n s  is th e  w eakest 
in th e  fo rm er an d  th e  s tro n g e s t in th e  la t te r  case. I t  can  be conc luded  from  th e  
ex ten siv e  sp littin g  t h a t  n e ith e r  of th e  tw o b a n d s  can  be assigned in  th is  case 
to  th e  a n tisy m m etrica l an d  sy m m etrica l v ib ra tio n  fo rm , th e y  shou ld  ra th e r  be 
considered  to  be a free an d  a h o u n d  N H  s tre tc h in g  v ib ra tio n .

In  th e  N -m e th y lb en zam id e  group (XVII, X V III), th e  vN H  freq u en cy  lies 
a t  3296— 3300 c m “ 1, a fa c t show ing th a t  th e  d im eric  s tru c tu re  is looser th a n  
th a t  in th e  u n s u b s ti tu te d  am ides, since th e  b o u n d  j»NH freq u en cy  is ju s t  as
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h ig h  as th e  m ean v a lu e  in  th e  free  am ides. O n th e  o th e r  h a n d , th e  d im eric  
s t r u c tu r e  is s tronger in  th e  a m id in es  w hich is su p p o rte d  b y  th e  m ean  freq u en cy  
ly in g  a t  3140— 3145 c m - 1 . I n  th e se  com p o u n d s, th e  r ( = N H )  b a n d  o f th e  
im in o  g ro u p  can be id e n tif ie d  as a shou lder a t  3350 c m -1 . In  {he am idox im es, 
tw o  i’N H  bands a p p e a r  a t  3488— 3490 an d  a t  3 3 9 0 —3392 c m “ 1. F ro m  th e  d if
fu se  vO H  b and  ap p ea rin g  b es id e  th ese , th e  conclusion  can  be d ra w n  t h a t  th e  
a m id e  hydrogens a re  n o t in v o lv e d  in  h y d ro g en  b o n d s. T herefo re , th e  h igher 
f re q u e n c y  can be assigned to  th e  rN H  v ib ra tio n .

F ro m  th e  b en d in g  v ib ra t io n  b an d s  of th e  am ino  groups, o n ly  th o se  o f  a 
few  o u t-o f-p lan e  v ib ra tio n s  a re  id en tifiab le  (th e  am id e  b an d s  w ill be  d iscussed  
s e p a ra te ly ) . T hus, in th e  s p e c tra  o f am id ines, th e  ysN H 2 v ib ra tio n  gives a s tro n g  
a n d  d iffu se  b an d  a t  705— 710 c m '1. In  th e  sp ec tra  o f  am idox im es, th e  y( =  N H ) 
b a n d  is iden tifiab le  as an  in te n se  ab so rp tio n  a t  660 an d  648 c m -1 .

Tn com pound X X X III, th e  frequency  o f th e  am m onium  g ro u p  are  as 
fo llo w s: r asN + I I3 2940 c m -1 (v e ry  s tro n g , v e ry  d iffuse); vsN + H 3 2630 a n d  2712 
c m -1  (m edium  and  s tro n g , re sp ec tiv e ly ); d*s N + H 3 1607 c m -1  (s tro n g ) and  
dasN  + H 3 627 c m “ 1 (s tro n g ).

9. C N  stretching vibrations.  T h e  rC =  N b a n d  ap p ea rs  a t  2245 c m “ 1 in  th e  
s p e c tru m  of n itrile  (XXV).

T h e  vC—N freq u en c ies  o f  am idines (XXVI an d  XXVII) are  1101— 1102 
c m “ 1. T h e  bands are  v e ry  w eak . In  th e  sam e sp e c tra , th e  rC =  N b a n d  is found  
in  th e  fo rm  of a v e ry  s tro n g  m ax im u m  a t  1676 c m “ 1. In  th e  sp e c tra  o f a m id 
o x im es  (XXVIII and  X X IX ), th e  b a n d  of th e  la t t e r  v ib ra tio n  is s im ila rly  v e ry  
in te n s e  a t  1664 an d  1659 c m “ 1, re spec tive ly .

T h e  s tre tch in g  freq u en c ies  o f th e  CNO ch a in  o f h y d ro x am ic  ac id  (XIX) 
lie  a t  952 c m “ 1 (strong) a n d  a t  1340 c m “ 1 (sh o u ld er, p a r t ly  covered  b y  th e  
<5SC H 3 b a n d  of th e  m e th o x y  g ro u p ). In  th e  sp e c tru m  of th e  oxim e (XXIV) th e  
s t r e tc h in g  v ib ra tio n s o f th e  C =  N — 0  chain  can  be  b e t te r  se p a ra te d  in to  C =  N 
a n d  N — О stre tch in g  v ib ra tio n s . T he s tro n g  b a n d  a t  1630 cm 1 can  be  assigned 
to  th e  fo rm er one, an d  th e  m ed iu m  in te n s ity  b a n d  a t  957 c m “ 1 to  th e  la t te r  
one . T h e  frequencies o f th e  CNO ch a in  of am id o x im es are  as fo llow s: 946 and  
943 c m “ 1 (strong  a n d  v e ry  s tro n g , re sp ec tiv e ly ); 1100 an d  1098 c m “ 1 (w eak 
a n d  m ed ium ).

T h e  bend ing  freq u en c ies  o f th e  C =  N  b o n d  are also id e n tif ia b le  in  th e  
s p e c tra  o f am idines a n d  am id o x im es. T he /?C =  N  b a n d  lies a t  722— 725 c m “ 1 
in  th e  sp ec tra  of chloro  d e r iv a tiv e s , a t  708— 711 c m -1 in  tho se  o f  th e  brom o 
d e r iv a tiv e s ;  th e  b a n d  is v e ry  in ten se  in th e  s jte c tra  o f am id ines, m ed iu m  in 
th o s e  o f  am idoxim es. T h e  y C = N  b a n d  ap p ea rs  a t  622—623 c m “ 1 in  tho se  
o f  b ro m o  deriv a tiv es . T h e  in te n s i ty  is m edium  in  th e  sp ec tra  o f am id in es  and  
w e a k  in  those of am id o x im es.

T h e  m ean freq u en cy  o f  th e  rN H ., v ib ra tio n s  o f com pound  X X X  is 3268 
c m “ 1, i .e . , i t  is id en tica l w ith  th a t  o f acid am ides b u t  som ew hat less th a n  th a t
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of am ides of m e th o x y  acids. T he /?SNH„ (am ide  I I )  b a n d  ap p ears  a t  1642 c m -1 , 
/?asN H 2 a t 823 c m -1 , ysN H 2 a t 591 c m '1, each  in  th e  form  of a s tro n g  m ax im u m . 
T h e  rN H  b an d  a t  3290 c m -1 an d  th e  yN H  b a n d  a t  675 c m -1 m ay  co rrespond  
to  th e  hydrogen  o f  th e  p rim ary  am ino  g roup  w h ich  p a rtic ip a te s  in  th e  cyclic 
d im eric  a ssoc ia tion : o r perh ap s to  th e  ta u to m e r ic  th io im in o h y d rin e  form . 
T h ree  fu r th e r  b a n d s  o f  th e  th io am id e  g roup  a p p e a r  a t  930 c m -1 (s tro n g ), a t 
1136 c m ' 1 (rC =  S, m ed iu m , b ro ad ) an d  a t  1409 c m “ 1 (very  stro n g ). T h e  yC =  S 
b a n d  shows m ed iu m  in te n s ity  a t  505 c m “ 1.

10. Vibrations o f  the nitro group.  r sN 0 2: 1325 an d  1348 c m “ 1 (v e ry  s tro n g ); 
vasN 0 2: 1514 and  1519 c m “ 1 (very  s tro n g ); ßßSO.,: 820 and  802 c m “ 1 (m edium ); 
/?asN 0 2: 543 a n d  547 c m “ 1, ysN 0 2: 746 an d  750 c m “ 1 (strong ). B ecause  of 
h y d ro g en  b o n d in g , th e  vsN 0 2 freq u en cy  in  n itro p h e n o l (XXXI) is low er th a n  in 
n itro an iso l (XXXII). T h e difference in freq u en c ies  o f th e  scissoring v ib ra tio n s  
can  be  exp lained  b y  th e  fact t h a t  to  a c e r ta in  e x te n t  th is  acco m p an ies  th e  
v ib ra tio n  of th e  sk e le to n , too, a n d  th u s  th e  d iffe rence  betw een  th e  m asses of 
th e  h y d ro x y l a n d  m e th o x y  g roups is re flec ted  in  th e  frequency .

11. A m ide  vibrations.  The am id e  I  v ib ra tio n  o f th e  u n su b s titu te d  am ides 
ap p e a rs  as an  in te n se  m ax im um  a t  1659 c m “ 1, a n d  a t  1690 cm 1 in  th e  only 
h y d ro x y  d e riv a tiv e . T h is su p p o rts  th e  fo rm er f in d in g  for th e  rN H 2 v ib ra tio n s  
t h a t  th e  carbony l g ro u p  occupies here  a q u as i-sy m m etric  position  b e tw een  th e  
tw o  hydrogen  a to m s  o f th e  am ino g roup . T he am id e  I I  frequency  o f th e  p rim a ry  
am ides is 1608— 1620 c m “ 1, an d  1604 c m “ 1 fo r  th e  h y d ro x y  d e r iv a tiv e  (X), 
since —  accord ing  to  th e  above co n sid e ra tio n s  —  th e  N — H  . . .  О ang le  here 
d ev ia te s  the  m ost s tro n g ly  from  180°. T he a m id e  I I  frequency  o f  seco n d ary  
am id es is 1537— 1538 c m “ 1.

The am ide I I I  b a n d  of th e  p rim a ry  am ides is observed  b e tw een  1389 an d  
1405 c m “ 1 an d  i t  is in v a riab ly  s tro n g . T h is b a n d  lies a t 1387 c m “ 1 in  th e  
sp ec tru m  of co m p o u n d  X. The low  freq u en cy  is cau sed  by  coupling  w ith  v ib ra 
tio n  19b w hich, in  tu r n ,  is sensitive  to  m ass a n d  ap p ears , th e re fo re , a t  w ave- 
n u m b ers  above 1400 c m “ 1 in th e  p resence o f  a h y d ro x y l s u b s ti tu e n t an d  a t 
w avenum bers below  1400 c m “ 1 in  case o f o th e r  su b s titu e n ts . T h e  am id e  I I I  
freq u en cy  of se c o n d a ry  am ides is 1327— 1328 c m “ 1.

The am ide IV  v ib ra tio n  gives a fa r w eak er b a n d  and , in sev era l cases, it  
c a n n o t be id en tif ied . T h e  freq u en cy  in te rv a l is 783— 797 c m “ 1, a n d  798 c m “ 1 
in secondary  am id e  XVII. The freq u en cy  ran g e  o f  th e  group v ib ra tio n  am ide  
V, b e ing  m ostly  y C = 0  in c h a ra c te r , is 641— 673 c m “ 1 in th e  sp e c tru m  of 
p r im a ry  am ides, h o w ev er, it is 633 c m “ 1 in th e  sp ec tru m  of co m p o u n d  X. 
As m entioned  aboVte, th e  ca rb o n y l g roup  is lo c a te d  betw een  tw o  h y d ro g en  
a to m s in th is l a t te r  su b stan ce . In  seco n d ary  am id es , th e  b an d  is fo u n d  a t  655 
an d  666 cm 1 w ith  a m edium  in te n s ity . T he a m id e  V I v ib ra tio n , b e ing  m o stly  
o f th e  ysN H 2 ty p e  (b u t  o f yN H  ty p e  in  seco n d a ry  am ides) ap p ears  a t  615— 635 
cm  1 in  the  p resence  o f  a s a tu ra te d  e th e r  g roup  in  position  2, an d  a t  652— 661
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c m -1  in  th e  case of an  a lly lo x y  s u b s titu e n t. (The yC =  0  freq u en cy  o f  th e  allyl- 
o x y b e n z o ic  acid (V) is also a n o m a lo u sly  h igh .) T h is v ib ra tio n  c a n n o t b e  id e n t i 
f ie d  in  th e  spec trum  o f c o m p o u n d  X. S im ilarly , i t  c an n o t be u n am b ig u o u s ly  
id e n tif ie d  in  th e  sp ec tru m  o f se c o n d a ry  am ides.

*

T h e  a u th o rs  are in d eb te d  to  P ro f .  K . L e m p e r t  a n d  D r. B . Ágai (T echnical U n iv e rs ity , 
B u d a p e s t)  a n d  D rs L. F a r k a s , E . K a s z t r e in e r  a n d  G. Sz il á g y i (R esearch  I n s t i tu te  fo r P h a r 
m a c e u tic a l  C hem istry) for su p p ly in g  sam ples o f th e  su b s ta n c es  in v es tig a ted  in  th is  a n d  in 
o u r  p re v io u s  [1] paper, a n d  to  A . F ü r je s  for th e  u sefu l tech n ica l assistance.
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REPRODUCIBILITY OF THE ADSORPTION 
CAPACITY DETERMINED FROM ADSORPTION 
EXCESS ISOTHERMS OF LIQUID MIXTURES

G. F ó t i , L. G. N a g y  and  G. S c h a y *
( D e p a r tm e n t  o f  P h y s i c a l  C h e m is t r y , T e c h n ic a l  U n iv e r s i t y ,  B u d a p e s t  a n d  

* C e n tr a l R e se a r c h  I n s t i t u t e  f o r  C h e m is tr y  o f  th e  H u n g a r ia n  A c a d e m y  o f  S c ie n c e s ,  B u d a p e s t)

R eceived  M ay 2, 1972

T he rep ro d u c ib ility  o f  th e  d e te rm in a tio n  of ad so rp tio n  c a p a c ity  an d  specific 
surface  excess h as been  in v es tig a te d  on  a  b in ary  liq u id  m ix tu re —solid  a d so rb e n t system . 
I t  has been fo u n d  th a t  th e  sc a tte r in g  o f  th e  va lues o f th e  specific  su rface  excess is, to  
a  sm aller e x te n t , due  to  th e  u n c e r ta in ty  o f th e  m eth o d  a p p lie d  fo r  d e te rm in in g  the  
v a r ia tio n  of th e  co m position  o f th e  liq u id  phase , an d , to  a  g re a te r  e x te n t ,  due to  the  
inho m o g en e ity  o f th e  a d so rb en t. On th e  basis o f  th e  ad so rp tio n  o f  benzene-ra-hep tane  
m ix tu re s , th e  a d so rp tio n  c a p a c ity  o f silica gel, chosen as m odel, h a s  b een  de term ined  
b o th  b y  th e  e x tra p o la tio n  m eth o d  o f Schay  and  N agy , a n d  b y  th e  g en era lized  E verett 
re p re se n ta tio n . C onfidence in te rv a ls  o f  th e  values o b ta in e d  h a v e  b een  e s tim a te d  for 
b o th  cases. An ad so rp tio n  c a p a c ity  v a lu e  of 2.02 +  4 .25%  m m ol b en zen e/g  o f adso rben t 
has been o b ta in ed  by  th e  f ir s t  m e th o d , an d  2.03 +  3 .81%  b y  th e  second , a t  th e  s ta tis t i 
cal p ro b a b ility  level o f 9 5 % , in  v e ry  good ag reem en t w ith  th e  r e s u l t  o f  B E T  surface 
a rea  d e te rm in a tio n .

In tro d u c tio n

I t  is know n th a t  in  c e r ta in  cases th e  ad so rp tio n  c a p a c ity  o f  an  ad so rben t 
m ay  be d e te rm in ed  from  th e  a d so rp tio n  o f b in a ry  liq u id  m ix tu re s  on th e  su r
face  of a solid a d so rb e n t, u sed  th e  fu n c tio n a l re la tio n sh ip  b e tw e e n  th e  specific 
su rface  excess an d  th e  e q u ilib riu m  com position  o f th e  h o m ogeneous solution 
phase  [1].

T he specific su rface  excess, re fe rred  to  u n it m ass o f  th e  a d so rb e n t, can 
be  g iven b y  th e  fo llow ing e q u a tio n :

N 0 .
n " =  (* ,-.o

m
x )  =  n S

m , i ( i )

w here n" 
m

is th e  specific  a d so rp tio n  o f th e  m ix tu re  (m m ol/g  ad so rb en t) ,
is th e  m ass o f th e  ad so rb en t (g),
is th e  to ta l  a m o u n t o f liqu id  m ix tu re  (m m ol),
is th e  m ole frac tio n  o f th e  i th  co m ponen t in  th e  m ix tu re  before
a d so rp tio n ,
is th e  m ole frac tio n  o f th e  ith  co m ponen t in  th e  hom ogeneous 
phase a t  eq u ilib riu m ,
is th e  a m o u n t o f th e  i th  com ponen t in th e  a d so rp tio n  m onolayer 
(m m ol/g),
is th e  to ta l  m a te ria l c o n te n t of th e  a d so rp tio n  la y e r  (m m ol/g).
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I t  c an  be seen from  th e  e q u a tio n  th a t  in o rd er to  d e te rm in e  th e  ad so rp tio n  
c a p a c i ty  values, d irec tly  n o t  m e a su ra b le , on th e  r ig h t h a n d  side o f th e  eq u a tio n , 
th e  a m o u n ts  of th e  p h ases  sh o u ld  be know n an d  th e  co m p o sitio n  change of 
th e  l iq u id  phase, ta k in g  p la c e  u n ti l  th e  eq u ilib riu m  is reach ed , should  be 
d e te rm in e d .

I n  o u r form er s tu d ie s  [2] dea lin g  w ith  th e  re p ro d u c ib ili ty  o f ad so rp tio n  
c a p a c i ty  dete rm in a tio n s i t  h a s  a lread y  been assu m ed , a n d  th is  perm issib le 
a s s u m p tio n  will also he  m a d e  h e re , th a t  random  e rro rs  o ccu rrin g  in  th e  d e te r
m in a tio n  o f phase a m o u n ts  b y  m ass m easu rem en ts  ca n  be  neg lec ted  in  com 
p a r is o n  w ith  th e  s c a tte r  o f  t h e  ch an g e  in th e  m ole f ra c tio n s  d e te rm in ed  b y  
r e f ra c tiv e  index m e a su re m e n ts . C onsequently , th e  in v e s tig a tio n  o f th e  rep ro 
d u c ib il i ty  of surface excess c a n  b e  lim ited  to  th e  s tu d y  o f th e  s ta n d a rd  dev ia 
t io n  o f  co n cen tra tio n  c h a n g e , a n d  to  the  d e te rm in a tio n  o f th e  increase of 
s c a t te r  due  to  in h o m o g en e itie s  in  th e  adsorben t.

I f  th e  n j  vs. x x re la tio n , i .e .,  th e  surface excess iso th e rm , is know n, a d irect 
ro u te  is availab le  for th e  d e te rm in a tio n  of ad so rp tio n  c a p a c ity  in  cases, w hen 
th e  a d so rp tio n  iso therm  c a n  b e  reg a rd ed  as lin ear in  a su ffic ien tly  w ide range. 
A c c o rd in g  to  Eq. (1), th e  c o n s ta n ts  describing th e  lin e a r  sec tio n  of th e  curve 
c a n  b e  iden tified  as th e  m a te r ia l  co n ten t of th e  a d so rp tio n  p h ase  (“ ex tra p o la 
t io n  m e th o d ”  of Schay a n d  N a g y ).

In  certain cases also th e  so-called generalized E ver ett  representation is 
su ita b le  for the determ ination  o f  adsorption capacity:

X, x 2 1

1,0

J L
x  1

x  ß
( 2)

w h e re  nsm j 0 den o tes  th e  to ta l  m onom olecular c a p a c ity  o f th e  ad so rb en t
expresses in  m m ol/g  for co m p o n en t 1,

ß  —  —- - 2- is th e  s u b s t i tu t io n  ra tio  i.e., th e  ra t io  o f th e  m o lar surface
am, 1

a reas, a n d
и is th e  s e p a ra t io n  fac to r of th e  a d so rp tio n

*1 x 2 
x% x ± ;

I f  a  ß,  1 (first of all in  th e  case  o f  ty p e  I I  excess iso th e rm s), th e  x xx2ln{ vs. x L
E v e r e t t  rep resen ta tio n  p ra c tic a l ly  yields a s tr a ig h t  line  passin g  th ro u g h  th e  
o rig in .

C onsequently , th e  d e te rm in a tio n  of th e  a d so rp tio n  c a p ac ity  and  its  
re p ro d u c ib ility  is, in b o th  m e th o d s , equ ivalen t to  th e  e v a lu a tio n  of th e  p a r 
a m e te rs  (and  th e ir  co n fid en ce  in te rv a ls)  of th e  lin ea r  sec tio n  th a t  gives th e  b est 
f i t  to  th e  values c a lc u la ted  fro m  th e  experim en ta l re su lts  w ith  in h e ren t r a n 
d o m  erro rs.
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1. Reproducibility of the determination of concentration change

Since th e  co m position  of th e  liqu id  ph ase  is g en era lly  d e te rm in e d  by  
re fra c tiv e  index  m easu rem en ts , th e  s c a tte r  o f c o n c e n tra tio n  d a ta  dep en d s first 
o f all on th e  u n c e r ta in ty  o f th is  m easu rem en t, an d  on th e  ra n d o m  e rro r  o f the 
ca lib ra tio n  d iag ram  o r m u ltip lic a tio n  fa c to r  (к ) used fo r th e  ca lcu la tio n  of 
m ole frac tio n  changes from  m easu red  re frac tiv e  index  d iffe rences:

A x  =  к  An

Ы ) Ах =  ±  ^ A n №

(A n)2

(sd )*x % 2 =  Ы ) к % 2+ ( s d ) An % 2.

Th is la s t re la tion  can  also be w r itte n  as

(3)

(4)

( 5 )

(sd)ax% =  « M U  % , (6)

w h ere  tw o special cases can be m en tio n ed  th a t  will occur sev era l tim es  in  the 
fo llow ing  discussion:

C =  1, if  (sd)i{ =  0, and  

с =  У2, if  (sd),( %  =  (sd)Jn % .

T h e  f irs t case, in fa c t, im plies t h a t  a re la tio n , free of ran d o m  e rro rs , is know n 
b e tw een  th e  com position  and  th e  re frac tiv e  in d ex , w hereas in  th e  second case 
th e  use of a mole fra c tio n  vs. re fra c tiv e  index  ca lib ra tio n  d ia g ra m  is assum ed 
th a t  has been o b ta in e d  by  re f ra c tiv e  ind ex  m easu rem en ts  o f  s im ila r  rep ro 
d u c ib ility .

T he sc a tte r  o f th e  m easu red  d a ta  can be  su b s ta n tia lly  re d u c e d , an d  th is 
p ro ced u re  m ay be necessary  n o t o n ly  in  th e  case of re frac tiv e  in d e x  m easu re
m en ts , by  ap p ly ing  th e  c rite rio n  o f  Cha u v en et  [3], w hich  has b een  success
fu lly  used in th e  p ra c tic e  o f ra d ia tio n  ch em is try  an d  n u c lea r  m easu rem en ts . 
A ccord ing  to  th e  p ro ced u re , m easu red  d a ta  are  su b jec ted  to  a te s t  fo r ‘co rrec t
n ess’, an d  th e  d a ta  t h a t  do n o t p ass  th e  te s t  a re  d iscarded .

T he Chauvenet  criterion  c an  be  given in th e  follow ing fo rm :
A m easu rem en t is accep tab le  if

I n - n , max
Z

—----- h
10

1 s d 1 (7)

if  3 <  z <  11, and  o therw ise

lim (n  — n,)max <[ 3 \sd 

z  — 200

(8 )
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w h e re  J sd 

n
n i
z

denotes th e  a b s o lu te  value of th e  s ta n d a rd  d ev ia tio n  of th e  
m easu rem en ts,
is th e  a r i th m e tic  m ean  value of th e  m easu red  d a ta , 
is th e  re su lt o f  t h e  in d iv id u a l m e a su re m e n ts , 
is the n u m b e r o f  m easu rem en ts.

T h e  sca tte r  o f c o n c e n tra t io n  change v a lu es  w as ca lcu la ted  from  th e  
r e f r a c t iv e  index  d a ta  g iven  in  T a b le  I.

Table I

The scatter o f  refractive index measurements

Liquid mixture: benzene-n-heptane 
Apparatus: differential refractometer
10—1 change in mole fraction equiv. to 1.2 divisions, i.e., к — А х /An =  8.33 X 10~5 

mole fr/div
Selection on the basis of the Ch a u v en et  criterion

Table la

"l Anx И«,)2 UK)2 Al! (Jn,)2

1. 640.5 — 0.6 0.36 — 0.3 0.09 — 0.1 0.01
2. 642.0 0.9 0.81 1.2 1.44 —
3. 641.0 — 0.1 0.01 0.2 0.04 0.4 0.16
4. 640.3 — 0.8 0.64 — 0.5 0.25 — 0.3 0.09
5. 643.0 1.9 3.61 — — — —
6. 641.0 — 0.1 0.01 0.2 0.04 0.4 0.16
7. 640.0 — 1.1 1.21 —0.8 0.64 — 0.6 0.36

+ 0 .1 6.65 0.0 2.50 — 0.2 0.78

Я1 =  641.1 1. (sd) =  ±  1.06
1 .7 x 1 .0 6  =  1.80 
Upon discarding 
value No. 5 
ii, =  640.8

2. (sd) =  ±  0.71 
1.6 xO.71 =  1.13 
Upon discarding 
value No. 2 
n t =  640.6

1. (sd) =  ±  0.44 
1.5 X0.44 =  0.66 
All values 
acceptable

T h e  varia tio n  o f th e  r e f ra c tiv e  index is

A n  =  — ra2 —  corr

w h ere th e  correction term  is equal to the difference b etw een  n\ and n i , which  
h a v e  been  determined sim u ltan eou sly  with the m easurem ent of n x and n2, 
from  a m ixture of unchanged  com position.

T h e  results are su m m a riz e d  in  Table I I .
I t  is clear from th e d a ta  th a t the scatter can be substantia lly  reduced by  

th e  Ch auvenet  selection.
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Table lb

n2 Ant (Jn,)2 An2

1. 212.0 — 0.1 0.01 0.3 0.09
2. 212.5 0.4 0.16 0.8 0.64
3. 211.0 — 1.1 1.21 — 0.7 0.49
4. 211.5 — 0.6 0.36 — 0.2 0.04
5. 214.0 1.9 3.61 — —
6. 212.0 — 0.1 0.01 0.3 0.09
7. 211.5 — 0.6 0.36 0.2 0.04

— 0.2 5.72 +  0.3 1.39

n.. =  212.1 1. (sd) =  +  0.97
1.7 x0 .97  =  1.65 
Upon discarding 
value No. 5 
Sj =  211.7

2. (sd) =  ±  0.53 
1.6 x 0.53 =» 0.85 
All values acceptable

Table Ic

"l An* (an«)2 Jn? <a<)’

1. 330.0 — 0.6 0.36 — 0.3 0.09
2 330.0 — 0.6 0.36 — 0.3 0.09
3. 330.0 2.4 5.76 —
4. 330.0 — 0.6 0.36 - 0 .3 0.09
5. 331.0 0.4 0.16 0.7 0.49
6. 329.0 — 1.6 2.56 — 1.3 1.69
7. 331.5 0.9 0.81 1.2 1.44

0.3 10.37 — 0.3 3.89

h'j =  330.6 1. (sd) =  ±  1.31
1.7 x 1.31 =  2.23 
Upon discarding 
value No. 3 
nl =  330.3

2. (sd) =  +  0.88 
1.6 x  0.88 1.41
All values 
acceptable

I t  is also n o ted  here th a t  th e  ab so lu te  v a lu e  o f th e  s ta n d a rd  d e v ia tio n  of 
re frac tiv e  in d ex  change, as is sh o w n  b y  th e  co rrec ted  s c a tte r  o f th e  in d iv id u a l 
re frac tiv e  in d ex  m easu rem en ts , is n o t in a c h a ra c te ris tic  fu n c tio n a l re la tio n 
sh ip  w ith  th e  com position , th e re fo re , th e  ap p lica tio n  of th e  c o n s ta n t va lu e  
(sd)An =  +  1.25 in  th e  w hole co m p o sitio n  range  ap p ears  to  he ju s t i f ie d  in 
ca lcu la tin g  th e  sc a tte r  of c o n c e n tra tio n  change (see below ).
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Table Id

A  n° A n \ (4»8)*

1. 341.0 0.3 0.09 0.5 0.25
2. 341.0 0.3 0.09 0.5 0.25
3. 340.0 — 0.7 0.49 —  0.5 0.25
4. 340.0 —0.7 0.49 — 0.5 0.25
5. 340.0 — 0.7 0.49 - 0 .5 0.25
6. 342.0 1.3 1.69 — —

7. 341.0 0.3 0.09 0.5 0.25

0.1 3.43 0.0 1.50

ng =  340.7 1. (sd) =  ±  0.75
1.7 xO.75 =  1.28 
U pon discarding 
value No. 6 
ng =  340.5

2. (sd) =  ±  0.55 
1.6 x 0.55 =  0.88 
All values 
acceptable

Table II

Scatter o f refractive index change and mole fraction change data

Without
correction

Corrected by 
the Chauvenet 

method

ni 641.1 +  1.06 640 +  0.44

n 2 212.1 +  0.97 211.7 +  0.53

s; 330.6+1.31 330.3 +  0.88

к 340.7 +  0.75 340.5 +  0.55

An 439.1 439.1

(■sdh n ±2.07 ± 1 .25

Ы ) Ап% ±0.47% ±0.28%

(«Олх °<>
c =  1 
с =  У 2

±0.47%
±0.66%

±0.28%
±0.40%

2. S ca tte r  o f  th e  specific su rface  excess values

T he ca lcu la tions on th e  rep ro d u c ib ility  o f a d so rp tio n  c a p ac ity  an d  th e  
m easu red  specific su rface  excess are d e m o n s tra te d  b y  th e  d e ta iled  analysis  of 
th e  d a ta  given in T ab le  I I I .

M easurem ents w ere  c a rr ie d  ou t a t e ig h t d iffe re n t equ ilib riu m  liqu id  com 
p o s itio n s ; for each of th e m  seven  ad so rp tio n  excess v a lu es , y iy, w ere d e te rm in ed , 
a n d  tw o  values th a t  d e v ia te d  m ost from  th e  av e rag e  w ere d iscarded  in each
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Table III

Summary o f data on liquid  m ixture adsorption isotherms 

Mixture: benzene(l)-n-heptane(2)
Adsorbent: silica gel — 360 m2/g ±  5% (BET — N2) 
Liquid/adsorbent ratio: L/m  =  5 (g/g)
Temperature: 25 ±  1 °C

Simplified notations: =  Xj
n<rl,Ij =  y ij  (mmol/g)
1 n

—  —  УН =  УI (mmol/g)
" i - i

i j УН ЛУИ (Луц)' <«<),((%) »d1 — *t) 
n

1 1 0.022 1.41 — 0.03 0.0009
2 1.39 — 0.05 0.0025
3 1.49 0.05 0.0025
4 1.48 0.03 0.0009
5 1.45 0.01 0.0001

У, =  1.44 0.01 0.0069 +  0.041 ±2.85 0.0149
2 1 0.098 1.66 0.03 0.0009

2 1.61 — 0.02 0.0004
3 1.59 — 0.04 0.0016
4 1.66 0.03 0.0009
5 1.63 0.00 0.0000

У1 =  1-63 0.00 0.0038 ±0.031 ±  1.90 0.0542
3 1 0.223 1.46 — 0.06 0.0036

2 1.55 0.03 0.0009
3 1.50 — 0.02 0.0004
4 1.53 0.01 0.0001
5 1.58 0.06 0.0036

У1 =  1-52 0.02 0.0086 ±0.047 ±3.07 0.1140
4 1 0.363 1.37 0.08 0.0064

2 1.22 — 0.07 0.0049
3 1.29 0.00 0.0000
4 1.30 0.01 0.0001
5 1.27 — 0.02 0.0004

y t =  1-29 0.00 0.0118 ±0.053 ±4.10 0.1792
5 1 0.471 1.02 — 0.04 0.0016

2 1.03 — 0.03 0.0009
3 1.11 0.05 0.0025

4 1.07 0.01 0.0001

5 i
1.09 0.03 0.0009

1 1 y t =  1.06 0.02 0.0060 ±0.039 ±  3.65 0.2350
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Table III. cont.

i j xi УЦ W (%)■ (*«')»,.(%)
У1

6 1 0.555 0.90 0.00 0.0000
2 0.96 0.06 0.0036
3 0.90 0.00 0.0000
4 0.84 - 0 .0 6 0.0036
5 0.89 — 0.01 0.0001

У1 =  0-90 — 0.01 0.0073 +  0.043 ±  4.78 0.2742
7 1 0.675 0.60 -0 .0 3 0.0009

2 0.69 0.06 0.0036
3 0.63 0.00 0.0000
4 0.58 — 0.05 0.0025
5 0.66 0.03 0.0009

У1 —  0.63 0.01 0.0079 ± 0 .044 ±  7.06 0.3482
±0 .066 ±10.6

8 1 0.819 0.33 -0 .0 4 0.0016
2 0.41 0.04 0.0016
3 0.41 0.04 0.0016
4 0.35 -0 .0 2 0.0004
5 0.36 -0 .0 1 0.0001

y t =  °-37 0.01 0.0053 ±0 .036 ±  9.85 0.4010
± 0 .054 ±14.8 4

se t. T h e  rem ain in g  f iv e  v a lu es , given above , h a v e  sa tisfied  th e  Ch a u v en et  
c rite r io n  in  every  case as can  be seen from  th e  co m p ariso n  of colum ns 5 a n d  
7 of th e  T able .

I t  shou ld  he n o te d  here  th a t  in tw o  se ts, b e lo n g in g  to  th e  h ighest b en zen e  
c o n c e n tra tio n s  (i — 7 a n d  i =  8) th e  liqu id  to  a d s o rb e n t ra tio  was 10/3 (g/g). 
In  o rd e r to  re n d e r  th e  s c a tte r  values belonging  to  d iffe re n t liqu id  com positio n s 
co m p arab le , th e  low er v a lu es  of (sd)y > and  (sd )y. °/0 s ta n d a rd  dev ia tions o b ta in e d  
from  th e  m easu red  a d so rp tio n  excess values w ere  reca lcu la ted  for th e  p h a se  
ra tio  o f  5 g/g, a t  w h ich  th e  o th e r  d a ta  were d e te rm in e d . In  these cases tw o  d a ta  
can  b e  fo u n d  in  th e  T ab le . T h e  reca lcu la tio n  is b a se d  on th e  assu m p tio n  t h a t  
th e  s c a tte r  o f th e  specific  ad so rp tio n  excess is d e te rm in e d  b y  th e  ran d o m  e rro r  
of re fra c to m e tric  m e a su re m e n ts  alone. As will be  d iscussed  below , th is  a s su m p 
tio n  is in co rrec t, i.e., th e  s c a tte r  has been o v e re s tim a te d  by  th is  co rrec tio n . 
T he t ru e  v a lu e  is b e tw e e n  th e  original and  th e  c o rre c ted  one, being m uch  c lo ser 
to  th e  o rig inal v a lu e .

C onsidering  t h a t  in  th e  w hole com position  ra n g e  th e  m easu rem en ts w ere  
c a rr ie d  o u t a t  th e  sam e  ph ase  ra tio  (and th e  d a ta  o b ta in ed  u n d e r d iffe re n t
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c o n d itio n s  w ere a p p ro x im a te ly  co rrec ted ), i t  m ay  be expected  th a t  th e  a b so lu te  
v a lu e  o f th e  s ta n d a rd  d ev ia tio n  o f th e  specific  su rface  excess sh o u ld  b e  in d e 
p e n d e n t o f th e  com position . T he va lu es  o f (sd)na in  colum n 7 o f  T a b le  I I I ,  
in d eed , s c a tte r  only  ran d o m ly  a ro u n d  an  av e rag e  v alue  of a b o u t +  0.045. 
C o n seq u en tly , th e  p e rcen t d ev ia tio n , (sd)na°/0, of th e  m easured  v a lu e  (see 
co lu m n  8 o f  T ab le  I I I )  is, obv iously , th e  fu n c tio n  of th e  com position , a n d  th e  
tr e n d  o f  th is  fu n c tio n  is q u a lita tiv e ly  o p p o site  to  th a t  o f th e  n 1/ —  x x excess 
iso th e rm  (see F ig . 1). I t  shou ld  be n o te d  t h a t  th e  v a lid ity  o f th e  fo llow ing

Fig. 1. Deviations of n” values measured in the benzene (1) -  n-heptane (2) -  silica gel system
as a function of the composition

reg ressio n  analy sis  is b o und  to  th e  co n d itio n  th a t  th e  iso therm  is d e te rm in e d  
a t  a c o n s ta n t liqu id  m ix tu re  to  a d so rb e n t ra tio , o r m ore precisely, t h a t  (sd)„\ 
is c o n s ta n t ,  w hich  follows from  th e  c o n s ta n t ra tio  of phases.

As a fu r th e r  step , th e  ran d o m  erro rs o f th e  specific surface excess, a ris in g  
from  th e  sc a tte r in g  of re frac tiv e  ind ex  d a ta , h a v e  been  ev a lu a ted  fo r th e  in d i
v id u a l p o in ts  o f th e  above iso th e rm . T he ca lcu la tio n s  w ere based  on th e  fo llow 
ing re la tio n s : .

N  N
=  il®  A x ,  =  k A n  (9 )

m  m

(sd ) t f  %  =  (sd)Ml %  =  c (sd)An %  =  c(sd)
k N n

A n 100 . ( 10 )

In  th e  eq u a tio n s  i t  is assum ed  th a t  th e  p h ase  ra tio , N J m ,  is n o t  a s to 
ch as tic  v a r ia b le , i.e., th e  s ta n d a rd  d ev ia tio n  o f  m ass m easu rem en ts is zero. 
I t  is n o te d  th a t  th e  phase ra tio  (L/m  =  5, an d  10/3 g m ix tu re /g  a d so rb e n t)  
sh o u ld  h e  s u b s titu te d  in m ol m ix tu re /g  a d so rb e n t u n its  (N J m ) .  In  th e  c a lc u la 
tio n  th e  av e rag e  m olecu lar w eigh t o f th e  o rig inal liqu id  m ix tu re  (b efo re  th e  
a d so rp tio n )  shou ld  be used.
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T h e  ca lcu la tio n s w ere  perfo rm ed  w ith  a  v a lue  of (sd)An =  +  1.25, 
o b ta in e d  from  re fra c tiv e  in d e x  d a ta  sa tis fy in g  th e  C hauvenet c r ite r io n , so 
th e re  is g round  fo r th e  com parison  of th e  c a lc u la te d  (sd)„“%  va lu es  a n d  th e  
p e rc e n t  s c a tte r  o f  th e  m easu red  surface excess v a lu es  (see T ab le  I I I ) ,  w hich  
also s a tis fy  th e  ab o v e  c rite rio n .

T a b le  IV  show s th e  p e rc e n t s ta n d a rd  d e v ia tio n  of th e  specific  su rface  
excess, (sd)„“% , as a fu n c tio n  of th e  e q u ilib riu m  m ole frac tio n  o f th e  liq u id  
p h a se , acj.

Table IV

The deviation o f specific surface excess, (sd)no %

Values calculated from (sd)^rj Based on 
measured

(sd)k =  0 («9*%=(*<0dn% n° data i

0.022 +  0.37% +  0.52%, +  2.85%,
0.089 +  0.33% +  0.47%, +  1.90%
0.223 +  0.36% +  0.51%, +  3.07%,
0.363 +  0.44% ± 0.63% +4.10%,
0.471 +  0.55% +  0.78% +  3.65%
0.555 +  0.68% +  0.96% +  4.78%,
0.675 +  0.98% +  1.38%, +  7.06—10.6%,
0.819 +  1.72% +  2.43% +  9.85—14.8%

I t  is a p p a re n t from  th e  d a ta  th a t  th e  a c tu a lly  observed d ev ia tio n s  o f  th e  
sp e c if ic  su rface  excess are  4 to  9 tim es h ig h e r th a n  th e  ca lcu la ted  v a lu es ; in  
o th e r  w ords, th e  ra n d o m  e rro r  of re f ra c tiv e  in d e x  d e te rm in a tio n  m a y  be  re 
sp o n sib le  only  fo r 10 to  20%  o f th e  d e v ia tio n  o f  re su lts . The g re a te r  p a r t  o f  th e  
s c a t te r  an d , co n seq u en tly , o f th e  u n c e r ta in ty  o f  th e  fina l re su lts , i.e., th e  
a d so rp tio n  c a p a c ity  a n d  specific  surface a re a , m u st be a t t r ib u te d  to  th e  
a p p lic a tio n  of th e  so-called  m u lti-sam p le  iso th e rm  d e te rm in a tio n  te c h n iq u e .

I t  follows from  th e  n a tu re  of th e  ‘’m u lti-sa m p le ’ iso th e rm  d e te rm in a tio n  
m e th o d  th a t  each specific  surface excess v a lu e  m easured , ri[, arises fro m  a 
d iffe re n t p o rtio n  o f th e  a d so rb e n t. C o n seq u en tly , th e  hom o g en eity  o f th e  
a d s o rb e n t  and  re p re se n ta tiv e  sam pling  a re  o f  b a s ic  im p o rtan ce  in  th e  m e a su re 
m e n t. I t  is obvious, h o w ev er, th a t  w ith  a c e r ta in  p ro b a b ility , d ep en d in g  on th e  
n a tu r e  o f  th e  a d so rb e n t a n d  its  d isp e rs ity , sam p les  of ad so rp tio n  c a p a c ity  fa r 
d if fe re n t from  th e  av e rag e  v a lu e  are  also o b ta in e d , so sam pling  e rro rs  m ay  
s tro n g ly  affect th e  re p ro d u c ib ility . In  th e  case  o f th e  silica gel u sed  in  ou r 
e x p e rim e n ts  th is  effect in c rea sed  th e  s c a tte r  o f  th e  in d iv idua l p o in ts  o f  th e  
iso th e rm  b y  a fa c to r  o f 5 to  10 as c o m p ared  to  th e  sc a tte r  caused  b y  th e  
u n c e r ta in ty  o f re fra c tiv e  in d e x  m easu rem en ts .
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3. L east squares app rox im ation  o f  th e  l in e a r  section  of th e  su rfa c e  
excess iso th e rm s and o f  th e  E v e re tt rep resen ta tion  [4]

In  th e  follow ing th e  curve f i t t in g  p ro ced u re  and  the  e s tim a tio n  o f  th e  
con fid en ce  in te rv a ls  o f  th e  p a ra m e te rs  o b ta in e d  will be d iscu ssed . Som e 
a ssu m p tio n s  are m ad e :

T h e  values o f m ole fractions x t ( a re  d e fin ed  q u an titie s  (i.e .,  (sd)xj ,• =  0), 
w hereas th e  co rresp o n d in g  m easu red  su rfa c e  excess values, п” ; a r e  tr e a te d  
as ra n d o m  v ariab les o f  norm al d is tr ib u tio n , h a v in g  th e  sam e v a r ia n c e  fo r all 
дсх Th e  m ean e x p e c ta tio n  value o f h \  ,• is a lin e a r  function  o f th e  eq u ilib r iu m  
c o n c e n tra tio n , x t

L e t th is  lin ea r fu n c tio n  be re p re se n te d  b y  th e  following e q u a tio n :

У =  В  о +  B ]X (11)

In  th e  Schay— N agy m ethod fo r  th e  m e a su re m e n t of a d so rp tio n  c a p a c ity  
th e  a c tu a l  form  o f th e  equa tion  is

» 1  =  —  n m x l  ( 1 )

w hereas in the generalized E verett representation  it takes the fo llow ing fo rm :

x x x 2 1 ß  1 x  — ß

n \ п ш ,1, 0 * — 1  n m , 1, 0 * — 1
( 2)

N ow  th e  e x p e c ta tio n  values o f  th e  c o n s ta n ts  B a and B ,, a n d  th e ir  e s ti
m a te d  confidence in te rv a ls  should h e  d e te rm in e d . U sing th e  m e th o d  o f least 
sq u a re s , th e  regression  line of form

Y  =  d  0 +  d xx (12)

h as th e  following p a ra m e te rs :

d _  E  (x i x ) ( j / —y )
£ ( x i — x )2

(13)

a n d

d0 —  У —  d xx (14)

w here  regression p a ra m e te rs  dn an d  d t a re  e s tim a te s  for B 0 and B v  T h e  e x te n t  
o f d e v ia tio n  of th e  m easu red  d a ta  fro m  th e  e s tim a te d  regression line  is c h a ra c 
te r iz e d  b y  th e  ‘sq u a re  o f  residuals’ :

(sd)2yx =
n - 2

(15)

w here  n  is th e  n u m b e r o f  x t — y (- p a irs .
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I f  i t  is assum ed  th a t  th e  random  v a ria b le s , y,-, a re  o f norm al d is tr ib u tio n , 
th e  e s tim a te s  for d H a n d  d, form  a tw o -d im en sio n a l norm al d is tr ib u tio n , an d  
th e ir  e s tim a te d  q u a d ra tic  e rro r  can be given b y

M l ,  = / j \2 ^  x i 
Ы ) у х

nZ(Xj  -  x y
(16)

(sd )ll =
(sd)yx

(17)
и { х , - х ) 2

I f  th e  above co n d itio n s are  fulfilled, i t  c an  b e  p roved  th a t  th e  con fid en ce  
lim its  o f  c o n s ta n ts  B 0 an d  obey th e  so ca lled  (-d istribu tion  o f S t u d e n t , 
so th e  con fidence  in te rv a ls  can  be given as

d0 tA{sd)dú < ; B , f ” <  d0+ t A(sd)Jo 

d1 t A(sd)d l <i B)A ° <7 d l -\-tA(sd)Jl
(18)

w h ere  tA d eno tes th e  c ritic a l v a lu e  of a ( -d is tr ib u tio n  of n — 2 degree o f  fre e 
d om , a t  a s ta tis t ic a l  p ro b a b ili ty  level of A °/0 .

T h e  p a ra m e te rs  o f  th e  lin e a r  section o f  th e  x 1x 2/n1 v s .x y E v e r e t t  re p re se n 
ta t io n ,  a n d  th e ir  confidence  in te rv a ls  can  also b e  a p p ro x im a ted  b y  th e  a b o v e  
m e th o d . I t  should be  n o te d , how ever, th a t  th e  p ro ced u re  is less ju s tif ie d  in  
th is  case , since th e  q u a d ra tic  e rro r o f th e  x ^ .J r i l  fu n c tio n  does depend  on th e  
co m p o s itio n  a t  a c o n s ta n t liq u id  m ix tu re  to  a d s o rb e n t  ra tio . As it  is k n o w n , in 
th is  re p re s e n ta tio n  a well d e fin ed  linear sec tio n  a p p e a rs  only for ty p e  I I  (an d  
t r a n s i t io n  ty p e  I — II)  n\ vs. x 1 excess iso th e rm s , so th e  above c a lc u la tio n  
p ro c e d u re  is d e m o n s tra te d  on th e  m odel o f  b e n z e n e -n -h e p ta n e -s ilic a  gel 
sy s te m . T h is system  h as a p u re  ty p e  I I  iso th e rm , w h ich  has a lready  b een  s tu d ie d  
in c o n n e c tio n  w ith  in v e s tig a tio n s  on th e  s c a t te r  o f  th e  surface excess, n “. T h is 
choice g ives th e  o p p o r tu n ity  fo r a d irect co m p a riso n  o f th e  resu lts o b ta in e d  b y  
th e  e x tra p o la tio n  m e th o d  o f S chay  an d  N a g y  an d  from  th e  g enera lized  
E v e r e t t  rep re sen ta tio n .

I t  is fu r th e r  n o te d  th a t  th e  m odel c a lc u la tio n s  do no t tak e  in to  a c c o u n t 
t h a t  th e  lines to  be f i t te d  shou ld  pass th ro u g h  a g iven, fixed  p o in t (in  th e  
e x tra p o la t io n  m eth o d  n \  =  0 a t  =  1, a n d  in  th e  E verett  re p re se n ta tio n  
x ^ . J n l  =  O at ^  =  0). C on seq u en tly , th e  ca lc u la tio n s  y ield  two p a ra m e te rs . N ow , 
if  B 0 яйгг —  B 1 is o b ta in e d  fro m  th e  lin ear sec tio n  o f th e  n° vs. x x fu n c tio n , or 
if  B 0 ^  0 is o b ta in ed  from  th e  linear sec tion  o f  th e  x^x.Jn'l vs. x 1 fu n c tio n , th is  
p ro v e s  t h a t  th e  excess iso th e rm  is really  o f ty p e  I I .

F o r  th e  sake o f s im p lic ity , in th e  fo llow ing d e m o n s tra tio n  of th e  c a lc u la 
tio n  p ro cess  th e  in d e p e n d e n t v a riab le  x t ! is d e n o te d  b y  x h and  th e  c o rre sp o n d 
in g  a v e ra g e  o f th e  fu n c tio n  n{ t (or x 1 {x 2 ,/n^ ,) is d e n o te d  by  y t.
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3.1 The method of Schay and Nagy

E ig h t p o in ts  o f  th e  iso therm  w ere chosen  fo r d em o n stra tio n  p u rp o ses  
(T able  I I I  an d  F ig . 2). T h ree  p o in ts , c o rre sp o n d in g  to  th e  low est b en zen e  con
c e n tra tio n s , a re  in th e  n o n lin ea r range , th e  re m a in in g  po in ts  fall on  th e  lin ea r

Fig. 2. n" vs. x K excess isotherm of the benzene (1) -  n-heptane (2) -  silica gel system; (nsm ,)95% =  
=  2.02 +  4.25% (from 5 measured points)

section  of th e  iso th e rm . In  th e  regression an a ly s is  given below (see a lso  T ab le  
V) o n ly  these  la t te r  p o in ts  are  ta k e n  in to  a c c o u n t.

Table V

Regression analysis for the Sc h a y — N a g y  method 

Table Va

*1 Ax; (áxi)'- У1 4у* Axi ■ Ayi

4 0.363 +  0.2136 0.0456 1.29 0.44 +  0.0940
5 0.471 +  0.1056 0.0111 1.06 0.21 +  0.0222
6 0.555 +  0.0216 0.0004 0.90 0.05 ^0.0011
7 0.675 0.0984 0.0097 0.63 -0 .2 2 +  0.0216
8 0.819 0.2424 0.0588 0.37 — 0.48 +  0.1163

E x  0.5766 0.0000 0.1256 у  =  0.85 0.00 +  0.2552

0.1256

0.850 +  2.03 xO .5766 =  0.850 +  1.170 =  2.02
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(sd)yx — 

(sd )dt =

7.67  x  1 (T 4 

3

2 .56  X  К Г 4 

0 .1 2 5 6

2 .56  X IO - 4  

20 .4  x  1 0 ~ 4

1 787R
(« * ) ! .  =  20 .4  X IO - 4 —  °  =  7 .2 8  X  10~4

ß ,  =  —  2 .03  +  4 .52  x l O - 2 

B a =  2.02 ±  2 .70  X 10 2 =  2 .0 2  ±  1 .3 4 %  

B i - B o  =  0 .01  ±  5 .2 6 X 10-2  =  0 .0 1  ±  526  %

T ab le  Vb

rLm,i

,Lm  2

i Y‘ y t - Y , Ы — YiY 10е 4

4 1.283 0.007 49 0.1317
5 1.070 — 0.010 100 0.2218
6 0.893 0.007 49 0.3080
7 0.650 — 0.020 400 0.4556
8 0.357 0.013 169 0.6707
27 4.253 — 0.003 767 1.7878

3.2  Generalized  E v e r e t t  method

3 .2 .1 . R egression  analysis  b y  ta k in g  in to  a c c o u n t all the  e igh t p o in ts  o f th e  
iso th e rm  (see T ab le  V ia ,  b)

T ab le  V I

Regression analysis fo r the generalized E v e r e t t  method

T ab le  V ia

i Xi *4 (4*1 r л 4>i A*i ■ АУ1

1 0.022 — 0.381 0.1452 0.0149 — 0.1877 0.0714
2 0.098 — 0.305 0.0929 0.0542 — 0.1484 0.0453
3 0.223 — 0.180 0.0324 0.1140 — 0.0886 0.0159
4 0.363 —0.040 0.0016 0.1792 — 0.0234 0.0009
5 0.471 0.068 0.0046 0.2350 0.0324 0.0022
6 0.555 0.152 0.0231 0.2742 0.0716 0.0109
7 0.675 0.272 0.0739 0.3482 0.1456 0.0396
8 0.819 0.416 0.1730 0.4010 0.1984 0.0826
£ x  =  0.403 — 0.008 0.5467 у  =  0.2026 -0 .0001 0.2688
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Table VIb

i Yl У1 -  Yl (Л — Til* 10* *1

1 0.0150 — 0.0001 1 0.0005
2 0.0515 0.0027 729 0.0096

3 0.1139 0.0001 1 0.0497

4 0.1827 — 0.0035 1 225 0.1317

5 0.2360 — 0.0010 100 0.2218
6 0.2770 — 0.0028 784 0.3080

7 0.3372 0.0110 12 100 0.4556
8 0.4075 — 0.0065 4 225 0.6707

E 1.6208 — 0.0001 19 165 1.8476

0.2688
=  0 .4 9 2

0 .5467

d n =  0 .2 0 2 6 — 0.4 9 2  x 0 .4 0 3  =  0 .2 0 2 6 — 0.1983  =  0 .0 0 4 3

. . . .  1 .9 1 6 5 x l O“ 4 „ lrt .
( s d ) y X = -------------------------- =  3 .194  x  10~a

(sd)2dl =  - Л 9 4 Х 1 0  5 =  5 .84  x  I O '5 
0 .5467

( s d f d o =  5 .84  x  10-5
1 .8476

6
1 .3 5 x 1 0 -*

since

th e re fo re ,

B 1 =  0 .492  ±  7 .65  X l 0 - 3

B u =  0 .0043  ±  3 .6 8  x l O -3  = 0 .0043  ±  8 5 .5 %

—  =  2 .03  ±  3 .16  X 1 0 - 2 =  2 .0 3  ±  1 .55 %  =  nsm l0
B i

n  1 ß  n .i>o — — - ^ 0 ,  i .e .  а  г oo,
< ,1 ,0  a  1

B i
1 a - ß

«m, 1,0 * 1 v n , 1,0
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3 .2 .2 . Regression a n a ly s is  b y  tak in g  in to  a c c o u n t f iv e  a rb itra r ily  chosen  p o in ts  
(Tables V ic , (1)

Table V ic

.1 1 Xi Axl (A,)1 У1 4>i Ax{ Ayi

1 0.022 —  0.420 0.1764 0.0149 — 0.2077 0.0872

3 0.223 — 0.219 0.0479 0.1140 — 0.1086 0.0238

5 0.471 0.029 0.0008 0.2350 0.0124 0.0004

7 0.675 0.233 0.0543 0.3482 0.1256 0.0293
8 0.819 0.377 0.1421 0.4010 0.1784 0.0673

Z x  =  0.442 0.000 0.4215 у  =  0.2226 0.0001 0.2080

Table VId

i Y i * - У'
(yi — у  10* Xi

1 0.0155 -0 .0 0 0 6 36 0.0005

3 0.1146 -0 .0 0 0 6 36 0.0497
5 0.2369 -0 .0 0 1 9 361 0.2218
7 0.3227 0.0255 65 025 0.4556

8 0.4085 — 0.0075 5 625 0.6707
у 1.0982 0.0149 71 083 1.3983

d ,
0 .2 0 8 0

=  0.493
0 .4 2 1 5

d 0 =  0 .2 2 2 6  —  0.493 xO .442 =  0 .2 2 2 6  —  0.2179  =  0 .0047

( s d ) %

M d ,

7 .1 0 8 3  x  К Г 4 

3

2 .3 6 9  x  10~4 

0 .4 2 1 5

=  2 .369  X 1 0 ~ 4 

=  5.62 X l 0 - 4

1 3984
( s d f do =  5 .6 2  X  IO ” 4 ^ 1 .5 7 X 1 0 ^ 4

R , -  0 .4 9 3  ±  2.37 X 10~2

B„ =  0 .0 0 4 7  ±  1.25 X 10 2 =  0 .0 0 4 7  ±  2 6 6 %

- 2 .0 3  ±  9 .78  x l 0 ~ 2 =  2 .0 3  ±  4 .8 2 %  =  nsm U0

fro m  con sid era tio n  s im ila r  to  th e  above.
A s th e  results in d ic a te , th e  m onom olecu lar a d so rp tio n  c a p ac ity  values 

d e te rm in e d  by  th e  tw o  d iffe re n t m ethods a re  in  excellen t ag reem en t, th e
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d ifference  o f a b o u t 0.5 p e r c en t b e ing  su b s ta n tia lly  low er th a n  th e  s ta n d a rd  
d ev ia tio n s . This ag reem en t, a lth o u g h  in d ire c tly , ind ica tes in  its e lf  t h a t  th e  n® 
vs. x 1 excess iso th e rm  is o f ty p e  I I .  I t  can  also be  seen th a t  in  th e  x^x.Jnl vs. x i 
re p re se n ta tio n  th e  d ev ia tio n  o f th e  p o in ts  fa llin g  on th e  cu rv ed  sec tio n  o f  th e  
n 1 vs. x 1 iso th e rm  (i =  1, 2 an d  3), w hich  p o in ts  can n o t be ta k e n  in to  a cco u n t 
in  th e  e x tra p o la tio n  m e th o d , is also w ith in  th e  lim its o f th e  ra n d o m  s c a tte r  
o f  th e  re su lts  a ro u n d  th e  line d e te rm in ed  b y  th e  re s t o f th e  p o in ts  (F ig . 3). T his

(_L
' пт 10.

Fig. 3. - vs. plot for the benzene (1) -  n-heptane (2) silica gel system

== 0.492 ±  3.81% +
.EM"*-Vn m,i,oJ

-1----------- (from 8 measured points), and =  0.493 +  15.3% Q
— О ------О  (from 5 measured points)

fa c t in d ica tes  th a t  even in th is  ra n g e  th e  se p a ra tio n  c o n s ta n t, a , is m u c h  h igher 
th a n  u n ity , or th a n  ß. T he  fa c t t h a t  th e  a b so lu te  values o f nsm 2( =  —  B l —  B n) 
d e te rm in ed  b y  th e  Schay— N agy  m eth o d , a n d  those  of

_ ! ______ß _

Пт, l,o 1
В  о)

o b ta in e d  in  th e  E vebett  re p re se n ta tio n  are  v e ry  close to  zero , p ro v es u n a m b i
g uously  t h a t  th e  vs. excess iso th e rm  is ind eed  of ty p e  Ц , T h is is ev en  m ore 
co n v inc ing  if  one ta k e s  in to  acco u n t th a t  s ta n d a rd  dev ia tions a re  close to , or 
in  c e r ta in  cases m any  tim es exceed  100% .

On the basis of Table V II , which sum m arizes the results o f th e  calcula
tions and lists the absolute values o f the m onom olecular adsorption cap acity , 
nsm U and the specific surface area o f the adsorbent, a'\ as well as their standard  
deviations at statistical probability  levels o f 80, 90, 95 and 9 9 % , enables one 
to  com pare the specific surface area values obtained by the Sch a y— N agy 
m ethod and by the E verett  m ethod, and to  compare both w ith  th e  BET

5 Acta Chim. ( Budapest) 76, 1973
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Table VII

Deviations o f the adsorption capacity

Method of 
surface area 

determination

No. of 
meas
ured 
data

n'm, 1 a*
(■"Ve)

Statistic probability
(mmol
ben-

zene/g) 80% 90% 95% 99%

S c h a y — N agy 5 2.02 363.6 («0% : + 2 .1 9 ±  3.15 ±  4.25 ±  7.82
Generalized 8 2.03 365.4 (sd)%: ± 2 .2 4 ±  3.03 ±  3.81 ±  5.78
E v e r e t t 5 2.03 365.4 (sd)%: ± 7 .8 7 ± 11 .3 ±15.3 ±28.1

360
BET—N ,

± 5 %

su rfa c e  area  o b ta in ed  fro m  th e  n itrogen  gas a d so rp tio n  iso therm . T h e  ag ree
m e n t is v e ry  good in  e v e ry  case. I f  th e  re su lts  o f  th e  tw o  ca lcu la tions b y  th e  
E v e r e t t  m ethod  a re  c o m p a re d , i t  tu rn s  o u t t h a t  th e  red u c tio n  of th e  n u m b e r 
o f  ex p e rim en ta l d a ta , p a r t ic u la r ly  a t  h igher s ta t is t ic a l  p ro b a b ility  levels, con
s id e ra b ly  increases th e  d e v ia tio n .
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NITROPHENOLS, II.*
THE REACTIVITY OF

5-NITROHYDROXYHYDROQUINONE ETHERS
SYNTHESIS OF 3-SUBSTITUTED DERIVATIVES

A .  F .  A b O U L E Z Z  a n d  W .  S .  E l - H a m o u l y  

( N a t i o n a l  R e s e a r c h  C e n tre , D o k k i ,  C a ir o ,  E g y p t )

Received January 17, 1972

The formation of 6-hydroxy-3-methoxy-5-nitro-2-hydroxybenzyl alcohol m ethy
lene ether affords evidence for the reactivity of the 3-position in the 1-methyl ether of 
5-nitrohydroxyhydroquinone. The 3-substituted phenylthioacetic and phenylacetic 
acids fail to undergo lactonization.

In  a p rev io u s w ork  [1], th e  b e h av io u r o f 2 ,4 -d ih y d ro x y -l-m e th o x y -5 - 
n itrobenzene  (I) to w ard s  c h lo rin a tio n , c h lo ro m e th y la tio n  and  M annich  con
d en sa tio n  was re p o rte d . I t  w as suggested  th a t  th e  p ro d u c ts  ca rry  th e  new  
su b s titu e n t in  th e  3-position , a n d  th e  p resen t co m m u n ica tio n  p rov ides a d d i
tio n a l su p p o rtin g  evidence. T h is w as sough t, inter a l ia , b y  tra n s fo rm a tio n  of 
th e  su b s ti tu e n t to  a ca rb o x y l-co n ta in in g  g roup  to  fin d  o u t if it  is cap ab le  of 
lac to n iza tio n .

3 -C h lo ro -2 ,4 -d ih y d ro x y -l-m e th o x y -5 -n itro b en zen e  (II), p rev iously  ob 
ta in e d  by  c h lo rin a tio n  of I , re a c ts  w ith  th iog lyco llic  ac id  in a lkaline  m ed ium  
to  give 2 ,6 -d ih y d ro x y -3 -m e th o x y -5 -n itro p h en y lth io ace tic  acid (III). M ethy la- 
tio n  o f I I  w ith  d iazo m e th an e  a ffec ted  b o th  h y d ro x y l g roups giving 3-chloro-5- 
n itro - l,2 ,4 - tr im e th o x y b e n z en e  (IV). T he la t te r  c o m p o u n d  failed  to  re a c t w ith  
th iog lycollic  ac id , b u t  th e  ac tio n  o f  alkali caused  d e m e th y la tio n  o f th e  group  
p ara  to  th e  n itro  g ro u p  yield ing 3 -ch lo ro -l,4 -d im e th o x y -2 -h y d ro x y -5 -n itro b en - 
zene (V). The s t ru c tu re  of V was su p p o rte d  b y  its  p re p a ra tio n  from  1 ,4 -d im eth - 
o x y -2 -h y d ro x y -5 -n itro b en zen e  (VI) b y  ch lo rin a tio n  w ith  su lfu ry l ch loride. T his 
re a g e n t in tro d u ced  th e  halogen  in  th e  sam e p o s itio n  in  l,2 -d im e th o x y -4 - 
h y d ro x y -5 -n itro b en zen e  (VII), a n d  h ad  th e  a d d itio n a l effect of d e m e th y la tin g  
th e  m ethoxy l g ro u p  para  to  th e  n i tro  group , g iv ing  II .

T he a c tiv ity  o f  th e  3 -position  in I w as also d e m o n s tra te d  b y  a n o th e r  
series o f reactions s ta r t in g  from  2 ,4 -d ih y d ro x y -l-m e th o x y -5 -n itro -3 -p ip e rid in o - 
m ethy lbenzene (V III) o b ta in ed  b y  M annich co n d e n sa tio n  [1]. R eac tio n  w ith  
p o tassiu m  cy an id e  gave 3 -c y a n o m e th y l-2 ,4 -d ih y d ro x y -l-m e th o x y -5 -n itro -  
benzene (IX) as th e  m ain  p ro d u c t, in  ad d itio n  to  b is (2 ,6 -d ih y d ro x y -3 -m eth o x y - 
5 -n itro p h en y l)m e th an e  (X) an d  2 ,6 -d ih y d ro x y -3 -m e th o x y -5 -n itro p h en y le th y l

* Part I, Acta Chim. Acad. Sei. Hung. 42, 41 (1964)

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 76 (3), pp. 287 — 294 (1973)
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VI

a c e ta te  (XI) as b y -p ro d u c ts . M eth y la tio n  o f X w ith  d iazo m eth an e  gave  bis(5- 
n itro -2 ,3 ,6 - tr im e th o x y p h e n y l)m e th a n e  (X II). T he N M R sp e c tru m  o f th e  com 
p o u n d  X II con ta ined  a s in g le t a t  b 7.51 fo r th e  hyd rogen  p ro to n  a t  C-4, a 
s in g le t  a t  6 4.25 due to  th e  tw o  p ro to n s  o f th e  m ethy lene  g ro u p , th re e  singlets 
a t  b 3 .92, 6 3.85 a n d  b 3 .72 , due to  th e  p ro to n s  o f th e  th re e  C H 30  groups 
a t ta c h e d  to  C-2, C-5 a n d  C-6 . A lkaline h y d ro ly sis  of b o th  IX  a n d  X I gave the  
sa m e  2 ,6 -d ih y d ro x y -3 -m e th o x y -5 -n itro p h en y lace tic  acid (X III) fro m  w hich an 
a c id  ch lo ride  (XIV) w as p re p a re d ; b o th  th e  m e th y l este r (XV) a n d  th e  e th y l 
e s te r  (X I) were m ade b y  th e  ac tio n  of m e th a n o l an d  e th an o l, re sp ec tiv e ly , on 
X IV . T re a tm e n t of XV w ith  d iazo m eth an e  a ffo rded  m eth y l 5 -n itro -2 ,3 ,6 -tri- 
m e th o x y p h e n y la c e ta te  (XVI), from  w hich  th e  free acid  (5 -n itro -2 ,3 ,6 -tri- 
m e th o x y p h e n y la c e tic  ac id , XVII) w as o b ta in e d  b y  sap o n ifica tio n . T hese reac-
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I

t io n s  a re  in  agreem ent w ith  s t ru c tu re  III in show ing  th a t  no lac to n e  fo rm a tio n  
h as  o ccu rred . M oreover, th e  possib ility  of lo c a tio n  of th e  ace tic  acid  group 
ortho to  th e  n itro  group w as d ism issed  on th e  b as is  of th e  reac tio n  o f th e  tw o 
free  ac id s  X III and  X V II w ith  acetic  a n h y d rid e , w h ereb y  th e  co rrespond ing  
a n h y d r id e s , XVIII an d  X IX , re su lte d  and n o t th e  a c e ty la n th ra n ils  [2].

I n  an  a tte m p t to  o b ta in  2 ,6 -d ih y d ro x y -l-m e th o x y -5 -n itro b en z y l alcohol 
(X X ), th e  p ip erid in o m eth y l d e r iv a tiv e  V III w as tre a te d  w ith  acetic  a n h y d rid e , 
a n d  th e  p ro d u c t (2 ,6 -d iace to x y -3 -m e th o x y -5 -n itro b en zy l a c e ta te , X X I) was 
sa p o n if ie d  w ith  a lkali; su rp r is in g ly , no trace  o f  X X  resu lted  h u t ,  in s te a d , a 
c o m p o u n d  was o b ta in e d  w h ich  was id en tica l w ith  th e  d ip h e n y lm e th a n e  
d e r iv a t iv e  (X). The h y d ro ly s is  o f  X X I w ith  h y d ro ch lo ric  acid in e th y l o r m e th y l 
a lc o h o l gave 2 ,6 -d ih y d ro x y -3 -m e th o x y -5 -n itro b en zy l e th y l (or m e th y l) e th e r  
(X X II an d  X X III). T re a tm e n t  o f X XI w ith p a ra fo rm a ld e h y d e  in  acidic m ed ium  
a ffo rd e d  a com pound fo r  w h ic h  th e  s tru c tu re  o f  6 -h y d ro x y -3 -m e th o x y -5 -n itro - 
2 -h y d ro x y b e n z y l a lcohol m e th y le n e  e ther (XXIV) is now  p roposed . T h e  N M R 
s p e c tru m  of com pound X X IV  h as a singlet a t  ö 3.91 fo r th e  th re e  p ro to n s  of th e  
C H ;sO group , two sing lets a t  d 7.18 and  b 5.41 fo r th e  tw o CH„ g roups an d  tw o
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sing le ts  a t  Ö 7.18 an d  7.50, one fo r th e  h y d ro g en  p ro to n  a t  C-4 a n d  th e  o th e r 
fo r th e  (OH) p ro to n . T h e  re a c tio n  lead ing  to  th is  p ro d u c t p ro v id es  evidence 
fo r th e  re a c tiv ity  Iff th e  3 -p o sition  in I desp ite  th e  absence  o f  a b ility  o f the  
o b ta in e d  o -h y d ro x y p h en y lace tic  acid  (X III) an d  o -h y d ro x y p h en y lth io ace tic  
acid  (III) to  undergo  la c to n iz a tio n .

Experimental
2,6-Dihydroxy-3-methoxy-5-nitrophenylthioacetic acid (III)

A mixture of 3-chloro-2,4-dihydroxy-l-methoxy-5-nitrobenzene (II; 0.88 g), methanol 
(20 ml), aqueous sodium hydroxide solution (5%, 20 ml) and thioglycollic acid (80%, 1.2 ml) 
were refluxed on a steam bath for 4 hrs. The reaction mixture was concentrated to half its 
volume, cooled and acidified with dilute hydrochloric acid. The precipitate was filtered off 
and crystallized from methanol; if only a little or no precipitate was formed, the acidic solution 
was extracted with chloroform, dried, evaporated to dryness and the residue crystallized from 
methanol to give III m.p. 196 °C; yield, 95%.

C9H9NO-S (275.23). Calcd. C 39.29; H 3.27; N  5.09; S 11.67.
Found C 39.22; H 3.40; N 4.87; S 12.15%.

3-Chloro-5-nitro-l,2,4-trimethoxybenzene (IV)

An ethereal solution of diazomethane, prepared from nitrosomethylurea (2 g), was 
added to 3-chloro-2,4-dihydroxy-l-methoxy-5-nitrobenzene (II; 0.88 g) suspended in ether. 
The mixture was allowed to stand 2 hrs at room temperature and then kept overnight in a 
refrigerator. After evaporation of the ether, the residue was crystallized from methanol to 
give IV (0.9 g) m.p. 104 °C.

C9H10ClNO5 (247.63). Calcd. C 43.63; H 4.04; Cl 14.34.
Found C 43.28; H 4.04; Cl 13.67%.

3-Chloro-l,4-dinielhoxy-2-hydroxy-5-nitrobenzene (V)

(a) A solution of the chloronitrotrimethoxybenzene (IV, 1 g) and potassium hydroxide 
(4 g) in methanol (50 ml) was refluxed on a steam bath for 2 hrs. The solution was concen
trated and diluted with water, filtered from any unreacted material, and acidified with hydro
chloric acid. The resulting precipitate was collected by filtration and crystallized from methanol 
to give V (0.6 g) m.p. 154 °C.

C8H8N 0 5 (233.61). Calcd. C 41.12; H 3.45.
Found C 41.19; H 3.60%.

(b) To a suspension of l,4-dimethoxy-2-hydroxy-5-nitrobenzene (VI, 0.5 g) in dry ether 
(20 ml), freshly distilled sulfuryl chloride (2 ml) was added. The mixture was refluxed gently 
on a steam bath for 2 hrs. The solvent was evaporated and the residue was recrystallized 
from methanol to give V in quantitative yield, m.p. 154 °C.

3-Chloro-2,4-diliydroxy-l-iiiethoxy-5-nitrobenzenc (II)

l,2-Dimethoxy-4-hydroxy-5-nitrobenzene (VII) was treated with sulfuryl chloride as 
described above to give II in quantitative yield, m.p. 190 °C. Mixed melting point determina
tion with an authentic sample gave no depression.

Action of potassium cyanide on 2,4-dihydroxy-l-inethoxy-5-nitro-3-piperidinomethylbenzene

A mixture of 2,4-dihydroxy-l-methoxy-5-nitro-3-piperidino-methylbenzene (VIII, 
11.5 g), ethyl alcohol (120 ml) and a solution of potassium cyanide (15 g) in water (20 ml) 
was heated and stirred under reflux for 8 hrs. The reaction mixture was concentrated to half 
of its volume, diluted with water, and acidified with hydrochloric acid. The resulting precipi
tate was filtered off and treated with boiling ethanol to leave an alcohol-insoluble material 
(0.46 g), which was bis(2,6-dihydroxy-3-methoxy-5-nitrophenyl)methane (X), m.p. 275 °C
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(decom p.; from dioxan). The alcohol-soluble part was concentrated and cooled to give 3-cyano- 
m ethyl-l,4-dihydroxy-l-m ethoxy-5-nitrobenzene (IX; 3.9 g), m.p. 216 °C (from alcohol). The 
mother liquor was diluted with water, when 2,6-dihydroxy-3-methoxy-5-nitrophenylethyl 
acetate (XI; 3.1 g) separated; m.p. 185 °C (from aqueous ethanol).

Compound  X: ^15Hi4N2O10 (382.28). Calcd.
Found

Compound  IX: c9h 8n 2o 5 (224.17). Calcd.
Found

Compound  XI: c„ h 13n o 7 (271.22). Calcd.
Found

C 47.12; H 3.69; N 7.32.
C 47.51; H 4.06; N 7.38%. 
C 48.22; H 3.57; N 12.55.
C 48.33; H 3.66; N 11.99% 
C 48.71: H 4.79; N  5.16.
C 48.98: H 4.98; N  5.13%.

Bis(5-nitro-2,3,6-trimethoxyphenyl)methane (XII)

A sample of X (0.5 g) was m ethylated with diazomethane as described above for IY. 
XII was obtained and had m.p. 135— 6 °C (from methanol).

C19H„„N2O10 (649.55). Calcd. C 52.05; H 5.06: N 6.39.
Found C 52.65; H 5.16; N 7.21%.

2.6- Dihydroxy-3-methoxy-5-nitrophenylacetic acid (XIII)

The 3-cyanomethyl derivative (IX; 6.7 g) or the ethyl acetate derivative (XI; 8.1 g) 
was added to a 20% solution of potassium  hydroxide (15 ml) in ethanol (10 ml). The mixture 
was refluxed for 8 hrs. After evaporation of most of the alcohol, the cooled solution was acidified 
with dilute hydrochloric acid. XIII precipitated; it was filtered off, washed with a little cold 
water, dried and crystallized from ethyl acetate; the product had m.p. 233—4 °C, yield 80— 
95%.

C9H7N 0 7 (241.15) Calcd. C 44.44; H 3.7.
Found C 44.46; H 3.9%.

2.6- Dihydroxy-3-methoxy-5-nitrophenylacetic acid methyl (or ethyl) ester (XV and XI)

To a suspension of XIII (0.78 g) in carbon disulfide (30 ml), thionyl chloride (3 ml) 
was added. The mixture was heated under reflux until XIII completely dissolved. The solution 
was then evaporated to dryness in vacuum  to leave the acid chloride XIV, which was directly 
converted to the esters XIV and XI by crystallization from m ethyl or ethyl alcohol. XI had 
m.p. 185 °C and it was identical w ith  the compound prepared previously. Compound XV 
m elted at 190 °C.

C10H n NO7 (257.2). Calcd. C 46.92; H 4.31.
Found C 46.88; H 4.40%.

Methyl 5-nitro-2,3,6-trimethoxyphenylaeetate (XVI)

An ethereal solution of diazom ethane prepared from nitrosomethylurea (4 g) was added 
to XIII (or XV) (0.5 g) suspended in dry ether (10 ml). The mixture was stored in a refrigerator 
overnight. After evaporation of the ether, the residue was crystallized from aqueous methanol 
to give XVI in 85% yield; m.p. 50 °C.

C12H 15N 0 7 (285.25). Calcd. C 50.52; H 5.30.
Found C 50.48; H 5.37%.

5-Nitro-2,3,6-trimethoxyphenylacetic acid (XVII)

The above ester (XVI; 0.5 g) was saponified for a day at room temperature with a 5% 
aqueous solution of potassium hydroxide (10 ml) containing few drops of alcohol. The resulting 
clear solution was then acidified w ith  dilute HC1. The free acid XVII separated as crystals; 
m.p. 134 °C (from benzene—petroleum ether); the yield was nearly quantitative.

Cn H 13NO, (271.22). Calcd. C 48.71; H 4.8; N 5.16.
Found C 48.53; H 5.0; N 5.13%.
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Bis(2,6-diacetoxy-3-niethoxy-5-nitrophenylacetic) anhydride (XVIII)

2,6-Dihydroxy-3-methoxy-5-nitrophenylacetic acid (XIII; 0.5 g) was refluxed with 
excess acetic anhydride (15 ml) for 2 hrs. After removal of the reagent in vacuum , XVIII 
separated and it was crystallized from ethyl acetate to obtain 0.3 g, m.p. 207 °C.

C,„H.,4N.,017 (636.47). Calcd. C 49.21; H 3.77; N 4.40.
Found C 49.17; H 3.68; N 4.18%.

Bis (5-nitro-2,3,6-trimethoxyphenylacetic) anhydride (XIX)

Compound XVII (0.5 g) was treated in the same manner as described above. XIX 
was then crystallized from benzene—petroleum ether to obtain 0.36 g, m.p. 125 °C.

C22H22N„013 (522.42). Calcd. C 50.37; H 4.58; N 5.34.
Found C 50.15; H 4.65; N 5.0%.

2,6-Diacetoxy-3-methoxy-5-nitrobenzyl acetate (XXI)

A mixture of 2,4-dihydroxy-l-methoxy-5-nitro-3-piperidinomethylbenzene (VIII; 2 g), 
sodium acetate (0.2 g) and acetic anhydride (10 ml) was refluxed for 2 hrs. The reaction mixture 
was evaporated and the residue recrystallized from ethyl acetate to give XXI (1.45 g). Recrystal
lization from benzene—petroleum ether gave m.p. 114 °C.

С14Н151М09 (341.24). Calcd. C 49.56; H 4.40.
Found C 49.59; H 4.58%.

Alkaline hydrolysis of XXI

Compound XXI (0.5 g) was treated with a 20% aqueous sodium hydroxide solution 
(10 ml) for 24 hrs at room temperature. The solution was then filtered and acidified with 
dilute hydrochloric acid, the resulting precipitate was filtered off, washed with water, dried 
and crystallized from dioxan ethanol to give X (0.2 g) m.p. 275 °C (decomp.).

2,6-Dihydroxy-3-methoxy-5-nitrobenzyl ethyl (or methyl) ether (XXII and XXIII)

Compound XXI (0.5 g) was dissolved in the appropriate alcohol (ethanol or methanol) 
and the solution was treated with 1 ml of cone. HC1. The mixture was then refluxed on a steam  
bath for 1 hr. After evaporation of the solvent, the residue was dissolved in benzene, 
filtered from the impurities and then petroleum ether was added to the filtrate. On cooling, 
a crystalline substance (XXII or XXIII, according to the alcohol used) was obtained in satis
factory yield. The ethyl ether (XXII) had m.p. 130 °C.

C10H 13NOr> (243.21). Calcd. C 49.50; H 5.35.
Found C 49.32; H 5.52%.

The methyl ether (XXIV) melted at 117 °C (lit. (1) m.p. 117 °C).

6-Hydroxy-3-methoxy-5-nitro-2-hydroxybenzyl alcohol methylene ether (XXIV)

A mixture of the triacetate XXI (0.5 g), acetic acid (10 ml), cone. HC1 (3 ml) and para
formaldehyde (0.2 g) was refluxed for 3 hrs. The mixture was evaporated under reduced pres
sure to dryness, and the residue crystallized from methanol to give XXIV (0.39 g). A second 
recrystallization from dioxan-alcohol ( 1 : 8 )  gave an a analytical sample, m.p. 192—3 °C.

C9H9NOr, (227.17). Calcd. C 47.58; H 3.99; H 6.17.
Found C 47.65; H 4.13; N 6.28%.

*

The authors’ thanks are expressed to M r. Ma h e r  E l-So e k a r y , Petroleum Depart
ment, for the NMR analyses.
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Twelve new alkyl esters of l,3,4-thiadiazol-(5-m ethyl-l,3,4-thiadiazol or 5-tri- 
fluoromethyl-l,3,4-thiadiazol)-2-yl dithiocarbamic acid were synthesized, where the 
alkyl group is methyl, ethyl, n-propyl or carbethoxymethyl. The compounds were 
prepared to be tested for their fungicidal activity.

I t  is well know n th a t  d ith io c a rb a m a te s  a re  ac tiv e  ag a in s t fu n g i, especially  
h u m a n  d e rm a to p h y te s  [1]. S evera l com pounds c o n ta in in g  th e  d ith io c a rb a m a te  
g ro u p  have been sy n th es ized  [2, 3] and  th e  m echan ism  o f th e ir  fung ic idal 
a c tio n  [4] as well as th e ir  s tru c tu re -a c tiv ity  re la tio n sh ip  s tu d ied  [5, 6 ].

O n th e  o th e r h an d  i t  h as  been  rep o rted  th a t  com pounds c o n ta in in g  su lfu r 
as a m em b er of th e  ring  h a v e  a n tifu n g a l a c tiv ity . A m ong such  su lfu r-c o n ta in in g  
nucle i a re  th iazo les [7], ben zo th iazo les  [8 ], 1 ,2 ,4 -d ith iazo les [9], 1 ,2,4- [10] 
a n d  1 ,3 ,4-th iad iazo les [11, 12], b enzo th iad iazo les [13] an d  1 ,3 ,4 -oxath iazo les 
[14]. M ore recen tly  sa lts  a n d  esters  o f l,3 -th iazo l-2 -y l d ith io c a rb a m ic  acid 
w ere syn th esized  and  d esc rib ed  to  have  fu n g ic id a l a c tiv ity  a g a in s t p h y to - 
p h th o ra  and  p iricu la ria  [1 5 ,1 6 ]. T h u s th e  id ea  o f  sy n th esiz in g  som e co m p o u n d s 
c o n ta in in g  b o th  th e  th ia d ia z o le  rin g  an d  th e  d ith io c a rb a m a te  m o ie ty  seem 
ed reaso n ab le  in th e  hope th a t  these  com pounds m ay  h av e  fu n g ic id a l p ro p 
erties.

T he com pounds w ere sy n th es ized  v ia  th e  fo llow ing ro u te :

y N N\
k / \ s ^ n h 2

I - I I I

CS,/KOII 
DMF '

, N  — N

R '
\

g ^ N H C  <

IV -V I

s
SK

RX
MeOll

/ N " N 4
R / ' \ s ^  NHCf 

VII XVIII

s
SR'

( R = H ,  CH.„ C F3; R = C H 3, C ,H 5, n-C 3H 7 or C H ,C O X 2H 5)

T h is  ro u te  is sim ilar to  th e  m e th o d  described  in  th e  recen t l i te ra tu re  [16] w ith  
s lig h t m od ifica tion  in th e  process o f  sep a ra tio n  o f th e  p ro d u c ts . T h e  a n tifu n g a l 
te s tin g  o f th ese  new co m p o u n d s is in progress.
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Table I
Groups R ,R ', percentage yields, the melting points and microanalytical data o f the prod ucts are given in  the following table

Comp.
No. It R' Yield

0//0
M.p.,
°c

Microanalyeis

Molecular formula C% H% N%

VII H CH3 85 1 89-91 c4h 5n 3s 3 Calcd. 25.11 2.64 21.87
Found 25.46 2.90 21.94

VIII H C.,H5 87 1 6 5 -7 c5h 7n 3s 3 Calcd. 29.25 3.44 20.47
Found 29.24 3.60 20.42

IX H C3H, 90 1 7 2 -4 c„h 9n 3s 3 Calcd. 32.85 4.15 19.16

Found 32.94 4.30 19.43
X II CH2CO,C2H5 85 1 6 2 -4 C7H9N30 2Sj Calcd. 31.92 3.45 15.95

Found 31.80 3.56 16.10
XI CH3 CH3 85 1 9 5 -7 c3h 7n 3s 3 Calcd. 29.25 3.44 20.47

Found 29.20 3.51 20.31
XII CH3 C2H5 90 15 9 -6 1 c0h 9n 3s 3 Calcd. 32.85 4.15 19.16

Found 32.84 4.20 19.28
XIII CH3 C3H, 90 1 6 0 -1 CiH u N3S3 Calcd. 36.02 4.76 18.00

Found 35.87 4.90 18.35
XIV CH3 CH2C02C2Hs 85 144.5-5 .5 c8h u n 3o 2s 3 Calcd. 34.64 4.01 15.15

Found 34.50 4.20 14.99
XV CF3 CHS 85 2 2 4 -6 c3h 4f 3n 3s 3 Calcd. 23.16 1.59 16.21

Found 23.05 1.93 16.60
XVI CF3 C2H3 88 2 0 3 -4 .5 C8HgF3N3S3 Calcd. 26.36 2.22 15.38

Found 26.22 2.05 15.70
XVII CF3 C3H7 90 199-201 C7H8F3N3S3 Calcd. 29.26 2.81 14.63

Found 29.03 2.96 15.18
XVIII CF3 CH2COX2H5 87 1 49-51 CsHgFjjN-jOgSg Calcd. 29.89 2.51 13.08

Found 29.67 2.70 12.90
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Experim ental

All m .p .-s a re  unco rrec ted .

Potassium l,3,4-thiadiazol-(5-methyl-l,3,4-thiadiazol or 5-trifluoro-nicthyl-l,3,4-thiadiazol)2-yl 
dithiocarbamates (IV —VI)

0.05 m ole o f 2 -am in o -l,3 ,4 -th iad iazo le  (2 -am ino-5 -m ethy l- or 2 -am in o -5 -triflu o ro - 
m e th y l-l,3 ,4 -th iad iaz o le )  (I— III)  w as d isso lved  in  30 in i d im etliy lfo rm am ide. T o  th is  so lu tion  
th e re  was ad d ed  2.85 g po tassiu m  h y d ro x id e  follow ed b y  th e  g rad u al ad d itio n  o f 3 m l carbon  
d isu lfide  d u rin g  15 m in  so th a t  th e  te m p e ra tu re  o f th e  reac tio n  m ix tu re  d id  n o t  rise  above 
35 °C; i t  w as th en  allow ed to  s ta n d  1 h r. C hloroform  w as ad d ed  g rad u ally  w ith  sh a k in g , and  
th e  yellow ish  c ry s ta ls  o f th e  p o tass iu m  sa lt t h a t  se p a ra te d  were filte red  o ff a n d  w ash ed  w ith  
chloroform .

G roup R , th e  m elting  p o in ts  an d  th e  p e rcen tag e  y ie ld s o f th e  p ro d u c ts  a re  lis te d  below :

Com p. No. R M .p., °C Y ield , %
IV H 246— 50° (decom p.) 88
V C H 3 215— 20° (decom p.) 85
VI C F 3 240— 45° (decom p.) 85

Esters of l,3,4-thiarfiazoI-(5-methyl-l,3,4-thiadiazol or 5-trifluoro-methyl-l,3,4,thiadiazol)-2-yl 
dithioearbamie acid (V II—X V III)

0.005 m ole o f th e  po tassiu m  l,3 ,4 -th iad iazo l-(5 -m eth y l-l,3 ,4 -th iad iazo l o r  5 -triflu o ro - 
m e th y l-l,3 ,4 -th iad iazo l)-2 -y l d ith io c a rb a m a te  (IV— VI) w as refluxed  w ith  20 m l ab so lu te  
m eth a n o l an d  th en  0.006 mole o f an  a lk y l h a lid e  (C H 3I, C2H 5B r, n-C3H 7B r o r C IC ^ C O jCj H j) 
w as ad d ed  g rad u ally . T he reac tio n  m ix tu re  w as re flu x ed  fo r 5— 10 m in, p o u re d  on  excess 
w a te r  an d  th e  p re c ip ita te  th a t  se p a ra ted  was f ilte red  off; i t  was w ashed w ith  w a te r  a n d  re c ry s
ta llized  fro m  aqueous alcohol.
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KINETIC STUDIES ON THE PREPARATION 
OF l-PHENYL-l,4-DIHYDRO-3(2H)-ISOQUINOLINONE 

AND ITS 4-ALKYL DERIVATIVES BY MEANS 
OF AMIDOALKYLATION INVOLVING CYCLIZATION

G y. D e á k , К . G á l l - I stó k , Zs . K á l m á n  and J . H a s k ó - B r e u e r

(Research Institute fo r  Experimental Medicine, H ungarian Academy o f  Sciences,
Budapest)

R eceived M ay 2, 1972

K in e tic  s tu d ies  w ere carried  o u t on  th e  reac tio n s  o f p h e n y la c e to n itr i le s  and 
p h en y lace tic  am ides c a rry in g  a lk y l su b s ti tu c n t(s )  in th e  а -position  w ith  benzaldehyde , 
in  p o ly phosphoric  acid , y ield ing  4 -a lk y l-l-p h en y l-l,4 -d ih y d ro -3 (2 J[i)-isoqu ino linones. 
I R  sp ec tro m etric  a n d  gas c h ro m a to g rap h ic  m e th o d s  were used  for c o n c e n tra tio n  d e te r
m in a tio n . I t  h a s  b een  fo u n d  th a t  th e  space  re q u ire m e n t o f th e  a lk y l su b s titu en t(s)  
h as a  considerab le  in flu en ce  on th e  reac tio n  ra te .  C om parison of th e  c o n s ta n ts  and the 
half-life  periods in d ic a te  t h a t  th e  h y d ra tio n  o f n itr ile s  an d  th e  c y c liz a tio n  reactions 
p ro b a b ly  proceed  b y  s im ila r m echanism s.

O f th e  h e terocyclic  ca rb o n y l com pounds, la c ta m ty p e  d e riv a tiv e s  of 
q u in o lin e  an d  isoqu ino line  h av e  been re la tiv e ly  l i ttle  in v e s tig a te d  so far. The 
co m p o u n d s can be  c lassified  in to  th ree  ty p e s , acco rd ing  to  th e  p o s itio n  of the 
n itro g e n  an d  oxygen a to m s in  th e  ring: 3 ,4 -d ih y d ro -2 (lH )-q u in o lin o n e  (hydro- 
c a rb o s ty r il) , 3 ,4 -d ih y d ro -l(2 if)-iso q u in o lin o n e  (h y d ro iso ca rb o sty ril)  an d  1,4- 
d ih y d ro -3 (2 H )-iso q u in o lin o n e . In  th e  l i te ra tu re  th e re  are  a lm o s t no  d a ta  in 
c o n n ec tio n  w ith  th e  la s t  com p o u n d ; its  1-a ry l d e riv a tiv e s  w ere successfully  
p re p a re d  [1] b y  th e  re a c tio n  o f a ro m atic  a ld eh y d es w ith  a ry la c e to n itr i le s  in 
p o ly p h o sp h o ric  acid  (P P A ) m edium . W hen  th is  reac tio n  was e x te n d e d  to  the  
sy n th e s is  o f d e riv a tiv es  c a rry in g  a lky l su b s titu e n t(s )  in position  4 , th e  reaction  
co n d itio n s  requ ired  (tim e , te m p e ra tu re )  w ere fo u n d  to  be s tro n g ly  d ep en d en t 
on th e  n u m b er an d  n a tu re  (s tra ig h t-  or b ra n ch ed -ch a in  s tru c tu re )  o f  th e  alkyl 
g ro u p s. Since in v es tig a tio n s  on th e  h y d ra tio n  o f  n itrile s  in P P A  led  to  sim ilar 
o b se rv a tio n s , k in e tic  s tu d ie s  seem ed to  be  p rom ising . T herefo re , in  th e  p resen t 
w ork  such  stud ies w ere ca rr ied  o u t on th e  h y d ra tio n  o f n itrile s  a n d  th e  p re
p a ra t io n  o f isoquinolinone from  th e  n itr i le  o r acid am ide; th e  com parison  
o f th e  k in e tic  cu rves a n d  th e  ra te  c o n s ta n ts  w as ex p ec ted  to  y ie ld  in for
m a tio n  on th e  m echan ism  o f th e  am id o a lk y la tio n  reac tio n  in v o lv in g  cycli
z a tio n .

A ccord ing  to  fo rm e r in v estig a tio n s [1], th e  syn th esis  of th e  p a re n t  sub 
s ta n c e  an d  certa in  d e riv a tiv e s  su b s ti tu te d  in  th e  nucleus can  b e  ca rr ied  out 
s ta r t in g  w ith  e ith e r th e  a ro m a tic  n itrile  o r acid am ide:
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CeH5CH2CN +  ArCHO 

C6H5CH2CONH2 +  ArOHO

I n  th e  course of th e  re a c t io n , benzyl cy an id e  is assu m ed  to  p ro d u ce  an  
in te rm e d ia te  ion (deno ted  b y  I) s tab ilized  by  ch a rg e  d e lo ca liza tio n ; i t  is th e n  
c o n v e r te d  in to  the  e n d -p ro d u c t in  an  arom atic  S E re a c tio n :

H 2

h , o

(H P  =  polyphosphoric  ac id )
W h e n  s ta rtin g  from  th e  a c id  am ide, b en zy lid en e-b is-(p h en y lace tam id e) 

is fo rm e d  f irs t, and th is  y ie ld s  th e  end-product th ro u g h  an  in te rm e d ia te  ionic 
s t a te  s im ila r  to  I:

NHCOCHzCfiHs
/  __S I

CeHäCH

NHCOCHäC'eHs

C onsidering th a t ,  a c c o rd in g  to  our re su lts , co n v ersio n  of th e  b is-am id e  
in to  th e  p ro d u c t is such  a r a p id  reaction  th a t  no  b is-am id e  can  be d e te c te d  in  
th e  re a c tio n  m ix tu re , th e  d e te rm in a tio n  of th e  fo llow ing  com pounds in th e  
p re se n c e  of one an o th e r w as n ecessary  in th e  k in e tic  s tu d ies  p lanned .

S ta r tin g  m aterial(s) C om pound  to  he d e te rm in ed

N itrile N itr ile

N itrile  -|- a ldehyde N itrile, a ld e h y d e  an d  p ro d u c t
A cid  am ide -f- a ld e h y d e  A ldehyde p ro d u c t

T h e  firs t ta sk  w as th e  dev e lo p m en t of su ita b le  a n a ly tic a l m e th o d s. 
N itriles  and  a ld e h y d e s  w ere  successfully d e te rm in e d  q u a n ti ta t iv e ly  by  

m e a n s  o f gas c h ro m a to g ra p h y . T he sam ple ta k e n  fro m  th e  p o ly p h o sp h o ric  
a c id  so lu tio n  was m ade n e u t r a l  w ith  2 % sodium  h y d ro x id e , th e n  th e  a ld eh y d e  
a n d  n itr i le  were s e p a ra te d  f ro m  th e  rest b y  s te a m  d is tilla tio n . Since a u to o x i
d a t io n  o f benzaldehyde u n d e r  th e  conditions o f  th e  d is tilla tio n  w ould  cause a
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la rg e  e rro r, a few c ry s ta ls  o f h y d ro q u in o n e  w ere added  to  th e  so lu tio n  to  be 
d is tilled , an d  th e  o p e ra tio n  w as ca rried  o u t in n itro g en  a tm o sp h e re . T h e  end 
o f th e  d is tilla tio n  w as d ecided  b y  tre a tin g  one d ro p le t o f th e  d is ti l la te  w ith  
iod ine  v ap o u rs  on a glass p la te  co a ted  w ith  a K ieselgel lay e r. W h en  no d a rk  
sp o t w as observed , th e  d is tilla tio n  w as fin ished . T he aqueous d is ti l la te  was 
re p e a te d ly  e x tra c te d  w ith  ch lo ro fo rm , th e  com bined  e x tra c ts  w ere d ried  and  
e x a m in e d  by  gas c h ro m a to g ra p h y . C alib ra tio n  curves w ere u sed  fo r  q u a n ti
ta t iv e  d e te rm in a tio n . I n  o rd e r to  check th e  re liab ility  o f  th e  m e th o d , th e  
s ta r t in g  m ateria ls  a n d  th e  p ro d u c t w ere d issolved in  p o ly p h o sp h o ric  ac id  in 
a m o u n ts  co rrespond ing  to  d iffe ren t s tages o f th e  progress o f th e  re a c tio n , and 
gas ch ro m ato g rap h ic  an a ly sis  w as accom plished  a fte r  th e  iso la tio n  p rocedure  
ap p lied . On th e  basis  o f th e se  in v es tig a tio n s  th e  m eth o d  seem ed  to  be sa tis 
fa c to ry  fo r th e  p re se n t p u rposes.

A solid residue w as o b ta in e d  in th e  d istilling  flask  a f te r  th e  s te a m  d is til
la tio n ; th is  consisted  o f th e  p ro d u c t, th e  b y -p ro d u c t (acid am ide) an d  an 
in o rg an ic  sa lt. T he  so lu tio n  co n ta in in g  a p re c ip ita te  w as m ade a lk a lin e  (pH  9), 
th e n  cooled to  — 20 °C fo r 3 h r, th e  solid w as filte red  o ff an d  d r ie d ; i t  w as then  
su ita b le  fo r th e  d e te rm in a tio n  o f  th e  isoquinolinone c o n te n t. I R  spec tro sco p y  
w as selected  for th is  d e te rm in a tio n . T he IR  sp ec tra  o f l-p h e n y l- l,4 -d ih y d ro -  
3 (2 fi)-iso q u in o lin o n e  (S p ec tru m  1) and  p h en y lace tam id e  (S p e c tru m  2) were 
co m p ared  and  th e  b a n d s  a t  1320 c m -1 an d  1355 c m “ 1 w ere fo u n d  to  be su it
ab le  for d iffe ren tia tin g  b e tw een  th e  tw o  com pounds, since th e se  b a n d s  are  a b 
se n t from  th e  sp ec tru m  o f p h en y lace tam id e . D ifferences ex is t, o f  cou rse  in the  
700— 600 cm 1 ran g e , to o , b u t  th e  b an d s  in th is  in te rv a l do n o t seem  su itab le  for 
q u a n ti ta t iv e  an a ly tic a l purposes. A lthough  th e  A m ide I b an d  a p p e a rs  a t  1670 
c m -1 an d  1645 c m -1 in th e  sp e c tra  o f th e  isoquinolinone d e r iv a tiv e  and  phe
n y lace tam id e , re sp ec tiv e ly , th e  b an d s are  too  b ro ad  an d  c a n n o t be  used for 
q u a n ti ta t iv e  d e te rm in a tio n  o f  th e  tw o com pounds in  th e  p resence o f  each  o ther.

Microns
2.5 3.0 3.5 4.0 5.0 &0 7.0 8.0 1Q0 12.0 16.0
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Spectrum  3 w as re c o rd e d  on a 50— 50%  (w /w ) m ix tu re  o f th e  isoquinoli- 
n o n e  d eriv a tiv e  an d  p h e n y la c e tam id e .

I n  th is  sp ec tru m  th e  b a n d s  m ost c h a ra c te r is tic  o f th e  isoqu ino linone 
a n d  o f  p h en y lace tam id e  a re  th o se  appearing  a t  1320, 1350, 1400, 1485, 1665 
c m -1  a n d  1420, 1640 c m -1 , respective ly .

S pectrum  4 is th e  in f ra re d  spec trum  o f a n  e x p e rim e n ta l sam ple. T he 
r e a c t io n  was carried  o u t  b e tw e e n  benzyl cy an id e  a n d  b en za ld eh y d e  in  poly- 
p h o sp h o ric  acid (1 : 1.5) a t  70 °C for 120 m in.

Microns

Spectrum 2. IR  spectrum of phenylacetamide (in KBr)

Spectrum  3. IR spectrum of a 1 : 1 mixture of J -phenyl-1,4-dihydro-.'l(2ff)-isoqui noli none and
phenylacetamide (in KBr)
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Microns

Spectrum 4. IR spectrum of the product of the reaction of benzaldehyde and benzyl cyanide
in PPA (in KBr)

C om paring  S p ec tra  4 and  3, i t  is s tr ik in g  th a t  th e  h ands c h a ra c te r is tic  
o f th e  isoqu ino linone d eriv a tiv e  (1665, 1485, 1400, 1350 and  1320 c m -1 ) are 
th e  s tro n g e r ones, in accordance w ith  th e  p re p a ra tiv e  experim en ts.

In  th e  fu r th e r  w ork , th e  h a n d  a p p e a r in g  a t  1350 c m -1 w as u se d  fo r the  
d e te rm in a tio n  o f th e  isoquinolinone d e r iv a tiv e  co n ten t of th e  sa m p le s , using 
a ca lib ra tio n  d iag ram .

As m en tio n ed  in  th e  in tro d u c to ry  p a r t ,  th e  h y d ra tio n  of b e n z y l cy an id e  
d e riv a tiv e s  c a rry in g  a lky l su b s titu e n t(s )  in  th e  а -position , acco m p lish ed  in 
p o lyphosphoric  ac id , an d  th e  re a c tio n  w ith  benza ldehyde  of n itr i le s  and  of 
th e  acid am ides o b ta in e d  from  th e m  wrere  in v es tig a ted . F o r th e se  m easu re 
m en ts  th e  p re p a ra tio n  of th e  fo llow ing n itr i le s  an d  acid am ides w as re q u ire d :

C6H5C(R',R2)X
X  =  CN or CONH2

R 1 R* Name

H H Benzyl cyanide
H CH., a-|)henylpropionic nitrile (amide)
CH3 CH3 a-phenylisobutyric nitrile (amide)
H iPr a-phenylisovaleric nitrile (amide)
c h 3 iPr a-phenyl-a-methylisovaleric nitrile (amide)
H nBu a-phenylcaproic nitrile (amide)
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T w o  m ethods w ere used  for the  p re p a ra tio n  o f th e  p h en y lace to n itr ile s  
s u b s t i tu te d  in  th e  а -p o sitio n . a -P h e n y lp ro p io n o n itr ile  was p repared  acco rd in g  
to  th e  m e th o d  of Ma k o s z a  [2 ]  using m eth y l io d id e  fo r a lky la tion  in  th e  p re s 
ence o f  b e n z y ltr ie th y la m m o n iu m  chloride w h ich  p re v e n ts  d isu b s titu tio n . T h e  
o th e r  n itr i le s  were o b ta in e d  as described b y  T a r a n k o  [3], in d im e th y l su lf
o x id e  so lu tio n .

H y d ro g e n  perox ide  h y d ra tio n  of th e  n i tr i le s  w as a tte m p te d  in  o rd e r  to  
p re p a re  th e  acid  am ides. T h is  proved  to  be  su ccessfu l except for th e  case  o f  
a -p lie n y l-a -m e th y liso v a le ra m id e ; th e  n itr ile  co rresp o n d in g  to  th is  co m 
p o u n d  co u ld  n o t be h y d ra te d  w ith  e ither h y d ro g e n  p e ro x id e  or in  p o ly p h o sp h o r- 
ic a c id  m ed iu m , even if  r a th e r  vigorous c o n d itio n s  w ere applied . T he re a c tio n s  
o f th e  o th e r  n itriles w ere e ffec ted  under id e n tic a l cond itio n s. The h ig h est y ie ld  
(71% ) w as o b ta in ed  fo r a -p h en y lp ro p io n am id e , th e  low est (35% ) fo r  a- 
p h e n y liso b u ty ra m id e  w h ich  h as  tw o m e th y l su b s ti tu e n ts  in th e  a -p o s itio n .

a -P h e n y liso v a le ra m id e  carry in g  only  o n e  a lk y l su b s titu e n t in  th e  op
p o s itio n , as well as th e  h ex a n a m id e  could b e  p re p a re d  in h igher y ie ld s (4 1 %  
an d  4 9 % , respectively ).

C o m p arin g  th e  I R  sp e c tra  of the  ac id  a m id e s  an d  th e  isoqu in o lin o n e  
d e r iv a tiv e s  p rep ared  from  th e m  (Spectra 5— 14), th e  following b a n d s  w ere  
fo u n d  to  b e  su itab le  fo r q u a n ti ta t iv e  m e a su re m e n ts :

l-p h e n y l- l,4 -d ih y d ro -4 -m e th y l-3 (2 f /) - iso q u in o lin o n e  1355 c m -1
l-p h en y l-l,4 -d ih y d ro -4 ,4 -d im e th y l-3 (2 H )-

isoquinolinone 1350 cm  “1
l-p h en y l-l,4 -d ih y d ro -4 -iso p ro p y l-3 (2 H )-

isoquinolinone 1285 c m -1
4 -b u ty l-  1-phenyl- l,4 -d ih y d ro -3 (2 H  )-

isoquinolinone 1360 c m -1

In  th e  case  o f l-p h en y l-l,4 -d ih y d ro -4 -iso p ro p y l-4 -m eth y l-3 (2 H )-iso q u in o lin o n e  
th e  m e th o d  could n o t be ap p lied , since no b a n d  u n d is tu rb e d  by  th a t  o f  th e  
c o rre sp o n d in g  am ide cou ld  b e  found  in th e  s p e c tru m .

I n  o rd e r to  check th e  m e th o d , 1 : I m ix tu re  were p repared  from  th e  
a m id e —la c ta m  pairs , an d  th e  lac tam  co n ten ts  w e re  de term ined  from  th e  I R  
s p e c tra . A lth o u g h  th e  e rro r  o f  th e  m ethod  is re la t iv e ly  high (3— 5% ) as co m 
p a re d  w ith  o th e r an a ly tic a l p rocedures, it  seem ed  sa tis fac to ry  for th e  p re se n t 
p u rp o se .
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S p e c tr u m  5 . I R  s p e c t r u m  o f  a - p h e n y lp r o p io u a m id e  ( in  K B r )

c m 1

Spectrum 6. IR spectrum of a-phenylisobutyrainide (in KBr)
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S p e c tr u m  7 . I R  s p e c t r u m  o f  a - p h e n y l i s o v a l e r a m i d e  ( in  K B r )

Spectrum 8. IR  spectrum of a-phenyl-a-methylisovaleramide (in KBr)

D
E

Á
K

 et al.: K
IN

E
T

IC
 ST

U
D

IES



T
ra

ns
m

it
ta

nc
e 

(*
/.)

 
T

ra
ns

m
it

ta
nc

e 
(*

/.)

Spectrum 9. IR spectrum of a-phenylhexanamide (iu KBr)

cm
S p e c tr u m  1 0 . IR spectrum of 1-phenyl-1,4-dihydro-4-methyl-3(2iT)-isoquinolinone (in KBr)
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LiF- prism NaCl-prism KBr-prism

cm'1
S p e c tr u m  1 2 . IR spectrum of 1-phenyl-1,4-dihydro-4-isopropyl-3(2fT)-isoquinolinone (in KBr)
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Spectrum 13. IR spectrum of 1 -phenyl- 1,4-dihydro-l-isopropyl-t-methy 1-3(2Z/)-isoquinolinone (in KBr)

S p e c tr u m  14 . IR spectrum of 4-butyl-l-phenyl-l,4-dihydro-3(2H)-isoquinolinone (in KBr)
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K in e tic  m easu rem en ts

T h e  kinetic  m e a su re m e n ts  w ere m ad e  u n d e r  s ta n d a rd  co n d itio n s (100 °C, 
in  p o ly p h o sp h o ric  acid  o f  1 : 1 co m position , n itro g e n  s tream ). F o r  easie r com 
p a r is o n  o f th e  re su lts , 1 : 1 m ole ra tio s  o f th e  n itr ile  : a ld eh y d e  an d  am id e  : 
a ld e h y d e  were used, a t  n e a r ly  id en tica l m ole/1 co n cen tra tio n s .

E a c h  exp erim en ta l series w as re p e a te d , a n d  in  th e  case o f sa tis fa c to ry  
a g re e m e n t th e  resu lts o f th e  p a ra lle l m easu rem en ts  w ere p lo tte d  on th e  sam e 
c o n c e n tra tio n  (c) vs. t im e  (t) d iag ram . T h e  cu rv es co n stru c ted  in  th is  w ay  
w ere  u se d  in  the  ca lcu la tio n  o f  th e  k in e tic  p a ra m e te rs .

I n  th e  firs t series th e  h y d ra tio n  o f n itr ile s  w as s tu d ied  (see F ig . 1 fo r 
th e  p a r e n t  com pound). In  th e  m easu rem en t o f th e  ra te  of h y d ra tio n , th e  reac-

F ig . 1. Reaction of benzyl cyanide in PPA at 100 °C; Co= 1 .0 9 x l0  3 mole/g

t io n  w as  supposed to  fo llow  f irs t-o rd e r  k in e tic s . T h is assu m p tio n  seem s to  he  
c o n f irm e d  b y  the  fac t th a t  g rap h ica l re p re se n ta tio n  o f th e  In c va lu es  as a 
fu n c t io n  o f tim e gave a l in e a r  re la tio n sh ip  fo r  all n itriles (see F ig . 2 fo r 
th e  p a r e n t  com pound). T h e  r a te  co n stan ts  ca lc u la ted  from  th e  slope o f  th e  
lin es  a re  sum m arized  in  T a b le  I.

A ccord ing  to  th e  m e a su re m e n ts , h y d ra tio n  b ro u g h t ab o u t b y  P P A  is a 
t im e -re a c tio n . I t  is kn o w n  t h a t  earlie r th e  h y d ra tio n  o f n itriles c a ta ly z ed  b y  
m in e ra l acids was re p re se n te d  b y  th e  follow ing schem e:

R — C = N  +  HC1 R — C = N H
I

Cl

R — C = N H
I

O H

O H R — C = 0
I

N H ,

In  th e  fo rm e r schem e th e  slo w est, ra te -d e te rm in in g  s tep  w ould be  th e  ru p tu re  
o f  th e  c a rb o n -h a lo g en  b o n d . R e c e n tly , O l á h  et al. [4] h av e  show n th a t  th e  
fo llo w in g  salt-like  com pound

©
R — C = N  +  HC1 *=* R — C = N H C 1 Q
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T ab le  I

Hydration o f nitriles to amides in 1 : 1 poly phosphoric acid at 100 °C

Nitrile
kt 102

min
Half-life,

min

Benzyl cyanide 2.63 26.0
a-Phenylpropiononitrile 2.00 34.5
a-Phenylisobutyronitrile 1.80 36.0
a-Phenylisovaleronitrile 1.64 42.0
a-Phenyl-a-metbylisovaleronitrile 0.25 240.0
a-Phenylhexanenitrile insoluble

is fo rm ed  u n d er th e  e x p e rim e n ta l co n d itions ap p lied  b y  th e m . T h is  salt-like 
com pound  w ould  th e n  y ield  th e  am ide  w ith  w a te r  in  th e  ra te -d e te rm in in g  
slow step :

R — C ® N H  +  H ,0  — ► R C O N H 2 +  H®

T h u s, if  such a sa lt-like  co m p o u n d  w ere fo rm ed  also w ith  P P A , th e  slow step  
w ould  be  th e  reac tio n  w ith  w a te r  in  th is  case, to o , since p ro to n a tio n  is an  in s ta n 
tan e o u s  reac tio n . T his is in c o n s is te n t, how ever, w ith  th e  fa c t th a t  th e  reaction  
o f th e  P P A  so lu tion  w ith  ic e -w a te r  y ields th e  am ide  im m e d ia te ly . S till it can 
be  supposed  th a t  th e  n itr ile  a n d  P P A  (w hich has ac id  a n h y d r id e  character) 
give com pound b show n in th e  follow ing schem e:
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0
II

R - C hhN +  H O -  p
1

OH L

o

0
II
p -
1
OH

0
© © 11 

RC =  N H  О -  P -
1
OH

0
II

O - P - O H
1

OH

о  -I

O - P  

OH J

0
II

- O P - O H
1

i OH
«)

- c =

Ó -

N H
0
II
P -

OH

0
II

- O - P -
1
OH
b)

0
II

- О - P - O H
1

n OH

F o rm a lly , com pound  b c a n  be  regarded  as th e  im ino  d e riv a tiv e  of th e  
m ix ed  an h y d rid e  of th e  c o rre sp o n d in g  RCO O H  carb o x y lic  acid an d  poly- 
p h o sp h o r ic  acid, w hich, in  a c c o rd a n ce  w ith  its  a n h y d rid e  c h a ra c te r , can  rap id ly  
re a c t  w ith  w ater:

R —C = N H
0 Г 0  1
II II

O - P - - O - P - - 0

OH O H - n

О
11 4 H,0
P OH R — CONHo +  (n

OH

2 )H 3P 0 4

b)

A cco rd in g  to  th e  fo rm e r s ta te m e n ts , th e  ra te -d e te rm in in g  s tep  can  only  
be  th e  fo rm a tio n  of com p o u n d  b , since the  la t te r  shou ld  ra p id ly  tra n sfo rm  in to  
th e  p ro d u c t  w hen ac ted  u p o n  b y  w ater.

T h e  ra te  co n stan ts  o b ta in e d  fo r th e  n itriles well ag ree  w ith  th e  re su lts  
o f th e  p re p a ra tiv e  ex p e rim en ts , n am e ly , th a t  th e  a lk y l g ro u p s in  th e  a -position  
m a y  h a v e  a considerable in flu e n c e  on the  ra te  o f th e  re a c tio n .

T h e  reaction  ta k e s  p la c e  m o st read ily  w ith  n o n -su b s titu te d  benzy l 
c y a n id e ; a som ew hat low er r a te  is observed w ith  th e  d e riv a tiv e s  ca rry in g  
m e th y l , d im e th y l or iso p ro p y l su b s titu e n ts  in th e  а -p o sitio n . A s ign ifican t 
c h a n g e  ap p e a rs  in th e  case o f  a -p h e n y l-a -m eth y liso v a le rio n itrile , since its  
c o n v e rs io n  is very  low even  in  360 m in.

O n th e  basis of th e  r a te  c o n s ta n ts  and half-life p e rio d s , th e  follow ing o rder 
is o b ta in e d  for th e  r e a c tiv ity  o f  n itrile s : benzy l cy a n id e  >  a -p h en y lp ro p io - 
n itr ile  ^  a -p h e n y liso b u ty ro n itr ile  ^  a -p h en y liso v a le ro n itrile  a -pheny l-a - 
m e th y liso v a le ro n itr ile .
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O n th e  basis of th e  m echan ism  o u tlin ed  above, th e  ra te -d e te rm in in g  
s te p  o f th e  reac tio n  is th e  fo rm a tio n  of a ca rb o n -o x y g en  bond . T his m ean s th a t  
th e  P ~  an ion  (H P  =  p o ly p h o sp h o ric  acid) h as  to  ap p ro ach  th e  c a rb o n  a to m  
o f th e  n itrile  group o f b en zy l cyan ide . D urin g  th e  e s tab lish m en t o f  th e  b o n d , 
th e  s ta te  of h y b rid iza tio n  a n d , to g e th e r  w ith  th is , th e  valence o r ie n ta tio n  of 
th is  C a to m  is a lte red ; th e  sp  h y b rid  tran sfo rm s in to  an  s p 2 h y b rid e . I t  can  be 
su p p o sed  th a t  th e  p resence o f a lky l g roups in  th e  а -position , p a r tic u la r ly  th e  
s im u ltan eo u s  presence o f iso p ro p y l and  m e th y l, a ffect u n fa v o u ra b ly  b o th  th e  
accessib ility  of th e  carbon  a to m  an d  th e  change o f th e  valence ang le . In  o th e r  
w o rd s , th e  ac tiv a tio n  en erg y  o f th e  reac tio n  is increased . A n e x a m in a tio n  of 
th e  S tu a rt-B rig lieb  m odels o f  th e  com pounds su p p o rts  th is  h y p o th e s is : p ro x i
m ity  o f th e  groups h av in g  g re a t space re q u ire m e n ts  m akes th e  a c tu a l  p a r t  of 
th e  m olecule v e ry  crow ded , th e  carbon  a to m  o f th e  n itrile  g roup  is g rea tly  
h in d e re d , and  th e  c y an o a lk y l g roup  p ra c tic a lly  c an n o t ro ta te .

In  th e  n e x t m easu rem en t series th e  co n d en sa tio n  reac tio n  b e tw e e n  n i t r i 
les an d  benza ldehyde  w as s tu d ie d  m easuring  th e  v a ria tio n  in  th e  c o n c e n tra tio n s  
o f  th e  s ta r tin g  m ate ria ls  (n itrile , a ldehyde) an d  of th e  p ro d u c t (lac tam ). 
In  F igs 3 and  4 th e  d a ta  o f  th e  reac tions ta k in g  place w ith  b en zy l cyan ide  
a n d  its  d e riv a tiv e  c a rry in g  an  isopropy l s u b s ti tu e n t  in th e  а -p o s itio n , are  
sh o w n ; k in e tic  curves o f s im ila r c h a ra c te r  w ere o b ta in e d  w ith  th e  o th e r  n itrile s , 
to o .

In  P P A  th e  h y d ra tio n  o f n itriles shou ld  also be ta k e n  in to  a c c o u n t in 
a d d itio n  to  th e  reac tio n  o f  th e  n itrile  w ith  b en za ld eh y d e ; th u s  tw o  s im u lta 
neous reac tio n s ta k e  p lace , an d  therefo re  th e  re su lts  o f m e a su re m e n t can n o t 
be used  for th e  ca lcu la tio n  o f  ra te  c o n s tan ts . C onsequen tly , th e  k in e tic  curves 
w ere e v a lu a ted  only q u a lita tiv e ly  and  th e  half-life  periods w ere d e te rm in ed  
from  th e  curves (T able I I ) .

T he k ine tic  curves a n d  half-life periods c learly  show  th a t  n itr ile s  alw ays 
re a c t m ore rap id ly  th a n  b en za ld eh y d e  does. T h is can  be  a t t r ib u te d  to  th e  
o ccu rren ce  of tw o s im u ltan eo u s  reactions.

A com parison  o f th e  d a ta  in T ab le  I I  an d  I gives th e  sam e re su lt:  th e  
n itr ile  is consum ed fa s te r  in  th e  presence o f b en za ld eh y d e  th a n  in  its  absence. 
T h e  o rd e r of th e  half-life  periods of th e  n itr ile s  is essen tia lly  id e n tic a l w ith  
t h a t  o b ta in ed  in  th e  ease o f h y d ra tio n ; a -m e th y l-a -p h en y liso v a le ro n itr ile  
re a c ts  again  very  slow ly. T h is ind ica tes th a t  th e  ra te -d e te rm in in g  s te p  in  th e  
h y d ra tio n  and  co n d en sa tio n  reac tions of n itrile s  depends on th e  s u b s ti tu e n t  
in th e  а -position  in an  id e n tic a l w ay.

Since, accord ing  to  th e  p re p a ra tiv e  ex p e rim en ts , acid am id es also reac t 
w ith  b en za ld eh y d e, th e  p o ssib ility  of a co n secu tiv e  reac tio n  b e tw een  th e  acid 
am id e  (or its  precursor) fo rm ed  from  a n itr ile  an d  benza ldehyde  sh o u ld  also be 
ta k e n  in to  acco u n t. I f  th e  r a te  of th is  reac tio n  is n o t h igher th a n  th a t  o f the  
m a in  reac tio n , it has no d is tu rb in g  effect. T herefo re , th e  re a c tio n s  o f benz-
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Fig. 3. Reaction of benzyl cyanide and benzaldehyde in PPA at 100°C 
О benzyl cyanide, C0= 1 .1 8 x lO ~ 3 mole/g
Д  benzaldehye Co= 1 .0 4 x l 0 ~ 3 mole/g

□ l-phenyl-l,4-dihydro-3(2H)-isoquinolinone

F ig . 4. Reaction of a-phenylisovaleronitrile and benzaldehyde in PPA at 100°C 
О a-phenylisovaleronitrile, C0= 1 .0 7 x  10_3mole/g 

Д  benzaldehyde, C0 =  1.11 X 10“3 mole/g 
□ l-phenyl-l,4-dihydro-4-isopropyl-3(2H)-isoquinolinone

a ld e h y d e  w ith  th e  acid  am id es  form ed from  th e  n itr ile s  w ere also in v es tig a ted . 
In  th e se  experim en ts th e  b en za ld eh y d e  co n su m p tio n  an d  th e  fo rm a tio n  o f th e  
iso q u in o lin e  d e riv a tiv e  w ere  m easu red . Since, as m en tio n ed  above, th e  accu 
ra c y  o f  th e  d e te rm in a tio n  o f th e  co n cen tra tio n  o f isoqu ino linone (IR  sp e c tro 
scopic  m eth o d ) is low er th a n  th a t  of th e  g as-ch ro m a to g rap h ic  m easu rem en ts  
a p p lie d  fo r b en za ld eh y d e, th e  sc a tte rin g  of th e  p o in ts  reg a rd in g  th e  fo rm er is 
g re a te r , b u t  still s ig n ifican t.
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Table II
Reaction o f nitriles and benzaldehyde in 1 : 1 poly  phosphoric acid at 100 °C

Nitrile
Half-life periods

Benzalde
hyde

Nitrile 
T,/2, min

Isoquin-
olinone

Benzyl cyanide 24 19 40

a-Phenylpiopionitrile 36 28 42

a-Phenylisobutyronitrile 41 32 48

a-Phenylisovalcronitrile 44 37 83
a-Phenyl-a-methylisovaleronitrile 320 216 _ *

* Not measured in lack of a suitable analytical method.

In  F igs 5 a n d  6 th e  d a ta  reg ard in g  th e  c o n d en sa tio n  of p h e n y la c e ta m id e  
an d  a -p h en y liso v a le ram id e  w ith  b en za ld eh y d e  a re  show n.

T h e  re a c tio n  o f a -p h en y lh ex an am id e  co u ld  also he s tu d ie d , s ince  in  
th is  case so lu b ility  p rob lem s d id  n o t occur.

Since on ly  one re a c tio n  is to  be co n sid e red  in  th is  case, th e  d e te rm in a 
tio n  o f th e  k in e tic  o rd e r o f th e  reac tio n  an d  th e  r a te  co n stan ts  w as a t te m p te d . 
O n th e  basis  o f th e o re tic a l co n sidera tions, a seco n d -o rd e r reaction  w as a ssu m ed ; 
th e  p lo t of th e  rec ip ro ca l v a lu e  o f th e  c o n c e n tra tio n s  as a function  o f tim e  gave 
a s tra ig h t  line (for th e  re a c tio n  o f a -p h en y lh e x a n am id e , see Fig. 7).

T h e  ra te  c o n s ta n ts  ca lcu la ted  from  th e  co rre la tio n  1/c =  k x  +  l/c„  are  
lis ted  in  T ab le  I I I .

Fig. 5. Reaction of phenylacetamide and benzaldehyde in PPA at 100°C 
д  benzaldehyde, C0= 1 .1 3 x lO -3 mole/g

□ l-phenyl-l,4dihydro-3(2H)-isoquinolinone
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Fig. 6. Reaction of a-phenylhexanamide in PPA at 100°C 
д  benzaldehyde, Со= 0 .9 7 х Ю _3 mole/g

□ 4-butyl-1 -phenyl-1. kIihydro-3(2//)-isoquinolinone

I t  c an  be seen from  th e  tab le  th a t  th e  o rd e r  of the  ra te  c o n s ta n ts  is 
id e n tic a l  w ith  th a t  o b ta in e d  in  th e  h y d ra tio n  o f  n itrile s  and in  th e  re a c tio n  of 
n itr i le s  w ith  b en za ld eh y d e . I t  is in te re s tin g  to  p o in t ou t the  s ig n if ican t effect 
e x e r te d  b y  th e  a -b u ty l g roup  on th e  r e a c tiv ity  o f  th e  acid am ide g ro u p . Com- 
p a r i r g  th e  d a ta  in T ab les  I I  and  I I I ,  i t  c an  b e  seen th a t  th e  am id e  re a c ts  
s o m e w h a t m ore ra p id ly  th a n  th e  co rresp o n d in g  n itrile , b u t th is  d iffe ren ce  in 
th e  r a te s  can  be neg lec ted  in  ev a lu a tin g  th e  re a c tio n  of n itriles.

C om p arin g  th e  r a te  c o n s ta n ts  and  h a lf-life  periods of th e  th re e  re a c tio n s  
(i.e ., h y d ra tio n  o f n itr ile s , a n d  th e  re a c tio n s  w ith  benzaldehyde o f  n itr ile s  
a n d  ac id  am ides), it  can  be supposed  th a t  th e  re a c tio n s  proceed b y  an a lo g o u s 
m ech an ism s.

T a b le  I I I

Reaction o f phenylacetamide and its derivatives substituted in the 1-position with 
benzaldehyde in 1 : 1 P P A  at 100 °C

Acid amide к,
g/mole • min

Half-life 
of the amide, 

T1/2, min

Phenylacetamide 30.4 36
a-Phenylpropionamide 29.6 38
a-Phenylisobutyramide 24.5 43
a-Phenylisovaleramide 22.5 43
a-Phenylhexanamide 18.0 49
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Fig. 7. Reaction of a-phenylhexanamide and benzaldehyde in PPA at 100°C

E xperim en ta l
a) Materials

The nitriles were prepared according to the methods of Makosza [2] and T aranko [3]; 
elemental analysis, IR spectra and gas chromatography were used for checking their purity.

The amides were synthesized as described by Vasiliu [5]; the respective nitrile was 
hydrated in the presence of H20 2 in alcoholic solution at pH 8.

The synthesis of isoquinolinone derivatives will be published in a forthcoming paper [6].
Polyphosphoric acid was also prepared by us by mixing phosphorus pentoxide and 

85% phosphoric acid in 1 : 1 weight ratio and heating the mixture to 100 °C for 4 hr, with 
stirring; moisture should be carefully excluded.

b) Kinetic measurements

The reactions were carried out in a cylindrical glass apparatus (Fig. 8), immersed into 
a therrnostated oil bath, equipped with a magnetic stirrer. Polyphosphoric acid was weighed 
into this, heated to 100 °C and maintained at this temperature for 20 min while the passing 
of a stream of dry nitrogen was started through it. Then calculated amounts of the reaction 
components and a few crystals of hydroquinone were added. Samples of nearly identical weight, 
withdrawn with a calibrated pipette, were cooled rapidly, weighed and analyzed according to 
the procedure described.

Gas-liquid chromatography was performed in an Aerograph A-600-C chromatograph, 
equipped with a hydrogen flame ionization detector. A coiled stainless steel column of 1/8" 
o.d. and 5 ft long was used. The column was packed with acid-washed Chromasorb W, 80—100 
mesh, coated with 3% SE—30 (Applied-Science). The chromatography was performed iso- 
thermally at 150 °C. The carrier gas was nitrogen at a flow rate of 25 ml/min.

The calibration curves used in the quantitative measurements were obtained with 
solutions prepared from known amounts of nitriles and aldehydes. Owing to the good separa
tion and sharpness of the gas chromatographic peaks, the peak heights were used for calibration.

The lactam content of the samples was determined on the basis of the IR  spectra, by 
means of a calibration curve, f  or its construction a sample series was prepared consisting of 
750 mg of KBr and 1— 5 mg of pure isoquinolinone derivative each. After homogenization, 
650.0 mg of the individual samples was compressed for precisely 1 min under a pressure of 
200 atm, after evacuation. In this way pellets of identical and constant cross-section were 
obtained. The spectra were recorded in the preselected region containing the bands chosen 
for measurement, then the log /„ / /  values were calculated according to the base-line method. 
Plotting these values as a function of the lactam concentration of the sample, a linear correla
tion was obtained up to about 3.5— 4 mg/pellet concentration. The IR spectra were recorded 
with a Zeiss UR— 10 spectrophotometer, with a slit width of 4.
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Sampling neck

Fig. 8. Apparatus designed for the kinetic measurements
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The validity of the A l f r e y — G o l d f in g e r  equations for the calculation of the 
composition of terpolymers from known reactivity ratios was confirmed by numerous 
authors in the last years. For the special cases of one or more components being not 
homopolymerizable but copolymerizable with the other partners, equations have been 
proposed in which one factor, R, must be determined experimentally if the reactivity 
ratios are known from binary copolymerization experiments.

In this paper the system acrylonitrile-acrilic acid-4-vinylcyclohexene and acrylo
nitrile-maleic anhydride-4-vinylcyclohexene are examined. Important changes are 
found in the factor R  owing to the influence of the penultimate unit, solvent effects, 
etc., therefore, the proposed equations for the special cases give different results depend
ing on the reaction conditions. An average value of the factor R is proposed, so that 
the solutions of the terpolymerization equations for special cases should approximate 
the real composition as closely as possible.

In addition, the terpolymer compositions calculated by the simplified H am’s 
equations are compared with the values calculated from the Al f r e y  — G o l d fin g er  
equations and the experimental values for systems involving one or more mono
mers with very low self-propagation rates.

Introduction

T h e f irs t th e o re tic a l a n d  ex p erim en ta l in v es tig a tio n s  on m u ltico m p o n en t 
copo lym ers w ere ca rried  o u t in  th e  la te  1940’s, in  th e  1950’s few  p ap ers  on 
th is  su b je c t w ere p u b lish ed  h u t  since 1960 th e  l i te ra tu re  d evo ted  to  th em  has 
been  increasing  ra p id ly .

T h e  p rac tica l im p o rta n c e  o f m u ltic o m p o n e n t copo lym ers, especially  
te rp o ly m e rs , is g ro w in g  co n tin u o u sly . T he a d d itio n , in  a sm all a m o u n t, o f a 
th ird  co m p o n en t to  a  b in a ry  copolym er m ay  re su lt in  c e r ta in  p ro p ertie s  
(so lu b ility , v u lc a n iz a b ility , a d h e s iv ity , d y e a b ility , e tc .), d iffe ren t from  those  
o f  th e  copolym ers co n sis tin g  of on ly  tw o m onom ers, w hich m ak e  i t  su itab le  
fo r p a r tic u la r  ap p lic a tio n s .

R e la tio n sh ip s  b e tw een  th e  com position  o f  a te rp o ly m er a n d  th a t  o f the  
co rresp o n d in g  m onom er h av e  been proposed  fo r th e  f irs t tim e  b y  A l f r e y  and  
G o l d f i n g e r  [ 1 ] .  T h e th e o ry  o f co p o ly m eriza tio n  o f  v iny l m onom ers developed

* Presented in part at the IUPAC International Symposium on Macromolecular Chem
istry, Budapest, 1969
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b y  t h e s e  a u th o rs  w a s  s u b s e q u e n t l y  e x t e n d e d  t o  n - c o m p o n e n t  s y s t e m s  b y  
W a l l i n g  a n d  B r ig g s  [2] a n d  b y  S k e i s t  [3] t o  a l lo w  th e  c a lc u la t io n  o f  th e  
c o m p o s i t i o n  vs. c o n v e r s io n  c u r v e s .

E x p e rim en ta l v e r if ic a tio n s  fo r low conversion  th ree -co m p o n en t system s 
w ere  also  reported .

A ccording to  A l f r e y  a n d  Go l d f i n g e r , th e  well know n te rp o ly m eriza- 
t io n  eq u a tio n s  are [1]:

d [ M i ]  : d [ M 2] : d [ M 3] =  m l : m2 : m 3 =

= [M x] 

: [M,

[МА + ША + Ш ]  j[Ml]-
' s i ' A  Г2 1 Г 23 Г31Г23 J l

■л \ ш + ш + ш  j U ] .
l r l2r31 r 1 2 r 3 2  r32ru \ [

: [ M J  | Ш  +  Ш  +  Ш
r 13r 21 Г2 3 Г12 Г13Г23

[ M 3]

[ M 2]
+

[M 3]

r 12 r 13

[M l] +
[M s]

Г21 Г 23

[ M J . _L [ M 2\

r-il
г

Г32

w h ere  rtj =  K uj К ц  #  0 , th e  am o u n ts  in  sq u a re  b ra c k e ts  re p re se n t concen 
t r a t i o n s  in  the  m onom er m ix tu re , rn s are th e  m o n o m er c o n cen tra tio n s  in th e  
te rp o ly m e r  and a re  th e  r a te  co n stan ts  o f n in e  e lem en ta ry  re a c tio n s  con
s t r u c te d  from  the  c o m b in a tio n s  of th ree  p o ly m er rad ica ls  an d  th ree  m onom ers.

A l f r e y  and  Go l d f i n g e r  [4] have  show n t h a t  th e se  eq u a tio n s  c a n n o t be 
e m p lo y e d  if the  system  c o n ta in s  one or m ore co m p o n en ts  th a t  do n o t undergo  
h o m o p o ly m eriza tio n , i.e. r e a c tio n  w ith  a g row ing  ch a in  ending  in  a m onom er 
u n i t  o f  th e ir  own ty p e , e.g.  d ie th y l m alea te , c ro to n ic  acid , e tc .; if  m o n o m er M, 
is o f  su c h  ty p e , th en  K it =  0 a n d  all th e  r,, =  0. F o r  th e  case of th re e  m ono
m e rs , th re e  cases can b e  fo u n d :

1) M onom er M 3 does n o t  hom opolym erize ( K 33 =  0) b u t  c an  copo ly 
m e riz e  w ith  M x and  M 2 ( K 3l ф  0, K 32 Ф  0).

2) M onom er M 2 a n d  M 3 c an n o t hom opo lym erize  ( K 22 =  K 33 =  0, r21 =  
=  r23 =  r 31 =  r32 =  0), b u t  c a n  copolym erize w ith  one a n o th e r a n d  w ith  M v

3) M onomers M 2 a n d  M 3 can  n e ith e r hom opo lym erize , n o r copolym erize 
w ith  one  an o th er ( K 22 =  K 33 =  K 23 =  K 32 =  0).

O u r a tten tio n  w as fo cu sed  on th e  f irs t tw o cases, th ere fo re , we decided 
to  ch o o se  th e  system  a c ry lo n itr i le ( l)—acrylic acid (2 )-4 -v iny lcyclohexene(3) for 
th e  f i r s t  case and th e  s y s te m  a c ry lo n itr ile ( l)—m aleic  anhydrid e(2 )-4 -v in y l- 
cyclohexene(3 ) for th e  second .

E xperim en ta l

The solvent and monomers were distilled under reduced pressure in order to free them  
from  inhibitor and were stored at — 10 °C. Acrylic acid could be stored as a solid for several 
days in this way, but dioxan was always freshly distilled before use. Commercial azobis(iso- 
butyronitrile) used in these experim ents was purified by recrystallization twice from ether.
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Mixtures of the monomers of different composition and the solvent (the mole ratio of solvent 
to monomer mixture was 1 :1) were introduced into glass ampoules and 1% (based on the 
monomer mixture) of azobis(isobutyronitrile) was added.

The ampoules were sealed under a slight nitrogen pressure after evacuating and filling 
with nitrogen for several times. They were then kept in a water bath thermostated at 60 +  
+  0.1 °C and turned over for the time necessary to obtain a conversion of a few per cent; the 
time required for this increased with increasing 4-vinylcyclohexene content in the monomer 
mixture. The contents of the ampoules were added dropwise to methanol containing hydro- 
quinone under slight stirring. The copolymers were collected by filtration and after prolonged 
washing with methanol were dried under high vacuum for 24 hrs. The conversion was calculated 
from the weight of polymer obtained from a known amount of reaction mixture. The oxygen, 
nitrogen and carbon content of the copolymer samples were then determined by elemental 
analysis.

R esu lts  an d  D iscussion

A. M onom er M 3 does n o t hom opolym erize , b u t  can  copo lym erize  w ith  
M , an d  M.,.

In  possession o f  ex p e rim en ta l d a ta  th e  question  arises o f  how  th e y  can 
b e s t  be used to  e s tim a te  th e  p a ra m e te rs  o f in te re s t.

Table I

Experimental data for the system acrylonitrile( 1) acrylic acid(2)

No. of
Feed composition 

(mole fr.) Copolymer У
(%)

Copolymer composition 
(mole fr.)

Solvent
[AT,]

yield (%)
m, m2

l 0.670 0.330 2.95 13.50 0.587 0.413
2

Benzene
0.744 0.256 5.33 15.33 0.653 0.347

3 0.816 0.184 1.48 17.60 0.731 0.269
4 0.855 0.145 0.50 18.78 0.770 0.230

5 0.754 0.246 1.28 14.43 0.621 0.379
6

Bulk
0.820 0.180 2.35 16.71 0.701 0.299

7 0.862 0.138 1.71 18.26 0.753 0.247
8 0.912 0.088 3.77 20.55 0.827 0.173

T he runs w ith  th e  low est conversion  in  each  of th e  re sp e c tiv e  series were 
considered  (Tables I — I I I ) .  F i n e m a n  — R oss  [5] p lo ts w ere u sed  to  determ ine  
th e  re a c tiv ity  ra tio s  in th e  u su a l m an n er, e.g., in  Figs 1—3, F / f  ( f —1) is p lo tted  
a g a in s t F~lf,  w here F i s  th e  in itia l m ole ra tio  o f th e  tw o m o n o m ers  in  th e  feed 
an d  f  is th e  sam e ra tio  in  th e  copo lym er.

T he dependence  o f  th e  re su lts  on th e  p o la rity  o f th e  so lv e n ts  is n o t su r
p ris in g  because fo r som e sy stem s c o n ta in in g  one or tw o  p o la r  m onom ers 
(acry lic  a c id -a c ry lo n itr ile , ac ry lic  a c id -m e th y l m e th a c ry la te , a c ry lo n itr ile -  
s ty re n e ), d iffe ren t re a c tiv ity  ra tio s  fo r d iffe ren t so lven ts w ere re p o r te d  [6— 8].

In  th e  cases w here all th e  m onom ers can  hom opo lym erize , b in a ry  copoly
m eriza tio n  ex p e rim en ts  are  su ffic ien t for d e te rm in in g  th e  n ecessa ry  ratios
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Table II

Experimental data for the system 4-vinylcyclohexene( 1 )-acrylic acid(2)

No. of 
Solvent

Feed composition 
(mole fr.) Copolymer C + H

Copolymer composition 
(mole fr.)

[Aid [M ,]
yield (%) (%)

mi m.

l 0.664 0.336 3.25 62.37 0.109 0.891
2

Benzene
0.769 0.231 2.18 64.80 0.148 0.852

3 0.843 0.157 0.93 65.52 0.162 0.838
4 0.854 0.146 1.20 65.68 0.164 0.836

5 0.614 0.386 1.07 62.62 0.111 0.889
6

Dioxan
0.741 0.259 5.35 65.00 0.152 0.848

7 0.865 0.135 4.50 66.58 0.180 0.820
8 0.882 0.118 3.80 66.92 0.185 0.815

9 0.651 0.349 0.82 60.65 0.080 0.920
10

Bulk
11

0.776 0.224 1.06 62.95 0.119 0.881
0.872 0.128 1.15 65.38 0.158 0.842

12 0.908 0.102 I 0.42 

Table III

66.08 0.167 0.833

Experimental data for the system 4-vinylcyclohexene ( 1) —acrylonitrile (  2 )

No. of 
Solvent

Feed composition 
(mole fr.) Copolymer N

Copolymer composition 
(mole fr.)

(Vf, 1 [AL]
yield (%) (%)

l 0.678 0.322 4.00 18.08 0.184 0.816
2

Benzene
0.756 0.244 2.38 16.20 0.236 0.764

3 0.853 0.147 3.82 14.76 0.292 0.708
4 0.911 0.089 2.15 13.98 0.313 0.687

5 0.659 0.341 0.96 20.19 0.130 0.870
6

D ioxan
7

0.743 0.257 5.30 18.60 0.178 0.822
0.844 0.116 1.65 13.83 0.321 0.679

8 0.898 0.102 3.10 13.08 0.334 0.666

9 0.672 0.328 3.66 20.40 0.126 0.873
10

Bulk
11

0.744 0.256 2.16 18.91 0.160 0.840
0.843 0.157 5.56 16.70 0.231 0.769

12 0.893 0.107 2.97 14.93 0.288 0.712

a n d  su b se q u e n tly  th e  te rp o ly m e r  com position , no  te rp o ly m e riz a tio n  ex p eri
m e n t b e in g  requ ired  for th is  p u rp o se .

I t  w as a lread y  re p o r te d  [9— 10] th a t  4 -v in y lcy c lo h ex en e  reac ts  w ith  
free a lk y l  rad icals; on re a c tin g  w ith  azo b is(iso b u ty ro n itrile ), 4-vinylcyclo-
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Fig. 1. F inem a n—R o ss  p lo ts  an d  re ac tiv ity  ra tio s  fo r  th e  copo lym erization  of a c ry lo n itr i le ( l)
w ith  acrylic  ac id (2 );

(O) cop o ly m eriza tio n  in  benzene a t  60 °C; r ,  =  0.48, r2 =  0.75 
( O )  co p o ly m erizatio n  in  b u lk  a t  60 °C; r ,  =  0 .43 , r2 =  1.25

co p o ly m erizatio n  in  d io x an  a t  60 °C; r ,  =  1.06, r2 =  1.25 [6]

Fig. 2. F in e m a n — R o ss  p lo ts  a n d  reac tiv ity  ra tio s  fo r th e  copolym erization  of 4 -v in y lcy clo
h ex en e (l)  w ith  a c ry lo n itrile (2 ):

(O) cop o ly m eriza tio n  in  benzene a t  60 °C; r( =  — 0.025 +  0.025, r .  =  6.5 
(O) co p o ly m erizatio n  in d ioxan  a t  60 °C; r, =  0.020 +  0.020, r2 =  11.4 
( O )  bu lk  co p o ly m eriza tio n  a t 60 °C: r ,  =  0 .000 , r2 =  12.4

hexene form s l-cy an o iso p ro p y l-4 -v in y lcy c lo h ex en e  as th e  m ain  p ro d u c t [11] 
an d  fo r th is  reaso n  th is  m onom er c a n n o t hom opolym erize b y  a rad ica l 
m echan ism  w ith  azo b is(iso b u ty ro n itrile ) as in it ia to r . F o r our f ir s t  sy s tem , 
a c ry lo n itr ile ( l) -a c ry lic  ac id (2 )-4 -v iny lcyc lohexene(3 ), in stead  o f  c lassical 
eq u a tio n s  (1), th e  fo llow ing equa tions a re  v a lid  [4]:
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F i g . 3 . F in e m a n — R oss p lo ts  a n d  re a c tiv ity  ra tio s  fo r th e  copolym erization  o f 4 -v in y lcy clo -
h e x e n e ( l)  w ith  acry lic  ac id (2 );

(O) copolym erization  in  b en zen e  a t  60 °C; r ,  =  — 0.061 +  0.061, r2 =  12.0
(O) copolym erization  in  d io x an  a t  60 °C; r ,  =  — 0.065 +  0.065, r2 =  10.0
( O )  b u lk  copo lym erization  a t  60 °C; r t =  — 0.045 +  0.045, r2 =  19.3

w h e re  R  =  K 31I K 32; r12, r21, r13 a n d  r23 are  k n o w n  fro m  b in a ry  co p o ly m eriza tio n  
e x p e r im e n ts . A single te rp o ly m e riz a tio n  e x p e rim e n t gives R  an d  its  va lu e  
m u s t  b e  c o n s ta n t (in a g iven  system ).

H o w ev er, the  R  v a lu e  m a y  change s im ila rly  to  th e  re a c tiv ity  ra tio s  w ith  
te m p e r a tu r e ,  so lvent, e tc ., a n d  th e re  m ay  be  a n  effect of n o n te rm in a l u n its  on 
th e  r e a c t iv i ty  of p o ly m er rad ica ls .

A s show n by  B arb  [12], if  th e  p e n u lt im a te  u n it exerts  a d e te c ta b le  
e ffe c t, a te rn a ry  copo lym er w ould  have  a co m p o sitio n  som ew hat d iffe re n t 
f ro m  t h a t  calcu la ted  on th e  b as is  o f c o p o ly m eriza tio n  d a ta  for p a irs  o f  m o n o 
m ers  (d e v ia tio n  up to  5 m ole p er cen t); i t  m a y  he no ted  th a t  e le c tro s ta tic  
e ffec ts  d u e  to  n o n te rm in a l m o n o m er u n its  sh o u ld  be dep en d en t on th e  d ie lec tric  
p ro p e r t ie s  o f th e  m edium . F o r  o u r system , in  th e  copo lym eriza tion  o f a c ry lo 
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n it r i le ( l )  w ith  4 -v iny lcyclohexene(3 ), p e n u ltim a te  effects o ccu r w ith  the  
r e a c tiv i ty  ra tio s  o f  rl3 =  5.47 an d  r{3 =  17.21 fo r copo lym eriza tion  in  benzene 
an d  r r! =  9.95; r'l3 =  20.00 for b u lk  c o p o ly m eriza tio n , d e te rm in ed  b y  B a r b ’s 
m e th o d  [12] (see F ig s  4 , 5).

W ith  th e  r e a c tiv ity  ra tio s  d e te rm in ed  u n d e r various c o n d itio n s  (feed 
co m p o sitio n , so lven t) th e  R  v a lues show n in  T ab le  IV . are o b ta in e d . In  T able 
У , te rp o ly m e r com positions ca lcu la ted  w ith  d iffe ren t R  fac to rs  a re  co m p ared  
w ith  th e  ex p e rim en ta l re su lts ; ow ing to  th e  s c a tte r  of th e  va lu es  o b ta in e d , an 
av e ra g e  R  fa c to r  is p ro p o sed , R m =  -— 0 .69 , so th a t  th e  so lu tio n  o f  te rp o ly - 
m e riz a tio n  eq u a tio n s  (2) fo r th is  special case should a p p ro x im a te  th e  real 
co m p o sitio n  as closely as possib le.

I f  in  th e  sim p lified  eq u a tio n s  o f H am  [13], E qs (4) an d  (3), M 3 is th e  
c o m p o n e n t w ith  v an ish in g  self p ro p a g a tio n  ra te ,  i.e., K 33 =  0, r 31 =  r32 =  0, 
th e n  E q . (3) rem ain s u n a lte re d  because th e  ra tio  of m l : m2 does n o t  depend

F
Fig. 4. Copolymerization of acrylonitrile and 4-vinylcyclohexene in benzene at 60 °C. Plot

according to B a rb’s equation

F

Fig. 5. Bulk copolymerization of acrylonitrile and 4-vinylcyclohexene at 60 °C. P lot according
to B arb’s equation
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Table IV

Values o f R  factor fo r  different solvents calculated by means o f 
A l f r e y  — G o l d f in g e r ’s Eqs (2 )

Solvent Reactivity
ratios

Feed
composition 
(mole %)

Experimental 
copolymer 

composition 
(mole %)

Factor R

Benzene

r i2 =  0.48 
r 21 =  0.75 
r 13 =  6.50 
r23 =  12.0

[M J =  24.84 
[M,] =  24.84 
[M3] =  50.32

m, =  41.47 
m2 =  55.92
m3 =  2.61

R t =  — 0.88

Benzene

r 12 =  0.48 
r21 =  0.75 
r13 -- 6.50 
r23 =  12.0

[M,] =  40.14 
[M2] =  19.51 
[M3] =  40.35

m L =  54.10 
m2 =  38.03 
m3 =  7.87

jR, =  — 0.53

Dioxan

r12 =  1.06 
/-,( =  0.92 
r,3 =  11.4 
r23 =  10.3

[ill,] =  41.20 
[M2] =  19.62 
[M3] = 3 9 .1 8

m t =  54.94 
m2 =  34.98 
m3 =  10.08

Rs =  —0.59

Bulk

r12 =  0.43 
r2l =  1.25 
r , 3 =  12.4 
r23 =  19.3

[M,] =  24.75 
[M2] =  24.82 

[M3] — 50.43

т л =  37.38 
m ,  =  59.25 
m3 =  3.39

Я, =  — 0.77

on th e  addition to M 3. H ow ever, as K 33 approaches zero, Eq. (4) m ay be m odi
fied  b y  m ultiplying the num erator and d enom inator b y  r32, becom ing in  the
lim it [14]:

TUi [ M x] [ M 2]
m 2 r21 rn
m 1 [Ml] [ M 3]
m 3 r 31 r13

H ence:
m ]

[ M J R
[ M 3]

+  [Mi]  +

+  [M,] +

[ M 3

# 13

[M ,]

ш ( т +[М1]+ж i
Г12 l Г 21 Г23

[M 3] / [ M J  | Ш 1 1  [ M 2+[M3] +
r 31

(3)

(4)

( 5 )

w here:
R  =  K 31/ K 32; ni , ,[ M j\ ,  rtj and K tj have th e  sam e meaning as in th e  usual 

terpolym erization  eq u ation s (1).
On comparing th e  A l f r e y — Goldfinger  equations (2) w ith E qs (3, 5) 

ob ta in ed  b y  H am for th e  sam e case, it is evident th a t  in  the simplified equations  
th e  ratio m^m» is in d ep en d en t of the factor R ; th is  independence has a nega-
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Table V

Comparison between the experimental values o f the composition o f terpolymers and those calculated by means o f  A l f r e y  — Go l d f i n g e r ’s

Eqs (2) with different R  values and R m =  — 0.69

Solvent
Feed

composition 
(mole %)

Copolymer composition (mole %)

Experimental
Calculated 

with /?,
Calculated 

with R2
Calculated 
with I?3

Calculated 
with R 4

Calculated 
with Rm

[M ,] =  24.84 mt =  41.47 mi =  41.47 m, =  42.73 ml =  42.65 ml =  42.75 m1 =  42.69
Benzene [M2] =  24.84 m . =  55.92 m„ =  55.92 m„ =  51.36 ш2 =  52.35 m.  =  51.13 m„ =  51.83

[M3] =  50.32 m3 =  2.61 m3 =  2.61 m3 =  5.91 m3 =  5.00 m3 =  6.12 m3 =  5.48

[M ,] =  41.20 m t =  54.94 m l =  64.55 m, =  65.99 =  54.94 mj =  61.15 mt =  63.55
Dioxan [M ,] =  19.62 m2 =  34.98 m2 =  28.56 m2 =  28.94 m, =  34.98 m2 =  30.42 m2 =  27.63

[M3] =  39.18 m3 =  10.08 m3 =  6.89 m3 =  5.07 m3 =  10.08 m3 =  8.42 m3 =  8.82

[M j] =  24.75 m1 =  37.38 nij =  42.65 m, =  39.69 mj =  39.33 =  37.38 mt =  40.43
Bulk [M,] =  24.82 m2 =  59.23 m., — 54.43 m2 =  56.05 m2 =  56.24 m., — 59.23 m2 =  55.56

[M3] =  50.43 m3 =  3.39 m3 =  2.92 m3 -  4.26 m3 -- 4.43 m3 =  3.39 m3 =  4.01
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t iv e  e ffec t on th e  c a lcu la tio n  o f  te rp o ly m e r com p o sitio n  because  th e  d a ta  
o b ta in e d  ex p erim en ta lly  a n d  u sed  fo r th e  ca lcu la tio n  o f  th e  fa c to r  R  w ith  
E q . (5) a n d  calcu lated  ag a in  w ith  E q s  (3, 5), are n o t  th e  sam e; th is  d isc rep an cy  
does n o t  a p p ea r in th e  case o f  th e  A l f r e y — G o l d f i n g e r  e q u a tio n s(2).

T h e  values of th e  R  f a c to r  ca lcu la ted  b y  m eans o f th e  sim p lified  E q . (5) 
a re  p re se n te d  in T able V I.

T a b le  V I

Values o f the R factor calculated by means o f sim plified equation (5 )

Solvent
Feed

composition 
(mole % )

Experimental
copolymer Factor 

composition R 
(mole % )

Benzene
M l =  24.84 
M , =  24.84 
M 3 =  50.32

mx =  41.47 
m2 =  55.92 
m3 - 2.61

CO

CO1II

ftf

Benzene
M , =  40.11 
M 2 =  19.54 
M j  =  40.35

nij =  54.10 

m2 =  38.03 
m3 =  7.87

Ro =  0.47

Dioxan
M , =  41.20 
M 2 =  19.62 
M 3 =  39.18

m, =  54.94 
m, =  34.98 
m3 =  10.08

R s =  0.20

Bulk
M l =  24.75 
Mo =  24.82 
M 3 =  50.43

m, =  37.38 
m2 =  59.23 

m3 =  3.39
Rt  =  1.08

I n  T ab le  V II , te rp o ly m e r  com positions ca lcu la ted  from  E q s (3, 5) are 
c o m p a re d  w ith  th e  e x p e rim e n ta l resu lts  and  w ith  th e  values o b ta in e d  by  
m e a n s  o f  th e  A l f r e y — G o l d f i n g e r  equa tions (2).

T h e  underlined  d a ta  sho w  th e  copolym er com position  w hich  w ould 
co rre sp o n d  to  the  e x p e rim e n ta l va lu es  a fte r  reca lcu la tio n  w ith  th e  values of 
f a c to r  R ,  im plicitly  c a lc u la ted  from  th e  re sp ec tiv e  ex p e rim en ta l d a ta . I t  is 
d iff ic u lt in  these cases to  p ro p o se  an  average R  fa c to r  analogous w ith  R m of 
th e  A l f r e y — Go l d f in g e r  E q s  (2), ow ing to  th e  s c a tte r  o f th e  values o b ta in ed .

Since in the copolym erization  o f the binary system  acrylonitrile-4-vinyl- 
cy cloh exen e penultim ate effects occur, Eqs (3, 5), can be rearranged, with  
H am ’s indications [14], to y ield :

/ [M 3] \
l M i] [M 2] + G3(G3-[M i]/[M 3 ] +  l)

+  [ M j ]
r 2 1  ' r 12 r[3 -[M 1] /[M 3] + 1

[ M 2]

' 1 2

™ + [ м , ] +  [М з]
Г12 r 23 .
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Table VII

Comparison between the experimental values o f the composition o f terpolymers obtained in different solvents and those 
calculated by means o f the A l f r e y  — G o l d f i n g e r ’s Eqs (2) or sim plified Eqs (3, 5) with different R  values

Solvent
Feed

composition 
(mole %)

Copolymer composition (mole %)

Experimental
Calculated 

from Eqs (2) 
with R m

with R l Calculated 
with R2

from Eqs (3, 5) 
wtih R3 with I? 4

Benzene
[M ,] =  24.84 

[M2] =  24.84 
[M3] =  50.32

mj =  41.47 
m2 =  55.92 
m3 =  2.61

mi =  42.69 
m., =  51.83 
m3 =  5.48

m, =  39.06 
m2 =  5 8.47 

m3 =  2.47

=  35.93 
m2 =  53.74 
m3 =  10.33

m1 =  32.81 

m2 =  49.17 
m3 =  18.02

m 1 =  37.40 
m2 =  55.99 
m3 =  6.61

[M j] =  40.11 mi =  54.10 m l =  56.63 mL =  57.88 m, =  55.66 mx =  52.31 =  56.47

Benzene [M2\ =  19.51 m2 =  38.03 m2 =  33.98 m2 =  38.61 m, =  36.82 m2 =  34.90 m2 =  37.67

[M3] =  40.35 m3 =  7.87 m3 =  9.39 m3 =  3.51 m3 =  8.02 m3 =  12.79 m3 =  5.86

[Aij] =  41.20 mj =  54.94 ml =  63.55 =  68.93 m l =  66.05 m l — 62.98 ш1 =  67.45
Dioxan [M,] =  19.62 m2 =  34.98 m, =  27.33 m., =  27.87 m2 =  26.71 m„ =  25.47 m, =  27.27

[M3] =  39.18 m3 =  10.08 m3 =  8.82 m3 =  3.20 m3 =  7.24 m3 =  11.55 m3 =  5.28

[Л/j]  =  24.75 ml =  37.38 m v =  40.43 nt! =  25.65 =  24.96 mj =  23.57 mj =  25.28
Bulk [M2] =  24.82 m, =  59.23 m2 =  55.56 m2 =  73.49 m , =  71.73 m2 =  67.55 m2 =  72.42

[M 3] =  50.43 m3 =  3.39 m3 =  4.01 m3 =  0.86 m3 =  3.67 m3 =  8.88 m3 =  2.30
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m 1

m3

/ _________ [Mj]________

I ' IMll+ I T

Ka(r13- [ M i] / [^ 3 ] + l )
г'хг-ЩЛт,] f l

( [M ,]  Д + [ М 2])

(7)

W ith  th e s e  equations o th e r  v a lu e s  of th e  fa c to r  R  w ere  o b ta in ed ; th u s , R i  =  
=  0 .0175  (corresponding to  f ro m  Eqs (3, 5) ) an d  й щ  =  0.0059 (co rresp o n d 
ing  to  R 3 from  the  sam e e q u a tio n s ) . The e x p e rim e n ta l an d  ca lcu la ted  re su lts  
a re  c o m p a re d  in Table V I I I .

Table VIII
Comparison o f terpolymer compositions calculated by means o f Eqs (6, 7) with

the experimental values

Solvent
Feed

composition 
(mole %)

Copolymer composition (mole %)

Experimental
Calculated from Eqs (6 , 7)

with fíj with
•

[M J  =  24.84 m l =  41.47 m, =  36.91 mj =  36.76
Benzene [M2] =  24.84 m,, =  55.92 m2 =  60.76 m 2 =  60.57

[M3] =  50.32 m3 =  2.61 m3 — 2.33 m3 =  2.66

[AÍ,] =  24.75 m, =  37.38 m j --- 24.80 m Y =  24.43
Bulk [JVf2] =  24.82 m2 =  59.23 m2 =  74.47 m2 =  73.35

[M3] =  50.43 m3 =  3.39 m3 =  0.73 m 3 =  2.22

T h e  independence o f  th e  m j m , ,  ra tio  of th e  R  v a lu es  has also a n e g a tiv e  
e ffe c t, th is  fac t being b e t t e r  observed , as be low , in  th e  case of b u lk  co p o ly 
m e r iz a tio n , b u t th e  re su lts  a re  im proved  re la tiv e  to  those  o b ta in ed  w ith  
E q s  (3 , 5).

B . M onomers M 2 a n d  M 3 canno t h o m o p o ly m erize  ( K 22 =  K 33 =  0)? 
(r ,n  —  r23 =  r31 =  r32 =  0) b u t  can  copolym erize w ith  one an o th e r an d  w ith  M v  

F o r  th is  case, A l f r e y — G o ld fing er  [4] p ro p o se d  th e  follow ing e q u a 
t io n s :

m 1
m .

m 1

m 3

[М1](/г2К3[М1]+1?2[М2]+йз[Мз]) [M J +  + Ш .

[M2\ R ,
[ M , \  , [ M 2] , [M3]

+  -L

r 12 '1 3
( M M , ]  +  [M 3])

[ M ^ R ^ M , ]  + R 2[ M 2] + R 3[ M 3) ) +  [ M y] +  ^ з]

[M3] P [ M , ]  [ M 2] [M3]
tx2 ----------- 1-------------1----------

112
( R 3 [ M , ] + [ M 2])

( 8)

(9 )
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w here  R 2 =  K 21I K 23, a n d  R 3 =  K 3l/ K 32. In  p rin c ip le , a  single te rp o ly m eriza- 
t io n  ex perim en t is en o u g h  to  d e te rm in e  R 2 an d  R 3, p ro v id ed  r 12 a n d  r13 are 
k n o w n . T he sim plified  H am’s eq u a tio n s  (3, 5) becom e [14]:

[Mj] R!, I[M,] +  Ä I  +  Ш А
' 12 r 13

m.. [M 2]
( m « s +  [m 3])

m 1

m 3

[ M J  + [M3]
Г13

Г13

( 10)

( i i )

w h ere  R 2 =  K 21I K 23, R 3 =  K 3J K 32.
F o r illu s tra tio n , th e  sy s tem  a c ry lo n itr ile ( l)-p -d io x en e (2 )-m a le ic  an h y - 

d ride(3 ) has been  chosen , u sing  Iw atsuki an d  Y am ashita’s d a ta  [15].
F o r th e  cases w h ere  in  th e  feed p -d io x en e  a n d  m aleic a n h y d rid e  w ere in 

th e  1 : 1 mole ra tio , th e ir  in co rp o ra tio n  in to  th e  co p o ly m er w as assum ed  to  
be  in  th e  sam e ra tio  [15]; fo r th e  o th e r  cases, o n ly  (m2 -|- m 3) w as e s tim a ted  
b y  deduc ing  th e  a m o u n t o f ac ry lo n itrile  from  th e  p o lym er. T ak in g  th u s  th e  
sy s te m : [ M J  =  78.69, [M 2] =  10.98, [M 3] =  10.33. m l =  87.00, m 2 =  6.50, 
m 3 =  6.50, w ith  re a c tiv i ty  ra tio s  r 12 =  5.9 [15], r 13 =  6.0 [16], th e  follow ing 
v a lu es  fo r R  w ere o b ta in e d , R 2 =  0.0795, R 3 =  0.0394 (ca lcu la ted  from  E qs 
(8 , 9) and  R 2 =  0 .0566, R 3 =  0.0543 [ca lcu la ted  from  E q s (10, 11)].

In  T able IX  th e  te rp o ly m e r com position  ca lcu la ted  from  th e  sim plified  
E q s  (10, 11) a re  c o m p ared  w ith  th e  ex p erim en ta l d a ta  and  w ith  th e  values 
o b ta in e d  from  E q s  (8 , 9).

T he com positions c a lcu la ted  accord ing  to  th e  sim plified  E q s (10 ,11) show  
as good in  ag reem en t w ith  th e  ex p erim en ta l va lu es  as th o se  ca lcu la ted  by  
m ean s of th e  A l fr e y — Goldfinger  E q s (8, 9). I n  th e  cases in  w hich  th e  
ag reem en t b e tw een  e x p e rim e n ta l va lues an d  th e  co m positions g iven  by th e  
A lfr ey— Goldfinger  E q s  (8, 9) is ra th e r  poor, th e  com positions g iven by  
th e  sim plified  E q s (10 11,) a re  also ra th e r  e rra tic .

W ith  th e  av e rag e  v a lu es  o f R 2, R 3, R 2 and  R 3 th e se  e s tim a te s  a re  p ro b a b ly  
in  a b e t te r  ag reem en t w ith  th e  rea l com positions, m ore  so as th e  a u th o rs  have  
o b se rv ed  so lven t effects in  th e  above te rp o ly m e riz a tio n , som e o f w hich  are  
considered  to  be d u e  to  th e  equ ilib riu m  com plex fo rm a tio n  b e tw een  p -d io x en e  
a n d  m aleic  a n h y d r id e ; as a consequence of th is  com plex , I w atsuk i an d  
Y am ashita  suggest t h a t  th is  te rp o ly m eriza tio n  consists  n o t  only  o f th e  n ine  
e le m e n ta ry  reac tio n s assu m ed  in th e  usual th e o ry  o f  te rp o ly m e riz a tio n .
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Table IX

Comparison o f the experimental terpolymer compositions with those calculated 
by means o f A l f r e y -  G o l d f i n g e r ’s Eqs (8, 9) and sim plified Eqs (10, 11)

Feed
composition 
(mole %)

Copolymer composition (mole %)

Experimental
Calculated from 

Eqs (8 , 9)
Calculated from 

Eqs (10, 11)

[M ,] =  10.00 
[M2] =  45.00 

[M3] =  45.00

m l  =  3.30 
m2 ==■ 48.35 
m3 =  48.35

m l  =  2.20 
m2 =  50.00 
m3 =  47.80

niy =  1.98
7m2  =  48.37 
m3 =  49.65

[M J =  50.10 mt =  52.70 m  у =  42.56 m y  =  41.15

[M2] =  25.10 m2 =  23.65 m2 — 29.23 m2 =  29.14

[M3] =  24.80 m3 =  23.65 m 3 =  28.21 m3 =  29.71

[M,l =  51.60 m l — 69.70 =  68.29 m, =  63.65

[Mo] =  43.30 m2 +  m3 = m2 =  19.85 m2 —  21.45

[M3] =  5.10 =  30.30 m 3 =  11.86 m3 =  14.90

[jM,] =  50.10 m  у — 60.50 m( =  41.95 m y =  41.92

[M2] =  20.20 m2 -f- m3 = m2 =  28.95 m2 =  28.18

[iM3] =  29.70 =  39.50 m3 =  29.12 m3 =  29.90

F o r  th e  cases in  w h ich  p e n u ltim a te  effects are  o bserved  fo r o n ly  one of 
th e  tw o  possible b in a ry  c o m b in a tio n s  ( M r, M 2 an d  M v  M 3), E q s  (10, 11) 
b eco m e :

w h e re

[ M 1] R ' A [ M 1] +  Ш А  +  х
Г12

[ M 2] ( M l Щ + М 3)

m.
[ M , ) й  з [M l ] +  M  +  X

Х ([М г]й^ ' +  [М 2])

[ M 3 ]

r'^WrVXM, ]+ i

( 12)

(13)

(14)

F o r  th e  illu s tra tio n , th e  sy stem  ac ry lo n itrile (l)-m a le ic  an h y d rid e  
(2 )-4 -v iny lcyc lohexene(3 ) w as chosen , w ith  co p o ly m eriza tio n  in  benzene. The 
r e a c t iv i ty  ra tio s in  th is  case are : r 12 =  6.0 [16], r 13 =  6.5, from  th e  te rm in a l 
m o d e l, an d  r 12 =  6.0, r 13 =  5.47, r ] 3 =  17.24, from  th e  p e n u ltim a te  m odel. 
T a k in g  an  in itia l feed  co m p o sitio n  ([M ,]  =  20.25, [M 2] =  39.91, [M 3] =
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=  38.84) an d  th e  copo lym er com position  co rrespond ing  to  i t  (m L =  24.43, 
m., =  38.69, m 3 =  36.88), th e  values o f th e  f a c to r  R  are as follows: R„ =  0.4137, 
R 3 — 0.1567 (ca lcu la ted  from  Eqs (8 , 9 ); R., =  0.2615, R 3 =  0 .3026  (ca lcu 
la ted  from  E qs (10, 11) ) and R'% =  0 .3375 , Й 33 =  0.0018 (ca lcu la ted  from  
E qs (12, 13)).

T he ca lcu la ted  a n d  exp erim en ta l re su lts  fo r an o th e r feed co m p o sitio n  
are  com pared  in  T ab le  X .

Table X

Comparison o f  the experimental terpolymer composition with those calculated by 
means o f  A l f r e y  — G o l d f i n g e r ’* Eqs (8, 9 ), the H a m  Eqs (10, 11) and  

the modified H a m  Eqs (12, 13)

Feed
composition 
(mole %)

Copolymer composition (mole %)

Experimental Calculated 
Eqs (8, 9)

Calculated 
Eqs (10, 11)

Calculated 
Eqs (12, 13)

[ M , ]  =  2 3 .3 8 m l — 2 5 .7 9 m ,  =  2 7 .8 2 m l =  3 0 .6 1 m t =  3 6 .2 5

[ M ,]  =  4 6 .0 2 m 2 =  4 9 .2 8 m j =  3 4 .6 0 m 2 =  3 4 .4 9 m 2 =  4 3 .4 0

[ M 3] =  3 0 .6 0 m 3 =  2 4 .9 3 m 3 =  3 7 .5 8 m 3 =  3 4 .4 0 m 3 =  2 0 .4 0

C erta in ly  b o th  in  th e  firs t an d  seco n d  cases A lfrey— Goldfing er  
eq u a tio n s w ith  th e  p e n u ltim a te  m o d ifica tio n s can  be co n stru c ted . B u t  w hen 
A lfrey— Goldfing er ’s E q s (2) or (8 , 9) a n d  th e  sim plified  E q s  (3, 5) or 
(10, 11) show  a good consistency  in  th e  re su lts , th e  prob lem  m ay be  a p p re c ia b ly  
sim plified  b y  u tiliz in g , in stead  o f th e  A l f r e y — Goldfinger e q u a tio n , th e  
sim plified  expression  (6, 7) or (12, 13) d u e  to  H am as a basis.
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M. A. B r o w n : X - r a y  Methods  

Merrow Publ. Co., L td., Watford (England), 1971, pp. 58

The idea of this booklet is a good one — to give newcomers to the subject (e.g. under
graduates) or even experts in different fields of chemistry a brief description of the basic 
principles and the manifold applications of X-rays in science. It is comprised o f eight chapters. 
The first is an introduction to the production, absorption, scattering, diffraction, monochro- 
matisation, intensity recording and measurement of X-rays. The second presents various 
methods (absorption, emission, fluorescence and diffraction) of quantitative analysis provided 
by X-rays to chemistry. The other six, equally short (3— 5 pages) chapters give the essentials 
of the following subjects: qualitative analysis, preferred orientation and its effect upon dif
ferent X-ray techniques, particle size determination, measurement of degree of crystallinity 
in polymers, microradiography, etc. It should be welcomed that the author om itted discussing 
the X-ray structure determination, planning to publish a separate monograph on this compre
hensive subject.

The highly condensed text with clear drawings helps to form fundamental thoughts on 
quite diverse problems in which only one thing is common; the usage of X-rays. In order to 
serve this goal, it would have been worth-while to present properly detailed practical examples 
after each independent item.

It is a pleasure to recomend this booklet to everyone who is seeking a popular short 
survey of various applications of X-rays in chemistry.

A . KÁLMÁN

Topics in Current Chemistry; Vo lume 28. n-Complexes o f  Transi t ion Metals

Springer Verlag, Berlin— Heidelberg—New York, 1972, 181 p.

This volume of the series is devoted to some diverse aspects of the chemistry' of tran
sition metal я-complexes in which olefins, acetylenes and unsaturated cyclic system s act as 
ligands. Owing to the large amount of information notv available on metal я -com plexes, the 
contents of the book can obviously cover only some special problems of current interest in 
this field of chemistry.

The first chapter (39 pp, 129 refs) is a contribution by G. H ä f e l i n g e r  (Lehrstuhl für 
Organische Chemie der Universität Tübingen, G. F. R.) and is entitled “Theoretical Considera
tions for Cyclic {pd)n Systems”. This is a fully theoretical paper based on the MO treatment 
of cyclic molecules containing heteroatoms whose d orbitals may participate in the formation 
of the delocalized я molecular orbitals. Examples of such systems which are of interest to 
the chemist working with transition m etal complexes are the transition metal chelates of 
diimines.

The second chapter (43 pp. 173 refs) written by J. T s u j i  (Basic Research Laboratory, 
Toray Industries Inc., Kamakura, Japan) on “Organic Synthesis by Means of Transition
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Metal Complexes” treats some general patterns of organic reactions using transition metal 
com plexes mainly in the form of catalysts although stoichiometric transformations constitute 
a significant part too. The review is based on the reactions of noble metal complexes and seeks 
to deal w ith the rather complex reaction sequences as a succession of simple fundamental 
reactions like oxidative addition, m etal—metal bond cleavage, insertion reactions, etc.

The paper by L. D. P e t t i t  (Department of Inorganic and Structural Chemistry, The 
U niversity, Leeds, U. K.) and D. S. B a r n e s  (Department of Chemistry, The University, Keele, 
Staffs., U. K.) on “The Stability and Structures of Olefin and Acetylene Complexes of Tran
sition M etals” constitutes the third chapter (54 pp. 153 refs). This review does not attempt to 
give a comprehensive survey of all known olefin and acetylene complexes, but restricts itself 
to stab ility  data and characteristic structures, both of which furnish some information about 
the nature of bonding in these compounds. The emphasis laid on numerical values of stability  
is to be welcomed, since — in contrast to other types of co-ordination compounds —  the 
thermodynamic data on transition metal я-complexes are rather scanty.

The last section (40 pp. 166 refs) is a contribution by H. W e r n e r  (Anorganisch-che
misches Institut der Universität Zürich, Switzerland) entitled “ Ringliganden-Verdrängungs- 
reaktionen von Aromaten-Metall-Komplexen” which treats the substitution of C5H 5 ligands 
(or their derivatives) in transition metal complexes. This reaction has not been reviewed 
before at all since these ligands are usually firmly bound and other ligands (if present) are 
substituted more easily. The mechanism of these reactions is not yet clear and the author 
proposes a new general scheme which is based on the electrophilic attack of the new ligand.

All chapters are up-to-date and cover the literature up to 1971. This book is a useful 
addition to the bookshelf of the chemist working in transition metal chemistry, although a 
som ewhat more oriented selection o f the topics and thus a restriction to a more limited part 
of я -com plex chemistry would have been advantageous.

L. Markó

D. W.  van  K r e v e l e n : Properties o f  Polymers

C o rre la tio n s  w ith chem ical s tru c tu re

W ith  th e  co llabo ra tion  of P . J .  H o ft y z e r

Elsevier Publ. Co., A m sterdam —London—New York, 1972; with 126 illustrations and
98 tables

The enormous developm ent of the industry requires information about the properties 
of new high polymers whose physical properties have never been investigated or measured 
experim entally. The design o f manufacturing and processing equipment as well as the applica
tion and use of the final products require considerable knowledge of the processed materials.

V an  K r e v e l e n ’s b o o k  a im s  a t  providing m e th o d s  for the  est im ation  of t h e  m os t  
i m p o r t a n t  properties of  h ig h  p o ly m e rs  in solid, l iqu id  a n d  dissolved s ta tes  in cases where 
e x p e r im e n ta l  d a ta  are n o t  a v a i lab le .

Using the chemical constitution of the repeating unit, it is shown that a number of 
quantities have additive properties —  within certain lim its of precision — so these quantities 
can be calculated in a simple manner from group contributions or increments and each func
tional group in the high polym er molecule actually performs a function which is reflected in 
the properties.

The book is written for specialists working on practical problems in the field of macro
molecules, for chemical engineers who are often forced to execute designs without having 
enough data at disposal and who look in vain for numerical values of the quantities needed 
under the conditions of the process, for manufacturers and polymer technologists who try to 
get a better insight into the relationships in their branch and for all who are interested in the 
correlation between chemical structure and properties.

The book consists o f six main parts, which are as follows:

Part I: Introduction: Polym ers and additive properties.
Part II: Thermophysical Properties: Volumetric, calorimetric, cohesive and adhesive prop

erties as well as transition temperatures.
Part III: Properties in Fields of Force: Behaviour of Polymers in mechanical and electro

magnetic fields o f force.
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Part IV: Transport Properties: Transport of heat, momentum and matter, heat conductiv
ity , viscosity, diffusivity.

Part V: Physical and Chemical Change: Crystallization, orientation, degradation as well
as thermochemical properties.

Part VI: Retrospect: Correlations and interrelations between physical properties.
Tables o f the properties of polymers enhance the value of the book as a reference work. 
There are but a few slight inaccuracies in the book, as for instance: the molar refractive 

index (Mn) was introduced first by E i s e n l o h r  (c .f. Ber. 53, 1746, 2053 (1920), 54, 299 (1921); 
57, 1808 (1924)) and not by V o g e l . The results of the Soviet and other socialist researchers 
are —  with the exception of the works of E x n e r  —  not treated so as it would be desirable. 
Nevertheless, owing to its content the book will undoubtedly win high acclaim among macro- 
molecular chemists. It may be recommended to specialists of high polymers as well as chemical 
engineers and technologists.

I . GÉCZY
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РЕЗЮМЕ

Фотометрическое определение алюминия с помощью Лрсеназо III
В. М И Х А Й Л О В А

А л ю м и н и й  образует с Арсеназо 111 при pH =  2—8 фиолетовый комплекс с составом 
1 : 1. Абсорбционный спектр комплекса обладает двумя пиками при 550 и 583 м / í с мак
симальной абсорбцией при pH =  4.

Молярное светопоглощенне при pH =  5 равно 18 800 ±  200 и 23 500 ±  200. Со
ответствующие спектрофотометрические чувствительности равны 0,0014 /<гА1 ■ см~2 и 
0,0011 цг А1 • см-2 при А =  0,001.

Закон Бэра соблюдается в интервале 0,01- 0,60/«г A l-м л-1 при рН =  3,5. Реакция 
может быть использована для фотометрического микроаналитического определения алю
миния в кальците. Чувствительность реакции равна 0,01 /«г AI • мл-1, используя статисти
ческие методы.

Каталитическое влияние некоторых комплексов кобальта III на 
окисление йодида пероксидисульфатом

X. Б А Р Т Е Л Ь Т  и М. Ш Н Е Й Д Е Р

Было изучено каталитическое влияние следующих комплексных ионов [Со(а)6]+3, 
[Со(еп)3]+3, [Со(рп).,]+3 [Со(с1ш)3]+3 и [Co(chn)3]+3 [Co(phen)3]+3 на реакцию S2Os“2 и I- .

Начальная скорость реакции в присутствии комплексов Со(П1) возрастает в зави
симости от природы комплексов в 100 . . . 200 раз. Эти значения справедливы для концен
траций [комплекс С о(Ш )]= 10-3М, [S2<V 2]0 =  5- 10~4 М и [1 - ] 0 =  2,5- 10~3 М.

Каталитическое влияние возрастает при увеличении концентрации редоксного 
партнера комплекса (предварительное равновесие). Каталитические влияния комплексов, 
за исключением [Co(phen).,]+3, лишь слегка различаются.

Исходя из изменения начальной скорости под влиянием добавления хлоридных 
ионов, было выведено уравнение расчета констант устойчивости комплексов типа внешней 
сферы, образованных между комплексным ионом Со(1 И) и С1_.

Инфракрасные спектры 1,2,3,5-тетразамещенных бензола, II
Д Ь . В А Р Ш А Н И  и П . Ш О Х А Р

Приводится подробный анализ ИК спектров 35 различных 1,2,3,5- тетразамещенных 
производных бензола, в которых в положениях 2 и 5 находятся легкие атомы (атомный вес 
меньше 20), а в положениях 1,3 — тяжелые атомы (атомный вес больше 20). Были опреде
лены зависимости между интенсивностями полос спектров, а также их частот и влиянием 
заместителей на распределение электронов. Указывается на перекрывание некоторых ко
лебаний одинаковой симметрии, а также было установлено строение ассоциатов отдельных 
соединений.



Воспроизводимость адсорбционной емкости, определенной из ©
избыточной адсорбционной изотермы смеси жидкостей

ДЬ. ФОТИ, Л . ДЬ. НАДЬ и Г. ШАЙ

Была исследована возможность воспроизводимости данных по избытку удельной 
поверхности и адсорбционной емкости в системе двухкомпонентной смеси жидкостей с 
твердым адсорбентом. Причиной разброса данных по избытку удельной поверхности явля
ется, в основном, неоднородность адсорбента, а также, но в меньшей степени, ненадежность 
метода, применяемого для измерения изменения состава жидкой фазы. Адсорбционная 
емкость силикагеля, выбранного в качестве модели, была определена на основе данных 
адсорбции из смеси жидкостей бензол — н-гептан и как с помощью экспраполяционного 
метода Шай-Надя, так и с помощью обобщенного выражения Эверетта. В обоих случаях 
оценивался интервал надежности полученных значений. Для величины емкости с помощью 
первого метода было получено значение 2,02 ±  4,25%, а с помощью второго метода:
2,03 ±  3,81% ммоля бензола/г адсорбента при 95%-ной статистической надежности, что 
находится в хорошем согласии с результатами определения поверхности методом БЕТ

Нитрофенолы, II

Реактивность эфиров 5-интрогидроксигидрохинона.
Синтез 3-замещенных производных

А. Ф. АБУЛ ЕЗЗ и В. С. ЭЛЬ-ХАМУЛИ

Образование метиленового эфира 6-гидрокси 3-метокси-5-нитро-2-оксибензилового 
спирта доказывает реактивность позиции 3 в 1-метиловом эфире 5-гидрокси-гидрохинона, 
несмотря на то, что 3-замещенная фенилтиоуксусная и фенилуксусная кислоты не способны 
на лактонизацию.

Синтез соединений, вероятно обладающих фунгицидальной активностью
Ш. А. ШАМС ЭЛЬ-ДИНЕ и О. КЛАИДЕР

Были синтезированы 12 новых алкильных эфиров 1,3,4-тиадиазоль-, 5-метил-1,3,4- 
тиадиазоль- и 5-трифторметил-1,3,4-тиадиазоль-2-ил-дитиокарбаминовой кислоты. В ка
честве алкильных групп служили метальная, этильная, н-пропильная и карбетоксиме- 
тильная. Эта соединения были приготовлены для пробы их фунгицидальной активности.

Кинетическое исследование получения 1-фенил-1,4-дигидро-3(2Н)- 
изохинолина и его 4-алкильных производных с помощью 

циклизирующего амидоалкилирования
ДЬ. ДЕАК, К. ГАЛЛ-ИШТОК, Ж. КАЛМАН и Ю. ХАШКО-БРОЙЕР

Было проведено кинетическое исследование реакции нитрилов фенилуксусной кис
лоты или амидов, содержащих в a-положении алькильный заместитель или заместители, с 
бензальдегидом в полифосфорной кислоте, приводящей к образованию 4-алкил-1-фенил- 
1,4-дигидро-3(2//)-изохинолинов. Для определения концентрации были использованы ИК 
спектрометрический и газовохроматографический методы. Было установлено, что заполне
ние пространства алкильными заместителями оказывает важное влияние на скорость ре
акции. На 'основе сравнения констант скоростей и времен полураспада можно полагать, 
что гидратация нитрилов и реакции циклизации протекают на основе подобных механиз
мов.



Многокомпонентная сополимеризация. Об уравнениях тройной 
сополимеризации в некоторых специфических случаях

К . С И М И О Н Е С К У , Н . А С А Н Д Е И  и И . Н Е Г У Л Е С К У

Справедливость уравнений Альфрея—Гольдфингера для расчета составов терполи- 
меров на основе известных отношений реактивностей являлась предметом многочисленных 
статей в последние годы. Для специфических случаев, когда один или более компенентов 
не способны к гомополимеризации, но сополимеризуются с другими партнерами, были 
предложены уравнения, в которых один из факторов R должен быть определен экспери
ментально, если отношения реактивностей известны из исследований бинарной сополимери
зации.

Были изучены системы акрилонитрил — акриловая кислота — 4-винилциклогексен 
и акрилонитрил — малеиновый ангидрид — 4-винилциклогексен. Было найдено, что 
значительные изменения в факторе R являются результатом влияния предпоследнего чле
на, эффекта растворителя и т. д. Таким образом, предлагаемые для специфических слу
чаев уравнения дают различные результаты, зависящие от условий реакции. Предлагается 
введение среднего значения фактора R, так что решение уравнений тройной сополимериза
ции для специфических случаев дает наилучшее приближение для действительного со
става.

Помимо этого, составы терполимера, рассчитанные с помощью упрощенных урав
нений Хэма, сравниваются с величинами, рассчитанными с помощью уравнений Альфрея- 
Гольдфингера, а также с экспериментальными величинами для систем, содержащих один 
или более мономеров с очень низкой скоростью собственного роста цепи.
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STUDY ON THE SOLUBILITIES OF SILVER HALIDES 
IN SOME AQUEOUS AND NON-AQUEOUS 

SOLVENT MIXTURES

N .  A .  KAZARJAN and E .  PlTNGOR

(Mendeleev Institute o f Chemical Technology, Moscow and Institute fo r  General and Analytical 
Chemistry o f  the Technical University, Budapest)

Received June 12, 1972

A simple method is suggested for the determination of the solubility products 
of silver chloride, silver bromide and silver iodide and the data obtained in mixtures 
of water w ith methanol, ethanol, re-propanol, iso-propanol, acetone and dimethylform- 
amide are reported.

In  our ea rlie r w orks [1, 2] th e  silicone ru b b e r  b a sed  ion-selective elec
tro d es  were s tu d ie d  in  a lcohol—w a te r, in ace to n e—w a te r , a n d  d im eth y lfo rm am - 
ide—w ate r m ix tu re s  from  th e  p o in t  of view  o f sw elling  o f  th e  electrodes in  these  
so lven ts. T he sw elling  to  a b ig g e r e x te n t d isloca tes th e  co n n ec tio n s of th e  ac tiv e  
p a rtic le s  in th e  m em b ran e  a n d  so th e  e lec tro d e  response  ceases. The resu lts  
enab led  us to  conclude  th a t  th e  heterogeneous m e m b ra n e  e lec trodes are a p p li
cab le  in  a w id er ran g e  of th e se  m ixed  so lven ts.

To s tu d y  th e  th e o re tic a l basis  of th e  a p p lic a tio n  o f th e  m em b ran e  elec
tro d es  i t  is n ecessa ry  to  d e te rm in e  th e  so lu b ility  p ro d u c ts  [3] of th e  a p p ro 
p r ia te  p re c ip ita te s  in  these  so lv en ts . F o r th e  d e te rm in a tio n  o f these  d a ta  severa l 
m e th o d s are a v a ilab le . In  o u r p re se n t in v e s tig a tio n  we used  th e  p o ten tio m e tric  
m e th o d  ap p ly in g  an  iodide e lec trode .

Experimental

The potentiometric measurements were carried out on a precision pH meter (Model OP 
205, Radelkis, Budapest) with an expanded scale having a high input resistance of 1012 Ohm. 
The electrodes for the determination of iodide, bromide and chloride were manufactured by 
Radelkis. The reference electrode was in every case a saturated calomel electrode and the 
connection of the two half cells was assured by a saltbridge containing potassium nitrate. 
The data were registered by using a millivolt recorder.

The solubility products were measured in the knowledge of the original halide concen
tration (X 0) by the titration procedure. After the end-point the excess amount of the silver 
(Ags) is known too. The potential difference between the points of overtitration and begin
ning stage of the titration can be measured. At the end-point of the titration the halide and 
silver concentrations are equal (Xe, A gA  So

<dE =  0.059(рХг — p X 0) +  0.059(pAg, — pAgs)
From that /JP

рХ'  =  Т ^ о Ш  +  1/2( Л  +  А^ )

1 A da Chim. ( Budapest) 76, 1973
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From  the p X e values the solubility product is calculated. The application of this simple 
equation is based on the assumption th at the potential response of the electrodes during the 
whole titration  is a Nernstian one. This assumption was strengthened through many experi
ments carried out in  aqueous and non-aqueous solvents in our laboratories.

M ixtures of water with methanol, ethanol, propanol, iso-propanol, acetone and dim ethyl- 
formamide, respectively, were used as solvents.

R esu lts  a n d  discussion

T h e  re su lts  of our in v e s tig a tio n s  fo r th e  six o rgan ic  so lv en ts  m ix ed  w ith  
w a te r  in  v a r io u s  p ro p ortions a re  co m p iled  in  T ab les I — I I I .  T h e  ta b le s  co n ta in

Table I

Solubility products o f silver chloride in  mixtures o f water with different
organic solvents

Solvent Solvent
®9AgCl

O’/® %) Measured values Mean Previous 
values

h 2o 100 9.8, 9.98 9.9, 9.8,

CH3OH 10 10.02 ю л* 10.0, ю л .
40 10.4o 10.3, 10.3, 10.4,
60 10.72 10.74 11.3, 10.93 10.7,
90 11.50 11.6, 11.5, 11.5,

C2H 5OH 10 10.1„
40 10.4„
60 10.74

' 90 11-5.

i-C 3H,OH 10 9.83
20 10.1,
30 10.2,
40 10.2,

ra-C3H,OH 10 9.9
20 9-9o
30 9.9«
40 10.0„

(CH3)2CO 10 9.80 9.80 О
CO

C
N О

COo\

20 9.7, 10.0, 9.8, 10.0,
30 9.5, 10.24 9.8, 10.2,
40 9.2g 10.5, 00

O
O

O
n 10.5,

H O N = C -(C H 3)2 10 10.04
40 10.3,
60 10.6,
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th e  e x p e rim e n ta l d a ta  a n d  th e  m ean  v a lu es  of o u r la te s t  me a su re m e n ts  of 
th e  so lu b ility  p ro d u c ts  a t  25 °C an d  o u r p rev io u s  values o b ta in e d  w ith  la b o ra 
to ry  m ad e  h a lid e  elec trodes.

Table II

Solubility products o f  silver bromide in mixtures o f water with different 
organic solvents

Solvent Solvent
№  %)

*aAgBr

Measured values Mean Previous 
values

H20 100 12.3, 12.2, 12.3, 12.3,
CH3OH 10 12.4, 12.4,

40 ►—
1 CO
 

О О 13.0,
60 13.4, 13.3, 13.4, 13.38
90 14.6, 14.3, 14.4, 14.4,

C2H,OH 10 10.32 12.5, If.'-, 13.1, 12.6, 12.5,
40 12.7, 12.8, 12.7, 12.9,
60 13.12 13.3, 13.52 13.3, 13.2,
90 14.32 14.2, 14.4, 14.3, 14.3,

i-C3H,OH 10 12.4, 12.3, 12.5, 12.3,
20 12.4, 12.4, 12.4,
30 12.6, 12.6, 12.6,
40 12.7, 12.7, 12.7,

и-С3Н,ОН 10 12.2„ 12.5, 12.3, 12.5,
20 12.6, 12.7, 12.6, 12.6,
30 12.7, 12.7, 12.7,
40 12.82 12.8, 12.82

(CH3)2co 10 12.2, 12.4, 12.6, 12.4, 12.4,
20 12.6, 12.72 11.6, 12.3, 12.6,
30 11.2, 12.62 11.9, 12.6,
40 10.0, 12.6, 11.2, 12.6,

HON=C—(CH3)2 10 12.22
40 12.5,
60 12.7,

D . F e a k i n s  et al. [4] a n d  H . A. P a r t o n  el al. [5] re sp ec tiv e ly , d e te r 
m ined  th e  so lu b ility  p ro d u c t o f  silver ch lo ride  in  various m e th a n o l—w a te r  
m ix tu re s . T h e  d a ta  for co m p ariso n  are  given in  T ab le  IV . I t  can  be  seen  t h a t  
o u r d a ta  a re  close to  th e  l i te r a tu r e  values.
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Table III

Solubility products o f  silver iodide in mixtures o f  water with different 
organic solvents

Solvent Solvent
(»/»%)

PsAgI

Measured values Mean Previous 
values

H 20 100 15.9. 15.8, 15.94 15,9,

C H ,O H 10 16.12 16.14 16.3, 16.1, 16.1,
40 16.3, 16.4. 16.5, 16.64 16.5, 16.4,
60 16.64 16.7, 16.8, 17.1, 16.8, 16.7,
90 17-1. 17.4, 17.7, 17.4, 17.4,

C ,H 5O H 10 16.1, 16.0, 16.1, 16.14 16.1,
40 16.3, 16.6, 16.4, 16.4,
60 16.6, 16.84 16.7, 16.6,
90 17.1, 17.3, 17.4, 17.2, 17.3,

i-C 3H ,O H 10 16.0, 16.2, 16.14 16.04
20 16.1, 16.4, 16.2, 16.1,
30 16.2, 16.2, 16.2,
40 16.2, 16.2, 16.2,

n -C 3H ,O H 10 О
Оv
d 16.2, 16.2, 16.14 16.14 16.2,

20 16.2, 16.24 16.2, 16.24
30 16.2, 16.3, 16.2, 16.3,
40 16.2, 16.4, 16.3, 16.4,

(C H 3)2CO 10 16.0, 16.12 16.2, 16.1, 16.2,
20 16.0, 16.04 16.1, 16.2, 16.1, 16.2,
30 16.0, 16.04 16.24 16.0, 16.24
40 16.0, 16.2, 16.1, 16.2,

H O N = C — (CH3), 10 15.9, 16.0, 15.9, 15.9,
40 15.8, 15.7, 15.7, 15.7,
60 15.44 15.34 15.3, 15.34

W e de term ined  fo r  each  electrode th e s ta n d a rd  d ev ia tio n  o f th e  pSW e de term ined  fo r  each  electrode th e  s ta n d a rd  d ev ia tio n  o f th e  pS  
v a lu e s . F o r th is c a lc u la tio n  w e have used th e  v a lu e s  fo r every  so lv en t m ix tu re  
a n d  fo u n d  th a t  th e  s ta n d a r d  dev ia tion  fo r io d id e  e lec trode  is 0.12 p S, fo r  th e  
b ro m id e  electrode 0.40 p S a n d  for th e  ch lo rid e  e lec tro d e  0.28 p S.
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Table IV

Solubility exponents in methanol—water mixtures

Methanol-water 
g/g %

P3AgCl (25 °C)

measured by 
Feakins and 

coworkers

measured by 
Parton and 
coworkers

this work

mean value previous value

8.2 10.0, 1 0 . 1 „

10 9.99, 10.O3
20.2, 10.233 10.24
33.4 10.566
34.5 10.35 10.4,
43.1, 10.83,
54.2 10.93 10.74
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Some relations between various variational principles in irreversible thermody
namics have been derived. It is shown that Gy a r m a ti’s principle and the local po
tential principle of P r ig o g in e  and Gla n sd o r ff  are equivalent when the phenome
nological coefficients are correlated by extended O n sa g er  relations. A Lagrangian 
function for the generalized Navier—Stokes equations is derived through the local 
potential approach and, by its comparison with the corresponding Lagrangian function 
derived from Gy a r m a t i’s principle, it is shown that the two functions are equivalent 
except for their method of representation. Such equivalence has also been demonstrated 
in the case of the Lagrangian’s for heat conduction equation and Fick’s equation for 
multicomponent diffusion. B io t’s variational principle is a particular case of the local 
potential principle. A particular form of Z ie g l e r ’s principle is derived from Gy ar
m a t i’s integral principle.

1. Introduction

T h e  v a r ia tio n a l fo rm u la tio n  o f a p ro b lem , w hen  possib le, p ro v id es  th e  
pow erfu l to o l o f d ire c t m e th o d s  o f v a r ia tio n a l calcu lus fo r o b ta in in g  a n  ap 
p ro x im a te  so lu tion  to  th e  p rob lem . T here  h a v e  b een  severa l a t te m p ts  [1, 2, 3] 
to  in te rp re t  Onsag er’s re la tio n s  b y  m eans o f  v a r ia tio n a l p rin c ip le s . This 
re su lte d  in  severa l v a r ia tio n a l p rincip les in  irrev e rs ib le  th e rm o d y n a m ic s , for 
ex am p le , Onsager’s p rin c ip le  of least d iss ip a tio n  o f energy  [1], th e  p rinc ip le  
o f m in im um  p ro d u c tio n  o f  e n tro p y  fo rm u la ted  b y  P rigogine [4] a n d  th e  p rin 
cip le o f  le a s t irrev ers ib le  force g iven b y  Zieg ler  [3, 5, 6 ]. F o r th e  class o f  n o n 
lin ea r a n d  n o n -se lf-ad jo in t eq u a tio n s to  w hich  th e  n o n -s te a d y  c o n se rv a tio n  
e q u a tio n s  o f m ass, m o m e n tu m  an d  energy  w ith  v a ria b le  coeffic ien ts  belong , 
a v a r ia tio n a l fo rm u la tio n  in  th e  classical sense is n o t possib le, a n d  reco u rse  is, 
th e re fo re , m ade to  looser o r  ex ten d ed  v a r ia tio n a l fo rm u la tio n s b a se d  on  fu n c 
tio n s  h a v in g  som e p h y s ica l m eaning . Gyarm ati’s princip le  [7], th e  local 
p o te n tia l  p rinc ip le  [8 ] a n d  B iot’s v a ria tio n a l p rin c ip le  [2, 9] a re  exam ples 
o f  such  app roaches.

Gyarmati [7, 10, 11] h as  tre a te d  th e  v a r ia tio n a l p rinc ip les o f  n o n -e q u i
lib riu m  th e rm o d y n am ics . I n  th ese  papers he h as  c la rified  th e  re la tio n  b e tw een  
P rigogine’s princip le  [4] a n d  Gyarmati’s p rin c ip le  [7], giv ing  a n  a l te rn a tiv e  
d esc rip tio n  for th e  p rin c ip le  o f  leas t d iss ip a tio n  o f energy . H e has a lso  a sse rted
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[7] t h a t  ev e ry  v a r ia tio n a l p rin c ip le  in  w hich th e  p o te n tia l  fu n c tio n s  e x is t can  
he  d e r iv e d  from  Gy a r m a t i’s p rin c ip le . Gy a r m a t i [12] has fo rm u la te d  h is 
p r in c ip le  in  a general m a n n e r  a n d  has show n t h a t  i t  can  be app lied  to  c e r ta in  
ty p e s  o f  q u asilin ea r a n d  n o n -lin e a r  eq u a tio n s, w h ere  th e  ex te n d e d  O n s a g e r  
re la tio n s  h o ld  tru e . V e r h á s  [13] an d  B öröcz [14] h a v e  ap p lied  Gy a r m a t i’s 
p r in c ip le  to  generalized  N a v ie r— Stokes e q u a tio n s  in  w hich  co n v ec tio n  ty p e  
te rm s  a re  also  p resen t. G y a r m a t i  [12] has d iscu ssed  th e  re la tio n  o f h is p r in 
cip le  to  Y o jt a ’s fu n c tio n a l v a r ia tio n a l p rin c ip le  a n d  has show n t h a t  th e  tw o 
d if fe re n t fo rm u la tio n s a re  b u t  tw o  a lte rn a tiv e  re p re se n ta tio n s  o f a single g en 
e ra l p rin c ip le . V e r h á s  [15] h a s  app lied  Gy a r m a t i’s princ ip le  to  p la s tic  flow . 
Sá n d o r  [16, 17] has g iv en  m a n y  app lica tio n s o f th e  u n iv e rsa l fo rm  o f Gy a r 
m a t i’s p rin c ip le  to  n o n -lin e a r p ro b lem s and  also  to  som e q u asilin ea r p rob lem s.

T h e  o b jec t of th is  p a p e r  is to  show t h a t  Gy a r m a t i’s prin c ip le  [12] an d  
th e  lo c a l p o te n tia l p rin c ip le  fo rm u la te d  b y  G l a n s d o r f f  an d  P r ig o g in e  [8 , 18] 
a re  e q u iv a le n t w hen re la tio n s  o f  th e  ty p e  L jk( r )  =  L ki( r )  an d  L ikj — Lkij — .. .  
. . . =  L jM a re  va lid  (th e  v a r ia b le s  Г  are s ta te  p a ra m e te rs  or in te rn a l p a r a 

m e te rs  w ith  respect to  th e  forces). G enerally , th e  a p p lica tio n  o f Gy a r m a t i’s 
p r in c ip le  depends u p o n  th e  ex istence  of th e se  O n s a g e r  ty p e  re la tio n s . In  
se c tio n  3 o f th is  p a p e r  L a g ra n g ia n  fu n c tio n s d e riv ed  fo r som e q u asi-lin ea r 
a n d  n o n -lin e a r eq u a tio n s  a re  g iven  an d  th e  loca l p o te n tia l  is deriv ed  fo r  gen
e ra liz e d  N a v ie r — St o k e s  e q u a tio n s . I t  w ill b e  show n th a t  th e  L a g ra n g ia n  
fu n c tio n s  derived  b y  th e  tw o  app roaches, viz.  th o se  o f Gy a r m a t i a n d  o f th e  
lo ca l p o te n tia l  are e q u iv a le n t excep t in  th e ir  m e th o d  of re p re se n ta tio n . In  
se c tio n s  4 an d  5, B io t ’s v a r ia t io n a l  p rinc ip le  [9, 19] is derived  fro m  th e  local 
p o te n t ia l  p rincip le  a n d  a sp ec ia l form  of Z ie g l e r ’s prin c ip le  [3] is derived  
f ro m  G y a r m a t i’s in te g ra l p rin c ip le  [12].

2. Relation between Gyarmati’s principle and 
the local potential principle

I n  th is  section  i t  w ill b e  show n th a t  G y a r m a t i’s v a r ia tio n a l p rinc ip le
[12] a n d  th e  local p o te n tia l  p rinc ip le  [20, 21] a re  e q u iv a len t w hen  O n sa g e r  
ty p e  re la tio n s  ЬШ(Г) =  ЬШ(Г) an d  L ikj =  L ki, =  . . . =  L jki a re  v a lid . L et 
ÖF  b e  th e  v a ria tio n  o f tim e -d e p e n d e n t local p o te n tia l  given b y  G l a n s d o r f f  
[20 ]

dF =  2  (2.1)
* v

w h e re  J a denotes flu x es  X a —  forces an d  V  —  vo lum e. T he v a lid i ty  o f th e  
lo ca l p o te n tia l p rin c ip le  d ep en d s  upon w h e th e r  o r n o t ÖF in E q . (2.1) is a 
t o t a l  d iffe ren tia l in  th e  e x te n d e d  sense o f P r ig o g in e  an d  G l a n s d o r f f  [18];
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h e re  th e  p a ra m e te rs  w ith  su p e rsc r ip t ‘O ’ refer to  th e  re fe re n ce  s ta te  w ith 
re sp ec t to  w hich v a r ia tio n s  are  ta k e n , an d  th u s  are n o t to  b e  v a r ie d . T he basic 
s ta te  m ay  e ith e r  be  s ta t io n a ry  o r tim e-d ep en d en t. H ow ever, d F  in  E q . (2.1) 
m a y  be an  e x a c t d iffe ren tia l even  if  L ik are  functions o f th e  p a ra m e te rs  and, 
in  som e cases, even  if  O n sa g e r  ty p e  re la tio n s are  n o t  v a lid . M oreover, if 
O n sa g e r  ty p e  re la tio n s  are  sa tis fied , E q . (2.1) will be an  e x a c t v a r ia tio n  and 
d F  can  he w ritte n  as

3(g°e°) T _,
31

+
Э g?
31

U r T - ^
3nf

3t
d V , (2.2)

w here  q d eno tes d e n s ity , e—energy  p e r  u n it  m ass, t —tim e , T — te m p e ra tu re , 
v —v elo c ity  an d  / /—chem ical p o te n tia l . T herefo re , th e  c o rre sp o n d in g  L agran- 
g ian  fu n c tio n  is g iven  b y

L =  V J a X ,
3(g° e°) 

dt
T 1 +  -

dt
■ Иг T

dvf
Э t ГГО

(2.3)

F o r energy  o n ly , E q . (2.3) ta k e s  th e  form

(2.4)

(2.5) 

ds
L g°----- (2.6)

« dt

H ere  L (T , T w, /ir, p “, r,-, n”).
In  g enera l, th e re  w ill be a su rface  in te g ra l to o , b u t  if th e  in te n s iv e  p a ra m e te rs , 
w hose g rad ien ts  a re  fo rces, a re  k e p t fix e d  a t  th e  surface or th e  f lu x  a t  th e  su r
face  is zero, th e n  th e  su rface  in te g ra l te rm  w ill van ish . W ith  th e  ab o v e  con
d itio n s  o f v a r ia tio n , th e  E u l e r — L a g r a n g e  equa tions (2.2) w ill b e  th e  con
se rv a tio n  eq u a tio n s  w ith  th e  su b s id ia ry  cond itions th a t

Э(р° e°)
L  — - J L L L  -r-i,

dt
since

ds  =  y - i  de 
dt dt

T  — T°, ц г =- jFr an d  Vj =  t>". (2.7)

G y a r m a t i  [12] h a s  g iv e n  a v e r y  g e n e r a l  f o rm  o f  h is  p r in c ip le ,  w h i c h  c a n  be 
w r i t t e n  as

ö J  [ ° ~  (V + 0 ) ] d F  =  0, (2.8)
V

w i th  in te g r a t io n  o v e r  t h e  t o t a l  v o lu m e  V  o f  t h e  c o n t in u u m .
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H ere

d ( J , X )  =  2 J I X 1 > 0  (2.9)
a

a n d  Ф a n d  гр are th e  d is s ip a tio n  po ten tia ls.
I n  th e  case of t r a n s p o r t  processes th e  fo rces c a n  alw ays be g en era ted  

as th e  g rad ien ts  of c e r ta in  v a r ia b le s  ‘.T’ w hich a re  s t a te  p a ra m e te rs  or in te rn a l 
p a ra m e te rs  w ith  re sp ec t to  th e  forces, i.e.

X ( =  V ^ . (2.10)

U tiliz in g  th e  en tro p y  b a la n c e  eq u a tio n

348 KUMAR, GUPTA: RELATIONS IN IRREVERSIBLE THERMODYNAMICS

£?̂  +  V ' J$ — a • ( 2 . 11)

E q . (2 .8) can be fo rm u la te d  in  an  a lte rn a tiv e  w ay  as

Ö ^ [ o s  +  V . J s- ( y ,  +  0 ) ] d V  =  0 (2.12)
v

A lso

ф  =  rp =  —  . (2.13)

In  th e  case of linear p ro cesses  Ф and  f  are h o m o g en eo u s q u a d ra tic  fu n c tio n s 

W( X , X ) ^ \  £  L * X i X k >  0 ,  (2.14)
2 i , k = 1

Ф ( J , J )  =  ~ -  2  R i k J i J k  >  0 (2-15)
2 i,k=i

E q . (2.12) can also b e  w r i t te n  as

ö ( ' [ ^ - ( v + 0 ) ] d U + Ő  \ ' J s - d S  =  0 .  (2.16)
v  s

S ince  th e  v a ria tio n  is w ith  re sp ec t to  v ariab les  Г  w h ich  are  s ta te  p a ra m e te rs  
o r  in te rn a l  p a ram e te rs  w ith  re sp ec t to  th e  fo rces, E q . (2.16) can be red u ced  to

ó \ ( o s - o ) d V + Ö  \ J s d S  =  0 .  (2.17)
V  s
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I f  th e  p a ra m e te rs  a t  th e  surface a re  k e p t  fix ed  or th e  f lu x  a t  th e  su rface  is 
zero, th e  su rface  in te g ra l will v an ish , th u s  th e  L ag rang ian  fu n c tio n  d e riv ed  by  
Gyarmati’s a p p ro a c h  will he Qé —  a  w h ich  we deno te  b y  L a

L a — Qá— a .  (2.18)

I t  can  be seen t h a t  th e  v a ria tio n  in  b o th  ap p ro ach es  is w ith  re sp ec t to  s ta te  p a ra 
m eters  or in te rn a l  v a riab les ; tim e  d e r iv a tiv e s  a re  n o t v a ried  in  e ith e r  ap p ro ach  
an d  th e  L a g ra n g ia n  fu nc tions are  e q u iv a le n t. T he difference b e tw e e n  th e  L ag
ran g ian  fu n c tio n s  is in  th e ir  m e th o d  o f re p re se n ta tio n : w hile one is

Ц Т .  T°, fin /.(?, v ,, vf),

th e  o th e r  is L C(I^ ) , w here th e  Г / s co rre sp o n d  to  T , /j, and  t>(- re sp e c tiv e ly . F rom  
E qs (2.6) an d  (2.18)

L  — — L a . (2.19)
T herefore, 6L — — dL a

ÖL — 0 i f  an d  only  if  öL q =  0 .
F rom  th e  ab o v e  discussion i t  is also  c lea r th a t  th e  local p o te n tia l  p r in 

ciple is d e riv ab le  fro m  Gyarmati’s p rin c ip le  an d  vice versa. Gyarm ati [12] 
has show n th a t  E q . (2.8) is app licab le  to  q u asi-lin ea r eq u a tio n s if

ы г :;, r 2, . .  . r n) =  L kt ( Ц ,  r 2, . .  . r n) , (2.20)

an d  to  n o n -lin ea r eq u a tio n s  if

and

Ljkj . .  ■ n — L kij . . .  n  . . .  — J-'n.-.jki 1

Rik — R-ki
Rikj =  R/tfj ■ • • — Rjki

( 2 . 21 )

Rikj ■ ■ n  — R kij  . . .  n  . . .  — R n_ jk t , (2 .22)

whereas the local p oten tia l principle is applicable whenever d F  is a tota l 
differential in th e  extended  sense o f P rigogine  and Glansdorff [18]; it is 
applicable when the above relations hold  true.
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3. D erivation  o f th e  local p o ten tia l fo r generalized 
N av ie r— Stokes eq u a tio n s

I n  th is  section th e  loca l p o te n tia l fo r gen era lized  N a v ie r — S t o k e s  
e q u a tio n s  w ill be  derived . T h e  L ag ran g ian  fu n c tio n  deriv ed  in  th is  w ay  w ill 
be c o m p a re d  w ith  th a t  d e d u ced  b y  B öröcz [14] an d  V e rh ás  [13]. Som e 
o th e r  L a g ra n g ia n  fu n c tions, e.g. fo r  h e a t c o n d u c tio n  [13] and  F ick ’s e q u a tio n
[13] w ill b e  com pared . T h e  gen era lized  N a v ie r — S t o k e s  equations are  g iv en  
b y  [14]

and

dv
q ------- 1- g r a d p — qF —rjAv-

dt
V +  Vv g ra d  d i v (v) —

r]r ro t  (2co — ro t  v) — 0 ,
(3 .1)

2rjr ( ro t  v — 2co) =  0 , (3.2)

w h e re  v  d e n o te s  ve locity , p—d e n s ity , p —p ressu re , F —ex te rn a l force p e r  u n i t  
m ass , rj is th e  coefficient o f v isc o s ity , rjv th e  co e ffic ien t o f b u lk  v iscosity , rjr th e  
c o e ffic ien t ro ta tio n a l v isco s ity , to deno tes th e  m e a n  a n g u la r  v e loc ity  w h ich  is 
d e te rm in e d  in  every  p o in t o f  th e  flu id  b y  th e  r ig id  ro ta tio n  of th e  p a r tic le s , 
0  d e n o te s  th e  m ean  in te rn a l m o m e n t of in e r tia  p e r  u n it  m ass of th e  c o n s t i tu 
e n t p a r tic le s .

B y  p roceed ing  in  th e  sam e  w ay  as H a y s  [22] a n d  K um ar [23], th e  loca l 
p o te n t ia l  fu n c tio n  can be d e riv ed . N ow  co n sid e r a vo lum e V  o f an  iso tro p ic  
f lu id  w ith  th e  b o u n d a ry  su rface  S.  T he fam ily  o f v e lo c ity  d is tr ib u tio n s  in  th e  
v o lu m e  considered  m ay  be th o u g h t of as h a v in g  th e  a p p ro p ria te  m acro sco p ic  
v e lo c ity  d is tr ib u tio n  v° p lu s  sm all and  a rb i t r a ry  v a ria tio n s  of th e  v e lo c ity  
dv a ro u n d  th e  m acroscopic d is tr ib u tio n , S im ila rly  th e  m ean  an g u la r v e lo c ity  
ю ca n  b e  reg a rd ed  as a sum  o f co° an d  dm:

v =  (3.3)

со =  co°-f-őco . (3.4)

I f  w e a ssu m e  g, rj, r]v, r]r to  he  c o n s ta n ts , th e  L a g ra n g ia n  func tion  for E q s  (3.1) 
a n d  (3 .2) can  be derived  in  th e  follow ing w ay . B y  m u ltip ly in g  b o th  sid es  of 
E q s  (3 .1) a n d  (3.2) b y  dv a n d  dm, re sp ec tiv e ly , a n d  ta k in g  со =  co° in  E q . (3.1) 
a n d  v  =  v°  in  E q . (3.2) one o b ta in s

c dv
о 0 -----• ov

dt
dv°
dt

g rad  p  +  g F dv

d iv  | 2^ (g ra d u )s 4«- m  d iv  (d) dv (3.5)

+  ro t {^r(2ft)°—rot(fl)} dv ,
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and

since
э t a t

bco-\-2rjr( ro t v° — 2со) boo,

bF1 =  - [(bv)2 d V  and  

6 F  =  bF1+ b F 2 < 0 .

(3.6)

(3.7)

C o n seq u en tly , th e  req u ired  v e lo c ity  d is tr ib u tio n  v, an d  th e  m ean  a n g u la r  v e 
lo c ity  со a re  ch a rac te rized  b y  th e  ex tre m u m  co n d itions

bv »»
an d (3.8)

w ith  th e  su b sid ia ry  co n d itions v =  v°  an d  (o =  co° (3.9). T herefo re , th e  L ag ran - 
g ian  fu n c tio n  as derived  from  th e  local p o te n tia l  is

dv(>
e - ^ -  +  grad P » - qF  

dt

Л
4 i j ^

3
V 9«i +  ®yj_

9  X J

' + 7 Г
dco°

(d iv  i;)2 -f-

(3.10)

9*/
Q0 CO------ — — (2o)° ro t l’0)2.

dt 2

T h u s th e  L ag ran g ian  fu n c tio n s d eriv ed  from  Gyahm ati’s princip le  b y  V erhás 
[13] an d  B öröcz [14] a re  th e  sam e as E q . (3.10) ex cep t for th e ir  r e p re s e n ta 
tio n s . T he a c tu a l form  of th e  L ag ran g ian  fu n c tio n  fo r som e eq u a tio n s  as d e riv ed  
from  Gyarm ati’s princ ip le  [7] an d  th e  local p o te n tia l  p rinc ip le  is g iven  below . 
F o r h e a t co n d u c tio n

La =  qCvT ~ ~  -|- (v T )2 • (3.11)
dt 1

E q . (3.11) has been given b y  Gyarm ati [7],

9T° AL =  qCvT  — -----1---- ( \7T)'~ , (3.12)
dt 2

E q . (3.12) is q u o ted  b y  H ays [22].
S im ila rly  in  th e  case o f F ic k ’s eq u a tio n  o f  m u ltico m p o n en t d iffu sio n , 

V e r h á s  [13] an d  S á n d o r  [16] h a v e  g iven

K~ \  v dck
в  >  (iи к— /*К) — ^

/t=i dt
+

1 K - 1

* i,k=l
(3 .13)
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T his ca n  b e  easily  d e riv ed  also b y  th e  local p o te n tia l  m e th o d  giving 

к - i  dc4 1 K 1
L  =  q N  (pk— -----1 ~  ^  L ik \7({ii— (tK)-\>(/xk—[iK). (3 .14)

*=i dt 2 iJLx

T h u s i t  c a n  be  seen th a t  th e  L ag ran g ian  fu n c tio n s  a re  th e  sam e ex cep t fo r  th e ir  
w ay  o f re p re se n ta tio n .

T h u s  i t  ap p ears  t h a t  Gy a r m a t i’s in te g ra l p rin c ip le  an d  th e  local po 
te n t ia l  p rin c ip le  a re  e q u iv a le n t;  th e  basic  d iffe rence  b e tw een  th e  tw o  is th e ir  
s ta r t in g  p o in t. W hile Gy a r m a t i has s ta r te d  fro m  O n s a g e r ’s re la tio n sh ip s  
an d  d ev e lo p ed  a v a r ia tio n a l p rincip le  from  w h ich  th e  eq u a tio n s of irreversib le  
th e rm o d y n a m ic s  follow , th e  ap p ro ach  o f G l a n s d o r f f  an d  P r ig o g in e  [8] 
is to  s t a r t  from  th e  e q u a tio n s  an d  c o n s tru c t a p rin c ip le  from  w hich  th e se  fo l
low . N e ith e r  v a r ia tio n a l p rin c ip le  is a v a r ia t io n a l  p rin c ip le  in  th e  classical 
sense; b o th  depend  on th e  cognizance of tw o ty p e s  o f  v a riab les , th e  ones w hich 
a re  v a r ie d  a n d  th e  o th e rs  w h ich  are k e p t f ix e d  w hile  perfo rm ing  th e  v a r ia tio n . 
In  o u r  o p in io n , b o th  lead  to  th e  necessary  e x te n s io n  o f th e  classical v a r ia tio n a l 
ca lcu lus so as to  in c lu d e  processes invo lv in g  m ech an ica l d iss ip a tio n .

4. D erivation o f Biot’s variational principle from  
the local potential principle

I n  th is  sec tion  i t  w ill be  show n th a t  B io t ’s v a r ia tio n a l p rin c ip le  can  be  
d e riv e d  from  th e  loca l p o te n tia l  p rin c ip le . B io t ’s v a ria tio n a l p rin c ip le  is 
b a se d  on  O n s a g e r ’s rec ip ro ca l re la tio n s, b u t  B io t  [19] has show n th a t  even 
if  O n s a g e r ’s re la tio n s  a re  n o t  va lid  h is v a r ia t io n a l  p rinc ip le  is s till app licab le  
to  c e r ta in  ty p es  o f n o n -lin e a r problem s. B io t  [2 ] h as  also show n th a t  his v a 
r ia t io n a l  p rinc ip le  red u ces  to  th e  so lu tio n  o f  e q u a tio n s  of th e  ty p e

QV | dD  

dqi 9 qt
(4 .1)

w h ere  V  is th e  p o te n tia l  energy , D  is th e  d iss ip a tio n  fu n c tio n  an d  Q is th e  w ork 
d o n e  a t  th e  su rfaces; q( a re  th e  generalized  co o rd in a tes , qt d en o te  th e  d iffer
e n tia l o f  qt w ith  re sp e c t to  tim e:

v  =  \ 2 au b * j '  (4 -2)
2 i.J

D  b i j i i i j  (4 .3 )
2 i.J
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In  irrev ers ib le  th e rm o d y n a m ic s , th e  p rincip le  is developed  th ro u g h  th e  

use  o f  a  h e a t flow  v ec to r  H  w hose ra te  o f  change w ith  tim e , H ,  is th e  h ea t 
f lu x  across an  area  no rm al to  i t :

H = d H  . 
dt

(4.4)

In  th e  case o f iso trop ic  co n d u c tio n  as g iven  b y  B iot [9] th e  v a r ia t io n a l  fo r
m u la tio n  has th e  form

6 V  +  ÓD =  - T  • ÖH,
w here

(4.5)

v =  f \ ( C T ) d T d x ,
x T

(4.6)

D  =  Г—  {H )2d x .J 2 К
X

(4.7)

I f  th e  h e a t  flow  v ec to r H  is defined  in  te rm s  o f tim e-d ep en d en t genera lized  
co o rd in a te s  as

H  =  H(qi, x ,  t) i =  1, 2, . . . n, (4.8)

th e n , as show n b y  B iot [9], th e  t r a n s ie n t  h e a t co n duc tion  e q u a tio n  w ith  
te m p e ra tu re  d ep en d en t specific c o n d u c tiv ity  an d  specific h e a t  is e q u iv a le n t 
to  E q . (4.1). In  a su b seq u en t p a p e r  B iot [19] has show n th a t  ev e»  if  a co n v ec
tio n  te rm  is p re se n t, a su itab le  d e fin itio n  o f  V  an d  D  reduces i t  to  E q . (4.1). 
E q . (4 .1) can  also be w ritte n  as

I f

а р

9?i
Qi

x,  = <?,

th e n  E q . (4.9) ta k e s  th e  form

Э V  

9 9/

d V

a p
dq,

=  X „

(4.9)

(4.10)

(4.11)

where X t is to ta l disequilibrium  force. B iot [2] has defined the function

P  =  D  - (4.12)
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an d  h a s  show n th a t  h is v a r ia t io n a l  p rincip le  is e q u iv a le n t to  P  being an  e x 
tre m u m  w hen  <jr, are  f ix e d  a n d  are  varied  a n d , co n v e rse ly , if  <]r, are  fix ed  an d  
qt a re  v a rie d . U pon re -w ritin g  E q . (4.12) in  Gya r m a ti’s n o ta tio n , we h a v e

D = — o =  y), (4.13)
2

2 x i<ii =  2 X ‘J ‘ -  ( 4 -1 4 )
i  i

T h ere fo re , E q . (4.12) ta k e s  th e  form

P = ( y >  —  a), (4.15)

w h ich  is th e  sam e as th e  L ag ran g ian  fu n c tio n  d e fin e d  b y  Gyarmati [7]. Also 
th e  co n d itions of v a r ia t io n  a re  sim ilar to  a p a r t ic u la r  fo rm  of Gyarm ati’s 
in te g ra l p rincip le  [7]. T h e re fo re , it follows t h a t  B iot’s v a ria tio n a l p rinc ip le  is 
d e riv a b le  from  Gya r m a ti’s in te g ra l p rinc ip le . A lso in  sec tion  2 of th is  p a p e r  
w e h a v e  show n th a t  th e  Gyarm ati princip le  [12] a n d  th e  local p o te n tia l p r in 
cip le  [18] are e q u iv a le n t e x c e p t for th e ir  p h y s ic a l m ean ings. T hus i t  follow s 
t h a t  B iot’s v a ria tio n a l p rin c ip le  is derivab le  from  th e  local p o ten tia l p r in 
cip le.

F ro m  B iot’s w o rk  [9] i t  is ev iden t th a t  h is d iscussion  is based  on a h y p o 
th e s is  th a t  is co rrec t f ro m  th e  v iew poin t o f  m a th e m a tic s  b u t  is p h y sica lly  
e m p ty . T he d isp lacem en t v e c to r  H  in tro d u c e d  b y  B iot [9] has no p h y sica l 
m ean in g . T h eo re tica lly  B iot’s v a ria tio n a l p rin c ip le  is applicab le  to  p rob lem s 
in  tw o  an d  th ree  d im e n s io n s , too , b u t in p ra c tic e  i t  can  he applied  to  o n e 
d im en sio n a l p rob lem s o n ly , ow ing to  th e  p resen ce  o f th e  d ivergence te rm

f cdT  =  h =  - V - Я .  (4 .16)
v

5. R e la tio n  betw een G y arm ati’s p rincip le  and 
Z ieg le r’s princip le of least irrev e rs ib le  force

In  th is  sec tion  i t  w ill be  show n th a t  a sp ec ia l fo rm  of Ziegler’s p rin c ip le  
o f le a s t irreversib le  fo rce  |3 ] can be d e riv ed  fro m  Gyarmati’s p rin c ip le . 
Zieg ler  [3] has s ta te d  th e  princip le of le a s t irre v e rs ib le  force an d  h as  g iven  
i ts  a lte rn a tiv e  fo rm s as th e  p rincip le  of m a x im u m  ra te  of en tro p y  p ro d u c tio n  
a n d  th e  princip le o f  m a x im u m  ra te  of d is s ip a tio n  w ork . One of th e  fo rm s o f 
th e  p rincip le  of le a s t irrev e rs ib le  force is e q u iv a le n t to

Xik { * k - A ) >  0 (5.1)
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in  w h ich  X ‘k d eno tes th e  a c tu a l irrev e rs ib le  force, x k —  th e  a c tu a l v e lo c ity , 
M  —  th e  co rrespond ing  v a lu e  o f th e  d iss ip a tio n  fu n c tio n  D (x k), a n d  x k is an y  
o th e r  v e lo c ity  w ith  a d iss ip a tio n  fu n c tio n  D (xk) <[ M .  T he  e q u a lity  sign  holds 
w h en ev e r x°k is a n o th e r  so lu tion . A lso d u a l form s o f th e  p rin c ip le  e x is t in  force 
space  w here  th e  forces are  k e p t f ix e d  a n d  th e  v a r ia tio n  is ca rr ied  o u t  w ith  
re sp e c t to  ve locities. In  o th e r  cases, ve locities are  k e p t  fix e d  a n d  th e  forces 
v a rie d . Zieg ler’s princip le  is b a se d  on  s ta tis t ic a l  fo u n d a tio n s  a n d  i t  can  be 
a p p lie d  to  b o th  lin ea r an d  n o n -lin e a r p rob lem s.

T h e  ap p ro ach  of Ziegler  [3] is s im ila r to  th e  local p o te n tia l  a p p ro ach  
w h ere  one considers th e  v a r ia tio n  a ro u n d  an  average  s ta te  a n d  th e  tw o  ty p es  
o f fu n c tio n s  becom e equal w hen  th e y  re p re se n t an  a c tu a l so lu tio n . I f  we a s 
sum e t h a t  th e  d iss ip a tio n  fu n c tio n  as w ell as a ll th e  o th e r  fu n c tio n s  in v o lv ed  
a re  c o n tin u o u s  an d  h av e  c o n tin u o u s  d e riv a tiv e s , D  is po sitiv e  sem id e fin ite  an d  
D  sa tis f ie s  th e  re la tio n

^ - x k = f ( D ) ,  (5.2)
d x k

then  D  is quasi-hom ogeneous and f  is an arbitrary function. Zieg ler  [3] has 
defined th e  follow ing quantities

* - \
D  (ID,  

]f ( D )
(5.3)

X ‘k =  -
Э Ф

(5.4)
d xk ’ 

r D'
, = j a ß ' ,

1 «(*>')
(5.5)

x k =  ■
3 у)

3X1- '
(5.6)

Also Z ieg ler  [3] lias show n th a t  i f  th e  velocities x k can  be  d efin ed , th e n

Ф +  V - V X  \x k . (5.7)
к

N ow  we w ill derive E q . (5.7) fro m  Gyarm ati’s p rin c ip le  [12]. Gy a r 
mati [12] h a s  given a global fo rm  o f th e  u n iv e rsa l p rinc ip le  as

д  I [<t —- (y> -(- 0 ) ] d F  =  0.
V

(5.8)

T h ere fo re , th e  co rrespond ing  L a g ra n g ia n  fu n c tio n  is g iven  b y

L  =  a  —  (у  +  Ф), (5.9)
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w here

o =  2 x l j t =  2 x ik i k . (5 .10)
i  к

T h u s  i t  can be seen t h a t  E q s  (5.7) an d  (5.9) are  eq u a l in  a local case, an d  
u n d e r  th e se  cond itions th e  Ziegler  prin c ip le  is d e riv ab le  from  Gyarm ati’s 
p r in c ip le . I t  is necessary  to  define  th e  velocities b u t  in  g enera l th is  is n o t p os
sible fo r  co n tin u o u s m ed ia . H ow ever, in  th e  case o f n o n -co n tin u o u s m ed ia , 
On sa g er  [1] an d  Onsag er  a n d  Machlup [24] h a v e  show n th a t  Onsager’s 
‘a fc’ p a ra m e te rs  an d  th e  f lu x es  can  be o b ta in e d  from  th e  in te rn a l p a ra m e te rs  
b y  m e a n s  o f th e  tim e  d e r iv a tiv e  o p e ra to r  d /d i, i.e. fo r exam ple

T h u s  i t  can be seen  t h a t  in  such cases th e  x k p a ra m e te rs  of Ziegler  [3] 
a re  id e n tic a l w ith  th e  cck p a ra m e te rs  o f On sa g e r . Also V ojta [25, 26] ap p lied  
th e  f lu x  re p re se n ta tio n  o f Onsager  [1] to  c o n tin u a  a n d  non-local m edia. T h u s 
w ith  som e d ifficu lty  Zieg ler ’s re p re se n ta tio n  in E q . (5.7) can  be ap p lied  to  
c o n tin u a  w ith  th e  aid  o f a fu n c tio n a l fo rm alism . A lso in  section  2 o f th is  
p a p e r  i t  h a s  been  show n th a t  th e  Gyarmati p rin c ip le  [12, 27] is eq u iv a len t to  
th e  loca l p o te n tia l p rin c ip le . T herefo re , i t  can  also be  seen th a t  in  th is  special 
case Zieg ler ’s p rin c ip le  is d eriv ab le  from  th e  local p o te n tia l  p rinc ip le . M ore
o v er, th e  s im ila rity  in  th e se  p rin c ip les  is th e  occu rren ce  of tw o ty p es  of fu n c 
tio n s  (T  an d  T°, w h ere  T° is a t  th e  av erag e  s ta te ) .

F inlayso n  a n d  S criven  [28] h av e  c r itic a lly  ex am in ed  th e  m a th e m a tic a l 
fo rm u la tio n  of th e  v a r ia tio n a l p rincip les o f  B iot [29] an d  of Glansdorff  
a n d  P rigogine [18]. I t  h as  b een  show n th a t  th e  ab o v e  v a r ia tio n a l p rinc ip les 
a re  o u ts id e  th e  scope o f c lassica l v a r ia tio n a l ca lcu lus a n d  are  closely re la te d  to  
th e  m e th o d  of w e ig h ted  resid u a ls . W hile ag ree in g  w ith  th e  o b se rv a tio n  of th e  
ab o v e  a u th o rs , it  is fe lt  t h a t  th e  physica l m ean in g  o f th e  Glansdorff— P r i
gogine  [18] m eth o d  h as  a d e fin ite  a d v a n ta g e  o v er t h a t  o f th e  m eth o d  of w e ig h t
ed re s id u a ls  an d  its  fo rm u la tio n  has led to  th e  ex ten s io n  o f classical v a r ia tio n a l 
c a lcu lu s  to  n o n -lin ea r an d  q u asi-lin ear p ro b lem s a n d  also to  problem s w here 
co n v ec tio n  or in e r tia  e ffec ts  ex ist.

D o u b tless , fo rm u la tio n s  (2.1) an d  (2.8) can  b e  considered  th e  m o st g en 
e ra l p rin c ip les  of th e  d iss ip a tiv e  process. A lso E q . (2.8) is v e ry  closely re la te d  
to  V o jt a ’s [25] p rin c ip le . B u t  th e  special a d v a n ta g e  of th e  local p o te n tia l 
o v e r o th e r  v a r ia tio n a l p rin c ip les  is th a t  i t  is su p p o rte d  b y  th e  f lu c tu a tio n  
th e o ry . I t  m ay be s ta te d  t h a t  th e  v e ry  ex is ten ce  o f th e  local p o te n tia l expresses 
th e  s ta b il i ty  of an  a r b i t r a r y  m acroscopic s ta te  w ith  re sp ec t to  sm all f lu c tu a 

in te rn a l p a ra m e te r  
o r

s ta te  v a r ia b le
(5.11)
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tio n s . M oreover, K r u s k a l  [30] has u sed  th e  local p o ten tia l to  c o n s tru c t a sa tis 
fa c to ry  cond itio n  fo r convergence a n d , ow ing  to  th e  ex istence o f  tw o  ty p es  
o f fu n c tio n s , i t  can  be app lied  in p ra c tic e  m ore  easily  th a n  o th e r  v a r ia tio n a l 
p rinc ip les. T he use o f local p o te n tia ls  h as  p ro v e d  to  be of real p ra c tic a l in te re s t  
b ecau se  i t  opens th e  w ay  to  th e  use o f v a r ia tio n a l tech n iq u es in  m o s t n o n -lin ea r 
a n d  q u asi-lin ea r p rob lem s.

The authors are grateful to Prof. I. Gyarm ati for many useful suggestions and for bring
ing to the notice of the authors some very recent literature. The authors thank Dr. R. R. 
Aggarwal for his interest in the work, and the Director of Defence Science Laboratory for 
his permission to publish this paper.
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A c ta  C h im ic a  A c a d e m ia e  S c ie n t ia r u m  H u n g a r ic a e , T o m u s  7 6  ( 4 ) ,  p p .  3 5 9  3 7 4  ( 1 9 7 3 )

BETRACHTUNGEN ZUM KOALESZENZPROZESS 
ZWISCHEN UNGLEICHARTIGEN TEILCHEN*

H . S o n n t a g

(Deutsche Akadem ie der Wissenschaften zu Berlin, Zentralinstilul fü r  Physikalische Chemie
Berlin-Adlershof)

Eingegangen am Mai 2, 1972

Die verschiedenen Mechanismen der Koaleszenzstabilität im Dreiphasensystem  
wurden für mischbare und nichtmischbare disperse Phasen vom theoretischen Standpunkt 
aus betrachtet und durch Experimente an verschiedenartigen dispersen Systemen 
experimentell geprüft. Im Gegensatz zum Koaleszenzprozeß gleichartiger Teilchen 
können ungleichartige Teilchen gegen Koaleszenz im thermodynamischen Sinne stabil 
sein. Bei der thermodynamischen Betrachtung würde man diese Stabilität m it einer 
Zunahme der freien Grenzflächenenergie in Verbindung bringen, vom molekularphy
sikalischen Standpunkt dagegen durch die Vorzeichenänderung der Dispersionskräfte. 
Für die Erklärung der koaleszenzstabilisierenden Wirkung von Adsorptionsschichten 
werden zwei Mechanismen erörtert.

W ä h re n d  m a n  z u r S tab ilis ierung  v o n  E m u ls io n en  und  S ch äu m en  u n b e 
d in g t g re n z flä ch e n a k tiv e  oder m ak ro m o lek u la re  S toffe b e n ö tig t, k a n n  m an  
F ests to ffd isp e rs io n en  au c h  ohne g ren z flä ch e n a k tiv e  Z usätze  s tab ilis ie ren . Bei 
d e r W echse lw irkung  v o n  ung le ich artig en  T e ilch en , z. B . G asb läschen  a u f  F e s t
s to ffp a rtik e ln  in  e in er F lü ssigke it, k a n n  m a n  K o a le szen zs tab ilitä t je  n ach  
dem  b e tra c h te te n  S y stem  sow ohl m it u n d  o h n e  A d so rp tio n ssch ich ten  e r re i
chen.

D ie W irkungsw eise  g ren z fläch en ak tiv e r  u n d  m ak ro m o lek u la re r S toffe  
is t G eg en stan d  z ah lre ich e r U n te rsu ch u n g en  gew esen , w obei die m e is te n  A u to 
ren  v e rsu ch en , eine K o rre la tio n  zw ischen d en  m echan ischen  E ig e n sc h a fte n  
d e r A d so rp tio n ssch ich ten  u n d  ih ren  S tab ilis ie ru n g sv erm ö g en  zu f in d e n  [1— 5]. 
Als M eßgröße v e rw e n d e t m an  dabei m e is ten s  d ie O b erfläch en sch e rv isk o sitä t 
oder die S ch e rfe s tig k e it, die m an  an  a u sg e d e h n te n  P h asen g ren zen  e rm itte l t .

A us den  p u b liz ie r te n  E rgebn issen  k a n n  m a n  en tn eh m en , d a ß  in  v ie len  
F ä llen  eine h ohe  S ch erfes tig k e it der A d so rp tio n ssc h ic h t auch  m it e in er g u te n  
s tab ilis ie ren d en  W irk u n g  d ieser S toffe v e rb u n d e n  is t. A uf d er a n d e re n  Seite  
g ib t es dagegen  au c h  eine R eihe von  T en sid en , z. B . die A lkalisalze d e r F e t t 
säu ren , d ie  tro tz  ä u ß e rs t  geringer S ch erfestig k e it seh r gu te  S ta b ilisa to re n  sind . 
M an h a t  d esha lb  in  d en  le tz te n  J a h re n  a u c h  a n d e re  M ethoden zu r K lä ru n g  
des S tab ils ie ru n g sv erm ö g en s g ren z flä ch e n a k tiv e r  S toffe herangezogen , u n d  
zw ar w u rd e  die O b e rfläch en e la s tiz itä t aus d e r  K ap illa rw e llen d äm p fu n g  [6 , 7],

* Zum Teil vorgetragen auf der 1. Kolloidchemischen Konferenz, 24— 26. Mai, 1971, 
Mátrafüred, Ungarn.
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n ach  d e r  M ethode der B lasen sch w in g u n g en  [8 ] u n d  aus der Ä n d e ru n g  d e r 
F ilm s p a n n u n g  bei E x p an sio n  gem essen  [9], au ß e rd e m  w urde die K o m p re s 
s io n s -D ila ta tio n sv isk o s itä t [7] e rm itte lt . A lle diese V ersuche e rg ab en , d aß  
w ed er d ie  E la s tiz itä t  noch  d ie  D ila ta tio n sv isk o s itä t  von  A d so rp tio n ssch ich ten  
an  a u s g e d e h n te n  P h asen g ren zen  in  B eziehung  zu r S chaum - oder E m u ls io n s 
s ta b i l i tä t  s te h e n . Die E x p e rim e n te  e rgaben  w e ite rh in , d aß  zw ischen d em  V er
la u f  d e r  E la s tiz itä ts -O b e rfläc h e n k o n z e n tra tio n s -Iso th e rm e  von  u n lö s lich en  
(z. B . F e tts ä u re n )  und  lö slichen  g re n z flä ch e n a k tiv e n  S toffen k eine  U n te r 
sch ied e  b e s te h e n , obw ohl n u r  die le tz te re n  als S tab ilisa to ren  gee ig n e t s in d . 
D as le g t  n a h e , daß  m an  die V orste llu n g en  ü b e r  die s tab ilis ie rende  W irk u n g  
v o n  T e n s id e n  neu d u rc h d e n k e n  m u ß . Es soll desh a lb  die F rage  au fg ew o rfen  
w e rd e n , ob  m a n  ta tsäch lich  au s  den  E ig en sch a ften  e iner einzelnen A d so rp tio n s 
sc h ic h t a u f  die W echselw irkung  zw eier T e ilchen  m it je  einer A d so rp tio n s 
sc h ic h t rück sch ließ en  darf. U m  das zu ü b e rp rü fe n , w urden  von  u n s zah lre ich e  
K o a le szen zu n te rsu ch u n g en  zw ischen  u n g le ich a rtig en  Teilchen d u rc h g e fü h r t , 
w eil m a n  dab e i die W ech se lw irk u n g  zw eier T eilchen  s tu d ie ren  k a n n , von  
d en en  n u r  eines eine A d so rp tio n ssch ich t t r ä g t  bzw . die u n te rsch ied lich e  A d 
so rp tio n ssc h ic h te n  aufw eisen.

K o a leszen zm ech an ism en

Z u m  le ich teren  V e rs tä n d n is  des K oaleszenzvorganges im  d isp e rsen  D re i
p h a s e n s y s te m  sollen z u n ä c h s t die K o aleszenzm echan ism en  e rö r te r t  w erd en . 
D er e in fa c h s te  Fall lieg t v o r , w enn beide T e ilch en so rten  m ite in a n d e r  vö llig  
m is c h b a r  s ind  (vgl. A bb. 1), d en n  die K o aleszenz  fü h r t  h ier u n te r  A b n ah m e 
d e r O b e rflä c h e  zu einem  n e u e n  T eilchen. D a d ie  G ren zfläch en sp an n u n g  bei 
d en  m e is te n  M ischungen in fo lge  d e r G re n z flä c h e n a k tiv itä t e iner d e r b e id en  
S u b s ta n z e n  geringer is t als d ie  d er idea len  M ischung, w ird  die K o aleszenz  
a u ß e rd e m  v o n  einer A b n ah m e  d er G ren zfläch en sp an n u n g  b e g le ite t. A nders 
liegen  d ie  V erhältn isse  bei d e r  W echse lw irkung  zw eier n ich t m isc h b a re r  T e il
ch en . H ie r  sind  versch iedene F ä lle  d e n k b a r, u n d  zw ar das T eilchen  1 sp re i te t  
v o lls tä n d ig  a u f  der 2. P a r t ik e l  u n d  in k lu d ie r t dieses (vgl. A bb. 2). D a d ie  to 
ta le  O b e rfläch e  dabei z u n im m t, k a n n  d e r P ro zeß  n u r  freiw illig  v e rla u fe n , 
w en n  d ie  G ren zfläch en sp an n u n g sän d eru n g  cr21— a.,0 die Z unahm e d e r fre ien  
E n th a lp ie  m it der O b erfläch en v erg rö ß eru n g  k o m p en sie rt. Bei u n v o lls tä n d ig e r  
S p re i tu n g  w ird  sich ein Z u s ta n d  ein ste llen  k ö n n e n , der in  A bb. 3 sch em a tisch  
d a rg e s te l l t  is t. Als G renzfa ll m u ß  m an  A bb . 4 an seh en , w enn sich n u r  n o ch  ein 
p u n k tfö rm ig e r  K o n ta k t e in s te llt. W esen tlich  is t  nach  u nserer M einung  fü r 
d ie  K o a leszen z , daß  d er F lü ssig k e itsfilm  des D ispersionsm edium s zw ischen  
d en  b e id e n  Teilchen z e rre iß t, u n ab h än g ig  d a v o n , wie groß die B e rü h ru n g s 
f lä c h e  zw ischen  den b e id en  T eilchen  ist.
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K oaleszenzm essungen  im  System  Quecksilber/Ö l 
m it T en sid /W asser

In  e iner f rü h e r  beschriebenen  M o d e lla p p a ra tu r  [10] w erden  ein  Q ueck
silb e rtrö p fch en  m it einem  W a sse rtrö p fch en  zu r W echselw irkung g eb rach t, 
die d u rch  ein Ö lm ed iu m  g e tren n t sind . In  d e r  Ö lphase w ird d er g re n z fläch en 
a k tiv e  S to ff au fg e lö s t. W asser- und  Q u eck silb e rtrö p fch en  im  ap o la ren  M edium  
stellen  einen  K o n d e n sa to r  d a r und  d u rc h  d ie  sp ru n g h a fte  Ä n d eru n g  d e r K a 
p a z itä t  beim  d ire k te n  K o n ta k t von Q u eck silb e r und  W asser k a n n  m an  den 
K o a leszenzvorgang  le ich t verfolgen.

G ib t m an  d e r Ö lphase als g re n z flä ch e n a k tiv e n  S to ff Ö lsäu re  zu , so is t 
b e k a n n t, d aß  d ie  Ö lsäu re  die K oaleszenz v o n  W assertröp fchen  u n te re in a n d e r  
n ich t v e rh in d e rn  k a n n  [11]. Sie is t fü r  W /O -E m ulsionen  k e in  E m u lg a to r . 
A u f d er a n d e re n  S e ite  verm ag  Ö lsäure a n  d e r Q uecksilber/Ö l-P hasengrenze  
je  nach  d e r v e rw e n d e te n  K o n z e n tra tio n  se h r  dicke A d so rp tio n ssch ich ten  
b is zu 40 nm  a u sz u b ild e n , die Q uecksilber/Ö l-E m ulsionen  h e rv o rra g e n d  s ta b i
lisieren  und  eine h o h e  m echanische S c h e rfe s tig k e it aufw eisen [12]. B ei der 
W echselw irkung  eines W assertröp fchens m it e inem  Q u eck silb e rtrö p fch en  in
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ö lsä u re lia ltig e m  O k tan  b ild e t s ich  n u r  an e iner d e r b e id en  P h asengrenzen  eine  
d icke  A d so rp tio n ssc h ic h t h o h e r  S ch erfestig k e it au s . D iese A d so rp tio n ssch ich t 
is t  n ic h t  in  d e r Lage, die K o a leszen z  des W assers a u f  dem  Q uecksilber zu  v e r 
h in d e rn , a u c h  n ich t b e i seh r h o h e n  Ö lsä u re k o n z e n tra tio n e n . D ie K o aleszen z  
zw isch en  W asse rtro p fen  u n d  Q uecksilber is t  a m  p lö tz lichen  A b fa ll d e r  
K a p a z i tä t  le ic h t zu e rk en n en . M an k a n n  d a ra u s  sch lußfo lgern , daß  d ie  h o h e  
S c h e rfe s tig k e it  einer m e h rm o le k u la ren  A d so rp tio n ssc h ic h t kein  au sre ich en d es 
S ta b il i tä ts k r i te r iu m  is t.

K oaleszenz im  S ystem  P o ly m er/W asser m it Tensid/Öl

S c h o n  v o r einigen J a h r e n  h a t te n  w ir u n s  m it  dem  W asch v o rg an g  b e 
s c h ä f t ig t  [13] u n d  d abei das K o a le szen zv erh a lten  v o n  p o la ren  u n d  u n p o la re n  
Ö ltro p fe n  a u f  v e rsch ied en artig en  P o lym erfo lien  s tu d ie r t .  D ie E rg eb n isse  d ie 
se r U n te rsu c h u n g e n  sind  fü r  d ie  B e tra c h tu n g e n  ü b e r  d ie  U rsachen  d er K o a les- 
z e n z s ta b i l i tä t  w ieder in te re s s a n t . V erg le ich t m a n  n ä m lic h  die K o n z e n tra tio n e n  
ein  u n d  desse lben  g re n z flä ch e n a k tiv e n  S toffes, d ie  m a n  zur S tab ilis ie rung  v o n  
Ö ltrö p fc h e n  u n te re in a n d e r u n d  v o n  Ö ltrö p fch en  gegen die P o ly m e rp h a se  
b e n ö t ig t  (T ab . I), so s ie h t m a n  ebenfalls d eu tlich , d a ß  eine stab ile  A d so rp tio n s 
s c h ic h t a n  n u r  einer P h a se n g re n z e  —  in d iesem  F a ll  an  d er Ö l/W asse r-P h asen 
g ren ze  —  n ic h t  die K o aleszenz  v e rh in d e rn  k a n n . D ie  S tab ilis ie ru n g sk o n zen tra -

Tabelle I

Stabilisierungskonzentration von Tensiden fü r  Cyclohexantröpfchen untereinander und gegen
verschiedene Polymerphasen

System Cg Mol/1

C6H12/H20  +  N P 20* /C6H12 
CcH12/H20 +  N P 20/Polyamid 

C„H12/H20  +  20/PoIyester 
C6H12/H20  +  N P 20/Polyäthylen 
C6H12/H20  +  N P 20/Teflon

2 • 1 0 -6
1.4 • 1 0 -“ 
1,2 ■ IO-4

instabil
1.5 • 1 0 -4

C6H12/H20  +  NaDS**/C6H12 4 • 1 0 -5
C6Hi2/H20  -f- NaDS/Polyamid 5 • IO"3
C6H12/H20  +  NaDS/Polyester 5 • 1 0 -3
C6H ,2/H20  +  NaDS/Polyäthylcn instabil

C6H12/H20  +  NaDS/Teflon о 1 CO

* N P  20 Nonylphenoläthylenoxidaddukt 20 
** NaDS Na-dodecylsulfat-1
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t io n  der T enside  fü r  Ö ltröp fchen  gegen P o ly m e r liegen um  eine b zw . zwei 
G rö ß en o rd n u n g en  h ö h e r als fü r  die Ö ltrö p fc h e n  allein . Gegen P o ly ä th y le n  
k ö n n en  die b e id e n  v e rw en d e ten  T enside ü b e rh a u p t  keine S ta b il i tä t  erzeugen . 
D ie S tab ilis ie ru n g sk o n z e n tra tio n  der b e id e n  T enside  gegen d ie  P o ly m eren  
lieg t in  d er G rö ß en o rd n u n g  d er k r itisc h e n  K o n z e n tra tio n  der M izellb ildung  
(cm c fü r  N P  20 =  1,4 • 1 0 ~4 Mol/1, cm c fü r  N aD S  =  8 • 10-3  Mol/1).

Zerstörung von W/O-Emulsionen durch Deemulgatoren

D er P ro zeß  d e r chem ischen  D eem u lg ie ru n g  ze ig t nach  u n se re r  M einung 
ebenfa lls seh r d e u tlic h , d aß  die K o a le sz e n z s ta b ilitä t s te ts  an  das V o rh a n d e n 
sein  zw eier A d so rp tio n ssch ich ten  (d. h . a n  d e n  b e id en  w echse lw irkenden  T eil
ch en  je  eine) e in e r so g en an n ten  »S andw ich«schich t gebunden  is t. D e n k e n  w ir 
z. B . an  die W asse r/E rd ö l-E m u ls io n en , in  d e r  die W asse rtrö p fch en  d u rch  
F e s ts to f fp a r tik e ln  v o n  e tw a  25 n m  T e ilch en g rö ß e  s tab ilis ie rt w erd en  [14, 15]. 
B e k a n n tlic h  k a n n  m a n  diese E m u lsio n en  z e rs tö re n , w enn m an  im  E rd ö l de
e m u lg a to rh a ltig e s  W asser em ulg iert. D e r D e e m u lg a to r  is t s tä rk e r  g ren z flä 
c h e n a k tiv  als d e r  S ta b ilisa to r  in  der E rd ö lp h a se  u n d  v e rh in d e rt so m it die 
A n re ich e ru n g  des S tab ilisa to rs  an  der W asser/Ö l-P h asen g ren ze . D iese W asse r
trö p fc h e n , die k e in e  s tab ilis ie rende  A d so rp tio n ssc h ic h t aufw eisen , d a  der 
D eem u lg a to r  W /O -E m u lsio n en  n ic h t zu  s ta b ilis ie re n  verm ag , k ö n n e n  ohne 
S chw ierigkeiten  m it  den  s tab ilis ie rten  W asse rtrö p fc h en  k o a lesz ie ren . D er 
G ru n d  d a fü r is t  w ieder, d aß  eine »form al s tab ile«  A d so rp tio n ssch ich t fü r  die 
K o a leszen zstah ilis ie ru n g  zw eier T eilchen  n ic h t  ausre ichend  is t.

Kompression von Sandwichschichten

D ie oben  g e n a n n te n  B eispiele m ach en  es v e rs tän d lich , d aß  d ie  U n te r 
su ch u n g en  d er m ech an isch en  E ig en sch a ften  a n  au sg ed eh n ten  P h a se n g re n z e n  
zu r E rk lä ru n g  d e r  K oaleszenz n ich t zu m  E rfo lg  fü h ren  k an n . M it a n d e ren  
W o rte n  a u sg e d rü c k t, die E n ts te h u n g  eines L oches in  der A d so rp tio n ssch ich t 
als U rsp ru n g  des Z erre ißens k a n n  n ic h t d e r  en tsch e id en d e  S c h ritt d e r  K o a les
zenz sein. D ie A u fg ab e  b e s te h t v ie lm eh r d a r in , n ach  M ethoden zu  su ch en , 
m it den en  m an  d ie  m echan ischen  E ig e n sc h a fte n  d er S an d w ich sch ich ten  b e 
s tim m en  k a n n . A n  Q u ecksilberm odelld ispers ionen  in  Ö lm edien [16] k a n n  
m an  die S an d w ich sch ich ten  zw ischen zw ei T rö p fch en  einfach d a d u rc h  k o m 
p rim ie ren , d aß  m a n  ein äußeres e lek trisch es F e ld  an  die T rö p fch en  an leg t 
u n d  die K o m p ressio n  d e r S ch ich t k a p a z itiv  m iß t . A us d er reversib len  D ick en 
ä n d e ru n g  bei K o m p ress io n  d u rch  das e le k tr isc h e  F e ld  b e rech n e ten  w ir die 
E la s t iz i tä t  s e n k re c h t zu r P h asen g ren ze . F ü r  po lym oleku lare  »Sandw ich«- 
sch ich ten  aus Ö lsäu re  e rh ie lten  w ir je  n ach  d e r  v e rw en d e ten  ö ls ä u re k o n z e n tra 
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tio n  s ta b ile  S ch ich td ick en  v o n  20 u n d  80 n m , m it e iner d ic k en u n ab h än g ig en  
E la s t iz i tä t  v o n  105 dy n /cm 2 u n d  fü r  ex trem  d ü n n e  ö lsä u re sc h ic h te n  v o n  5,4 n m  
D icke e in e n  W e rt von  106 d y n /cm 2. Zw ischen 5,4 n m  u n d  20 nm  k o n n te n  ke in e  
k o a le sz e n z s tab ile n  S ch ich ten  e rh a lte n  w erden . D as ist v e rs tän d lich , w enn  
m an  a n n im m t, daß  n u r  die e x tre m  d ü n n en , die so g en an n ten  schw arzen  F ilm e  
eine so h o h e  E la s tiz itä t  au fw eisen , w äh ren d  alle  d ickeren  S ch ich ten  e in en  
W e rt v o n  105 dyn /cm 2 b es itzen . Die e lastischen  K rä f te  senkrech t zu r P h a s e n 
grenze m ü ssen  näm lich  die D isp e rs io n san z ieh u n g sk rä fte  kom pensie ren  k ö n 
nen . N u r  w en n  sie g rößer als diese sind , k ö n n e n  sie die w eitere A n n ä h e ru n g  
u n d  d a m it  die K oaleszenz v e rh in d e rn . D er V erg leich  m it den D isp e rs io n s
k rä f te n  zw ischen  den T eilchen  [16] zeigt, d aß  u n te rh a lb  20 nm  A b s ta n d  d er 
T e ilch en  d ie  D isp e rsio n sk rä fte  p ro  F lä c h e n e in h e it g rößer als 10a d y n /cm 2 w e r
den . D a ra u s  re su ltie r t, d aß  k le in e re  A d so rp tio n ssch ich ten  n ic h t s ta b il  sein  
k ö n n e n , w as experim en te ll au ch  gefunden  w ird .

E in e  m ögliche U rsache  d e r K o a le sz e n z s tab ilitä t von A d so rp tio n ssch ich 
te n  g re n z flä c h e n a k tiv e r  oder m ak ro m o lek u la re r S toffe b e s te h t also d a r in , 
d aß  sie b e i D ru c k b e a n sp ru ch u n g  infolge d e r zw isch en p a rtik u la ren  K rä f te  
sich e la s tisc h  verfo rm en , so d a ß  du rch  K o m p ress io n  der M oleküle o d er d u rc h  
gegen se itig es  D u rch d rin g en  d e r o rien tie rten  A d so rp tio n ssch ich ten  eine  A b 
s to ß u n g  s ta t t f in d e t .  D as is t ab e r n u r  eine M ög lichke it der k o a leszen zstab ili-  
s ie re n d e n  W irk u n g  von  A d so rp tio n ssch ich ten . B e tra c h te t  m an an  S te lle  v o n  
Q u eck silb e r/Ö l-E m u lsio n en  W asser/Ö l-E m u lsio n en , so k an n  m an  eb en fa lls  
w ied er d ie  D ick en än d eru n g  als F u n k tio n  eines ä u ß e re n  D ruckes u n te rsu c h e n . 
F ü r  W a sse rtrö p fc h en , die m it Span  80 s ta b ilis ie r t  w urden , e rh ie lten  w ir b e 
s tä n d ig e  S ch ich ten  von  e tw a  40 nm  D icke. B ei e in er äußeren  K o m p ress io n  
k a n n  m a n  n u r  eine geringe D ick en än d eru n g  nachw eisen , b is p lö tz lich  be i 
e inem  b e s tim m te n  D ru ck  die S andw ich sch ich t z e rs tö r t w ird . D ie U rsach e  
lieg t n a c h  un se re r M einung d a r in  b eg rü n d e t, d a ß  d ie  T e n sid ad so rp tio n ssch ich t 
dem  ä u ß e re n  D ruck  au sw eich t u n d  in  die w äß rig e  Phase a b g e d rä n g t w ird , 
d. h . d ie  v o n  außen  ange leg te  E nerg ie  e n ts p r ic h t  d e r D eso rp tionsenerg ie  d e r 
A lk y lre s te  aus der Ö lphase u n d  der U m o rien tie ru n g sen erg ie  d er W asse rm o le 
k ü le  b e im  E in b rin g en  d er A lk y lreste  in  die W asserp h ase .

W e n n  m an  diesen M echanism us als zw eite  M öglichkeit d er K oaleszenz- 
s ta b i l i t ä t  von  A d so rp tio n ssch ich ten  a n n im m t, e rh ä lt  m an  eine zw ang lose  
D e u tu n g  d e r B an c ro ft’schen  R egel, n ach  d e r e in  T ensid  im m er die d isp e rsen  
T e ilch en  s ta b ilis ie r t, in  denen  es n ic h t löslich is t. D ie  B an cro ft’sche R egel k a n n  
m a n  d ag eg en  n ich t e rk lä ren , w enn m an die a l te  V orstellung  zu G ru n d e  leg t, 
d a ß  d ie  U rsach e  der S ta b il i tä t  a u f  der A u sb ild u n g  einer g e la rtigen  A d so rp 
tio n s s c h ic h t m it ho h er S ch erfestig k e it b e ru h t . I n  diesem  F alle  so llte  es n ä m 
lich  u n w ic h tig  sein, ob sich  die ge lartige S c h ic h t vom  D isp ersio n sm ed iu m  
h e r o d e r  v o n  der d ispersen  P h ase  h er au sb ild e t u n d  som it m ü ß ten  be id e  E m u l
s io n s ty p e n  s tab il sein.
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Thermodynamisch stabile Systeme

E ine  d r it te  M öglichkeit d er E m u ls io n ss ta b ilitä t h a t  m a n  vorzu legen , 
w enn  das T ensid  in d e r ö l-  u n d  W asse rp h ase  etw a in  g leichem  M aße löslich 
is t. In  diesem  F a ll w ird  bei g ee ig n e te r T en sid k o n zen tra tio n  d ie  D ispersions
energ ie  so gering, d aß  zw ischen den  T rö p fch en  p rak tisch  k e in e  D ispersions
k rä f te  m ehr a u f tre te n . M an k a n n  bei d iesem  Beispiel von  e in e r  q u a s ith e rm o 
d y n am isch en  S ta b ili tä t  sp rechen .

E in e  ech te  th e rm o d y n am isch e  S ta b il i tä t  k an n  m an n u r  be i d e r  W echsel
w irk u n g  u n g le ich a rtig e r T eilchen  b e o b a c h te n .

W äh ren d  d er K oaleszenz g le ich a rtig e r  Teilchen v e rr in g e rt s ich  die O ber
f läch e , sie s te llt som it einen  freiw illig  u n te r  A bnahm e d e r fre ien  E n th a lp ie  
v e rlau fen d en  P rozeß  d a r. A nders hegen  die V erhältn isse  be i d e r  K oaleszenz 
u n g le ich a rtig e r T eilchen . D ieser V organg  m u ß  n ich t von  e in er A b n a h m e  der 
fre ien  E n th a lp ie  b eg le ite t w erden , e in m al weil dabei die G ren z fläch e  n ich t 
zw angsläu fig  v e rk le in e r t w erden  m u ß  u n d  zum  anderen , w eil d ie  Ä nderung  
d e r G ren zfläch en sp an n u n g en  zu e in er V ergrößerung  d e r f re ien  E n th a lp ie  
fü h re n  k an n . F lüssigkeitsfilm e zw ischen v ersch ied en artig en  d isp e rse n  Teilchen 
k ö n n en  som it in  einem  th e rm o d y n a m isc h  s tab ilen  Z u stan d  v o rlieg en .

B e tra c h te n  w ir den  K o aleszen zv o rg an g  zw ischen u n g le ic h a rtig e n  Teil
chen  im  S ystem  dre ie r n ic h t m ite in a n d e r  m isch b are r P h asen , w ie d a s  in  A bb. 4 
schem atisch  an g e d e u te t is t. D ie G röße d e r K o n tak tf läch e  k a n n  d a b e i je  nach 
d er D efo rm ie rb a rk e it d er d ispersen  T e ilchen  in w eiten G ren zen  schw anken . 
Solange die T eilchen n ic h t a u fe in a n d e r sp re iten , k an n  m an  d ie  F lä c h e n ä n d e 
ru n g  bei der K oaleszenz vern ach lässig en . D ie B edingung fü r  th e rm o d y n a m isc h e  
S ta b il i tä t  lä ß t sich d a n n  d u rch  die U n g le ichung  d ars te llen :

ff  L! f f  20 ""Ь <710

D rei ch a ra k te ris tisch e  B eispiele, an  d en en  von  uns ex p e rim en te lle  A rbeiten  
d u rc h g e fü h rt w urden , sollen nach fo lg en d  an a ly s ie rt w erden.

a) Wechselwirkung im  System  Polymer/ WasserjÖl-Modell f ü r  das Schm utz
tragevermögen

V erw enden  w ir als P o ly m erp h ase  S toffe  wie P o ly am id  o d e r  P o ly este r 
[9], so is t die G ren zfläch en sp an n u n g  zu r Ö lphase  (<r12) sehr k le in  u n d  n u r  wenig 
von  0 versch ieden , so d aß  im m er K o aleszenz  e in tr i t t .  E in e  S ta b ilis ie ru n g  ist, 
w ie o ben  au sg efü h rt w urde , n u r  m it T en sid en  m öglich. Bei p o la re n  P o ly m eren , 
w ie z. B . C ellu losederivaten , w ird  die G ren zfläch en sp an n u n g  er10 seh r klein 
u n d  w ässrige F ilm e a u f  d ieser P o ly m erp h ase  sind th e rm o d y n a m isc h  s tab il 
w enn <r12 >• a.l0 ist.

b) Wechselwirkung im  System  Quecksilber/Öll Wasser
F ü r  die A usw ahl dieses S ystem s w aren  versch iedene G rü n d e  m aßge

b en d , e inm al s ta n d e n  u ns zu d en  dazugehörigen  sy m m etrisch en  S y stem en ,
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Q u eck silb er/Ö l- u n d  W asser/Ö l-E m u lsio n en , a u s re ic h e n d  V ersuchsergebnisse 
z u r  V e rfü g u n g  und  zum  a n d e re n  g es ta tten  die h o h e n  G ren zfläch en sp an n u n g en  
ff12 u n d  cr10 eine b re ite  V a riie ru n g .

D u rc h  die W ahl des Ö lm ed iu m s und  d u rc h  Z u g ab e  von  T ensiden , die 
b e v o rz u g t ander P h a se n g re n z e  Q uecksilber/Ö l a d s o rb ie r t  w erden , k a n n  m an  
d ie  G ren z fläch en sp an n u n g  so v e rä n d e rn , daß  th e rm o d y n a m isc h  stab ile  Ö lfilm e 
zw isch en  W asser u n d  Q u eck silb e rtro p fen  a u f tr e te n , d ie  be i jed e r D icke b e 
s tä n d ig  b le iben . Die S ta b ili tä tsb e d in g u n g  la u te t :

ÖHg/HjO / >  °H g /Ö l +  O H jO /Ö l

°Hg/H,o =  G ren z fläch en sp an n u n g  H g  g eg e n  W asse rp h ase  

°H ao/öi =  G ren z fläch en sp an n u n g  W asse r gegen  Ö lphase 

ffHg/öi — G ren z fläch en sp an n u n g  H g  g eg e n  Ö lp h ase

D ie  G ren z fläch en sp an n u n g  nach  dem  K o a le szen zv o rg an g , d. h . im  o b i
gen  B e isp ie l Q uecksilber m it  ad so rb ie rte r T e n s id sc h ic h t gegen W asser, k a n n  
m a n  d ire k t  m essen. D ie  G ren z fläch en sp an n u n g en  Ö l/W asser w urden  n a c h  
d e r  M e th o d e  des h än g en d en  T ro p fe n s  oder n ach  de  N o u y  b e s tim m t. D ie G ren z
flä c h e n sp a n n u n g  H g/Ö l b zw . H g  m it M onofilm /W asser e rm itte lte n  w ir n a c h  
e in e r  in  [20] angegebenen  m o d ifiz ie rten  W ilh e lm y m e th o d e  m itte ls  einer am al- 
g a m ie r te n  P la tin p la tte . D e r ad so rb ie rte  M onofilm  b le ib t  n ach  dem  A bsaugen  
d e r  te n s id h a ltig e n  Ö lphase  a n  d e r Q u ecksilberoberfläche  zurück . Die m it d er

Abb. 5. (7-c-Kurven von Ölsäure-Monoglyzerid in Oktan. •  uH g +  Monofilm/H20 , О f/Hg/Ok- 
tan, A  < r H ,0 /0 k ta n ,-------- crH20 /0 k ta n  -f- uHg/Oktan
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Abb. 6. a-c-K u rv e n  v o n  S pan  80 in O k ta n . •  wHg +  M onofilm /H 20 ,  О  o H g /O k ta n , 
Д  <7H20 / 0 k t a n , --------- a H 20 / 0 k t a n  -f- o H g /O k tan

lg c tg  /U

Abb. 7. (7-e-Kurven v o n  S p an  65 in  O k ta n , •  о H g  +  M onofilm /H 20 ,  О  o H g /O k ta n , 
Д  crH20 / 0 k t a n , ----- — o,H 20 /O k ta n  -f- o H g /O k tan

A d so rp tio n ssch ich t b e d e c k te  H g -O berfläche  w u rd e  d an ach  m it d e r w äßrigen  
5 • 1 0 ~2 nK C l-L ösung  ü b e rsch ich te t u n d  in  ü b lic h e r  W eise die G ren zfläch en 
sp a n n u n g  b e s tim m t.

Aus den fo lg en d en  D iag ram m en , in  d en e n  d ie  einzelnen  G ren zfläch en 
sp an n u n g en  des Q uecksilb er/Ö l/W asser-S y stem s als F u n k tio n  des T en sid 
g eh a lte s  d a rg e s te llt s in d , geh t h e rv o r, d aß  e in e  S tab ilis ie ru n g  im  th e rm o d y 
nam ischen  S inne m öglich  is t, w enn T enside  d e r  Ö lphase zu g ese tz t w erden  
(A bb. 5— 7). B ei g e ringen  T e n s id k o n z e n tra tio n en  is t das S ystem  th e rm o d y 
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n am isch  in s tab il, denn  die S um m e der G ren zfläch en sp an n u n g en  Q uecksil- 
b e r/Ö l u n d  W asser/Ö l, d ie  a ls g estrich e lte  K u rv e  in  den  D iag ram m en  e in g e
z e ic h n e t w u rd e , liegt u n te rh a lb  d er G ren zfläch en sp an n u n g sk u rv e  Q uecksilber 
m it M o n o sch ich t/W asser. S te ig e rn  w ir die T e n s id k o n z e n tra tio n , so sch n e id en  
sich  d ie  b e id en  K urven . D as S y stem  e rfü llt d ie  oben  angegebene U n g le ich u n g , 
d . h . es w ird  im th e rm o d y n a m isc h e n  S inne s tab il.

V erg le ichen  w ir die d u rc h  die G ren zfläch en sp an n u n g sm essu n g en  e rm it
te l te n  S ta b ilis ie ru n g sk o n z e n tra tio n e n  der T enside  m it den am  V ersuchsm odell 
e rh a lte n e n , die in den  D ia g ra m m e n  m it e inem  sen k rech ten  S trich  d a rg e s te llt

Abb. 8. (7-c-Kurven von Natriumdecylbenzolsulfonat in Wasser mit Oktan als Ölphase. 
•  trHg/Wasser, О nHg/Oktan, A H ,0 /O k ta n ,-------- niLO/Oktan +  crHg/Oktan

s in d , so ste llen  wir im  R a h m e n  d er F eh le rg renze  Ü b ere in stim m u n g  fe s t. D a r
au s  fo lg t, d aß  zu m in d est b e i den  S tab ilis ie ru n g sk o n zen tra tio n en  d as  S y stem  
Q u ecksilber/Ö l/W asser im  th e rm o d y n a m isc h e n  S inne s tab il is t, ob be i h ö h eren  
T e n s id k o n z e n tra tio n e n  n o ch  zu sä tz lich  eine K o a leszen zstab ilis ie ru n g  d u rch  
s ta b ile  A d so rp tio n ssch ich ten  a u f t r i t t ,  k a n n  d u rch  das V e rh a lten  be i d e r  K o m 
p r im ie ru n g  der s tab ilen  F ilm e  bzw . der A d so rp tio n ssch ich ten  d u rc h  A nlegen  
z u sä tz lic h e r  A n z ieh u n g sk rä fte , z. B . d u rch  ein  äu ß eres  e lek trisches F e ld , e n t
sc h ie d e n  w erden [10].

E in e  S tab ilis ierung  v o n  H e te ro sy stem en  is t p rinz ip ie ll n ic h t n u r  d u rch  
Z u g a b e  von  Tensiden in  d ie  Ö lphase  m öglich , sondern  k a n n  au ch  d u rc h  eine 
te n s id h a lt ig e  w äßrige P h a se  e rre ic h t w erden .

A u s den Abb. 8 u n d  9 g eh t jed o ch  h e rv o r, d aß  die v o n  u ns g ew äh lten  
Ö lp h a se n  bzw. te n s id h a ltig e n  W asse rp h asen  n ach  den gem essenen  G renz
f lä c h e n sp a n n u n g en  u n d  a u c h  de fa c to  n ic h t th e rm o d y n am isch  s ta b il s in d .
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c) Wechselwirkung im Sys tem  Gas/ Flüssigkeit I /  F lüssigkeit  I I  
In  der in A b b . 10 gezeigten M eßzelle w u rd en  C yclohexanfilm e a u f  W asser 

ausgeb ildet u n d  d ie  D icke der C yclohexanfilm e in te rfe ro m e tris ch  [3] u n te r 
su c h t. In  dem  G lasrin g  von 1 m m  S tä rk e  b e fin d e t sich eine B o h ru n g  von  5 m m . 
D iese B ohrung w ird  zu n äch st v ö llig  m it dem  Ö lm edium  g efü llt. Zum  A bsau-
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Abb. 9. a-c-Kurven von Natriumdecylbenzolsulfonat in Wasser m it m-Xylol als Ölphase. 
•  oHg/Wasser, О  oH g/X ylol, A  oH 20/m -XyIol, — — — <7H„0/m-Xylol +  aHg/m-Xylol
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gen  des Ölfilmes u n d  zum  E rzeugen  eines d e fin ie rten  U n te rd ru c k s  is t seitlich 
eine  K apillare  a n g e se tz t. Die A u s tr ittsö ffn u n g  d er K a p illa re  w ird  m it G las
p u lv e r  gefüllt u n d  zu  einer F r i t te  zu sam m en g esin te rt. V on d e r P o renw eite  
d ie se r F r itte  h ä n g t d e r  M ax im alw ert des U n te rd ru c k e s  ab  u n d  k a n n  som it 
im  gew ünschten  M aße eingeste llt w erden . B evor m it dem  A b sau g en  begonnen  
w erd en  kann , w ird  d ie  w äßrige P h a se  m it H ilfe des M ik ro v en tils  lu ftb la sen 
fre i m it der Ö lphase in  K o n ta k t g e b ra c h t. S au g t m an  n u n  d ie Ö lphase  aus der 
B o h ru n g  aus, e n ts te h t  ein k re isfö rm iger Ö lfilm  a u f  W asser. E in  U n te rd rü ck  
e n ts te h t  erst, w enn d ie  gesam te Ö ffnung  des G lasringes m it e inem  kre isfö r
m igen  F ilm  b ed eck t is t. D er U n te rd rü c k  w ird  m it einem  U -B o h rm an o m ete r  
gem essen .
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B eso n d e re  A u fm erk sam k e it sc h en k ten  w ir den  H e te ro sy s te m e n  Ö l/W as- 
s e r /L u f t  u n d  W asser/Ö l/L uft, w eil zu  den  dazugehörigen  sy m m etrisch en  D is
p e rs io n e n , den  E m ulsionen  u n d  S ch äu m en  ebenfalls zah lre ich e  P u b lik a tio n e n  
v o rlie g e n .

D e n  K oaleszenzvorgang  zw ischen  G asb läschen  u n d  Ö ltrö p fch en  sowie 
zw eier Ö ltrö p fch en  in  w ä ß rig e n  T ensid lösungen  u n te rs u c h te n  w ir m it d er 
in  [21] b esch rieb en en  F r it te n z e lle . Z u r  M essung d er S c h a u m s ta b ili tä t  b e n u tz 
te n  w ir  e in e  G lasringzelle, w ie sie  v o n  S ch elu d k o  u n d  M it a r b e it e r n  [22] b e 
sc h rie b e n  w ird . Die S ta b i l i tä t  v o n  Ö lfilm en zw ischen  W asse rtrö p fch en  u n d  
G a sp h a se  s tu d ie rte n  w ir m it d e r  in  A bb . 10 sk izz ie rten  M eßzelle.

J e  n a c h  der v e rw e n d e te n  Ö lphase  so llten  e n tw e d e r Ö lfim e zw ischen 
G a sb la se  u n d  W asserphase  b zw . W asserfilm e zw ischen  G asb läsch en  u n d  Ö l
trö p fc h e n  th e rm o d y n am isch  s ta b i l  sein  können . A llerd ings m u ß  m an  b em er
k e n , d a ß  die B eu rte ilu n g  d e r  th e rm o d y n a m isc h e n  S ta b i l i tä t  a lle in  aus den  
G ren z fläch en sp an n u n g sm essu n g en  zu  F e h lin te rp re ta tio n e n  fü h re n  k a n n . Z um  
B e isp ie l s teh en  B enzol o d er Ö lsäu re lin sen  au f e in er W asse ro b erfläch e  m it 
e in em  M onofilm  der jew eiligen  Ö lp h ase  im  G leichgew icht, d . h . b e im  Z erre ißen  
des in s ta b ile n  Ö lfilm es zw ischen  G asblase u n d  W asse rtrö p fch en  v e rb le ib t 
e in  s ta b i le r  M onofilm . M an m u ß  deshalb  als E n d w e rt d e r G ren z fläch en sp an 
n u n g  n a c h  dem  Z erreißen  des Ö lfilm es die G ren z fläch en sp an n u n g  —  bzw . 
F ilm sp a n n u n g -W a sse r  +  Ö lm o n o film /L u ft verw en d en  u n d  diese s ind  n a tü r lic h  
au s G ren zfläch en sp an n u n g sm essu n g en  m it den  ü b lich en  M ethoden  n ic h t e r
h ä lt l ic h . B ei Ö lsäure k a n n  m a n  die F ilm sp an n u n g  a u f  e in e r L an g m u irw aag e  
d ir e k t  m essen , bei o rg an isch en  L ö su n g sm itte ln  dagegen  is t d ie  M essung so n ic h t 
d u rc h fü h rb a r .

Z u r  B eu rte ilu n g , ob th e rm o d y n a m isc h e  S ta b i l i tä t  v o rlieg t o d er n ic h t, 
so llte  m a n  deshalb n ic h t v o n  d en  G ren zfläch en sp an n u n g sw erten  ausgehen , 
s o n d e rn  so llte  die U rsach e  a u f  d ie  zw isch en p a rtik u la ren  K rä f te  z u rü ck fü h ren . 
Im  d isp e rse n  D re ip h asen sy s tem  k ö n n en  die D isp e rs io n sk rä fte  zw ischen den  
v e rsc h ie d e n a rtig e n  T eilchen  ih r  V orzeichen  än d e rn , d. h . die D isp e rsio n sk rä fte  
s in d  A b s to ß u n g sk rä fte  u n d  ke ine  A n z ieh u n g sk rä fte . D as is t m o lek u la rp h y si
k a lis c h  schw ierig  zu v e rs te h e n , fo lg t ab e r sow ohl aus d e r m ak ro sk o p isch en  
als a u c h  m ikroskop ischen  T h e o rie  d e r  D isp e rsio n k rä fte  zw ischen  P a r tik e ln  [22].

F ü r  die D isp e rs io n sk rä fte , bezogen  a u f  die F lä c h e n e in h e it (П с ), zw ischen 
d en  p la tte n fö rm ig e n  T e ilch en  1 u n d  2 in  einem  D isp ersio n sm ed iu m  e rh ä lt 
m a n  g em äß  der m ak ro sk o p isch en  T heorie von  L ifsch itz  [1] fü r  A b stän d e , 
d ie  k le in e r  als die L o n d o n sch e  W ellen länge sin d , die N äh eru n g sg le ich u n g :

n D h  Í (£i  eo )(e2 eo) 

16л3 d3 J (£l + eo) ( e 2 + eo) (1 )
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h  =  P lancksches W irk u n g sq u a n tu m , d  =  A b s ta n d  d e r  b e id en  T e ilchen , s v  
e2 =  kom plexe D ie le k tr iz itä tsk o n s ta n te  d e r T eilchen , e0 =  k o m p lex e  D K  
des D ispersionsm ed ium s, f  =  im a g in ä re r  Teil d e r k o m p lex en  K re isfrequenz.

N ach  G le ichung  1 e rh ä lt m a n  p o sitiv e  D isp e rs io n sk rä fte , w enn  die D if
fe ren zen  der k o m p lex en  D K -W erte  (ex— e0) u n d  (e2— s0) ung le iches V orzeichen 
b esitzen .

N ach  der m ik roskop ischen  T h eo rie  v o n  H a m a k e r  e rh ä lt  m a n  fü r  die 
W echselw irkung  p la tte n fö rm ig e r  T e ilch en  bei A b s tä n d e n  k le in e r als die Lon- 
donsche W ellen länge

П о  =
А*

6 л  d 3
( 2 )

A *  is t  die zu sam m en g ese tz te  H a m a k e r-K o n s ta n te . D ie zu sam m en g ese tz te  
H a m a k e r-K o n s ta n te  lä ß t  sich d a rs te lle n  d u rch

A *  — A 0 A 12 A 10 A 2q

A 0 is t  d ie H a m a k e r-K o n s ta n te  des D ispersio n sm ed iu m s, A 12 d ie  H am ak er- 
K o n s ta n te  fü r die b e id e n  T eilchen u n d  A 20u n d  A 10 c h a ra k te ris ie re n  die W echsel
w irk u n g  zw ischen d en  Teilchen u n d  dem  D ispersionsm ed ium . D a  in  d e r R egel 
a u ß e r  ü b e r den ^40-W e rt keine A n g ab en  ü b e r  die G röße d er H am ak e r-K o n - 
s ta n te n  gem ach t w e rd en  können , s in d  V oraussagen  ü b e r die V o rze ich en än d e
ru n g  d e r D isp e rs io n sk rä fte  n u r se lten  m öglich . A us d en  U n te rsu c h u n g e n  ü b er 
die S p re itu n g  von  F lü ss ig k e iten  a u f  fe s ten  o d er flüssigen  T rä g e rn  is t b e k a n n t, 
u n te r  w elchen B ed in g u n g en  sich m u ltim o le k u la re  F lü ss ig k e itssch ich ten  au s
b re ite n . V on diesen E x p e rim e n te n  h e r  k a n n  ab e r n ic h t a u f  d as  V orliegen 
p o s itiv e r  D isp e rsio n sk rä fte  geschlossen w erden . M etastab ile  »dicke« F lü ssig 
k e its film e  e rh ä lt m a n  au ch  in  G eg en w art e le k tro s ta tisc h e r  A b s to ß u n g sk rä fte , 
wie aus den S tab ilitä tsm essu n g en  a n  S chaum film en  u n d  E m u ls io n strö p fch en  
b e k a n n t ist.

D ie G leichgew ichtsd icke des Ö lfilm s a u f  W asser ohne V e rä n d e ru n g  des 
ä u ß e ren  D ruckes w ird  vom  K rü m m u n g sd ru c k  u n d  v o n  d e r S um m e der 
W ech se lw irk u n g sk räfte , bezogen a u f  die F lä c h e n e in h e it, b e s tim m t:

n ^ i n ( d ) .

A us den  U n te rsu ch u n g en  ü b er die S ta b i l i tä t  in  ap o la ren  M edien is t  b e k a n n t, 
d aß  sow ohl fü r S ch au m film e als au c h  fü r  W /O -E m ulsionen  d ie  e le k tro s ta t i
schen  K rä f te  v e rn ach lä ss ig b a r k lein  s in d , so d a ß  w ir die Е П  z u n ä c h s t n u r  au f 
die v a n  d er W a a ls -K rä fte  z u rü ck fü h ren  w ollen.

B ei K en n tn is  des K rü m m u n g sd ru ck es  k ö n n te  m an  fü r  e inen  d -W ert 
die W ech se lw irk u n g sk räfte  e rm itte ln . A llerd ings is t d e r K rü m m u n g sd ru c k
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in  u n s e re r  M eßanordnung  n ic h t  k o n s ta n t , sondern  h ä n g t vom  R ad iu s  (R ) der 
k re is fö rm ig e n  B e rü h ru n g sfläch e  ah .

Z u m  N achw eis, ob ta ts ä c h lic h  die D isp e rs io n sk rä fte  d ie  dom in ie ren d e  
R o lle  sp ie len , w urde d u rc h  V e rä n d e ru n g  des ä u ß e ren  D ru ck es (П а) die G leich
g ew ich tsd ick e  v a r iie r t u n d  g e p rü f t , oh die G leichung

П а-\гП а —
А*

6 л  d3

e r fü ll t  is t  (vgl. A bb. 11).
D ie  E rgebnisse zeigen , d a ß  b is  e tw a 35 n m  S ch ich td ick e , das e n tsp r ic h t 

U n te rd rü c k e n  von e tw a 2400 d y n /cm 2 ab sto ß en d e  D isp e rs io n sk rä fte  die do 
m in ie re n d e  Rolle sp ielen . A us d e r S teigung  d er G erad en  e rre c h n e t m a n  eine

Abb. 11. Änderung der Gleichgewichtsdicke (1 Id3) mit dem angelegten Druck

H a m a k e r-K o n s ta n te  v o n  3,8 • 10 ~ 12 erg. F ü r  u n se r B eispiel se tz t sich die 
H a m a k e r-K o n s ta n te  A *  zu sam m en  aus der D ifferenz  A q , — ^öi/Wasser • D a 
d ie  D isp e rsio n sk rä fte  p o s itiv e s  V orzeichen tra g e n , w ird  die D ispersionsw echsel
w irk u n g  allein von d e r gegen se itig en  W echselw irkung  d e r W asser- u n d  Ö lm ole
k ü le  b e s tim m t. D as is t z u n ä c h s t ü b errasch en d , d en n  die A dhäsion  zw ischen 
W a sse r  und  Ö lphase is t  s e h r  gering. M an e n tn im m t ab e r A bb . 11, d aß  bei 
k le in e re n  A b stän d en  die G le ichgew ichtsd icke des Ö lfilm es m it w achsendem  
D ru c k  v iel s tä rk e r a b n im m t. D a rau s  m uß  m an  sch lu ß fo lg ern , d aß  in  d iesem  
D ic k e n in te rv a ll zu sä tz lich e  A n z ieh u n g sk rä fte  w irk sam  w erden , ü b e r  deren  
N a tu r  w ir aber z u n ä c h s t k e in e  A ngaben  m ach en  k ö n n en . E s k o n n te  ab e r ex p e
r im e n te ll  gezeigt w erd en , d a ß  au ch  bei k le inen  A b s tä n d e n  s te ts  die A b sto ß u n g s
k r ä f te  überw iegen, d . h . d a ß  keine sp ru n g h a fte n  D ic k en än d e ru n g en  —  
Z erre iß d ick en  im  sy m m e tr isc h e n  F a ll [23—25] —  im  Ö lfilm  a u ftre te n .
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Ä hnlich  wie in  C yclohexanfilm en  a u f  W asser ex istie ren  a u c h  in  A lkan
film en  bis zum  O k ta n  a u f  W asser p o s itiv e  D ispersionsk räfte , b e i d e n  höheren  
A lk an en  t r i t t  eine V o rze ich en u m k eh r ein . F ü r  O ktanfilm e a u f  W a sse r  berech 
n e te n  w ir aus d e r  П A-A b sta n d s iso th e rm e  eine H a m a k e r-K o n s ta n te  von
4,8  • 10 _12 erg. A uch  heim  O k tan  t r i t t  k e in e  Z erreißdicke auf, d . h . O k tan film e  
s ind  ebenfalls b is zum  M onofilm  h in a b  s ta b il. In  Ö lfilm en v o n  A ro m a te n  wie 
B enzol oder X y lo l t r e te n  ebenfalls w ie bei den  höheren A lk an en  n e g a tiv e  D is
p e rs io n sk rä fte  auf.

A us diesen V ersuchen  k a n n  m a n  gew isse R ückschlüsse a u f  d ie  kom plexe  
D K  des W assers z iehen . V erg le ich t m a n  d ie  in  T ab . I I  an g eg eb en en  s ta tisch en  
D K -W erte  —  fü r  u n p o la ris ie rb a re  o rg an isch e  V erb indungen  s in d  s ta tisch e  
u n d  kom p lex e  D K  g leich  —- m it d e r V o rze ich en än d eru n g  d er D isp e rs io n sk rä fte , 
so k a n n  m an  fe s ts te llen , d aß  die k o m p le x e  D K  des W assers b e i ~ 2 , 0  liegen 
m uß .

Tabelle II

Statische DK-Werte fü r  verschiedene organische Lösungsmittel und  
Vorzeichen der Dispersionskräfte fü r  diese Ölfilme au f Wasser

Lösungsmittel stat. D K Dispcrsionskräfte

Ileptan 1,92 positiv
Octan 1,95 positiv
Decan 1,99 negativ
Cyclohexan 2,02 positiv
Decalin 2,13 negativ
Benzol 2,28 negativ

E n tsp re c h e n d  dem  W ert d e r k o m p lex en  D ie le k tr iz itä tsk o n s ta n te n  fü r 
W asser u n d  D ekalin  so llten  W asserfilm e  zw ischen G asphase u n d  D ekalin- 
tro p fe n  s ta b il sein, w eil D isp e rs io n sab sto ß u n g sk rä fte  a u f tre te n . A u f  d e r an 
d e ren  S eite  is t n a c h  H arkins [23] b e k a n n t ,  d aß  W asser a u f  D e k a lin  n ich t 
s p re ite t , m it a n d e ren  W o rte n , es so llten  k eine  D isp e rs io n sab sto ß u n g sk rä fte  
v o rh a n d e n  sein. D iesen sch e in b aren  W id e rsp ru c h  k o n n ten  w ir a u f  e x p e rim e n 
te llem  W ege au fk lä re n . G em äß d er T h eo rie  d er zw isch en p a rtik u la ren  K rä f te  
e rh ä lt  m an  bei g rö ß eren  S ch ich td ick en  D isp e rs io n sab s to ß u n g sk rä fte , im  U n 
te rsch ied  jed o ch  zu d en  U n te rsu c h u n g e n  m it C yclohexan (vgl. A b b . 11) 
u n d  O c tan  a u f W asser überw iegen  bei k le in en  A bständen  die A n z ieh u n g s
k rä f te , deren  N a tu r  w ir noch n ich t v o lls tä n d ig  au fk lären  k o n n te n , g egenüber 
den  D isp e rs io n sab sto ß u n g sk rä ften . D ie F o lge davon  is t, daß  W asse rfilm e  au f 
D ek a lin  n u r  in einem  b eg ren z ten  D ic k e n in te rv a ll th e rm o d y n a m isc h  s tab il 
s in d . Bei k le ineren  F ilm d ick en  ze rre iß en  d a n n  die W asserfilm e. D iese E r 
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s c h e in u n g  is t sehr w ich tig , w e il sie zeigt, d aß  z u r  B e rech n u n g  der W echsel
w irk u n g  zwischen zwei T e ilc h e n  bei kleinen A b s tä n d e n  die aussch ließ liche 
B e rü c k s ic h tig u n g  von  e le k tro s ta tis c h e n  und  D isp e rs io n sk rä f te n  zu F e h lin te r 
p re ta t io n e n  fü h rt. Sie z e ig t w e ite r , daß  große A n s tre n g u n g e n  u n te rn o m m en  
w e rd e n  m üssen, die N a tu r  u n d  G ese tzm äß igke iten  d ie se r  zusätzlichen  A nzie 
h u n g s k rä f te  au fzuk lären .
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The hydrogen-bonded pyridinium—pyridine system is examined using the ex
tended Hückel method. W ith a simplex minimization for two variables it is confirmed 
that the total electron energy reaches no minimum as a function of the N . . .N  and 
H . . . N  distances. Taking the distance of the N atom s at a fixed value of 3.85 Á, a polar
izing effect of the m oving proton on the valence electrons was observed.

The hydrogen bond in pyridinium-pyridine

A  R e in — H arris ty p e  ca lcu la tio n  p e rfo rm ed  fo r p y r id in iu m -p y r id in e  
[1, 2 ] ra ised  th e  q u es tio n  w h e th e r th e  m e th o d  p ro v id es  th e  ex p ec ted  b o n d  
d is tan ces  u n d e r  th e  re s tr ic tio n s  th a t  th e  rings o f  th e  tw o  m olecules b e  c o p la n a r  
an d  th e  H -b o n d  lin ear. T h e  ca lcu la tion  y ie ld ed  a  sy m m etrica l doub le-w ell 
p o te n tia l b u t  th e  energy  o f  th e  com plex in c rea sed  m o n o tonously  as th e  p y r i
d ine an d  th e  p y rid in iu m  ap p ro a c h e d  one a n o th e r . T h is  ca lcu la tion  is re p e a te d  
h ere  tr e a tin g  th e  va lence  e lec trons w ith  th e  e x te n d e d  H iickel m e th o d  a n d  
using  a m ore  d e ta iled  v a r ia t io n  o f geom etry . T h e  n u m b erin g  of th e  a to m s  is 
show n in F ig . 1. T he c o o rd in a te s  o f th e  p y rid in e  m olecu le  are  ta k e n  from  Su tto n ’s 
ta b le s  [3]. T h e  io n iza tio n  p o te n tia ls  an d  th e  S la te r  ex p o n en ts  o f th e  a to m ic  
o rb ita ls  are  co llected  in  T a b le  I . T he ca lcu la tio n s w ere ca rried  o u t w ith  K =  1.45.

To f in d  th e  N . . ,N  a n d  H  . .  ,N d is tan ces  co rrespond ing  to  th e  m in im a l 
energy , th e  u su a l t r e a tm e n t  w ould  be  to  f ix  th e  H  . . .N  d istance  a t  i ts  eq u i
lib riu m  v a lu e  in  th e  se p a ra te d  p y rid in iu m  a n d  to  v a ry  only  th e  N  . . .N  dis-

Fig. 1. Pyridinium-pyridine
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tá n c é . B u t  a m ore co rrec t w ay  o f o b ta in in g  th e  m o st energetically  fav o u ra b le  
g e o m e try  is m in im iza tio n  in  tw o  v a riab le s . H ere  th e  sim plex p ro c e d u re  (see 
A p p e n d ix ) has been ap p lied  fo r th is  p u rp o se . T h e  po in ts  of th e  s im p lex  w ith  
th e  co rresp o n d in g  en erg y  va lu es  a re  show n  in  F ig . 2. One can  see t h a t  a t  a 
H  . . .N  d is tan ce  of 0.8 Á  th e  energy  is a lm o s t c o n s ta n t an d  is e q u a l to  th e  
su m  o f  th e  energies o f th e  se p a ra te d  p y rid in iu m  an d  p y rid ine  (— 1003.729 eV).

Table I

Slater exponents and ionization potentials
(eV)

Exponents 1 S 2 s 2 P

H 1.000 13.60
0.5 3.40 3.40

c 1.625 — 21.40 11.40

N 1.950 — 26.00 13.40•

Fig. 2. Simplex minimization for two variables. Numbers above the circles are in units of 
10 _2 eV. The integer part of the energy is — 1003. eV

T h e  s im p lex  does n o t converge  to  a  single p o in t. H ence, acco rd in g  to  o u r ca l
c u la t io n  lin ear an d  co p la n a r p y rid in iu m -p y rid in e  does no t ex is t —  in  ag ree
m e n t w ith  th e  re su lt o f th e  p rev ious c a lc u la tio n  [2]. W e o b ta in e d  0 .8  Á for 
th e  H  . . .N  d is tan ce  in  p y rid in iu m .

W e w ere also in te re s te d  in  th e  p ro to n  p o te n tia l in th e  h y d ro g e n  bond  
a n d  th e  p o la riza tio n  effect o f  th e  p ro to n  on  th e  electron ic sy stem . T h e  effective 
p ro to n  p o te n tia l p ick ed  u p  a t  a N . .  N se p a ra tio n  o f 3.85 Á is show n  in  Fig. 3. 
T a b le  I I  com pares th e  a to m ic  charges on  p y rid in e  alone, p y rid in e  in  th e  com 
p le x , a n d  p y rid in iu m  alone. T he on ly  re m a rk a b le  changes are  on  th e  n itro g e n , 
th e  h y d ro g en  an d  —  to  a sm aller degree —  on th e  alfa ca rb o n . T b is  la s t is
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in te re s tin g , b ecau se  i t  im plies th a t  th e  e lec tro n  charge increases o n  th is  C -atom  
as th e  p ro to n  ap p ro ach es  th e  n itro g e n . T h e  sam e p h en o m en o n  h as  been  ob
served  b y  o th e rs  also [4]. T he increase  in  th e  N — Ca overlap  p o p u la tio n  (Table 
I I )  co rresponds w ith  t h a t  o f th e  fre q u e n c y  of th e  ske le ta l o sc illa tio n  in the  
p y rid in iu m , in  re la tio n  to  th e  p y rid in e . T ab le  I I I  shows in  d e ta i l  th e  change 
in  th e  e lec tron  p o p u la tio n  o f th e  n itro g e n  o rb ita ls  u n d er p ro to n a tio n . O ne can 
see th a t  th e  d ro p  in  ch arg e  is c o n c e n tra te d  on th e  2p x o rb ita l ,  as w ould be

Fig. 3. The total electron energy as a function of the proton position

Table II

Atomic charges and overlap populations between the core atoms and the proton o f the
H-bond

n - h (A) H Ca Cß Су H N ..  .H N —Ca Ca Cß C ß -C y

Pyridine — — 1.2393 0.4422 —0.1565 0.0419 — — 0.7636 1.0305 0.9822

3.05Á — 1.2379 0.4422 —0.1565 0.0419 0.4779 0.0015 0.7636 1.0305 0.9822

pl
ex

Ä
) 2.75 — 1.2327 0.4421 —0.1564 0.0419 0.3761 0.0061 0.7636 1.0305 0.9822

£ LO 2.25 — 1.1363 0.4408 —0.1531 0.0418 0.1667 0.0554 0.7660 1.0298 0.9822
u  3 1.925 — 0.8313 0.4424 — 0.1320 0.0433 0.0572 0.1726 0.7812 1.0213 0.9835

-  г 1.60 — 0.5593 0.4308 —0.1286 0.0422 0.1667 0.3556 0.7926 1.0240 0.9830
.£ 1.40 — 0.5299 0.4186 — 0.1383 0.0413 0.2616 0.4632 0.7937 1.0309 0.9821

lin
e

(N 1.20 — 0.5336 0.4079 —0.1446 0.0412 0.3385 0.5612 0.7959 1.0353 0.9816
*c 1.10 — 0.5620 0.4035 —0.1472 0.0412 0.3761 0.5957 0.7963 1.0367 0.9815
Oh 0.80 — 0.6218 0.3918 —0.1516 0.0413 0.4779 0.6806 0.7974 1.0396 0.9816

Pyri
dinium 0.80 — 0.6203 0.3917 —0.1515 0.0413 0.4777 0.6815 0.7975 1.0396 0.9816
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e x p e c te d , fo r th is  o rb ita l is d ire c te d  tow ards th e  h y d ro g e n  a tom . T here  is a 
m in im a l charge  on th e  n i tro g e n  an d  its  2p x o rb ita l  a t  1.3— 1.4 Á, w h ich  is 
also m an ife s ted  in  th e  N 2p x n e t  o rb ita l p o p u la tio n .

C alcu la tions in c lu d in g  th e  2s and  2p  o rb ita ls  o f  th e  bond ing  h y d ro g en  
a to m  w ere  also carried  o u t. N o e lec tro n  p o p u la tio n  w as fo u n d  on these  o rb ita ls , 
a ll p o p u la tio n  n u m b ers  a re  n e g a tiv e .

Table III
Electron numbers on the nitrogen orbitals

N-H
л 2s 2P x 2P y 2P z

P y r i d i n e — 1 .7 2 2 1 1 .7 9 6 3 1 .1 5 6 6 1 .5 6 4 3

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

2 .7 5 1 .7 2 1 7 1 .7 8 9 9 1 .1 5 6 6 1 .5 6 4 3A ^
S •<! 2 .2 5 1 .7 1 9 5 1 .6 9 5 8 1 .1 5 6 6 1 .5 6 4 3

CO 1 .9 2 5 1 .7 1 4 2 1 .3 9 6 5 1 .1 5 6 6 1 .5 6 4 3
л4-> 1.6 1 .7 0 3 1 1 .1 3 5 2 1 .1 5 6 6 1 .5 6 4 3
.2 ^ 1 .4 1 .6 9 3 3 1 .1 1 5 7 1 .1 5 6 6 1 .5 6 4 3

Й 1.2 1 .6 8 1 4 1 .1 3 1 2 1 .1 5 6 6 1 .5 6 4 3
-а  Й
>4 ^ 1.1 1 .6 7 5 4 1 .1 6 5 6 1 .1 5 6 6 1 .5 6 4 3

Pk 0.8 1 .6 5 6 0 1 .2 4 4 9 1 .1 5 6 6 1 .5 6 4 3

P y r i d i n i u m 0.8 1 .6 5 5 9 1 .2 4 3 4 1 .1 5 6 6 1 .5 6 4 3

A ppendix: The simplex m ethod

S uppose  we m a y  c a lc u la te  th e  fu nc tion

f t  =  f ( x i) =  f ( x h ■ ■ ■■> x 0

on a n  a rea  of th e  n  v a r ia b le s . W e do n o t know  th e  e x p lic it form  of th e  fu n c tio n  
a n d  w e h av e  to  d e te rm in e  i ts  m in im um  p o in t, i f  one  ex ists . W e ca lcu la te  th e  
fu n c tio n  in  n  1 p o in ts  w h ic h  form  a n o n -d e g e n e ra te  re-dim ensional s im p lex . 
T h is s im p lex  m ay  also b e  re g u la r  p rov ided  we tra n s fo rm  th e  v ariab les to  d i
m ension less u n its . T h e  co o rd in a te s  of such a re g u la r  sim plex  cen tered  a t  th e  
o rig in  a re  given in  th e  row s o f  th e  m a trix  below :

r i r 2 r 3 . . . rn
R i r 2 r 3 . . . rn
0 - Ä 2 гз r n

0 0 - R 3 . . . rn

0 0 0 - R ,

w here  r ;- =  l / | / 2i ( i - f l )
R i  =  i  • c

i  =  1,.  . . ,  re
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B y rep lac ing  th e se  p o in ts  w ith  b e tte r  ones, i.e. w ith  p o in ts  in  w hich th e  
v a lu e  o f th e  fu n c tio n  is sm alle r, we get sim plexes p ro g ress iv e ly  ap p ro ach in g  
th e  m in im um . T h e  o n ly  ru les  a re : 1. to  rep lace o n ly  w ith  a b e t te r  p o in t, 2. to  
rep lace  alw ays th e  w o rs t p o in t. To do th is , we c a lc u la te  th e  fu n c tio n  in  all 
th e  n  p o in ts  an d  a rra n g e  th e m  in  th e  o rder

/ о  < / i  < • • • < / „

T he w o rst p o in t (x n) w ill th e n  be re flec ted  to  th e  c e n te r  o f  th e  o th ers :

xn, =  —  2 xx,~xn f  (!)
n k=0

I f  th e  new  v a lu e

П  < f n  (2 )

we change x n w ith  x* .  T h e  p o in ts  are  rea rran g ed  a n d  th e  p rocess rep ea ted . 
I f  (2) fails, th e  c rite r io n  h as  to  be  applied  to  th e  n e x t  la rg e s t su b sc rip t. W e 
fin ish  w hen  (2) fails fo r  n  — zero  su b sc rip t. T he p ro cess  m a y  be  con tinued  
a ro u n d  x 0 w ith  a sm alle r sim plex .

T h e  m in im um  can  b e  reach ed  m ore rap id ly  i f  w e g ive up  th e  reg u la rity  
o f  th e  sim plex  an d  use in s te a d  o f  (1)

i  i f n - f k ) x k<

< = 2 ^ f - ------------- * * •  ( la )
2 ( f n - f k )
k  =  0

T he co m p u te r  p ro g ram  o f a v a r ia n t o f th e  sim p lex  m e th o d  is availab le
[5, 6].

*

W e  a r e  i n d e b t e d  t o  D r .  J . H oijderith fo r  u s e f u l  d i s c u s s i o n s  a b o u t  t h e  s i m p l e x  m e t h o d .
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1. The micromechanism of the reversible after-effect in dilute colloidal ben
tonite suspensions has been considered to involve fast and slow  stages of elastic de
formation (w ith  time constants of the order of a few hundredths of a second and of 
102 sec, respectively). Approximate quantitative estimates are given for the main para
meters describing this process, viz. the equilibrium elastic module and the viscosities, 
which agree w ith the experimental data.

2. As a mechanism explaining the existence of reversible deformations under 
small shear stresses, the manifestation of the preferential mutual orientation of aniso- 
metric particles in the coagulation structure is considered; an increase of the entropy 
connected with this texturization permits to estim ate the value of the equilibrium 
module of elasticity (~ 1 0 4 dyne/cm2).

3. The two observed stages of reversible after-effect can be described by the
K el v in  model (with the given value of the equilibrium module of high elasticity) as 
involving two various mechanisms for the change of mutual particle orientation; the 
coiling of particles against each other and the sliding of contact points over a particle 
surface. In the first case, the viscosity of the elastic after-effect estimated on the basis 
of the model o f immobilized dispersion medium (water) flowing from cell to cell in the 
random network of particles, amounts to (104— 105) r]„, where ?/w is the viscosity of 
water; in the second case, the viscosity of the elastic after-effect obtained on the basis 
of estimating the viscous resistance in coagulation contacts under conditions of sliding, 
reaches 108 .

S e r b -Se r b in a  et al. [1— 3] have  show n  th a t  th ix o tro p ic  co ag u la tio n  
s tru c tu re s  fo rm ed  in  aqueous suspensions o f c lays, especially  o f  b e n to n ite , 
d isp lay  elastic  a fte r-e ffe c t, a pecu lia rly  h igh  e la s tic ity . U n d er th e  in fluence  
o f a c o n s tan t sh e a r in g  s tre ss  d e fo rm a tio n  is o b se rv ed  in th ese  s tru c tu re s , ch a 
rac te rized  b y  a slow  increase  in  tim e  an d  a c o n tin u o u s  decrease a f te r  rem oval 
o f th e  load . T hese e ffec ts  w ere ex p la ined  in  te rm s  o f  th e ir  en tro p ic  n a tu re  [4, 5].

T he rheo log ica l p ro p e rtie s  o f h ig h ly  d isp e rse  (colloidal) su spensions of 
b e n to n ite  in  w a te r  w ith  a low  c o n te n t o f th e  so lid  phase (3%  b y  volum e) w ere 
th o ro u g h ly  s tu d ie d  b y  F e d o to v a  [6 ]. T h e  co a g u la tio n  s tru c tu re s  dev e lo p ed  — 
th ree-d im en sio n a l n e tw o rk s  o f p a rtic le s  —  are  cap ab le  of reversib le  re s to ra tio n  
a f te r  collapse, i.e. possess th ix o tro p ic  p ro p e rtie s . T h e  dependence o f a un ifo rm  
sh ea r d e fo rm atio n  r a te  on th e  ap p lied  stress in  s te a d y -s ta te  flow  rev ea ls  ty p ic a l 
reg ions d ifferen t in  th e ir  p h y s ica l n a tu re .

* Lecture held by E. D. Sh c h u k in  at the 1st Conference of Colloid and Surface Chem
istry, May 24— 26, 1971, Mátrafüred. Hungary.

** Died on July 12, 1972.
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O v e r th e  stress ran g e  o f  a b o u t 50 to  500 d y n e /cm 2 a  slow creep a p p e a rs  —  
S h v e d o v ’s region w ith  a m a x im u m  c o n s ta n t p la s tic  v isco sity  of rj0 109 poise . 
T h is is c h a ra c te ris tic  o f  a r ig id  s tru c tu re  in  w hich  th e  frac tio n  of d e s tro y e d  
c o n ta c ts  b e tw een  p a rtic le s  a t  th e  g iven m o m en t is sm all, i.e. th e  s tru c tu re  
h as  t im e  to  resto re  th ix o tro p ic a lly  in  a flow  p rocess. U n d er th e  co n d itio n s  
o f  h ig h e r  s tre ss  a viscous p la s tic  flow  w ith  s ig n if ic a n t d e fo rm ation  ra te s  (B in g 
h a m  re g io n )  tak es  p lace. W ith  th e  increase  o f s tre ss , th e  effective v isco s ity  
d ro p s  sh a rp ly , reach ing  th e  m in im u m  c o n s ta n t v a lu e  rjm ^  0.1 p o ise ; th is  
c o rre sp o n d s  to  viscous flow  o f  th e  system  (acco rd ing  to  E in s te in ) w ith  a 
to ta l ly  d e s tro y ed  s tru c tu re .

Fig. 1. Dependence of shear deformation on time in the process of elastic after-effect at stages
of fast and slow elastic deformations

U n d e r  th e  co n d itio n s o f  sm all sh ea r s tre sses  below  40— 50 d y n e /cm 2, 
c reep  in  th e  system s e x a m in e d  is p ra c tic a lly  a b se n t. T he above d e fo rm a tio n s  
a re  t r u ly  reversible (in v a lu e ) an d  develop , up  to  th e ir  equ ilib riu m  v a lu e  in  
co rre sp o n d en ce  w ith  th e  a p p lie d  stress, i.e. th e y  are  p u re ly  elastic  d e fo rm a tio n s  
o f  th e  e la s tic  afte r-e ffec t. T h e  dependence o f sh e a r d efo rm atio n , e * ,  on tim e  
w ith  a s tre ss  of t  50 d y n e /c m 2 (sligh tly  low er), co rrespond ing  to  th e  in itia l 
p a r t  o f  th e  rheological c u rv e  w here  resid u a l d e fo rm a tio n s  are  a b se n t, is show n 
sc h e m a tic a lly  in  F ig . 1. T h is  dependence  rev ea ls  s tro n g ly  p ro n o u n ced  s tag es  
o f  ‘f a s t ’ an d  ‘slow’ e la stic  d e fo rm atio n s . B o th  can  be  described , as a  f i r s t  a p 
p ro x im a tio n , b y  th e  K e lv in  a fte r-e ffec t, i.e. b y  th e  e x p o n en tia l in c rea se  of 
d e fo rm a tio n  a fte r lo ad in g  (a n d  its  ex p o n en tia l decrease  a fte r  u n lo ad in g ) w ith  
c h a ra c te r is t ic  tim e c o n s ta n ts . F o r th e  f irs t , fa s t  s ta g e  th is  tim e  c o n s ta n t  t j  is 
a b o u t  1/100; for th e  seco n d , slow  stage  i t  a m o u n ts  to  t s 102 sec. T h e  f in a l, 
e q u ilib r iu m  value o f th e  rev e rs ib le  d e fo rm a tio n  reach ed  a t  th e  a b o v e  s tress 
x a t  th e  f irs t  stage is a p p ro x im a te ly  e j m  0 .1 % . A t th e  second s ta g e , th e  
v a lu e  o f  elastic  d e fo rm a tio n  is  som ew hat g re a te r : esm ^  0 .3% . T h u s th e  m odule 
o f  h ig h  e lastic ity  eq u a ls  ~ 104— 105 dyne /cm 2.

* The quantity characteristic of shear deformation, £, corresponds in the mechanics 
of continua to the value usually called ‘technical shear’, y , i.e. to the double value of ‘pure 
shear’.
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T his d is tin c tiv e  b e h av io u r o f co llo idal suspensions s tr ik in g ly  d isp lay ed  
even  in  d ilu te  sy s te m s  has been  ex p la in ed  [4, 5] as follows.

T he re v e rs ib ility  o f defo rm atio n s u n d e r  th e se  cond itions (w hen  th e  
‘u su a l’ e la s tic ity  p e c u lia r  to  solids a n d  c h a ra c te r iz e d  b y  high m odu les o f th e  
o rd e r o f 1010 to  1012 d y n e /cm 2 can n o t be  observed ) is a t t r ib u te d  to  e n tro p y  
effects due to  ch an g es  in  th e  m u tu a l o r ie n ta tio n  o f p a rtic le s , s im ila rly  to  th e  
d esc rip tio n  o f th e  h ig h  e la s tic ity  o f p o ly m ers  caused  b y  th e  s ta tis t ic s  o f th e  
co n fig u ra tio n s o f  m acro m o lecu lar ch a in s  [7]. M oreover, th e  re la tiv e ly  ra p id , 
f ir s t  s tag e  o f th e  a fte r-e ffe c t m ay  be c o n n e c te d  to  th e  coiling o f p a rtic le s  w ith 
o u t lin ea r  d isp la c e m e n t re la tiv e  to  each  o th e r , w hile th e  second, slow  stag e

'Л
%

r t i r i E
'ч Ш Ш ,

6 f
Ч ЗД Ш *

Gs

t

a)

Fig. 2. Rheological models describing the two stages of highly clastic after-effect

co rresponds to  th e  su b se q u e n t re o r ie n ta tio n  process w hich invo lves m u tu a l 
s lid ing  o f th e  p a r tic le s , i.e. g rad u a l d isp la c e m e n t o f th e  p o in ts  o f co ag u la tio n  
co n ta c ts  over th e  p a r tic le  surface.

T hese p rocesses o f  th e  elastic  a fte r-e ffec t m a y  be  described  b y  a sim ple 
rheological m odel co n sis tin g  o f tw o K e l v in  cells in  series (it shou ld  be  e m p h a 
sized th a t  th is  m odel show n in Fig. 2a re fers a p p a re n tly  only  to  th e  reg ion  of 
sm all stresses befo re  th e  d eve lopm en t o f S h v e d o v ’s creep).* A ccord ing  to  th is  
m odel, we have  th e  fo llow ing values o f  fa s t a n d  slow elastic  d e fo rm a tio n  
m odules:

r T 50
=  5 x 1 0 4 d y n e /c m 2;w

Ef m IO“ 3

n r 50
=  1.7 x  103 d y n e /c m 2.

e sm “ 3 x i o - 3

* We use the combination of the simplest models of K e l v in ’s elastic after-effect, taking 
into account mainly the analysis of equilibrium states (the superposition described) and the 
estimation of conventional time constants for the after-effect. The kinetics of the development 
and decrease of deformation are usually more complicated then in this simplest model [8].
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384 SHCHUKIN, REKHBINDER: MECHANISM OF ELASTIC AFTER-EFFECT

I n  a c c o rd a n ce  w ith  th e  id eas  d ev e lo p ed , in  b o th  cases we dea l w ith  a 
sim ilar re v e rs ib i l i ty  o f d e fo rm atio n  (e n tro p y  fa c to r) , there fo re  i t  is m o re  e x 
p ed ien t to  co n sid e r one ‘com m on’ m o d u le  of h ig h  e las tic ity , Gel, d e te rm in e d  
b y  th e  su m  o f  equ ilib riu m  d e fo rm atio n s

em =  efm +  esm ^  0Л  +  0 3  =  0 -4% , viz.

T "л 0
Ge[ = ------ ^ ---------------- =  1.25 X 104 d y n e /c m 2.

em 4 x  10~3

T h e  d e fo rm ab ilitie s  a t  th e  tw o  s tag es  in d ic a te d , co rrespond ing  to  tw o  
d iffe ren t e le m e n ts  w ith  v iscosities rjj a n d  rjs a re  d iffe ren t and  c o n tr ib u te  a b o u t 
1/4 a n d  3 /4 , re sp ec tiv e ly  (see F ig . 2).

S ince  th e  c o n s ta n t of e la s tic  a fte r-e ffec t is th e  ra tio  of v isco s ity  to  th e  
co rre sp o n d in g  m odule  of high e la s tic ity , th e  v a lu es  o f th e  above tw o  v isco sities  
are g iv en  b y  th e  follow ing exp ressio n s:

г)] =  Gf ■ tj ^  5 X l 0 4 x l O - 2 =  5 x l O 2 poise;
Vs =  Gs - t s ~  1.7 X lO 4 X lO 2 =  1.7 X lO 6 poise.

C o n se q u e n tly , th e  effective v isco s ity  o f th e  s tru c tu re  a t  th e  s ta g e  o f 
fa s t, h ig h  e la s tic ity  is 104 to  105 tim es  g re a te r  th a n  th e  v iscosity  o f  th e  d isp e r
sion m e d iu m —w a te r; a t  th e  s ta g e  o f  slow e lastic  defo rm ations th is  ra tio  
reach es 108.

O n  th e  basis  o f th e  co n cep ts  a b o u t m icroprocesses in  th e  th ix o tro p ic  
c o a g u la tio n  s tru c tu re s , th e  fo llow ing  a p p ro x im a te  descrip tion  is p ossib le  fo r 
th e  m ac ro rh eo lo g ica l p a ra m e te rs  co rresp o n d in g  to  th e  b eh av io u r o f co llo idal 
d isperse  su sp en sio n s a t  sm all sh e a r  stresses.

M odule of h ig h  e lastic ity

C o n sid e r s tru c tu rized  sy s te m  u n d e r  th e  cond itions o f u n ifo rm  sh e a r a t  
c o n s ta n t  te m p e ra tu re  T , an d  s tre ss  r  rep lac in g  in  th is  case th e  p re ssu re  p.  
T h e  b e h a v io u r  o f th is  system  can  be  describ ed  b y  th e  th e rm o d y n a m ic  p o te n 
t ia l  p e r  u n i t  vo lum e:

Ф (Т ,т )  =  U - S T - т е  ,

w h ere  th e  d e fo rm atio n  is e =  e(T , t )  an d  th e  sign of te rm  re  co rresp o n d s to  
th e  c o n d itio n  th a t  th e  w ork is p o s itiv e  if  i t  is p erfo rm ed  on th e  sy s tem . T ru e
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e lastic  defo rm atio n s a re  neg lec ted  because  th e y  are  v e ry  sm a ll u n d e r  the 
g iven  stress an d  on ly  th e  h ig h  elastic  d e fo rm atio n s connected  w ith  changes in 
th e  m u tu a l a rra n g e m e n t o f  p a rtic le s  are  considered . T hen  we a ssu m e  th a t

U  =  c o n s t ; S  =  S j +  S , ( e ) ,

w here  Sj does n o t d ep en d  on d e fo rm atio n  s,  h u t  S 2 =  S 2(e) is th e  ‘co n fig u ra
t io n a l’ en tro p y  c o m p o n e n t; le t u s  assum e th a t  e =  0 an d  S 2 =  0 i f  X =  0.

A t c o n s tan t T  a n d  r ,  an  eq u ilib riu m  in  th e  system  co nsidered  co rresponds 
to  th e  m in im um  o f p o te n tia l  Ф. T he  only  v a ria b le  p a ra m e te r  is d e fo rm a tio n  e:

0 Ф

0£ T , t

Since £ an d  т h av e  th e  sam e sign, th is  co rresponds to  a d ecrease  in  en tro p y  
w ith  increasing  d e fo rm a tio n .

T he follow ing ex p ressio n  p roves t h a t  th e  ex trem u m  is, in  f a c t ,  a m in i
m um :

' 8 2 Ф  I

, 9e2 It,t
> 0

T h is  m eans th a t  th e  e n tro p y  decreases w ith  increasing  d e fo rm a tio n  no less 
sh a rp ly  th a n  does — £2.

As a m odel o f th e  c o ag u la tio n  s tru c tu re , we exam ine a sy s te m  o f  sim ilar 
an iso m e tric  p a rtic le s  w ith  lin e a r  d im ensions Ö. F o r a p ro n o u n ced  a n iso m e try  
o f  p a rtic le s , sticks o r p la te le ts , le t  us ta k e  ő =  l, w here l is th e  la rg e s t size; 
fo r p a rtic le s  w ith  s lig h tly  p ro n o u n ced  an iso m e try  le t 6 — l — d, w h ere  l and  
d  a re  th e  larg est a n d  th e  sm alle st size, resp ec tiv e ly .

In  accordance  w ith  th e  p roposed  m e th o d  [4] developed in  th is  la b o ra to ry  
b y  P e r t s o v  an d  Y u s h c h e n k o  [9], a sy stem  a t  equ ilib rium  in th e  ab sen ce  of 
s tre ss  is in  a ran d o m  a rra n g e m e n t w ith  eq u a lly  p ro b ab le  o r ie n ta tio n s  o f  p a r t i 
cles; in  ad d itio n , th e  av e rag e  p ro jec tio n  z o f  p a rtic le  size Ő fo r e v e ry  d irec tio n  
h a s  th e  sam e m a g n itu d e

w h ere  N  is th e  n u m b e r o f  p a rtic le s  of th e  d isperse  phase p er u n i t  v o lu m e  of 
th e  sy stem .

In d eed , in co o rd in a te s  #  an d  y>, th e  p ro jec tio n  of th e  p a r tic le  size on to  
a p o la r  axis z =  ö sin i? (F ig . 3). In  th e  e lem en t o f space angle do> =cos #  d $  dq>, 
th e  n u m b e r of p a rtic le s  is

diV = -----cos <? d»? d(p
2л
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F i g . 3 . E stim ation  o f partic le  size projection onto  a given axis

(h e re  a  hem isphere  is, n a tu r a l ly ,  considered: 0 <  9? <  2л; an d  <5 <C $ <  я / 2). 
H e n c e  i t  follows th a t  th e  a v e ra g e  value of th e  p ro je c tio n s  o f all pa rtic le s  on to  
th e  se le c te d  axis is

1 1 <5 sin  ■& d N  =  - i -  •
m  j j sin & cos ű d #  d w = ----

N J N 2л  J J 2
W ith in  th e  range dz =  6 cos & d # , i.e. in ‘sp h erica l se g m e n t’ dot’ =  2л  cos $  d# , 
th e  f r a c t io n  of p artic les is g iv e n  b y

== —— • 2 л  co s  •& d$  =  f ( z )  dz =  f ( z )  =  ö cos $  d#  ;
N  2л

c o n s e q u e n tly , th e  d is t r ib u t io n  function  will h a v e  th e  follow ing form

f { z )  =  const =  1/Ő,

a n d  th e  dispersion o f v a lu e  z is de term ined  b y  th e  follow ing eq u a tio n :

в

0

L e t  us suppose now  t h a t  as a resu lt o f s tre s s  ap p lied  in  th e  d irec tio n  of 
th e  se lec ted  polar ax is , a p a r t ia l  m u tu a l o r ie n ta t io n  o f th e  p a rtic le s  (‘te x 
tu r i z a t io n ’) in the  g iven  d ire c tio n  will ta k e  p lace  a n d  th e  m ean  p ro je c tio n  of 
p a r t ic le  dim ensions o n to  th i s  d irection  will in c rea se . To d e te rm in e  th e  p ró b a-
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b il i ty  o f such  a s ta te  o f  th e  sy s tem , we use th e  fo llow ing a p p ro a c h  (develop
ed  b y  Y u s h c h e n k o ) . *  Since th e  p ro jec tio n  o f each  p a rtic le , z, is a chance value , 
L y a p u n o v ’s  c e n tra l lim it th eo rem  is app licab le  to  th e  sy s te m , an d  th e  d is
tr ib u t io n  of th e  m ean  p ro je c tio n  z is a n o rm a l d is tr ib u tio n  w ith  a  m a th e m a tic a l 
e x p e c ta tio n  o f fi =  á/2 an d  a d ispersion  o f cr2 =  <r2/iV =  ő2/ 12IV.

T h u s th e  fu n c tio n

г —  ___  3 „ / г -д /2  у
1 е ~ (г -ц ) ’/2а* _  /  J )  _ V iV   ̂ 2 V**/ 2 /

У I n  О n <5

expresses th e  p ro b a b ili ty  o f  th is  d ev ia tio n  o f th e  m ean  p ro je c tio n  of partic le  
sizes on to  th e  se lec ted  ax is  from  th e  m o st p ro b ab le  m ean  v a lu e  in  th e  absence 
o f  co o rien ta tio n  <5/2.

B esides, th is  d e v ia tio n  (ow ing to  its  p h y sica l m ean ing) m a y  be consider
ed as a v a lu e  close to  th e  d e fo rm a tio n  in  th e  system :**

z — <5/2
----------—  ^  e.

<3/2

In  th is  case th e  p ro b a b ility  o f d e fo rm a tio n  e caused  b y  th e  co o rien ta tion  
o f  p a rtic le s  is d e te rm in ed  b y  th e  d is tr ib u tio n  fu n c tio n

f  6 V n
/ A 6 ’

Л  0

a n d  th e  change in  th e  lo g a rith m  o f p ro b a b ility  up o n  tra n s i t io n  fro m  e =  0 to  
som e de fin ite  e w ill be :

A l n W  — -----— N e 2 ;
2

T his co rresponds to  a change in  th e  e n tro p y  o f th e  sy stem  g iven  b y

AS., = -----— N k s 2 .
2

* Acad. A. N. K olm ogorov  has called our attention to this way of evaluation.
** A case of ‘strong’ anisometry of particles is supposed. If the anisometry of particles 

is less expressed, it can be supposed that deformation e is related in a definite way to the char
acteristic degree of anisometry. In the simplest case with linear connection we have

Ш-
<5/2

<5/2 -  , where l —  maximum size of particles.
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A long a c u rv e  corresponding  to  th e  m in im um  of th e rm o d y n a m ic  p o te n tia l Ф, 
i.e. a lo n g  th e  equ ilib rium  cu rv e  s =  e (r) , we o b ta in :

T =  — T  — 3 N k T e  ;
9e

h en ce , th e  equilib rium  m odu le  o f  h ig h  e lastic ity  is

Get =  т /e =  3 N k T .

T h e  p a r tic le s  of th e  collo idal b e n to n ite  suspension ex am in ed  are  th in  p la te s . 
L e t u s  a ssu m e  th a t  th e ir  la rg e s t  d im ension  l ^  100— 200 Á , th ick n ess  d ^  

10 Ä , a n d  th e  vo lum e c o n c e n tra tio n  C =  3 % . T h e n  fo r  th e  n u m b e r of 
p a r tic le s  in  u n it vo lum e we f in d :

i V ^ ^ - я «  1017 c m - 3 .
P d

T h e  equ ilib rium  m odu le  o f  h igh  e lastic ity  (a t ro o m  te m p e ra tu re )  will be :

Get ^  3 X l0 17 X 4 X lO “ 14 =  1.2 X lO 4 d y n e /cm 2;

w h ic h  ag rees w ith  th e  a b o v e  e x p e rim e n ta l v a lu e  (1.25 XlO4 dyne/cm 2). H ere , 
in d e e d , im p o rtan ce  shou ld  b e  a tta c h e d  only  to  ag re e m e n t in  th e  o rd e r of 
m a g n itu d e . This ag reem en t m a y  be  considered as c o rro b o ra tio n  of th e  concep t 
d e v e lo p e d  for th e  m echan ism  o f th e  observed  rev e rsib le  d e fo rm atio n .

V iscosity  o f elastic a fte r-e ffec t

T h e  analysis o f th is  q u a n t i ty  also requ ires th e  in tro d u c tio n  of a d e fin ite  
m o d e l. F ir s t  we shall d iscuss th e  in it ia l  stage o f a fte r-e ffe c t, i.e. th e  fa s t  e lastic  
d e fo rm a tio n  connected  w ith  th e  m an ifes ta tio n  o f an  e lastic  a fte r-e ffec t v is 
c o s ity  rjf ^  (104— lO5) " ^ ,  w h e re  7]w— viscosity  o f w a te r  (d ispersion  m edium ).

T h e  defo rm ation  o f c o a g u la tio n  s tru c tu re  cells, cau sed  by  m u tu a l tu rn s  
o f p a r t ic le s  (plates w ith o u t th e  s lid ing  of co n tac t p o in ts) is sch em atica lly  show n 
in  F ig . 4 a , b.

T h e  c o n ta c t is a ssu m ed  to  be  an  ‘ideal jo in t ’ re q u ir in g  no w ork , th u s  
‘c o o r ie n ta t io n ’, i.e. th e  in c re a se  of th e  m ean  p ro je c tio n  o f p a rtic le s  in  a g iven 
d ire c t io n , is observed. I t  is q u ite  ev id en t, how ever, t h a t  in  th is  ‘re g u la r’ m odel 
th e re  is no reason fo r a s ig n if ic a n t increase of th e  effec tiv e  v isco sity  re la tiv e  
to  th e  v isco sity  of th e  d isp e rs io n  m edium , im m o b ilized  w a te r , since th e  d e 
fo rm a tio n  of each cell o ccu rs  th ro u g h  th e  sam e u n ifo rm  shears to  w hich  
th e  w h o le  system  is ex p o sed .
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A possible in c rea se  o f v iscosity  in  sm all vo lum es o f th e  liq u id  ow ing to  
c o n ta c t w ith  th e  p a r tic le  su rface is n o t considered  h e re ; th is  fa c to r  req u ire s  
special ex am in a tio n . H ow ever, it  should  b e  n o te d  th a t  th is  fac to r  in  i ts e lf  
c a n n o t exp la in  th e  f a c t  t h a t  th e  effective v isco s ity  o f th e  sy stem  exceeds th e  
v iscosity  o f w a te r  b y  m a n y  orders o f m a g n itu d e . T h e  o bserved  th ix o tro p ic  
rev e rs ib ility  o f th e  ex am in ed  s tru c tu re s  p ro v es  th is . In d e e d , in  th e  case o f  
com plete  collapse o f  th e  n e tw o rk , th e  v isco s ity  o f th e se  sy stem s sh a rp ly  falls 
an d  th e  rem ain in g  re la tiv e ly  sm all d ifference from  th e  v isco sity  of th e  d is
persion  m ed ium , n o t  exceed ing  one o rd e r o f  m a g n itu d e , conform s to  th e  con
c ep t of E in s te in  flow . T h e  m ean  ‘cell’ size in  th e  d ispersion  m edium  rem ain s

F ig . 4. Shear deformation in idealized (a, b) and real (e, d) coagulation structures
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a p p ro x im a te ly  th e  sam e, in  th is  c ase  o f  th e  o rd e r of 100 Ä , i.e. th e  w hole v o lu m e  
of th e  d isp e rs io n  m edium  rem ain s e ssen tia lly  a  th in  b o u n d a ry  lay e r, a few  ten s  
of an  Á  in  th ic k n e ss ; if  th e  m ain  ca u se  o f  a h igh  effective v isco s ity  o f th e  sy s tem  
w ere th e  in flu e n c e  o f a b o u n d a ry  so lid  p h a se  u p o n  th ese  lay e rs , th e n  d e s tru c tio n  
of th e  n e tw o rk  w ould n o t cause su c h  a  sig n ifican t decrease  in  th e  v isco s ity .

I f  th e  sh e a r e ac ts d u rin g  a  p e r io d  of tim e  t a t  an  av e rag e  ra te  o f  s =  
=  e/t t h e n  th e  w ork of v isco sity  fo rces  in  u n it  vo lum e is d e te rm in e d  b y  th e  
v a lu e  o f  7]ke ^  for a cell o f  v o lu m e  я^ /3 i t  is

A n  o b v io u s  so lu tion  of th is  c o n tra d ic tio n  is an  e x a m in a tio n  o f th e  tru e , 
ra n d o m  p a r t ic le  s tru c tu re  in  w h ic h  cell d e fo rm atio n  is co n n ec ted  w ith  th e  flow  
of im m o b iliz e d  w a te r from  one cell in to  a n o th e r th ro u g h  re la tiv e ly  n a rro w  
gaps (see F ig . 4c, d). Follow ing th is  m e th o d , we assum e th a t  th e  sh ea r changes 
th e  v o lu m e  ap p ro x im ate ly  b y  + Z 3e a n d , co n seq u en tly , m ak es som e w a te r  
flow  th r o u g h  gaps betw een  th e  ce lls: Y  =  ßPe,  w here ß  is a fa c to r  o f th e  o rd e r 
o f a few  u n i ts ,  tak in g  in to  a c c o u n t t h a t  a m icroprocess of in  th e  ra n d o m  ‘ir re g u 
la r ’ s t r u c tu r e  of partic les e x te n d s  to  som e neighb o u rin g  e le m e n ta ry  v o lum es.

I f  th e  flow  occurs in  a g a p , a in  th ick n ess , b in  w id th  a n d  c in  le n g th  
(F ig . 5 ), th e n  th e  average flow  r a te  is w — ßPe/abt. T he  flow  ra te  d is tr ib u tio n  
is d e sc r ib e d  generally  b y  th e  p a ra b o lic  law :

1 A p a 2 1 U j l
2"

2 cr]w . 2 ( / 2

w h ere  A p  is th e  pressure d rop  o v e r  th e  gap c. I t  is easy  to  show  th a t

c тг/ c ß13 eA p — 3ryw
Í “

o rr — a abt
l 2 2

T h e  d is s ip a tio n  of energy in  th e  gap  is

W f  =  A p ß P e  =  12r]w - - ^ - ( ß l 3 e)3- —
bai t

I f  th is  ex p ress io n  is eq u a ted  to  tj/e2/3/i, th e n  we f in d  th e  e ffec tive  v isc o s ity  rjf 
u n d e r  t h e  cond itions of ‘f a s t ’, h ig h ly  e lastic  d e fo rm atio n :

v / h w 12 ß 2 — — P.  
ba3
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N ow  le t us a ssu m e  th a t  th e  th ic k n e ss  a n d  len g th  of th e  gap  a re  a p p ro x im a te ly  
eq u a l to  th e  th ick n ess  of th e  p a rtic le s  (p la te le ts) while th e  g ap  w id th  —  to  
th e  m ax im u m  p a rtic le  size: a =  c ^  d, b ^  l. H ence one o b ta in s

V f h w ^ 1 2 /32

L e t fa c to r  ß  be  eq u a l to  a few  u n its , a n d  th e  ra tio  l/d be a p p ro x im a te ly  equal 
to  10 (or a few  tim es); th e  effective v isc o s ity  o f a fa s t, h ig h ly  e la s tic  defo rm a
tio n  shou ld  exceed  th e  v isco sity  o f w a te r  b y  104— 105. T h is c o rre c tly  p red ic ts  
th e  o rd e r o f  m a g n itu d e  o f th e  a b o v e  ex p e rim en ta l re su lts .

A t th e  sam e  tim e  i t  is n e c e ssa ry  to  em phasize th e  te n ta t iv e  ch a rac te r 
o f th e  e s tim a te  o f  r\j. In  p a r tic u la r , th e  ra t io  o b ta in ed  o b v io u sly  does n o t in 
clude th e  c o n c e n tra tio n  of th e  d isperse  p h ase . N evertheless, th is  co n cen tra tio n  
is specified  b y  th e  m odel u sed : i t  eq u a ls  sev era l (re) p a rtic le s  p e r  vo lum e ßP, 
w here  also ß ^  re; co n seq u en tly , th e  v o lu m e  c o n cen tra tio n  o f  th e  disperse 
p h ase  is su p p o sed  to  be a p p ro x im a te ly

nl2 d d

i.e. o f th e  o rd e r o f 1 0 -1 or so m ew h at less, in  ag reem en t w ith  th e  ex p e rim en ta l 
co n d itio n s [6 ].

T h e  ab o v e  ev a lu a tio n  o f fa s t, h ig h ly  elastic  d e fo rm atio n  v isc o s ity  m ay 
be  sim p ly  ap p lied  also to  th e  second s tag e  o f  afte r-e ffec t in v o lv in g  a consider
a b ly  h ig h e r v isco s ity . In  th is  case, th e  m u tu a l  sliding of p a r tic le s , i.e. a slight 
d isp lacem en t o f  c o n ta c t p o in ts  o v er th e  p a r tic le  surface w ith o u t d e s tru c tio n  
o f  th e  m a jo r i ty  o f th e  c o n ta c t m ay  b e  considered  as a p ro p o sed  m echan ism  
fo r th e  in crease  o f p a rtic le  c o o rie n ta tio n  re la tiv e  to  each o th e r  [5]. T h is  sliding 
p rocess m ay  b e  a p p ro x im a te ly  describ ed  in  th e  sam e te rm s o f  v isco u s flow  of 
a d ispersion  m ed iu m  in a gap . H o w ev er, in  th is  case th e  gap  is con sid erab ly  
n a rro w e r; in  th e  f irs t  case, we h a v e  assu m ed  i t  to  be ro u g h ly  e q u a l to  th e  
th ick n ess  of th e  p la te le ts  (a ^  d is o f t h ^  o rd e r of 10 Á or s lig h tly  m ore), b u t 
now  we assum e t h a t  th e  gap  th ic k n e ss  is o n ly  a few Á , i.e. a =  dd ,  w here 
fa c to r  •& ^  1 0 _1. S u b s titu tio n  o f th is  v a lu e  in to  th e  exp ression  o f  effective 
v isco s ity  gives a t  th e  stage  o f slow e la s tic ity :

n.hW~ 12 /92
Ő3

l_
d

i.e. a p p ro x im a te ly  b y  th ree  o rders o f  m a g n itu d e  m ore th a n  a t  th e  f ir s t  stage. 
T h is v a lu e  ( ^ 1 0 °  poise) has been  e x p e rim e n ta lly  de te rm in ed .
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H o w ev e r, th e  la s t e s tim a te  includes som e e lem en ts  of co n d itio n a lity  
an d  re q u ire s  fu r th e r , m ore a c c u ra te  ca lcu la tions. In  p a r t ic u la r , ce rta in  changes 
in  th e  p ro p e rtie s  o f th e  liqu id  in  a n a rro w  gap w h ich  a re  o f g rea t im p o rtan ce , 
shou ld  b e  ta k e n  in to  acco u n t, b e cau se  the  layers e q u a l o n ly  a few m olecules 
in  th ic k n e ss . A t th e  sam e tim e  a  specia l analysis is re q u ire d  for th e  above ra tio  
o f ‘d e fo rm a b ilitie s ’ a t  th e  s tag es  o f fa s t and  slow e la s tic  defo rm ations:

e/m  • ®sm ~ 1 : 3 .
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Glucose-1,2-orthoesters are formed from tetra-O-acetyl-a-D-glucopyranosyl 
bromide under the effect of ethoxycarbonylmethylenetriphenylphosphorane or cyano- 
methylenetriplienylphosphorane in alcohol-containing solvents. The absence of the 
B e s t m a n n  reaction (formation of acetylaldosylphosphoranes) can be attributed to 
strong steric hindrance from the triphenylphosphine group.

A p p lica tio n  o f th e  S tau d in g er re a c tio n  to  aceto-azido su g a rs  re su lted  
in  new  ty p e s  o f  ace ty la ld o sy lp h o sp h in e  im in es (I) which proved  to  b e  a d v a n ta 
geous for use as s ta r t in g  m a te ria l in  th e  p re p a ra tio n  of a c e ty la ld o sy lcarb o d iim i- 
des an d , from  th e se , d iffe ren t N -g lucosides [1].

S im ilar fa v o u ra b le  sy n th e tic  p ro p e r tie s  can  be expected  in  th e  case of 
th e  analogous su g a r  phosp h o ran es [(II): like(I), CR in stead  o f  N ] —  u n 
k n o w n  up  to  now  —  th e re fo re  th e  a p p lic a tio n  o f th e  B e s t m a n n  re a c tio n  [2] 
to  c a rb o h y d ra te s  h as  b een  a tte m p te d .

In  th e  case o f th e  re so n an ce -s tab iliz ed  phosphoranes th e  B e s t m a n n  
re a c tio n  tak es  p lace  on ly  w ith  acyl h a lid es  [3] or highly reac tive  p r im a ry  a lk y l 
ha lid es  [2 ], because  o f th e  decreased  n u c leo p h ilic ity  of the  y lide c a rb o n  a to m . 
S im ila rly , it  can  be  ex p ec ted  th a t  on ly  th e  m o re  reactive  acy lg ly co sy l h a lid es  
w ill undergo  th is  re a c tio n , while s t ru c tu ra l ly  sim ilar b u t n o n -a c tiv a te d  sec
o n d a ry  halides w ill fail to  reac t.

In  ou r ex p erien ce , e th o x y c a rb o n y lm e th y len e tr ip h e n y lp h o sp h o ra n e  (III) 
a n d  sec-bu ty l b ro m id e  o r cyclohexyl b ro m id e  do n o t react w ith  e ach  o th e r , 
an d  th e  p h o sp h o ran e  can  be recovered  a lm o s t q u an tita tiv e ly .

A t th e  sam e tim e , th e  boiling o f  1 m ol o f 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  (IY) w ith  2 m oles o f  th e  phosphorane in  c h lo ro fo rm  
re su lte d  in th e  h y d ro b ro m id e  o f th e  s ta r t in g  phosphorane , i.e., e th o x y c a rb o -
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n y lm e th y ltr ip h e n y lp h o sp h o n iu m  brom ide (VI) w a s  o b ta in ed . As th e  o th e r  
p ro d u c t ,  s trik in g ly , th e  w ell-k n o w n  [4] co m p o u n d  l,2 -e th y lo rth o a c e ty l-3 ,4 ,6 -  
triace ty l-a -D -g lu co p y ran o se  (V) w as iso lated  in  6 8 %  y ie ld , in stead  of th e  e x 
p e c te d  ace ty lg lu co sy lp h o sp h o ran e .

E v id e n tly , th e  e th a n o l p resen t in  sm all a m o u n ts  in  th e  ch loroform  so 
lu t io n  a n d  n o t th e  e th o x y c a rb o n y l group o f th e  r e a g e n t is responsible fo r  th e  
e th o x y  g roup  in  th e  o r th o e s te r  Y. This is c o n firm e d  b y  th e  fac t th a t  u n d e r  
o th e rw ise  id en tica l c o n d itio n s  cy an o m e th y len e trip lien y lp h o sp h o ran e  (VII) 
g av e  th e  sam e 1 ,2 -o r th o e s te r  in  69%  y ie ld ; in  th is  case th e  b y -p ro d u c t w as 
c y a n o m e th y ltr ip h e n y lp lio sp h o n iu m  brom ide (VIII). In  alcohol-free c h lo ro 
fo rm  th e  fo rm atio n  o f  o r th o e s te rs  could n o t h e  d e te c te d .

In  accordance w ith  th is , in  benzene so lu tio n s  conta in ing  e th a n o l, iso 
p ro p a n o l or t-b u ta n o l, th e  corresponding 1 ,2 -a lk y lo rth o ace ty l d e r iv a tiv e s  
w ere  o b ta in ed . T he d a ta  o f  th e  p roducts f ro m  th e  phosp lio rane re a c tio n s  a re  
su m m arized  in  T ab le  I ;  th e  physical c o n s ta n ts  r e p o r te d  in  th e  l i te ra tu re  [5, 6 ] 
fo r  th e se  o rth o es te rs  a re  g iven  in  b ra c k e ts .
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Table I

Alcohol
1 ,2 -Alkylorthoacetyl-

3,4,6-triacetyl-a-D-glucopyranoee Phosphonium salt

Yield,
%

M.p.,
°C

M b (CHC1s; c =  1) Yield,
%

M.p.,
°c

Ethanol 66 95— 6
(9 5 -6 )

+  31.0° (+ 31°) 84 1 158—9

Isopropanol 57 118— 20
(120— 21)

+  28.5° (+ 3 0 °) 93 156—9

í-Butanol 42 149— 51
(152.5-154.5)

+  34.0° (+ 34 .5°) 92 156—8

In  order to  e x p la in  th e  reac tio n , tw o  possib le  m ech an ism s can  be con
sidered . L e m i e u x  [5]  show ed th a t  th e  fo rm a tio n  o f  an  1 ,2 -o rth o es te r from  
te tra-O -acety l-oc-D -glucopyranosyl b ro m id e  on th e  e ffec t o f  bases  s ta r ts  w ith  
an o m eriza tio n  (co n v ers io n  o f th e  a -an o m er (IV) in to  th e  /S-anom er (IX)); th e  
in te rm e d ia te  a c e to x o n iu m  ca tio n  X is fo rm ed  b y  m ean s o f  n e ighbouring -g roup  
p a r tic ip a tio n  o f th e  C-2 ac e to x y  group  in  th e  p y ran o se  r in g , an d  X gives th en  
th e  o rth o es te r (XI) w ith  th e  alcohol p re sen t.

(IV)

О

Br

ROH

OR

ЮС
(IX)

Br0

O n th e  o th e r  h a n d , K h o r l i n , B o c h k o v  an d  K o c h e t k o v  [7] suggested 
t h a t  th e  syn thesis o f  o r th o e s te rs  in  e th y l a c e ta te  s ta r ts  w ith  S N2 (nucleophilic
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b ack sid e ) a t ta c k  b y  th e  c a rb o n y l o x y g en  of e th y l a c e ta te  (X II) on th e  C -l 
a to m . T h e  resu ltin g  in te rm e d ia ry  co m p lex  (X III) is th e n  c o n v e rte d  in to  th e  
o r th o e s te r  w ith  alcohol via  th e  ace to x o n iu m  ca tio n  X, in v o lv in g  ag a in  C-2 
a c e to x y  p a r tic ip a tio n .

I n  th e  case exam ined  b y  us i t  m u s t be supposed  t h a t  th e  m echan ism  of 
th e  r e a c t io n  is analogous to  t h a t  sugg ested  by  K o c h e t k o v . In  th e  f irs t  s tep , 
th e  n u c le o p h ilic  be ta in ic  o x y g en  a to m  of e th o x y c a rb o n y lm e th y len e tr ip h e n y l-  
p h o s p h o ra n e  (III) or, in  th e  case  o f  th e  cyano d e r iv a tiv e  (VII) its  n itro g en  
a to m , a t t a c k s  by  SN2 m ech an ism  on  th e  C -l a to m . (A  s im ila r b u t  s tab le  phos- 
p h o n iu m  s a lt  was iso lated  fro m  th e  reac tio n  of e th y l iod ide  a n d  acy lphosphor- 
anes [8 ]) . F ro m  th e  u n s ta b le  in te rm e d ia te  XIV, th e  p h o sp h o ra n e  will again
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lie e lim in a ted  on th e  effect o f th e  n e ig h b o u rin g  C-2 ace to x y  g ro u p , giv ing rise 
to  th e  ace to x o n iu m  ca tio n  X. T he fin a l s tep  is again th e  re a c tio n  w ith  alcohol, 
y ie ld ing  th e  o r th o e s te r , while th e  p h o sp h o ran e  reac ts  w ith  th e  h y d ro g en  b ro 
m ide lib e ra ted .

T h u s, in th e  in te ra c tio n  o f th e  acy lg lycosy l halide an d  th e  p h o sp h o ran e , 
it  is p ro b a b ly  n o t th e  y lide carb o n  a to m  o f th e  pho sp h o ran e  b u t  its  b e ta in ic  
h e te ro  a to m  th a t  launches th e  nucleoph ilic  a tta c k . T his is ex p la in ed  by  th e  
fa c t th a t  in th is  case th e  hetero  a to m  h as s tro n g e r nucleophilic  c h a ra c te r  th a n  
th e  y lide carb o n  a to m , ow ing to  th e  e lec tron  delocalization . F u rth e rm o re , 
th e  th re e  p h en y l g roups a tta c h e d  to  th e  p h o sphorus a to m  h av e  su ch  a s trong  
s te ric  effect on th e  y lide  carbon  a to m  th a t  it  p rev en ts  e ffec tive  collisions on 
th e  C -l ca rb o n  a to m .

E x p erim en ta l

Of the reagents used in the experiments, tetra-O-acetyl-a-D-glucopyranosyl bromide 
[9], ethoxycarbonylmethylenetriphenylphosphorane [10], and cyanomethylenetriphenyl- 
phosphorane [11] were prepared as described in the literature.

Ethoxycarboiiylmethyleiietriphenylpliosphorane and sec-butyl bromide

sec-Butyl bromide (0.69 g; 5 mmoles) and the phosphorane (3.48 g; 10 mmoles) were 
refluxed in dry benzene (30 ml) for 15 hrs. No precipitation of salt was observed. After evapora
tion to dryness, 80% of the phosphorane was recovered unchanged: m. p. 127— 8 °C. No in. p. 
depression occurred in admixture with the original sample.

Etlioxycarbonylmethyleiietriphenylphosphoraiie and cyclohexyl bromide

Cyclohexyl bromide (0.82 g; 5 mmoles) and the phosphorane (3.48 g; 10 mmoles) were 
refluxed in benzene (30 ml) for 20 hrs. No precipitation of salt occurred. After evaporation 
to dryness 78% of the phosphorane could be recovered unchanged: m. p. 127— 9 °C (no m. p. 
depression with the original sample).

l ,  2-Ethylorthoacetyl-3,4,6-triacetyl-a-D-glucopyranose

(a) Tetra-O-acetyl-a-D-glucopyranosyl bromide (12.33 g; 3 cmoles) and ethoxycar- 
bonylmethylenetriphenylphosphorane (20.91 g; 6 cmoles) were refluxed in chloroform solution 
(100 ml) for 12 hrs, then anhydrous ether (450 ml) was added, and the wall of the vessel was 
scraped. A crystalline salt (13.7 g) separated which gave pure ethoxycarbonylmethyltriphenyl- 
phosphonium bromide (11.0 g; 86%) on dissolution in chloroform and precipitation with ether:
m. p. 158 - 9 °C. No m. p. depression occurred with an authentic sample.

The oil which remained after the evaporation of the mother liquor was treated with 
cold absolute ether (150 ml) to obtain the starting phosphorane (4.35 g; 21%). On crystalliza
tion of the evaporation residue of the ethereal mother liquor from alcohol (30 ml), 1,2-ethyl- 
orthoacetyl-3,4,6-triacetyl-a-D-g!ucopyranose (7.7 g; 68%) separated, m. p. 92 4 °C. It was
recrystallized from cyclohexane (60 ml) to give the pure product (7.2 g; 64%); m. p. 94— 
96 °C; [oc] d  4“ 30° (chloroform, c =  1).

The mother liquor of crystallization was evaporated to dryness and recrystallized 
from cyclohexane to yield triphenylphosphine oxide (3.1 g; 37%), in. p. 155— 7 °C.

(b) Tetra-O-acetyl-a-D-glucopyranosyl bromide (4.11 g: 1 cmole) and cyanomethylene- 
triphenylphosphorane (6.02 g: 2 cmoles) were refluxed in chloroform (50 ml) for 11 hrs. 
After cooling, cyanoinethyltriphenylphosphoniuin bromide (3.40 g: 98%) was obtained as
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crystals, m .p . 256— 8 °C. No m.p. depression occurred with an authentic sample. Evaporation 
and treatm ent of the chloroform filtrate with ether yielded further 11% of the phosphonium  
salt.

The m other liquor of the ethereal reaction mixture was evaporated to dryness and the 
residue crystallized from ethanol (18 ml) to give crystalline l,2-ethylorthoacetyl-3,4,6-triace- 
tyl-a-D-glucopyranose (2.6 g; 69%), m.p. 92—4 °C. The mixed m.p. and the infrared spectrum  
showed perfect identity with the product obtained in the former reaction; [<x ] d  +  31.0° (chloro
form, c =  1).

The processing of the mother liquors of crystallization yielded a total amount of 1.45 g 
(52%) of triphenylphosphine oxide, m.p. 153— 6°C.

( c )  T etra-O -ace ty l-a-D -g lu co p y ran o sy l b rom ide  (4.11 g; 1 cm ole) an d  e th o x y carb o n y l-  
m e th y le n e tr ip h e n y lp h o sp h o ra n e  (6.97 g; 2 cm oles) w ere re flu x e d  in  5%  benzene so lu tio n  o f  
e th a n o l (100  m l) for 6 hrs, an d  th e  e th o x y c a rb o n y lm e th y ltr ip h e n y lp h o sp h o n iu m  b ro m id e  
w h ich  s e p a ra te d  on cooling w as f i lte re d  off. T he ev ap o ra tio n  re s id u e  o f th e  m o th e r liq u o r w as 
re c ry s ta ll iz e d  to  o b ta in  c ry s ta llin e  l,2 -e th y lo rth o ace ty l-3 ,4 ,6 -tria ce ty l-a -D -g lu co p y ran o se  
(66% ), m .p .  95— 6 °C; [<x]d +  31.0° (ch loroform , c =  1).

1 .2- Iso p ro p y lo rth o ace ty l-3 ,4 ,6 -triace ty l-a -D -g lu co p y ran o se

T e tra -O -ace ty l-a -D -g lu co p y ran o sy l b rom ide  (1 cm ole) a n d  e th o x y carb o n y lm eth y len e - 
tr ip h e n y lp h o sp h o ra n e  (2 cmoles) w ere  re flu x ed  in benzene c o n ta in in g  5%  of iso p ro p an o l fo r 
6 h rs , co o led  an d  th e  c ry sta lline  e th o x y c a rb o n y lm e th y ltr ip h e n y lp h o sp h o n iu m  b ro m id e  r e 
m o v ed  b y  f i l t r a tio n . Processing  o f th e  m o th e r  liq u o r y ie ld ed  th e  p u re  p ro d u c t in  57%  y ie ld , 
m .p . 118— 120 °C; [ix]d -f- 28.5° (ch lo ro fo rm , c  =  1).

t
1.2- t-B u ty lo rth o ace ty l-3 ,4 ,6 -tria ce ty l-a -D -g lu co p y ran o se

T e tra -O -ace ty l-a -D -g lu co p y ran o sy l b rom ide (1 cm ole) a n d  e th o x y carb o n y lm eth y len e - 
t r ip h e n y lp h o sp h o ra n e  (2 cm oles) w ere  re flu x ed  in  ben zen e  c o n ta in in g  5%  of i-b u ta n o l fo r 
6 h rs . T h e  re a c tio n  m ix tu re  w as p ro cessed  according to  th e  ab o v e  procedure  to  o b ta in  th e  
p ro d u c t  in  42% yield ; m .p . 149— 51 °C; [a)i> +  34.0° (ch lo ro fo rm , c =  1).
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Stable, crystalline N-nitroso derivatives (II) of secondary N-arylglycosylamine 
O-acetates (I) and methyl ethers have been prepared. Non-acetylated N-nitroso com
pounds (III) containing an aldo-hexose sugar component are non-crystalline and strongly 
hygroscopic, while the aldopentose derivatives are crystalline substances. They can be 
re-acetylated and give crystalline benzal derivatives (IV).

The N-nitroso structure of the compounds was confirmed by the acid hydrolysis 
of III and by azo-coupling reaction. The structures of the non-sugar decomposition or 
conversion products obtained (III A— G) could be traced back to primary aromatic 
N-nitrosamines. The reaction of compounds III with /З-naphthol resulted in the corre
sponding dyes of phenylazo-/?-naphthol type (V).

A sign ifican t s t ru c tu ra l  difference b e tw een  secondary  N -glycosides and  
seco n d ary  am ines is t h a t  th e  n itro g en  a to m  o f a seco n d ary  N -g lycosy lam ine  
is in v o lved  in fo rm in g  a m ixed  0 ,N -a c e ta l  w ith  one o f  its  c o v a le n t bonds. 
T herefo re  th is  b o n d , a n d  th e re w ith  th e  g lycosyl g roup  can  be  re a d ily  sp lit 
o ff h y d ro ly tica lly , ev en  if  th e  o th e r s u b s ti tu e n t on th e  n itro g e n  a to m  is an 
e lec tro n -w ith d raw in g  a ry l o r su b s ti tu te d  a ry l g roup .

In  th e  course o f  o u r  in v es tig a tio n s  on N -a ry lg lycosy lam ines, th e  re a c tiv ity  
o f th e  N H  group o f th e se  com pounds has been  s tu d ie d  from  sev era l p o in ts  o f view  
(hydro lysis , s ta b ili ty , a c y la tio n , a lk y la tio n , q u a te rn iz a tio n , n itro s a tio n , etc.).

In  th e  p re sen t p a p e r  th e  n itro sa tio n  re a c tio n s  o f seco n d ary  N -ary lg lyco- 
sy lam ines, as well as th e  p re p a ra tio n , p ro p e rtie s  an d  s tru c tu re  d e te rm in a tio n  
o f N -n itro so  d e riv a tiv e s  a re  rep o rted .

Preparation of N-nitroso derivatives of N-arylglycosylamines

B ecause of th e  s e n s itiv ity  o f free-N -g lycosides to  acids [1, 2 ], th e ir  0 -  
a c e ta te s  were used  in  th e  n itro sa tio n  reac tio n s , w hich w ere e ffec ted  w ith  so
d ium  n itr i te  in g lacial ace tic  acid . I t  is know n  th a t  in g lacial ace tic  ac id  m e
d ium  th e  ac tu a l n i tro s a tin g  a g en t is N 20 3 fo rm ed  b y  th e  in te ra c tio n  o f  n i tr i te  
ion an d  se lf-p ro to n a ted  n itro u s  ac id ; th e  nucleoph ilic  a t ta c k  o f N , 0 3 m a y  resu lt 
in  C-, N- or 0 -n itro so  d e r iv a tiv e s  [3, 4, 5]. In  th e  case o f N -glycosides o f  a ro 
m a tic  p rim a ry  am ines, th e  p o ss ib ility  of n itro sa tio n  in  th e  para  o r ortho p o sitions 
o f  th e  a ro m atic  ring  sh o u ld  also be ta k e n  in to  acc o u n t, in a d d itio n  to  th e  reac tio n  
w ith  th e  N H  group . In  th e  com pounds ex am in ed , how ever, th is  p rocess was 
show n  to  p lay  no p a r t ,  a n d  th e  p ro d u c ts  o b ta in e d  w ere N -n itro so  d e riv a tiv e s .
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400 BOGNÁR, PUSKÁS: N-GLYCOSIDES, XVII

T h e  O -ace ty la ted  N -n itro so g ly co sy lam in es (II) a re  c ry s ta llin e  su b stan ces  
o b ta in a b le  in  h igh y ie ld s . T h e y  can be sap o n ified  w ith  sod ium  m eth o x id e  
a c c o rd in g  to  Ze m p l é n , to  g ive  acety l-free  N -n itro so  d e r iv a tiv e s  (III). O f th ese , 
h o w e v e r , only  th e  free  N -n itro so -N -a ry lg ly co sy lam in es  c o n ta in in g  pen to se  
(a ra b in o se  or xylose) w ere  iso la te d  as c ry s ta llin e  p ro d u c ts ;  th e  a ldohexose 
d e r iv a tiv e s  are s tro n g ly  h y g ro sco p ic  am orphous su b stan ces . R e -ace ty la tio n  
g a v e , how ever th e  c ry s ta llin e  s ta r t in g  ace ta tes , a n d  c ry s ta llin e  b en za l d e r iv 
a t iv e s  (IV) could also b e  p re p a re d  from  th e  free  N -n itro so  d e riv a tiv e s  [12].

S im ilarly  to  N -g ly co sid es  ace ty la ted  in  th e  su g a r  m o ie ty , th e  O -m eth y l 
e th e r  d e riv a tiv es  can  also  b e  n itro sa ted .

C a ta ly tic  h y d ro g e n a tio n  w ith  Pd/C  rem oved  th e  n itro so  g roup  from  com 
p o u n d  3b (Table I) an d  N -/» -to ly l-te tra -0 -ace ty l-D -g lu co sy lam in e  w as o b ta in ed .

In  th e  in fra red  s p e c tra  o f b o th  th e  free  a n d  a c e ty la te d  or benzal-N - 
n itro s o  derivatives c h a ra c te r is tic  N— N = 0  b a n d s  a p p e a r  a t  1420— 1380 
c m - 1 , 1240—1260 c m -1 , 13 0 0 — 1330 c m -1 a n d  1130 c m -1  freq u en cy  values 

T h e  abso rp tio n  m a x im a  o f th e ir  u ltra v io le t sp e c tra  a re  sh ifted  to w ard s 
s h o r te r  w avelengths b y  25— 70 nm  as co m p ared  w ith  th e  p a re n t  co m pounds; 
th u s ,  N -n itro sa tio n  re su lts  in  a hypsochrom ic sh if t.

T h e  d a ta  in  T ab le  I  sh o w  th a t  la e v o ro ta to ry  /9-anom eric O -ace ta tes  give 
d e x tro - ro ta to ry  co m p o u n d s  o n  b o th  N -a c e ty la tio n  a n d  N -n itro sa tio n ; fu r th e r  
o n , id e n tic a l N -n itro so  a n d  N -a c e ty l d e riv a tiv es  a re  o b ta in e d  on th e  a c e ty la tio n  
o r  n itro sa tio n  of e ith e r  a- o r  уЗ-anom eric N -a ry l-g ly co sy lam in e  O -ace ta tes .

Chemical evidence of the N-nitroso structure of the compounds

In  add ition  to  th e  a n a ly tic a l, in fra red  a n d  u ltra v io le t spec tro scop ic  
re s u l ts ,  th e  s tru c tu re s  o f  th e  com pounds w ere also p ro v ed  chem ically ; e.g., 
in  th e  case of N -n itro so -N -p -n itro p h en y l-D -g lu co p y ran o sy lam in e , th is  w as car-
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Table I

Specific rotations o f N-glycoside derivatives

No. Compound
[<x]d values

a b e d e / g

i . N-Phenyl-D-glucopyranosylamine +  216 +  24 +  63 +  145 +  88*
2. N-Phenyl-a-D-galactopyranosylamine +  205 +  48 + 9 6

N-Phenyl-/l-D-gaIactopyranosylamine — 34.1 + 48 + 9 6 ’
3. N-p-Tolyl-D-glucopyranosylamine —  78 +  17 +  64.2 +  58
4. N-p-Tolyl-D-galactopyranosylamine — 53 +  36 +  82 +  66
5. N-p-Bromophenyl-a-D-glucopyranosylamine +  168 +  16 +  64

N-p-Bromophenyl-^-D-glucopyranosylamine — 65 +  16 +  64 +  51

6. N-p-Bromophenyl-a-D-galactopyranosylamine +  189 + 3 6 +  85

N-p-Bromophenyl-/?-D-galactopyranosylamine —  53 +  36 +  85 +  70 -1 2 3 .3 +  110*

7. N-p-Nitrophenyl-D-glucopyranosylamiiie — 204 +  93 +  115 +  87
8. N-p-Nitrophenyl-D-glucopyranosylamine —  70 +  125 +  160
9. N-p-Tolyl-D-xylopyranosylamine —  25 +  26.5 +  32 — 128

10. N-p-Bromophenyl-D-xylopyranosylamine —  23 +  6.5 +  36 — 62 +  36
11. N-p-Bromophenyl-L-arabinopyranosylamine +  70 +  48 - 7 1 + 7 2 — 73
12. N-p-Chlorophenyl-D-xylopyranosylamine — 25 + 7 +  35 — 62 +  35
13. N-p-Chlorophenyl-L-arabinopyranosylamine +  75 +  56.5 — 90 +66.8 — 90

14. N-p-Nitrophenyl-D-xylopyranosylamine -  37 +  15.6 +  117 + 7 9

15. N-p-Nitrophenyl-L-arabinopyranosylamine +  130 +  171.4 +  140 +  257

* c =  1, in 96% ethanol; c =  1, in pyridine
The values of optical rotation in the columns refer to:
(a) Compound, acetylated in the sugar moiety [6—10]; (b) N-nitroso, acetylated in the sugar moiety; (c) N-acetyl, acetylated iu the sugar 

moiety; (d) N-nitroso, non-acetylated; (e) N-acetyl, non-acetylated in the sugar moiety [13—15]; ( / ) methylated in the sugar moiety [11]; (g) 
N-nitroso-N-glycosides methylated in the sugar moiety.
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402 BOGNÁR, PUSKÁS: N-GLYCOSIDES, XVII

r ie d  o u t  as  follows. The free  N -iiitro so -N -g ly co sid e , o b ta in ed  b y  sap o n ific a tio n  
o f  th e  O -a c e ta te  w ith  C H 3O N a, w as tr e a te d  w ith  d ilu te  acid ; n itr ic  a c id  w as 
l ib e ra te d  a n d  a p re c ip ita te  se p a ra te d  a t  ro o m  te m p e ra tu re , o r m ore  re a d ily  
on  h e a t in g .  In  th e  course o f th e  re a c tio n , D -glucose, n itro b en zen e , p -n itro -  
p h e n o l, p -n itro a n ilin e  a n d  4 ,4 ’-d in itro d iazo am in o b en zen e  w ere fo rm ed .

T h e  com pounds w ere  id e n tif ie d  as d esc rib ed  in  E x p e rim e n ta l.
T h e  ra tio  and  a m o u n ts  o f  th e  p ro d u c ts  fo rm ed  depended  on  th e  c o n d i

tio n s  o f  th e  hydro lysis ( te m p e ra tu re  a n d  tim e  o f h ea tin g ). F o r ex a m p le , th e  
a m o u n t  o f  p -n itro p h e n o l in c reases  w ith  in c rea s in g  te m p e ra tu re  a n d  d u ra tio n  
o f h e a t in g  a t  th e  expense  o f  th e  d iazo  co m p o u n d .

T h e  fo rm atio n  o f th e  deco m p o sitio n  p ro d u c ts  tak es  p lace a cco rd in g  to  
th e  fo llo w in g  reac tio n  e q u a tio n s :

4

III F IIIG

T h e  hydro lysis p ro d u c ts , N -n itro so -p -n itro an ilin e  an d  its  ta u to m e r ic  
fo rm , iso n itro sam in e  ( Ш В ) ,  are  n o t s ta b le  even  a t  room  te m p e ra tu re  [16]. 
T r e a tm e n t  w ith  d ilu te  h y d ro ch lo ric  ac id  g ives p a r tly  p -n itro p lie n y ld ia z o n iu m  
c h lo r id e  (IIIC) w hich  is h y d ro ly z e d  to  p -n itro p h e n o l (H ID );  on  th e  o th e r  h an d , 
in  aq u e o u s  m edium  ( I I IB )  is decom posed  in  an  equ ilib rium  re a c tio n  to  y ield
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p -n itro a n ilin e  (IIIE ) a n d  n itro u s  ac id . T h e  reac tio n  o f p -n itro a n il in e  w ith  
N -n itro so -jp -n itroan iline  or p -n itro p h e n y ld ia z o n iu m  chloride re su lts  in  4 ,4 ’- 
d in itro d iazo am in o b en zen e  (IIIF ). T h e  l a t te r  is hyd ro lyzed  b y  h o t  acid  to  
n itro b e n z e n e  (IIIG ).

T h e  o th e r co m p o u n d s  in  G roup  d  o f T ab le  I  also decom pose  in  a  sim ilar 
w ay  on  t r e a tm e n t  w ith  h o t d ilu te  aq u eo u s  acids.

T h e  N -n itro so  s tru c tu re  o f th e  co m p o u n d s  an d  th e  f ir s t  s te p  o f  th e  above 
h y d ro ly tic  reac tio n , i.e ., th e  fo rm a tio n  o f n itro sam in e  or iso n itro sa m in e  and  
th e  d iazo n iu m  sa lt, a re  also con firm ed  b y  th e  ex p erim en ta l fa c t t h a t  th e  ace ty l- 
free  com pounds I d  a n d  7d can  be coup led  w ith  /З-n ap h th o l in  th e  sam e  w ay  
as u su a l in  th e  p re p a ra tio n  o f azo dyes; th e  re a c tio n  resu lts  in  th e  co rre sp o n d 
ing  azo  dyes, i.e ., pheny lazo -/? -n ap h th o l a n d  p -n itropheny lazo -/?-naph t.ho l.

HO

T h e  reac tio n s d iscussed  v e rify  u n am b ig u o u s ly  th a t  th e  s ite  o f  n itro sa tio n  
is th e  n itro g e n  a to m  o f  th e  N -glycoside, a n d  n itro sa tio n  of th e  b en zen e  ring  
a t  p a ra  p o s itio n  does n o t  occur in  th e  case o f  N -pheny l-D -g lycosy lam ine  d e 
r iv a tiv e s , e ith er.

F u r th e r  in v es tig a tio n s  on th is  g roup  o f com pounds, as w ell as th e  e lu 
c id a tio n  o f  th e  an o m erism  cond itions b y  m ean s  of spectroscopic  m e th o d s  are 
in  p ro g ress  an d  will b e  re p o rte d  in a fo rth c o m in g  p ap er.

E x p erim en ta l

Preparation of N-nitroso-N-arylglycosylamines acetylated in the sugar moiety

The ^-anomer or an anomeric mixture of the N-glycoside-O-acetate (0.01 mole) was 
dissolved in five parts of glacial acetic acid and solid sodium nitrite (0.03 mole) was added to 
the solutions, with stirring, during 1 hr at room temperature. The reaction mixture was poured 
onto 100 parts of crushed ice, under stirring; the yellowish product which precipitated was 
filtered off and washed with cold water until free from acid. The air-dry product was recrystal
lized from ethanol in the presence of decolorizing carbon (Table II).

Preparation of N-nitroso-N-arylglycosylamines

The N-nitroso-N-arylglycosylamine acetylated in the sugar moiety was dissolved in a 
minimum am ount of absolute methanol or a mixture of absolute chloroform at room tempera
ture and it was saponified with a catalytic amount of O.liY sodium methoxide. The reaction 
mixture was allowed to stand at room temperature for 30 min, then at 0 °C for 24 hrs. After
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Table II

Symbol Compound
Yield,

%
M.p.,

°c
N % C % H %

Calcd. Found Calcd. Found Calcd. Found

lb N-Nitroso-N-phenyl-2,3,4,6-tetraacetyl-D-glucosylamine 78 105 6.19 6.16 53.09 53.20 5.34 5.24

2b N-Nitroso-N-phenyl-2,3,4,6-tetraacetyl-D-galactosylamine 76 102 6.19 6.24 53.09 53.23 5.34 5.12

3b N-Nitroso-N-p-tolyl-2,3,4,6-tetraacetyl-D-glucosylamine 69 115— 6 6.01 6.05 54.07 53.97 5.61 5.73

4b N-Nitroso-N-p-tolyl-2,3,4,5-tetraacetyl-D-galactosylaminc 75 105 6.01 6.00 54.07 54.27 5.61 5.78

5b N-Nitroso-N-p-bromophenyl-2,3,4,6-tetraacetyl-D-glucosylamine 68 132 5.27 5.20 45.19 45.28 4.36 4.34

6b N-Nitroso-N-p-bromophenyl-2,3,4,6-tetraacetyl-D-galactosylamine 62 116 5.27 5.29 45.19 45.38 4.36 4.43

7b N-Nitroso-N-p-nitrophenyl-2,3,4,6-tetraacetyl-D-glucosylamine 72 160 8.41 8.43 48.29 48.41 4.66 4.69

8b N-Nitroso-N-p-nitrophenyl-2,3,4,6-tetraacetyl-D-galactosylamine 65 142 8.41 8.30 48.29 48.26 4.66 4.49

9b N-Nitroso-N-p-tolyl-2,3,4-triacetyl-D-xylosylamine 56 100 7.10 7.28
10b N-Nitroso-N-p-bromophenyl-2,3,4-triacetyl-D-xylosylamine 67 121 6.10 6.25
lib N-Nitroso-N-p-bromophenyl-2,3,4-triacetyl-L-arabinosylamine 58 119— 20 6.10 5.98
12b N-Nitroso-N-p-chlorophenyl-2,3,4-triacetyl-i>-xylosylamme 74 11 9 -2 1 6.75 7.00
13b N-Nitroso-N-p-chlorophenyl-2,3,4-triace tyl-L-arabinosylamine 60 108—9 6.75 6.92

14b N-Nitroso-N-p-iiitrophenyl-2,3,4-triacetyl-D-xylosylamine 78 161 9.88 9.69

15b N-Nitroso-N-p-nitrophenyl-2,3,4-triacetyl-L-arabinosylamine 70 131— 2 9.88 9.75

!g N-Nitroso-N-phenyl-2,3,4,6-tetra-0-methyl-D-glucosylamme 58 82.5—  
83.5

8.23 8.31

5g N-Nitroso-N-p-bromophenyl-2,3,4,6-tetra-0-methyl-D-galactosylamine 65 87— 88 6.67 6.52
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this the solution was neutralized with glacial acetic acid and evaporated to dryness on a water 
bath at 40 °C in vacuum. In the presence of aldohexose sugar components, hygroscopic yellow 
foams were obtained which could not be crystallized. If the sugar com ponent was an aldo- 
pentose, the solid residue was dissolved in pyridine, treated with decolorizing carbon and ev
aporated to dryness in vacuum; then some absolute ethanol was added to it  repeatedly, and 
the mixture was evaporated to dryness to remove pyridine. Finally the product was crystallized 
(Table III).

Table III

Symbol Compound M.p.,
°c

9d N-Nitroso-N-p-tolyl-D-xylosyl amine 162
lOd N-Nitroso-N-p-bromophenyl-D-xylosylamine 156
12d N-Nitroso-N-/)-chlorophenyl-D-xylosylamine 147
14d N-Nitroso-N-p-nitrophenyl-D-xylosylamine
l id N-Nitroso-N-p-bromophenyl-L-arabinosylamine
12d N-Nitroso-N-p-chlorophenyl-L-arabinosylamine
15d N-Nitroso-N-p-nitrophenyl-L-arabinosylamine 136

Re-acetylation of N-nitroso-N-arylglycosylamines
The N-nitroso-N-arylglycosylamine was acetylated with 10 parts o f acetic anhydride 

and 10 parts of absolute pyridine at room temperature for 24 hrs; the N-nitroso-N-arylglycosyl- 
amines acetylated in the sugar moiety were obtained in high yields. The reaction mixture 
was poured onto 100 parts of crushed ice, the product which separated was filtered off and 
washed with cold water until free from acid. The air-dry product was recrystallized from etha
nol or methanol using decolorizing carbon.

Benzal derivatives of N-nitroso-N-aryl-D-glycosylamines
The N-nitroso-N-aryl-D-glycosylamine (0.003 mole) was shaken w ith  freshly distilled 

benzaldehyde (0.025 mole) and freshly ignited zinc chloride (0.005 mole) in a closed vessel for 
5 hrs. Ice-water, then petroleum ether were added to the mixture. The solid product was fil
tered off and washed with cold water and petroleum ether. The air-dry substance was treated 
with decolorizing carbon and recrystallized from ethanol. The data of the compounds are given 
in Table IV.

Hydrolysis of N-nitroso-N-arylglycosylamines
N-Nitroso-N-arylglycosylamines can be hydrolyzed in 1—5% aqueous hydrochloric 

acid solution by heating on a water bath at 80 C for 5 min, then allowing the mixture to stand 
at room temperature. During hydrolysis a copious precipitation occurs, accompanied by a 
characteristic smell. The nitrous acid formed was detected with a paper impregnated with 
potassium iodide and starch. The hydrolysate was cooled to 0 °C and filtered.

The sugar content of the filtrate was examined quantitatively by m eans of paper chro
matography. Schleicher— Schiill 2043 b Mgl paper and n-butanol—pyridine—water ( 6 : 4 : 3 )  
solvent mixture were used; the development took 28 hrs; the spots were detected with aniline 
hydrogen phthalate, and heating to 105 °C for 10 min; the expected amount of D-glucose was 
found by means of measuring the spot weight.

The filtrate was extracted with ether, treated with decolorizing carbon, concentrated 
to one-fourth of its volume, and the corresponding phenols were identified after recrystalliza
tion on the basis of their melting points and mixed melting points; TLC was used for the identi
fication of the amines (Merck Kieselgel G layer; benzene developing solvent; 1% aqueous 
FeCl3 reagent for the detection of phenols; diazotization and dye-coupling reactions were used 
for the detection of amines, beside standard substances).

The precipitate was crystallized from methanol, acetone or benzene after repeated treat
ment with decolorizing carbon. The orange-yellow product had indicator properties. Its 
0.1% alcoholic solution had lemon-yellow and cherry-red colours in acid and alkaline media.

5* Ada Chim. (Budapest) 76, 1973
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N % C % H %

Calcd. Found Calcd. Found Calcd. Found

1. N-Nitroso-N-phenyl-4,6-benzal-D-glucosylamine 45 123 —84 7.51 7.39
2. N-Nitroso-N-p-tolyl-4,6-benzal-D-gliicosylamiiie 38 86 —46.6 7.25 6.96
3. N-Nitroso-N-p-brornopheiiyl-4,6-benzal-D-glucosylamine 35 80 —70 6.20 5.98
4. N-Nitroso-N-p-bromophenyl-4,6-benzal-D-galactosylamine 40 92 — 18 6.20 6.00
5. N-Nitroso-N-p-nitrophenyl-4,6-benzal-D-glucosylamine 49 176 +  37.3 10.07 10.02 52.41 52.50 4.87 4.80
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respectively. The pH range of the colour change was 11.07— 11.57 determined in glycine NaCl 
NaOH buffer solution according to Sorensen. The compound was found to be 4 ,4’-dinitro- 
diazoaminobenzene by comparison of its TLC, IR, UV and melting point data with an authentic 
sample.

Preparation of phenylazo-jS-naphthol from N-nitroso-N-phenylglyeosylamines

N-Nitroso-N-phenylglycosylamine (0.001 mole) was dissolved in 10% hydrochloric 
acid (2.5 ml) and the solution was cooled to 0 °C. /S-Naphthol (0.144 g; 0.001 mole) was dissolved 
in 10% sodium hydroxide (0.83 ml) and the solution placed into an ice bath. The cold acid 
solution of the N-nitroso compound was added to it slowly, dropwise, under stirring. A red 
colour appeared, then a red substance precipitated. The reaction mixture was allowed to stand 
in ice for 30 min, then filtered off and the precipitate washed with cold water. The air-dry 
product was recrystallized from ethanol after treatm ent with decolorizing carbon, to obtain 
0.03 g of the product, m.p. 130 °C (lit. in.p. 131 °C). The substance was run on a Kieselgel G 
thin layer in benzene together with authentic phenylazo-/?-naphthol; the samples were found 
to be identical.

p-Nitrophenylazo-/?-naphthol (Para Red)

This compound was obtained from N-nitroso-N-p-nitrophenylglycosylamines accord
ing to the procedure given for the preparation of Para Red [17]. Recrystallization from to
luene gave 0.05 g of tbe product, m.p. 246 °C (lit. m.p. 246—48 °C). The product was identical 
with an authentic sample on the basis of TLC (Kieselgel G; benzene).

Preparation of N-nitroso-N-arylglycosylamines methylated in the sugar moiety

Nitrosation was carried out in the same way as in the case of acetyl derivatives. The 
nitroso derivatives were extracted with CHC13 after having poured the reaction m ixture onto 
ice. The combined extracts were dried over Na„SO,, and evaporated to dryness on a water bath  
at 40 °C in vacuum. The residue was dissolved in petroleum ether, b.p. 60—80 °C, treated 
w ith  decolorizing carbon, and the crystalline product was obtained on cooling.

*
The authors’ thanks are due to the Hungarian Academy of Sciences for supporting this 

work, to Dr. É. D á v id -R á k o si for the analyses, and to Mr. G. H orváth for his assistance in 
the work on pentosides.
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DEHYDRATION OF 1,3-DIOLS ON METAL CATALYSTS 
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The experimental results of the dehydration of 1,3-diols of various structures 
on copper catalysts are reported. The experimental work leads to the finding that a 
suitably prepared copper catalyst catalyzes the dehydration of 1,3-diols. Depending 
on the structure of the diol, three main reactions take place: the formation o f oxo com
pounds with the same number of carbon atoms as those of the diol, 1,2-elimination 
and fragmentation processes.

It has been experimentally confirmed that the transformation of the diols with 
the accompanying formation of oxo compounds can be observed not only on the vi
cinal diols but, with the change of the experimental conditions, on certain types of
1,3-diols too.

In  th is  p a p e r we dea l w ith  th e  in v e s tig a tio n  o f th e  tra n s fo rm a tio n s  of
1 .3- diols on m eta l c a ta ly s ts . T h is is a tim e ly  p ro b lem , n o t o n ly  b e cau se  o f its  
p ra c tic a l im p o rtan ce , b u t  also because  a t  th e  beg in n in g  o f o u r s tu d ie s  b o th  th e  
g en era l reg u la ritie s  o f th e  d e h y d ra tio n  o f  1 ,3-diols an d  th e  d e h y d ra tin g  ab il
itie s  o f m e ta l c a ta ly s ts  w ere o ften  d iscussed  a n d  in te rp re te d  in  th e  l i te r a tu r e  in 
a n  in c o rre c t m an n er. W ith  a few  ex cep tio n s, th e  reason  fo r th is  is seen  in  th e  
la c k  o f  su itab le  e x p e rim e n ta l d a ta  an d  in  th e  fac t th a t  th e  e x p e rim e n ta l 
re su lts  w hich  h a d  been  o b ta in e d  w ere n o t an a ly zed  in  th e  b es t w ay .

U p to  th e  p re sen t no reg u la ritie s  o f  gen era l v a lid ity  have  b een  p u t  fo rw ard  
fo r th e  possib le tra n sfo rm a tio n s  o f 1,3-diols (we d isregard  th e  in c o rre c t a sse rtio n  
o f te n  c ited  in  organic ch em is try  te x tb o o k s  t h a t  u n d e r cond ition  o f  d e h y d ra tio n
1 .3 - diols a re  co n v erted  m ain ly  to  cyclic e th e rs ) . I t  m u st be s tre sse d  a t  once 
t h a t  th e  d e h y d ra tio n  of 1,3-diols m o stly  does n o t lead  to  th e  fo rm a tio n  of 
cyclic  e th e rs . I t  is possib le , how ever, to  f in d  l i te ra tu re  d a ta  [1— 4] w hich 
d escribe  th e  fo rm atio n  o f u n s a tu ra te d  alcoho ls, dienes, oxo co m p o u n d s  an d  
v a rio u s  frag m en ts  on th e  d e h y d ra tio n  o f  1,3-diols.

F ro m  a su rv ey  o f th e  l i te ra tu re  i t  can  be  estab lished  t h a t  th e re  h av e  
b een  a t te m p ts  in  th e  field  o f  1,3-diols to  sy s te m a tiz e  th e  vario u s e x p e rim e n ta l 
d a ta  an d  to  d raw  ce rta in  gen era l conclusions from  these  [5, 6 ]. T h is w o rk  d id  
n o t  succeed , how ever, due  to  th e  c o n tra d ic to ry  ex p erim en ta l re su lts . S ince 
new  ex p erim en ta l d a ta  re la te d  to  th is  w ere n o t o b ta in ed , it  w as n o t  possib le  
e i th e r  to  s tu d y  fo r exam ple  w h e th e r th e  p in aco l ty p e  re a rra n g e m e n t c a n  be 
e x te n d e d  to  th e  en tire  fam ily  o f diols. I t  is c e r ta in  th a t  progress is n o t  a ss is ted

* Part X X X : Acta Phys. ct Chein. Szeged, 18, 85 (1972)
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b y  f in d in g s  such as th o se  w h ich  consider th e  tra n s fo rm a tio n  of 1,2-diols w ith  
th e  a cco m p an y in g  fo rm a tio n  o f  oxo com pounds as a fe a tu re  o f v ic in a l d io ls, 
s e p a ra te  v ic in a l glycols q u ite  rigorously  from  o th e r  d iols, an d  hence  t r y  to  
c o m p a re  th e  tra n s fo rm a tio n s  o f 1,3-diols p a r t ic u la r ly  to  th e  reac tio n s o f 1,4- 
an d  1,5-diols.

D e ta ile d  accoun ts w ere  g iven  in  ou r ea rlie r w o rk  [7— 10] of th e  e x p e ri
m e n ta l  re su lts  on th e  d e h y d ra tio n  of 1 ,3 -p ropaned io l a n d  1 ,3 -b u tan ed io l in  th e  
p re se n c e  o f  various m e ta l  c a ta ly s ts . This w ork  h a s  led  to  th e  fin d in g  t h a t  th e  
m o s t a c tiv e  of th e  R a n e y  ty p e  m eta l c a ta ly s ts  is Cu/A l. In  o rd e r to  p ro v e  
th e  c a ta ly t ic  role of th e  c o p p e r , and  also fo r p re p a ra t iv e  purposes, a s tu d y  w as 
m a d e  o f  th e  d e h y d ra tio n  o f  1 ,3 -bu taned io l w ith  co p p e r c a ta ly s ts  on a lu m in iu m  
ox id e  a n d  silica gel s u p p o r ts . I t  tu rn e d  o u t d u r in g  th e se  stud ies th a t  as reg a rd s  
its  a c t iv i ty ,  cycle-tim e a n d  life -tim e , th e  co p p er c a ta ly s t  on a silica gel s u p p o r t 
p re p a re d  b y  a su itab le  ch o sen  m eth o d  is b e t te r  t h a n  th e  Cu/Al c a ta ly s t , a n d  its  
s e le c tiv ity  does n o t d ec rea se  e ith e r . I t  could th e re b y  be  p roved  th a t  th e  c a ta 
ly tic  e ffec t can be a t t r ib u te d  to  th e  a p p ro p ria te  fo rm  o f copper. On th e  ab o v e  
b as is  a p rocedure  w as d ev e lo p ed  [11] for th e  p re p a ra tio n  of m e th y l e th y l 
k e to n e  fro m  th e  C3 f ra c t io n :  b y  m eans of th e  P rints re a c tio n  [12] th e  p ro p y len e  
c o n te n t  o f th e  C3 f ra c t io n  is co n v erted  w ith  fo rm a ld e h y d e  to  1 ,3 -b u tan ed io l, 
u s in g  ca tio n -ex ch an g e  re s in s  as ca ta ly s t.

T h e  1 ,3 -b u tan ed io l c a n  be d e h y d ra te d  to  m e th y l e th y l k e to n e  an d  
b u ty ra ld e h y d e  on a Cu/SiO., c a ta ly s t a t 200— 250 °C.

T h e  p resen t p a p e r  re p o r ts  th e  e x p e rim e n ta l re su lts  of th e  d e h y d ra tio n  
o f  1 ,3-d io ls of v a rio u s  s tru c tu re s  on m e ta l c a ta ly s ts . T he fo llow ing m odel 
c o m p o u n d s  were se lec ted  fo r  th e  s tu d y  o f th e  d e h y d ra tio n  of th e  1,3-diols. 
S om e o f these  (I, IV—VIII, X—XIV) w ere co m m erc ia l p ro d u c ts , w hile  o th e rs  
(II, III, IX, XV—XVII) w ere  p rep ared  b y  o u rse lv es  on  th e  basis of l i te ra tu re  
m e th o d s .

D iprim ary 1,3-diols [13]: 

R R'

CH„— C— CH.,
I I
OH OH

I II i n IV V VI VII

R H i-Pr Bu Me Me Et Et
R' H H H Me Pr Et Bu

Primary-secondary 1,3-diols:

R R'
\ /

СН,—C— CH— R"

OH
I

OH

VIII IX X XI

R H H H Me
R' H H Et Me
R" Me Ph Pr i-Pr
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Disecondary 1,3-diols:

R"
I

R—CH— CH— CH— R'
I I
OH OH

Х Л X III XIV

R Me Me Me
R ' Me Me Me
R" H Me Pr

P r im a ry - te r tia ry , se c o n d a ry - te rtia ry  an d  d ite r t ia ry  1,3-diols:

CH„-
/C H 3 

-С Н ,— c< CH3— CH-
/C H 3

-CH.,—c<
CH34

>C— CH„-V
1 1 X CH3 1 \C H 3 С Н /  1 lx <
OH OH OH OH OH OH

XV XVI XVII

T he d e h y d ra tio n  o f  th e  1,3-diols lis ted  w as s tu d ied  m a in ly  on Cu/Al and  
C u /S i0 2, and  also on  P t/C  c a ta ly s ts . T he re a c tio n s  w ere ca rr ied  o u t in  a con
tin u o u s  system  a t  150— 300 °C in th e  a p p a ra tu s  described  ea rlie r [7]. The 
d esc rip tio n  of th e  m e th o d  o f in v es tig a tio n  a n d  th e  p re p a ra tio n  o f th e  ca ta ly s ts  
can  also be found  in  e a r lie r  papers [7, 11, 14]. In  a d d itio n  to  th e  above, we 
also ca rried  o u t th e  tra n s fo rm a tio n  of 1 ,3 -b u tan ed io l on  p la t in u m , pallad ium  
an d  rh o d iu m  c a ta ly s ts  on  a th e rm o lite  (T) ca rr ie r , using  an  im p u lse  techn ique.

T h e  ex p e rim en ta l re su lts  a re  su m m arized  below . D u rin g  th e  tra n s fo r
m a tio n  of th e  1,3-diols on  Cu/Al an d  C u /S i0 2 c a ta ly s ts  it  w as p ossib le  to  observe, 
d ep en d in g  on th e  s t ru c tu re  o f th e  diol, th e  th re e  m ain  re a c tio n  p a th s  ou tlined  
in  th e  follow ing sch em e:

I . S p littin g  o f th e  m olecule in to  tw o p a r ts ;  th is  is th e  ch a ra c te ris tic  
d irec tio n  of decom p o sitio n  in th e  tra n s fo rm a tio n  m ain ly  o f  p o ly su b s titu te d
1,3-diols on C u /S i0 2 a n d  C u/A l c a ta ly s ts . T h e  p ro b a b ility  o f  th e  o ccu rren ce  of
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th is  p ro c e ss  increases w ith  th e  o rd e r  o f b o th  th e  ca rb o n  a to m s b ea rin g  th e  
h y d ro x y l  groups (w ith th e  e x c e p tio n  o f th e  d i te r t ia ry  dio ls), an d  th e  ca rb o n  
a to m  a t  position  2 .

I I .  In tra m o le c u la r  d e h y d ra tio n  accom panied  b y  th e  fo rm a tio n  o f oxo 
c o m p o u n d s  w ith  th e  sam e n u m b e r  o f carbon  a to m s as th e  dio ls; th is  p rocess is 
c h a ra c te r is t ic  for th e  p r im a ry -se c o n d a ry , d iseco n d a ry  a n d  p r im a ry - te r t ia ry  
d io ls , m a in ly  in those cases w h e re  th e re  are no su b s ti tu e n ts  on th e  ca rb o n  
a to m  a t  position  2 .

F ig. 1. Variation of the conversion of 2-methyl-2,4-pentanediol (1) and 2,4-dimethyl-2,4- 
pentanediol (2) as a function o f the volume flow rate, on a Cu/Al catalyst, at 224 °C

I I I .  1 ,2-elim ination  p ro cesses  re su ltin g  in  th e  fo rm a tio n  o f a , /3 -u n sa tu ra t- 
ed  a lco h o ls  and  dienes; th e s e  can  be  observed  o n ly  in  th e  case o f  d i te r t ia ry  
d io ls  n o t  contain ing  s u b s t i tu e n ts  on  the  carb o n  a to m  a t  positio n  2 .

T h e  experim en ta l re s u lts  serv in g  as th e  basis  o f  th e  above conclusions 
c a n  b e  fo u n d  in T ab le  I ,  fo r  som e o f th e  m odel co m p o u n d s.

F ro m  a com parison  o f  th e  d a ta  re la tin g  to  co m pounds XVI an d  XVII 
o f  T a b le  I  w ith  th e  e x p e r im e n ta l d a ta  given in  F ig . 1, i t  c an  be seen t h a t  for 
th o s e  1,3-diols (d ite r tia ry  1 ,3-d io ls) w here as a re su lt o f th e  s tru c tu re  o f th e  
m o le c u le  deh y d ro g en a tio n  is  a  h in d ered  p rocess, th e  e lim in a tio n  o f w a te r  
le a d in g  to  th e  fo rm a tio n  o f  u n s a tu ra te d  alcohols a n d  dienes becom es th e  
d e te rm in in g  reaction  d ire c tio n  a n d  is fa s te r th a n  th e  fra g m e n ta tio n , even  in  th e  
ca se  o f  m e ta l c a ta ly sts .

T h e  th ree  p rim a ry  p ro cesses  given above (I , I I ,  I I I )  a re  follow ed b y  th e  
h y d ro g e n a tio n , d e h y d ro g e n a tio n , d eca rb o n y la tio n , d e h y d ra tio n  (fo rm atio n  of 
d ie n e s  in  th e  case o f d i te r t ia r y  diols), an d  d eco m p o sitio n  of th e  p r im a ry  
p ro d u c ts ,  and by  in te rm o le c u la r  h y d ro g en a tio n —d e h y d ro g en a tio n  processes
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Table I

M ain directions o f the transformation o f 1,3-diols on а Си A l catalyst 
(volume flow  rate 0.1 h r-1; temperature 200— 250 °C; conversion 100°/o)

Formula
Yield of fragmen
tation products 

(%)

Yield of oxo 
compounds with 
same number of 
carbon atoms as 

diol 
(%)

CH„— CH„—CH.,
I ■ ■ 1 I

OH OH
10 80

i-C3H7
1

CH„— CH—CH„ II 
1 1 

OH OH

40 60

CH3 CH3
\ /

CH„— C— CH„ IV 
1 1 

OH OH

90 0

CH„— CH„— CH— CH 3 
1 1 VIII 

OH OH
min. 95

CH„— CH-—CH—C6H5 
1 1 IX 

OH OH
30 60

C2H5
1

CH„— CH— CH— C3H7 X 
1 1 

OH OH

85 15

CH3 CH3
\ /

CH.,—C—CH—i—C3H. XI 
1 1 
OH OH

90 0

/C H 3
C H — CH„— C< XV 

| \ C H 3
OH OH

75 15

CH3— CH— CH2— CH— CH3 
1 1 ОН ОН XII

35 65
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Table I (cont.)

Formula
Yeld of fragmen
tation products 

(%)

Yield of oxo 
compunds vith 
same number of 
carbon atoms as 

dioi 
(%)

CH 3— CH— CH— CH— CH 3
1 1 1

OH CH3 OH XIII
80 0

CH3— CH— CH—CH— C3H7

OH CH3 OH XIV
95 0

/ C H 3
CHo— CH— CH,— C<f XVI 

I • | \ C H 3 
OH OH

95 0

CH34 X H 3
>C CH„— C< XVII 

C H / I  . ■ | \ C H 3 
OH OH

0 0*

* 40% dimethyl isobutenyl carbinol and 60% 2,4-dimethyl-l,3-pentadiene are formed.

as se c o n d a ry  re a c tio n s . T he role o f th e  s e c o n d a ry  tra n sfo rm a tio n s  becom es 
m ore  im p o r ta n t  a t  h ig h e r tem p era tu res .*

I n  th e  in te rp re ta t io n  o f th e  m echan ism  o f d e h y d ra tio n  of 1 ,3-diols on  a 
C u/A l c a ta ly s t  im p o rta n c e  is a tta c h e d  to  th e  p ro cess  of d eh y d ro g en a tio n  of
1 ,3 -b u tan ed io l o b se rv ed  a t  low  conversions, in  th e  cou rse  of w hich th e  fo rm a tio n  
o f l-b u ta n o l-3 -o n e  co u ld  be  observed  w ith  h ig h  se lec tiv ity .

T h e  e x p e rim e n ta l re su lts  of th e  tra n s fo rm a tio n s  o f 1,3-diols on P t/C  an d  
P t/T  c a ta ly s ts  a re  su m m arized  below . T h e  a c t iv i ty  of p la tin u m  c a ta ly s ts  is 
low er th a n  th o se  of C u/A l a n d  C u /S i0 2 c a ta ly s ts . I n  th e  case of th e  P t/C  c a ta ly s t  
th e  m a in  d irec tio n s o f  th e  tra n s fo rm a tio n s  a re  e ssen tia lly  th e  sam e as th o se  
o b se rv ed  fo r co p p er c a ta ly s ts . T he low er a c t iv i ty  o f  th e  P t/C  c a ta ly s t, h o w ever, 
re q u ire s  a h ig h er re a c tio n  te m p e ra tu re , a n d  as a  re su lt  of th e  increase of th e  
r a te s  o f  th e  seco n d ary  processes, th e re fo re , th e  tra n s fo rm a tio n  proceeds w ith  
lo w er se lec tiv ity . A  s ig n if ic a n t difference c a n  b e  o b se rv ed  b e tw een  th e  t r a n s 
fo rm a tio n s  o f 1 ,3 -b u tan ed io l on P t/C  an d  P t /T  c a ta ly s ts . W hile m e th y l e th y l 
k e to n e  is fo rm ed  as th e  m a jo r p ro d u c t on  a P t/C  c a ta ly s t in a c o n tin u o u s  
sy s te m , a t  th e  sam e tim e  on a P t/T  c a ta ly s t  (u n d e r  th e  cond itions o f th e  
im p u lse  tech n iq u e) in  a d d itio n  to  th e  fo rm a tio n  o f  m e th y l e th y l k e to n e  (2 0 % ) 
a m u c h  la rg e r a m o u n t o f ace tone  (40% ) is also  o b ta in e d .

* It should be noted that in the absence of catalysts, but under otherwise identical ex
perimental conditions, the diols studied do not react.
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STUDY OF THE TRANSFORMATIONS OF 2-METHYL-OXACYCLOALKANES
ON METAL CATALYSTS

M. B a r t ó k , I .  T ö r ö k  and I . S zabó

(Department o f Organic Chemistry, A . József University, Szeged)
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The reactions of 2-methylethylene oxide, 2-methyloxcthane, 2-methyltetra- 
hydrofuran and 2-methyltetrahydropyran have been studied in the presence of Pt/T, 
Pd/T, Rh/T, Cu/Al, Ni/Al and Zn/Al catalysts, under identical experimental conditions, 
by the impulse technique. In the experimental work an analysis was made of the reac
tion directions which depend on the ring size and the catalyst: isomerizations to the 
corresponding aldehydes, ketones and unsaturated alcohols, and hydrogenolysis with 
the formation of the corresponding alcohols.

U n d er th e  in fluence  o f m e ta l c a ta ly s ts  oxacycloalkanes can  in  p rinc ip le  
isom erize  to  oxo com pounds an d  u n s a tu ra te d  alcohols, w hile on th e  ac tio n  of 
c a ta ly tic a lly  a c tiv a te d  h y d ro g en  th e y  m a y  undergo  h y d ro g en o ly sis , w ith  th e  
fo rm a tio n  of alcohols. B efore o u r in v e s tig a tio n s  w ere begun  (1958) o n ly  th e  
iso m eriza tio n  reac tio n s o f epoxides h a d  b een  rep o rted  and , th e re fo re , th e  o p in 
ion  h a d  evolved th a t  th e se  w ere c h a ra c te r is tic  o f epoxides in  g en e ra l [1]. 
O u r a im  w hich arose from  th is  (and  to w a rd s  w hich  we w orked  in  co o p e ra tio n  
w ith  th e  O rganic C ata lysis  G roup , O rgan ic  C hem istry  I n s t i tu te ,  A c a d e m y  of 
Sciences o f th e  U SSR ) w as th e  s tu d y  o f th e  reg u la ritie s  o f th e  iso m e riz a tio n  and  
h y d ro g en o ly sis  o f oxacy c lo a lk an es c o n ta in in g  low  num bers o f  c a rb o n  a to m s in  
th e  rin g s. In  th e  course o f th is  jo in t  re sea rch  we d e m o n s tra te d  th e  g enera l 
c h a ra c te r  o f th e  iso m eriza tio n  o f th e  o xacyc loa lkanes to  oxo co m p o u n d s  
[2— 8 ]. I t  m u st be s tressed  th a t ,  in sp ite  o f th e  fa c t th a t  reference  ca n  b e  found  
in  th e  p a te n t  l i te ra tu re  to  th e  iso m eriza tio n  o f oxacycloalkanes, th is  p rocess 
h a d  p rev io u sly  been  ex p e rim e n ta lly  con firm ed  an d  hence w as a sc ien tif ic a lly  
ac c e p ted  reac tio n  on ly  fo r epoxides [9— 11].

In  th e  p resen t p a p e r  we w ish to  re p o r t  ou r m ore re c e n t s tu d ie s  w hich  
w ere ca rr ied  o u t w ith  re g a rd  to  th e  iso m eriza tio n  o f 2-m e th y l-o x acy c lo a lk an es  
in  th e  p resence  o f va rio u s m e ta l c a ta ly s ts , a n d  w hich m ade use o f th e  p o ssib il
itie s  p ro v id ed  b y  th e  im pu lse  te c h n iq u e . In  o u r earlie r w ork th e  iso m eriza tio n  
o f th e  o x acycloalkanes h a d  Ьеец es tab lish ed  on ly  q u a lita tiv e ly  a n d  in  its 
m a in  ou tlin es , an d  on ly  th e  isom erizing  a c tiv i ty  of p la tin u m  c a ta ly s ts  h ad  
b een  s tu d ie d . In v e s tig a tio n s  w ere n o t m ad e  to  s tu d y  th e  tra n s fo rm a tio n s  of 
o x acy c lo a lk an es o f v a rio u s ring-sizes u n d e r th e  sam e ex p e rim en ta l co n d itio n s , 
n o r w ith  th e  ex p e rim en ta l p a ra m e te rs  en su red  b y  th e  im pulse  te c h n iq u e .
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O n  th e  above b as is  o u r  a im  was to  s tu d y  th e  b e h a v io u r  o f 2 -m eth y l- 
e th y le n e  oxide, 2-m e th y lo x a c y c lo h u tan e , 2 -m e th y lte tra h y d ro fu ra n  an d  2 - 
m e th y lte t r a h y d ro p y ra n  in  th e  p resence of p la t in u m , p a lla d iu m  an d  rh o d iu m  
c a ta ly s ts  on th e rm o lite  s u p p o r ts ,  an d  of R a n e y  ty p e  co p p er, zinc an d  n ickel 
c a ta ly s ts  (in  th e  fo llow ing m e ta l/T  and  m etal/A l) a t  150— 400 °C. T he s tu d ie s  
w ere  c a rr ie d  ou t w ith  th e  im p u lse  tech n iq u e , u s in g  h y d ro g en  as ca rr ie r  gas. 
T h e  im p u lse  tech n iq u e  d e sc r ib e d  earlier [12] w as m o d ified  m erely  in  th a t  
R a s o th e rm  glass w as se le c te d  as th e  s tru c tu ra l m a te r ia l  o f th e  m ic ro reac to r. 
T h e  d esc rip tio n  of th e  p r e p a ra t io n  of th e  c a ta ly s ts  u se d  in  th e  ex p e rim en ta l 
w o rk  a n d  of th e ir  in d iv id u a l p ro p e rtie s  can  be  fo u n d  in  o u r earlier p u b lica tio n s  
[12— 14]. In  th e  e x p e rim e n ta l w ork  we g en era lly  u se d  1 m l of th e  th e rm o lite  
s u p p o r te d  ca ta ly s ts  c o n ta in in g  10%  m eta l, a n d  0.2 m l o f  th e  R a n e y  ty p e  
c a ta ly s ts .  T he in te rn a l d ia m e te r  o f the  m ic ro re a c to r  w as 6 m m . T he e x p e ri
m e n ta l  m e th o d  consisted  in  th e  s tu d y  of th e  se lec ted  oxacycloalkanes u n d e r  
id e n t ic a l  exp erim en ta l p a ra m e te rs . The e x te n t o f co n v ersio n  of th e  in d iv id u a l 
c o m p o u n d s  was m easu red  as a function  o f te m p e ra tu re ,  an d  th e  p ro d u c ts  
fo rm e d  w ere d e te rm in ed  b o th  q u a lita tiv e ly  a n d  q u a n ti ta t iv e ly .

A n  accoun t of th e  e x p e rim e n ta l resu lts  no w  follow s. In  th e  p resence  of 
b o th  P t /T , P d /T , R h /T  a n d  N i/A l, Cu/Al, Z n/A l c a ta ly s ts  th e  conversion o f th e

^  С"- ^  O -
Fig. 1. Conversion (% ) of 2-methyloxacycloalkanes at 250 °C on various catalysts 

(1: Pt/T; 2: Rh/T; 3: Pd/T)
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2-m eth y lo x acy c lo a lk an es  v aries in  th e  fo llow ing  o rder: 4 > 3  > 5  ~ 6  (w here 
th e  n u m b ers  are  th e  n u m b ers  o f a to m s in  th e  ring) (Fig. 1).

B ecause o f th e  g re a te r  s tra in  o f th e  th re e -  and  fo u r-m em b ered  rings 
a n d  th e  easy  fra g m e n ta tio n  of th e  la t te r ,  th e  above o rder fo r th e  r a te  of 
d ecom position  can  read ily  be  ex p la in ed . As w ill be seen la te r , th e  d iffe ren t 
effects o f th e  c a ta ly s ts  on th e  s tab ilitie s  o f th e  cyclic e thers can  b e  c o rre la ted  
m a in ly  w ith  th e  v a rio u s  tra n s fo rm a tin g  d irec tio n s . The m ost a c tiv e  a re  th e  
h y d ro g e n a tin g  P t/T , R h /T  and  N i/A l c a ta ly s ts .

T he m ain  p ro d u c ts  of 2 -m eth y lo x acy c lo a lk an es on th e  above c a ta ly s ts  in 
th e  p resence of h y d ro g en  can  be seen fro m  th e  follow ing schem es.

T he m ain  p ro d u c ts  o f th e  tra n s fo rm a tio n  o f 2 -m eth y le th y len e  o x id e :

CH3 CH3 -CH2 -CHO + CH3-CO-CH3-

CH2= CH-CH2OH + CH3 -CH2 -CH2OH * CH3 -CHOH-CH3

T h e m ain  p ro d u c ts  o f th e  tra n s fo rm a tio n  o f 2 -m e th y lo x acy c lo b u tan e :

CH3 - ch2- ch2- cho + ch3- ch2- co - ch3 

CH2 =CH-CH2-CH2OH + CH3-CH = CH-CH2OH 

CH3 -CH2-CH2-CH2OH +CH3-CH2-CHOH-C;H3

A h igh  degree of se le c tiv ity  can  be o b serv ed  in  th e  tran sfo rm a tio n s  o f  2 -m e th y l-  
te tra h y d ro fu ra n  a n d  2-m e th y lte tra h y d ro p y ra n  on th e  in d iv id u a l c a ta ly s ts :

^ L ch3 ch3 - ch2 - ch2 - c - ch3

ch3 H? *• ch3 - ch2- ch2 - ch2- c - ch3
0

T h e  m ain  d irec tions o f  tra n s fo rm a tio n , th e re fo re , a re  isom erizations a c c o m p a 
n ied  b y  th e  fo rm a tio n  o f oxo com pounds an d  u n s a tu ra te d  alcohols, a n d  h y d ro -  
genolysis re su ltin g  in  th e  fo rm a tio n  o f s a tu ra te d  alcohols. T he e x te n ts  to  
w hich th e  m ain  p rocesses ta k e  p lace a re  d e te rm in e d  decisively b y  th e  rin g  
size a n d  th e  c a ta ly s ts . B efore a m ore d e ta ile d  d iscussion of these  q u es tio n s  
som e c h a ra c te ris tic  p lo ts  are  given fo r th e  fo u r m odel com pounds: th e  v a r ia tio n  
o f th e  p ro d u c t co m position  as a fu n c tio n  o f  te m p e ra tu re  (Figs 2— 11). T h e
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Fig. 3

Figs 2 and 3: Variation of the product composition as a function of temperature in the 
transformation of propylene oxide (1: propylene oxide; 2: propionaldehyde; 3: acetone; 4 : 1-pro

panol)
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F ig .  4

°c
F ig .  5
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Fig. 7
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F ig .  8

F ig .  9

F ig s  4 — 9 . V a r i a t i o n  o f  t h e  p r o d u c t  c o m p o s i t io n  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  in  t h e  t r a n s f o r m a 
t i o n  o f  2 - m e t h y l o x a c y c l o b u t a n e  ( 1 :  2 - m e t h y l o x a c y c l o b u t a n e ;  2 :  b u t y r a l d e h y d e ;  3 :  m e t h y l  

e t h y l  k e t o n e ;  4 :  1 - b u t a n o l  -f- 2 - b u t a n o l ;  5 :  a l l y l  c a r b in o l  -)- c r o t y l  a l c o h o l )
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F i g s  1 0 — 1 1 .  V a r ia t io n  o f  t h e  p r o d u c t  c o m p o s i t i o n  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  i n  t h e  t r a n s 
f o r m a t i o n s  o f  2 - m e t h y l t e t r a h y d r o f u r a n  a n d  2 - m e t h y l t e t r a h y d r o p y r a n  ( 1 :  2 - m e t h y l t e t r a -  
h y d r o p y r a n ;  2 : m e t h y l  p r o p y l  k e t o n e ;  3 :  2 - m e t h y l t e t r a h y d r o p y r a n ;  4 :  m e t h y l  b u t y l  k e t o n e )
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am o u n ts  o f  p ro d u c ts  fo rm ed  v a ry  w ith  te m p e ra tu re  accord ing  to  a m ax im u m  
cu rve ; th is  c an  u n d e rs ta n d a b ly  b e  e x p la in e d  b y  th e  secondary  tra n s fo rm a tio n  
of th e  p r im a ry  p ro d u c ts . T he s tu d y  o f  th e se  secondary  p rocesses w as n o t 
included  in  o u r  p ro g ram m e.

T he fig u re s  fo r  th e  p ara lle l e x p e rim e n ts  in  th e  case of 2 -m e th y lo x acy c lo - 
b u ta n e  d ra w  a t te n t io n  to  th e  effect o f th e  n a tu re  o f th e  ac tiv e  s ites o f  th e  c a ta 
ly s ts  on th e  d irec tio n s  o f tra n s fo rm a tio n . I t  ap p ea rs  th a t  th e  su rfa c e  s ta te  o f 
th e  c a ta ly s ts , a n d  hence th e ir  a c t iv i ty  a n d  se lec tiv ity , change d u r in g  th e  
ex p e rim en ts . I t  seem s ju s tif ie d  to  s tu d y  n o t  o n ly  th e  role of th e  c a ta ly s ts  w ith o u t 
su p p o rt b u t  also  th e  s tru c tu re s  o f th e  c a ta ly s ts  du ring  th e  re a c tio n  a n d  th e  
effects o f  th e se  on  th e  reac tio n  d irec tio n s . I n  o u r  ex p erim en ta l w ork  th e  change 
of th e  a c t iv i ty  o f  th e  P t/T  c a ta ly s t w as s tu d ie d  as a fu n c tio n  o f th e  n u m b e r  of 
im pulses. W ith  th e  excep tion  of th e  f i r s t  one o r tw o  im pulses, h o w ev e r, no 
essen tia l ch an g e  w as observed , n o t even  a f te r  50 im pulses. I f  th e s e  o b se rv a 
tio n s a re  c o m p a re d  w ith  th e  d a ta  fo r th e  p a ra lle l experim en ts r e p o r te d  above , 
i t  seem s lik e ly  t h a t  th e  changes caused  in  th e  a c tiv itie s  o f th e  c a ta ly s ts  h a v e  a 
su b s ta n tia l  e ffec t on th e  surface s ta te s  o f  th e  ca ta ly s ts .

T he in d iv id u a l ch a rac te ris tic s  o f  th e  tra n sfo rm a tio n s  o f cy c lic  e th e rs , 
d epend ing  on  th e  c a ta ly s ts  and  th e  rin g  size, c an  be read ily  e x p la in e d  on  th e  
hasis o f F ig s  12— 17. In  these  figu res th e  m ax im u m  yields o f  a ld eh y d es , 
k e tones a n d  u n s a tu ra te d  alcohols fo rm ed  b y  isom eriza tion , an d  th e  alcohols 
re su ltin g  fro m  h y d ro g eno lysis , a re  p lo tte d  in  th e  te m p e ra tu re  ra n g e  s tu d ie d  as 
a fu n c tio n  o f  th e  c a ta ly s t  an d  th e  rin g  size.

As a su m m a ry  o f th e  ex p e rim en ta l d a ta ,  in  th e  follow ing w e r e p o r t  th e  
m ain  c h a ra c te r is tic s  o f th e  tra n s fo rm a tio n s  o f  2 -m e th y lo x acy c lo a lk an es . F o r 
all six  c a ta ly s ts  th e  tra n s fo rm a tio n  o f th re e -  a n d  fou r-m em bered  cy c lic  e th e rs  
in  th e  p resen ce  o f  h y d ro g en  is a com plex  p rocess, w ith  th e  fo rm a tio n  o f  severa l 
p ro d u c ts , a n d  e ssen tia lly  all th e  m en tio n ed  re a c tio n  d irections can  b e  o b se rv ed . 
In  th e  case o f  th e  five- an d  six -m em bered  cyclic  e th e rs , how ever, o f  th e  s tu d ie d  
reac tio n  d irec tio n s  on ly  th e  iso m eriza tion  to  th e  correspond ing  k e to n e s  ta k e s  
p lace.

P ro p y le n e  oxide isom erizes m a in ly  to  p ro p io n a ld eh y d e . H o w e v e r , iso
m eriza tio n  to  ace to n e  an d  hydrogeno lysis  a re  also appreciab le . I n  th e  case of 
2-m e th y lo x a c y c lo b u tan e , each reac tio n  d ire c tio n  can  be observed , th e  p ro p o r
tions being  a ffec ted  considerab ly  b y  th e  n a tu re  o f th e  c a ta ly s t a n d  b y  th e  
q u a lity  a n d  s ta te  o f  its  ac tiv e  sites. W ith  2 -m e th y lte tra h y d ro fu ra n  th e  m o st 
considerab le  re a c tio n  is th e  iso m eriza tion  to  m e th y l e th y l k e to n e  u n d e r  th e  
ac tion  of p la tin u m . R h /T  has a sim ilar ro le , b u t  on th e  o th e r c a ta ly s ts  v a rio u s  
decom position  p rocesses (m ain ly  d e h y d ra tio n ) , n o t y e t s tu d ied , c an  h e  o b 
served  on ly  a t  h ig h e r te m p e ra tu re s . S im ila r o b se rv a tio n s can be m a d e  fo r  th e  
tra n s fo rm a tio n  o f 2 -m e th y lte tra h y d ro p y ra n , w ith  th e  d ifference t h a t  th e  
isom eriza tion  to  k e to n e  proceeds on P d /T  to o .
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v  0 ~
Fig. 12

^  C1
Fig. 13
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V  Ф" O-
Fig. 14

1 1  LCi____ LI___ 1 1 Ш ___ I 'Г У Г!

' V 7 '  C"“ ^  C1
Fig. 15

T h e  dependence  of th e  re a c tio n  d irec tio n s  on th e  ring  size c a n  be sum m a 
rized  as follow s.

V a ria tio n  of th e  iso m eriza tion  to  a ld eh y d e : 3 > 4 ;  th e  fo rm a tio n  of 
a ld eh y d es  w as n o t observed  fo r th e  five- an d  six -m em bered  cyclic  e thers.

V a ria tio n  of th e  iso m eriza tion  to  k e to n e : 5 ~  6 > 4  ~  3.
Iso m eriza tio n  to  u n s a tu ra te d  alcohols can  he observed  on ly  fo r  2 -m ethy l- 

o x a c y c lo b u ta n e  on all c a ta ly s ts  w ith  th e  ex cep tio n  o f Ni/A l (it sh o u ld  be n o ted  
th a t  in  th e  case of p ropy lene  oxide ally l a lcohol can  he d e tec ted  on  th e  Zn/Al 
c a ta ly s t  too).
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v  ^ C1
Fig. 16

^  ^ О
Fig. 17

Fig. 12— 17. Maximum yields of isomerization and hydrogenolysis products of 2-methyloxa- 
cycloalkanes on various metal catalysts (1: aldehyde; 2: ketone; 3: alcohols; 4: unsaturated

alcohols; 5: methyl vinyl ketone)

H y d ro g en o ly s is  can  be  o b serv ed  on ly  in  th e  cases of th ree -  an d  four- 
m e m b e re d  cyclic e th e rs , to  an  e x te n t  d ep en d in g  on  th e  n a tu re  of th e  c a ta ly s t  
(it m u s t  h e  n o te d  th a t  on th e  ac tio n  of su p e ra c tiv e  c a ta ly s ts  2-m e th y lte tra -  
h y d ro p y ra n  to o  undergoes h y d rogeno lysis).

A lth o u g h  th e  c a ta ly s ts  s tu d ie d  b y  us can  b e  sy s tem a tized  on th e  basis  
o f th e i r  e ffec ts  on th e  d irec tio n s  o f  tra n s fo rm a tio n  o f  2 -m eth y lo x acy c lo a lk an es,
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such  a c la ss if ic a tio n  n ev erth e less  h ad  to  b e  p assed  over since -w ithout m ak in g  
th e  e x p e rim e n ta l d a ta  m ore  a c c u ra te  s ig n if ic a n t changes can n o t b e  e s ta b lish e d . 
T h ere  is , h ow ever, one clear conclusion : th e  isom eriza tion  o f cyc lic  e th e rs  
w ith  th e  fo rm a tio n  o f  k e to n es  is c a ta ly z e d  b y  th e  p la tin u m  g ro u p  m e ta ls  
s tu d ie d  (a lth o u g h  i t  h a s  to  be  n o te d  t h a t  in  th e  case of th e  fiv e -m e m b e red  
cyclic  e th e r  p a lla d iu m  does n o t  e x h ib it th e  n ecessary  a c tiv ity ) , w h ile  th e ir  
h y d ro g en o ly s is  is c a ta ly zed  b y  th e  above  m e ta ls  an d  b y  nickel to o .

T h e  re la tiv e  a m o u n ts  o f th e  p ro d u c ts  fo rm ed  b y  th e  sp littin g  o f  th e  tw o  
C— О b o n d s  in  th e  2 -m eth y lo x acy c lo a lk an es  a re  g iven in  th e  fo llow ing  ta b le :
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SYNTHESIS OF A HEXAPEPTIDE,
A POTENTIAL INHIBITOR OF GH-RH* 

LIBERATION
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Structural resemblance indicates that GH-RH is formed from the /9-chain of 
hemoglobin, being the amino-terminal 1— 10 fragment of the latter. It is reasonable to 
suppose that the liberation of GH-RH may be inhibited by peptides containing the 
/9-chain 10— 11 sequence in their amino-terminal. For a study of this possibility the 
10— 15 hexapeptide fragment of the /9-chain in human hemoglobin has been prepared, 
starting with Trp-NH2, by stepwise synthesis.

T h e p ep tid e  w ith  g row th  h o rm o n e  re leasin g  horm one (G H — R H ) a c tiv ity  
w as iso la ted  from  porc ine  h y p o th a la m u s  [1] and  proved  to  b e  H -V al-H is- 
L eu-S er-A la-G lu-G lu-L ys-A la-O H ** (I) [2]. T h e  synthesis o f d e c a p e p tid e  I has 
re c e n tly  been  p u b lish e d  by  th e  P e p tid e  G ro u p  of Merck S h a rp  a n d  D ohm e 
R esea rch  L a b o ra to rie s  (R ah w ay , N ew  J e rse y )  [3]. In  th is  re p o r t  i t  w as po in ted  
o u t th a t  “ a s tr ik in g  s im ila rity  ex ists  b e tw e e n  I an d  the  proposed  a m in o -te rm in a l 
sequence  o f th e  /З-ch a in  of hem oglob in” *’11* . . . “ suggesting th a t  I m a y  be  d er
ived  from  hem og lob in  as an g io tensin  I  a rises  from  an a 2-g lobu lin”  (i.e . ang io ten- 
sinogen  o r ren in  su b s tra te ) . I f  th e  s t r u c tu r a l  resem blance is n o t  a fre a k  of 
chance  a n d  G H -R H  is indeed  d eriv ed  fro m  hem oglob in , th e re  m u s t  b e  a p ro teo l
y tic  enzym e e x h ib itin g  a h igh ly  se lec tiv e  specific ity  for c leav in g  th e  /3-chain 
b e tw een  p o sitions 10 an d  11. T h a t  m ean s t h a t  th e  G H -R H  l ib e ra t in g  enzym e 
shou ld  d isp lay  its  fu n c tio n  ana lo g o u sly  to  re n in , which rem o v es an g io tensin  
I from  an g io ten sin o g en  —b y  c leavage o f  th e  leucy l-leucy l b o n d  a t  p o sitio n s 10 
an d  11.

I t  is kn o w n  t h a t  re n in -c a ta ly sed  lib e ra tio n  of ang io tensin  I  from  angio
ten s in o g en  c a n  be  in h ib ite d  b y  sm alle r p e p tid e s  conta in ing  th e  leucy l-leucy l

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 76 (4), pp. 431 — 436 (1973)

* Growth hormone releasing hormone.
** The symbols follow the Tentative Rules of the IUPAC-IUB Commission on Biochem

ical Nomenclature (J. Biol. Chem. 247, 977 (1972)). The following additional abbreviations 
have been used: OPCP — pentachlorophenyloxy, DCHA — dicyclohexylamine, DMF — di- 
methylformamide.

*** Namely (V al. H is . Leu. Ser. A la . G lx-G lx. (Lys)Ala. Glx. V al. .) where parentheses 
enclose a region, the composition but not the sequence of which has been determined experi
mentally. A period between amino acids within the parentheses indicates that the amino acid 
to its left has been placed in what seems to be the most probable position [4]. The sequence 
of the first eight residues as given above (I) has recently been confirmed by E d m a n  dansyl de
gradation studies [3].
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seq u en ce  a t  th e  a m in o -te rm in u s  [5] on accoun t o f  s p l i t t in g  leucine from  th e se  
p e p tid e s  in s te a d  of an g io ten sin  I  from  th e  ren in  s u b s t r a te .  R elying up o n  th e se  
f in d in g s i t  c a n  be  supposed  t h a t  G H -R H  fo rm a tio n  fro m  hem oglobin m ig h t 
be s im ila r ly  in h ib ite d  b y  p e p tid e s  com prising  re s id u es  10 an d  11 of th e  /3-chain 
on th e i r  a m in o -te rm in a l.

T h e  s t ru c tu re  of a p o te n tia l  G H -R H  in h ib itin g  p e p tid e  could be desig n ed  
ta k in g  in to  co n sid e ra tio n  th e  seq u en ce  of th e  /З-c h a in  o f  h u m an  h em og lob in  
w hich  h a d  b e e n  d e te rm in ed  e x p e rim en ta lly  [4]. I t  c a n  b e  seen (Fig. 1) t h a t  
re s id u es a t  th e  c ritica l p o s itio n s  are  alan ine a n d  v a lin e . T herefore an  a la n y l-  
v a ly l-p e p tid e , nam ely  th e  seq u en ce  covering p o s itio n s  10— 15 (ita lic ized  in

H-Val-His-Leu-Thr-Pro-Glu-Glu-Lys-
1 2 3 4 5 6 7 8

-Ser-A la- V al-Thr-A ia-Leu-IYp-Gly-Lys-Val- 
9 10 11 12 13 14 15 16 17 18

-Asn-Val-Asp-Glu-Val-Gly-Gly- 
19 20 21 22 23 24 25

Fig. 1. The amino-terminal sequence of the /З-chain of human hemoglobin. The arrow indicates 
the bond cleaved by  the supposed enzyme, liberating GH-RH

Fig. 1) w as  sy n th esized  in  th e  fo rm  of a h ex a p e p tid e  a m id e , H -A la-V al-T hr-A la- 
L e u -T rp -N H 2 (II). T he seq u en ce  o f  II includes, b e s id e s  A la-V al — m a rk e d  fo r  
th e  p ro te o ly t ic  cleavage —  a try p to p h a n  residue , w h ic h  is expected  to  im p ro v e  
th e  b in d in g  c a p ac ity  o f th e  h e x a p e p tid e . The te rm in a l  am ide  group was chosen  
to  re n d e r  a  n e u tra l  e n v iro n m e n t to  th e  side ch a in  o f  t ry p to p h a n , as th e re  is no 
free c a rb o x y l g roup  in  th e  Д-c h a in , th e  f irs t ac id ic  a m in o  acid to  its  le ft b e in g  
a t  p o s i t io n  21 .

T h e  sy n th es is  o f h e x a p e p tid e  II w as acco m p lish ed  b y  th e  s tep w ise  
a p p ro a c h  (F ig . 2) s ta r t in g  f ro m  crysta lline  t r y p to p h a n  am ide o x a la te  (III) 
o b ta in e d  f ro m  th e  a p p ro p ria te  ca rb o b en zo x y  d e r iv a tiv e . T h e  p ro tec ted  d ip e p tid e  
am id e  IV w as p rep a red  b y  th e  m ixed  an h y d rid e  m e th o d . I t  was found  t h a t  in  
th e  p re se n c e  of a c a ta ly tic  a m o u n t of N -m e th y lm o rp h o lin e  th e  d icyclo - 
h e x y la m in e  sa lt of ca rb o b en zo x y -leu c in e  could  b e  c o n v e rted  d irec tly  in to  a 
m ix ed  a n h y d r id e . In  th is  re a c tio n  th e  N -acy l-N -m eth y lm o rp h o lin iu m ch lo rid e  
co m p lex  is th e  an h y d rid e -fo rm in g  agen t, as p ro p o se d  b y  A n d e r so n  [6 ], since 
in  th e  a b sen ce  of a te r t ia r y  am in e  (such as N -m eth y lm o rp h o lin e ) a n h y d rid e  
fo rm a tio n  w as v e ry  slow or d id  n o t occur a t  a ll. C a ta ly tic  h y d ro g en a tio n  o f  
IV a ffo rd e d  th e  co rresp o n d in g  free d ipep tide  a m id e  (V) iso la ted  as a c ry s ta l
line  o x a la te . C oupling o f V w ith  p e n ta c h lo ro p h e n y l ca rb o b en zo x y -a lan in a te  
y ie ld e d  th e  p ro te c te d  tr ip e p t id e  am ide VI, a n d  th is  w^as condensed a f te r  d e 
b lo c k in g  b y  h y d ro g en a tio n  w ith  p e n tach lo ro p h en y l c a rb o b e n z o x y -th re o n in a te  
to  g iv e  th e  p ro te c te d  te t r a p e p t id e  am ide VIII. T h e  free  te tra p e p tid e  (IX) o b -
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Ala Val Thr Ala Leu Trp

Z— NH,
111

Z—OH H—NH ,
IH

Z--------- NH,
IV

Z-OPCP H--------- NH ,
V

Z------------------- NH ,
VI

Z-OPCP H ------------------- NH,
VII

Z-----------------------------NH,
VIII

Z-OH H-----------------------------N H .
IX

Z---------------------------------------NH.
X

Z-OPCP H---------------------------------------NH.
XI

Z------------------------------------------------ NH,
XII

II------------------------------------  NH,
II

Fig. 2. Synthesis of hexapeptide amide

ta in e d  b y  c a ta ly tic  h y d ro g e n a tio n  o f V III w as allow ed to  re a c t w ith  a m ix ed  a n 
h y d rid e  o f ca rb o b en zo x y -v a lin e  to  a ffo rd  th e  p ro te c te d  p e n ta p e p tid e  am id e  X, 
w h ich  w as co n v e rte d  in to  X I b y  h y d ro g e n a tio n . T he free p e n ta p e p tid e  am ide 
w as a c y la ted  w ith  th e  a fo rem en tio n ed  p e n ta c h lo ro p h e n y l c a rb o b en zo x y -a lan i-  
n a te  to  y ield  th e  p ro te c te d  h ex a p e p tid e  am id e  X II, th e  te rm in a l a m in o  group 
o f w hich  w as lib e ra te d  b y  c a ta ly tic  h y d ro g e n a tio n . T he h e x a p e p tid e  am id e  II  
w as iso la ted  as th e  a c e ta te  sa lt, w ith  sa tis fa c to ry  e lem en ta l a n d  am in o  acid 
an a ly s is , in  a y ie ld  o f  51 .6 % , ca lcu la ted  fo r  th e  am ino acid  d e r iv a tiv e s  used 
in  th e  coupling  re a c tio n s  [7]. T h e  re su lts  o f  bio logical s tud ies w ith  th is  h e x a 
p e p tid e  am ide  w ill b e  p u b lish ed  elsew here.

E x p erim en ta l

All melting points are uncorrected. TLC were performed on silica (K ieselgel G, Merck). 
.Revalues refer to the following solvent systems; R'f. ethyl acetate-pyridine—acetic acid-water 
(240 : 20 : 6 : 11). R j: ethyl acetate—pyridine-acetic acid—water (120: 20 : 6 : 11). R'f. ethyl 
acetate-pyridine-acetic acid-water (60 : 20 : 6 : 11).
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H-Trp-NH, • (C 001I)2 (III)

Carbobenzoxy-tryptophan amide [9] (3.37 g; 10 m m oles) in methanol (100 ml) was 
deprotected by hydrogenation in the presence of palladized charcoal. The catalyst was removed 
by filtration  and the solution was evaporated to dryness. The residue was dissolved in a mixture 
of ethanol—benzol and evaporated again to dryness. The product was redissolved in methanol 
(30 m l) and after adding oxalic acid (0.9 g; 10 mmoles) the solution was evaporated. The re
sulting oxalate was crystallized w ith  ether to yield 2.91 g (96% ) of III; m.p. 189— 191 °C; 
R 3/  0.37; [<x]jo -(- 4.78 (c =  1, ethanol).

Ci 3H150 5N 3 (293.28). Calcd.C 53.24: H5.15; N 14.32; 0  27.27. Found C 53.28; H 5.20; 
N 14.30; О 27.30%.

Z-Leu-Trp-NH, (IV)

( A )  Carbobenzoxy-leucine liberated from its DCHA salt (4.9 g; 11 mmoles) was dis
solved in DMF (10 ml) and treated successively at — 10° w ith N-methylmorpholine (1.22 ml; 
11 m m oles), isobutyl chloroformate (1.45 ml, 11 mmoles) and, after 10 min, with a pre-cooled 
solution of tryptophan amide oxalate (III; 2.93 g; 10 mmoles) in DMF (10 ml) containing N- 
methylmorpholine (2.22 ml; 20 m m oles). After stirring at — 10 °C for 30 min and at 0 °C for 
1 hr, the mixture was kept at room temperature overnight, then filtered and evaporated under 
reduced pressure. The residue was stirred with ethyl acetate (10 ml) and water (5 ml) for 10—  
20 m in. The suspension was filtered, the solid was washed w ith ethyl acetate and water and 
dried to obtain 4.1 g (91%) of IV; m .p. 210—213 °C, Ä^0.8; [a ]g  — 17.7° (c =  1, DMF).

C25H 30O4N4 (450.54). Calcd. C 66.64; H 6.71; N  12.43; О 14.20. Found C 66.70; H 6.69; 
N 12.42; О 14.17%.

( B )  DCHA salt of carbobenzoxy-leucine (4.9 g; 11 mmoles) was suspended in DMF 
(10 m l) and treated successively at — 10 °C with methylmorpholine (0.122 ml; 1.1 mmoles), 
isobutyl chloroformate (1.45 ml; 11 mmoles) and, after 10 m in, the mixed anhydride formed 
was allowed to react with tryptophan amide oxalate (III; 2.93 g; 10 mmoles) as described 
above, to yield 3.8 g (84.5%) of IV; m.p. 210—213 °C; R 3f  0.8.

Z-Ala-Leu-Trp-NH, (VI)

The carbobenzoxy dipeptide amide IV (4.1 g; 9.1 mmoles) was hydrogenated in methanol 
(60 m l) in the presence of palladized charcoal. After com pletion of deblocking (checked by 
TLC), the catalyst was filtered o ff and washed with methanol. The solution and washings were 
combined and, after addition of oxalic acid (0.8 g; 9.1 mmoles), concentrated under reduced 
pressure. The residue was crystallized with ether, filtered, washed with ether and dried; yield 
3.55 g (99%); m.p. 115 °C (decom p.); R f  0.5. The free dipeptide amide (V) obtained was dis
solved in DMF (10 ml) containing N-methylmorpholine (2.0 m l; 18 mmoles). The stirred solu
tion  was treated successively at room temperature with pentachlorophenyl carbobenzoxy-ala- 
ninate (4.66 g; 9.9 mmoles) and N-methylmorpholine (1.1 ml; 9.9 mmoles) added in five por
tions during 30 min. Stirring was continued until dissolution occurred and, after being kept 
at room  temperature overnight, the reaction mixture was concentrated under reduced pres
sure. The residue was stirred w ith ethyl acetate (10 ml) and water (5 ml). The resulting sus
pension was filtered off, washed w ith  ethyl acetate and water and dried; yield 4.31 g (92%); 
m.p. 188— 190 °C; R'f 0.68; [a]В — 24.6° (c =  1, DMF).

C28H 350 5N5 (521.63). Calcd. C 64.47; H 6.76; N  13.42; О 15.33. Found C 64.37; H 6.77; 
N  13.35; О 15.48%.

Z-Thr-Alal-Leu-Trp-1\H2 (VIII)

The protected tripeptide amide VI (4.31 g; 8.28 mm oles) was dissolved in methanol 
(50 m l) and hydrogenated over palladized charcoal. The catalyst was removed by filtration 
and the solution was concentrated under reduced pressure. The residue was triturated with ether, 
filtered, washed with ether and dried to yield 3.07 g (96% ) of VII; m.p. 108— 112 °C (decomp.); 
R 3f  0 .5. The free tripeptide amide (7.95 mmoles) was dissolved in DMF (8 ml) and treated suc
cessively with pentachlorophenyl carbobenzoxy-threoninate (4.39 g; 8.75 mmoles) as described 
in the preparation of VI. After being kept at room temperature overnight, the reaction mixture 
was concentrated under reduced pressure and the residue was triturated with ether. The
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suspension was filtered, the solid was washed with ether and water and dried to obtain 4.53 g 
(91.5% ) of VIII; m.p. 218— 220 °C; R )  0.8; [cc]B — 16.0° (c =  1, DMF).

C3„H4.,07N 6 (622.73). Calcd. C 61.71; H 6.79; N 13.49; 0  17.98. Found C 61.54; H 6.89; 
N 13.56; О 18.02%.

Z-Val-Tlir-Ala-Leu-Trp-NII., (X)

The protected tetrapeptide amide VIII (4.53 g; 7.26 mmoles) was hydrogenated in 
methanol (40 ml) in the presence of palladized charcoal. The catalyst was filtered off and the 
solution was concentrated under reduced pressure. The residue was triturated w ith ether, filtered, 
washed with ether and dried to yield 3.52 g (99% ) of the free tetrapeptide am ide IX; m.p. 
193— 195 °C; Л3/0 .47 . The product was dissolved in DMF (10 ml) and, after cooling to — 10 °C, 
it was added to the mixed anhydride. The latter was prepared from the DOHA salt of carbo- 
benzoxy-valine (3.42 g; 7.92 mmoles) and isobutyl chloroformate (1.075 ml; 7.92 mmoles) 
in the presence of N-methylmorpholine (0.088 ml; 0.792 mmoles) according to procedure (B )  
in the preparation of compound IV. The filtered reaction mixture was concentrated under 
reduced pressure and the residue was triturated w ith ether and suspended in ethanol (20 ml). The 
suspension was boiled for 10— 20 min, cooled and filtered, washed with cooled ethanol and 
dried; yield 4.25 g (82%); m.p. 245— 247 °C (decomp.); R )  0.73; [a]jb° — 18.7°. (c =  1, DMF).

C37H540 8N7 (721.87). Calcd. C 61.56; H 7.12; N 13.58; О 17.71. Found C 61.47; 
H 7.18; N 13.58; О 17.77%.

Z-Ala-Vnl-Thr-Ala-Leu-Trp-NH2 (XII)

The protected pentapeptide amide X (3.74 g; 5.18 mmoles) in DMF (50 ml) was de
blocked by hydrogenolysis in the presence of palladized charcoal. The catalyst was filtered 
off and the filtrate was concentrated to 20 ml. The solution containing the free peptide (XI) was 
treated successively with pentachlorophenyl carbobenzoxy-alaninate (2.68 g; 5.7 mmoles) 
and N-methylmorpholine (0.632 ml; 5.7 mmoles) as described in the preparation of VI. The 
mixture was kept at room temperature overnight, then concentrated under reduced pressure 
and the residue was triturated with ether. The resulting crude product was suspended in ethanol 
(40 ml) and boiled for 20— 30 min. The cooled suspension was filtered, the solid washed with 
cold ethanol, and dried; yield 3.65 g (89%); m.p. 243— 246 °C; JJjr0.8; [<x]B — 13.2° (e =  0.23 
DMF).

C4„H66 0  9 N8 (792.95). Calcd. C 60.59; H 7.11; N 14.13; 0  18.16. Found C 60.43; H 7.20; 
N 14.09; О 18.20%.

H-Ala-Val-Thr-Ala-Leu-Trp-NHo • CH3COOH (II)

The protected hexapeptide amide XII (3.65 g; 4.61 mmoles) was dissolved in a mixture 
of DMF (50 ml) and 80% acetic acid (10 ml). The solution was hydrogenated in the presence 
of palladized charcoal. The catalyst was removed by filtration and washed with water. The 
filtrate and washings were combined and concentrated to about 50 ml under reduced pressure, 
when the free hexapeptide amide acetate separated. The cooled suspension was filtered, the 
precipitate was washed with cold DMF and acetone, and dried to obtain 3.05 g (94.3% ) of II; 
m.p. 226— 230 °C; R f  0.35; [a]® —24.3° (c =  1, acetic acid) and —33.9° (c =  1, 80% acetic 
acid).

C3„H60O7N8 -C H 3COOH (718.87). Calcd. C 56.90; H 7.57; N 15.62; 0  20.03. Found 
C 56.82: H 7.67; N 15.58; О 19.89%.

Amino acid analysis: Thr 0.98 (1); Ala 2.0 (2) Val 1.02 (1) Leu 1.01 (1) N H 3 0.99 (1).
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PROMOTED HYDROGENOLYSIS OF 
CARBOBENZOXYAMINO ACIDS IN THE 

PRESENCE OF ORGANIC BASES
( S H O R T  C O M M U N I C A T I O N )
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(R e s e a r c h  G r o u p  f o r  P e p t id e  C h e m is tr y ,  H u n g a r ia n  A c a d e m y  o f  S c ie n c e s ,  B u d a p e s t )
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The hydrogenolysis of carbobenzoxyamino acids has been investigated in the 
presence of organic bases and the reaction velocities compared w ith decarbobenzoxyla- 
tions effected in acetic or neutral medium. In all cases a 4—5 times more rapid cleavage 
was found in the presence of bases.

In  an  ea rlie r in v es tig a tio n  [1] we h av e  show n th a t  th e  hydrogeno lysis 
o f th e  ca rb o b en zo x y  p ro te c tin g  g roup  o f m e th io n in e -co n ta in in g  p ep tides 
proceeds read ily  in  th e  presence o f o rgan ic  b ases (cyc lohexy lam ine , tr ie th y l-  
am ine), i.e. th e  p o ison ing  effect o f m e th io n in e  is e lim in a ted . T he b ase  stab ilizes 
b y  sa lt fo rm a tio n  th e  u n s ta b le , in te rm e d ia te  ca rb am ic  ac id  p ro d u ced  b y  th e  
hydrogeno lysis o f  th e  carbob en zo x y am in o  ac id , so th a t  p ep tid e s  con ta in in g  
free am ino g roup  w ill n o t be  fo rm ed  in  th e  re a c tio n  m ix tu re .

T he h y d ro g en o ly sis  o f a ca rb o b en zo x y  com pound  is ch a ra c te riz e d  by  
th e  follow ing e q u a tio n :

CeH 5C H 2OCO— N H — C H (R )— CO O H  +  H 2 H-/P<V 

-»  [H O O C —N H —C H (R )—CO O H ] +  CeH 5C H 3 -*  C 0 2 +  H 2N -C H (R ) -C O O H

H ydrogeno lysis  in  th e  p resence o f cy c lohexy lam ine  o r tr ie th y la m in e  
leads to  th e  co rresp o n d in g  sa lt of th e  ca rb am ic  ac id , w hich is s ta b le  if  excess 
base  is used.

H O O C— N H — C H (R )— COOH +  CeH u N H 2

©  ©
;= ±  C6H n N H 3 OOC— N H --C H (R )— COOH

F rom  th ese  fa c ts  one could com e to  th e  conclusion  th a t  on ly  m eth ion ine  
com pounds c o n ta in in g  a free am ino g roup  possess in h ib ito ry  effect. This 
conclusion seem ed to  be  p ro v ed  b y  th e  easy  h y d rogeno lysis  o f carbobenzoxy- 
g lycine in  th e  p resence  o f ace ty lm eth io n in e  an d  cyclo h ex y lam in e , b u t  i t  w as in 
c o n tra s t w ith  th e  fa c t  th a t  ace ty lm e th io n in e  h a d  a s ig n ifican t poisoning 
effect in n e u tra l m ed ium .
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B esid es  th e  carbam ic  ac id  s tab iliz in g  effect, we h a v e  th u s  su pposed  som e 
o th e r  re a c tio n  betw een  th e  b a se  a n d  carb o b en zo x y  com pound  w hich  also 
c o n tr ib u te s  to  th e  e lim in a tio n  o f  th e  po isoning  effect o f m eth io n in e  p ep tid e s .

T h e  questio n  arose w h e th e r  th e  hydrogeno lysis  o f ca rb o b en zo x y am in o  
ac ids c o n ta in in g  no su lfu r cou ld  be in flu en ced  b y  th e  ad d itio n  of bases. This 
re a c tio n  is u su a lly  p erfo rm ed  in  th e  p resence  o f one e q u iv a le n t of h y d ro ch lo ric  
ac id  o r  in  d ilu te d  acetic  ac id ; to  o u r  know ledge th e re  is no d a ta  in  th e  l i te ra tu re  
fo r  th e  u se  o f bases in  h y d ro g en o ly s is  ex p erim en ts . T herefo re  we decided  to

in v e s tig a te  th e  h y d rogeno lysis  o f d iffe ren t c a rb o b en zo x y am in o  acids in  th e  
p re se n c e  o f cyclohexy lam ine  a n d  tr ie th y la m in e , an d  co m p ared  th e  m easu red  
re a c tio n  velocities w ith  th o se  o b se rv ed  w ith o u t b ases, in  n e u tra l  an d  acidic 
so lv e n ts . F o r  these  in v e s tig a tio n s  we selected  th e  ca rb o b en zo x y am in o  acids in 
su ch  a w a y , th a t  all m a jo r  g ro u p s  w ere re p re se n te d : ca rb o b en zo x y g ly cin e , 
c a rb o b en zo x y a lan in e  as n e u tra l ,  c a rb o b e n z o x y asp a rtic  ac id , ca rb o b en zo x y - 
g lu ta m ic  acid  as am in o d ica rb o x y lic , d icarbob en zo x y ly sin e , d ica rbobenzoxy- 
o rn ith in e  as basic an d  ca rb o b en zo x y se rin e  as h y d ro x y am in o  acid  d e riv a tiv e s .

T h e  m easu rem en ts w ere p e rfo rm ed  u n d e r o therw ise  id en tica l co n d itio n s, 
w ith  o n e  m m ole of th e  c a rb o b en zo x y am in o  acids in  a b so lu te  m e th a n o l so lu tion . 
T h e  c a ta ly s t  was 10%  p a llad iu m -o n -ch arco a l, a m o u n tin g  to  10%  of th e  ca rb o 
b e n z o x y a m in o  acid. F o r th e  hyd ro g en o ly ses  in  basic  m ed ium  a fo u rfo ld  excess 
o f cy c lo h ex y lam in e  or tr ie th y la m in e  was used , b a sed  on th e  carbobenzoxy- 
am in o  ac id ; th e  h y d rogeno lysis  ex p e rim en ts  in  acid ic  m ed ium  w ere perfo rm ed  
in  th e  p resence  of one e q u iv a le n t h y d ro ch lo ric  ac id .
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T he a p p a ra tu s  used  fo r th e  reac tio n s  is show n in F ig . 1. T h e  ab so rp tio n  
c o m p a rtm e n t filled  w ith  sodium  h y d ro x id e  ab so rb ed  th e  ca rb o n  dioxide 
lib e ra ted  sp o n ta n e o u s ly  d u rin g  th e  h y d rogeno lysis  in  n e u tra l  or acid ic m ed ium , 
th u s  ensu ring  th e  e x a c t m easu rem en t o f th e  h y d ro g en  co n su m p tio n .

In  o rd e r to  co m p are  th e  h y d rogeno lyses m ade in d iffe ren t m ed ia , th e  
hyd rogen  c o n su m p tio n , in  percen tag e  o f  th e  th e o re tic a l v a lu e , w ere p lo tte d  
a g a in s t th e  tim e . A ll o f th e  in v e s tig a te d  carb o b en zo x y am in o  acids show ed 
q u a lita tiv e ly  an d  n e a r ly  q u a n tita tiv e ly  id e n tic a l cu rves, th e re fo re  o n ly  th e  
progress o f h y d ro g en o ly sis  o f ca rb o b en zo x y g ly cin e  is illu s tra te d  in  F ig . 2.

M in

Fig. 2. Carbobenzoxyglycine. Is anhydrous methanol +  cyclohexylamine; II: anhydrous me 
thanol +  triethylamine: III: anhydrous methanol -f  HCl; IV: anhydrous methanol

As i t  is e v id e n t from  th e  F igure , a m ore  ra p id  reac tio n  was fo u n d  in  th e  
presence of cy c lo h ex y lam in e  or tr ie th y la m in e  th a n  in acid ic or n e u tra l  m ed ium . 
T he tim e  needed  fo r q u a n ti ta t iv e  reac tio n  w as reduced  in  a ll cases to  o n e-fifth  
or on e-fo u rth , an d  th e  v e lo c ity  of th e  re a c tio n  depended  p ra c tic a lly  on th e  
in te n s ity  of s tirr in g .

T he s ig n ifican t d ifference betw een  th e  tw o reac tio n  velocities can  be 
a t t r ib u te d  to  th e  p ro b ab le  fo rm atio n  o f th e  d e p ro to n a te d  im in o h y d rin  t a u to 
m eric form  o f th e  am ino  acid  d e riv a tiv e  in  th e  presence o f  a base . T h e  im in o 
h y d rin  form  is w ell know n  in a ro m atic  ca rb o b en zo x y am in o  acids [2 ], a n d  bases 
e v id e n tly  fav o u r its  fo rm a tio n :

C0H 5CH.2O CO — N H —C H (R )—C O O H  ^

C6H .C H 2— 0 — C = N — C H (R )— COOH
I

O H
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T h e  sp eed -up  effect o f p o la r iz a tio n  n e a r th e  b o n d  to  be  h y d ro g en o ly zed  
w as m e n tio n e d  earlier b y  F r a n k e l  et al. [ 3 ] .  T h ey  in v e s tig a te d  th e  h y d ro -  
g en o ly s is  o f  th e  — N H — О—  lin k a g e  o f a m in o -o x y p ep tid e s  an d  observ ed , t h a t  
th e  r e a c t io n  proceeded 5— 6 tim e s  m ore  ra p id ly  in  case of es te rs  th a n  w ith  th e  
free  a c id s . I n  th e ir  op in ion , th e  ease of h y d ro g en o ly sis  o f th e  am in o -o x y  
lin k a g e  w as  due to  eno la te  io n  fo rm a tio n :

О
II

H 2N — C H (R )— C— N H — О — C H (R )— C O O R '^= b

0 ©
© I

H 3N — C H (R )— C = N — 0 — C H (R )— C O O R '

T h e  c h a rg e d  am ino-oxy  g ro u p  o f es te rs  form s an  in te rn a l s a lt w ith  th e  a -am in o  
g ro u p . E lim in a tio n  of th e  eno lic  ch arg e  from  th e  am in o -o x y  g roup  o f es te rs  b y  
th e  a d d i t io n  o f hydroch lo ric  a c id , re su lts  in  m u ch  m ore d ifficu lt hyd ro g en o ly sis .

O n  th e  basis of th e se  in v e s tig a tio n  i t  can  be  es tab lish ed  th a t  th e  use  o f 
o rg a n ic  b a se s  in  th e  h y d ro g en o ly sis  o f  th e  ca rb o b en zo x y  g roup  o f am ino  acids 
a n d  p e p t id e s  has som e a d v a n ta g e s . R em o v al o f th e  v o la tile  bases fro m  th e  
re a c t io n  m ix tu re  does n o t cau se  a n y  d ifficu lty . T he use o f bases is p ro b lem a tic  
o n ly  w i th  d ip ep tid e  esters, b ecau se  th e  fo rm a tio n  o f th e  cyclic d ik e to p ip e raz in es  
o ccu rs  v e ry  easily . T he basic  m ed iu m  is v e ry  fav o u ra b le  in  th e  h y d rogeno lysis  
o f  try to p h a n -c o n ta in in g  p e p tid e s : th e  decom p o sitio n  o f th e  indole  rin g  of 
t r y p to p h a n  ■— observed in  th e  p resence  o f ac id s —  can  be  avo ided .
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Electronic S tructure o f  Organic Com pounds

(F o r ts c h r i t te  d er C hem ischen F o rsch u n g , V olum e 24 for to p ic s  in  C urren t 
C hem istry )

Springer-Verlag, Berlin-Heidelberg-New Y ork, 1971, 54 pages

The volume consists of two parts. The first part (32 pages) was written by Professor 
Dr. Hans F is c h e r  (Zürich) with the title: Chemically Induced Dynamic Nuclear Polarization.

The CIDNP effect (which in the course of lectures is often jokingly mentioned as the 
“kidnap” effect) was discovered in 1967. This phenomenon, observable by high resolution 
NMR spectroscopy, is produced by radical reaction products during the course of the reaction 
or immediately following it. In recent years, chemists have intensively studied the CIDNP 
effect, as it furnishes important information on radical reactions and on the structure of prod
ucts.

After a short introduction, F is c h e r  discusses over 10 pages the theoretical background, 
and demonstrates the scope of applications by examples. Both the theoretical and practical 
parts are written in a simple and lucid style, offering a very good introduction for those who 
read the chapter in order to get acquainted with the nature and applications of this effect.

The second part of the book “ Critique of the Notion of Aromaticity” is the work of the 
authors Dr. Jean-Francois L a r a r r e  and Dr. Francois Cr a sn ie r  (20 pages). The study is not 
divided into sub-chapters, as it also appears unnecessary for the treatment of the subject. 
As it is foreshadowed by the title, the authors stir up a nest of hornets. Indeed, the dispute on 
‘aromaticity’ and the many concepts associated with it (e.g. pseudo-aromaticity, quasi-aro
m aticity, anti-aromaticity, non-aromaticity, homo-aromaticity, etc.) must prickle from every 
side the person dealing with this question.

The authors do not claim closing of the dispute; they deal with this complicated, far- 
flung complex of problems expressing only their own point of view, in the form of an enter
taining essay.

Both chapters are completed with an extensive list of references.
Cs. SzÁNTAY

The Chem istry o f  N onbenzoenoid A rom atic  C om pounds

Symposium Editor: Michinori Oki, Butterworths, London, 1971. 287 pages

The book contains the specially invited lectures presented at the international sympo
sium organized by IUPAC in Sendai, August 24— 28, 1970.

The first lecture, “Quantitative studies on aromaticity and antiaromaticity” , was pres
ented by R . B reslo w  (USA) (20 pages). The author discusses first the concept and definition 
of aromaticity and antiaromaticity. He is of the opinion that this problem is so simple that 
every repetition would seem superfluous; however, remarkably, there are still chem ists, who 
contest that the two concepts can be defined in a meaningful way. Following this, B r eslo w  
sets forth the properties of the cyclopropenyl cation, anion and derivatives, and discusses 
then other antiaromaticity systems (e.g. cyclobutadiene) in a very interesting way.

The paper by F. Gerso n  (Switzerland) has the title “ESR studies of some nonbenzoid 
radical ions” (21 pages). The problem is discussed by the author in two groups: (1) nonalter
nant hydrocarbons, and (2) bridged [10]- and [14]annulenes.

K. H a fn e r  (W. Germany) lectured on the “ Structure and reactivity of polycyclic 
cross-conjugated я-electron system s” (27 pages). To test the correctness of the theoretical
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considerations, several nonbenzoid bicyclic as well as tri- and tetracyclic pericondensed 
л -electron systems were synthesized and their structures and reactivity investigated.

“ The theoretical design o f novel stabilized systems” is the title of the paper by R. H o ff
man (U SA ) (13 pages). The co-author of the W oodward— H offm ann  rule draws conclusions 
from sim ple symmetry considerations and detailed MO circulation concerning three stabilized 
system s of novel type.

T a k esh i Nakajima (Japan) reports under the title “ Bond distortion in nonalternant 
hydrocarbons” (19 pages) on the results of his semiempirical ICAO-SCF-MO calculations.

A. W. J ohnson (U K ) presented a paper (23 pages) dealing with the “Aromaticity in 
macrocyclic polypyrrolic ring system s” , according to which the aromatic character of [18] 
annulene is maintained also in porphin.

The lecture of Tetsuo  N ozoe (Japan) is entitled “ R ecent advances in the chemistry 
of troponoids and related compounds in Japan” (41 pages) and surveys the results of the last 
five years.

The next lecture in the book is that of H. P rinzbach  (W. Germany): “ Cyclic cross- 
conjugated л -systems: a,a)-cycloaddition reactions” (50 pages). The author discusses in five 
sub-chapters the new results concerning the cyclic cross-conjugated systems (1) calicene, (2) 
pentafulvalene, (3) sesquifulvalene, (4) fidecene, (5) pentaphenafulvalene.

In his paper “Recent progress in the annulene fie ld” (23 pages), F. Sonderheim er  
(U K ) gives an account of recent progress made in the synthesis of annulenes containing an 
odd number of carbon atom s in the ring.

The lecture by F. V og el  (W . Germany) “Aromatic and non-aromatic 14-jT-electron 
system s” (23 pages) discussed the l,6-m ethano[l0]annulenes and their analogues containing 
a heteroatom.

The last paper with the title  “ Conjugated cyclic chlorocarbons: trichlorocyclopropenium 
ion, heptachlorotropenium ion, and octachlorofulvalene” (18 pages) was presented by R. W est
(USA).

As compared with the original lectures, the treatm ent of the material has been made 
easier n ot only by its presentation in written form, but also by  the completion of each chapter 
with detailed references. Thus, by  the publishing in book-form of the lectures of the IUPAC  
sym posium , a very important source of knowledge has been made available to chemists in
terested in this field.

Cs. SzÁNTAY

H . K ö n i g : N eu ere  Methoden zur A n a ly s e  von Tensiden  

Springer Verlag, Berlin— Heidelberg— New York, 1971, 239 Seiten

Für Fachleute, die sich m it Tensiden befassen, ist das Buch des Professors der Mainzer 
U niversität Hans K önig nützlich und lehrreich. Das zur rechten Zeit erschienene Buch füllt 
eine bestehende Lücke, denn seit dem Zeitpunkt des Erscheinens von Hummels Buch über 
dasselbe Thema sind fast 10 Jahre vergangen. In den letzten Jahren blieb die Entwicklung 
von  Analysemethoden für Tenside gewissermaßen hinter der Entwicklung ihrer Produktion 
und Anwendung zurück. Literaturangaben über die Analyse von bestimmten Tensiden (z. B. 
Sulfobernsteinsäureester, Alkylphosphate, amphotere Tenside) sind kaum oder überhaupt 
nicht aufzufinden.

Die analytischen M ethoden für Tenside werden im Buch in zwei Hauptteilen behandelt. 
Das Thema des ersten Teiles ist die Trennung und qualitative Bestimmung (Identifizierung) 
von Tensiden bzw. ihren Gemischen (177 Seiten), während sich der zweite Teil (49 Seiten) mit 
der quantitativen Bestimmung befaßt.

Im  ersten Teil gruppiert der Verfasser die Tenside nach ihrer Ionenaktivität. Diese 
Gruppen werden dann nach dem hydrophilen bzw. innerhalb dessen nach dem hydrophoben 
M olekülteil in Untergruppen geteilt, die in vier Tabellen zusammengefaßt sind. Im weiteren 
werden die einzelnen analytischen Methoden gemäß dieser Einteilung diskutiert. Außer einem  
kritischen Überblick über die einschlägige Literatur werden bei jeder Methode die Reproduzier
barkeit sowie der Zeit- und Arbeitsbedarf angegeben.

Zum Trennen von Tensiden bzw. Tensidgemischen em pfiehlt der Verfasser verschiedene 
chromatographische Verfahren (Ionenaustausch-, Säulen-, Papier-, Dünnschicht- und Gas
chromatographie). Die Ergebnisse der dünnschichtchromatographischen Untersuchungen 
werden in sechs zusammenfassenden Tabellen und sechs Abbildungen anschaulich gemacht. 
Ein besonderes Kapitel befaßt sich mit der Trennung von nichtionischen Tensiden nach dem
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Oxyäthylierungs- bzw. Oxypropylierungsgrad bzw. mit ihrer Trennung von anderen nicht
ionischen Verbindungen.

Die Tenside werden auf Grund von UV-, IR- und NMR-Spektren identifiziert. Der Ver
fasser und seine Mitarbeiter waren die ersten, die NMR-spektroskopische Aufnahmen zur 
Identifizierung von ionischen Tensiden verwendeten.

Vier Tabellen, welche die Handelsnamen, die chemische Zusammensetzung und die 
Herstellerfirmen der geprüften 57 Handelprodukte enthalten, bilden einen wertvollen Teil 
des Buches. Die Spektrensammlungen am Ende der einzelnen Kapitel enthalten die IR- und 
NMR-Spektren der untersuchten 57 Tenside, mit Angabe der Strukturformeln und genauer 
Bezeichnung der zu den einzelnen Molekülteilen gehörenden Absorptionsbanden.

Im zweiten Teil des Buches behandelt der Verfasser die quantitative Bestimmung der 
Tenside. Auch hier werden die analytischen Verfahren nach der Ionenaktivität gruppiert.

Außer den allgemeinen Methoden werden in einem besonderen Kapitel die quantitativen 
Bestimmungsmethoden für Sulfobernsteinsäure-Halbester und -Diester (gegenwärtig noch 
kaum oder überhaupt nicht in der Literatur veröffentlicht) sowie für Phosphorsäureester von 
Fettalkoholen und oxyäthylierten Fettalkoholen behandelt.

In einem anderen Kapitel wird ein neues und wertvolles Verfahren zur Bestimmung 
des Oxyäthylierungs- bzw. Oxypropylierungsgrades bei oxyäthylierten bzw. oxypropylierten 
nichtionischen Tensiden aufgrund ihrer IR-Spektren bzw. integrierten NMR-Spektren bekannt
gegeben.

Der Aufbau des Buches ist logisch und gut übersichtlich. Die einzelnen Kapitel können 
auch für sich studiert werden. Das Verständnis des Buches wird durch den klaren, gut lesbaren 
aber dennoch knappen Stil erleichtert.

J . MORGÓS

Proceedings o f  the F ourth  In ternational Congress on C atalysis, V ols. 1 and  2

Akadémiai Kiadó, Budapest 1971 (pp. 1150, in English)

The publication of these two volumes containing the text of the 9 plenary lectures, 
the 86 session papers and the relevant discussion material of the 4th International Congress 
on Catalysis held in Moscow, 1968, is a long expected event. As known for specialists in the 
field of catalysis, since 1956 the International Congress on Catalysis is organized every 4 year 
and it constitutes a significant event followed with great interest. The Proceedings following 
the congresses attract an even greater attention since these include, in addition to the full 
text of session papers (which are distributed among the participants in the form of preprints) 
also the full plenary lectures and the discussion material. It is in this way that the rapidly 
published Proceedings furnish an up-to-date cross section of catalysis research throughout 
the world. Unfortunately, the condition of rapid publication has not been fulfilled in the pres
ent case owing to reasons beyond the control of the Publisher: the book appears 3 years after 
the congress. (The Proceedings of the Amsterdam Congress held in 1964 were published in the 
first half of 1965).

The main objective of the 1968 Congress was the ‘prediction’ of catalytic activity. 
However, this topic proved to be rather narrow. As reflected by the material of the Congress, 
in addition to this problem, other interesting directions were also well represented. The 6 
plenary lectures, viz. (in their order of presentation) by J. H. d e Boer (The Netherlands), 
S. Z. R oginskii (USSR), D. A. D owden (England), C. K emball (England), G. R ienäcker 
(GDR) and Y. Y oneda (Japan), discussed the general relationships of catalysis. The subjects 
of the plenary lectures were, in the above order, the correlation between mass transport in the 
pores and the catalytic selectivity; electronic factors and internal kinetics as related to the 
prediction of catalytic activity; application of the crystal and ligand field theories to hetero
geneous catalysis; structure and stability of hydrocarbon intermediates on the catalyst surface; 
metal catalysis and linear free energy relationships. In the reviewer’s opinion, it would have 
been more expedient to place the plenary lectures at the beginning of the Proceedings, rather 
than hide them among the session papers which may cause some difficulties in locating them.

The 86 session papers are given in the order of their presentation, the discussion material 
is combined for units of 3 papers. As for the types of catalysts, 45% of the papers were devoted 
to semiconductors and oxides, 35% to metal catalysts and 10% to zeolites, the remaining lec
tures were concerned with various theoretical problems. A special merit of the books is the
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presentation of figures and references introduced in the course of the discussion, thus facilitat
ing orientation in this important part o f the volumes.

The quality of printing is suitable and, in spite of its delayed publication, these volumes 
will, in all probability, become a useful item  on the bookshelves of scientists dealing with 
catalysis.

L . G u c z y

H a n d b u ch  der analytischen C hem ie. E lem en te  d e r  d r i t te n  H a u p tg ru p p e . 
A lu m in iu m

Zweite A uflage, bearbeitet von H. Bensch, mit 47 Abbildungen. Springer-Verlag, Berlin- 
Heidelberg—New York, 1972

D er Band Aluminium des Handbuches der analytischen Chemie befaßt sich mit der 
Chemie eines Elementes, das sowohl für das praktische Leben als auch für die theoretische 
Forschung von gleich großer Bedeutung ist. Die wichtigsten K apitel des 716 Seiten umfassen
den Buches sind die folgenden:

Grundlagen der Chemie von wäßrigen Lösungen der Aluminiumionen; nach einer kurz
gefaßten theoretischen Einleitung werden hier die organischen Komplexe des Aluminiums 
behandelt.

Im  zweiten Teil werden die Bestimmungsmethoden ausführlich behandelt; in vielen 
Fällen wird auch die Rezeptur für das analytische Verfahren angegeben. Die gravimetrischen 
Verfahren nehmen einen Umfang von etwa 130 Seiten ein; es werden — außer den mit anor
ganischen Komponenten gebildeten Niederschlägen —  auch Niederschläge mit organischen 
Reagenzien angeführt.

A uf dem Gebiet der titrim etrischen Methoden wird ausführlich auf die Meßtechnik 
der Säure-Basen-Bestimmung des Aluminiums eingegangen; außerdem werden komplexche
mische Bestimmungsmethoden behandelt und indirekte Bestimmungsverfahren vorgeführt, 
z. B. die Bestimmung des Sauerstoffgehalts in Aluminiumoxinat zwecks Bestimmung des 
Aluminiumions.

E s soll als lobenswerter Zug des Buches hervorgehoben werden, daß innerhalb der ein
zelnen Verfahrensgruppen die klassischen und instrumentalen Verfahren stets nebeneinander 
behandelt werden.

A uf dem Gebiet der photometrischen Verfahren wird der Gebrauch der die wichtigsten 
Farbreaktionen liefernden Verbindungen bei der Bestimmung des Aluminiums neben ver
schiedenen Substanzen beschrieben. Dieses ist das längste K apitel des Buches.

Im  Kapitel über Fluorimetrie werden diejenigen Aluminiumkomplexe behandelt, die 
sich für Fluoreszenzmessungen eignen.

E inige nephelometrische M ethoden werden vorgeführt, ebenso auch polarographische 
und amperometrische Methoden und die Anwendung der Flammenspektrometrie und inner
halb dieser die Meßtechnik der Atomabsorption wird beschrieben. Weiterhin wird die Spektral
analyse und Röntgenfluoreszenzanalyse sowie die Anwendung von radiochemischen Methoden 
behandelt.

D ie Trennverfahren werden in einem Umfang von ungefähr 100 Seiten behandelt; hier 
werden Verfahren der Niederschlagsbildung, Komplexbildung, Extraktion und die chromato
graphische Trennung beschrieben.

D as letzte Kapitel des Buches befaßt sich mit speziellen Bestimmungen und Methoden; 
ihre gesonderte Behandlung ist durch die Besonderheit der zu bestimmenden Substanz bzw. 
durch die Ungewönhlichkeit der Meßtechnik gerechtfertigt.

D as Buch ist ein unentbehrliches Handbuch für alle Analytiker, die mit Aluminium  
arbeiten.

E .  PU N G O R
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The Porous S tructure o f  Catalysts and Transport Processes in  Heterogeneous 
C atalysis

(T he F o u r th  In te rn a tio n a l  Congress on C ata ly sis , S ym posium  I I I ,  
N ovosib irsk)

Editor: G. K. Boreskov . Akadémiai Kiadó, Budapest, 1972, 498 pages

The Fourth International Congress on Catalysis held in the Soviet Union in 1968 dealt 
with questions of the predetermination of catalytic effects. Three special symposia of the con
gress each considered one narrower field of the general theme: (1) the mechanism and kinetics 
of complex catalytic reactions, (2) electronic structural considerations of catalysis and chemi
sorption on semiconductors, (3) the porous structure of catalysts and the role of transport 
processes in heterogeneous catalysis. The book in question contains the material presented at 
this latter symposium, and includes the introductory plenary lecture and the complete text 
of 27 other lectures, together with the discussions.

This symposium material now presented in book form is still topical. Research in this 
field progresses more slowly, and such spectacular, break-through results are not encountered 
as in many other areas of catalysis. The problems of material and heat transfer processes are 
primarily of importance in connection with industrial procedures, this being attributable to 
the larger catalyst particles used in large-scale reactors. It is generally strived in laboratory 
catalyst investigations to avoid the disturbing effect of transport processes.

The lectures touched upon all of the more important questions relating to this topic. 
They thus dealt with the porous structure of the catalyst, and with material and heat transfer, 
that is with the development of concentration and temperature conditions in the space around 
the catalyst particle and particularly inside the catalyst particle, and finally the exact evalua
tion of the pore-diffusion hindrance was introduced for a number of reactions.

In his introductory lecture G. K. Boreskov gave a thorough account on the transport 
processes occurring in porous catalyst particles. In essence he had summarized all those ques
tions which were dealt with more closely by the subsequent lectures with regard to the recent 
research results. It is especially noteworthy that in his lecture he reported the case of hetero
geneous pore distribution in exact form, together with the development of the temperature 
gradient inside the particle and the practical consequences of these.

The majority of the lectures concerned with exothermic reactions, for which relations 
obtained by the joint consideration of material and heat transfer conditions were reported, 
together with conclusions drawn from them. Theoretical considerations were used to show the 
effects of increase of the pore-diffusion hindrance on the efficiency of the catalyst particle, 
on the apparent activation energy, and on the stability of operation of the catalyst particle. 
The latter is appreciably similar to the stability conditions of catalytic reactors in the case 
of exothermic reactions. A very comprehensive theoretical treatment of this question can be 
found in papers 6 (V. S. B eskov, O. A. Malinovskaya), 7 (P. Sch n eid er , P. Mitschka) and 
8 (L. M. P iesm en , Yu. I. H ahkats, V. G. Levich), while the theoretical conclusions are checked 
experimentally in the lectures 1 (P. H ugo, W. W ic k e ), 3 (J. J. Carberry) and 22 (A. A. I va
nov, G. K. B oreskov, Y. S. B eskov).

Several lectures present the concrete study of some catalytic reactions, including the 
analysis of the pore-diffusion hindrance. Thus, the oxidation of S 0 2 on supported vanadium  
pentoxide catalysts is reported in papers 20 (B. K adlec , A. R eg ner , j .  Vosolsobe, V. P our), 
21 (A. A. I vanov, G. K. B oreskov, V. S. B eskov) and 22 (S. Wey chert , A. U rban ek), the 
hydrogenation of C 02 to methane on Ni/Cr»03 in paper 23 (V. P our),the isomerization of n- 
butane on aluminium silicate in paper 24 (P . F e je s , D. K alló, G. Schay), and the oxidation 
of furfurol to maleic anhydride in paper 26 (E. J. P aulane et al.). Questions of pore-diffusion 
hindrance on the liquid-phase hydrogenation of aromatic compounds are dealt with in paper 
25 (N. C. Nahas, J. E. Stice), and during the polymerization of ethylene on chromic oxide 
in paper 27 (V. R. Gurevich  et al.). In some of these latter lectures (23, 24) theoretical and 
experimental evidence is to be found that a number of particle efficiencies must be reckoned 
with simultaneously in multi-component systems.

Many of the lectures deal exclusively with the determination of those quantities which 
exert a fundamental effect on the diffusion kinetics. Of these the pore structure and the effec
tive diffusion constant of the porous particle are the most important.

It is evident from the investigations that the values obtained for the porosity depend 
appreciably on the method applied. Lecture 11 (G. A. Grachev et al.) provides evidence that

Acta Chim. (Budapest) 76, 1973



4 4 6 RECENSIONES

com pletely different pictures of the porosity are given by mercury-porosimetric, capillary- 
condensation, electron-microscopic and gas-permeability measurements. In the case of poly- 
disperse, th a t is, completely disordered, heterogeneous pore structures the values of the po
rosity depend to a considerable extent on the method of determination. Thus, it is not surpris
ing to find  in  paper 9 (N. Wakao) th at pore diffusion is different in reactive and unreactive 
systems. In  the former every accessible pore plays a part, while in the latter only the permeable 
pores betw een  opposite surfaces of the porous particle come into consideration. According to 
the author, it  is not the material transport which can be explained on the basis of the pore 
texture, b u t vice versa. In essence this also happens when catalyst particles of heterogeneous 
pore distribution are approximated to particles with two pore sizes (paper 2, M. G. Slin k o ); 
over a w ide range of conversion this permits the interpretation of the experimental results 
on the basis o f the theoretically obtained exact relations (paper 10, R. Montarnal). Purely 
for the sake of interest, mention must be made of paper 4 (M. B accaredda et al.) dealing with 
the theoretical investigation of the effects expected to be exerted on the pore-diffusion material- 
transport b y  tapering, narrowing or widening, of the pores.

W hat could be said as to the pore structure of the catalyst also holds for the ’effective 
diffusion constant’ too: the value depends on the method applied. In order to obtain the cor
rect value, th a t is the one which is valid  according to paper 13 (B. R. D avis, D. S. Scott) in 
the given  catalytic transformation, the determination must be carried out under the given 
reaction conditions; the experiments indicated that this is possible by studying the change 
of the m aterial impulse passing through a column containing the catalyst in question. A t such 
time too, the error which occurs in measurements made on a single, but perhaps not the most 
characteristic particle, is eliminated. The method is otherwise very widely used in which the 
conditions corresponding to Fick’s F irst Law hold: the sides of a cylindrical porous particle 
are closed, and the gas space between the end-plates is separated; stationary diffusion material 
transport through the particle is ensured by continuous gas flow in the two spaces. This prin
ciple is essentially  the same as that used in the apparatus of A. P aratella and I. Sorgato 
(paper 14), in which the effective diffusion constant was determined up to 600 atm.

Several papers give an account of how diffusion material-transport within the particle 
may be determ ined by physisorption measurements. In paper 12 (P . Sch n eid er , J .  M. Sm ith) 
frontal gas chromatography is described as the method of measurement; the diffusion within 
the particle is calculated from the results obtained, and also the separate contributions due to 
the K nudsen diffusion and the surface migration. Calculation of the diffusion constant from  
‘sorption rate’ is found in paper 18 (L. H. R ickert). The possibility exists for the direct de
term ination o f the surface migration itself by the NMR examination of the absorbed phase 
(paper 15: D . F r eu d e , D. Geschk e , H . P f e if e r , H . W in k l e r ; paper 17: R. H au l , B. B od
d e n b e r g ). The participation of surface migration in the diffusion material-transport within 
the particle is at times very considerable, and therefore the knowledge of it is of great impor
tance.

The book has a pleasant appearance, and the duplication of the typewritten material 
is typographically satisfactory. Unfortunately, however, errata are fairly frequent, and often 
lead to difficulties in understanding, particularly of the equations. Unfortunately the discus
sions follow ing the lectures are not always complete, the authors’ replies generally being miss- 
ing.

I t  is a credit to the Akadémiai Kiadó that this collection has appeared, since to date 
this is the only material on the Fourth International Congress on Catalysis to be available in 
book form.

D . K a l l ó

В. W . C o o k  and  K . J o n e s : A  Program m ed In troduction  to In frared  Spectroscopy  

H eyden and Son Ltd., London, New York, Rheine, 1972, XVI -f- 192 pp

If the volume with the title above were to be classified, perhaps a ‘-teaching machine 
in book form ” would be the best term  for characterizing it. Use of the book by the reviewer 
according to the introduction would not show the merits and faults of the book, the reviewer 
him self being reasonably conversant with infrared spectroscopy. The use of a statistical test, 
e.g. the “ criterion test” in the book was, however, impossible in Hungary owing to language 
problems. Thus finally a single criterion test was made, where the person selected has passed 
his “ m atriculation” and his “U niversity entrance examination”, had a good knowledge of
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English, but no detailed knowledge of the technique. His test figures showed 89% efficiency. 
This may be regarded as evidence that the book is a very good aid for people trying to get 
their fundamental knowledge in IR  spectroscopy.

The structure of the book is very simple. After a short text a question is given with three 
answers. Each answer directs the learner to a specific page. If the answer is correct, further 
tex t and a further question with answers follow. If the answer was incorrect, the learner is 
directed back with a comment on his mistake.

By this method the student is taken through an introduction, a chapter on spectro
meter components, the setting up of a spectrometer, basic theory, sample preparation, quanti
tative analysis, fault recognition and interpretation. These last are especially interesting, 
although the text on interpretation does not go beyond the ester grouping. The book includes 
the Colthup correlation table, and other group frequencies, with illustrative spectra, occur in 
other chapters. Appendices on attenuated total reflection, sample preparation and faultfinding, 
a short guide to IR  literature and a brief summary complete the volum e, which is an 
excellent hook for English speaking beginners in the field.

M. V ajda

J .  H . v a n  d e r  Ma a s : B asic  In frared  Spectroscopy. Second e d itio n  

Heyden and Son Ltd., London, New York, Rheine, 1972, X  +  109 pp

As G. D ijkstra  mentions in his Foreword, "‘The book is an attem pt to bring an under
standing of the methods one uses in a reasoned approach to the interpretation of spectra of 
large molecules” .

The main advantage of the book is the very careful selection of the subject matter, the 
almost ascetic concentration on necessary material and a sufficiently detailed treatment of 
the essential parts. These qualities make it an excellent “first book on IR  spectroscopy” which 
will also provide sufficient stimuli and a good grounding for further study.

After a short introduction, touching on electromagnetic radiation, refraction, dispersion, 
absorption, selection rules and the dissipation of absorbed energy, the theory of vibrational 
and rotational spectra of diatomic molecules is treated. The anharmonicity of vibrations is 
mentioned and the intensity of vibrational and rotational bands is dealt w ith. After the short 
paragraph on the vibrating rotator, molecular interaction, the sources of line broadening are 
discussed. The paragraphs on triatomic molecules, combination bands, degeneracy and isotope 
effect follow, and the theoretical part is concluded with a short discussion o f polyatomic mo
lecules and large molecules (polymers, steroids, etc.).

The third chapter deals with spectrophotometers, their setting up and use. The excellent 
figures, demonstrating the effects of the various good or bad settings are a great help for the 
novice. Chapter 4 discusses sampling and the effects of sample preparation on the appearance 
of the spectra and the problems of quantitative analysis. A short discussion on attenuated total 
reflection concludes this chapter.

The last chapter deals with the main points o f the interpretation of spectra and also 
gives hints for the use of the appendices, which are very good. The reviewer would like to call 
special attention to the excellent set of band contours.

M. V ajda

M T P  In ternational R eview  o f  Sciences, In o rg an ic  C h em is try  Series One

Consultant Editor: H. J. Emélius. (Yol. 5. Transition Metals — Part I)

Edited by D. W. A. Sharp (Univ. of Glasgow) Butterworth et Co. London, 1972, 396 pages.
£ 10.00

The Medical and Technical Publishing Co. intends to publish a series giving a systematic 
and critical survey on the results of recent years from various branches o f science, written by 
selected experts. First, the most important results of chemical research in the period from 1967 
to 1971 will be published in the series of Inorganic Chemistry, Physical Chemistry and Organic 
Chemistry in 33 volumes, together with 3 index volumes.
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T he volume discussed here is the 5th volume of the Inorganic Chemistry Series, survey
ing prim arily the field of the sim ple binary and ternary compounds of the transition metals, 
but it  contains also complementary chapters on transition m etal complexes, which otherwise 
are dea lt w ith  in Volume 6. This com pilation is justified by the m ultitude of results obtained 
in the la st five years in the field of coordination compounds, ow ing to which a division of equal 
exten t betw een binary and coordination compounds could not be made.

T he authors of the individual chapters were asked by the editor to evaluate the recent 
developm ents of a special field critically  emphasizing the m ost important results, without 
seeking completeness.

The volume contains 9 chapters, discussed in detail in the following.
Chapter 1 is 31 pages, w ritten by  R. E. H ester (U niv. o f York), deals with the salts 

of oxyac id s , in the order of the groups of transition metals, from  the scandium group to the 
zinc group. Each group is discussed averagely in 1—2 pages, w ith clear illustrations, structural 
form ulas and 229 references, involving predominantly the publications between 1966 and 1970. 
In the discussion of the subject, the author emphasizes the points of coordination chemistry. 
Structural problems of several n ovel coordination compounds are reported. However, in gen
eral one paper is dealt with only in  a few sentences.

Chapter 2, on binary and com plex oxides, has been compiled by J. D. M. McConnell 
(P aisley  College of Technology, Glasgow) in 30 pages, with 151 references. The structure of the 
chapter does not reflect a uniform viewpoint. After a short introduction, results concerning 
non-stoichiom etric compounds and defect-structure compounds are reported, the following 
sub-chapter discusses the results obtained in vibrational spectroscopy (infrared and Raman 
spectra), while the fourth sub-chapter has the title: Physical Methods Applied to Oxides. In 
this chapter, results in Mössbauer spectroscopy, high-pressure techniques, high-temperature 
and th e  so-called matrix isolation techniques are dealt with. However, the short fifth and 
sixth  sub-chapters, summarizing and evaluating the new structural versions, help to obtain 
a clear picture.

Chapter 3, of only 26 pages, dealing with metal alkoxides, mercaptides, dialkylamides 
and phosphides, has been written b y  D . C. B r a d l e y  (Queen Mary College, Univ. of London) 
and K . J . F i s h e r  (Grinnell College, Iowa). The part on alkoxides discusses systematically the 
novel compounds, and reports then  in separate sub-chapters on crystal structure and the re
sults obtained by NMR, ESR, magnetochemistry, electron absorption and reflection spectro
scopy, infrared spectroscopy and thermochemistry. — On the other hand, the part on mer
captides describes only in a grouping according to the periodic system , from the titanium  
group to the copper group, recent results. The part dealing w ith dialkylamides describes their 
preparation, reactions and physical properties. The phosphido compounds occupy only 1 page. 
(150 ref.)

Chapter 4 of 78 pages, com piled by Roland W ard  (U niv. o f Connecticut) on the struc
tural chem istry of the condensed system s of transition metals, gives a very good impression. 
An excellently  systematised survey, illustrated by several figures, is given based on the most 
recent results concerning the problem s of the lattice structure of transition metals and some 
of their alloys, their hydrides, borides, carbides, silicides and phosphides. (108 ref.)

Chapter 5 discusses the com plexes of ligands containing nitrogen and oxygen. The author 
of th is chapter is S. M. Nelson  (Q ueen’s Univ., Belfast). The chapter is divided into 3 parts, 
dealing w ith the complexes of ligands containing oxygen, nitrogen, and with the complexes 
of pseudohalide ions. The chapter is very  compact, indicated also by the fact that the number 
of references, 455, is remarkably large, as compared to the te x t o f only 53 pages.

A separate chapter of 40 pages, written by J . A. McG in n e t y  (Yale Univ.) discusses 
nitrogen and oxygen complexes. T he four main sections deal w ith the complexes of molecular 
oxygen , nitrosyl complexes, com plexes of molecular nitrogen, and finally, with other complexes. 
The arrangement and system isation o f the individual sections was done primarily on the basis 
of structural aspects. (209 ref.)

Halogenides are divided into two chapters. Chapter 7, written by J. M. W i n f i e l d  
(U n iv . o f Glasgow), discusses the fluorides in 21 pages (224 ref.), while chlorides, bromides and 
iodides are treated in Chapter 8 in 38 pages (237 ref.) by R. C o l t o n  (Univ. of Melbourne). 
The tw o chapters differ substantially  with respect to classification and mode of discussion. 
Though this is partly justified by  the nature of the compounds, it cannot be considered as 
fortunate. On the other hand, it explains the division of the subject into two chapters.

The last Chapter 9 discusses sulfides, selenides, and tellurides. The author is F. J e l l i n e k  
(R ijksuniv ., Groningen). It is a concise, informative and clearly systematised summary of 
the recent results (57 pages, 747 ref.).

As can be seen also from th e detailed review given above, in accordance with the aim 
set, the book tries to give an as far as possible brief but m anysided survey on recent results,
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obtained in the last five years, in the field of the simple compounds and some of the coordina- 
t ion compounds of the transition metals. Actually, it  makes possible a quick orientation in 
diverse fields, and facilitates indeed the work of the researchers by its immense bibliography 
(2582 references!). The increasing difficulties in following continuously new results are well 
known.

Though discussion of the subjects is by far not uniform, which obviously is not to be 
expected in view of the difference in concept of the various reviewers. Even in view of the dif
ferent nature of the individual parts of the subject, the whole work can be excellently used. 
Its versatility and easy comparison of several different viewpoints, contribute largely in making 
the volume highly useful. The book, published in photoprint, is very easy to read and has a 
nice presentation.
• P . Szarvas
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РЕЗЮМЕ

Исследование растворимости галоидов серебра в смесях воды 
с некоторыми неводными растворителями

Н .  А .  К А З А Р Я Н  и  Э . П У Н Г О Р

Описывается простой метод определения продуктов растворимости, а также при
водятся данные для продуктов растворимости хлористого, бромистого и йодистого серебра в 
смесях вода с метанолом, этанолом, норм.-пропанолом, изопропанолом, ацетоном и ди- 
метилформамидом.

О некоторых зависимостях между вариационными принципами в 
необратимой термодинамике

И . Й .  К У М А Р  и  Л .  Н .  Г У П Т А

Были получены некоторые зависимости между различными вариационными прин
ципами в необратимой термодинамике. Было показано, что принцип Дьярмати и принцип 
местного потенциала Пригогина и Рлансдорфа являются эквивалентными, если фено
менологические коэффициенты взаимосвязаны согласно расширенным функциям Онсагера. 
Функция Лагранжа для обобщенного уравнения Навьера—Стокса была получена через 
приближение локального потенциала, и на основе сравнения ее с соответсвующей функ
цией Лагранжа, полученной на основе принципа Дьярмати, было показано, что две функ
ции эквивалентны, за исключением метода их изображения. Такое подобие было проде
монстрировано также в случае уравнения Лагранжа для теплопроводимости и уравнения 
Фика для мультикомпонентной диффузии. Вариационный принцип Байота же является 
частным случаем принципа местного потенциала. Частный случай принципа Циглера, 
в свою очередь, может быть выведен из интегрального принципа Дьярмати.

Процесс коалесценции между неоднородными частицами
Ф О Н  X .  З О Н Т А Г ,  Н .  Б У С К Е  и  К .  Ш Т Р Е Н Г Е

Различные механизмы стабильности к коалесценции в трехфазных системах обсуж
даются теоретически для смешиваемых и несмешиваемых дисперсных фаз и эксперимен
тально проверяются на различных дисперсных системах. В противоположность процессу 
коалесценции однородных частиц, неоднородные частицы могут быть термодинамически 
стабильными по отношению к коалесценции. С термодинамической точки зрения, эту 
стабильность можно связать с повышением свободной энергии поверхности раздела, а с 
точки зрения молекулярной физики, — с изменением знака дисперсионных сил. Для 
объяснения стабилизирующего влияния адсорбционных слоев выдвигается два меха
низма.

Исследование системы пиридиниум — пиридин с водородными 
мостиками с помощью метода Хнжкеля

А .  Ш Ю Т Ё  и  М .  М .  Х Е Д Ь Х А Т И

Система пиридиниум пиридин с водородными мостиками была изучена с помощью 
обобщенного метода Хнжкеля. С помощью симплексной минимализации для двух перемен
ных было доказано, что зависимость общей электронной энергии от расстояний N . .  N и 
N . . Н не имеет минимума. Принимая для расстояния атомов N определенную величину 
(3,85 Ä), наблюдалось поляризующее влияние движущихся протонов на валентные элек
троны.
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Механизм эластичного пост-эффекта в структурированных водных 
суспензиях бентонита низких концентраций

Е .  Д .  Щ У К И Н  и  П .  А .  Р Е К Н Б И Н Д Е Р

1. Микромеханизм обратимого пост-эффекта в коллоидально-дисперсных суспензиях 
бентонита низкой концентрации рассматривался как совокупность ступеней быстрой и 
медленной эластичных деформаций (с постоянными времени порядка нескольких сотых 
секунды и 102 сек, соответственно). Приводится приближенное количественное определе
ние основных параметров, описывающих данный процесс: равновесных эластичных моду
лей и вязкостей, согласующихся с экспериментальными данными.

2. В качестве механизма, объясняющего существование обратимых деформаций под 
влиянием небольших напряжений сдвига, полагается проявление предпочитаемой взаим
ной ориентации анизометричных частиц в коагулированной структуре; увеличение энтро
пии системы, связанной с этой текстуризацией, позволяет определить величину равновесно
го модуля эластичности (~ 1 0 4 дин/см3).

3. Две наблюдаемые ступени обратимого пост-эффекта могут быть описаны моделью
Кельвина (с заданной величиной равновесного модуля высокой эластичности) как два раз
личных механизма изменения взаимной ориентации частиц: как результат поворота друг 
против друга, и вследствие скольжения — смещения точек контакта по поверхности 
частицы. В первом случае, вязкость эластичного пост-эффекта определяется на основе 
модели неподвижной дисперсной среды (вода), протекающей из ячейки в ячейку с произ
вольной решеткой частиц и составляет (104—105) где rjw — вязкость воды; во втором
случае, вязкость эластичного пост-эффекта может быть определена на основе определения 
вязкостного сопротивления в коагулированных контактах в условиях сдвига и достигает 
величины 108 d„,.

Образование 1,2-ортоэфиров глюкозы из тетра-О-ацетил-а-О- 
глюкопиранозилбромида под влиянием фосфоранов

И . П И Н Т Е Р ,  Й .  К О В А Ч  и  А .  М Е С С М Е Р

Образование 1,2-ортоэфиров глюкозы из тетра-О-ацетил-а-О-глюкопиранозилбро- 
мида происходит под влиянием этоксикарбонилметилен- и цианметилен-трифенилфосфора- 
нов в растворителе, содержащем спирт. Отсутствие реакции Вестманна (т. е. образования 
ацетилальдозилфосфорана) может быть вызвано сильным стерическим препятствием, ока
зываемым трифенилфосфиновой группой.

N-Гликозиды, XVII

С интез и строение 1 Ч -н и трозо -]Ч -ари лгли кози лам и н ов

Р .  Б О Г Н А Р  и М . П У Ш К А Ш

Были синтезированы О-ацетали вторичных N-арилгликозиламинов (1) и их метило
вые эфиры, а также стабильные кристаллические N-нитрозо-производные (II). N-Нитрозо- 
соединения, не содержащие ацетильной группы (III), в случае альдогексозы как сахарной 
компоненты являются некристаллическими, сильно гигроскопическими соединениями, в то 
время как в случае альдопентозных производных — это кристаллические соединения. Они 
могут быть ацетилированы, давая при этом кристаллические бензальные производные (IV).

Строение N-нитрозо-соединений было доказано, подвергая 111 кислому гидролизу и 
азотированию. Были получены продукты разложения и превращений, свидетельствующие 
о наличии структур первичных ароматических N-нитрозоаминов, наряду с сахарами. Со
единения 111 при взаимодействии с /^-нафтолом дают соответствующие краски типа фенил- 
азо-/?-нафтола (V).
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Исследование превращений диолов и циклических эфиров, XXXI

Д е г и д р и р о в а н и е  1 ,3-диолов н а  м ета л л и ч ес к и х  к а т а л и з а т о р а х

М . Б А Р Т О К  И  А .  М О Л Н А Р

Исследована дегидратация 1,3-диолов различного строения на некоторых медных 
катализаторах. На основе экспериментальных данных было показано, что дегидратацию 
1,3-диолов катализирует специально приготовленный медный катализатор. В зави
симости от структуры диола, происходят три основные реакции: образование оксо- 
соединений с тем же самым числом углеродных атомов как и в диоле, процесс 1,2-отщеп
ления и процессы фрагментации.

Экспериментально было доказано, что превращения диолов, сопровождаемые обра
зованием оксосоединений, наблюдаются не только в случае вицинальных диолов, но, при 
изменении некоторых экспериментальных условий, и в случае некоторых типов 1,3- 
диолов.

Исследование превращений диолов и циклических эфиров, XXXII

И ссл ед о в ан и е  п р ев р ащ е н и й  2 -м е ти л -о к с а ц и к л о а л к а н о в  н а  
м е т а л л и ч е с к и х  к а т а л и за т о р а х

М . Б А Р Т О К ,  И .  Т Е Р Е К  И  и . С А Б О

Были исследованы превращения 2-метил-этиленоксида, 2-метил-оксина, 2-метил- 
тетрагидрофурана и 2-метил-тетрагидропирана в присутствии катализаторов Pt/T, Pd/T, 
Rh/T, Cu/Al, Ni/Al и Zn/Al при идентичных экспериментальных условиях с помощью метода 
импульсной техники. Экспериментально анализировались направления реакций, завися
щие от величины кольца и катализатора: изомеризация до соответствующих альдегидов, 
кетонов и ненасыщенных спиртов, а также гидрогенолиз с образованием соответствующих 
спиртов.

Синтез гексапептидамида, потенциально препятствующего 
выделению GH—RH*

Ш . Б А Ю С ,  И . Ф А У С Т  и  Й .  Б О Р В Е Н Д Е Г

На основе структурного подобия можно заключить, что ОН—RH образуется из 
/1-цепи гемоглобина и является его N-конечным 1— 10 фрагментом. Полагалось, что выделе
ние ОН—RH может быть заторможено такими пептидами, на N-конце которых содержит
ся 10— 11 дипептидная секвенция /?-цепочки. Для изучения данной проблемы был получен 
10—15 гексапептидный фрагмент /J-цепочки гуманного гемоглобина, исходя изТгр— NH, 
с помощью ступенчатого синтеза.

* Гормон, выделяющий гормон роста
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